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Abstract. Nowadays, non-metallic heterogeneous materials are widely used in mechanical engineering,
which is primarily due to their unique properties, such as strength, light weight, corrosion resistance,
and high vibration, sound, and heat insulation characteristics. At the same time, non-destructive control
methods that would allow to obtain the most complete picture of the defective state of products made of
such materials are of great importance. The main task of the work is the development of optimal
algorithms for determining each defect of a product made of non-metallic heterogeneous material with
the establishment of its exact location, including the depth of occurrence, as well as its geometric
parameters. The method of thermal non-destructive testing is considered promising. Studies of the
accuracy of determining the parameters of defects in non-metallic heterogeneous materials by the
specified method have been carried out.
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1. INTRODUCTION

Nowadays, non-metallic heterogeneous materials are widely used in
mechanical engineering, aerospace engineering, and other sectors of the economy,
which is primarily due to their unique properties, such as strength, light weight,
corrosion resistance, and high vibration and sound, thermal insulation
characteristics. At the same time, such materials are characterized by specific
technological and operational defects. First of all, this applies to delaminations that
are visually imperceptible, but can lead to a serious weakening of the structure and,
as a result, cause the failure of a product made of non-metallic heterogeneous
material [1]. Taking into account the responsibility of the assignment of nodes and
aggregates, especially in aircraft structures, non-destructive control methods that
would allow obtaining the most complete picture of the defective state of products
made of non-metallic heterogeneous materials are of great importance.

The main task of the work is the development of optimal algorithms for
determining each defect of a product made of non-metallic heterogeneous material
with the establishment of its exact location, including the depth of occurrence, as
well as its geometric parameters. To date, the method of thermal non-destructive
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testing is considered to be one of the most promising for flaw detection of products
from the specified class of materials [2]. This type of flaw detection is based on
visualization of the thermal field of the surface of the research object using infrared
equipment and analysis of anomalies of this field.

2. LITERATURE REVIEW

As a rule, temperature fields arise as a result of thermal stimulation of the
material (active thermal control). However, sometimes they are formed as a result
of the operation of the product being diagnosed (passive thermal control). The
work considers active thermal control, in which thermal energy is excited by
heating the surface with a single thermal pulse or their sequence. In this case, the
amplitude and time parameters of the thermal field at each point of the surface of
the control object carry information about the presence and geometric
characteristics of defects [3].

There are several methods of stimulating thermal energy in objects during
real research. The most convenient and closest to the conditions of measuring
products in mechanical engineering and aviation engineering is the so-called one-
sided control mode, in which heating and registration of a thermal image in the
form of a thermogram is carried out from the same side of the defectoscopy object
[4]. Figure 1 shows a diagram of the location of the research object and the means
by which flaw detection is carried out.

With this approach, temperature changes on the surface of the sample under
study are analyzed in the defect-free zone Tn = f(X, y, t) and in the projection of the
defect Tr = f(x, y, t) after heating the surface with a single thermal pulse of finite
length t. Figure 2 [4] schematically shows the change in the temperature of the
surface of the tested sample in the defective and defect-free zones during the
implementation of one-sided excitation of thermal energy during

It is clear that during heating, the excess temperature of the investigated
surface increases and reaches its maximum value at the moment of time t, which,
according to Figure 2, corresponds to the end of the thermal pulse. During the
cooling of the surface of the object, in the process of propagation of the heat wave
through the volume of the material and heat exchange with the environment, the
excess temperature decreases to zero. At the same time, there is a difference in
excess temperatures and the speed of their change in defect-free and defective
zones [2].
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Figure 1 — The scheme of conducting active thermal imaging control

Energy. ]

Temperature, °C

Figure 2 — Changes in the temperature of the surface of the research object over the
defective and defect-free zones during unilateral thermal imaging control

This is due to the difference in thermophysical properties in the specified
zones and, as a result, different conditions of heat wave propagation. In the zone
above the defect, the regular nature of the thermal field changes, and so-called
temperature anomalies appear, which are characterized by an absolute temperature
contrast, i.e., the temperature difference in the defective and defect-free zones
AT =1(x, y, t), which can be defined as follows:

AT(X,Y,0) =T (% y,1) =Ty (X, ¥,1), 6

It should be noted that depending on the ratio of thermal conductivities in the
defective and defect-free zones, AT = f(x, y, t) can have both a positive and a
negative value. With this definition, AT > 0 for defects whose thermal conductivity
is lower than the thermal conductivity of the main non-metallic heterogeneous
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material. Accordingly, if the defects are more thermally conductive than the main
material, then AT < 0. It is even possible to invert the sign of AT during cooling [4].

The dependence of the temperature contrast on time has an extremum ATmax
at the moment of time tm, which is the optimal time for observing the defect. Both
of these parameters are the main parameters of the amplitude method of thermal
control and depend not only on the thermophysical characteristics of the studied
non-metallic heterogeneous material, but also on the depth of embedment and the
size of the defect itself [5].

In [4] it is shown that for a semi-infinite object that is heated by a Dirac
pulse, the optimal time for observing an internal defect in the form of a material
discontinuity can be determined as the time it takes for the heat wave to reach the
defect, reflect from it, and return back, that is:

t,=—=——F, )

where | — the depth of the defect;

a — coefficient of thermal conductivity;
¢ — heat capacity;

p — density;

A — thermal conductivity coefficient.

Expression (2) can be used for a very short thermal pulse, i.e. ty >> t;, which
is quite difficult to implement in practice (ti = 10 ps). If the pulse length is
commensurate with the optimal defect observation time, then the estimation
formula [2] can be used:

1> =a-(t, -t ©)

3. MAIN MATERIAL PRESENTATION

In the work, carbon fiber samples with a thickness of 4 mm were studied, in
which defects in the form of layers were specially formed at various depths (air
gaps up to 0.2 mm thick and with an area of more than 1.5 cm?), which are the
most common types of defects for the class of materials that is considered The
minimum depth of defects is | = I mm. Taking into account the passport data of the
coefficient of thermal conductivity for carbon-plastics in the transverse direction of
the layers a = 4.5-10" m?%s, the maximum length of thermal pulses, which is
necessary for thermal stimulation of the defect in the structure of such a material
ti<1s. This makes it possible not to use expensive xenon flash lamps, which are
traditional for generating a heat wave during active thermal control of metals and
metal composite materials. In the experiment, for this purpose, an electric heater
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with a mechanical interrupter of the heat flow in the form of a movable flap (Fig.
1) was used, which allowed the formation of heat pulses with a length of (0.5...20)
s. thermal radiation power density P = 10* W/m?,

It should be noted that the studied surfaces are characterized by relatively low
relaxation rates of excess temperature fields. This made it possible to use infrared
devices without special requirements for their speed. In the experiment, a thermal
imager with a frame rate of = 1 Hz was used.

Among the advantages of infrared technology devices used in thermal control,
in addition to non-contact and fast operation, it is also necessary to include high
resolution, which ensures the detection of local temporary temperature contrasts on
the surface of the investigated objects [6]. Given that the accuracy of flaw
detection of products made of non-metallic heterogeneous materials by the
amplitude thermal method (measurement of maximum temperature contrasts) is
determined by the accuracy of the used thermal imagers, it is necessary to pay
attention to instrumental and methodical measurement errors.

A significant drawback of non-contact methods of measuring temperature
using infrared devices is the lack of data on the emissivity of the surface of the
research object under experimental conditions. The object's ability to emit infrared
radiation can vary, as it depends not only on the material itself, but also on the
properties of the surface (for example, roughness, the presence of dirt, oil films,
etc.) and the direction of observation of this surface [7, 8]. It is the uncertainty in
setting the coefficient of emissivity of the surface of the research object that is the
main difficulty in temperature calculations based on the results of thermal imaging
measurements. And, therefore, this introduces an additional methodical error into
the results of determining the depth of defects in non-metallic heterogeneous
materials.

Therefore, before conducting studies of thermal processes on the surfaces of
samples for the purpose of their defectoscopy, the coefficient of surface emissivity
was determined at reference points. The latter necessarily included surface points
with a surface condition different from the basic one. For example, with a different
roughness, the presence of scratches, coatings, films and the like, which could be
perceived as defects according to the thermogram. This operation must be carried
out during defect inspection of products that were in use, since the state of the
surface at different points can be significantly different from each other.

Determination of the emissivity coefficient was carried out in the following
order. In the characteristic zone of the studied surface without temperature
anomalies, reference points were chosen, the temperatures of which were measured
by a contact thermometer (thermocouple). At these same points, the temperature
was measured with a thermal imager with preset shooting parameters (reflected
background temperature, ambient temperature and humidity, distance to the
research object). In the event that a difference in the results of temperature
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measurement by the contact and non-contact method was recorded, such 9a value
of the emissivity coefficient was selected from the panel of the thermal imager,
which reduced this difference to zero. The value of the emissivity coefficient
obtained in this way was taken as a characteristic of the surface at the investigated
reference point and used in further thermal imaging control.

There is one more factor that significantly affects the result of temperature
measurement by infrared devices. In work [7], studies the influence of the
observation angle on the coefficient of emissivity perceived by measuring
equipment were carried out. It can be seen from Figure 1 that during flaw detection
of products by amplitude thermal imaging control with one-sided access to the
research surface, it is practically impossible to ensure the normality of the location
of the thermal imager in relation to the investigated area.

Therefore, to increase the accuracy of determining the depth of occurrence
and parameters of defects of products made of non-metallic heterogeneous
materials, the influence of the angle at which the measuring device is located to the
surface of the object under investigation should be taken into account.

For metals, the emissivity coefficient is constant in the range of viewing
angles 0...40°, for dielectrics (which in most cases include non-metallic
heterogeneous materials) - in the range of angles 0...60°. Beyond these ranges, the
emissivity coefficient changes significantly when observing tangentially [9].

The calculation of the actual surface temperature, in which the influence of
the observation angle on the measurement accuracy is taken into account, was
carried out according to the expression [10]:

T rad ( 4)

fact —

where Tt — the actual temperature of the surface of the control object;
Traa— radiant temperature perceived by a thermal imager;
emea— the measured value of the emissivity coefficient;
Kang— coefficient of influence of the observation angle.
For dielectrics, the dependence of Kang On the observation angle is most
accurately described by the expression [10]:

K, =-0,0014-¢°+0,022 9> —01-p+11 , )

ang
where ¢ — the angle of observation of the studied area of the surface of the control
object.
With the help of the described method, thermal imaging studies of control
carbon-plastic samples were carried out; in this study, the peculiarities of
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temperature distribution in the defective zone were studied. An analysis of the
texture of the temperature field in the delamination type defect zone and defect-
free zones was carried out. Figure 3 shows the thermogram of the investigated
surface and graphs of changes in temperature contrasts at the specified points of
the surface over time.
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Figure 3 — Thermogram of the studied surface and graphs of changes in temperature
contrasts at the specified points of the surface over time

It can be seen from the figure 3 that the change in the contrast amplitudes at
the time t, of optimal observation of the defect depends on the position of the
defect-free zone relative to the temperature anomaly (defect area). Accordingly, the
calculated value of the depth of the defect is changed. Obviously, given that the
conditions of heat removal in zones A, B, and C are the same, it can be concluded
that such a difference in the readings is caused by the presence of a methodical
error from not taking into account the difference in the coefficients of the
emissivity of the surface at the reference points.

4. CONCLUSIONS

As a result of the conducted studies of thermal processes on the surface of
control carbon-plastic samples, it was possible to detect the majority of defects (the
equipment used did not allow detecting 7% of embedded defects). At the same
time, thanks to the use of the proposed method of eliminating the methodical error
caused by the difference in the emissivity coefficient at the investigated points of
the surface, it was possible to increase the accuracy of determining the depth of the
defects.
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Bomnognmup Torkonorui, Onexcannp CraHoBcekuit, Mapuaa ["onodeena,
Omnexkcannp Jlesuncrkwmii, Cepriit Kiimos, Oneca, Ykpaina

NIJABUIIIEHHSA TOYHOCTI JE®EKTOCKOII
METO/IOM AKTUBHOI TEPMOI'PA®Ii BAPOBIB
3 HEMETAJIEBUX TETEPOI'EHHUX MATEPIAJIIB, /
1O BUKOPUCTOBYIOTBCs B TEXHIII

AHoTanis. Huni  Hememanesi  2emepocenni  Mamepianu — WUPOKO — BUKOPUCIOBYIOMbCS 6
MawuHoOyOy8anHi, Wo nO6 A3aH0, Nepuwt 3a 6ce, 3 IX VHIKANbHUMU 6IACMUBOCIAMU, MAKUMU 5K
MiyHICMb, MAna 6aed, KOPO3iiHa CMItIKICMb, 6UCOKT 6i0pO-, 36YKO- I MENAOI30IAYIUNT XAPAKMEPUCTIUKIL.
Ilpu yvomy Heabusko2o 3HAueHHs HAOYBAIOMb MEmOOU HEPYUHIBHO20 KOHMPONIO, WO O00360J10Nb
ompumamu HaubibW NOGHY KapmuHy Oepekmnozo cmany 6upobie i3 makux mamepianis. OcHO8HOIO
3a0auelo pobomu € po3pooKa ONMUMATLHUX ANCOPUMMIE GUSHAUEHHS KOJICHO20 Oeekmy eupoby 3
HeMemanego2o 2emepo2eHHO20 Mamepiany 3 6CMAHOBIEHHAM MOYHO20 1020 PO3MAULYBAHHS, 8 MOMY
YUCH, 2NIUOUHU 3ANASAHHS, 4 MAKOXHC 1020 2e0MempuyHux napamempis. Ha cb0200HiwiHill OeHb 00HUM 3
HauOIbW nepcneKmusHUx 0151 0ehekmocKonii 6upoobie i3 3a3HAUEH020 KIACYy MAmMepianie 86aicacmvcs
MemoO Mennoso2o HepylnieHozo koumponio. Lleti eud oeghexkmockonii basyemocs na eizyanizayii
Meno8020 NoJisi NOBEPXHI 00 '€KMA OOCTIOHCEHHS 3a OONOMO20I0 NPUNAOIE IHPPayepBoHOi mexHiKu ma
ananizy anomaniii ybo2o noas. B pobomi docniodcysanucs 8yeneniacmukosi 3pasku moswunoio 4 mm, 6
SAKUX HA DISHOMAHIMHIL 2nubuHi OyIu cneyianbho copmosani Oeexmu y 6uensiol po3uapysans
(nosimpsani 3asopu moewunoio 0o 0,2 mm ma nioweio Girowe 1,5 cM?), aKi € 0OHUMU 3 HALIGITbWL
nowupenux 6udig¢ Oegpexmis 0ns Kiacy mamepianis, wo posenadacmvcs. Bugueni ocobausocmi
Ppo3nodinenHs memnepamypu 6 degpexmuiii 30ui. [Iposedeno ananis mexcnmypu memnepamypHo2o nojs
6 30Hi Oeghexmy muny poswapyeanus ma 6 Oezoepexmuiil 30Hi. [Iposedeno 00CnioHCeHHs MOYHOCMI
6USHAYEHHA napamempie Oe(eKmHocmi HeMemaneeux 2emepoeHHUx Mamepianie 3a3HaveHum
Memooom. B pezyremami npogedeHux O00CHiOHceHb Meniosux npoyecié Ha NOBEPXHi KOHMPOIbHUX
BY2/IENIACIMUKOBUX 3PA3KI8 80AI0Cs BUABUMU OLNbUicmb deheKmis (BUKOPUCMOBYBAHA anapamypa He
0o36onuna eusigumu 15 % 3axnaonux oegexmig). Ilpu ybomy, 3a605Ku UKOPUCMAHHIO 3aNPONOHOBAHOT
MemOOUKU — BUKTIIOYEHHSI  MemOOUdHOI  NOXUOKU, WO  BUKIUKAHA — BIOMIHHICMIO — KoeqhiyieHmy
BUNPOMIHIOBANLHOI 30AMHOCMI 8 OOCHIONCYBAHUX MOUKAX NOBEPXHI, 80ANOCA NIOBUWUMU MOYHICMb
6CMAHOBNEHHT 2UOUHU 3aTA2aHHA OedheKmis.

KuirouoBi ciioBa: nememaniuni pisHopioHi mamepianu, Memoo menjio8o2o KOHMpPOio, 0e@eKmocKonis,
iHghpauepeone 00O1aOHAHHS.
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