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Acoustic emission in the ,honeycomb matrix-composite” system under

different heating conditions

© E.M. Aseev,:2 E.V. Kalashnikov -2

! Scientific and educational center,Kachestvo",

127018 Moscow, Russia

2 Moscow State Regional University,

105005 Moscow, Russia

e-mail: aseevgenij@yandex.ru, ekevkalashnikovi@gmail.com

Received January 10, 2023
Revised December 11, 2023
Accepted December 14, 2023

A complex system combining a honeycomb structure conjugated normally with a composite structure has been
experimentally studied. For this purpose, the ideas of acoustic emission in solids are used (i.e., measuring the
response in the acoustic range to external influences). But unlike traditional loading (compression or stretching)
of the sample by external forces, a variation of the temperature field in which the sample is placed is used. A
change in the temperature field over time (the rate of temperature change) generates temperature field gradients in
the sample, which, in turn, they generate mechanical stresses in the sample, exciting acoustic vibrations in it. The
dependences of the amplitudes of acoustic signals on time and on the rate of temperature change reveal a clear
difference between a defect-free sample and a sample with a defect.
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Introduction

The occurrence of radiation of acoustic vibrations in
bodies under the influence of a load, known as acoustic
emission (AE), is widely used to study defects in solids
and their dislocation nature [1-9]. These methods make it
possible to control phase transitions in crystals [5] and in
inhomogeneous liquid media [6]. Moreover, in the last two
cases, ultrasonic vibrations did not arise as a result of an
external load, but as a result of the occurrence (or removal
in the case of dissolution) of mechanical stress during a
phase transition in the process of lowering the temperature.
In these latter cases, the controlling factor is the change in
temperature. AE methods are one of the effective methods
for studying defects [7-9] and product quality [10,11]. The
same methods are used to study cellular nanostructures
of plants [12]. AE methods are used to study special,
artificially created structures in the form of a honeycomb
lattice [13-15].

The main approach to using the AE method is the need
to load the testing object. When an external load, for
example a bending force, is applied to the object under
study, its defects, which are prone to development, begin to
grow abruptly, causing local rearrangements of the material,
which are sources of acoustic waves, and the rearrangement
region itself is a source of AE [16, 17].

In the case of an artificial system ,honeycomb matrix-
external composite” (Fig. 1), the presence of many inter-
faces can cause poorly controlled stresses and lead either
to high attenuation of ultrasonic (US) oscillations or to a
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large number of additional sources of US oscillations. The
interfacing of honeycombs with each other, their production
and mating with a composite plate normal to the axis of
the honeycomb structure does not exclude their imperfect
execution. This suggests that honeycombs made from
specially prepared paper may have a loose fit of the
honeycomb walls to each other, ie. the heterogeneity
of such a fit, the heterogeneity of the interface of the
honeycomb structure with the composite outer layer. All
this creates difficulty and uncertainty even in defining the
concept of defectiveness for such a structure. Also, in
routine testing there is no way to mechanically bend or
compress such a structure.

Meanwhile, changes in the temperature field over time
and the resulting temperature gradients can change the
stresses in bodies [18]. These changes can cause structural
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Figure 1. General view of the sample (a) and dimensions of the
honeycomb cells (). The honeycomb is made of specially treated

paper.
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rearrangements near defects prone to development, and, as
a consequence, the phenomenon of AE Thus, manipulations
with temperature and control of the resulting AE can serve
as an independent method for studying a complex system
of the ,honeycomb matrix-external composite™ type. Note
that changes in the temperature field in the samples make
it possible to determine the temperatures at which phase
transformations occur [5].

The paper [19] reported how a complex system of
the ,,honeycomb matrix-external composite” type responds
to, generally speaking, uncontrollable temperature changes
depending on the presence of a defect in the honeycomb
structure. However, how the nature of these temperature
changes (free or forced heating) affects AE signals remains
unclear.

The purpose of this work is to find out how the presence
of a defect in the in the system ,cellular matrix—external
composite will respond to the conditions of different modes
(free and forced) heating of samples of various sizes.

1. Experimental procedure

1.1. Samples

The honeycomb structure consists of polymer paper
(known as aramid paper) which is coupled to a carbon
composite (Fig. 1). Elastic and strength properties in these
structures are achieved by using impregnating compositions
based on alcohol-soluble phenol-formaldehyde resins.

The honeycombs cells are hexagonal prisms with a height
of h=28.5mm. The distance between the centers of
the honeycombs cells is D = 5.2mm, the edge width is
C =3mm. Two types of samples were considered. The
samples were prepared with the same dimensions as in
the case of trial tests [19]. The first type of samples
(hereinafter referred to as samples ,,S “, small sizes) have
dimensions 100 x 53 x 30mm?, and the second type of
samples is large in size (hereinafter referred to as large
sample ,L<): 225 x 95 x 30mm?. Large samples were
selected so that their acoustic properties were the same as
those of the largest product, ie. preliminary measurements
were carried out.

1.2. Hardware of the experiment

The changing temperature field as a result of heating the
sample creates temperature gradients in it, which induce
internal stresses. As a result, local rearrangements arise in
the sample under study, which become sources of discrete
AE. AE signals are supplied to the input of the acoustic
emission transducer (AET), from where the signal goes
to the input of the preamplifier and then to the analog-to-
digital converter unit of the signal detection and processing
system. In parallel with real-time AE monitoring, the sample
temperature is monitored using a thermal imager with a
frequency of 1 frame per 10s.
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During the experiment we used: low-frequency piezo-
electric acoustic emission transducer GT-205, oil contact
lubricant to increase the transmission coefficient of acoustic
signals and acoustic emission transducer, ALP-01 preampli-
fiers, acoustic-emission measuring complex ,,A-Line 32D,
thermal imager InfReC R550Pro- D.

The use of such multichannel technology made it possible
to carry out and maintain the same experimental conditions
simultaneously for different samples This is important
because it is impossible to provide the same temperature
conditions every time, ie. there are no two experiments
in which the temperature conditions would be completely
identical.

During registration, the A-Line32D system had the
following parameters:

— pre-amplification coefficient 34 dB,

— amplification 0dB,

— intrinsic noise level 29 dB,

— discrimination threshold 32 dB,

— HPF — 30kHz,

- LPF — 250kHz.

In the experiments, the samples were initially placed in
a freezer and cooled to a temperature of T = —10°, after

which one piezoelectric AE transducer was placed on the
outer composite layer of each of them. In parallel with
the reception of USW, the change in the temperature field
(law of change T° C temperature over time t, T = T(t)°C)
of the sample was recorded, and the rate of temperature
change was determined. sing a thermal imager, changes
in the temperature field were simultaneously recorded in
samples of small (S) and large (L) sizes.

When considering the behavior of samples under con-
ditions of temperature changes from negative values to
room temperatures, it was necessary to provide for the
condensation of moisture into the honeycombs cells. Since
with a further increase in temperature from negative values
and further, through the triple point of water and higher, ice
crystals that appeared during condensation in honeycombs
during evaporation to 0°C, and then during melting, would
make an uncontrolled contribution to the acoustic signal. To
avoid such an effect of condensation in the honeycombs on
the acoustic signal, the samples were pre-dried (including
at high temperatures), then placed in a dry refrigerator
at —10°C.

After manufacturing the samples and carrying out the
entire complex of studies on defect-free samples, an artificial
defect was introduced in each of them on one of the paper
honeycombs — a vertical cut was made (parallel to the
paper honeycomb). Then the entire set of tests described
above was repeated for defective images.

Consideration of the influence of temperature changes on
the AE of defect-free and defective samples was carried out
in two different ways.

The first method involved natural heating of the sample as
a result of placing a pre-cooled sample at room temperature.
On average, this process can be characterized by the rate
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Figure 2. The dependences of the amplitude of AE signals arriving at the AET for defect-free samples on temperature (S) and on
time (L) before the creation of artificial defects have a point character. The points are connected by dotted lines to distinguish the signals
from different samples. Signals exist only at these points. The black dots correspond to the small sample. The red dots correspond to the

large sample.

of temperature change. At the initial stage of heating, this
rates the highest:AT /AT =~ 0.1° C/s.

The second method used forced heating. The essence
of this approach was that the pre-cooled sample was
heated with a halogen lamp, thereby increasing the rate of
temperature increase.

In preliminary experiments, the following experiment
was carried out: on the surface where it was planned to
install the converter, a receiving AET was placed at various
points, and on the reverse side, a second emitting AET was
placed at one specific point. This operation was carried
out in order to find out whether the installation point of
the receiving transducer would affect the results of the
experiment. It turns out that it did not. If the sample
sizes were larger, the relative position of the AE source
and the receiving PAT would influence the results. But
in this work, the linear dimensions of the samples are
relatively small. Nevertheless, for comparability of results, in
each experiment the receiving PAT was placed at the same
point.

The main characteristic of AE is the flow of acoustic
pulses. The flow of acoustic impulses occurs under heavy
loads. The restructuring of the structure is irreversible. In
our case (in the case of thermal influences in the range
from —10 to 30°C), the amount of energy obtained under
such influence (see sectionc 3) turns out to be much less.
Accordingly, the number of pulses emitted in the structure
turns out to be small. In this case, it is appropriate to talk
about the dependence of the amplitudes of acoustic signals
on temperature and time, and not about the number of
pulses per unit time.

2. Experimental results

All results based on experimental data for defective
samples can be divided into two groups: small (S) and
large (L) samples. Each time, a pair of samples consisting
of a small sample (S) and a large sample (L) was placed in
the same temperature field.

We are interested in the behavior of defective images.
But to see where and how defectiveness manifests itself,
it is necessary to compare their behavior with defect-free
samples. Moreover, each step of the study began with a
defect-free sample. Therefore, Fig. 2 shows for comparison
the behavior of defect-free samples of different sizes during
free heating.

Most of the incoming signals lie in the region of the
highest rate of temperature change — initial, linear section:
0—15°C, and then when the temperature dependence
transitions to saturation, the dependence of the amplitudes
of the acoustic signals decreases (this dependence is similar
to the curve shown in Fig. 3 for the defective sample, with
the exception of a pronounced peak on it).

The first thing that the experimental results indicate is
that there is a difference in the acoustic behavior of small
and large images when they are placed in identical external
conditions.

2.1. Free relaxation of the temperature of
defective samples from negative
temperatures to room temperature

We considered as samples of different sizes with an artifi-
cial defect (vertical cut parallel to the generatrix of the paper
honeycomb), cooled to negative temperatures (—10°C) and
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Figure 3. Free temperature relaxation from —10 to +25° on
defective samples. On the red curve (large sample (L )) at 120s a
single signal appears (red dot in Fig. 4). Let’s denote this pair of
samples as la -samples.

placed at room temperature (+25°C), manifest themselves
when the temperature relaxes from negative values to its
room values at heating rate AT /At = 0.1° C/s (Fig. 3)..

At the same time, the amplitude of the signals coming
from the samples was recorded (Fig. 4). Here, in the
presence of a defect, the active part of the signal oscillation
occurs in the temperature range from 0 to ~ 16°C. The rate
of temperature change in this interval is AT /At ~ 0.1°C/s.

Variations in the law of temperature change (T = T(t))
and the creation of defects in a new pair of samples also lead
to a change in the overall pattern of placement of acoustic
signal oscillation points as a function of time.

As follows from a comparison of Fig. 3 and 4 with Fig. 5,
the law of temperature change (T =T(t)) significantly
changes the number of AE events. In one case (Fig. 3) the
AE ,picture” is very poor. In another case (Fig. 5) — the
number of acoustic pulses arriving at the system turns out to
be significantly greater. Thus, the differences in the acoustic
behavior of small and large samples are significant. Finally,
on the next pair of samples (Fig. 6), another, new, picture
of the dependence of the amplitudes of acoustic signals on
time appears.

In the absence of temperature changes (at stationary
temperature values in the range from —2 to +25°C),
acoustic signals are not observed.

2.2. Forced heating of samples from negative
temperatures to room temperature

Next, an experiment was carried out with heating the
defective samples using a halogen lamp (forced heating). In
this case, a distance from the lamp of 1.5m was chosen to
ensure, on the one hand, sufficient heating, and on the other
hand, uniformity of the heating spot (Fig. 7).
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The rate of temperature change during forced heating
increases twice as compared to free temperature relax-
ation. Forced heating leads to an overall final increase
in the temperature of the sample to 30°C. In this case,
the dependences ,temperature—amplitude of the received
signal“ and ,.time—amplitude of the received signal“ (Fig. 8)
differ significantly from the same dependences for natural
relaxation (Fig. 4). In particular, now the number of AE
signals at the initial stage of heating increases (for a small
sample), and for a large sample two signals appear (red line,
Fig. 8).

These dependencies (Fig. 8) correspond to the law of
temperature change (Fig. 9), and it specifies the nature of
the change in acoustic signals depending on temperature
and time.

At stationary temperature values in the range 0—30°C
there were no acoustic signals.

However, when forced heating is applied, a change in the
law of temperature variation (Fig. 10) significantly changes
the dependence of the amplitudes of the acoustic signals
of the samples. In particular, the small sample (S quickly
comes to equilibrium, while the large one continues to
oscillate. It should be noted that at the initial stage of
heating for a small sample ,,S° AT /At ~ 0.2°C/s, while for
a large sample ,,L* AT /At = 0.1°C/s.

The combination and comparison of three types of
dependences: defect-free, defective with free relaxation, and
defective with forced heating (Fig. 2—10) clearly reveals the
influence of the forced heating defect and sample size on
the AE signals and their sequence in time. In this case,
the determining element in the characteristics of acoustic
activity is the law of temperature change of the sample,
(T =T(t)°C).

3. Results and discussion

AE methods, usually used in practice, use external loads
that can create significant restructuring of the structure,
leading to the growth of defects already existing in the
body, prone to development, as well as to the appear-
ance of microdefects in the form of dislocations, cracks
(for example, the energy required to create a dislocation
ise ~ 108 erg/lem® [20]). In this case, ultrasonic oscillations
are emitted in the body under test. These types of loads
also include methods for studying carbon fiber reinforced
plastics using the AE method [21,22]. However, temper-
ature changes in the sample that accompany its heating
process may not always lead to significant restructuring
of the structure. For example, under heating conditions,
the amount of energy & ~ 10%erg/cm® imparted to the
sample (in our case) turns out to be at least several
orders of magnitude less. Most likely, temperature changes
in the temperature range under consideration (from —10
to 30°C) will cause reversible deformations and at the same
time create a system response in the form of emission of
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Figure 5. The law of temperature change (a) and the corresponding dependence of the amplitudes of acoustic signals on time () of
small (S) and large (L) defective samples. Let’s denote this pair of samples as caption S-samples.

ultrasonic vibrations in the sample. Let’s demonstrate this
situation [18].

(i) Our body under study can be compared with free
energy

F(T) =F(Ty) — Ka(T — To)u;;

1 2 K
+,U(Uik—§5ikuii) +§Ui2i, (1)
from which the stress tensor is equal to
mk:BF/auik. (2)

And from the condition of the absence of external forces
oik = 0 we obtain

Ui :a(T —T()). (3)

Here T — absolute temperature, Ty — initial temperature
value, no external loads, a — coefficient of thermal
expansion of the body, K — modulus of compression, 4 —
shear modulus, Uy — strain tensor, Ui — its diagonal
elements.

(ii) Heating (or cooling) of the body is associated with
the supply (or removal) of heat dQ/dt = T 9S/at:

T 3S/0t = divq, (4)

Technical Physics, 2024, Vol. 69, No. 2
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where q = —xVT, x — thermal conductivity, S — entropy.

Under conditions of ultrasonic vibrations in a solid body,
the conditions of adiabaticity are satisfied, because during
the period of vibrations between adjacent parts of the body,
heat exchange does not have time to occur. And this means
that the entropy of the body remains unchanged during the
period of oscillation:

S(T) = S(To) + Kaui. (5)

From the expansion of S(T) — S(Tp) into a series in terms
of the deviation (T — Ty) we obtain

S(T) = S(To) = 3S/0T |7_7,(T — To) = (Co/To)(T — To().)
6
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Here C, is heat capacity at constant volume.

Then from (5) we obtain that the temperature difference
gives rise to deformations causing a local increase in volume
(Ui = Upp + U + Us3):

T —To = (ToaK/C,)Uij. (7)

And substitution (6) into (4) leads to the fact that the
diagonal strain tensor Uj; changes in time, depending on the
temperature change:

1 .
au;j /ot = aK—TO(xdlvgradT —C,9T/at). (8)

Since grad T varies little along the sample, this relationship
is further simplified

1
ani/at == _ﬁ CvaT/at

(iii) A change in time of the deformation tensor leads
to the emergence of internal stress forces daojk/dXk, which
lead to the equation of motion of an elastic medium with
density p

P dzui/dt2 = d0ojk/0Xk-

And taking into account the fact that u;; = divu, after a
series of transformations [18] we obtain the wave equation
for the vector u:

9%u, /3t — C;Au, =0,

where C,, — speed of sound for longitudinal (y = I), or for
transverse deformations (y =1t).

Thus, in order to observe AE in a sample, the temperature
distribution in it can be changed. The deformations resulting
from this are small. And this does not imply the occurrence
of significant rearrangements in the structure of the sample,
but provides the emissions of acoustic vibrations. In
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addition, if there is a defect in the sample, then it causes
the appearance of additional stresses. This, in turn, leads to
the appearance of acoustic signals

One of the results of this work is the identification of the
significance of variation in sample temperature with time on
the excitation of AE for defect-free and defective samples.
It turns out that with increasing temperature, a defect-free
sample behaves more actively at the initial stages (generates
a larger number of AE signals, Fig. 2) than a defective one
(Fig. 4, 7).

In the case of defect formation, the dependence of the
amplitudes of acoustic signals on the size of the sample is
most clearly manifested. However, there is now no clear
picture distinguishing a small sample from a large one.
Each time, the difference in the size effect is revealed by

comparing them. The reason for this is the T = T(t)°C
law, which cannot be reproduced from experiment to
experiment. Another such reason for lack of reproducibility
is the occurrence of a defect that will always be different
from the same defect in other samples.

Another important result was that the rate of temperature
change during free heating (from negative temperatures to
room temperature) turned out to be only two times less than
in the case of forced heating. Such a weak dependence
of the temperature change on the heating of honeycomb
structures is apparently associated primarily with their high
heat capacity. And forced heating here will not change the
temperature much, just as long as the rest of the sample
does not distribute excess heat throughout the sample. This
situation is similar to first-order phase transitions, when the
beginning of the transition and the end of the transition are
determined by the latent heat of the phase transition, for
example, melting (in the case of the transition ,liquid to
— solid“). Indeed (Fig. 8,10), the first signal came when
a small part of the honeycomb structure warmed up and
additional stresses arose, and the last signal appeared when
the rest of the sample reached the same temperature and
became one whole.

In conclusion, it should be noted that for all samples of
small sizes (five samples) and large sizes (three samples),
the pattern of dependence of the amplitude of incoming AE
signals on temperature and time during free heating shows
similarity only in the simultaneous comparison of large and
small samples in each «, 3, p, 8, e- group. Those in each
group of a, B, y, §, e- samples, the presence of a defect is
detected by simultaneous measurement of a large and small
sample. Here are the results only for the «, f and y groups
of samples (these groups contain a complete set of large and
small samples, the 15, € groups are provided only with small
samples and largely repeat the behavior of small samples
from the «, 8 and p groups).

Technical Physics, 2024, Vol. 69, No. 2
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Conclusion

Comparison of the dependence of the amplitudes of
acoustic signals on temperature and time gives the following
main results:

1) Identical honeycomb panels, differing only in geomet-
ric dimensions, in the absence of defects, have different
dependences of the amplitude of AE signals on time.

2) The law of temperature field changes affects the total
number of recorded AE pulses arising in the honeycomb
structure. This indicates that either the average amplitude
of the AE pulses or the spread of the amplitude around the
average value is changing.

Thus, it follows from the experiments that there is no
strictly stable picture of the dependence of the amplitudes
of acoustic signals on the shape of the defect or the size
of the defect and on the size of the samples. But in the
absence of variation in temperature fields, there are no AE
signals. AE signals arise when the temperature field varies
and they differ in the presence of defects and allow defects
to be detected.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] DS. Andrianov, V.V. Blagoveshchensky, 1.G. Panin. ZhTF,
86 (5), 124 (2016). (in Russian).

[2] Y. Chen, X. Ding, D. Fang, J. Sun, EK.H. Salje. Scientific
Reports, 9, 1 (2019). DOL 10.1038/s41598-018-37604-5

[3] Z. Chen, J. Qu. J. Appl. Phys., 114, 164906 (2013).

[4] CS. Kim, SI Kwun, CJ. Lissenden. J. Korean Phys. Society,
55, 528 (2009).

[5] Sh.Sh. Azimov, V.N. Petukhov, A.N. Lakaev, A.M. Leksovsky.
ZhTF, 86 (4), 155 (2016) (in Russian).

Technical Physics, 2024, Vol. 69, No. 2

[6] D.M. Kuznetsov, AN. Smirnov, A.V. Syroeshkin. Ross. khim.
ob-va im. D.I. Mendeleeva), 52 (1), 114 (2008) (in Russian).
D.G. Aggelis, T. Shiotani, S. Momoki, A. Hirama. ACI
Mater. J., 106—-M56, 6 (2009).

F. Bul, L. Xue, M. Zhail, X. Huang, J. Dong, N. Liang,
C. Xu. Scientifc Reports, 12, 498 (2022).

L. Dong, Q. Tao, Q. Hu, S. Deng, Y. Chen, Q. Luo, X. Zhang.
Intern. J. Mining Sci. Technol. (Available online 31 January
2022)

D-J. Yoon, S. Lee, CY. Kim, D-C. Seo. NDT Safety
November 07—09, 2007, Prague, Czech Republic. P. 55-62.

A. Zejli, A. Khamlichi, S. Attajkani, K. Ameziane. 24éme
Congrés Frangais de Mécanique Brest, 2019. 26 au 30 Aout.

J. Cybulska, PM. Pieczywek, A. Zdunek. Eur. Food. Res.
Technol,, 235, 119 (2012).

FA. Leone, Jr, D. Ozevinb, V. Godinezb, B. Mosinyic,
J.G. Bakuckas, Jr, J. Awerbuche, A. Laue, T-M. Tane.
Conference Paper in Proceedings of SPIE — The Inter-
national Society for Optical Engineering (2008), March.
DOI: 10.1117/12.776146

Y. Liu, BJ. Pang, B. Jia, ZZ. Chang. Proc. 6™ European
Conference on Space Debris, Darmstadt (Germany, 22-25
April, 2013)

Y. Huang, KM. Li. The Summer Undergraduate Research
Fellowship (SURF) Symposium (4 August Purdue University,
West Lafayette, Indiana, USA, 2016), p. 1-14.

S.A. Bekher, AL. Bobrov. Osnovy nerazrushayushchego
kontrolya metodom akusticheskoy emissii (1zd-vo SGUPSa,
Novosibirsk, 2013)(in Russian).

SI.  Buylo. Fiziko-mekhanicheskiye,  statisticheskiye i
khimicheskiye aspekty akustiko-emissionnoy diagnostiki
(Izd-vo Yuzhnogo federal’nogo un-ta, Taganrog, 2017)

L.D. Landau, EM. Lifshitz. Teoriya uprugosti (Nauka, M.,
1987) (in Russian).

EM. Aseev, E.V. Kalashnikov. Vestnik MGOU?2, 17 (2022)
(in Russian). DOL 10.18384/2310-7251-2022-2-17-27

A.A. Smirnov. Molekulyarno-kineticheskaya teoriya metallov
(Nauka, M., 1966), 488 p.(in Russian).

(10]
(1]
(12]

(13]

[20]



284

E.M. Aseev, E.V. Kalashnikov

[21] L.N. Stepanova, SI. Kabanov, V.V. Chernova Defektoskopiya
4, 3 (2022) (in Russian).
DOI: 10.31857/S0130308222040017

[22] N.A. Makhutov, Yu.G. Matvienko, V.I. Ivanov, LE. Vasiliev,
D.V. Chernov. Pribory i tekhnika eksperimenta 2, 109 (2022)
(in Russian). DOIL: 10.31857/S003281622202001X

Translated by V.Prokhorov

Technical Physics, 2024, Vol. 69, No. 2



