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Abstract. Purpose of the research is the development of measuring technologies for testing multi-layer structures made from
composite materials. The object of research is computer models of objects and their images when applying thermal and optical
testing methods. The relevance and practical inportance of the study is due to the extensive use of composite materials in high-
tech areas, which are characterized by the active introduction of new materials and the lack of serial production. The scientific
novelty of the research is that the evaluation of the testing results reliability is carried out at the stage of measuring technology
development. To solve this problem, it was proposed to use the combination of experimental and calculated data obtained with the
help of modern methods of computer simulation of a stress-strain state under different loading conditions. Taking into
consideration the constructive and mechanical properties of a particular design makes it possible to ensure high reliability of the
testing results. The results of computer modeling can be used for machine learning of intelligent nondestructive testing systems.
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AHoTtauis. MeTo10 poOOTH € PO3BHTOK iH(POPMAIifHO-BUMIPIOBAIFHUX TEXHOJIOTIH KOHTPOJIO 0araToIlapoBHX KOHCTPYKIIH i3
KOMITO3UTHUX MatepiaiiB. O0’€KT I0CTiTKeHHs] — KOMIT IOTepHI Mol 00 €KTiB Ta iX 300paXKeHb IPH 3aCTOCYBaHHI TEIUIOBHX Ta
ONTHYHUX METOJIB KOHTPOJI. AKTYaJbHiCTh i MpPaKTH4YHA 3HAYUMICTH JOCIHIDKEHHS OOYMOBIICHI IMUPOKAM BHUKOPHCTAHHIM
KOMITO3UIIIHHAX MaTepialiiB Y BHCOKOTEXHOJIOTTYHUX TaTy3sX, I SKAX XapaKTEepHI aKTHBHE BIIPOBA/PKEHHS HOBITHIX MarepiajiiB Ta
BIZICYTHICTh CepiiHOTO BHPOOHHITBA. HaykoBa HOBH3HA POOOTH MOJATAE y TOMY, IO OIliHKA JTOCTOBIPHOCTI PEe3yJbTaTiB KOHTPOIIO
3JIHCHIOETHCS Ha eTalll MPoeKTyBaHHs iH(OpMaIliiHO-BUMIPIOBAJILHOI TeXHOJIOTIT. JIJIsl BUpILIEHHs OCTaBJIeHOT 3a/1a4i 3aIpoNOHOBaHO
Ha eTami MpoeKTyBaHH: iH(pOpMaIifHO-BUMIPIOBAJIBHOT TEXHOJIOTI] 3aCTOCOBYBAaTH KOMOIHOBaHE BUKOPHUCTAHHS €KCIIEPUMEHTAIBHUX i
PO3paxyHKOBHX JaHHX, OTPHMAHHUX 32 JOIIOMOIOI0 Cy4acHHX METO/IB KOMII'I0TEPHOT0 MOJETIOBAHHS HANpYXeHO-Ie(hOPMOBAHOTO
CTaHy 00’€KTiB KOHTPOIIIO TPH PI3HUX YMOBAaxX HaBaHTAXCHHSA. YPaxyBaHHS KOHCTPYKTHBHHX i (Di3UKO-MEXaHIYHUX BIIACTHBOCTEU
KOHKPETHOI KOHCTPYKIIl 103BOJIsE 3a0€3MEYMTH  BHUCOKY JIOCTOBIPHICTH PE3YJIBTATIB KOHTPOJIO. Pe3ynbTaTtd KOMIT FOTEPHOTO
MO/JICITIOBaHHS MOXKYTh OyTH BUKOPHCTAHI [T MAIIMHHOTO HABYaHHSI IHTEJIEKTyalIbHUX CHCTEM HEpYHHIBHOIO KOHTPOIIIO.

Knrwuoei croea: iHbopMamiiiHi TEXHOJIOTIT; KOMIT IOTEpHE MOJAETIOBAHHS; OararomapoBa KOHCTPYKIIis; KOMIIO3UTHI MaTepiaim;
HepYyHHIBHUI KOHTPOJIb; Ne(eKTOCKOMis; iHTepdepoMeTpist; TEIIIOBHI KOHTPOIIb
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Annotamus. Ienxsio pa®oTsl sBISeTCS pa3BHTHE HHPOPMAIIOHHO-M3MEPUTENBHBIX TEXHOJOTHI KOHTPOJS MHOTOCIOHHBIX
KOHCTPYKIMI M3 KOMITIO3UTHBIX MaTtepranoB. O0beKT nccaeq0BaHUsI — KOMIIBIOTEPHBIE MOJETIH 00BEKTOB U MX M300paKeHHH IIpH
NIPUMECHEHUM TEIUIOBBIX U ONTHYECKUX METOJOB KOHTPOJSI. AKTYaJbHOCTh M NPAKTHYECKAsd 3HAYMMOCTb MHCCIICIOBAHUS
00yCIIOBIIEHS HIMPOKMM HCIHOJIB30BaHHEM KOMIIO3UTHBIX MAaTepHaloOB B BBICOKOTEXHOJOTMYECKHX OOJIACTSAX, A1 KOTOPBIX
XapaKTepHbl aKTUBHOE BHEAPEHHE HOBEHIINX MAaTEpPHANOB M OTCYTCTBHE CEPHHHOro mpoumsBoacTBa. HayuyHasi HOBH3HA pabOTHI
COCTOHT B TOM, YTO OLIEHKA JJOCTOBEPHOCTH PE3YJIbTATOB KOHTPOJS OCYIIECTBIIICTCS Ha 3Tale MPOSKTHPOBAHUS MH()OPMAIIMOHHO-
M3MEPUTETbHON TEXHONOTHH. /[l pelleHus MOCTAaBIEHHOW 3aJadd MPesIoKEeHO Ha 3Tale MPOEKTHPOBAHHA HWH(OPMAIIMOHHO-
W3MEPUTETbHONH TEXHOIOTHH IIPUMEHSITh KOMOMHHPOBAaHHOE HCIIONB30BAaHUE OKCICPHMEHTANBHBIX M PACUETHBIX ITAHHBIX,
MIOJTYYEHHBIX C ITOMOINBI0 COBPEMEHHBIX METOH0B KOMNBIOTEPHOT0 MOJEIMPOBAHHS HANPSHKEHHO-Ie(POPMHUPOBAHHOTO CTaHA
00BEKTOB KOHTPOJIS IPU Pa3HBIX YCIOBUSX HAarpyXeHHs. Yd4eT KOHCTPYKTHBHBIX U (DPM3MKO-MEXaHHYECKHX CBOWCTB KOHKPETHOM
KOHCTPYKIIMM IO3BOJISIET OOECIICYNTh BBICOKYIO JOCTOBEPHOCTH pE3YJIBTaTOB KOHTPOJS. Pe3ynbTaTbl  KOMIBIOTEPHOTO
MOJZIEINPOBAHHS MOTYT OBITh HCIIOJIL30BAHBI Ul MAIIMHHOTO 00YYEHNS MHTEIUIEKTYaJIbHBIX CHCTEM Hepa3pyIIalomero KOHTPOIs.
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Introduction

The development of domestic high-tech industries and
the competitiveness of their products in world markets is
impossible without the use of new materials and
production technologies. In turn, this leads to the need to
create new measuring technologies that ensure
compliance of products with the requirements of
international quality standards. The problem of quality
assurance in the aerospace industry is particularly relevant
considering the increased safety and reliability
requirements of products and significant economic losses
in the event of destruction of a defective structure. In
addition, in these industries, composite materials are
actively used, the characteristic of which is the increased
strength  while reducing the total weight. But the
peculiarity of such materials is the complexity of ensuring
the stability of the physics-mechanical characteristics of
the material and the technologies of their production, as
well as the impossibility of using traditional statistical
methods for evaluating the control data due to the
uniqueness of the products and the lack of serial
production. Thus, there is a problem of the creation and
introduction into the production process of information-
measuring technologies, which will allow the most
reliable assessment of responsible physical and
mechanical parameters and properties of materials, nodes
and parts at all stages of product manufacturing.

An analysis of the current state of problem solving

A detailed analysis of technological defects arising in
the manufacture of aircraft structures and products of
rocket and space technology from polymer composite
materials is given in works [3, 4]. Methods of
mathematical modeling are actively used to study the
processes of deformation and the influence of defects on
the performance of nodes and aggregates of aero-space
structures [2, 4].

The basic methods by which the testing of products
is carried out are recommended by the standard ASTM
E2533 - 09 [6]. It defines as the main methods of non-
destructive testing in the aero-space industry the
following methods: acoustic emission, ultrasonic
testing, computer  tomography, thermography,
radiographic methods (radiography, digital and
computer radiography, radioscopy), optical methods
(shearography, visual testing). Each of these methods
has its advantages and limitations. In particular, the
acoustic emission does not allow to detect "inactive"
defects, that is, those that do not develop. Radiation
methods require access from both sides of the tested
object. Acoustic methods, due to the considerable
extinction of mechanical vibrations, can not be used,
for the most part, to test structures manufactured using
carbon fiber plastics. In addition, the difference
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between the surface of the tested object and the plane
may be a significant limitation.

The greatest complication when using acoustic and
infrared testing methods is the need to pre-adjust the
devices on the control samples. This requires the full
compliance of the physical and mechanical properties of
the control sample and the product being controlled.
Such disadvantages are deprived of methods of optical
interferometry  (shearography, speckle-interferometry,
holographic interferometry). This led to the active
development of measuring technologies and the creation
of multiple devices that implement these methods.

It should be noted that despite the presence of
sufficient number of proposals in the market of devices
for interferometric testing, measuring technologies for
specific products should be developed taking into
consideration the peculiarities of their design and
manufacturing technology.

One of the most common types of designs for the
creation of aero-space products is multilayered
composite structures. Thus, the problem arises of
creating highly informative measuring technologies for
their testing, ensuring the high reliability of the results.

Description of the research

To solve the problem, it is proposed to analyze the
impact of the testing type, the size and location of
defects on the testing results before the start of the
creation of the measuring technology itself using
computer simulation of the deformed state of the object.

For simulation of composite structures and analysis
of their behavior, CAE systems MSC.Patran-Nastran,
ANSYS, SolidWorks [1] are most commonly used. In
this paper, SolidWorks software simulation was carried
out to analyze deformation process under the action of
the most common types of loading of objects during
non-destructive testing, namely heating by infra-red
radiation, vibration load and vacuuming.

As a tested object, a multi-layered structure was
chosen, which was a glued plate of 10 layers of Getinax
sized 180x80 mm? each with a thickness of 0,6 mm with
"non-adhesive" defects between the layers. In the design
model, 10 defects of square shape were modeled, with
half of them having an area of 20x20 mm?, while others -
10x10 mm? The defects were placed between contiguous
layers of the plate in the upper part in pairs so as not to
overlap each other, with defects number 9 and number 10
between the two upper layers (Fig. 1).

Fig. 1. Diagram of the defects location in a model

To evaluate the informativity of the testing results
and compare the efficiency of different types of loads,
simulation of structure deformations, which arise under

the influence of infrared radiation, vibration load and
vacuuming, was carried out.

Infrared testing is one of the most common types of
non-destructive testing of multilayer structures. Fig. 2
shows the calculated thermogram of the model
described in the multilayer design with infrared load.

Fig.2 Thermogram of the surface of the tested object in
the presence of “non-adhesive” between layers

It should be noted that the result of infrared testing
for multi-layered structures depends to a large extent
on the thermal resistance in the location of
dyslamination, therefore, usually for the responsible
parts, in addition to infrared testing, optical
interferometry testing methods are used. In this case,
the load of the object is carried out, using, as a rule,
infrared radiation, vibration and vacuuming.

An important stage in the development of
measuring technology for interferometric testing of
multilayer structures is the creation of the calculated
interference portraits of the tested object. The
conclusion on the presence of a defect in the tested
object and its location can be made by the presence of
abnormal zones on the object surface image, which are
closed systems of interference fringes, configuration
and density of which depend on the shape, size and
depth of the defect location.

The main informative parameter for the methods of
optical interferometry, which makes it possible to give a
quantitative estimate of the stress state of the tested
object, is the value of the displacements of the object
surface points due to deformation, which leads to a
change in the phase of the wave front and the formation
of interference fringes. In the SolidWorks software
environment, it is possible not only see the qualitative
picture of the deformation, but also to determine the
value of displacement for an arbitrary point of the object
surface for a given load level (Fig. 3).

Fig. 3. Determining the value of displacement for the
points of the tested object surface

When using testing methods based on high-resolution
interferometry  (shearography, speckle-interferometry,
holographic interferometry), the presence of a defect can
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be determined only when the displacements of the surface
points are not less than the sensitivity of the device or the
experimental setting by which testing is carried out. Thus,
using this model, it allows to determine the minimum
level of load required to show all defects, the size of
which exceeds the permissible according to the technical
requirements.

At the same time, the possibility of using certain
load value is determined. As a rule, the requirements
for the technique of non-destructive testing assume that
the load of the object during the control should not
exceed 5% -10% of the fracture load. That is, by
simulating the deformation process of the tested object
at different load levels, one can determine its required
value to ensure the reliability of the testing data and the
integrity of the tested object.

The calculated interferogram of the object under
thermal load (Fig. 4) has only five anomalous zones,
the location of which corresponds to the layout of the
defects in the model design, with two of them,
corresponding to defects number 2 and number 3,
located more than three layers from surfaces, appear
very vague. The analysis of the figure leads to the
conclusion that the thermal load for testing of such a
design is not effective enough, since only defects of
large size are detected. In this case, even large defects
located at a sufficient distance from the surface almost
do not affect the configuration of interference fringes.
That leads, with insufficient qualifications of the
control operator, to the possible defect passage.

().

Fig. 4. Interferogram of the tested object surface
during heating in the presence of defects of “non-
adhesive "type between layers

The results of simulation of the structure load with the
help of vibrations (Figure 5) lead to the conclusion that
the detection of defects of the “non-adhesive” type is
possible only for forms of higher order oscillations. This
is confirmed by the calculated interferograms (Fig. 6).

Fig. 5. Estimation models of various forms of
oscillations of the multilayered structure with defects
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Fig. 6. Estimated interference portraits for various forms
of oscillations of the multilayered structure with defects

Analysis of calculation models shows that, as with
a thermal load, only defects of a large size located near
the surface are detected. It can be assumed that an
increase in the intensity of the oscillations and their
frequency will lead to more effective detection of
defects, but with this there are problems ensuring the
integrity of the tested object and stability of the
elements of the interferometer.

In the simulation of deformations of the structure
under vacuuming loading, as an input parameter, the
modulus of elasticity of the Getinax was used in the
range from 9,8 to 17,1-10% MPa, the vacuum load value
equal to 3-10° MPa.

The result of the simulation is presented in Fig. 7.

Fig. 7. Calculated model of surface displacement of tested
object under the influence of vacuum load in the presence
of defects of “non-adhesive” type between layers

With  non-destructive  testing of multilayer
structures, it is essential not only to determine the
presence, location and size of defects, but also to
determine the defects location depth. A series of
computational  experiments was conducted to
investigate how the defect location depth affects the
deformation of the surface. Having made such a
simulation, one can determine the dependence of the
displacement value on the location depth and the defect
area at a given load level (Fig. 8, 9).

Fig. 8 Model of deformation at a vacuum load in the
presence of defects under the second layer of Getinax
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Fig. 9. Model of deformation at a vacuum load in the
presence of defects under the fourth layer of Getinax

In fig. 10 is the result of calculating the interference
image for the model under study at a vacuum load,
which clearly revealed all the defects.

r@ @
(OB B OR O

Fig. 10. Computer model of the holographic
interference image of multilayered construction in the
presence of “non-adhesive ” defects

The simulation results not only confirmed the
possibility of testing this construction by the method of
holographic interferometry, but also demonstrated a
clear dependence of the density of interference fringes
on the depth of the defect location. Thus, we can
conclude that the vacuum load is optimal for testing the
multilayer construction by interferometric methods.

Computer simulation of tested object surface images,
obtained by applying different loads, allows you to
create a digital atlas of design defects. Defects atlas can
be used to create intelligent non-destructive testing
systems at the stage of machine learning. An example of
such a system is the visual quality control system

developed by IBM, which is based on the image
recognition of tested objects using big data analysis
technology Watson Analytics [5].

The results of computer simulation of interference
images are also proposed to be used for control samples
quality control for acoustic testing. In the presence of
deviations of the interference image of a control sample
obtained during an experimental test, from an image
created by computer simulation, it can be argued that the
physical-mechanical characteristics of the control sample
differ from the technical requirements, resulting in a
decrease in the reliability of testing.

Summary

The results of computer simulation of the object
deformation process allow to carry out a preliminary
examination of the possibility of using the selected
methods and devices of non-destructive testing for
products considering their physical and mechanical
properties.

In the process of modeling, the optimal level of
load is detected and the dependencies between the
informative  parameters of testing and the
characteristics and conditions of the load applied to the
tested object are established. This allows you to
increase the informativity and reliability of testing.

Preliminary modeling of testing results considering
physical and mechanical properties of a tested object
allows to establish the conformity of a real object to the
technical requirements, registered in the
documentation. This allows to improve the quality of
manufacturing of control samples used for acoustic
testing.
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