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1. Some historical data

Acoustic signals which accompany internal changes of the structure of a con-
tinuous medium have been observed for centuries, and where often utilized as warning
signals of oncoming catastrophes. These signals provoked also an interest as indicators
of homogeneity and strength of material. First scientific concern for this kind of
acoustic phenomena dates from the third decade of the twentieth century [1], and refers
to “micro-seismic” signals. Further investigations [2] proved that the micro-seismic
signals precede the mining catastrophes. Still the level of electronics of that time
precluded an effective separation of the signals from the background noise, and
measurement of the parameters of these signals. The research on acoustic phenomena
in metals was undertaken at the beginning of the fifties, and resulted in discovering of
(among other things) the so called Kaiser effect [3]. It was not, however, before the end
of the fifties that the investigations of acoustic signals in different media developed on
greater scale; they were first of all concentrated on the ones that appear in metals, as
a result of mechanical loads.

Since 1962 (symposium at San Antonio) [4] the investigation of materials on the
ground of acoustic signals has been presented at the scientific conferences on
non-destructive testing of materials. In those days the term “acoustic emission”
(abbreviation "AE”) began being commonly used, displacing such terms as ’stress
wave emission”, or materials sounds”’. This term is not entirely exact, in asmuch as it
comprises a wide band of frequencies: from infrasound to ultrasound. The acoustic
emission is generally defined as a phenomenon based on the appearance of the elastic
waves inside, or on the surface of a continuous medium. This term is often reduced to
the phenomenon of the appearance of elastic waves as the result of a local, dynamic
variation of the structure of the medium. It is not entirely well-grounded however,
because also the acoustic signals in physical-chemical processes, for example during
chemical reactions in liquids, should be regarded as the acoustic emission.
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The essential development of applications of AE dates from the second half of the
sixties. It could take place, first of all, due to the extension of the range of AE
measurements to high frequencies, up to 30 MHz [5]. The application of computer
technology in the last decade opened new possibilities of selection of AE signals, and
determination of their parameters. At the same time the theoretical and experimental
work has been conducted, aimed at interpreting the mechanism of creation of the AE
signals. For instance, models of stimulation of the vibration of crystal lattice by
a group of dislocations [6], and also a model based on the classical fracture theory, have
been elaborated. Many research works from that period concerned the interrelation
between the velocity of micro-cracks development, and the acoustic emission in brittle
and semi-brittle materials [8]. As before, great attention was paid to the acoustic signals
generated during rock mass motions, finding analogies between AE signals and the
sounds that precede earthquake [9].

After specimen testings, evaluations of complete technical objects by means the AE
method have appeared. The control of shielding of atomic reactors [10], degree of
fatigue of aircraft parts [11], large-scale constructions (such as water dams [12]) may be
mentioned here. Another direction of application is the control of technological
processes, especially welding [13].

Further historical data will be quoted later on, when different applications of the
AE methods will be discussed.

In Poland, the first works to master the AE measurements techniques date from the
beginning of the seventies; at that time the first attempts of technical applications were
made. The references to these works will be specified further, in connection with the
analyzis of separate topics.

The real development of scientific and technical activities in the field of AE in
Poland dates from the beginning of the eighties. They were carried out first within the
so-called key projects, and since 1985 within the Central Project of Fundamental
Research (CPBP No. 02.03) [14], that enabled better financing and coordination in the
whole country. The national reporting Symposia, which were held by the end of each
year, offered a good occasion to exchange of the experiences, and to assess the research
progress. As the consequence of the economic transition, which recently took placein
Poland, the system of central projects has been terminated. Nevertheless, numerous
research projects concerning acoustic emission have been still centrally financed by
a system of grants. The work initiated in the eighties has been continued and
developed. The exchange of experience is now facilitated by organizing occasional
symposia.

It is difficult to list all scientific institutions which deal with the AE phenomenon
and its application; here only the ones are mentioned which have participated in the
previous Central Project and are still continuing their work on AE; they are arranged
according to the order of their consideration in this work (the range of applications
being enclosed in brackets). They are as follows:

— Institute of Fundamental Technological Research of the Polish Academy of

Sciences — Warszawa (metals, ceramics, rocks, instrumentation),
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— Institute of Fundamental Metallurgy of the Polish Academy of Sciences — Kra-
kow (metals),

— Institute of Inorganic Technology of the Warsaw Technical University — War-
szawa (ceramics, technology),

— Institute of Physics of the Silesian Technical University — Gliwice (mining,
superconductors),

— Institute of Fundamentals of Electronic and Electrotechnic of the Wroclaw
Technical University (superconductors),

— Institute of Building Engineering of the Wroctaw Technical University — Wroclaw
(concretes, constructions),

— Department of High Pressures of the Polish Academy of Sciences — Warszawa
(powdered materials, reference sources),

— Institute of Wood Technology of the Agricultural Academy — Poznan (wood
technology),

— Institute of Mechanics of the Technical University — Lublin (soils),

— Institute of Building Engineering of the Technical University of Swigtokrzyskie
Mountains — Kielce (rods),

— Institute of Applied Mechanics of the Technical University of Swigtokrzyskie
Mountains — Kielce (composites),

— Institute of Applied Mechanics of the Technical University — Poznan (machinery
parts),

— Institute of Vibroacoustics of the Academy of Mining and Metallurgy — Krakow
(machinery parts),

— Institute of Electrotechnics of Engineering College — Opole (welding, electrical
power devices),

— Institute of Chemical Analysis of the Warsaw University (chemical processes),

— Institute of Electrotechnics — Warszawa (partial discharges),

— Otolaryngological Clinic of the Medical Academy — Warszawa (oto-emission).

2. Classification of AE sources and applications

The appearance of AE in materials and objects is of very miscellaneous origins, and
often a few different factors play simultaneously their roles in the process of the AE
generation; nevertheless, certain classification.would be useful for further con-
siderations. The following classification, in accordance with the physical processes
being the source of AE, will be assumed:

(1) Motions of the lattice imperfections in metals. These are mainly motions of
dislocations and groups of vacancies, as well as transitions of atoms between different
energy levels.

(2) Formation and propagation of micro-cracks, which may appear both in metals
and ceramics.

(3) Creation and shape transformations of local material flaws, having for example
the form of micro-cracks or pores.
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(4) Mutual displacements of the layers of a medium, which take place, for instance,
in rock masses.

(5) Reconstruction of the microstructure of a medium, relevant for instance to phase
transitions or heat treatment.

(6) Chemical reactions, accompanied by local variations inside the medium, e.g. gas
bubbling.

(7) Local motions of a gas medium. These may be caused, for instance, by
electric discharges. It is however disputable if this kind of phenomena might
be classified as the AE.

Another classification may be introduced by taking as a basis the kind of medium
or object in which AE appears; this classification is almost identical with the
classification according to the applications, being however not entirely coherent. We
shall remain at this classification after all, mainly because of the fact that the activities
of research laboratories may be divided in accordance with it. Let us assume the
following division of the media, or the objects in which AE appears:

(1) Materials of plastic properties, metals are included here.

(2) Brittle materials, mainly ceramics.

(3) Materials which are macroscopically heterogenous, such as wood, concretes,
composites.

(4) Geological layers; this group comprises rocks and soils.

(5) Machinery, and civil engineering objects, as well as their components, for example
high pressure vessels, dams.

(6) Physical-chemical processes, mainly such as chemical reactions, incomplete
electric discharges. _

(7) Biological processes; it is a new, separate domain of the AE investigations, initiated
by the oto-acoustic research of AE signals, taking part in the hearing process.

3. AE signals and source-receiver path

Acoustic emission appears usually inside the tested object. Before AE signal
reaches the receiver on the surface of the object, it is subject to the attenuation and
multiple reflections. Because of this, the absolute measuring of the intensity of the AE
signals may be carried out only exceptionally. Usually AE signals versus time are
measured in relative units, based on the receiver readings.

Taking into account the general character of the time changes, the following kinds
of AE may be distinguished:

(a) Continuous emission, in which separate pulses merge, because their growth and
collapse times are greater than the pauses between them;

(b) Burst emission which is characterized by the occurrence of groups of strong,
distinctly discernable pulses.

Together with the development of the AE methods, a range of descriptors to
characterize the AE signal have been introduced, they may be divided into three

groups.
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(1) The descriptors that characterize the time changes of the signal, comp-
rising:

— sum of counts N, being the sum of the AE pulses which exceed an assumed
discrimination level during a measuring period,

— count rate, which is the sum of pulses exceeding the discrimination level in time unit
dN/dt,

— event, being an envelope of a sequence of pulses which exceed an assumed
discrimination level.

The sum of events and event rate are suitably characterized.

On the basis of a closer analysis of the time changes, the following terms may also
be defined:

— region of pulses, which have exceeded a discrimination level in a time unit,

— discrimination level, by which a specified number of crossings with depended curve
take place,

— comparison of the count rate during successive observations.

(2) Shape of the pulse. The attempts of classification of the shapes of single pulses
was undertaken [11]. Approximately the two basic shapes may be distinguished:
relaxative and accelerative.

(3) Descriptors which describe the energy of signal:

— Root mean square RMS. This value relates to the voltage of an electric signal

within the time T
l r g
Vams = /— j' u?(f) dt. (1)
T 0

" — Distribution of the energy in the spectrum, defined as the share of the signal energy
that belongs to the given frequency band.

— Themean energy of a single pulse, measured directly by a suitable electronic gauge,
or defined as:

VRMS T .
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For the purpose of measuring the AE signals it is essential to determine a general
relationship between the electric parameters at the output of a measuring transducer:
voltage v(f), and current i(7), and the mechanical factors on the surface of the tested
object, which is in an undisturbed state. These are the displacements || u,(x,?) ||, and
the force acting upon the unit of surface || f(x,7) || . Both the values are tensors. In an
ideal example the following relationship might be written

{u u DI [i()
I/ G0 |l ()]

When measurements are considered, however, it is necessary to take certain
simplifying assumptions.
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(1) Loading of the object by the transducer can be neglected; therefore u,(x,f)
= u(x,t), fo(x,1) = f(x,1), where u and fare displacement and force on the transducer.

(2) Values |l u|l, ||/l are the tensors, with components of different vibration
modes. It is not possible to realize a measurement of the whole tensor by scalar values,
therefore it has been assumed that the separate modes are not mutually associated at
the place of measurement, and that the transducer measures the values u and f of only
one mode. Then the values may be regarded as scalars.

(3) In majority of cases fields u and fchanges smoothly together with the change of
x,and it may be assumed that they remain equal on the whole surface of the transducer,
what enables elimination of the coordinate x. It means that the following relationship

(4) It has been assumed that the proportionally exists between the mechanical and
electrical values; that is to say, the system is linear. In a general case the response of the
system has a form of a square matrix T};. To perform the measurement properly,
stability of parameters of the mechanical configuration (impedance of the transition
object-transducer), and the electrical parameters (input impedance of the preamplifier)
is necessary. When assuming it, it is sufficient to determine of the relation between two
values, for instance v and f, and the matrix T;; reduces to one coefficient T. Then

m= TFu.

For the purpose of AE measurements, determination of the distribution of the
amplitudes of the signals received is essential. For continuous AE a Gauss distribution
of amplitudes, stationary in time, may be accepted, the counts rate n being

[ 4] 0
n(xy) = [ dx [ —%p(x,x,%),-0dx, (3)
Xo —
i.e. the function of joint probability of displacement x, velocity x, and acceleration X.
In case of a narrow transfer band the Rayleigh distribution is appropriate. The
detailed calculations of the intermediate distributions may be found in paper [15]. In
case of the burst emission, a single impulse produces an attenuated sine curve at the
output. When the discrimination level equals x,, the number of pulses received at the
initial pulse (event) of amplitude x; equals:

n=-0ln2, @

where: @ — attenuation coefficient for a sequence of pulses.
If it is assumed that the amplitudes of events form the Rayleigh distribution, it will
be possible to state that the events rate equals
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lx x%
n,(x) = ( 3z )exp (—2_52)’ (5)

where: n; — total events rate of different amplitudes, { — the value of x;
for maximum of n,.

The shape of the spectrum of AE signal depends on several factors. In the general
case, when the signal appears as the result of vibration of a group of elements of
a medium which are of different relaxation times z and function F(z), the spectrum is
given by the relationship:

G(w) =4 T ; F(o) dr, (6)

where: F(1) = T, F(E), E — activation energy, k — Boltzmann constant.

For example, if F{(E) = const

G() = o, (7
if F(E) has a narrow maximum, the shape of the spectrum is of Lorentz type,
.r'"l
G(w) = 'c__l—i-—wz (®)

4. AE in metals

The starting point for applications of AE that appear in metals was inves-
tigation of the cracking processes occurring in macro-scale, when metal is regarded
as a homogeneous body. It appeared before long, however, that in order to
understand the essence of these processes it is necessary to investigate the
relationship between the changes of metal microstructure and the signals generated
by the changes [17].

The main source of AE in metals are motions of dislocations. These motions take
place as the result of external or internal stresses during fatigue processes, or local
temperature variations. The necessary condition for AE to arise is the existence of
courses of cumulation and release of the energy contained in a crystal lattice. It occurs
as the results of changes of density and velocity of dislocation, what is described by the

general relationship
oN,, 0N,
f ( m’ W ) W) (9)

where: n — count rate, N,, — density of mobile dislocations, N, — the density of all
dislocations.
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It has been observed long ago that in certain metals an approximate, linear
oN
relationship exists between n and N, or n and i [17].

The authors of [16] estimated that in the process of generation of a single AE
impulse 10%+10° segments of dislocation lines take part. The character of the
dislocation motion depends on the ratio between the stress, and glide resistance. If the
stress exceeds the glide resistance, dislocations move continuously, and in the opposite
case, the step movement occurs. The dislocation is then slowed down by the potential
barriers of the crystal lattice but, owing to the thermal activation, this obstacle may be
overcome, and the dislocation can move to the next potential barrier. It is the so-called
jerky glide.

A dislocation has a certain inertia, adequate to the deceleration time t=1071?
+ 1071 g, During slowing down it then returns its energy to the neighbouring
atoms, emitting an AE signal. The way of slowing down a dislocation in
pure metals, at room temperature approaches 107'° = 107° m, therefore
the entire effect occurs in micro-scale. Near the surface, the dislocation is
exposed to an additional acceleration, and the complex processes of their
interaction take place. The energy of the dislocations which reach the surface
is partially utilized to create the surface roughness, the rest is the source of AE
signals.

In a situation of external stresses, the originating macro- and micro-cracks alter the
configuration of dislocations, and facilitate their passage to the surface.

A number of theories exist that connect the micro- processes which occur in metals
with the generation of acoustic emission. The frequently applied model [19] assumes
that the length of a free path of the dislocation, and its slide path must be longer than
certain limiting values, for AE to occur. The length of the dislocation line which is
capable of being displaced, is limited by distances to the pinned points, namely to the
nodes of the crystal lattice. Taking this assumption, it may be stated that the minimal
detectable deformations ¢ of the surface of the cylindrical sample of the section S are
proportional to:

bL3

Sd’ (10)

where: L — diameter of the slide area, b — Burgers vector, d — spacing of the
dislocation source.

Experimental investigations show that AE can not be detected for dislocation
source spacing smaller than 0,4 um. According to expectations, the influence of the
grain diameter is observed. For example, in 99.99% aluminium AE counts rate
maximum occurred for the grain diameter of 350 ym. Together with the increase of the
diameter of grains, the slide path of dislocations also increases, therefore the AE rises.
However, above a certain diameter of grains the possibility of the dislocation
generation on the boundaries of grains decreases, and the activity of AE drops (Fig. 1).
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Fig. 1. Relationship between the cumulative counts, and the grain diameter for 99.99% aluminium [82].

Similar results for monocrystals of an alloy of copper and aluminium was obtained by
Paweeek [19]. The author presented a theory of AE generation during a step variation of
stress. According to the theory, themain sources of AE are annihilations of dislocations
during closure of the dislocation loops, produced by the Frank-Read sources.

The above considerations concern the material, the homogenous structure of which
has not been disturbed by external loads. When the stress increases, and exceeds the
yield. point (plasticity limit) in metal, micro-, and then macro-cracks appear. The
mechanism of their creation may be of different kinds. Open cracking occurs in metals
of properties similar to ceramics, for instance in metals of body-centered cubic lattice
(bee). The reason of it are the concentrations of the edge dislocations. The effect is
accompanied by typical discrete emission — fairly strong pulses, separated by periods
of silence. Slide cracking occurs in metals of distinctly plastic properties, for example of
face-centered lattice (fcc) structure (aluminium, copper). When the stress increases, the
crack expands gradually, this being the result of the fact that at the crack tip a plastic
zone appears, including great number of mobile dislocations. Acoustic emission is in
this case of a mixed character, the discrete and continuous signals appear.

It appears that, according to the kind of metal the characteristics of the counts rate
of AE as a function of stress will be of different form.

In the majority of metals the first maximum of AE occurs at the yield point, then
the activity of AE drops (Fig. 2a). If the first signals appear before reaching this limit,
and if in the stress-strain characteristics the Lueders plateau exists, then, after a single
peak, the AE activity remains on a steady level within this plateau, after that it
decreases and assumes a steady character (Fig. 2b). Such a characteristics have, among
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other metals, carbon steel and Armco iron. In situation when above the yield point the
Portvein-le Chatelier effect occurs, which takes place, for instance, in case of
aluminium alloys and nickel alloys, minor irregularities of AE characteristics appear,
corresponding to the strains above the maximum of AE (Fig. 2c). In certain metals, like
titanium, bearing steel, aluminium and manganese alloys, during long-lasting strains,
a second AE maximum appears, usually of a discrete character (Fig. 2d). In metals in
which the dislocation motion is insignificant (for example fine-grained steel after heat
treatment), the maximum does not exist at all, and the AE signals do not appear before
the breaking stress (Fig. 2e).

When the stresses are close to the failure stresses, in all metals micro- and
macro-cracks appear, which cause an increase of the AE activity of a discrete
character. The velocity of strain growth has a substantial influence on the AE, which is
considerably stronger in case of large strain rates (Fig. 3) [16].
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Fig. 3. Count rate during different velocities of the strain increase: (a) 0.5 mm/min, (b) 1.25 mm/min, (c) 2.5
mm/min [16].

For the application of the AE method it is important that AE signals should
accompany these changes of material microstructure which have not yet effected the
load characteristics. The research of the degree of defectiveness of steel by the AE
method was initiated in Poland by Z. Pawrowski [85]. The investigation of AE
generated by microstructural changes has been developed by PiLecki and SiepLaczek
[20], while PiLeck1 expanded the investigation of processes of motions of dislocations
[21]. The same authors investigated in detail [22] the behaviour of railway rails. It has
been demonstrated that the AE method is a valuable tool to monitor the fatigue. In
a new material (Fig. 4a), the AE activity is much stronger than in the rails which have
been used for a few years (Fig. 4b).
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Fig. 4. Kaiser effect in steel St90PA (a) new, (b) exploited [20].

In metals an evident impact of the ,,history” of applied loads on AE exists. It is the
Kaiser effect, based on shifting of the threshold of the AE initiation after relieving and
repeated loading of the material (Fig. 4). Assume the material was exposed to the load
ay, by which the AE activity appeared; after its relieving and the repeated loading, the
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AE will appear only when o;> o. This effect does not always appear, however. It is not
observed in metals, in which AE appears also during unloading of the sample. It is
relevant to the Bauschinger effect, which is based on the observation that after loading
the material in one direction above the yield point, and subsequently in the opposite
direction, the yield point of the material of the sample decreases. The occurrence of AE
during application of cyclic loads to steel was the object of research of PiLecki and
SiepLACZEK [24], [22]. Three zones have been observed:

In the first zone, which comprises a few initial cycles, the Kaiser effect causes
a gradual attenuation of AE signals, till their complete fading in the II zone, what is
probably relevant to the fixed dislocation structure of the material. The III zone begins
at the half of the number of cycles necessary to destroy the specimen; at this time
gradually growing AE signals appear corresponding to the initiation of micro-cracks
(Fig. 5). It should be noted that the AE method monitors the initiation of these cracks
earlier than the optical methods, which opens considerable possibilities of application
of the AE method to fatigue testing of the material.
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Fig. 5. AE at cyclic load [24].
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The processes occurring during the cyclic loads are more complex than those at
static loads. The state of dynamic equilibrium exists between production of the new
dislocations during subsequent cycles, and the annihilation of the existing ones. The
process of production of the new dislocations is proportional to the density of
dislocations, while the process of annihilation is proportional to the square of that
density, therefore this status of dynamic balance stabilizes only after a sufficiently large
quantity of cycles [21]. It should be remembered, however, that the fatigue processes
and the appearance of the AE signals, depend strongly on the state of the metal surface
[23], and the motion of the dislocations emerging at the material surface increases ofits
roughness. The nucleation of the fatigue cracks begins therefore on the material
surface, initiating the burst AE.

During the cyclic load of the order of 10 cycles per second, the counts rate
values are distributed (as a function of time) apparently chaotically. However, as
it has been indicated by Pawrowski [86], it is possible, by means of the cluster
analysis, to determine certain regularities of the distribution and, on this basis, to
estimate the progress of the cumulation of defects, and the ,life time” of the
specimen.

A factor which influences the material is the environment surrounding it, and this
influence is difficult to detect by methods other than the AE. The chemically aggressive
environment causes the growth of cracks, alters the conditions for the dislocations to
emerge at the material surface, and initiates strong AE signals. For instance, PiLecki
[87] investigated the influence of salty water. Within 1 minute after submerging the
metal sample, the strong AE signals appeared. It is the so-called stress corrosion effect,
which occurs also in brittle materials. The AE method enables early detection of the
initial stages of the stress corrosion, and delivers also additional information about the
mechanisms of its appearance. For example, releasing of hydrogen is accompanied by
a burst AE, being the result of the gradual change of the status of atom activation,
whereas the anode dissolution initiates the AE of a continuous character.

5. Superconductors and materials under high pressure

It seems that the AE method may become an unique tool for investigating the
phenomena specific to the superconductive state. The objects of investigation by the
AE method are, first of all, the superconductors of type II, because of their practical
significance and wide application. These materials behave like ideal dielectrics only
under the magnetic field M <M, while under the field intensity M., <M <M_,
a so-called mixed state is observed. The external magnetics field generates then certain
cores in the material, shielded by superconductive eddy currents. These are fluxes
which form a spatial lattice, pinned on the defects of material microstructure. The fixed
fluxes enable a resistanceless current flow. At the instant when the Lorentz forces
become greater than the pinning forces, the flux lattice is set in motion, the residual
stresses are relaxed, and the AE signals are generated, a significant role being played at
it by the effects of magnetic hysteresis [26].
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Results of the Polish research by Wozny and others [27], [28], [82] have indicated
that the count rate of AE in an electromagnet NbTi, measured in liquid helium of
temperature 4.2 K, in the cycle of increasing and subsequent decreasing of the current
(I> ), attains its maximum near the critical current. In the two next cycles the count
rate decreases considerably (Fig. 6). These investigations confirm the dependance of
AE activity on the effect of flux pinning. The reduction of the count sum in the
successive measuring cycles is caused possibly by “freezing’” of the flux lattice.
A formal analogy to the Kaiser effect exists here. The same authors investigated
a superconductive high temperature ceramics YBa,Cu,)O,, during variations of the
temperature.
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Fig. 6. Dependence of AE on current in electromagnet in state of superconductivity [28].

The acoustic emission was recorded during increase of the temperature, and for the
flow of direct current of the magnitude below the critical value (Fig. 7). The main group
of AE signals appears slightly below the temperature of transition to the normal state,
whereas their distribution depends on the current intensity. In the non-current state the
signals are weak, and located close to each other. The presence of these signals may be
explained by a variation of the volume of the material during transition from the state
of superconductivity. During the increase of current intensity the shift of the group of
pulses toward higher temperature takes place, the signals are broadened and appear
also at the end of the transition to the normal state. It is relevant to the increase of
participation of the intercrystalline bonds in the current passage.

An essential statement of the quoted authors is that during the cyclic changes of
current, without leaving the superconductivity state, the AE activity in
high-temperature superconductors is several times lower than in the classical
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superconductors. It suggests the existence of certain, as yet not entirely known
processes which occur in HTS. Therefore further investigation of these processes by
AE methods is desirable, and may be of great cognitive value.

During investigations conducted by OpiLsk1 and Witos [82], [92] the AE maxima
were found in the same HTS at higher temperatures 180 + 210 K, which may be
relevant to the normalization of the microstructure, being also observed by measure-
ments of specific heat. The factors which cause disturbances of these AE signals which
are produced by superconductivity are micro-cracks and other defects of the tested
samples. Therefore very important is the proper technology of preparation of the HTS
samples, ensuring high homogeneity and stability of parameters. The dimensions of
grains should not exceed 10 um.

Two methods of HTS preparation [58] were applied: the reaction in solid state, and
the co-precipitation method, and both produced satisfactory results. In thick samples
it was difficult, however, to avoid porosity, therefore for acoustic measurements thin
layers of HTS were applied. The YBa,Cu,O,_, was spread on the NbLiO, substrate.
The attenuation of ultrasonic wave was investigated by means of the edge transducers.
A distinct increase of attenuation at the region of critical temperature was observed.
Also strong deformation of the sequence of echoes has been noticed, which is probably
relevant to local mechanical stresses or structural changes of the medium. In the critical
point minor variations of the velocity followed, of the order of dc/c = 1073
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As it results from these observations, the distinct interdependence exists between
the AE activity and the changes of acoustic properties of the medium for HTS. It seems
that a qualitative research of this interdependence might contribute to a better
understanding of the phenomena which occur in the region of the critical temperature.

In addition to superconductivity, the case which has been investigated by the AE
methods is exposition of the material to high pressure. Heterogeneous materials, such
as metal powders, and multiphase materials are of concern in the case. The research in
this area has been initiated by Witczak [29].

6. AE in brittle materials

Brittle materials are usually characterized by covalent and ionic chemical bonds.
In such materials the dislocation motions and slip planes are more limited than in
metals. Among the brittle materials, first of all, the ceramic materials should be
mentioned. During the stress growth these materials do not practically deform.
After reaching the critical stress they undergo a sudden failure, whereas the
compression strength is higher than the tensile strength. Due to this property, the
AE phenomena occurring in the brittle materials during the increase of load, have
a different form than in metals, and are generally connected with the micro-crack
creation. In polycrystalline ceramic materials the development of cracks occurs in
the form of cracking inside the grains, or between them. In the first case, because of
the shear stresses, the dislocation sources are created, capable of pining-up on the
opposite sides of the grain. In the second case, the cracks at the grain boundaries
open because of slipping by low mobility of dislocations. Besides, a diffusion
mechanisms of point defects at the crack tip may appear, causing a slow develop-
ment of the crack. Beside the inner cracks, the surface cracks appear which, apart
from AE signals, increase the roughness of the material surface. When monitoring
the AE in samples, the two processes should be distinguished: increasing of the
notch, usually intentionally prepared in the specimen and generation of mic-
ro-cracks in the entire volume of the specimen. The first process is accompanied by
a burst emission, while the second produces mainly the continuous emission.
Generally the specimens subject to double torsion or to the three-point bending are
used; depending on the specimen geometry and load application, the stress intensity
coefficient K is determined, and the AE activity is determined as a function of this
factor. In Poland the specimens subject to double torsion were applied, of the shape
shown on the Fig. 8.

In majority of ceramic materials the elongation of the notch versus the coefficient
K has four ranges. During the loading below K| the standard notch does not change. In
the range Il, K < K< K, the velocity of the notch expansion depends on the increase of
K; in the range II1, when K; < K < K, in spite of growing load, the velocity of the notch
elongation remains constant, in the range IV, when K; < K< K, the notch increases
quickly enough, and after reaching the critical value it grows violently till the failure of
the sample.
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Fig. 8. Sample for double torsion [32].

The fracture theory of brittle materials has developed from the classical works of
GrirriTH [30] to form an extensive field of mechanics. For the problems discussed here
it is essential that at the crack tip, the region of high stress and partial plastic yielding
appear, causing the growth of the crack, and transformation of the potential into the
kinetic energy is accompanied by the AE signals.

It has been discovered long since [31] that the count rate n and the velocity of
extension of the crack v plotted versus K are of similar character

n=BK™, bv=AK", (11)

whereas m =~ m'. The diagrams of both the values, prepared for the case of porcelain
ceramics and aluminium oxide are depicted in Fig. 9.

Another form has the AE initiated by micro-cracks, such a process being of
a statistical character. The probability of occurrence of the micro-cracks producing AE
is equals to the probability of material failure, defined by the Weibul’s distribution

ITI=1-exp [—(E):r- (12)

where: o, and r are characteristic constants of the distribution for the material in
question.

The complex research performed in Poland on ceramics, by the team directed by
RanacHowskr [32], [81], [82], [83], enabled us to collect the experimental data
concerning the AE activity as a function of load, and the relationship between AE and
the material strength.

Testing of the sample consists of the three stages: (1) linearly increasing load,
¢ = const, (2) constant load, ¢ = const, and (3) — unloading, ¢ = const. The
analytical formulae have been derived for count rate at each stage. The combined effect
of the micro-crack creation, and elongation of the cracks for constant loads ¢, and
o,=20,is shown in Fig. 10. As it can be seen, after a certain period of time the sudden
increase of AE starts, preceding the failure of the sample.
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Fig. 9. AE count rate and velocity of notch elongation [83].
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Fig. 10. AE count at stresses a,, 6,=2 g, [31].

The results of the measurements performed by Ranachowski and his team show
that when the load increases, after the first AE signals at stress o, an interval of silence
comes, followed by the strong increase of AE until rupture of the sample (Fig. 11).
Besides, it has been discovered that approximate proportionality between o or F; and
the failure stress exists, which isillustrated in Fig. 12. This relationship may be regarded
as a basis for determination of the strength of ceramics by the AE method. The
above-mentioned team investigated also the possibility of assessment of the "'life-time”’
of ceramics by the AE method. The "life-time” is determined at the overload R in
relation to the operating stress. On the grounds of the measurement of the AE counts
rate, which accompany elongation of the crack during overloading, it is possible to
determine the minimal time ., , necessary to break the sample. This time is a function
of the stress intensity factor K, and the material constants. Figure 13 presents (in
logarithmic scale) the dependance of ¢, on different values of the overload. The
straight lines which cross the graph coincide with the probability of material failure.

The AE method appeared to be very useful in detection of micro-cracks produced
in ceramic materials as an effect of thermo-mechanical stresses. The work on it has
been developed by the team of Ranachowski. Figure 14 presents the mechanical
strength and AE versus thermal shock difference for alundum material. As it can be
seen, AE appears considerably below the critical temperature, afterwards it maintains
a steady level, and rapidly grows at the temperature of the shock AT 800°C. The
analysis of the AE parameters may then be useful in investigating the various phases of
the thermal cracking process, whereas it appears that the descriptors which yield
especially valuable information are: duration of the event, and its amplitude. The low
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temperature shock correspond to the AE events of short duration, below 700 us, while
above the critical temperature of the shock the events are of longer duration and higher
amplitude. Ranachowski and his team investigated also the relationship between AE
and electrical conductivity for ceramics [33]. Figure 15 shows the plot of these values
for increasing load, for electrotechnical porcelain. The stepwise growth is caused by
carrier releasing at crack tips, which is accompanied by appearance of groups of AE
signals. The polarization processes reduces the AE activity. Observation of both
processes opens new possibilities of analysis of the micro-cracking of ceramics.
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Fig. 15. Conductivity and count rate versus load [83].

7. AE in heterogeneous materials

Concretes and concrete constructions

The concretes are materials of structure which changes on a large scale, subject to
various proportions of components, and the applied technologies; nevertheless, they
hold certain common features, the behaviour under load and presence of long-term
structural variations being most important [34]. The processes which occur under the
load may be divided into three phases. In the first phase of stable initiation, the
micro-cracks existing already in the state of production do not increase, whereas the
new, also stable micro-cracks appear. In the second phase the propagation of the
existing micro-cracks follows, as a result of the destruction of adherence between the
grains of the aggregate and the mortar. In the third phase unstable development of the
micro-cracks begins, ending with failure of the material. Stresses o; and oy, which are
accordingly named the initiating stress and critical stress, are characteristic for the
transitions from one phase to another. The identification of both the stresses is of
primary importance for the evaluation of the operating parameters of concrete, and for
the elaboration of the optimal technology of manufacturing.
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The fact that both the stresses are accompanied by the characteristic AE signals,
constitutes a basis for a practical application of the AE method to the evaluation of the
quality of concrete (Hora —Moczko [35] with Z. RanacHowski [77]). It appeared that
the best characteristics of the effects yields the gain AN of the sum of count ZN,
between the two stress levels of n and n4-1

AN = ZN,,., — IN,

The plot of AN (o) is shown in Fig. 16. AN increases almost linearly up to the load
oy, in the range o, < ¢ < o the increment of the sum of count is approximately constant,
and above oy it grows rapidly.
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Fig. 16. Dependence of count rate on stress increase [77].

As it has been demonstrated by the investigations of Pyszniak, Moczko, Hora [35],
[36], graining of the aggregate has a considerable influence on the sum of count, for
instance the apparent thickness of the lagging of the aggregate by the mortar (Fig. 17).
When the aggregate is finer, and the lagging thicker, the material becomes more
homogeneous, having less micro-cracks, which are the sources of AE. The same author
investigated [37] the effect of moisture on the strength of concrete, and found that the
counts difference depends on the moisture contents. Presently an artificial curing of
concrete is applied on a large scale. As it has been found [38], thermal treatment causes
the increase of the sum of count when the concrete is loaded up to failure (Fig. 18). It is
probably due to the increased number of micro-cracks, because the products of
concrete hydration, which appear at elevated temperature, have more coarse structure.
ZIN depends on the temperature of heat treatment and on its duration.

As one can see, the AE method vyields comprehensive information about
parameters of the complex processes which occur during production and operation of
concretes.
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Fig. 17. Effect of aggregate lag on AE activity [82].
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Fig. 18. Effect of thermal treatment of concrete on sum of count [82].

Hola and his team have also undertaken a work on comparing the efficiency of the
AE method, and the method of measurements of the velocity variations of the
ultrasonic wave; however, they have not obtained explicit results. The correlation of
results of both methods is a more general problem, it involves also other materials. The
difficulty in interpretation of the results is caused, among other factors, by great scatter
of the experimental data, and also by a quite different form of the plots of ultrasonic
pulse and AE counts rate versus the stress. Some authors claim the AE method
monitors micro-cracks later than the ultrasonic pulse velocity method does, however
no consensus on the subject has been reached among specialists as yet [39]. In any case,
further comparative studies seem to be very desirable.
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Wood

The wood is an considerably anisotropic material, with respect to both its structure
and mechanical strength. Therefore the count rate of AE depends on the direction of
stresses, the highest being when the stresses are applied parallel tc its fibres. The
micro-cracks appear already at comparatively low stresses, and produce first acoustic
signals. Likewise in ceramic materials the approximate proportionality exists between
the force at which the first AE signals appear, and the destructive force. During the
long-lasting bending loads, the failure occurs by gradual cracking of fibres, which may
be effectively monitored by the AE method [40], [41]. The wood defects, as for instance
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Fig. 19. AE activity accompanying the process of wood damping and drying [42].
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Fig. 20. Effect of initial wood dampness on count rate [82].
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knots and decay, have a distinct impact on the size of AE, which enables
non-destructive testing by the AE method. Research on the possibilities of application
of AE to monitoring of the technological processes is carried out by J. Raczkowsk1 and
W. Moumiski [42], [90]. The subjects of main interest are the processes of damping, and
drying. Perhaps in the future the AE metod will enable automatic control of the
processes.

As it is shown in Fig. 19, the dependence of the AE activity on dampness is very
distinct. The following effects can be observed:

— strong effect of the initial dampness on the number of counts (Fig. 20),

— occurrence of themaximum of AE prior to a quick increase of material shrinkage,

— considerable effect of the method of clamping of the sample; in case of a simply
supported sample the tangential swelling during damping is the main source of AE.

Undoubtedly, the AE is decisively influenced by the degree of plasticity of wood,
which increases together with the increase of its dampness.

The same authors investigated also the impact of the mechanical treatment on the
character of AE. They have found, for example, that the inclination angle of the cutting
tool, and its orientation with respect to the fibres, considerably alters the AE count rate.

Wider application of AE in wood industry is impeded, among other things, by
dispersion of the properties of the same species of wood. Nevertheless, it seems that in
the future, the AE method may be helpful in automation of the wood drying processes.

8. Acoustic emission in rocks and soils

The mechanical and acoustical properties of rocks and soils differ fundamentally
according to their composition and origin. Therefore examination of samples taken
from various places, performed on a wide scale, are needed. In these cases the AE
measurements are especially troublesome, and drawing general conclusions is
accordingly difficult. The reasons are, first of all, the difficulties in preparation of the
samples, which should be uniform and of reproductible properties, because during
preparation of the samples cracks appear, changing radically the effect of AE. The
second reason is the strong attenuation of acoustic waves in most of the materials being
tested, which decreases the intensity of the signals received.

In spite of these obstacles, the investigation of acoustic effects occurring in rocks
has been drawing the attention of engineers and scientists for a long time [43]. It was
expected that the observation of the AE signals would enable an early warning of
amining catastrophe (a crump) [44], or a catastrophic failure of a technical object, like
a water dam. The results were only partially successful, and limited they were to the
strictly determined local conditions. Nevertheless, further attempts in this direction
seem to be promising, a thorough recognition of the AE characteristics of rock
materials being necessary, what requires an extensive laboratory research. Such
research is carried out in Poland by three centres, and concernes the coal and
accompanying beds in Upper Silesia, the copper ore beds in the Legnica basin, and the
soils typical for foundations of engineering structures.
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OriLsk1 and Wiros [45], [80] have conducted a comprehensive study on the
geological beds of Upper Silesia from the point of view of application of the AE
method, and they came to certain general conclusions. During loading of the rock four
phases of AE activity may be distinguished [46], [47].

(1) closing of the initial micro-cracks, usually accompanied by a continuous AE, of
constant counts rate,

(2) the elastic strain, when the count rate begins to grow,

(3) the process of stable propagation of micro-cracks, during which the counts rate
increases, subsequently followed by its reduction within a certain range of loads,

(4) the unstable propagation of cracks, leading to failure, accompanied by a rapid
rise of AE.

A typical diagram of count rate for dull coal is shown in Fig. 21, however
considerable differences in the characteristics may be observed, depending on the
material. Together with the progress of the destruction process, the changes of the
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Fig. 21. Dependence of count rate on load for dull coal [81].

frequency distribution may be observed, namely the occurrence — in addition to the 60
-+ 80 kHz frequency band of the second maximum in the band of 80 <+ 160 kHz. The
quoted authors concluded that the crucial factor was the capability of accumulation of
the elastic energy by the rock materials, and introduced the division of materials into
the three groups:

(1) the materials that practically do not accumulate the energy, e.g. bright coal,

(2) the materials that accumulate the energy partially, e.g. dull coal,

(3) the materials that strongly accumulate the energy, e.g. sandstone.
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A diagrammatic characteristics of the AE activity for the three types of
materials is shown in Fig. 22. The Kaiser effect at a variable load is observed,
however, depending on the materials damage, it is subject to considerable
deviations.
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Fig. 22. Characteristics of AE activity for different rock types [82].

It is important for practical applications that, in the majority of cases, the
intensified AE activity appears still in the phase of stable micro-cracks, thus warning
against the approaching failure of the material. The observations that have been
performed hitherto in situ do not entitle us to draw any quantitative conclusions as to
the relationship between the growing AE activity and a approaching mining
catastrophe; nevertheless there are some reasons to expect that such a relationship
exists, and its evaluation will be the subject of further research.
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The reasons of mining catastrophes might also be the gas explosions. Therefore the
investigations initiated in Poland by the team directed by Z. Pawrowski [84] on the AE
signals which accompany the sorption, desorption, and the flow of gas (CO,) in coal
samples, might be of a practical significance. Though the results depend strongly on the
kind of material and the way of the sample preparation, nevertheless certain rules have
been discovered. During the sorption the AE activity is the strongest at the beginning
of the process. During the gas flow the AE signals appear at a certain threshold value of
the overpressure, then the count rate grows until the limiting value of overpressure is
reached, after which the AE activity remains constant.

The investigations on dolomites and sandstones in the Legnica basin, carried out by
JAroszewska [48], [49], yielded similar results as those concerning the general AE
characteristics during loading. The essential result observed by the author is the fact that
while the load increases above 50% of the compressive strength, the maximum of the
energy density in the spectrum of AE signals is shifted toward higher frequencies. On the
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Fig. 23. Effect of load on distribution of AE signals [49].

other hand, at theloads close to the material failure, distinct components at low frequencies
appear, what is the result of the macro-crack initiation. In spite of high dispersion of the
data (Fig. 23), the general character of the relationship is maintained. From amongst the
research that have been conducted in Poland, we should also mention the paper by
Skrynicki [50] on AE at different loads of coherent and on non-coherent soils, at different
temperature and humidity. [t may be supposed on the basis of these results that in future
the AE methods will be applied on a large scale to monitor the stability of soils.

9. AE in machinery elements and technological processes

Unlike the samples of materials, which are submitted to standard, laboratory tests,
the components of machines and engineering constructions are the objects in which
complex states of stresses exist, and the AE signals depend not only on materials and
sample parameters, but also on the shape of the object. As an example, certain
investigations carried out in Poland will be discussed -
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Rods

Typical construction components are rods. The classical measuring methods
not always enable an accurate determination of the instant of its stability loss. It
is especially important in statically indeterminate structures. The investigations of
KowaL and Senkowski [51] showed that on the basis of AE observation it is
possible to predict, with a certain probability, the loss of stability. Namely, the
shift between the maximum of the AE counts rate, and the limit load bearing
capacity of compressed rods has been discovered, and is shown in Fig. 24. A fast
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Fig. 24. Shift of AE maximum at loading of rod [51].

growth of the count rate is here a warning. However, these data are qualitative
ones, therefore for practical application further improvements of the measuring
technique are required.

Conveyer belts

An example of application of AE for the selection of machine components is
a method of testing of horizontal conveyor belts in mining industry, developed by A.
OriLsk1 with his team [52]. The authors found that measurements of events rate and
sum of count enable arranging the samples of belts according to their tensile strength.
The main difficulty is that the results of measurements vary considerably, according to
the dimensions of the sample; it is not possible, therefore, to establish explicitly the
standard AE activity, leading to rejection of the belt.
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Composites

A separate problem are the AE effects in composite materials and structures.
The process of cracking occurring in composites under load depends on the
structure of the composite, however the five following phases of the process may
usually be distinguished: cracking at the fiber-matrix interface, cracking across the
layers of laminate, delamination, fibre decoupling, cracking of fibres. The AE
method enables monitoring and separation of the phases, what would be difficult
on the basis of the classical methods of material testing. The AE method is also
applied to the control of long-term changes, characteristic for structures of
composite materials. For the purpose, a very complicated measuring instrumen-
tation is used. In Poland the studies on composites, especially on the glass
fiber-reinforced pipes, are carried out by Goraski and Rapziszewski [53]. They
found a distinct relationship between the AE signals and the phases of cracking of
these pipes; especially essential is the appearance of the first AE signals at the
beginning of the process, when the cracks are undetectable by classical met-
hods.They investigated also the extension of the Kaiser effect appearaing in
composites [54]. A considerable percentage of defects in composite pipes is
produced by the stress corrosion, therefore monitoring of the degree of the stress
corrosion is of considerable practical impact. The same authors studied [54] the
behaviour of loaded pipes, submerged in neutral media (oil), as well as in
chemically active ones (hydrochloric acid solution), and they discovered that in the
latter case a distinct rise of the AE activity occurs after a certain period of time.
This time depends on the stress value (Fig. 25).
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Fig. 25. Effect of environment on stress corrosion of composite pipes [54].

Earlier, Z. Pawrowski [85] investigated the dependence of the AE counts sum on the
load and the time of its action on the glass fibre-reinforced polyester, coming to an
empirical formula.
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Welding

One of the oldest applications of the AE method was the control of welding [13].
Considerable troubles have been encountered, however, mainly in regard to separation
of these AE signals which are generated by welding defects, from the background noise
accompanying the welding process. The development of the measuring technique
made it possible to overcome these difficulties, mainly by extraction of the
characteristic features of the AE signals generated during welding, which appear
within a certain period of time after passing of the electrode. In practical application of
the method it is possible to detect [55], with a considerable reliability, welding cracks
and slag inclusions. As an example, the dependence of the differences in AE signals on
the quality of weld is shown in Fig. 26. The cracking processes still proceed, fading
gradually, during a few hours after welding. Therefore in certain constructions, such as
hulls of ships, the long-term AE monitoring is applied. An important example of using
the AE methods in welding technology is a control of weld quality in high-pressure
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Fig. 26. AE signals from (a) correct, and (b) incorrect weld [56].

pipelines for power plants. The adaptation of the method has been undertaken by
Skusis and co-workers [56]. A number of samples with welds, cut out of pipelines, were
investigated. A general increase of the AE activity was reported, even before plastic
deformation, which conforms to the generally known observations in metals.
Interesting results were reported concerning the acoustic emission during thermal
treatment of a welded pipeline. A typical plot of the sum of count during the treatment
is shown in Fig. 27. As it may be seen, the sudden increase of temperature of heated
pipeline is accompanied by a rapid growth of the AE activity, which indicates potential
possibilities of application of the AE method to monitoring the fitness-for-purpose
o long-distance pipelines.
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Fig. 27. Sum of count during thermal treatment of nozzle of pipeline [56].

Moving machine components

Just on the border line between the application of the AE method and the
noise analysis methods are the studies on acoustic effects during operation of
rolling bearings. These studies have been performed by the team directed by
CempeL [57]. Possibilities of application of the AE method to the detection of
faulty performance of moving parts of machines are the object of work of J.
Abpamczyk [91].

10. AE in physical, chemical and biological processes

Chemical processes

The studies which have been performed since the beginning of the eighties
[59] demonstrated that AE is an effect which accompany many chemical reactions.
The AE method can be therefore utilized, for instance just as the thermal
analysis [60], to record the courses of these reactions. The AE measurements
and the thermal methods can provide, however, additional information beyond
the reach of non-thermal methods in this extent, for instance pertaining to
phase transitions. Measurements of the AE which accompany chemical reactions
are sometimes very troublesome, because of the low level of the AE signals,
strong background noise from the measuring instrumentation, and lateral processes
associated with the reaction. The studies performed by Rzeszorarska [62]
in Poland were focused mainly on the oscillatory reactions. The two oscillatory
reactions have been examined using the AE method: the reac’!on of Bie-
lousov —Jabotynski type of oxidation of the malonic acid with bromates, catalyzed
by ions of cerium, and the Bray—Liebhavski reaction of decompositon of
hydrogen peroxide, in the presence of melanic acid and iodates. The acoustic
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Fig. 28. Averaging AE events rate for B—L type reactions [62].

energy releases in the rhythm of the oscillatory liberation of the residual quantities of
gas. As it turned out, the separate AE events assume various values, however, after
averaging, a clear oscillatory time-dependence appears. Figure 28 shows a diagram,
averaged for the B—1J reaction, where the points mark the events rate measurements.

Presently the investigation of structural changes of complex compounds in
solutions and in the solid phase takes place. The analysis of the power spectra of the
separate AE signals, as well as their characteristics during the time of reaction, may
deliver information about the physical —chemical sources of acoustic energy. It should
be emphasized that these investigations require a measuring system of high-sensitivity
(low noise level), and of a good time resolution, and then the application of statistical
methods of the signal analysis.

Electrical discharges

The physical process which can be monitored by the AE method is the partial
electrical discharge. These discharges initiate effects which can be audible, because they
are confined within the band up to 2 kHz. However the detection of the AE signals of
higher frequencies produced by very weak discharges is vital, since they inform about
the initial stages of failure. Due to its unique feature, the AE method enables in-service
monitoring of electrical power devices. However, because of a complex structure of the
devices, it is difficult to assess quantitatively the electrical discharges on the ground of
the parameters of the AE signals. The second limitation is due to the fact that the
signals which are received are coming from discharges occuring in air and oil, whereas
the signals approaching from inside of the insulation are strongly attenuated and
usually not discernible.
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The attempts of practical application of acoustic emission in electrical power
engineering date in Poland from the middle of seventies [63], and were parallel in time
with foreign ones [64]. In the Engineering College in Opole (Skusis), an investigation
on AE was carried out, and a mobile laboratory for diagnostics of the electrical power
systems by the AE method [65], [66], [67] was organized. The laboratory proved to be
very useful for early detection of failures. The performed tests revealed a minor
increase of AE with a lapse of years of operation of the device. Figure 29 refers to a high
voltage transformer. The dependence of the AE activity on the voltage imposed to the
components of electrical systems was also investigated. Figure 30 shows an example of
the relationship between the amplitudes of the AE signals, and the test voltage applied
to the insulator. The investigations on discharges in high voltage switching stations,
carried out by the team of L.ABus— NAwRAT, revealed the possibility of application of
the AE method for detection of the partial electrical discharges, of the value from 10
pC, and metal suspensions of weight from 2 mg, in the electrical field.
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Fig. 29. Increase of amplitudes of acoustic emission produced by discharges in transformer, during four
following years [66].
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Fig. 30. Dependence of AE amplitude on value of test voltage, from the testing of insulator PK TNk
123/550/630 [67].
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Oto-acoustic emission

The Evoked Oto-Acoustic Emission (EOAE) has been observed for the first time
by Kemp [68]. It is a bio-mechanical effect, not entirely interpreted hitherto, which
occurs in the cochlea of internal ear. The EOAE signals are very weak, so a special
technique is necessary for their recording; the effect raises, however, great interest from
both the scientific and practical reasons: a possible use to objective testing of hearing of
new-born and older infants [69]. The work on EOAE has been undertaken in Poland in
the middle of the eighties, by the team directed by W. BocHenek [69], [70]. A special
instrumentation has been developed. The click generated by the analyzer of the
duration of 0.1 ms, is received together with the following AE signal by a miniature
earphone. Fig. 31 shows, as an example, the diagram of signals emitted by an ear after
imposing a single click.

1 | L A 1 1 1
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Fig. 31. Evoked oto-emission versus time as effect of single click [70].

The differentiation of the nonlinear component of AE has been performed (Fig.
32). The bars on the graph are proportional to the instantaneous values of these
components. The existence of the nonlinear component seems to be an interesting
information about the occurring processes. The results obtained are not unequivocal,
they enable, however, to draw the conclusion that in the majority (approx. 80%) of
young and healthy persons the EOAE clearly occurs.
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Fig. 32. Differentiation of nonlinear component of EOAE.

11. Instrumentation

The improvement of the measuring methods of AE is necessary for its successful
application as a scientific tool, and for non-destructive testing of materials and
constructions. The main blocks of an AE analyzer are:

— transducer of AE signals to electric signals,

— main amplifier with gain controller,

— block of high-pass, and low-pass filters,

— system of amplitude processing, and signal energy processing,

— recording block.
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Fig. 33. Transient recorder board (TRA 2.5M) can acquire signals from an ICC output or sensor. The signal
is digitized and stored in a 2.5 MB RAM and can be accessed from FFT/Transient recorder [83].
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The broad-band and resonant transducersones are applied. The analysis of the AE
signal parameters is usually preceded by conversion to the binary form, and is
performed as a digital process, an essential parameter being the ,,dead” time. The
block diagram of the transient recorder is shown in Fig. 33. For laboratory tests
a single measuring channel is usually sufficient, while for the in situ measurements of
technical objects multi-channel instruments are applied to simultaneous recording of
AE signals. It is necessary for the location of the AE sources, for instance. Presently,
numerous firms offer the instruments for the AE measurements, of different degrees of
complexity: universal or adapted to special tasks.

In Poland, first designs of the analyzers of the AE signals appeared in the middle of
seventies (Z. Pawrowski) [74]. Most widespread are the AE analyzers produced by the
Institute of Fundamental Technological Research of the Polish Academy of Sciences;
their chief designer is Z. RanacHowsk [75], [76], [82]. The different variations of the
analyzer of DEMA type have been produced during the last ten years. This analyzer is
combined with the computer IBM PC-XT-7, and enables recording of counts with the
velocity of 0.1 = 100 measuring cycles per second. The further development of this lot
of equipment is the three-channel analyzer (Fig. 34), which works within the band of
50 kHz = 1 MHz. It enables a parallel transmission of up to 1000 bytes per second.
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Fig. 34. Three-channel analyzer [75]. (1) converter of AE signal, (2) preamplifiers, (3) band-pass filters, (4)
tunable amplifiers, (5) rms value detectors, (6) noise discriminators, (7) pulse counters, (8) delay counter, (9)
sample load measuring system, (10) computer interface.

The analyzer can count pulses in two modes. In the first mode, the scalar counts pulses
in the intervals 0.1, 1, and 10s, and after the end of the cycle the signals are transferred
to the computer. In the second mode the instrument waits for the first signal, and
afterwards the suitable channel is blocked; the instrument measures the time delay of
the signals coming from the remaining two channels.

The new analyzer, which is now being designed, operates on the principle
of the pattern recognition. The analyzer enables simultaneous measurements of
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the following AE descriptors: count sum and rate, sum and rate of events, RMS, and
signal peak value, parameter of the mechanical load. The operating memory extended
to 4 MB enables 500 transmissions per second. The sampling is performed at the
frequency of 1 MHz.

12. Scientific and technical problems of AE method

The domains of AE application discussed above have many features in common,
therefore the AE methods should be analyzed on a broad basis, taking as a reference
point the common measuring techniques and fundamental research [79]. By means of
the AE method, the different objects and physical processes are investigated. The most
important application consists in monitoring of the AE signals during increase of the
mechanical stress. As it has been discussed above, the plot of the count rate, or the
count sum versus the stress has a different shape, depending on the material type.
Generally however, the following three phases may be distinguished:

(1) Appearance of the first AE signals, which, depending on the material type, grow
slower or faster together with the increase of the stress. It takes place after the
appearance of stable micro-cracks, still in the range near the limit of elastic
deformations.

(2) An intermediate phase, when, depending on the material type, the AE activity
remains on the same level or slightly above, or undergoes a considerable attenuation.
The process depends on the degree of plasticity of material.

(3) Strong and rapid rise of the AE activity, which precedes the failure process. This
phase occurs in all materials, still its beginning alters within a fairly wide range.

Most vital for the applications is the AE activity, which appears in the first phase,
because it carries an information about the processes which occur in the material, and
which are not observable by other methods. The problem lies in the correlation
between the AE signals and the strength parameters of the object under test. The
results of the research which has been carried out hitherto, involve the three parameters
of the sort.

(a) The failure stress. The value of this stress may be determined, in principle, as
a linear function of the stress, at which the first AE signals appear.

(b) ,,Life-time” of the material. The “life-time” prediction can be drawn from the
analysis of the AE signals, first of all for brittle materials.

(c) The degree of material fatigue, or the "history’’ of the material. Because of the
structural changes, and the Kaiser effect, the differences of the AE activities can be
found by comparing the new material with that used in machinery or construction
elements.

The second group of the AE methods concerns the objects under normal operation
conditions. The scale of such objects is very wide, and comprises for instance: high
pressure vessels, shields of nuclear reactors, dams, mining tunnels and shafts. In this
case the laboratory tests on samples may provide only preliminary information, while
the in situ inspection of entire objects is necessary. It increases the range of difficulties
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in determination of the time correlation between the abnormalities which exist in the
controlled object and the AE signals.

The experience that has been collected till now shows that the AE method enables
the detection of:

(a) local increase of mechanical stress,

(b) initial displacements of the medium,

(c) leakage of gas or liquid from untight objects,

(d) local thermal disturbances.

An alarming signal may be considered to be the appearance of the first AE signals
or increase of the events rate, exceeding a certain threshold value. An advantage of the
AE method consists in the fact that it monitors dangerous effects earlier than other
methods can do. Unfortunately, this monitoring is not entirely reliable and quan-
titatively determinable.

The third group of methods is connected with monitoring of the technological
processes. It concerns the chemical reactions occuring due to the thermal treatment,
during which the phase structure changes. The AE method enables us to indicate the
beginning of the process, and to assess approximately its intensity. The main troubles
lie in the extraction of the AE signals from the background noise, and in relating the
AE signals to the parameters of the running process.

Asitmay be seen, the main disadvantage of the AE method is that the relationships
between the effects investigated, and the AE signals are of the qualitative character, and
that they are not always unequivocal. This fact is the basis to point out the directions of
future development, especially for the measuring techniques. The activities proceed in
three directions: (a) extraction of the AE signals and measurement of their descriptors,
(b) calibration of the AE sources, (c) standardization of the measuring conditions.

In numerous cases the level of the AE signals is similar to the background noise, it
takes place when the AE signals are very weak, e.g. during certain chemical reactions,
or when the level of interferences is very high, e.g. by the in situ measurements in mines.
In both cases the methods of signal processing are based, among others, on sampling of
the received signals AE and their selection, and on the principle of their specific,
iterative form. Also here the progress in the instrumentation produced in Poland
should be noted.

Another direction of development consists in limitation of the sources of
disturbances, for instance in the testing machines.

The records of the AE signals, plotted against the time axis, especially these coming
from the continuous emission, look seemingly chaotic, therefore it is essential to apply
a proper technique of the signal processing to obtain the parameters which are
correlated with the physical quantities of interest. In the literature [61] the proposals of
several descriptors of AE signals can be found. Also interesting are the proposals of the
Polish authors concerning, for example, determination of the energy related to a single
event [48] and the analysis of usefulness of the AE descriptors [88]. Nevertheless, on the
grounds of the work done as yet, it is difficult to decide which of the descriptors might
be the most commonly used; the question is still open.
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The acoustic—electronic channel for the AE signal transfer contains so many
elements, transmission coefficients of which are difficult to determine, that assigning
the absolute values to the AE signals appears to be a very difficult task. Determination
of such a value is, on the other hand, without practical significance, because
a comparison of the measured signals with the simulated AE sources was an object of
research long since [71], [72]. The most frequently applied simulated sources are:
— stream of gas,

— breaking of capillary or pencil lead,

— falling ball,

— standard electromagnetic or electrostatic transducer,
— laser pulse.

The comparative analysis of the first three types of the simulated sources was also
performed in Poland [89]. These sources are in common use, each of them having its
own advantages and defects. The trouble is that the standards used in different
laboratories do not always correspond to each other, while in reports and papers the
references concerning the standards used are usually not included. So the wide
interhational exchange of experiences, as well as spreading of the best standards
among the laboratories throughout the world, would be highly desirable.

To obtain comparable results of testing, standardization of the reference simulated
sources together with the intermediate blocks will not be fully satisfactory. The
standardization of the measuring conditions is also desirable. During laboratory
strength measurements the dimensions of the samples are usually in accordance with
the obligatory standards, and it does not create any problem. Instead, the acous-
tic-electronic channel is developed in a very individual manner, and certain standar-
dization would be useful. It might encompass:

— coupling media,

— transmission characteristics of the transducer,

~— characteristics of filters and gates,

— determination of discrimination levels of AE signals.

Standardization of the references simulated sources and terminology has been initiated
by the European Working Group on Acoustic Emission [78], the work is continued.

When selecting particular descriptors, their parameters should be determined.

The above mentioned necessity of switching from the qualitative observations to
the comparable, quantitative measurements relates to the need of undertaking certain
research. It should be focused, among other things, on:

(a) Collecting more data concerning the relationship between AE and stress in various
materials. The statistic analysis of the data will enable a better determination of the
connection of AE with the mechanical strength of material [73].

(b) The relationship between the original AE signal and the value obtained during the
measurement. In spite of numerous attempts, the through knowledge of the
mechanism of AE signals generation remains open. It is of great cognitive importance
to have a AE method capable of providing unique information about the physical
micro-processes that take place in various materials and media.
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The investigations might concern:
(a) Generation of AE by groups of dislocations;
(b) Relationship between appearing of the plastic zones at micro-cracks and the AE
signals;
(c) The effect of the changes of material microstructure, together with the phase
transitions, on the AE;
(d) Generation of the AE signals during chemical reactions.

The AE signals distinguish themselves by a great variety of time-dependence. The
general division into continuous and burst emissions is not satisfactory. A more
detailed classification of the AE signals coming from different sources, based on the
selected descriptors, would be desirable.
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INVESTIGATION OF ARTICULATION FEATURES IN ORGAN PIPE SOUND
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The aim of the paper is to approach the problem of existing limitations in the articulation
of sound in a pipe instrument with electromagnetic action. The importance of attack
transients in articulation phenomena is examined. Hence, detailed investigations in the
domain of attack transients in pipe sound were carried out. The applied methods and the
results of analyses are discussed.

1. Introduction

The organ is an instrument which changes continually with durable traces left by
each passing epoch on both an external structure and internal elements. No other
instrument has passed so long a path of development as the organ did since the times of
Ktesibos of Alexandria or those of Heron’s water organ till the present times.

From the musical point of view mechanically controlled organs built in the period
of baroque are still an unattainable model owing to the fact that this type of control
enables possibilities for musical articulation. The contact between the organist and the
pipe organ being established right at the moment of touching the key. The possibility of
modifying the way in which the sound intensity increases depends on the resistance of
the key, which is connected mechanically with the valve of the wind-chest and is
stronger at the beginning due to the compressed air, which presses the valve against the
air inlet part, then is reduced to merely a value necessary for overcoming the resistance
of the return spring of the key. In the opinion of many organists this two-phase nature
of resistance of the key makes it possible for the organist to modify the process of
growth of the sound [1], [9].

In the course of evolution of control systems of the organ, the pneumatic, then
electric systems were invented, which made the task of organ playing much easier, but
introduced a ”foreign force” between the key and the source of sound, thus making the
performance much poorer in reflect of variety of musical articulation.

1 Research sponsorred by Komitet Badari Naukowych (KBN) in 1992
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At this point it seems to be indispensable to give a more detailed definition of the
notion of articulation, which is used in the domain of music for describing the way in
which the musical fragment considered should be performed according to the musical
notation. The latter term is secondary and concerns all the conventional marks
describing the way of getting a tone or a chord to obtain intended acoustic effect and to
emphasize the character of musical work. Principal types of articulation are denoted by
conventional signs such as staccato (in abrupt, sharply detached manner, Italian
staccare = to detach, to disconnect)., spiccato (distinctly, emphatically, It. spiccare
— to separate, to disconnect, to speech distinctly), legato (smoothly, without breaks,
It. legare — to bind), portato (with smooth, not abrupt separation of tones, It. portare
—to carry), glissando (gliding continuously from one pitch to another, I.), portamento
(slight gliding, in singing or violin playing, between two distant tones, It.), tremolo
(trembling, It. tremolare — to tremble), arpeggio (striking of notes of chord in
succession, ., in harp-like manner) and a number of signs, among which there are
those of trill, turn of grace note (appoggiatura), long and short [7]. As regards various
kinds of music or even particular instruments, the evolution of articulation elements
was independent. The style of interpretation of organ music is influenced by not only
articulation notation but also the type of control system and acoustic properties of the
interior in which the organ has been installed.

The aim of the present paper is to discuss results of the research carried out by
authors concerning articulation problems of organ sound and analyses which have
been made.

2. Analytical description of transient or organ pipe sound

The mechanism of producing vibrations in self-excited aero-acoustic systems such
as flue pipes is not yet sufficiently known, the fundamental difficulty being that of
efficient separation from the organ pipe system of its component parts that is the
system of excitation and vibration. Those systems are connected with each other in
a dynamic manner which is a result on the one hand, of contraction inside the air
stream flowing out from the pipe slot, defined by the edge of languid and the lower lip
of the pipe mouth and, on the other hand, a result of the action of the air column
vibrating inside the body of the pipe on the transient values of the velocity vectors of
particles of the air jet. Because in the organ pipe system the action of the vibrating air
column is essential the mechanism of exciting vibrations in a flue pipe is defined as
a process of turbulence type excitation, although the Reynolds number characterizing
the flow considered does not exceed, as a rule, a critical value of 2300 which separates
the laminar from turbulent flow [2].

The method for analysis of transients in organ sound, based on the nonlinear
theory of generation of vibrations in a flue pipe is the subject of Fletcher’s studies [2],
[3]- He treats an organ pipe as a system constituting two coupled subsystems, namely
a linear resonator system with an infinite number of natural vibrations the angular
frequency of which is n; and a nonlinear system of air stream with disturbances of the
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vortex layer about the upper lip vibrating with an angular frequency w,;. Taking into
consideration damping due to radiation of internal friction and heat conduction the
former system can be described by the following second order differential equation [3]:

% + kg, + nix, = LAY (1)

where: n; — angular frequency of the i-th mode of linear resonator, F(f) — external
force, x;— displacement of the i-th vortex of the air stream, 1, — coefficient of coupling
between the pipe and the air stream, k; — coefficient of damping.

It the amplitude of F(7) is constant, and the frequency being the only variable, the
amplitude of the resonance frequency is in direct proportion to the ratio 1,/k; and its
width to k;.

In the static case, for which it is assumed that acoustic velocity of the air stream v at
the outlet of the pipe is constant, the force F can be expressed by the power series
expansion:

Far djist [ege®eb oy 08k Cncdithiaa (2)

where: ¢, — coefficients of the pressure function of the air system, v— acoustic velocity
of the air stream.

In reality the pipe is a nonlinear dynamic system. Oscillations of the air column of
acoustic velocity v act on the air stream leaving the inlet aperture, thus producing
variations of the force F as a function of the acoustic velocity (v ) %;). The resulting
pressure response is established with a certain delay &, which is equal to the time of
displacement of single vortex along the air stream, necessary for the passage across the
mouth of the pipe. It should also be borne in mind that the air stream may dissipate its
energy in such amanner that é depends on the frequency. This interaction may result in
a phase shift A. The frequency w, of the i-th natural vibration is related to the resonance
frequency n,, therefore the generalized equation (2) takes the form (3):

Ry =¥ em[i %, (r—ai—a,/w,)]" ©)

m=0 i=1
where: §; — time necessary for a single vortex to be displaced along the air stream
leaving the organ pipe mouth, 4, — phase shift.
If the feedback in the nonlinear system composed of the organ pipe and the stream
is taken into account, the equations (1) and (3) can be expressed in the form:

X+ niox = fi(x) 4)
where:
Six) = =k X% + 4 - Ax,%,,...) (5)

Despite the intense development of the theory of nonlinear vibrations, there is no
universal method for analysis and solutution of a set of nonlinear equations. In the
analysis of nonlinear vibrations in the neighbourhood of equilibrium position,
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nonlinear systems are linearized usually by the Krylov-Bogolubov method or that of
a series of small parameters or the Van-der-Pol method [4]. If the solution of nonlinear
equation is an oscillalting solution with a time variable amplitude and phase, the
variations being very slow, however, the method of slowly varying parameters is used.
The condition of slow variation originates from the fact the solution can be obtained
only if transient values varying parameters is used. The condition of slow are replaced by
their average values found by integrating over a period of the vibrations. An oscillating
solution can also be obtained by methods based on the principle of equilibrium of
harmonics. In practice high accuracy solution cannot be obtained, however, therefore it
is often necessary to use several methods simultaneously. Using the first two methods
a periodic solution of the nonlinear equation is sought for in the form of a power series,
the convergence of which is ensured for a sufficiently small f;.

By reducing the original nonlinear second order equation to the form (4) and (5) the
nonlinear terms can be separated, so that a periodic solution of the linear equation is
obtained as a first approximation.

Assuming that f; is sufficiently small as compared with the terms on the left-hand
side of (4), the possible solution of that equation may assume the form:

x; = a; - sin(w;t+f) (6)

where: w;~ n;, a,— amplitude, f; — phase displacement, a;, f; — constants depending
on the initial conditions.

For further computation it is assumed that the terms a; and f; are functions of time.
On differentiating x; with respect to time one obtain:

X = a;* ;- cos(wt+p) + d; - sin(wgt+p) + a; - B, cos(wt+p) (7
If the derivate X, is to take form:
X; = a;* w;cos (w;t+p) (8)
the condition:

. dgsin (w;t+B) + af;cos(wit+p) = 0 ®
must be satisfied. Substituting the derivates of the periodic solution into equation (4)
gives, if the condition (9) is satisfied, a set of equations, from which d; and B, are found:
a;(n} — w7)
®

i

d; = alj—_f,()éj)cos(wit+ﬂi) - - sin (w;t+ B) * cos(w;t+p) (10)

(i — o))
a; w; w

b i

: 1 ol :
B = * Silx)) sin (wit+ ;) + - sin? (@t + B) (11)
If the functions a;, B, are replaced by their average values, which will be denoted by
{4;» and {B,), respectively, and which are found by integrating the right-hand forms of
the above equations over one vibration period, one obtain:
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@y = — - {fi(x))cos (w;t + B (12)

mumum+m>+( wi) (13)

; l

¢o=—a

Assuming that the vibrations are stationary these functions may be expanded in
Fourier series. In this case the aim of the integration operation is to separate the
harmonics w; from the functions f(x;).

A condition of the nonlinear set of equations of oscillations in an organ pipe
being solvable in the harmonic form (6) with the parameters a; and B; varying
slowly in time, is that all the secular terms in (12) and (13), that is terms of the type
sinmt and fcoswt, which are markedly dependent on time are to be neglected.
Those terms, the character of which does not vary for a few periods are retained.
Moreover, the average values {4, and {f,> should be sufficiently small as
compared with a;, w,.

The averaging operation which has been performed in equations (12) and (13) as
a first approximation confirmes the variability of w to the type of @ + w,; Then,
the slowly varying functions for which the condition @ + ®; ~ 0 is satisfied being
the only retained, the simplification of the form of solution becomes considerable.
To illustrate the form of the expressions (12) and (13) which have been obtained,
only the first three modes of the pipe are taken into account, for which n; = i- n,,
the characteristic of the air stream being expanded up to the third power terms. The
d|dt derivative of the phase angle (w;s+ f;) may be considered as an instantaneous
value of the pulsation which is, for the i-th mode (w;+ f). From the condition of
the natural vibrations preserving a strictly harmonic relationship and the condition
of p being independent of time one obtain, on substituting n, = (w,+f,) and,
similarly n; = i+ (w,+f,), the condition:

o + B; = i (0,+5) (14)

By analysing consecutive stages of organ sound non-musical” modes can be
observed in a steady state and in the phase of growth of the sound as well. They are
connected with the fact that the satisfaction of the condition w;=n; is only
approximate and, therefore, with the existence of interrelations between particular
components of the sound.

Assuming, after Fletcher, that the attack transient behaviour of the air stream can
be described in the form [3]:

p(0) = py + (py—py) exp(—1/1) (15)

where: p(t) — pressure of the air stream in the growing stage, p, — maximum pressure,
p, — steady state pressure, T — time necessary for the pressure to obtain the
value p,,
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The initial conditions are:

v; = (0.5p /i) sin (n;)

ai=0.5p,fi-m pi = —m2, (16)
A~
(Dt = n‘

Particular values of the coefficients are denoted by: /, o n G o TR T RS
ky A, 4, 4,79,
where: y — scale factor for the interaction between the air column and the air stream,
0 — propagation delay.

As a result this makes possible numerical sulution of the equations (12) and (13).

The expression (15) can be related to the way of opening the air inlet to the pipe.
If p,»p, it may be assumed that the valve is opened in an abrupt manner, thus
producing a distinct pressure peak. If p,=p,, the sound grows rapidly, the steady
state being reached immediately. In the third case, p, «<p,, the growth of the transient
is slow [3].

Showing the dependence of the growing phase of organ sound on the way of
opening the air flow, Fletcher does not relate, however, those phenomena directly to
the problem of musical articulation. In view of the lack of appropriate references in the
literature this problem requires an original method of investigation to be devised. The
related problems will be discussed in what follows.

3. Methods for studying articulation parameters

In view of the lack of verified techniques of recording articulation parameters of
organ playing such investigation was conducted, under laboratory conditions, then the
same method was used for studying various musical articulation of organ sound with
instruments located in real interiors. The method proposed for studying the
phenomenon of musical articulation is based on the measurement of the time of
displacement of the key from the position at the rest to state of full depression with
simultaneous observation of the process of the growing sound.

3.1. The method of extraction of articulation parameters

To extract a parameter of organ sound related to the problem of musical
articulation one should first analyze the articulation features transferred by the organ
player on the motion of the key. As mentioned in Sec. 1 musical articulation may be
referred to all the conventional marks contained in the musical notation (tabulature),
therefore indirectly, by translating them into language of physical phenomena, to the
force acting on the key, the velocity of its motion and possibly, the use by the player of
ameans consisting in stopping momentarily the motion of the key in various positions
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during the action of key pressing. However, the latter idea cannot be accepted due to
the fact that during the stop of the valve in a position of partial opening, the pipe
sounds out of tune. This fact has been cofirmed by organists, who consider this way of
organ playing to be incorrect and, thereofre unuseful from the point of view of
investigation of articulation features of organ playing.

Now, the study of the valve system with the electromagnetic control systems shows
that the force may be also eliminated from the considerations [1], [8]. The use of
a greater force of pressure on the key cannot influence the way in which the pipe
blowing process is started except the case in which greater force means greater velocity
of motion of the key. Thus, it is the relation between the velocity of motion of the key
and the sound generated by the pipe which will be assumed in the present consideration
as a basis for studying objective features of articulation. As a consequence the velocity
of touch on the key, which should not as a rule remain in a position corresponding to
the half-open position of the valve may be replaced with another parameter, easier to
measure, that is the time of displacement from the rest position to the bottom position,
which is that of the state of full depression [5].

From the above assumptions it follows that the system of recording measurement
signals should ensure synchronous record of the displacement time of the key and the
sound of the organ. The diagram of the recording system for the purpose of investigation
into the objective features of articulation in organ music is shown in Fig. 1.

key upper position contact

T

e //IA&\»_C

side-section

contact spring attached to the key
key lower position contact

MODULATOR

>

microphone

pipe - set left channel right channel

TAPE RECORDER

Fig. 1. Diagram of the recording system of the measurement material.
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The role of modulator in Fig. 1 is that of generating a rectangular signal at
a frequency of about 10 kHz over that period of time during which the middle
spring of the change-over switch resting upon a of the key is not in contact with
lateral sets of contacts. This corresponds to the case in which the key is between
the position of rest and the bottom position that is the state of maximum key
depression.

In the first phase of the carried investigation the changing over time of the key
was recorded in a synchronous manner with the organ sound in the case slow and
fast motion of the key. The sound material was recorded on a tape recorder, then
copied on a R-DAT digital recorder thus making it possible to mark the beginnings
of particular fragments for the purpose of automatic searching. Some preliminary
analyses were also made, the aim of which was to study the relation between the
velocity of displacement of the key and the articulation. This enables to fix the values
of the time interval corresponding to the velocity of displacement of the key. Table
1 shows values of time intervals for a slow, moderate and fast touch on the key.

Table 1. Speed of key motion as expressed
in terms of the time of travel between the
initial and final position of the key

Key speed | Duration of travel [ms]

slow 90— 50
medium 50—30
fast 30-15

A block diagram of a system, for which the velocity of motion of the key has been
measured and the sound material has been copied is presented in Fig. 2. The role of
a demodulator in the system presented in Fig. 2 is to start and stop time measuring
system at the moments of the beginning and the end of motion of the key.

NAGRA IvS |analog

input [[___] r-oAr sony analog output
-~ 1000 ES
digital recorder

monitor

time - interval
meter duration readings
of key motion

demodulator

Fig. 2. Block diagram of the copying recording system.
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3.2. Investigation of organ sounds

Organs with mechanical tracker action (St. Nicholas Church and St. Mary’s
Basilica) and, for comparison, organs with electric and electropneumatic control
(Oliva Cathedral) were selected for measurements.

The organ stops to be recorded were selected taking into consideration
particular properties of the organs and also repeatability of the tests. The
fundamental organ stop is Principal, an open cylindrical flue pipe. In addition flute
pipes (Bourdon, Gedackt) can be found in every organ, therefore the investigation
was confined to recording the sound of pipes of the two types mentioned above.
For each voice the tone a was recorded on an analog tape recorder for each octave
beginning from the lowest. In order to facilitate latter analyses a single tone was
recorded.

Another factor decisive for the quality of measurements is the location of the
microphone, which depends on the size of the instrument, the arrangement of stops in
the organ and the acoustics of the interior. Making use of the information available on
the location of an organ pipe, the microphone was installed at the distance not greater
than 2 m from the pipe examined in the near field of the organ (the average critical
radius being about 3.8 m for St. Nicholas’ Church, 4.7 m for the Oliva Cathedral and
5.7 m for the St. Mary’s Basilica) having in view recording of the sound heard directly
by the organist under normal working conditions, because the choice of a static central
point of measurement could result in a loss of sound information, if the dynamics of the
recording prove to be not sufficient. It was assumed that the influence of the apparatus
was negligible, being at the level of the acoustic background, the latter one being
decisive for the quality of such measurement, for it influences directly the quality of
sound material to be analyzed. Thus, the recording operations were performed in the
evening, after the closing of the church in order to eliminate disturbances due to the
presence of people.

The above assumptions were the same for each object to be examined. A NAGRA
IV S analog recorder and a Neumann KM 84 microphone were used.

3.3. The computer system for signal analysis

The computer system which was used for analysis of organ sound had been
constructed on the basis of PC computer IBM 386. It is a 32-bit computer co-operating
with a clock of a frequency of 20/25 MHz and equipped in an extended RAM
memory, hard disc of a storage capacity 120 MB and a mathematical coprocessor,
type 387. These features make the computer adequate for recording and complex
sound signal processing. However, for acquisition purposes of such signals, the
computer must be equipped in special extension cards for analog-digital and
digital-analog conversion, therefore the computer system was completed with an
AES/EBU 16 card [10].
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Fig. 3. Block diagram of the computer analyzing system.

A block diagram of the computer system is shown in Fig. 3. This system was
designed at the Department of Sound Engineering, Gdansk Technical University, and
constitutes, together with a bundle of fundamental operational programs a necessary
basis for analysis of sound signals. The programs mentioned include procedures
written in Turbo Pascal and Turbo C languages [6].

The sound material for analysis is introduced into the computer by means of
a NAGRA IV S analog recorder or a R-DAT digital tape recorder. In the first case
analog-digital conversion is achieved by means of systems of modified card type
ADDA 12 and in the other by using the internal converter of the DAT. Computer
analysis makes possible visualization of sound with the accuracy to one sample with
a sampling frequency of 12 or 24 kHz, as required.

4. Analysis of the results

First of all, one should answer the question as to what are the parameters
describing a sound as regards the time and the spectrum which may be decisive for
the articulation phenomenon. In the spectral structure of the sound which was
defined earlier as a sequence of three stages, namely attack transient, steady state,
decay transient, one should above all discern those features which can be used to
determine the differences between sounds, therefore also the time and way of
growth of particular harmonics, the duration of the transient and the delay of
particular components with reference to the moment of initiation of air vibrations
in the pipe.
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From among all the organ sounds which had been examined only those were
selected for analysis, which are representative as examples of behaviour of flue stops
under definite articulation conditions.

Figure 4 illustrates the time variation of the tone a (110 Hz) of a Principal 8’
pipe of the Organ of St. Nicholas Church for slow and rapid touch on the key.
Confrontation of the two time characteristics shows clearly the differences during

0 300 400 500 600 900 1000

800
R S S S S T D

pruncz.snd

N
34

Fig. 4. Time characteristics of the tone a, Principal 8, the organ of ST. Nicholas’ Church.

the stage of growth of the sound. The fact of the fluctuations in the steady state
being small confirms the supposition that the features of the articulation are
connected above all with the process of growth of the sound. The computer
system used for analysis [6] enables to cut out precisely transients for further
analysis. Such an operation does not result in any observable degradation of the
quality of the phonic signal. The cursor in Fig. 4 marks the point where the attack
transient has been cut out from the signal recorded. Subsequent figures (Fig. 5.a.
and 5.b) show the spectral characteristics of both transients. The selected frag-
ments show differences in the way of growth of the sound which has also been
confirmed by the analysis of the evolution of the sound of particular components
(Fig. 6) and is particularly distinct in the histograms of Fig. 7. From the above
observations one can easily indicate those features which are different for the
same sound depending on the touch on the key being slow or rapid. The most
essential parameter differentiating the sound tested is the way of growth of the
first two components. If the touch on the key is slow the fundamental and the
second harmonic begin at the same moment and grow slowly and smoothly. The
overblown state with two local maxima of the second harmonic which is typical



7213

TR L L0 A0 s fE o B R

— SR G
R % s i st o s i e e st b - S
. Q 1500 3000 4500 6000 7500 9000 10500 12000 [Hz)
Bufor zr @ nrgnc.l.snd\ ; slow )
it : 00.01.17.0640 End :  gp,02.09.0320 e

NN NOREINE NOEVEEN SRNENW (TRISEN DR Reelow

/213

% 1500 3000 4500 6000 7500 9000 105 12000 [Hz 1

Bufor rob ! pruyncZ.snd

. famt
start : 00.00.01.0000 R, ;

00,00.17.0640 -

il il e e el
et o e A P e T P P G e Lk g RS St L L

Fig. 5.2. and 5.b. Spectral characteristics of transients of the tone a, Principal 8’, the organ of St. Nicholas’
Church.
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Fig. 6. Evolution analysis of the tone a in the case of slow and rapid touch on the key, Principal 8’, the organ
of ST. Nicholas® Church.

for this class of organ stops is visible, nevertheless its amplitude remaininsiginificant.
In the case of rapid motion of the key the second component is the first of all harmonics
to start, while the fundamental is delayed by about 30 ms. The growth of the slope of
the second harmonic is immediate and decided and exceeds considerably the amplitude
of the fundamental. The capstral and sonographical analysis of the same sounds (Fig.
8) and the LPC (Linear Predictive Coding) sonographical analysis (Fig. 9) confirm the
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Fig. 7. Histograms of the tone a, Principal 8', the organ of St. Nicholas’ Church.

results of the evolution analysis. The sonographical images show differences in the
distribution of intensity levels of particular harmonics.

An additional advantage of these type of analyses used is the possibility of listening
to extracted transients: if the key is touched slowly, the sound is in agreement with its
fundamental; if the touch is rapid the tone is by one octave higher. Multiple listening to
the cut out fragments of the sound records enables to state that the impression of the
pitch being correct of the proper tune having been reached occurs only after some 250
ms. The results observed confirm the hypothesis on the possibility of musical
articulation in organs with mechanical tracker action.

By examining the results of evolution analysis and FFT analysis it was
observed that the differences between the cases of slow and rapid touch on the
key are not significant for higher tones. However, the time variation and the
sonographical analysis made enable one to obtain an image of those differences
(Fig. 10 to 12).

The studies and analyses of organ sounds in St. Mary’s Basilica show agreement
with those obtained in St. Nicholas’ Church.
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Fig. 9. LPC sonographical analysis of the tone a, Principal 8’, the organ of St. Nicholas’ Church.
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Fig. 12. Sonographical analysis of the tone #?, Principal &, the organ of St. Nicholas’ Church.

5. Conclusions

Theoretical considerations and experimental studies and analyses of the problem of
quality of organ sound and further of the quality of the control systems enable one to
draw the following conclusions. Investigations carried out have confirmed the opinion
expressed by musicians that the musical articulation of various kinds can be achieved
in organs with mechanical tracker action.

— Because the most advanced methods of analytical description of the phenomena
of excitation of vibrations in an organ pipe discussed in the introductory part of the
present paper are unable to describe in a direct manner the articulation differences in
growth of the sound, there remains only the experimental way of studying those
processes, which was undertaken in the work reported in the present paper.

— Multiple listening examinations of cut out fragments of the sound records
enabled one to state that the impression of the correct pitch being attained occurs only
with a delay of about 250 ms. The results observed confirm the hypothesis on the
possibility of musical articulation with organs having mechanical tracker action.

— The possibility of listening to the extracted transients of the fundamental of
organ stop, namely Principal enables to state that if the key is touched slowly the sound
is in agreement with the fundamental pitch. If the touch is rapid, the transient sounds
by one octave higher.

— Asaresult of the experiments performed some differences have been observed in
the way in which the transients grow, depending on whether the key is touched slowly
or rapidly.
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— The fact of the fluctuations of the steady state being small confirms the
supposition that the articulation features are related above all to the stage of growth.

— The differences in the way of sound growth were observed for stops of both
kinds, it is difficult, however, to find a relation between those differences, each
particular organ voice having its own particular features within its class.

The method of measurement and analysis of the articulation properties of organs
devised and used in the work reported here will enable in future to realize research
work on a larger scale so that its results should furnish reliable principles of design for
contemporary organ builders.
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Theuse of Helmholtz resonators and panel absorbers in reducing the noise propagated in
ducts is investigated both analytically and experimentally. Using a simple approach, the
impedance of the resonators is calculated taking into account the presence of sound absorbing
material in the cavity. Equations for the transmission loss are derived in both cases.
Parameters such as dimensions, length of the opening and flow resistivity of the lining in case
of Helmholtz resonators and panel thickness and dimensions in case of panel absorbers are
systematically examined. Comparisons between experimental and predicted values are in
good agreement showing that the model developed describes satisfactorily the behaviour of
resonators in ducts and can be used for improved design of silencers incorporating resonators.

1. Introduction

There are many practical applications where the conventional types of dissipative
mufflers can not be used. Particularly, in cases involving hot gaseous flow the pores of
the sound absorbing lining are closed by oil or carbon particles, the fibres are blown
out or thermal cracking of the lining occurs. A further disadvantage of dissipative
mufflers is their poor attenuation at low frequencies.

In order to overcome the aforementioned disadvantages, silencers incorporating
Helmbholtz resonators or panel absorbers or a combination of both have been proved
very useful [1, 2, 3]. The main advantages of such silencers are their low cost of
construction and maintenance, their high resistivity and the good performance at low
and mid-frequencies. Furthermore, these silencers can be tuned” in order to perform
in a predetermined frequency range.

Little analytical work has been done [4, 5, 6, 7] concerning the behaviour of
resonators in ducts and the development of silencers using resonators has been based
on rather empirical procedures.

It is the aim of the present paper to develop a simple model that describes the
acoustical behaviour of Helmholtz resonators and panel absorbers in a flow duct. The
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model is baseéd on the assumption that only wave propagation is allowed and that the
flow velocities are low (<10 m/s), so that the behaviour of the resonators can be
considered linear. Our approach is similar to that described by SuLLivan for modelling
perforated tube mufflers [5].

Based on these assumptions, the impedance of both the Helmholtz resonator and
panel absorber are calculated taking into account the presence of sound absorbing
material in the cavity. By using the calculated impedance, an expression for the
transmission loss in both cases is obtained.

Finally, the predicted results are shown to be in good agreement with experimental
findings giving thus confidence in the use of the model, at least for design purposes.
The model allows useful parametric analyses that can lead to improved design of
silencers incorporating panel absorbers and Helmholtz resonators, and can be easily
extended to describe the noise reduction in ducts lined with an array of resonators.
Further work in that direction is already under way and will be presented in a future
publication.

2. Impedances

In the following we calculate the impedance of a Helmholtz resonator and a panel
absorber with sound absorptive material in the cavity.

2.1. Impedance of a Helmholtz resonator

We start by analyzing first the resonator element shown in Fig. 1. The length of the
resonator element is L, the width is b and its height is 4. The length of the opening is
[ and the cavity is lined with a usual rock wool layer of thickness d. In order to take into
account the additional losses due to the lining, we assume a complex propagation
constant K, within the resonator. To calculate K, one needs to know the wall
impedance of the lined side. It is very well known that in case of a plane wave incident

(oo gy

d 0

L }

Fig. 1. Geometry of the resonator.
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on a locally reacting lining of uniform thickness 4 backed by a rigid wall, the
impedance encountered by the plane wave is given by

Zw = _.’Yw cot (Kwd)! (1)

where Y, and K,, are the complex characteristic impedance and propagation constant
of the absorptive lining, respectively.
For fiber-based sound absorbing materials often used in mufflers K, and Y, are

given by [8]
Pl E { e ¢ }1[2 ”
ng: IRt @
h 4 1K
Y, "ok, 4

0

where p, is the air density, ¢ is the flow resistance of the unit thickness of the porous
bulk material, o is the porosity, ¥ is the structural factor and K|, is the wave number in
air. By considering the resonator as an infinite duct of height A lmed on one side (Fig.
2), the wavenumber K, is given as a solution of the well-known transcendental
equation [9]

¥
h o
X
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA!

Fig. 2. Resonator element as infinite duct.

—jJE tan JJE = B,
with E = (Kp) — (K, and B = K pye, 1/Z,. 0))

The real and imaginary parts of the first root of Eq. (4) may be obtained by nomograms
or numerically. A very reasonable and convenient approximation can be obtained by
writing (see ref. [9]).

105+45;ﬁ+J11025+5250;ﬁ 1605[32
20+jp

(5)
with

1 B sm(K d)
ﬁ KO}IPUCOZ Kw cos (K d) (6)
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Equations (5) and (6) give two complex values for K,; the one that gives lower
attenuation is of particular importance. The impedance of the resonator consists of the
neck inertance and cavity compliance with damping in series. The compliance can be
expressed in terms of K, as

12 sl talitn o K \cosK (L-1)
o et 4 (K sink,(L—1)' M
where p, and u, are the acoustic pressure and veloci.ty in the resonator.
The inertance of the neck, i.e. the opening can be expressed as
F, PSS
Zy = i (R L = jom,, ®)
Uy Upg

where F), is the driving force, u), is the volume velocity at the opening and S, = /bis the
area of the opening. Hence m, is the effective oscillatory mass taking into account the
mass correction. In other words, the opening is considered to be circular with an

equivalent radius S /n, so that one can approximately write m, = p,S, /S /n. By
adding the impedance given by Egs. (7) and (8), the combined impedance of the
resonator can be obtained. However, by adding the impedances the geometry must be
taken into account.

Assuming plane wave propagation, the continuity of pressure yields

Ps = Pu ®
while the continuity of mass flux requires
Souu = SuS. (10)

Here, S, and § are the areas of the opening and of the free cross-section of the duct
respectively.
Thus, one can write

ot o ML (11)

or alternatively

FM_pl'S%
AR (12)

By using Eqgs. (9) through (12) the total impedance of the resonator can be expressed as

8 S? . K, cosK (L-I)
Z, = jom, + 5 [ JPoCo K, snK,(L—1) | (13)
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2.2. Impedance of a panel absorber

The panel abosrber under consideration is shown in Fig. 3. It consists of a flexible
panel backed by an air cavity of depth h. The bottom of the cavity is lined with a usual

Fig. 3. Geometry of panel absorber.

rock wool layer of thickness d. The impedance of the panel absorber can be considered
as the inertance of the vibrating panel and the cavity compliance with damping. In
order to take into account the losses in the cavity due to the lining, we have to assume
a complex propagation constant K, in the x-direction. To calculate K, in a convenient
and simple way, we consider the absorber element as infinite, see Fig. 4. By assuming
a pressure of the form p(x, y) = p(y) e %+, the two-dimensional acoustic wave
equation yields

*
NAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVATA

d
Fig. 4. Idealized model of panel absorber.
62
79 + (%KD p0) = 0. (14)
The solution for p(y) is :
p(y) = A e %4 B etk (15)
with
K=K - K. (16)
The equation governing the vibratory motion of the plate is
DKz—om")w = p(x,y) |,=4» (17)

where w is the plate displacement in the y-direction, D is the bending stiffness, and m” is
the mass per unit area of the plate.
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The boundary conditions for the acoustic field are

2l = patw, 1s)
y=h
2EN 7., (19)
u(x.y)
y=h

where p, is the density of the air and Z,, is the impedance of the lined wall. By using Egs.
(15) and (18), Eq. (17) becomes

A+B
K 1°B jtanKyh
D(Ki—Kp) | —j—5 | = . (20)
Py 1—'A+BtanKh
et BT Sl

where K, is the in vacuo free flexural wavenumber of the plate. Furthermore, by using
Eq. (15) the boundary condition of the lining expressed by Eq. (19) can be written as

A+B ZWK,
A-B P

By combining Egs. (20) and (21), one obtains the following relationship for K,

( va) _jtan (K A)
D [(Ki- K3y — K*]( iy Py

(sz | % _]( “'K")tan(K,h)

For the sake of simplicity and for the situation examined here (low frequencies and
small height) it is reasonabie to assume K A< 1 so that tan (Kh) ~ K. By using the
above approximation Eq. (22) becomes

Z, \_ Fp R S AR (Z ok
(w—po —Jh) = i, (G- Ky-Ki] [1 JK;(WPD)]- @)

The above equation is of the third order in K7 and thus can lead to three types
of free motion. Two of them are closely related to the bending waves on the plate and
- the third to that of the air waves in the cavity. Equation (23) can be numerically solved
for the transverse wave number K, and by substitution in Eq. (16) the desired
wavenumber K, can be obtained. Finally, the impedance of the panel absorber can
be expressed in terms of K, as

agtta OEL K.\ cos (K.h)
Z = jom ]poco(Kn) —sin(K,h)' (24)

@D

(22)




\

HELMHOLTZ RESONATORS AND PANEL ABSORBERS 441

3. Transmission loss

3.1. Helmholtz resonator

The idealized model of the system under study is shown in Fig. 5. Since the
resonator can be represented by an equivalent impedance given by Eq. (13) the duct

X:O
Fig. 5. Idealized model of duct-resonator.

can be modeled as a one-dimensional waveguide with a lumped impedance Z, at
adiscrete point, i.e. the middle of the opening. Assuming that the plane wave condition
is fulfilled, the continuity pressure at x=0 requires

P+ 1p; = tp;. (25)

where p; is incident pressure and r and ¢ are the reflection and transmission coefficients,
respectively. Furthermore, the continuity of mass flux on the opening x=0 yields

Suy(x) = Squ(x) + Su,,(x), : (26)

where u,(x), u,,,(x) are the volume velocities before and after the opening,
respectively, and u,(x) is the velocity at the opening. Equation (26) can be written in
terms of the incident pressure as

- t t
§H P mcie ¥ g Y, 27
PoCo Z, Pl
or alternatively
PoCo Sy
= = { ip;.
pi—1p; = Ip; Z S + 1p; (28)

Egs. (25) and (28) can be easily solved for ¢ (assuming p; = 1) yielding

1

Pofo Sy
1 FEY O
7S

(29)

I =
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Finally, the transmission loss can expressed as

TL = 20 log (1/0). (30)

3.2. Panel absorber

The system under study is shown in Fig. 6. The duct is modeled again as
a one-dimensional waveguide in impedance distributed over the length L, i.e. the
length of the panel absorber.

BT . |
L4 — Pyl
o £
rfa— | a—pg.qel%*
|

Fig. 6. Idealized model of duct-panel absorber.

By assuming plane wave propagation, the continuity of pressure at x =0 requires
pitrp = py +py- e, @1
while at x=L

p1+ e—jK"L %+ Pl- =tpi’ (32)

where p,, and p,_ are the complex amplitudes of the incident and reflected waves
between x=0 and x=L. On the other hand, the continuity of mass flux at x=0 can be
expressed as

e SO [ S Mg
PoCo Z, '

(33)

and at x=0 similarly

e &
y A PoCo

The system of Eq. (31) through (34) can be easily solved for ¢ and the transmission loss
can be expressed as

TL = 20 log (1/¢) (35)
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4. Experimental results

In order to verify the theoretical predictions, a series of transmission loss
measurements on Helmholtz resonators and panel absorbers was made. During the
measurements the main parameters determining the geometry of the elements were
systematically varied.

The experimental arrangement consisted of a square section steel duct (anechoical-
ly terminated) with double 2+ 2 mm walls having internal dimensions 500 x 500 mm
and a length of 4 m. On the bottom of the duct Helmholtz resonators or panel
absorbers could be adapted. An acoustic driver supplied the acoustic signal fed to the
source from a signal generator and a power amplifier. The measurements were made by
the transfer function method [10]. The formula used for determining the transmission
loss was

H - HY
TL = 20 log |-——3| — 20 log | H,], 36
o8 | —pe| = 20 log | H] (36)
where HY, and H{, are the transfer functions measured at the upstream and
o436 ; SulV2 . .
downstream directions respectively, H, = |-*| with S, S, denoting the
uu

autospectra at the downstream and upstream measurement locations. Finally, H,
= /%4 where 1 is the microphone spacing. To measure the transfer functions, four 1/4
in. condenser microphones, two at either side were used, the outputs of which were
fed to a four-channel analyzer. The experimental arrangement is shown in Fig. 7.

driver TH’HTUH

test section anechoic
termination
power mic, 1 mic.2 mic.3
amp.
Fourier
preamp. analyzer

[ p preamp.

!

generator

Fig. 7. Experimental arrangement.

The results are presented in form of curves of transmission loss in decibels plotted
against frequency in Hz. The theoretical curves were calculated using the procedure
described in the previous sections.

To investigate the effect of the main parameters involved on the transmission loss,
a series of parametric studies were made, where the length of the opening in case of
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system. It seems that for the resonators used in our investigation, an opening of 100
mm provides the optimal results.

2. The variation of the flow resistance of the lining in both cases within the extreme
values used (40.000—80.000 Ns/m*) has no significant effect on the results.

3. The mounting conditions of the panel in case of a panel absorber affects the TL.
Consideration, however, of a finite panel results in a complicated analysis, too difficult
to be used for design purposes.

The model developed can be easily extended to describe the sound transmission in
ducts lined with an array of Helmholtz resonators or panel absorbers or a combination
of both. After the derivation of the impedances for a lined resonator and panel
absorber, a duct silencer can be treated as a one-dimensional waveguide with lumped
impedances in discrete positions and an expression for the TL of the silencer can be
obtained. These aspects will be discussed in a separate publication.
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Velocity and attenuation measurements of ultrasonic waves in water solutions of
e-cyclodextrin containing different amphiphil substances: sodium octyl sulfate (SOSO0),
sodium decyl sulfate (SDeS), decylpyridinium bromide (DePyB) and sodium caprinate (SCp)
were made. The occurrence of an ultrasonic relaxation process connected with the formation
of inclusion complexes of a-cyclodextrin with SDeS, DePyB, SCp was established.

1. Introduction

The inclusion complexes are complexes of different substances with macrocyclic
ligands. Both ionic and non-ionic substances, which are fitted to the cavity of
a macrocyclic organic compound, may be included. Investigations of the inclusion
complex give basic information about non-covalence molecular interactions, which
are especially important in biological systems. The inclusion complexes with mac-
rocyclic ligands are used among others as models of enzymes and biocatalysts.

The ultrasonic investigations of the inclusion complexes aim at the study of the
mechanism of the complexation through the investigations of kinetics and ther-
modynamics of this process [1]. It enables to determine selective properties of ions and
included molecules as well as the ligands forming those complexes.

In literature, one can find only ultrasonic investigations of inclusion complexes of
the crown ethers: 15CS and 18C6 with the cations: Li*, Na*, K*, NH}, Ag*, Sr*+,
Ba**, Pb**, Hg** in different solvents like water, ethanol, dimethylformamide,
methanol, dimethoxyethane and others [2—9].
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In this article the first results of ultrasonic investigations of the inclusion complexes
of a-cyclodextrin (x-CD) with amphiphil substances: sodium octyl sulfate (SOS),
sodium decyl sulfate (SDeS), decylpyridinium bromide (DePyB) and sodium caprinate
(SCp) are presented.

2. Experimental part

The ultrasonic velocity and the attenuation coefficient a//2 measurements in the
water solutions of the a-cyclodextrin with the following detergents: sodium octyl
sulfate (SOS), sodium decyl sulfate (SDeS), decylpyridinium bromide (DePyB) and
sodium caprinate (SCp) were made in the range of frequency 1—150 MHz at
temperature 25°C. The concentration of each component of the solutions was equal to
0.04 M. The measurements for 0.04 M solution of cyclodextrin were also made.

The measurements were made by means of the resonator [10— 12] and pulse [1, 13]
methods in the frequency range 1—10 MHz and 10— 150 MHz, respectively. The
measurement errors were about 5% for the former method and below 1% for the latter
one. The detailed description of equipment used for the resonator method is presented
in [11, 12]. For the pulse method we used a sin wave generator combined with a pulse
generator and a modulator as a source of the electrical pulse signal. This signal
supplied an ultrasonic wide-band probe emitting ultrasonic waves into a tested liquid.
The second probe converted received acoustic waves into the electrical signal that was
measured on an oscilloscope. The second probe was joined with an arm of
cathetometer for accurate measurements of distance between the probes.

Results of the measurements are presented graphically in Figs. 1 —10. Theoretical
curves are fitted to the experimental results by means of computer calculation
programs. These curves present the known theoretical equations as follows:

72+ X ey z
g g Coasi
H=2 3 Fows, T3 5 @

where a is the ultrasonic attenuation, / the measured frequency, fr; the relaxation
frequency, 4, the relaxation amplitude, B the contribution to sound attenuation from
any other processes that may be occurring at higher frequencies beyond our frequency
range. u = (x— Bf?) A represents the excess attenuation per wavelength 1 (1= c/f cis
the ultrasonic velocity), the maximum excess attenuation per wavelength. n is the
number of relaxation prooesses

3. Discussion of results and conclusions

As one can see in Fig. 1 and 2, changes of the attenuation coefficients, a/f% and p,
with frequency indicate the occurrence of one relaxation process (n=1) with
a relaxation frequency of 16.7 MHz in the water solution of a-CD. Especially in Fig. 2,
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Fig. 1. Plot of the ultrasonic attenuation coefficient «/f? vs. the frequency f for 0.04 M water solution of
a-cyclodextrin.
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Fig. 2. Plot of the excess ultrasonic attenuation per wavelength u vs. the frequency ffor 0.04 M water solution
of a-cyclodextrin.

one can see that because the coefficient u as a function of frequency f has a regular,
gaussian shape typical of single relaxation processes [14, 15]. This result is inconsistent
with the data published in ref. [16], in which the occurrence of two relaxation processes
was suggested.
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ultrasonic attenuation coefficient a/f? vs. the frequency f for 0.04 M water solution of

a-cyclodextrin with sodium octyl sulfate (SOS).
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Fig. 4. Plot of the excess ultrasonic attenuation per wavelength u vs. the frequency ffor 0.04 M water solution

of a-cyclodextrin with sodium octyl sulfate (3uS).
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Most probably this ultrasonic relaxation process is connected with the water
molecule exchange in the hydration shell which accompanies conformation changes of
the polysaccharide molecule [16]. From other references it is known that cyclodextrins
exist in water solutions as dimmers [17]. The investigated process could be a result of
the reaction 2CD = (CD),. Lower relaxation frequency obtained from the measure-
ments for the water solution of a-CD than for that of f-cyclodextrin (f, ~ 20 MHz
[18]), confirms rather the first (from above mentioned) possibilities. This is connected
with the fact that the diameter of the cavity of a-CD-the cyclic polysaccharide
(CH,,0.),—d = 5.8 A, is smaller than that of f-cyclodextrin (CH,,0,),,d = 7.8 A.
The conformation changes and the exchange of water molecules joined to polysac-
charide through hydroxyl groups are faster in the polysaccharide molecule with the
grater cavity, since both the interactions between hydroxyl groups and interactions of
these groups with water molecules are weaker inside the larger cavity.

Figures 3 and 4 show the results of the ultrasonic measurements in the 0.04 M water
solution of -CD and SOS as functions a/f% (Fig. 3) and u (Fig. 4) versus frequency /. In
this case also one relaxation process occurs.

The numerical values of a/f?, u, f, and A for this solution are approximately equal
to those for the a-CD solution. Thus the addition of SOS to the a-CD solution does not
cause an essential change in the ultrasonic attenuation and, this suggests no interaction
between the a-CD and SOS molecules. Thus, as in previous case, the investigated
relaxation process is connected with the interaction of the a-CD molecules with the
surrounding water molecules.

The results of the measurements of «/f? and u for the a-CD solutions with SDeS,
DePyB and SCp are shown in Figs. 5-10, respectively. In all cases one can observe

a-CD+SDeS in water (Q04M)

100: ! =250C
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Fig. 5. Plot of the ultrasonic attenuation coefficient u/f vs. the frequency f for 0.04 M water solution of
e-cyclodextrin with sodium decyl sulfate (SDeS).
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y a-CD+SDeS in water (004 M)
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Fig. 6. Plot of the excess ultrasonic attenuation per wavelength y vs. the frequency ffor 0.04 M water solution
of a-cyclodextrin with sodium decyl sulfate (SDeS).

a considerable increase of the attenuation coefficients, a/f? and u, and the widened
region of the dependence of u on frequency in comparison to the a-CD and
®-CD + SOS solutions. These differences indicate at least two relaxation processes
(n=2).InFigs. 6, 8 and 10 dashed lines mark the function u versus frequency obtained
from simulation calculations regarding the two relaxation processes (Eq. (2) for n=2).
From these calculations it results that the parameters . and f, for both relaxation
processes have similar values for the a-CD solutions with SDeS and DePyB and
different values for the a-CD solution with SCp. It is particular noticeable for the
second, high-frequency relaxation process.

In the low frequency range (4-8 MHz), the excess attenuation of the ultrasonic
waves may be connected with the process of formation and disintegration of the
inclusion complexes with the amphiphil substances: SDeS, DePyB and SCp. This
process must be considerable slower than those connected with the possible
conformation changes of the polysaccharide and the surfactants or the exchange of the
water molecules in the hydration shell of cyclodextrin and the surfactants. As
previously, the high-frequency relaxation (18-33 MHz) in the «-CD solutions with the
mentioned detergents is caused, most probably, by this second reason.

The results presented in [19, 20] proved that the hydrophobic interaction between
a guest molecule (its hydrophobic chain) and a host cavity (cyclodextrin) are dominant
in this kind of complexes.

Measurements of the surface tension [21] confirm this conclusion. The addition of
cyclodextrin to the solutions of SDeS, DePyB and SCp causes a significant increase of
the surface tension. That must be connected with blocking of the hydrophobic chains
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Fig. 7. Plot of the ultrasonic attenuation coefficient a/f? vs. the frequency f for 0.04 M water solution of
a-cyclodextrin with decylpyridinium bromide (DePyB).
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Fig. 8. Plot of the excess ultrasonic attenuation per wavelength p vs. the frequency ffor 0.04 M water solution
of a-cyclodextrin with decylpyridinium bromide (DePyB).
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Fig. 9. Plot of the ultrasonic attenuation coefTicient a/f? vs. the frequency f for 0.04 M water solution of
a-cyclodextrin with sodium caprinate (SCp).
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Fig. 10. Plot of the excess ultrasonic attenuation per wavelength u vs. the frequency f for 0.04 M water
solution of a-cyclodextrin with sodium caprinate (SCp).
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of these detergents by the cyclodextrin as a result of formation of inclusion complexes,
since mere cyclodextrin has practically no surface activity.

Acquisition of full information about the mechanism of the complexation
processes in the above described systems will need further investigations by mens the
acoustic as well as the other spectroscopic methods.
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THE APPLICATIONS OF HANKEL TRANSFORM TO THE COMPUTATION
OF NEARFIELDS OF CIRCULAR BAFFLED SOURCES

R. WYRZYKOWSKI AND A. CZYRKA

Department of Acoustics Institute of Physics
(35-310 Rzeszow, ul. Rejtana 16)

In the present paper we give a new method of computation of near sound fields emitted by
baffled circular sources. We have applied the Hankel transform and King’s integral. Two
examples were calculated — namely the piston with uniform velocity distribution and
membrane for different values of the rate of the speed of elastic waves in the membrane to the
speed in the medium.

1. Introduction

The computation of the near field of a baffled circular piston was given by H.
StenzeL [9] and is quoted in every textbook on acoustics [e.g. 11].

Nevertheless the Stenzel’s solution has two disadvantages; first — the acoustic
pressure is expressed de facto in the form of a triple series and is therefore difficult to
calculate. Second — the method itself is limited to the special case of uniform velocity
distribution.

In this paper we present a different method of solving the problem of a nearfield of
circular baffled sources by means of the integral Hankel transform. Application of this
transform to the Helmholtz wave equation in cylindrical coordinates is due to L.U.
KinG [5]. The idea has been continued by M.C. Juncer in his monograph [4] and by M.
GREENSPAN [3]. The quoted authors limited yet their interest to the far field, computing
the proper integral by means of the saddle point method [4], or to the field on the axis of
the source.

The method is quite general and can be applied to the case of an arbitrary velocity
distribution given on a baffled circular piston. In this paper we have modified the
method and obtained the integral representation of the nearfield of a piston with
uniform velocity distribution and a membrane, of course with its “natural’ Bessel
distribution. Both expressions are given in the form of single integral of Bessel
functions and are easily calculated numerically.
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2. The general probiem of an arbitrary velocity distribution on a circular baffled piston

We will consider the problem of computing the acoustical potential &, which in the
case of harmonic vibrations is proportional to the acoustic pressure p:

p = ipw® = ip,c kP, (1)

where p,, is the density of the medium at rest, w is the angular frequency of vibrations,
k is the wave number and ¢, adiabatic velocity of sound.

The velocity of vibrations u, called also the acoustic velocity, is by definitiion the
gradient of the acoustic potential:

# = —grad &, @

Introducing the cylindrical coordinates system, that is natural in our problem, we can
write down the Helmholtz equation for the acoustic potential in the form:

*® 109 o'

¥+;*a—’_-+?+kz‘p=0, 3)

Here the field is considered to be independent of the angular coordinate ¢. For a given
function u(r) representing the velocity distribution on the source, equation (3) has to
obey the following boundary conditions:

0P|  u(r) O<r<a,
0z z=0_ 0 r>a,

@

where a denotes the radius of the piston. We apply the zero order Hankel
transform to both sides of the equation (3). There are several definitions of
Hankel transform used in literature. In the present paper we use the form
accepted in the monograph [6]. The transform of the acoustic potential &(r.z),
denoted as U(p,z) we write therefore in the form:

U(pz) = u_f rd(r,z) J,(pr) dr, &)

where J () is the Bessel function of zero order. The sum of the two first
therms in equation (3) is transformed, according to the basic property of Hankel
transform [6] into:

7d 100
+-— = —pU ©®)

o roor
The transformed equation (3) takes now the form:

a*u

magt-edphi- My ) ™
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It is, of course, the differential equation for the transformed potential i.e. U(p,z). The
Hankel transform can also be applied to the boundary condition (4). for that purpose
we must transform the velocity distribution u(r). That transform, denoted as H (p) is
equal (5):

Hp) = } r u(r) Jy(p,r) ar, . (8)

We change the upper limit of the integral defining the transform from co to a because
a(r) # 0 only for r < a. Since differentiation with respect to z is independent of the
integration variable in the Hankel transform, the transformed boundary conditions
takes the form:

dUu
- =H 9
dz F1be) o(p) ( )
The general solution of equation (7) has the form:
Ulp,z) = A(p) e V*" ¥4 B(p) &/* %=, (10)

The second term of the r.h.s. (10) tends to infinity when z increases and p> k. Therefore
we have to put:

B(p) = 0, (1)
and finally get:

Ulp,2) = A(p) e Vo=, (12)
now we can calculate easily the l.h.s. of the boundary condition (9). We have namely
from (12): 3
dU

e I R/ o | (13)
Thus the unknown in (12) A(p) is equal:
1 dUu
Alp) = — — 4
® i (14)
ing sl dU 3
Substituting in r.h.s. (14) i from (9) we obtain:
z=0
1
A(p) = — H (p), 15
(» T i o) (15)

While examining specific cases (examples) we know the accepted distribution u(r) and
therefore we can find its transform H (p) (9) which allows us to compute 4(p) (15) and
the transform U(p) of the acoustic potential be means of the formula (12). Then:
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1
= - e L z_
Ulp,z) \/Tsz“ ) e~V (16)

The potential can be computed as the inverse Hankel transform of order 0:

8(r2) = | Up2) Tonp dp, an

and, after substituting in (17) the value U(p,z) (16) we have finally:

o) = - | J;% Hyp) e~ p dp (1)

The above integral can be obtained also by means of another methods, e.g. by
integrating the adequate Green function [4]. It is called the King’ integral. However the
method presented in this paper seems to be clearer and simpler.

In practical applications we must integrate (18) from 0 to k and from k to oo, to
obtain real and imaginary part of &(r,z).

3. Acoustic potential in the nearfield of a baffled rigid piston with uniform velocity
distribution
The velocity distribution u(r) has in our case the form:

<
o) = uo,J O<r<a (19)

r>a

According to the formula (8) the Hankel transform of that distribution is:

H(p) = u, } rJ (pr) dr. (20)

The r.h.s. of (20) represents an elementary integral [2] [9] and we write:

Hp) = w22, @1)

where J () is a first order Bessel function. According to the formula (18) the acoustic
potential takes now the form:

® —Jp’Tk’
040) =~ | el 7p0) 10 @)

The formula (22) can be written in a simpler form introducing a new variable;

x = pa (23)
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Then:
o 2 y e—J:F:'('ka_)’; r 2\

In the formula (24) we have only the relative values 2, g and the so called diffraction

parameter ka. We divide the integral into two parts namely from 0 to k and from k to
oo. We separate the real and imaginary part and obtain:

ool 1a SIN (~/(ka)2—x2 E) {
@(E, :z) = u,a { N J, (%) J"(:—z x) dx +
PR el

= r
— uga i‘; 7~(— T J,(x) J"(E x) dx +
xq COS (,/(ka)z-—.x:z f)
Y 1 (%) J, (£ smx) dx.

(25)

+ iu,a
¥ { J(kay>—x?

In the formula (1) expressing the acoustical pressure p by means the potential @ we
have in our case the following coefficient before the integral namely wpua, which has
the dimensions of a pressure. For that reason we will compute and show in figures the
relative pressure equal:

p
g 6
pa= 26)

4. Circular membrane

We have a circular membrane fastened on its edge. The displacement distribution,
independent of the angular variable ¢ has the form:

E(rt) = ATJED) e = L fr) . 27

In the above formula £ denotes the wave number of standing waves in the membrane,
depending on the variable r. The set of admissible wave numbers is a descrete one and
for that reason we have the index n. On the edge i.e. for the value r = a the displacement
must fulfil the condition:

$o@) = 0, (28)

J(kDa) = 0. (29)

or:

That condition gives us the set of admissible wave numbers k. Denoting by «,, the
value of n-th zero of zero order Bessel function we have:
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a
The velocity of vibration on the membrane equals therefore (27):
aé 1 (7] it . r eum
u(r,t) = E =2 lmAJo(k,, I') e = “DA‘IO ( E (31)

and can be written as:

uolu(am £) 0<r<a

SN r>al @

where:
u, = iwA (33)

The presence of i in (33) is of course meaningless — we can, for instance, accept an
imaginary value of 4 — it is only the problem of the phase shift.

According to the formula (8) the Hankel transform of the velocity distribution (32)
has now the form:

s r
Hp) = u,| J'Jo(mm E) J(pr) dr (34)
]
The integral in the r.h.s. (34) is given in the tables [2], [7] and we obtain:
ag J, (@) J(pa) — paJ(a,) ], (pa)

(u_o.)= i (3)

Hyp) = u,

Of course Ji(a,,) = 0 and we get:
e, J. () J (pa)
H,(p) = u,—> 1 "3 &P (36)
e 4
(2)
The wave number k in the formula (18) is the wave number of waves propagating in the
medium (e.g. air). The angular frequency of these waves is:

o, =k -c, €Y

where c,, denotes the velocity of elastic waves on the membrane. To this frequency
corresponds the wave number in the medium equal:

o C,
N i, 33
a c ()

where ¢ denotes the velocity of sound in the considered medium.
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Substituting H (p) (34) into the formula (18) we get the acoustical potential in the
nearfield of the membrane in the form:

© ,—Jp—k k‘z
B(rz) = —oy u,J, (a, )I[(a )2 Jn@aj@
=)' |V

a

pdp (39)

We introduce in the formula (39) the variable x (23) and we get:

o€ ““*“’%Jo(x) Jﬂ(ﬁ JC)
a
xd

rz

-, — | = =g u, (@ S N x 40
o{o3) - wneo s S e @

According to the formula (38) we have:
k= oy < 1)

c
Therefore we can write (40) in the form:
)2z
e Jo(%)'s 7,97, gx)

dx 42)

i3]

fp(g.z) = —agu al,(@,) | = x
& (@2 — k%) /x’——(am—c-’“

We separate in (42) the real and imaginary parts and get finally:

a'a

Cm \2 z ro\
"7 sin B —= | — X3~ Ju(x).fo(— x)
@(E f)_a uaj(am)'[ ( ( "-') a) a S di
2
on

% o )y f.x:)
—agusal, (@) | az xdx + 43)
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To compare the results obtained for the piston and the membrane we must normalize
the formulae for the membrane in a way assuming the same output for both sources.
We denote by u,, the velocity amplitude for the membrane —now we must distinguish
between that value for the piston and of the membrane. According to (32) the output of
the membrane equals:

a 2x a

0.'= jjumJo(% r)rdrdcp = Muijo(%g l") rdr. C)
0o

0

The integral in the r.h.s. (44) is an elementary one [2] and:
a2
0, = 2[u,, = J, (a5,)- 45)
Om

The output of the piston with the constant velocity distribution u, equals:

0, = Nau, (46)
Equating (46) to (45) we get:
=— %o
Uow = 3 FACH) u, 47)

In the figures we represent of course the amplitude of the relative pressure (26). The
numbers ka for the piston were chosen the same as for the membrane e.i.
corresponding to the successive zeros of Ji( ).

5. Conclusions

We have computed numerically the normalized pressure modulus versus the
relative distance from the axis (r/a) and the relative value z/a for a piston and
a membrane.

The computations were performed for the values of ka corresponding to successive
zeros of the Bessel function J,( ). Besides, for the membrane, the comutations were
performed for the C,/C equal 0.5; 1.0 and 1.5.

Of course the modulus of the pressure depends on the value of ka for both the
piston and the membrane and with the increase of ka the sound field becomes more
complicated — if one may use that word in the nearfield —more "directional”. For the
membrane the increase of the ratc L, /C deteriorates the “directivity”. (Fig. 1...3)

The figures 3 and 4 represent the norrualized pressure modulus of the z axis, namely
for rfa = 0.

The numbers of figures were represented in a very clear way, namely denoted for
P by the piston, M(a), M(t), M(c) for the membrane (C,/C=0.5; 1.0; 1.5).
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Fig. IM(c) Same as Fig. 1M(a) but coefTicient
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1. Introduction

The technique of acoustic emission (AE) is still currently applied to the
investigations of the plastic deformation of metals and alloys (e.g. [1, 2]). One of the
controversial problems is the explanation of the influence of grain size on the acoustic
emission (AE) activity [3, 4]. Some of the experimental results indicate that AE
increases with diminishing grain size; however, there are cases where an increase of AE
has been observed with increasing grain size. WADLEY et al. [3] suggested that
a reduction in grain size and, consequently, diminishing of the area of the individual
dislocations slips should lead to a reduction in AE activity. The controversy lies in the
fact that on the other hand, Gillis [4] suggested that if two polycrystals differing only in
grain size d, becom deformed to the same value of strain, &, (e=bp,, L=const, b— the
Burgers vector, p,, — mobile dislocation density, L =~ d — mean free path of
dislocation), then more dislocation segments must be activated in a smaller grain,
hence the AE activity in a greater grain should be smaller.

Recently [5], it has been suggested that the problem may be considered on the basis
of the concept of AE where the origins of AE sources during plastic deformation are
considered mainly as the results of dislocation annihilation processes which are
accompanied by the operation of the dislocation sources (e.g. Frank — Read type). In
this paper we present, qualitatively, that the experimentally observed AE activity in
technically pure polycrystalline copper is greater in the material of a smaller grain size
than in that of greater one, and that this result may be quite well explained on the basis
of the dislocation annihilation concept of AE sources. Moreover, using the same
concept of AE, some suggestions about the possibility of the inverse dependence of AE
on the grain size has also been briefly discussed.



474 A. PAWELEK ET AL,

2. Experiments and results

Three kinds of plane specimens of standard sizes (100 mm x 10 mm x 1 mm) were
performed. Each of them was annealed for 45 min in air: the first at 400°C, the second
at 600°C and the third one at 850°C. This way we obtained the samples of three
different grain size, arbitrarily referred hereafter to as small, average and large grained
material, respectively. The specimens were deformed at room temperature using the
standard testing machine of INSTRON type. Tensile tests were carried out at constant
strainrateé = 1.5x 107 4s™ ! and the AE parameter AN/4¢, i.e., the number AN of AE
enevents detected in a time interval A¢, was measured simultaneously. The AE impulses
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Fig. 1. AE and force characteristics for a small grained polycrystalline copper.
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were detected by using the broad-band (from 50 kHz to 600 kHz) piezoelectric sensor
in At=1 s time intervals. The threshold voltage of the discriminator was 0.73 V and the
total amplification including the preamplifier was 94 dB; for more details about the AE
apparatus see [6].

Figures 1 to 3 show the behaviour of both AE activity and tensile force during the
deformation of the samples of small, average and large grain size, respectively.
Comparing these figures we can state that the AE activity is greater in the sample of
smaller grain and that this fact seems to be correlated with the plasticity feature, i.e.,
the total elongation of the sample of greater grain is also smaller than of the sample of
smaller grain. However, on the other hand, we realize that this correlation may be of
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Fig. 2. AE and force characteristics for a polycrystalline copper of intermediate grain size.
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Fig. 3. AE and force characteristics for a large grained polycrystalline copper.

virtual and incidental character but, nevertheless, we should like to discuss this
problem also on the basis of the dislocation annihilation concept of AE source.

3. Discussion

We would like to show here that the presented observations of AE dependence on
the grain size in technically pure polycrystalline copper may be satisfactorily explained
on the basis of the dislocation annihilation concept of the sources of AE during plastic
deformation. This concept is based on both experimental results obtained by Boiko et
al.[7, 8, 9] and the theoretical results of calculations carried out by Natsik et al. [10, 11]
and this way it was developed and extended to the case of plastic deformation of metals
(see for details[12, 13, 14, 15]). The essence of this concept is the fact that the AE events
are induced mainly by the processes of dislocation segment annihilation occurring
during the operation of the Frank-Read sources each time when dislocation loops are
released from the source (for a detailed description of this mechanism (see[16, 17]) [The
concept includes also the possibility of the annihilation processes occurring during the
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escape of dislocation from the specimen to its free surface we do not exclude either that
some contribution to the detected AE pulses may originate by other dislocation
processes related, for example to the non-stationary movement of dislocations).

In order to explain the AE dependence on the grain size, it is very reasonable to
assume that the length, /, ; of the dislocation segments, the annihilation of which induces
the AE events, and which is required for the closing of the dislocation loop (see Fig. 4a),
is proportional to the length, /, of the dislocation segment being potentially the
Frank — Read source, i.e., [,z = alp, where a is a factor independent of the grain size.

Using well-known relations for plastic flow stress [20]

PN ‘;—”, )
F
and [21]
¢ = o, + kd 12, @)

pis a shear modulus, p is dislocation density, o, is glide resistance for dislocations, and
k is microscopic stress intensity factor, we may state that the total number of AE events
detected in a given time period in both large and small grain (hence up to the same value
of strain, &, since the strain rate, & was always constant) should be greater in a small
grain because in this grain the total number of the activated Frank-Read sources,
determined by the function n(/) of the source length distribution (see the schematic
illustration in Fig. 4b), is greater than in a large grain.

Such an interpretation should be valid provided the distribution function n(/) is
not drastically changed from the small grain to the large one. Our explanation is then
convergent with the interpretation given by GiLuis [4] since the density of dislocations
activated to achieve a given strain is, according to the scheme in Fig. 4b, equal to

ALy 3

b,

and thus in the small grain it is greater than the corresponding density

oL T n(ly) dly, @

in the large grain. However, our explanation is more general since the one given by
Givruis [4] is valid under the assumption that the mean free path of dislocation is equal
to the average size of the grain which is not always satisfied, particularly in very large
grained materials.

On the other hand, if the distribution function n(/;) were drastically different in
both grains, then our interpretation would give the possibility of an occurrence of the
inversed AE dependence on the grain size. Such a situation is shown schematically in
Fig. 4c, where the density of dislocations activated is, of course, greater in a smaller
grain but it is possible that the number n(/;) of dislocation segments activated as
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Fig. 4. A schematic illustration of the dislocation annihilation process during the operation of

a Frank —Read source (a); (b) — the case when the function of source length distribution is the same for

different grain sizes, and (c) — the case when this function is drastically changed from the one grain (F, ) to
another (F,).
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Frank — Read sources — and so the total number n(/,) of AE events — is greater in
a large grain than in a smaller one.

Now we discuss briefly the possible correlation of AE to the plasticity feature, i.e.,
to the total elongation of the sample up to the fracture. The fact that the strain
localization, leading to the fracture, occurs faster in a large grain in pure polycrystal-
line metals than in a small one (e.g. [18]) has been experimentally stated. There are two
reasons for this. First, the size of the local ”geometric defect” formed at a free surface
of a large grained specimen (e.g. due to the operation of two slip systems at least) is
deeper than the size of such a geometric effect” formed at the same time in a small
grained specimen; hence in the former case the tendency to necking and fracture is
faster. Second, the number of adjacent grains belonging to a given grain in a large
grained sample is smaller than the number of grains surroundings a given grain in
a small grained sample, and thus the changes in grain orientations caused by their
rotation as well as the possibility for slip transfer from one grain to another are easier in
the large grained material. Then also a ,,transcrystallographic” slip, if required for
macroscopic strain localization, may occur in an easy way. One can see that the
dislocation processes responsible for AE and for total elongation are, in fact different
in nature, and the correlation between AE behaviour and this plasticity feature seems
to be rather virtual and incidental, though we do not exclude that the inverse
dependence of AE on the grain size (reported, e.g. in [4]) may be related to the inverse
dependence of total elongation on the grain size i.e. the faster tendency to strain
localization in a small grained material, evidenced in some alloys of low stacking fault
energy, e.g. in [19].

4. Conclusions

The general conclusion from the experimental observations presented here of AE
dependence on the grain size can probably be that this dependence may be explained
qualitatively on the basis of the dislocation annihilation concept of AE sources. Other
considerations about the inverse dependence of AE on grain size as well as the
statement on a probable lack of the correlation between the AE and the total
elongation are only of predictional character and they must be experimentally verified
in further investigations.
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