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Abstract. Acoustic emission signals in non-coherent addition of waves and coherent addition of displacement
were analysed. It is shown that for non-coherent addition of waves the area under a curve of a temporary course of
acoustic emission intensity does not depend on the entry speed of the load. For an acoustic emission, which is calcu-
lated by addition of displacement impulses, the area under a curve of change of effective amplitude in time does not

depend on the entry speed of the load.
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1. Introduction

Much attention is given to the research of the acoustic
emission (AE) phenomenon, which can be observed
at the destruction of different materials (Hadjab 2007;
Chandra et al. 2004; Bocchieri et al. 2003; Rajendrab-
oopathy et al. 2008; Malcharczikova et al. 2006; Babak
et al. 2005; Filonenko et al. 2009). It is caused by the

fact that AE is a corollary of internal processes that take
place in materials when they are loading. The analysis
and processing of AE information have practical applica-
tion and are used for diagnostics of the technical condi-
tion of different products. At the same time, description
of the origin of acoustic emission and its connection with
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the processes of plastic deformation and destruction of
materials are difficult tasks.

It is accepted (Wadley, Scruby 1983; Shibata 1984;
Grosse et al. 2008; Aupperikus, JIpicak 1989) that AE is
considered as a wave process because the acoustic emis-
sion which is formed in the wave zone (that is a relaxa-
tion zone for stresses) of the deformed area of solid, for
example, in an area that is circumferential to the crack
(Anpgpeitkns, JIpicax 1989). In this case the wave equali-
zations, which are a stream of unmonochromatic waves
with a casual phase, are acceptable for the AE descrip-
tion. However, AE, which is observed in an experiment,
in most cases is a stream of impulses (Filonenko et al.
1985; Novikov, Filonenko 1995; Kharoubi et al. 2007;
VBanos, Beros 1981). Such an approach answers the
statement that decoupling is generated by the impulse of
displacement spreads in the solid as AE (VBanos 1986;
Babax u mp. 2002; Babak et al. 2006).

These two approaches contradict each other in the
description of AE spreading. However, the role of AE
source varies in these approaches. Unfortunately, at the
formation of a crack in classic solids (including crystals),
the discovery of details and distinctions of AE for these
two approaches is very difficult because it requires a solu-
tion of the dynamic task of the crack’s formation and the
description of the generated AE.

If the composite is examined, the FBM (Fiber Bun-
dle Model) is widely used for its destruction. It is based
on the fact that the material appears as a bunch of fib-
ers (elements), and its destruction is considered to be
a process of the sequential destruction of the elements
(Curtin 1991; Newman, Phoenix 2001; Lyakhovsky et
al. 1997; Turcotte et al. 2003; Guarino et al. 1998). The
application of such an approach allows the AE, that ac-
companies the destruction of composite. It arisas from
the connection of AE and the speed of the destruc-
tion of elements of the composite (Turcotte et al. 2003;
Ounonenko u p. 2009a, 2010).

In this work we shall analyze the AE signals that
are generated both in the case of non-coherent addition
of acoustic waves and in the case of the presentation of
AE as a stream of impulses of displacement within the
framework of the relaxation model. We shall consider the
model of AE signal formed at the destruction of compos-
ite, based on its representation as a bunch of fibers. The
features of AE signals will be researched by the approach
of non-coherent acoustic radiation that is induced at the
destroyed fibers. In this case we consider that there is no
interaction between fibers, and the life duration of every
fiber will be defined in accordance with the kinetic theo-
ry of resistibility. Within the framework of the examined
approach the AE will be calculated in the representation
of the stream of displacement impulses.

2. Energy of acoustic emission

Let us suppose that we have a composite (a specimen),
which consists of several fibers (copulas). By loading
such material with stretching we shall examine its de-
struction from positions of the FBM model (Curtin
1991; Newman, Phoenix 2001; Lyakhovsky et al. 1997).
In accordance with the model, the basic loading is
with stood by fibers or elements, and the destruction
of composite happens at the expense of the destruction
of the elements. Such an assumption is possible under
the following conditions. If a matrix is elastic or has less
strength, its destruction does not conduce to the com-
plete destruction of material; that is, the external load-
ing is stood by a copula. If the matrix’s strength is more
than the copula’s strength, by resilient deformation the
destruction of composite is begun with the destruction
of the copula. In this case, the gradual accumulation of
the amount of the blasted fibers or sub (micro) cracks
causes the complete destruction of the material. In gen-
eral, the destruction of the copula is the basic process of
the destruction of the composite. Thus, the properties of
a matrix, the influence of the interphase of the matrix-
copula and the interaction between separate elements
(by fibers) are not examined.

Let us suppose that by the loading of composite the
act of destruction of every element happens independ-
ently and is accompanied by acoustic radiation. Thus, we
shall examine two cases. For the first case we shall sup-
pose that the generated acoustic wave perturbations are
identical, but they happen usually with a casual phase.
Let us also consider that waves radiated at the destruc-
tion of elements of composite are spread without fad-
ing. In this case the intensity of the resulting signal will
be equal to the total intensity of waves generated by the
blasted elements. Then it is possible to determinate for
the intensity Iy of the resulting signal

dN
Iye) =L, 1
nc®=1L(t) It 1
where I;(¢) is the intensity of the wave which appears at

Np

the destruction of one element; is the speed of

the destruction of the elements of composite; and dNp
is the number of elements, destructed of which for el-

ementary time dt.

We shall consider that load on the elements
of composite increases with time by the linear law,
o(t) = at ,where o =const, i.e. load on a composite has
direct ratio to time. Undoubtedly, the amplitude of the
wave A, radiated at the destruction of one element will
be proportional to the value of destructive stress. There-
fore, we shall consider that A, (t) ~ o(t) or

A (t)=kgat | (2)
where kg, is a coeflicient of proportion.
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Taking into account (2), by non-coherent addi-
tion of waves arising from the destruction of elements
of composite, the intensity of total acoustic indignation,
concordantly (1), will be described by the expression
dNp

dt
kyc is the coeflicient which is proportional to the mul-
tiplication of the speed of sound and the square of coef-
ficient kp.

In the second case, we shall consider that by the
destruction of the elements of composite, generated
acoustic indignations form identical coherent impulses
of displacement. We shall suppose that they spread with-
out fading. The amplitude of displacement will also be
proportional to the value of destructive. In this case, the
resulting displacement U will be described by the ex-
pression

I no () = kyca?t?

, 3)

dN,
U () = Kyaut|—2|, (4)
dt

where kj is a coefficient of proportion, the value of
which depends on the duration of impulses.

Then, taking into account (4), the intensity of
acoustic radiation for the case of addition of displace-
ments (coherent addition) will look like
|aN [

dt
where k- is acoeflicient which is proportional to the
multiplication of the speed of sound and the square of
coefficient k.

Note that in writing the expressions (3) and (5), we
ignored the geometrical features of the distribution of

Io(t) =koot ; (5)

radiation, including polarization.

In accordance with (3) and (5) the intensity of AE
at the destruction of composite depends on the speed of

dN,
dt |’

the destruction of fibers

3. The relaxation model of the destruction
of composite

As in (®unonenko u gp. 2009a), we shall examine a
specimen of composite which consists of N, elements.
We shall consider that by application of load to such a
specimen every element is deformed resiliently, up to its
destruction. We suppose that all of the elements possess
identical strength. Thus, the process of the specimen’s
destruction is the process of the consistent destruction
of the elements with the continuous redistribution of
loads on the remaining elements. Taking into account
these conditions, at the development of the destruction
process of the specimen, in accordance with (Turcotte et
al. 2003), the speed of change of remaining elements is
described by the expression

%{N0 N ()] = 0B[Ny N (0)], ©)
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where Nj is an initial amount of elements; Np(¢) is the
number of collapsing elements dependent on time;
[Ny —Np(t)] is the number of remaining elements; and
u(t) - is the speed of the development of the destruc-
tion process, which depends on the attached stress o(f) .

To make it more convenient we shall accept
that the number of remaining elements is equal to
N =[N, —Np(t)]. Then expression (6) can be written
down in this way:

dN
o —V(t)N. (7)

Thus, in the relaxation model, in accordance with
(7), the process of the destruction of the elements of
composite at the applied loading to the specimen is a ki-
netic process. Thus, the basic problem of the relaxation
model of the destruction is the definition of v(t).

Let us use Zhurkov’s formula (Perens u np. 1974),
in accordance with which the state of every element of
composite before the destruction is characterized by the
time of the expectation of destruction
U,—vo(t)

kT

T="Tyd , (8)
where 1, - is a parameter in order of the value where
the order is equal to the period of vibrations of atoms
in the grate of solid; Uj, - is energy, related to formation
of free-form by the formation of cracks; o(f) - is stress
in the material, conditioned by the mechanical loading
and activating of the process of destruction, setting its
orientation; k - is Boltzmann constant; T - is tempera-
ture; and y - is structurally sensible coefficient, char-
acterizing the concentration of stress on a crack at its
formation.

Obviously, the speed of development of the destruc-
tion process will be equal tov~t~!. Then it is possible

U,—vo(t)
kT

1 o
v=—o-d
To
The next expression will be used to make the fur-
ther letups more convenient

to write down [

(9)

xzﬂ and tozﬂ. (10)
kT Yo

We shall consider that the time of the development of
the whole destruction process is less than the time of
load change, applied to the specimen. Taking into ac-
count (9) and the accepted denotations (10), expression
(7) will be

AN _ 1ty ty (11)
dt "[;0

We shall rewrite expression (11) in the following way

AN _ L ulty =g (12)
N o
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Having calculated the expression (12), taking to ac-
count that by the initial conditions at the moment of
time ¢ = 0, the value Ny (f) is equal to zero, i.e. Np (0)=0,
we shall get the expression for the amount of elements
remaining in the process of loading of composite

1 _ _ _
- @ X(to t)—ﬁ Xto)

N(t)=Nge % . (13)

It follows from expression (13) that in the accepted
model the speed of the destruction of elements of the
composite will be

ANp| _|aN|_ Ny —x(ty—t),

dt dt T,

_L(ﬁ_X(to —t) _g o ) . (14)
xe TOX

Taking into account (14), expression (3) for the in-
tensity of AE, as a stream of non-coherent waves, will
look like

N, _ _
Lo (t) = kya2e? ~0 e Xt ),
To
1 _ — _
@) g xhy (15)

xe TOX

Taking into account (14), the intensity of acoustic
radiation (5) for the case of addition of displacements
(coherent addition) will be

N2 _ _
Io(t) =kco2t? —Le 2ty 1)
T
2 _ _
) Xt t)_,j XtO) . (16)
xe ‘EOX

Note that in expressions (15) and (16) coefficients
kyc and k¢ have a different dimension.

4. The results of modelling

Let us make the modeling of the time history of the
amount of remaining elements by the development of
the destruction process, the intensity of AE at a non-
coherent and coherent radiation, and similarly effective
amplitude of AE at non-coherent and coherent radiation.

Results of calculations of the dependencies of the
time history amount of remaining elements, according
to (13), are given in Fig. 1 as graphsN(f):N(f)/NO;
that are in relative units. When making calculations the
parameters from expression (13) are brought to non-di-
mensional value, but the time is normalized to t;, which
corresponds to the time of the maximum speed of the
load’s application. The correlation of the values ¢, and
1/ xT, were chosen due to the fact that the period of
atom oscillatory motion material takes far less the time
of the development of the destruction process and the

time of the load’s application, i.e. (xt,/xTy) =ty /7o)
>>1. For example, calculations were conducted under
the following values 1/yt,. 100 000; 200 000; 400 000.
Under given constant value 7, increasing of the value
(1/y7,) corresponds to the reduction of speed of the
load’s application (look at (10)). For 1/yt, =200000
and 1/yt, =400000 the speed o decreases, accord-
ingly, by two and four times.

The results of the calculations (Fig. 1) show that by
the increase of speed of the load’s application (dimin-
ishing of value 1/yt,) there is displacement of curves
on the axis of time towards less values. By the increase
of speed of the load’s application the destruction of ele-
ments begins earlier. Thus, there is an increase of module
dN(f)/dt ,i.e. the steepness of curves increases notably
N(#) (Fig. 1).

The dependences of the change of intensity of
AE signals for non-coherent addition of waves, in ac-
cordance with (15), are showed in Fig. 2 the graphs
Iyc(£) =Ty ()t kyco? 3N, are relative units. By
making calculations we took the same parameters from
(15), by calculations of the graphs in Fig. 1.

The results of modeling (Fig. 2) show at the dimin-
ishing of speed of the load’s application the intensity of
AE diminishes as well. The maximum of the intensity is
displaced in the area of fewer values ¢ that matches with
the results of calculations N(f) .

The processing of modeling shows the diminishing
of the intensity at a peak-point of the dependence Iy (f)
in order to the value is inversely proportional to the speed
of the load’s application o. Thus, the diminishing of the
speed o by 2 and 4 times results from the diminishing
of the maximum intensity, accordingly, by 2 and 4 times.
At the same time, the total intensity (area under intensity
curve) is identical for different speeds of the load’s appli-

N
10
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. 3
06 —
1

04 4
02 4
00 T T T T T T T T ~

0 1 2 3 4 t

Fig. 1. Dependence of the number of unbroken elements N(f)
on the different values of the speed of the load’s application
during time. Values of 1/ yt: 1 - 1/y7y= 100 000; 2 -
1/ 7y = 200 0005 3 - 1/7To = 400 0005 1y =107



Aviation, 2011, 15(2): 31-37

Inc
4.0

3.5

3.0

2.5

0.5 4

0.0 T T T T T T T T ~
0 1 2 3 4 t

Fig. 2. Dependence of the intensity of acoustic emission

I ~c () of x 1076 during time on different values of the speed
of the load’s application y for non-coherent addition of waves.
Values I/X‘COI 1- I/XTO =100 000; 2 - 1/%T, = 200 000;
3 - 1/ = 400 000. Ty =1077

cation. Dependencies of change of the intensity of AE sig-
nals for the case of addition of displacements described
in the expression (16) are given in Fig. 3 as the graphs
Io(f) =I1.(t)t} | kco2t2N? in relative units. By making
calculations we took the same parameters from (16) as in
calculations of the graphs given in Fig. 1.

The results of modeling (Fig. 3) show that for the
case of the addition of displacements at the diminish-
ing of speed of the load’s application o the intensity of
AE diminishes similarly. However, its change is consid-
erably stronger than the change of the intensity in the
case of non-coherent addition of waves. Calculations
show that the maximum of intensity [I(f)]. (Fig. 3)
is back proportional to the square of speed of the load’s
application. Indeed, diminishing of the speed a by 2
and 4 times results in the diminishing of the maximum

0.8 4
0.6 4

0.4 4

2
e
0.2 4

3

/

00 T T T T T T /'\ T ~
0 1 2 3 4 t

Fig. 3. Dependence of the intensity of acoustic emission
jC (£) of 107! during time on different values of speed of the
load’s application y for the summarizing of displacements.
Values 1/y1o: 1 - 1/%7,=100000; 2 - 1/, = 200000; 3 -
1/ 7y = 400000. T, = 107
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Fig. 4. Dependence of change of the effective amplitude of
acoustic emission 4 ﬁ NC (F) ofx1073 during time on different
values of speed of the load’s application  for non-coherent
summarizing of waves. Values of 1/y7,:1- 1/%7,=100 000;

2 - 1/ 97y = 200 000; 3 — 1/ 7T, =400 000. 7, =10~

of intensity [I¢(£)]max at the addition of displacements,
in 4 and 16 times accordingly. Thus, total intensity (area
under intensity curve) appears back proportional to the
speed of load’s application. So, by diminishing the speed
of the load’s application in times 2 and 4, the total inten-
sity diminishes in times 2 and 4 accordingly.

During of the experiment the amplitude of AE sig-
nal is registered. Thus, the value of measurable amplitude
is proportional to the mechanical displacement of points
of material of the tested specimen in the place of the lo-
cation of the AE sensor. We shall take into account that
the value of the effective amplitude is proportional to a
square root of the intensity. In Figs 4 and 5 dependencies

of the temporal motion of the effective AE amplitude,
that were received from the dependencies /Iyc(f) and

fc(f) are given. We took the same as in Figs 2 and 3.

vA

40
T

2

3.5
3.0 A
2.5

1 1
20 4 L
; .
1

37\
T T T T
3 4

Fig. 5. Dependence of change of the effective amplitude of

t
acoustic emission 4 lfc (f) of x10°° during time on different
values of speed of the load’s application y for summarizing
of displacements. Values of 1/%7,: 1 - 1/%7,=100 000; 2 -
1/7Ty=200 000; 3 - 1/%Ty =400 000. Ty =107/
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Processing of the received data (Fig. 4) showed that
the peak of the effective amplitude (/I NC(?) Jmax DY the

non-coherent addition of waves diminishes inversely,
proportionally to the square root of the speed of the load’s
application. Thus, the area under the curve /Ty () in-
creases with the load’s application with diminishing the
speed. At the same time, in the case of AE, calculated by

the addition of impulses, the maximum value of the ef-

fective amplitude (m Jmax appears to be back pro-
portional to the speed of the load’s application (Fig. 5).
Besides, in the case of the addition of impulses the area
under the curve \/m for the effective amplitude does

not depend on the speed of the load’s application.

We note similar results for the model of AE signal
by the prevailing mechanical destruction of composite
considered in research (Filonenko et al. 2010). Besides,
the effect of the independence of the area under the curve
and the temporal dependence of the effective amplitude
of AE signal are observed in a number of experiments.

The results of processing of the area S under the
curve of experimental signals of AE, which were re-
ceived (Punonenko u fp. 2009b) by loading of the iden-
tical specimens of composite at different speeds of the
speed of the load’s application, are given in Fig. 6.

It is evident from fig. 6 that for the specimens of
composite with identical size the area under the curve
of the registered signals of AE does not depend on the
speed of loading. Thus, all other parameters of AE sig-
nals (amplitude, energy, duration) change with the
change of the speed of loading of composite.

08 -

0.7 4

0.6 T T T T T T T T T ~ .

0 2 4 6 8 10 @, mm/min
Fig. 6. Dependence of change of the area under the curve
of experimental signals of AE from the speed of loading of
specimens from VK4, got on the base method, that is described

in work (®unonenko u gp. 2009)

5. Conclusions

The modeling of AE signals got by employing the ap-
proach of FBM model and with the application of the
kinetic approach for the description of destruction
of fibers of composite has shown the following. On
the whole, the temporal dependence of the intensities
and the effective amplitudes, both in the case of non-
coherent addition of waves and in the case of addition
of displacements, appeared similar in quality. In both
cases the assumption connected with the application
of Zhurkov’s formula is executed, so that at more rapid
load application to the material, time of its destruction
diminishes. However, it is important to get the quanti-
tative difference of AE modeling signals. So, for non-
coherent addition of waves, the area under the curve of
temporal motion of intensity of AE does not depend on
the speed of the load’s application. For AE, calculated by
the addition of impulses of displacement, the area under
the curve of the change of the effective amplitude dur-
ing time does not depend on the speed of the load’s ap-
plication either. This important difference of the theory
can be tested experimentally, and, as the experiments’
data (Ounonenko u fp. 2009b), got at the destruction
of composite at different speeds of loading, show, it is
necessary to consider the AE signal as a signal of addi-
tion of impulses of the displacement.
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DU POZIURIAI APIBUDINANT AKUSTINES
EMISIJOS SIGNALA KOMPOZITINES MEDZIAGOS
DESTRUKCIJOS KINETINIAME

MODELY]JE

S. Filonenko, V. Kalita, T. Nimchenko

Santrauka. Atlikta akustinés emisijos signaly analizé, kai bangy
sumavimas yra nekoherentinis, o poslinkiy sumavimas - kohe-
rentinis. Parodyta, kad plotas Zemiau kreivés, rodancios akusti-
nés emisijos intensyvumo kitimg laikui bégant, nepriklauso nuo
apkrovos jvedimo greicio, kai bangy sumavimas nekoherentinis.
Akustinéje emisijoje, kuri apskaic¢iuojama sumuojant impulsy
poslinkj, plotas Zemiau kreivés, rodancios efektyvios amplitudés
kitimg bégant laikui, nepriklauso nuo apkrovos jvedimo greicio.

Reik$miniai ZodzZiai: akustiné emisija, jtempimas, apkrova,
akustinés emisijos signalas, akustinés emisijos intensyvumas,
jtrukimas, kompozitiné medziaga, pluosto modelis, akustinés
bangos.
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