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M. I'onogecsa, B. Baiicman, FO. I'onogees, O. Koxanos. Jocitiizenns BiTHOMIEHHsI CUTHAJ/IIYM Ta KOHTPACTHHX XapaKTePUCTHK
TepMorpagiyHux 300pakeHb NPH TeNJIOBi3iHHOMY MeTOJi KOHTPOJI0 BHMpPOGIB i3 HeMeTaleBUX TreTepOreHHUX MaTepiais.
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reTepOreHHNX MAaTepiajiB J03BOJAE 3HH3UTH Macy KOHCTPYKIi, 30LTbUIMTH pecypc poOOTH, 3MEHIIUTH MATepiallOEMHICTb, IMiJABHIIUTH
HaJIHHICTD Ta MOTYXHICTh MEXaHi3MiB, IOCATTH CKOPOUYCHHS Yacy Ha BHTOTOBJICHHS JeTallell Ta CIPOLIEHHS TEXHOJIOIIYHOTO IMPOIeCy iX
BUroTOBJICHHS. CTBOPIOETHCS MOXIIMBICTH PO3POOKM NMPHHIKMIIOBO HOBUX KOHCTPYKIIi Ta TXHBOI eKCIUTyaTalii B eKCTpEeMaIbHUX yMOBAX.
BaxiuBy poiib y po3B’si3aHHI Takoi MpobiieMu € epeKTHBHI METOAH KOHTPONO. [IepCIeKTHBHUMH 3 IHOTO 30py € METOAU AKTUBHOTO
TEIUIOBOI'0 KOHTPOIIO, 1e iHGOPMATHBHUM ITapaMeTPOM € KapTHHA TEIUIOBOI'O IOJIS MOBEPXHi, IO NOCTimKyeThes. [Ipn BupimeHi 3agadi
PO3pOOKH anropuT™My MpOBeAeHHsS Ae(heKTOCKOMil BUPOOIB i3 MaTepialiB 3a3Ha4eHOro Kiacy OCoONMBa yBara Mae OyTH MpHAiICHA
BIIHOIICHHIO CHTHAJI/IITyM Ta KOHTPACTHHM XapaKTePUCTHKaM TepMorpadidHux 300paxkeHb, OCKIIBKH caMe Il XapaKTePUCTUKK TePMOTpaMu
€ OCHOBHUMHU IIpH 3a0e3IIeUeHHs HEOOXiJHOI JOCTOBIPHOCTI KOHTPOJIIO, @ TAaKOX TOYHOCTI BUMIDIOBAHHS TIJIMOMHH 3a/SITaHHS Ta
TEOMETPHYHUX XapaKTepPUCTHK BHSBIEHHX NedekTiB. OCHOBHUM 3aBIAHHAM ILi€i poOOTH € JOCII/DKEHHS 3aJIeXHOCTI CIIIBBiJHOIICHHS
CHTHAJ/IIIyM Ta KOHTPACTHUX XapaKTEPHCTHK TEPMOTrPaMH IOBEPXHi BHPOOY, 110 KOHTPOIIOETHCS 3a AOMOMOTOI0 METOY TEIIOBi3iHHOrO
300pakeHHs, Bifl TakuxX (akTopiB, sAK TnHOMHA AedekTy Ta iforo BimHOCHI po3Mmipu. 30Kpema, CHiBBiJHOIIEHHS CHIHAJ/IIYM JUIS
TEIUIOBI3IHHOTO KOHTPOJIIO BPaxOBY€ sIK aMIUTITYIHI 3HAUCHHS «KOPHCHHUX» TEMIepaTypHHX CHTHANIB, TaK 1 «IapasWTHI» CKIAJ0Bi,
XapakTepHi U1l KOHKPETHOTO METOJy BUMIpIOBaHHS Ta/a00 KOHTPOJIIO.
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M. Holofieieva, V. Vaysman, Yu. Holofieiev, O. Kokhanov. Study of the signal/noise ratio and contrast characteristics of
thermographic images using the thermal vision method of control of products made of non-metallic heterogeneous materials. An
urgent problem of scientific and technical development is ensuring the quality and reliability of the functioning of products made of non-
metallic heterogeneous materials. Compared with traditional structural materials, the use of non-metallic heterogeneous materials allows for
reducing the mass of the structure, increasing the service life, reducing material consumption, increasing the reliability and power of
mechanisms, reducing the time required to manufacture parts, and simplifying the technological process of their manufacture. The possibility
of developing fundamentally new structures and their operation in extreme conditions is created. An important role in solving such a problem
is played by effective control methods. Promising from this point of view are methods of active thermal control, in which the informative
parameter is the pattern of the thermal field of the surface under investigation. When solving the problem of developing an algorithm for flaw
detection of products made of materials of the specified class, special attention should be paid to the signal-to-noise ratio and contrast
characteristics of thermographic images, since it is these characteristics of the thermogram that are the main ones in ensuring the necessary
reliability of control, as well as the accuracy of measuring the depth of occurrence and geometric characteristics of the detected defects. The
main task of this work is to study the dependence of the signal-to-noise ratio and contrast characteristics of the thermogram of the product
surface, which is controlled using the thermal imaging method, on factors such as the depth of the defect and its relative dimensions. In
particular, the signal-to-noise ratio for thermal imaging control accounts for both the amplitudes of the "useful" temperature signals and the
"parasitic" components characteristic of a specific measurement and/or control method.

Keywords: control reliability, metrological characteristics, non-destructive thermal imaging control, non-metallic heterogeneous
materials, thermogram processing

Introduction

Non-metallic heterogeneous materials are multicomponent systems consisting of a polymer base
(matrix) reinforced with fillers of various types, such as fibers, fine particles, and crystals. The variety
of compositions and properties of these components, and their ratios, offers broad opportunities to
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regulate the operational and technological properties of materials by selecting reinforcement schemes,
compositions, and micro- and macrostructures [1].

Compared to traditional structural materials, the use of non-metallic heterogeneous materials al-
lows reducing the mass of the structure, increasing the service life, reducing material consumption,
and increasing the reliability and power of mechanisms. This creates the possibility of developing fun-
damentally new structures and their operation in extreme conditions. In addition, this class of materials
offers reduced manufacturing time and simplifies the technological process [2].

Non-metallic heterogeneous materials are distinguished by specific properties that are different
from the properties of the constituent components. That is, the properties of a composite type material
cannot be determined only by the properties of individual components, without taking into account
their interaction. Individual elements of the material structure should not dissolve or otherwise absorb
each other. They should be well compatible.

It is necessary to note certain disadvantages of non-metallic heterogeneous materials. First of all,
this concerns the variability of their properties during operation and the presence of various structural
defects (air pockets, uneven distribution of components throughout the product volume, delamination,
foreign inclusions, etc.) [3, 4]. Among the latter, one can distinguish defects that arose during the pro-
duction of material components, defects that are formed in the material volume directly during the
manufacturing process of products, and defects that are formed or develop during or as a result of
product operation.

Expanding the range of applications of materials of this class, as well as increasing the reliability
of the operation of products made from them, requires knowledge of reliable values of physical and
mechanical properties, taking into account the possibility of their changes during operation. In this
case, special attention should be paid to the creation of new and, if possible, improvement of existing
methods and means of measurement and control [5 — &].

Analysis of publications on the research topic

Control of products made of materials of this class is complicated by factors such as the variety
of types of structures, anisotropy of properties, specific physical and mechanical characteristics,
among which non-magnetism, heat, electrical, and sound insulation should be especially noted [9].
The most effective methods for controlling and measuring the physical and mechanical properties of
non-metallic heterogeneous materials are non-destructive methods, which enable diagnostics of the
condition at all stages of the product life cycle [10].

When choosing a particular control method, it is necessary to take into account a number of fac-
tors, among which the following should be especially highlighted:

— the condition of the material (non-metallic heterogeneous materials are dielectrics);

— the ability to interact with radiation of a certain physical nature;

— the structure of the material;

— the dimensions, design features, and configuration of the product being controlled;

— the type of metrological problem to be solved (measurement of values of various physical and
mechanical characteristics, flaw detection and flaw measurement, etc.).

Table 1 shows the detection objects and methods that can be used in this case, their advantages
and disadvantages.

Today, thermal imaging non-destructive testing is one of the most promising methods for testing
products made of non-metallic heterogeneous materials, including polymer composites [11]. It is used
successfully by VCA and Airbus SE as a standard method for detecting flaws in glass- and carbon-
fiber aircraft structures [12]. Here, the thermal energy distributed in the object of study is used as an
intensive parameter. The source of information in this case is the temperature field of the product sur-
face, visualized in thermograms obtained with infrared thermal imagers. The pattern of the surface
thermal field depends on the features of the heat transfer process, which in turn are determined by the
material's structure and, accordingly, will change in the presence of features such as a defect. That is,
in the thermographic research method, the spatial and temporal distributions of thermal energy within
the material volume are analyzed. This is usually implemented using thermal images — thermograms.
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Table 1

Methods of non-destructive testing of products made of non-metallic heterogeneous materials

Control method Object of detection Advantages Disadvantages
Low-frequency Cracks and delaminations Relatively high testing 1) complexity and high cost of
ultrasonic testing (minimum opening performance equipment;
0.1 mm, minimum length 2) inability to detect adhesion
15 mm) violations of layers that do not
have a gas-filled gap
Visual inspection Surface defects, inhomo- High performance and Limited to the detection of
geneities and cracks visible low cost surface defects only
to the human eye
Radiation method | Various defects and cracks | High productivity anda | 1) complexity and high cost of
(minimum opening variety of defects that equipment;
0.1 mm, minimum length can be detected 2) serious requirements for
3 mm) personnel safety;
3) impossibility of use in field
conditions
Active thermal Discontinuities, cracks and | Speed and non-contact 1) complexity of the equip-
method foreign inclusions (mini- measurement ment used to heat the surface;
mum opening 0.15 mm, 2) high level of additive and
minimum length 15 mm). multiplicative noise;
If there is a cluster of 3) dependence of device read-
cracks, it is recorded with ings on the surface emissivity
a minimum opening of coefficient
0.001 mm and a minimum 4) complexity of automating
length of 3 mm. the processes of analysis and
processing of thermal images
X-ray television | Foreign inclusions, disrup- High performance 1) complexity and high cost of
control tion of continuity (mini- equipment;
mum opening 0.15 mm, 2) serious requirements for
minimum length 15 mm). personnel safety;
3) impossibility of use in field
conditions

Purpose and Objectives of the Research

The main task of this work is to study the dependence of the signal-to-noise ratio and contrast
characteristics of the thermogram of the product surface, which is controlled via the thermal imaging
method, on factors such as the depth and relative size of the defect. In particular, the signal-to-noise
ratio SNR for thermal imaging control takes into account both the amplitude values of the “useful”
temperature signals and the “parasitic” components that are characteristic of a particular measurement
and/or control method.

Research Methodology

The basis of thermal imaging control is the visualization and analysis of temperature-field chang-
es on the surfaces of controlled objects using specialized infrared equipment. Of interest are algo-
rithms for processing thermal imaging images in the form of thermograms. Such an image is a two-
dimensional matrix that enables understanding of the distribution of infrared radiation on the surface
of the object under study [13]. The received signal is a combination of its own radiation (which is
characteristic of the object's temperature state) and reflected energy. Therefore, the analysis of meas-
urement data is complicated by external parasitic influences and the need to separate them from the
useful signal. When choosing the optimal format for presenting thermometric control results, it is nec-
essary to consider the need to preserve spatial and temperature resolution, adjust the measurement in-
formation by applying corrections, and adapt it to the algorithms used for statistical and neural-
network processing [13]. This will ultimately increase the accuracy and reliability of control meas-
urements.

Let us consider the approaches used in active thermal imaging inspection of products composed
of heterogeneous non-metallic materials. Various stimulation methods are used to generate thermal
energy in defects. As a rule, the surface of the object under study is heated by thermal pulses (either
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individually or in sequence) [12, 14]. In this

case, information on the presence of defects in +
the structure of the materials under study will
be contained in the amplitude and time charac-
teristics of the temperature field at each point
of the surface. As stated in [12], the most ef-
fective is thermal stimulation of the object by a
powerful pulse with an energy density of tens
of kJ/m2. The length of such a pulse is several 0
milliseconds, that is, it is quite short. The latter s
is due to the processes of thermal energy dis-
tribution throughout the material volume,
which lead to distortion of the thermal picture
and an inability to ensure reliable control dur- ;
ing prolonged thermal stimulation. A® “\/‘/

For this purpose, thermal imaging control

equipment from leading manufacturers in- , | .
cludes high-frame-rate thermal imagers, heat- 0 Im Time, s

ing elements powered by halogen or pulsed Fig. 1. Change in surface temperature of the research

xenon .lamps, and a S.yStem for the automatic object over defective and defect-free zones during one-
collection and processing of measurement data. sided thermal imaging inspection

The task of developing algorithms for flaw
detection in products made of non-metallic heter-
ogeneous materials, while ensuring the necessary reliability and accuracy of the results, was solved, includ-
ing determining each defect in the product, measuring its depth, and establishing its geometric parameters.

The analysis of temperature changes on the surface of the test sample in the defect-free zone and
in the projection of the defect after heating the surface with a single thermal pulse of finite length t is
carried out. The measured temperature values are functions of coordinates and time (Fig. 1) [14].

As shown in the figure, the product surface temperature increases during heating and reaches a
maximum at the end of the thermal pulse. Due to heat exchange with the environment and the distribu-
tion of thermal energy throughout the material, the excess temperature decreases to zero. This means
that the temperature anomaly on the thermogram becomes invisible.

Moreover, there are differences in the amplitude and temporal characteristics of the temperature
fields between the defect-free and defect zones [15]. This is explained by differences in thermal con-
ductivity in the indicated areas of the studied product and, accordingly, by different conditions for the
distribution of thermal energy.

Depending on the ratio of the thermophysical properties of the defect and base materials, the
temperature contrast can be positive or negative. When the base material is more thermally conductive
than the defect material, we have AO > 0. For defects whose thermal conductivity is higher than the
thermal conductivity of the base non-metallic heterogeneous material AO < 0. Even the inversion of the
sign of AT during cooling is possible [16], as seen in thermal imaging video.

As shown in Fig. 1, the dependence AO = f{¢) attains an extremum, ABmay, at time tm, which is the
optimal time for observing the defect. These two parameters are the main ones to consider when using
active thermal control. They are determined both by the thermophysical properties of the material from
which the control object is made and by the depth and size of the defect in the structure of a non-
metallic heterogeneous material [17].

Results

An important characteristic of defect detection systems based on the thermal imaging method of
control is the signal-to-noise ratio and contrast characteristics of thermographic images. The character-
istics of the information signal in thermal imaging infrared systems are determined by the combined
contributions of all their components [18].

In the first links of such a system, which provide the receipt of a thermal image, the source of
noise is a number of external factors, such as the reflection of the surface of the study of environmen-
tal radiation, the influence of solar radiation, background radiation, wind speed, complex surface relief
(observation of surface areas at different angles), the presence of external magnetic fields, the differ-
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ence in the emissivity coefficient at different points of the studied surface, the resolution of infrared
equipment, etc. In turn, the contrast characteristics of the obtained thermogram are determined primar-
ily by the thermophysical properties of the control object's material and by heat exchange with the en-
vironment. The dependence of temperature contrast on time has an extremum at the moment that is
best for observing the defect. It is this optimal time and the actual temperature difference between the
defective and defect-free zones that determine the thermal image's contrast characteristics.

Studies have been conducted on how the signal-to-noise ratio and contrast characteristics of the
thermogram of the product surface, measured using the thermal imaging method, depend on factors
such as the depth of the defect and its relative size. The signal-to-noise ratio SNR for thermal imaging
control takes into account both the amplitude values of the “useful” temperature signals and the “para-
sitic” components that are characteristic of a particular measurement and/or control method. This val-
ue can be described by the standard formula:

SNRz%, (1)

where: 0,,0,, — the average values of temperatures in the defect-free zone and in the zone above the
defect;
S — the root-mean-square deviations of the temperature of the surface located above the defect.
The value 6,-0,, depends on a number of factors, the main of which are the thermophysical

characteristics of the base material and the defect material, as well as the depth of occurrence and di-
mensions of the defect. The samples were studied as plates with a thickness of H = 5 mm, made of
carbon (Table 2). Air gaps with a thickness of # = 0.5 mm and an area of less than 1.5 cm? were locat-
ed in the samples at different depths.

Table 2

Mechanical properties of the material of the tested plate (carbon)

Characteristic name Value
Density, kg/m? 1650
Modulus of elasticity along the fibers, GPa 140
Modulus of elasticity across the fibers, GPa 11
Shear modulus, GPa 6
Poisson's ratio 0.38
Tensile strength, MPa 950
Hardness, HV 121
Thermal diffusivity coefficient in the 45107
transverse direction of the layers, m?/s '

Experimental estimates of the signal-to-noise ratio for the specified samples are given in Table 3.
SNR calculations, analysis of stored thermal images, and report generation were performed in the
SmartView® program [19].

Table 3
Experimental estimates of the signal-to-noise ratio

Depth of defect, mm 1 2 3 4
Signal/noise ratio 1041 ] 7.81 | 6.3 | 2.95

The graph showing the dependence of the signal-to-noise ratio on defect depth, constructed from
the data in Table 3, is shown in Fig. 2.

As shown in Figure 2, the defect depth decreases linearly with increasing depth. A mathematical
model of the dependence of the signal/noise ratio on the depth of the defect for the plate material -
carbon has been constructed, which has the form:

SNR =-2.382-h+12.84. 2)

It should be noted that for other non-metallic heterogeneous materials, the mathematical model de-
scribing the dependence SNR = f{/1) will be different, although its linear nature is preserved in most cases.
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Signal/noise ratio
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Depth of defect, mm

Fig. 2. Graph of the dependence of the signal-to-noise ratio on the depth of the defect

The calculations of the dependence of the signal/noise ratio on the depth of the defect were per-
formed at the relative defect size #/H = 0.01. When #/H << 1, the SNR, with other parameters affect-
ing the signal-to-noise ratio held constant, scales proportionally with the defect size.

Conclusions

An important characteristic of the proposed defect search system is the signal-to-noise ratio and
contrast characteristics of thermographic images. The characteristics of the information signal in ther-
mal imaging infrared systems are determined by the combined contributions of all their components.
The dependence of the signal-to-noise ratio and contrast characteristics of the thermogram of the
product surface, measured using the thermal imaging method, on factors such as the depth of the de-
fect and its relative size was studied.

It is shown that as the defect depth increases, the signal-to-noise ratio decreases linearly. A math-
ematical model of the dependence of the signal-to-noise ratio on defect depth in carbon was construct-
ed. It should be noted that for other non-metallic heterogeneous materials, the mathematical model
describing the dependence SNR = f{4) will be different, although its linear nature is preserved in most
cases. The calculations of the dependences of the signal-to-noise ratio on the depth of the defect were
performed at a relative defect size #/H = 0.01. When #/H << 1, the SNR, with other parameters affect-
ing the signal-to-noise ratio held constant, scales proportionally with the size of the defect.
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