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Introduction. Composite materials (CM) are widely used in modern aircraft production. Due to the specificity of CM
properties, thermal nondestructive testing (TNDT) is the most promising method for detection of flaws in aircraft construc-
tion elements made of CMs. Until now, TNDT has not been implemented in the Ukrainian aircraft industry.

Problem Statement. To study the dynamics of excess temperature fields on the surface of CM test samples using the
active thermography.

Purpose. To develop a technique for optimal detection of defects in CM elements and estimation of defect parameters.

Materials and Methods. The fiberglass and carbon fiber test samples with the most dangerous and frequent defects at
various depths are to be studied. To detect the defects and to determine their parameters, the method of optimal observation
of their image temperature contrast was used after stimulating the samples by thermal pulse of finite duration (0.2—3 s).

Results. Experimental dependences of temperature contrast for each defect image as function of observation time have
been obtained under various regimes of thermal stimulation and positions of reference (defect-free) area. Requirements for
the thermal pulse parameters have been elaborated. Algorithms for optimal processing of thermal images sequence have
been designed. A protocol of procedure for the TNDT of aircraft CM elements without metallized layers has been developed.

Conclusion. 90% defects and depths of their location have been detected using technical means without special re-
quirements to their response time. To detect the remaining 10% defects (in air-filled honeycomb samples and in samples
with metallized layers), a thermal stimulation source with a shorter pulse duration and a thermal imager with a higher frame
rate are required because of high relaxation rates of the excess temperature fields.

The study was supported by the NAS of Ukraine in the framework of research project «Development of Infrared Diagnos-
tic Complex and Procedure for Detecting Defects in Composite Materials of Aircraft Elements and Other Equipment».

Keywords: thermal nondestructive testing, composite materials, and aviation.

Due to their unique properties such as durabil- | For instance, the share of composite materials in
ity, strength, light weight, resistance to corrosion | the total weight of well-known B787 Dreamliner
and fatigue, etc., the composite materials (CM) | aircraft by US Boeing Commercial Aircraft (BCA)
[1] are widely used in manufacturing advanced | and A380 airbus by European Airbus SE exceeds
passenger and military aircrafts and helicopters. | 50%. The share of composite materials in the weight

of advanced small aircrafts reaches 65%. For ex-
© ?gﬁgggg%ﬁ\;gﬁ&%ﬁg\%{%ﬁNI ample, in Diamond, Grob and other aircrafts only

DZESHULSKAYA, LL, and IVANKO, Y.F , 2018 engines are made of metal. The nodes and aggre-
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gates of composite materials are used in Russian
Superjet100, IL96, TU204, in Russian and Ukrai-
nian helicopters Ka52 and MSB2 and many others.

However, specific defects related to both man-
ufacture (intrinsic flaws) and operation (custom-
er induced damages) are inherent in the items
made of composite materials. They are invisible
on the surface of CM elements, but can lead to a
crucial weakening of the structure and, conse-
quently, to a catastrophe.

The conventional methods of nondestructive
control often do not give a full understanding of
defects of CM parts because of their specific
structure, composition, and thermal physical pro-
perties [2]. As of today, the nondestructive ther-
mal control (TC) method is considered by lead-
ing air- and spacecraft manufacturers among the
most promising ones in flaw detection of CM parts
[2—5], and both BCA and Airbus SE currently are
using the TC as standard method for flaw detection
of some fiberglass and carbon plastic structures.

The TC method is based on visualization and
analysis of temperature field dynamics on the
surface of controlled object using special techni-
cal means and algorithms. Usually, the inspected
surface is preheated by a single thermal pulse or
their sequence (the active TC) [6]. In this case,
information about intrinsic damages and their
parameters is contained in amplitude and time
characteristics of thermal field in each point of
the surface. The most effective is heat stimulation
of the object by a very strong (energy density of do-
zens kJ /m?) and short (several milliseconds) pulse.

Therefore, the corresponding devices from lea-
ding manufacturer Thermal Wave Imaging Inc. (TWT)
[7] include high-frequency frame thermographers,
halogen- or pulse xenon-based heaters, as well as
computer system for data collection and processing.

It should be noted that all foreign technologies
for TC in aviation are know-hows of their devel-
opers and created for specific composite materi-
als. Although the thermal control is considered
the most promising method for nondestructive
control used in aerospace industry for CM flaw
detection it has not been applied in Ukraine. The-

refore, the researches concerning the development
and implementation of methods for thermal diag-
nosis of CM structural elements in the national
aircraft-building are very important.

This paper contains results of experimental
study of thermal processes on the surface of com-
posite material samples. The study aims at devel-
oping a method (protocol) for optimal detection
of intrinsic flaws and determination of their pa-
rameters. It is a stage of creation of domestic
technology for thermal control (devices and
methods) within the framework of R&D innova-
tive project of the NAS of Ukraine «The Creation
of IR Diagnostic Complex and Methods for De-
tection of Flaws in Composite Materials of Air-
craft Elements and Equipments.

The research has been made in cooperation
with Kharkiv State-Owned Aircraft Manufac-
turing Corporation (KSOAMC).

MATERIALS AND METHODS
OF THE RESEARCH

The studied reference samples were given by
KSOAMC Nondestructive Control Laboratory.
They were flat plates either continuous solid or
honeycombed, made of fiberglass or carbon plas-
tic and their combinations in accordance with
real parts of aircraft structures. Each sample had
several steps with different thickness (from 1 to
25 mm), the intrinsic flaws typical for given ma-
terial and most frequently occurring in manufac-
ture and operation of aircrafts were made inten-
tionally at various depths. The most defects are
delamination (air gaps of 0.1—0.2 mm between
the layers with an area over 1 cm?), the most dan-
gerous and widespread defect of composite mate-
rials used in aviation [5].

The active TC method was used to detect flaws
and to determine their parameters. The so-called
one-sided control, when heating and image re-
cording were made on the same side of the object,
was chosen as most appropriate mode to the real
test conditions in aviation [5]. Fig. 1 shows the
arrangement of means and objects of control used
in the experiment.
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The so-called amplitude approach was imple-
mented. It is based on the analysis of temperature
dynamics on the sample surface in the defect free
area T, (x, y, t) and in the defect projection T, (x,
y, t) after heating the object by a single thermal
pulse of finite duration ¢ . Fig. 2 [5] shows typ-
ical time dependences of surface temperature
above the defect and the defect free areas.

While heating, the excess temperature on the
front side of the object grows and reaches its peak
at time ¢ corresponding to the end of thermal
pulse. At the stage of surface cool-down, heat
wave propagates deep into the sample and heat
exchange with environment takes place, the ex-
cess temperature drops down to zero. The differ-
ence in thermal physical properties of material in
the defect and the defect free areas leads to differ-
ent conditions for heat wave propagation. As a
result, the excess temperatures on the surface
above these areas and their time dependences dif-
fer as well. In the area above the defect, a regular
thermal field changes, with a local temperature
signal appearing AT (x, y, £) = T, (x, y, t) — T (x,
y, t). It is called absolute temperature contrast
and measured in temperature units. Time depen-
dence of temperature contrast has a maximum
AT reached at a certain time t__ that is optimal
defect observation time (Fig. 2). Both parame-
ters, AT _andrt ,dependonflawlocation depth
and geometric size, thermal physical properties of
the material and are basic informative parameters
of the amplitude TC method.

It should be noted that as the duration of ther-
mal pulse increases the excess temperature above
the defect and the defect free areas can differ sig-
nificantly as early as at the stage of heating (Fig.
2). In the case of long heat stimulation, the maxi-
mum local temperature signal can appear while
heating, and optimal conditions for flaw detec-
tion will not be reached at the stage of cool-down.
Therefore, while designing the heat source, in ad-
dition to its energy properties, it is necessary to
take into account the required speed of response.

For the ideal semi-infinite object heated by
Dirac pulse, the optimal time for detection of in-
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Fig. 1. Arrangement of control means and objects: 1 — refe-

rence sample, 2 — studied area of surface, 35 x 35 cm?, 3 —

intrinsic flaw, 4 — IR source with a reflector, 5 — heat flux
interceptor (shutter), 6 — thermograph, 7 — PC
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Fig. 2. Change in temperature of sample surface above the
defect and the defect free areas

trinsic flaw (material discontinuity) can be de-
termined as time for which the heat wave reaches
the flaw, reflects from it and comes back [5]:

T =P/a, (1)

where [is defect location depth, a = 1/Cp, (m?/s)
is material temperature conductivity coefficient,
4 is heat conductivity coefficient, Cis heat capac-
ity, and p is density.

Formula (1) can be used for estimating the air
defect location depth if it does not exceed the
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half-thickness of the object, at a very short ther-
mal pulset,, >>¢ . wheret , ~5—10 ps.

If the pulse duration is comparable to, but still
less than the optimal observation time t, > ¢

ulse
(see Fig. 2), the formula below can be used: !
P=a(t, —t ).(2)

The minimum depth of defect location in the
studied samplesis/ .~ 0.7 mm; maximum tempe-
rature conductivity and heat conductivity of car-
bon plastic and fiber glass samples across the lay-
ersare a~ 4.7 x 107 m?/sand a~ 1.4 x 1077 m?/s,
respectively. Then, maximum durations of ther-
mal pulses required for stimulation of samples in
order to detect flaws located at minimum depth
can be estimated as ¢, <1sand ¢, <35sfor
carbon plastic and fiber glass samples, respectively.

The estimate has enabled not to use expensive
xenon pulsed flashbulbs that are conventionally
used in TC for heat stimulation of metals or com-
posite materials with metallic layers. Electric hea-
ter shaped as a flat helix with reflector and me-
chanic interceptor of heat flux was used as ther-
mal stimulus. The IR radiation density of the

heater was P ~ 10* W/m?2 The interceptor en-
abled to from single pulses of heat flux with a du-
ration of 0.25—20 s and, correspondingly, with an
energy density Q ~ 2.5 x 103—2 x 10° J/m?2. Also,
matrix of four IKZ-500 E40 IR reflector lamps
with the same interceptor was used.

Rather low rates of relaxation of excess thermal
fields on the studied surfaces made it possible to
use thermal imagery devices without any special
requirements for their speed of response. The two
thermal imagers, the one based on uncooled matrix
of detectors with a format 384 x 288 elements and
a frame frequency of 20 Hz [8] and the other with
mechanical scanning based on single-element coo-
led detector and a frame frequency of ~ 1 Hz [9].

Both devices were designed by the authors of
this research, which enabled to maximally adapt
their hardware and software components for the
fulfillment of assignment.

RESULTS OF STUDYING THE THERMAL PROCESSES
ON THE SURFACE OF REFERENCE SAMPLES

The main task of this stage was to develop op-
timal algorithms for detecting each defect and

Fig. 3. Detection of flaws in monolithic four-step carbon plastic sample: @ — appearance of the sample with marked positions

of ten flaws; b — sample backside coated with organic plastic; ¢ — thermogram of sample fragment in 4 s after the end of

thermal pulse; d — summary thermogram of 50 consecutive thermograms; e — summary thermogram with suppressed thermal
pulse distortions and false reflections
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determining its precise localization, shape, size,

and depth of location.

An IR-imaging study of dynamics of excess
thermal fields on the surfaces of all reference sam-
ples at different power and duration of thermal
pulses. Before the start of thermal pulse, a ther-
mogram was recorded to be used for further pro-
cessing thermographic film to count external flaws,
reflections, etc. Synchronously with the start of
pulse, a sequence of 30—100 thermograms of sur-
faces were automatically recorded each 1.5 s. The
thermograms were processed using methods for
image processing and analyzed by mathematical
methods given in [5].

The detection of flaws and determination of
their parameters are shown below, by example of
the two samples:

+ monolithic four-step carbon plastic sample coa-
ted with organic plastic material and having
ten reference flaws at different depth;

+ monolithic four-step fiberglass sample having
six reference flaws.

Fig. 3 features the appearance of carbon plastic
sample with marked location of flaws and the back-
side coated with organic plastic (a, b), a sample
thermogram made in 4 s after the end of 2 s ther-
mal pulse (¢), and summary thermogram of 50 fra-
mes (d). One can see that summing up of all sequ-
ence of thermograms not only increases the sig-
nal/noise ratio reducing the uncorrelated noises
N times, where N is number of thermograms [5],
but also features thermal imprints of all flaws lo-
cated at different depth on the summary thermo-
gram. The deduction of the first thermogram recor-
ded at the end of pulse from the summary ther-
mogram (Fig. 3, e) enables to decrease irregulari-
ties of thermal field caused by spatial distortion
of thermal pulse and false reflections. For example,
on the thermogram (Fig. 3, e), there is neither hy-
pothermic stain that is reflection of cryostat cold
window on the sample surface (shown by black
arrow), which is observed on the preceding ther-
mograms, nor radial distortion of thermal field.

To determine the depth of location of each de-
fect, the time dependences of surface temperatu-
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Fig. 4. Dynamics of average temperature of carbon plastic

sample surface areas above the defect and the defect free

regions and corresponding time dependence of flaw thermal

contrast. The inset shows thermal image of the flaw with

marked areas where average temperature above the defect
and the defect free regions are measured

res in the projection of the defect and the reference
(defect free) area have been analyzed. To reduce the
measurement error, changes in average tempera-
tures of the sections above the defect and the defect
free parts having the same area were considered.

Fig. 4 shows time dependences of temperature
on the surface of 3.8 mm thick step in the projec-
tion of flaw no. 5 (located at a depth of 1.25 mm)
and temperature above the defect free area of the
same step. The pulse duration is 1s. The areas of
6 6 pixels where average temperature is measured
are shown T, and T, are given in the flaw ther-
mogram (inset). As the time dependence of tem-
perature contrast AT shows, the flaw maximally
manifestsitselfat t_ = 4.5sthat agrees well with
an estimate based on the formula (2): ().,
= 4.7 s, at a temperature conductivity of the sam-
plea=4.2x10"7m?/s.

Fig. 5, a features measured time dependences
of temperature contrasts for flaws No. 2, 3, 4, 7,
and 8 (see Fig. 3, a) located at a depth 1.1, 1.5, 2,
2.3, and 4.3 mm, respectively, in the two steps
having a thickness of approximately the same
thickness (5.5 and 6 mm). The thermal pulse du-
ration is 1.5's.

Fig. 5, b shows an experimental dependence of
optimal observation time on the location depth
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Fig. 5. Dependence of informative parameters on flaw location depth: @ — dynamics of temperature contrast for flaws located
at different depth in the carbon plastic sample; 5 — dependence of optimal observation time on flaw location depth: A —
experiment data, B — estimate based on the individual inversion function [5], C — estimate based on the formula (2)

Fig. 6. Thermograms of monolithic four-step fiber glass sample with six flaws: @ — summary thermogram of the whole
sample; b — thermogram of sample fragment made at the optimal time of flaw No. 3 manifestation; ¢ — summary sample
thermogram after deduction of the first thermogram (the white arrow indicates a thermal imprint of the cave)

(A), a dependence obtained using the individual
inversion function: /[mm] = -0.005+0.177t__+
0.00424 (t_ ) proposed in [5] for determining
the parameters of delamination in a similar 5 mm
thick carbon plastic sample (B), and a depen-
dence based on the estimate formula (2) (C). It is
clear that the dependences A and B have a similar
character. The experimental data (A) are de-
scribed by the polynomial: / [mm] = 0.0286 +
+0.1585t  +0.0115 (t, )% A difference in de-
pendences A and B is explained by different ther-
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mal physical properties of the samples. At the
same time, the estimate dependence C radically
differs from the experimental curve A starting
with a depth of 1.5 mm and more.

Fig. 6, a bears a thermogram of the four-step
monolithic fiberglass sample (with six reference
flaws) stimulated by a 2 s thermal pulse. The
thermogram was obtained by summing up all film
frames (the flaws are numbered with digits). Fig.
6, b features a thermogram of sample fragment at
the time of maximum contrast for the flaw No. 3

ISSN 2409-9066. Sci. innov. 2018, 14(2)
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located at a depth of 0.8 mm in a 2.5 mm thick
step. The location depth of flaw No. 3 as estimat-
ed by the formula (2) based on experimental op-
timal observation time for this flawt  =4.5s s
[, = 0.7 mm that does not contradict the location
depth of this flaw as given in the specification. Fig.
6, ¢ shows a fragment of resulting thermogram ob-

tained by summing up all thermograms with the
first thermogram of the sequence deducted.

On the thermogram (Fig. 6, ¢) the arrow indi-
cates a thermal imprint of reference flaw No.6 (a
cave in material on the reverse side of article hav-
ing a diameter D = 10 mm and located as deep as
1 mm from the studied surface of 2.8 mm thick
step. A time dependence of temperature contrast
measured for this flaw (Fig. 7, curve B) gives an
optimal observation timet_~12s.To determine
the characteristics of the flaws of this kind Shep-
ard and his coauthors [10] proposed a heat trap
model in whicht__isinterpreted as time required
for filling a cylinder having the base and the
height equal to the flaw area and location depth,
respectively, with incident thermal radiation. The
location depth as estimated using this model is
I, =axt, /oDV2=0.035mm that is significan-
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Flaws
a b c

2

=
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Observation time, s

Fig. 7. Time dependence of temperature contrast of the cave

located at the edge of monolithic fiber glass sample. The in-

set shows a thermogram of sample fragment with indicated

areas for controlling dynamics of their average temperature.

The measurement accuracy is determined by IR imager sen-
sitivity: 6 = £0.1 °C

tly less than that in the specification /=1 mm. An
estimate based on the formula (2) gives a better
agreement: [ =[a (t,, —¢ ,)]"*=1.14 mm.

It should be noted that the measured values
t_and, correspondingly, the location depth cal-

max

culated on their basis depend on the position of

Fig. 8. Reference samples with undetected flaws: @ — a honeycomb structure partially filled with foam rubber, with seven

flaws in the front and back walls of 2 mm-thick monolithic organic plastic material; b — a honeycomb air-filled structure of

three-layer fiberglass; ¢ — a honeycomb structure partially filled with foam rubber, with metallized walls. The undetected
flaws are indicated by arrows. Directions of thermal stimulation and survey are shown schematically as well

ISSN 2409-9066. Sci. innov. 2018, 14(2)
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reference (defect free) area with respect to the

defect area and on the distance to edges. Fig. 7

shows time dependences of thermal contrast of

the cave. The dependences are obtained for three
different positions of the reference area chosen at
equal distances from the flaw. The positions of
reference areas A, B, and C are shown in the inset
of Fig. 7. It appears that the position of reference
area influences both contrast amplitude and time
of contrast maximum, with t __varying by several
seconds. Correspondingly, obtained values of flaw
location depth will differ as well. Obviously, this
is explained by non-uniform longitudinal heat
diffusion as a result of different conditions for
heat removal for the sample of finite size. The ef-
fect of position of the reference area was taken
into consideration in the study and TC protocol.

As a result of experimental research of thermal
processes, the majority of flaws have been detected
on the surface of 20 reference fiber glass and carbon
plastic samples. Seven flaws in three sample have
not been detected (Fig. 8). They are as follows:

+ 2 flaws located in the 2 mm thick back wall
made of organic plastic in 17 mm thick honey-
comb sample with empty cells (Fig. 8, a). Ac-
cording to the authors, the flaws cannot be de-
tected by the single side TC method because of
specific configuration of the sample;

+ 3 flaws located in the 1 mm thick fiber glass
front wall in the 18 mm thick honeycomb sam-
ple with empty cells (Fig. 8, b). The flaws have
not been detected because of their location
near the back wall surface. In this case, heat
fluxes reflected from the flaw and the back wall
of defect free area create small temperature
contrasts on the sample surface, which are in-
distinguishable by IR imaging method.

2 flaws in the front metallized wall of honey-

comb fiber glass sample with cells filled with

foam rubber (Fig. 8, ¢). At the used pulse dura-

tions, the flaws are not detected because of a

high relaxation rate of excess thermal fields on

the metallic layer.

Similar measurements were made for all refer-

ence samples with given location depth of the flaws.
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It should be noted that the location depths calcu-
lated by estimate formulas based on experimentally
obtained optimal observation time often do not co-
incide with those given in the sample specification.
Therefore, for the real manufacturing conditions
the authors recommend to use in the TC procedure
the reference dependences / = f(t__ ) obtained by
approximation of reference measurements for spe-
cific structural elements having different thermal
physical properties, size, heat removal conditions.

Since the equipment did not enable to detect
10 % of the flaws, now the works are focused on
designing specialized diagnostic complex consist-
ing of a heater in the form of nine xenon discharge
bulb matrix, an original high-speed thermograph,
and an original software for control and automat-
ic data processing.

CONCLUSIONS

As aresult of the research, requirements for the
parameters of thermal pulse (power, duration,
spatial homogeneity, etc.) have been established
and algorithms for optimal processing of obtained
thermogram to detect the flaws of delamination
type with a thickness of 0.1—0.2 mm and to de-
termine the depth of their location have been de-
veloped. Based on the obtained results a TC pro-
cedure protocol as additional nondestructive
control method for the structural elements made
of composite material without metallized layers
has been developed and implemented at KSO-
AMC. The proposed procedure includes:

+ Use of IR heater with heat flux interceptor and
thermal imaging device without any special re-
quirements for speed of response;

+ Stimulation of object by maximally uniform ther-
mal pulse (due to the configuration of radiator
and reflector) of finite duration (¢ < 1's) and
with a power sufficient for sustainable obser-
vation of thermal contrasts of the flaws, but
not causing thermal destruction of the studied
objects (the maximum temperature on the sur-
face must not exceed 100 °C);

+ Automatic record of the sequence of, at least,
50 thermograms of the surface area studied;

ISSN 2409-9066. Sci. innov. 2018, 14(2)
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+ Use of the first thermogram for taking into ac- | and fiberglass structural elements of aircrafts. This
count the non-uniformity of incident radiation; | confirmed a high efficiency of the thermal con-
+ Use of summing up and averaging of all ther- | trast method for TC of solid composite elements
mogram sequence in order to increase the sig- | without metallized layers even using rather cheap
nal/noise ratio and to simultaneously detect | technical means without any special requirements
the flaws located at different depth on the sum- | for speed of response. However, to detect some flaws

mary thermogram; in the honeycomb samples and all flaws in the sam-
+ Precise localization, determination of shape and | ples with metallized layers it is necessary to use a
size of all flaws detected; source of thermal stimulation with a shorter pulse

+ Analysis of time dependence of temperature | duration (for example, xenon discharge bulb ma-
contrast for each flow in order to optimize ob- | trixes) and IR imaging devices with a frame fre-
servation time; quency of, at least, 50 Hz because of high relax-

+ Determination of flaw location depth based on | ation rate of excess temperature fields.
the optimal observation time, using specially
prepared reference dependences or correspond- The research was supported by the NAS of Uk-
ing polynomials. raine in the framework of research project «Devel-
The developed method has enabled to detect | opment of Infrared Diagnostic Complex and Pro-

90% of all dangerous and widespread flaws in the | cedure for Detecting Flaws in Composite Materials

reference samples simulating real carbon plastic | of Aircraft Elements and Other Equipments.
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E.IO. Iopdienxo’, M.I. Inywyx ', FO.B. @omenko’,
L.B. Illycmaxosa’, LI /Isewynvcka?, 10.D. lsanvko?
! Diguko-rexuiunuii inctuTyT HU3bKUX Temmepatyp im. B.I. Bepkina HAH Yxpainn,
npocnekt Haykwn, 47, Xapkis, 61103, Ykpaina,
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2 XapbKiBCbKe iepkaBHe aBialliiiie BUPOOHUYE MiANPUEMCTBO,
Bys. CyMmcbKa, 134, Xapkis, 61023, Ykpaina,
+380 57 700 34 39, info@ksamc.com

JNIATHOCTUKA KOMIIO3UTHUX MATEPIAJIIB EJIEMEHTIB JIITAKIB
METOJOM AKTUBHOI TEPMOT'PADII

Beryn. Komnosuthi marepianu (KM) mrpoko BUKOPUCTOBYIOThCS Y BAPOOHUIITBI CyYaCHUX JIiTa/IbHUX artapaTiB. Ye-
pes crerdiky iX BJaCTHBOCTEH OXHUM 3 HAHOIIBIIT TIEPCIEKTUBHUX METOIB fedekTockorii Bupobis 3 KM € TermoBuii Me-
tox kouTpoJo (TK), sikuil y BiTunsHssHOMY aBiabyLyBaHHi 10 CbOTO/HI HE 3aCTOCOBYEThCSL.

IIpoGaemaTuka. EKcriepuMeHTaibHe JOCAIKEHHS AMHAMIKY HAJIMIIIKOBUX TEMIIEPATyPHUX II0JIiB Ha HOBEPXHI KOHT-
poJibnux 3paskiB 3 KM metonom aktuBHOI Tepmorpadii.

Mera. Po3pobka METOMKY ONITHUMAIBHOTO BUsIBJIEHH fe(eKTiB y Bupobax 3 KM Ta Bu3HaueHHs iX mapaMerpis.

Marepiam it Mmetoau. O6’€KT TOCTIKEHb — CKJIO- i BYTJIEMIACTUKOBI KOHTPOJIbHI 3pasky 3 3aKJIaJeHUMHU Ha PisHii
riOuHi HallbibIn HeGe3eYHMME Ta PO3IOBCIOKeHNME Jedbektamu. [1Jist BUSIBJIEHHSI ii BU3HAUEHHS apaMeTpiB AedeKTiB
BUKOPHCTAHO METO/I ONITUMAJIBHOTO CIIOCTEPEXKEHHS IX TeMIIePaTyPHOT0 KOHTPACTY IIPU CTUMYJIAIIT 3pa3KiB iMITyIbCOM KiH-
1eBoi Tpusasuocti 0,2—3 c.

Pesyabpratn. OTpUMaHO €KCIIEPUMEHTAJIBHI 3aJI€KHOCTI TEMIIEPATYPHOTO KOHTPACTY KOXKHOTO JIe(eKTy Bijl 4acy CIo-
CTepeKEHHS IIPU Pi3HUX PeXKMMaX TEIJIOBOI CTUMYJIAILII Ta OoJI0KeHH] oropHoi (6e3nedekTHoi) obmacti. Busnaueno Bumo-
'Yl JIO TIAPAMETPIB TEIIOBOrO iMityJibcy. CKIIaJeHO ajirOPUTMU OITUMAJIbHOT 00POOKU OTpUMaHuX TepMorpam. Po3pobiieHo
mpotoko nporieaypu TK eseMeHTiB MiTabHUX anmapaTiB 3 KOMIIO3UIIIHNIX MaTepiaiB 6€3 MeTaTi30BaHNX TapiB.

BucHoBkH. BukopucTanHa TEXHIYHUX 3aC00iB 63 0COOIMBUX BUMOT 10 iX MBUAKOAII 103B0JMI0 BusButu 90 % ne-
exrtiB i BusHauuTH raubuny ix sansratnus. s sussients: 10 % gedekrtiB B CTIIBHUKOBUX 3pa3Kax 3 MOBITPSIHUM 3a110B-
HEHHSIM Ta B 3pa3KaX 3 METAJII30BAHUMU IapaMu HEOOXIIHUM € BUKOPUCTAHHSI JIZKEPEJIa TEIIOBOI CTUMYJISIIIIT 3 KOPOTIIO
TPHUBAJICTIO IMITYJIbCY Ta TEIJIOBI30pa 3 BUCOKOIO YACTOTOIO KAJPiB Yepe3 BUCOKI IBU/IKOCTI pesrakcallii HaJyINIIKOBUX TeM-
1epaTypHUX MOJIB.

Hocnioacenns nposedeno 6 pamxax innoeayitinozo npoexmy «Cmeopenns inpauepeonozo 0iazHocmuunozo KOMNIeKcy i
MeMOOUKU BUABILEHHSA OeEKMi6 8 KOMNOSUMHUX MAMEPIALAX eleMenmis JIMaKie i ix ooaaonanms».

Knwouoesi cnosa: tennoBuii HepyliHIBHII KOHTPOJIb, KOMITO3UITITHI MaTepia, aBiatfis.
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JANATHOCTUKA KOMIIO3UTHBIX MATEPMAJIOB 9JIEMEHTOB CAMOJIETOB
METO/IOM AKTUBHOI TEPMOTI'PAGUU

Beenenue. Komnosutubie MaTepuasnbl (KM) mMpoKo MCIIONB3YIOTCS B IIPOU3BOJICTBE COBPEMEHHBIX JIETATEJIbHBIX all-
naparoB. M3-3a crienquduky uX CBOICTB OAHUM U3 HanboJiee TePCIeKTUBHBIX METOA0B AeheKkTocKonu uzneanii us KM
saBasieTcs TeroBoit MeTosl KoHTpousis (TK), KoTopblil B 0Te4eCTBEHHOM aBUACTPOEHUH JI0 CETOJHSIIHET0O MOMEHTA He UC-
10JIb3YETCSL.

[TpobsieMaTrKa. DKCIEPUMEHTAIBHOE MCCIe0BAHNE JUNHAMUKI M30bITOUHBIX TEMIIEPATYPHBIX MOJIEH HA TIOBEPXHOCTH
KOHTPOJIbHBIX 06pasiioB 13 KM MeTomoM akTHBHON TepMOTpadhi.

Ileas. PazpaboTka METOMMKN ONTHMATBHOTO 0OHAPY KeHusI eheKToB B uaeusax u3 KM 1 onpeziesieHust MX mapaMeTpoB.
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Marepuanst 1 Metogpl. OOBEKT HCCIAEAOBAHUIT — CTEKJIO- M YIJIEIUIACTUKOBbIE KOHTPOJIbHBIE 00PA3IbI € 3aJI0KEHHbI-
MU Ha PasHoll riybuHe HanboJee OMACHBIME M YacTO BCTpedaommmucs aedextamu. st oGHapyKeHUsT U Ompe/ieeHust
napamerpoB e(eKTOB UCIIOJIb30BAJICS. METO/[ OITUMAJILHOTO HAGJIOIEHUS] X TEMIIEPATYPHOTO KOHTPACTA IPU CTUMYJISIIUN
06pasIoB UMITYJIbCOM KOHEUHON aauTeabaocTr 0,2—3 c.

Pesyabratel. [lomyyenbl sxcriepuMeHTaIbHbIE 3ABUCUMOCTY TEMIIEPATYPHOTO KOHTPACTA KAXKIOTO eheKTa OT BpEMEHH
HaOJI0IeHKsI TIPY PasJUUYHbIX PEKMMAX TEIJIOBOM CTUMYJISAINU U TI0J0KEeHUU onopHoii (6esgedektroii) obmactu. Onpe-
JieJieHbl TpeOOBaHU K lTapaMeTpaM TeIIOBOro MMITyibca. COCTaB/IeHbl aITOPUTMbI OIITUMAIbHON 06PAGOTKI MOJTyYEeHHBIX
tepmorpamm. Pazpa6oran mportokos nporerypbl TK 2/1eMeHTOB JieTaTeIbHbIX alapaToB U3 KOMITO3UIIMOHHBIX MATEPHATIOB
6€e3 METaJLIU3UPOBAHHBIX CJIOEB.

BsoiBoapbl. Vlcrionb30BaHue TEXHUYECKUX CPEACTB Oe3 0cOOBIX TPeOOBAHUIA K UX OBICTPOIEUCTBUIO O3BOJIMIIO BHISIBUTH 90
% nedeKToB U OmpenenuTb rayouny ux 3aneranust. st obuapyskenus 10 % nedekToB B COTOBBIX 00pa3iiaX ¢ BO3/ILYUIHBIM
3aII0JIHEHUEM U B 06Pa3iiax ¢ MeTAIM3UPOBAHHBIMU CJIOSIMU TPEOYETCST HCTOIB30BaHKE MCTOYHUKA TETJIOBON CTUMYJISIIN
¢ 6oJtee KOPOTKOI JTMTETEHOCTHIO MMITYJIbCA U TEIUIOBU30Pa € BHICOKOIT YaCTOTON Ka[POB M3-3a BHICOKMX CKOPOCTEH PeJiak-
caiuy U30bITOYHBIX TEMIIEPATYPHBIX ITOJIEH.

Hccnedosanust nposedenvl 6 pamkax unHosauuonnozo npoexma « Cosdanue un@paxpaciozo ouazHocmuueckozo KOMNIEKca u
MeMOoOUKU BuLsIBIeHUsL DeDeKmO8 8 KOMNOIUMHBIY MAMEPUALAX JNEMEHINOE CAMONEMO8 U UX 000PYI08aHUSL>.

Knioueswvie cnosa: temnoBoit Hepaspyma}onmﬁ KOHTPOJIb, KOMIIO3UITUOHHbIC MaTE€PpUaJIbl, aBUAIUA.
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