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B cTaTbe NoKasaHbl BO3MOXHOCTU
HepaspyLalLwero KOHTPO/is NOANOBEPXHOCTHOM
CTPYKTYPbl pa3/IndHbIX 06bEKTOB METOA0M
MMNybCHOM TepMorpaduu. MNpeacTtaBneH psag
NpuMMepoB, U NPOBEAEH aHaIU3 UX CTPYKTYPb.
MeTopz BK/lOYaeT Harpes NOBEPXHOCTU 06bekTa
NasepHbIM U3lyYeHneM U nMpomMmeTpuyeckoe
ucciesoBaHUe 10KaIbHbIX U3ME@HEHUMN
TemnepaTypbl NOBepXHOCTU. UHPopMaLusa
M3BsieKaeTcs U3 pe3ysibTaToB Tepmorpadum,
NoJly4eHHbIX Kak B Te4eHMe NPUHYAUTE/IbHOrO
HarpeBa, Tak U BO BpeMs Moc/IeAyoLero
oxJlaxpaeHus o6pasua. OCHOBHOe BHUMaHUe

B CTaTbe yAe/1eHO AeTaisiM, BbINOJIHEHHbIM

M3 ny1acTMacc, NpUMeHsieMbiX B KayecTBe
KOHCTPYKLMOHHbIX MaTepUaJIoB B LUIMPOKOM
Kpyre usgenun.

KntoueBble c/10Ba: HEPA3pyLLAKOLLMIA KOHTPOSb,
NoAnoBEepPXHOCTHAS CTPYKTYpPa, la3epHbI Harpes,
aKTMBHas TepMorpadus
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BBEAEHUE

B MHOro4uciaeHHBIX paboTax II0 HepaspylIaio-
IeMy KOHTPOJIIO IIOJINOBEPXHOCTHOM CTPYKTYpHI
Pa3IUYHBIX O0OBEKTOB 3aMeTHOe BHHUMAaHHe YyJens-
eTCsl MeTOJy HMMIIY/IbCHOM TepMorpaduu, KOTOPBIM
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The article shows the possibilities of non-
destructive testing of the subsurface

structure of various objects by means of pulse
thermography technique. A number of examples
are presented and their structure is analyzed.
The technique includes heating the surface of

an object with laser radiation and pyrometric
investigation of local changes in surface
temperature. Information is extracted from
thermography results obtained both during
forced heating and during subsequent cooling of
the sample. The main attention in the article is
paid to parts made of plastics used as structural
materials in a wide range of products.
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INTRODUCTION

In numerous researches on non-destructive testing
of the subsurface structure of various objects,
noticeable attention is paid to the pulse thermography
technique, which consists in pyrometric recording
of surface temperature changes under conditions of
forced heating and during subsequent cooling [1, 2].
Differences in thermal diffusion in different parts of
the sample due to the peculiarities of the structure
and its inhomogeneities form a picture of the object,
which reflects the nature, composition and location
of individual components of the inner subsurface
layer.
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3aK/II0YaeTCsl B IIHPOMETPHUYECKOM PerucTpaluu
H3MeHEeHHUH TeMIlepaTypbl [I0BEPXHOCTH B YCJIOBHSIX
IIPUHYIHUTEIBHOTO ee HarpeBa U BO BpeMs II0C/IeyIo-
mero oxnaxaeHus [1, 2]. Otnuuus Tepmoauddysuu
B Pa3HBIX MecTax o6pasLa K3-3a 0CObeHHOCTe! CTPYK-
TYphl U ee HeOJHOPONHOCTer GpOPMHPYIOT KapTHHY
06beKTa, KOTOpasi OTpaskaeT XapaKkTep, COCTaB U pac-
[IOJIOKeHHEe OTAEe/bHBIX KOMIIOHEHTOB BHYTPeHHEero
IIOJIIOBEPXHOCTHOTO CJI0S.

CoBpeMeHHBIe BO3MOXHOCTH MaTeMaTH4YeCKOTo
MOZETUPOBAHUS HarpeBa 06pa3LOB CO BCTPOEHHOM
HeOAHOPOOHOCTBIO I103BOJISIOT IPOM3BOAUTDL KOJIH-
YeCTBEHHBIM aHalIHW3 OTKIHMKa IIOBEPXHOCTH, IIOA-
BeprHYTOM HKMIIYJIbCHOMY HarpeBy. Pe3ylbTaThl
pacueToB 1151 0OBEKTOB C PA3HON CTPYKTYPOL I10BEPX-
HOCTHOTO CJIOSI MOTYT OBITH B3STHI 32 OCHOBY IIpH
WHTEPIpeTALlMU TepMorpabrueckux HU306paskeHUH,
IIoJIy4aeMbIX KCIIEPUMeHTalbHO. [Iporpecc B obia-
CTH YUCIeHHBIX MeTOL0B aHa/IM3a HeCTallMOHAPHBIX
IIPOIIeCCOB TeIlJIoIlepeHoca obecrieumBaeT BO3MOXK-
HOCTH PacIIPoCTpPaHeHHUsI UMIIYIbCHOU TepMorpaduu
Ha MCCIel0OBaHHEe IIHMPOKOro Kpyra obObeKToB, pas-
JIUYHBIX I10 CBOMCTBAM U Ha3HAUYeHHUIO,

OoHOBpPEMEHHO  Pa3BUTHIO 3TOr0  MeTola
CIIOCOOCTBYIOT ~ HOCTHXKEHHsSI B  IIPOU3BOACTBE
HK-BugeokaMep, IIOBBIIIEHUS HX UYYBCTBUTEIbHO-
CTH, pa3pelleHHUs] U ObIcTpomercTBUsI. CHHUKeHHe
LleH 3THX M3AeNHH JenaeT OOCTYIHBIM IIpHMeHe-
HHUe TepMorpaduyecKUX UCCIeJOBaHUMU Bce B bonee
IIMPOKUX 06/1aCTSX.

[losgBneHHe HOBBIX TeXHHYeECKHX CpPelcTB
HMIIYJIbCHOTO HarpeBa 00pa3loB TaKke OTKpPHIBAET
HOBBIe BO3MOKHOCTU HMK-TepMmorpa¢uu B pellleHUU
INPpUKIAAHBIX 3aJa4y HepaspyLIaoIlero KOHTPOJL.
B 4acTHOCTH, 3ac/yskHMBaeT BHUMAHUS OYPHBIN POCT
KOJIMYeCTBa IpeJjaraeMblX II0JYIIPOBOAHUKOBBIX
KMCTOYHHKOB CBeTA W 3HAUYMTE/IbHOE YBe/lMUeHHe HUX
MOIIHOCTU. Ha cerogHsAIMHUN JeHb UHTeHCUBHOCTD
M3/Iy4eHUsI KOMMepUYeCKHUX CBeTOOHOLOB U II0IYyIIPO-
BOJHHKOBBIX JIa3epoB [AOCTaTOYHA Ajid 3$PeKTUB-
HOro HarpeBa 061y4aeMoM ITOBepXHOCTH B Pa3IHy-
HBIX IIPUJIOKEHUSIX MeTO/a aKTUBHOM TepMorpaduu.
I[Ipy 3TOM [OOMOJHHUTENbHBIMH IIPEHMYILEeCTBAMHU
SBJISIIOTCSL BO3MOXKHOCTH YAa/IeHHOIO BO3JeHCTBHS
U ero IPOCTPAaHCTBeHHOM JOKA/JIH3allMM, BpeMeH-
HOM MOIYISLIMKU M HeobXOAMMOM CHHXPOHH3ALIMH
HMIMITy/IbCOB, BBI6OpA ONTHMAIBHOIO CIIEKTPAIBHOTO
JHalia3oHa U3JIyYeHHUs.

B Hacrosimel paboTe pacCMOTPeHBI IIPHUMEPEI
MPaKTUYeCKUX IIPHIOKEHUN MeTofa aKTUBHOM Tep-
Morpadum O aHaJIM3a CKPBITOM CTPYKTYPBL 00B-
eKTOB IIPH HCIIOJIb30BaHMU HKMIIYJIBCHOIO Harpesa
JasepHbBIM H3ny4YeHHeM. OCHOBHOE BHHMaHHeE

Modern possibilities of mathematical modeling
of heating samples with built-in inhomogeneity
make it possible to quantitatively analyze the
response of a surface subjected to pulsed heating.
The results of calculations for objects with different
structures of the surface layer can be taken as
a basis for interpreting thermographic images
obtained experimentally. The progress in the field of
numerical methods for the analysis of non-stationary
heat transfer processes provides the possibility
of extending pulse thermography to the study of
a wide range of objects, different in properties and
purpose.

At the same time, the development of
this technique is facilitated by advances in the
production of infrared video cameras, increasing
their sensitivity, resolution and speed. The decline
in the prices of these products makes the use of
thermographic research available in increasingly
wide areas.

The emergence of new technical means of pulse
heating of samples also opens up new possibilities of
IR thermography in solving applied problems of non-
destructive testing. In particular, the rapid growth
in the number of proposed semiconductor light
sources and a significant increase in their power
deserve attention. Today, the radiation intensity
of commercial LEDs and semiconductor lasers is
sufficient for efficient heating of the irradiated
surface in various applications of the active
thermography technique. In this case, additional
advantages are the possibility of remote exposure and
its spatial localization, temporal modulation and the
necessary synchronization of pulses, and the choice
of the optimal spectral range of radiation.

In this paper, we consider examples of practical
applications of the active thermography technique
for analyzing the hidden structure of objects using
pulse heating by laser radiation. The main attention
is paid to samples of plastics used as structural
materials in mechanical engineering, chemical
industry, medicine, etc.

MATHEMATICAL MODELING

Techniques for calculating the surface temperature
of an object under study in conditions of its heating
by external radiation are well known to those skilled
in the art [2]. In this case, the specific features of
the internal structure of the sample and the set
of its thermophysical characteristics determine the
characteristic pattern of the thermal field of the
surface and the dynamics of its change in time both
during the period of exposure to radiation and during
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ymeneHo obpaslaM M3 IUIACTMAacC, IIPHUMeHsSeMBIX
B Ka4yeCTBe KOHCTPYKLIMOHHBIX MAaTepHaJIOB B MAIlU-
HOCTPOEHHH, XHMHYECKOM IIPOMBIIIIEHHOCTH,
MeIUIIMHEe U T. I.

MATEMATUYECKOE MOAE/IMPOBAHUE
MeToguKH pacueTa TeMIIEPAaTypbl IIOBEPXHOCTHU
rcciaenyemoro obbekTa B YC/IOBHSIX €ro Harpesa
BHEITHUM H3/lyYeHHeM XOPOIIO H3BeCTHHI CIeLu-
anuctam [2]. IIpu 3TOM KOHKpeTHBIe OCOOeHHOCTH
BHYTPeHHeHN CTPYKTyphl obpasiia 1 Habop ero Teruo-
GU3MUeCKUX XapPaKTePUCTUK OIIpeleNsioT Xapak-
TepHYI0 MMEHHO [JISi Hero KapTHUHY TeIJIOBOTrO I10JIS
IIOBEPXHOCTH U IMHAMUKY ee H3MeHeHHs BO BpeMeHH
KaK B IIepPHOJ BO3[EHCTBHS H3/yuyeHHs, TaK U NpHU
OCTBIBAaHMH. 3aZadya MaTeMaTH4ecKOro MOJeIHpPOBa-
HUSI COCTOMT B pacdeTe peaKkl[UH o6beKTa Ha BHEIIHee
BO3JIEMICTBHe /IS BCETO CIIeKTPa BO3MOKHBIX BapH-
AaHTOB ero BHYTPeHHeHM CTPYKTypbl. COIlOCTaB/lIeHMe
HTOrOB TAaKUX PAaCUeTOB C 3KCIIePUMeHTa/lbHBIMHU JaH-
HbBIMU HK-TepMmorpaduu sBIsSeTCS OCHOBOM /15 BBIBO-
JOB 0 BHYTPeHHEeM CTPOEHUH H3ydaeMbIX [leTalem.

IIpx paccMOTpeHUH 06paslia C IJIOCKOM GPOHTAIb
HOM II0BEPXHOCTBIO CHCTeMa KOOPAHHAT BRIOMpaeTcs
TaKUM 00pa3oM, UTO Jia3epHOe M3jIydeHHEe BO3[eH-
CTBYeT IepIeHAUKY/SPHO el BIOIb OCH Z B ITOJIOKH-
TeJIbHOM HallpaBJeHHH, a KOOpAHHAaTa IIJIOCKOCTH
paBHa z=0.

Pacmipesmenenue temiepatypsl T(x,y,z,t) B obpasue
IIOAYUHSETCSI YPaBHEHUIO TeILIOIIPOBOAHOCTH, KOTO-
poe MeeT BH[L:

@

oT *T *T 9°T
ot ’

pC—:k a?ﬁ'w‘f'a?

Ifle p - IVIOTHOCTb MaTepHana, C - yAenbpHas TeILIO-
eMKOCTb MaTepHasa, k — Ko3pPUIIMEHT TeIlIoNnpo-
BOOHOCTH. HauajibHOe ycC/lOBHe B paccMaTpHBae-
MOM CjIy4ae COOTBETCTBYeT IIOCTOSHHOMY 3HaueHMIO
TeMIIePaTyphl:

T(x,y,2,0)=T,. )
JlazepHBIN HArPeB MOLENIUPYETCS 33AAHHBIM II0TO-
KOM TeIlIa uepe3 IMepefHIO MOBEPXHOCTh, UTO COOT-

BeTCTBYeT FPAHUYHOMY yC/IOBHUIO BTOPOTO poja:

_k2
<6)2

=4(t), 3)

z=0

rae ¢(t) - GYHKIUS IVIOTHOCTH MOIIHOCTH IIOITIOIIeH-
HOTO JIa3epPHOT0 H3J/IyuYeHus, KMeIoIasi BU/:

oW, t<t
aw-{g '
,t21
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cooling. The task of mathematical modeling is to
calculate the reactions of an object to an external
influence for the entire spectrum of possible variants
of its internal structure. Comparison of the results of
such calculations with the experimental data of IR
thermography is the basis for conclusions about the
internal structure of the studied parts.

When considering a sample with a flat frontal
surface, the coordinate system is selected in such
a way that the laser radiation acts perpendicular to
it along the z axis in the positive direction, and the
plane coordinate is z=0.

The temperature distribution T(x,y,z,t) in the
sample obeys the heat conduction equation, which
has the form:

T T 9T  o°T
a_(a J a]y W

C—=k| =5 +=—5+—5

P=ot =8 o Tay? T oz
where p is the density of the material, C is the specific
heat of the material, k is the coefficient of thermal
conductivity. The initial condition in the case under
consideration corresponds to a constant temperature
value:

T(x,y,2,0)=T,. )

Laser heating is simulated by a given heat flux
through the «front» surface, which corresponds to the
boundary condition of the second kind:

k%t

az _q(t)’ (3)

z=0

where 4(t) is the power density function of the
absorbed laser radiation, which has the form

oW, t<t
t)= e
att) {O,tZT

where W is the power density of laser radiation, «
is the absorption coefficient, and t is the time of
laser exposure. On the remaining surfaces of the
sample, a boundary condition of the second kind is
set, corresponding to thermal insulation:

aT
anl,” 0, (4)
where n is the normal to the surface S of the sample.

Equation (1) together with the initial condition
(2) and boundary conditions (3,4) is the Neumann
problem, which is solved numerically using
a finite element numerical scheme on a tetrahedral
computational grid. The numerical solution uses
a standard library for solving sparse systems of linear
algebraic equations.
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rge W - IUIOTHOCTb MOIIHOCTH
Jla3epHOro H3JIy4YeHHUs, o - K03- i_|
GULIKeHT IOIJIOIeH s, T — BpeMs
JIa3epHOro  BO3JeHcTBHUS. Ha i ———
OCTaJIBHBIX IIOBEPXHOCTSIX 0bpasia
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BTOpOro ponad, COOTBETCTBYIOIIee
TeIlJIOU30JISLHH

T

¥S=0, (4)
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IJe n - HOpMasb K IIOBEPXHOCTH S
obpasma.

YpaBHeHue (1)

C Ha4aIbHBIM yC/IOBHeM (2) u rpa- 1
HUYHBIMU YCIOBUSIMH (3,4) mpen- .

cTaBysieT coboil 3amavy HermaHa, —
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MEHTHOH YHCIeHHOH CxeMBl Ha
TeTpasApPHUYeCKOHM  pacyeTHOM
ceTke. IIpM 4YHCIeHHOM pelle- d
HUH HCIOJIb3YyeTCcs CTaHAapTHas
6bubnuorera [ pelleHHs paspe-
SKeHHBIX CHCTeM JIMHEeHHBIX ajire-
bpanyecKHX ypaBHEHHUH.

Ha puc. 1 B KadecTBe IpHMe-
POB IpeiCTaBleHbl pacyeTHbIe
pacipefie/leHHs] II0OBEPXHOCTHBIX
TeMIlepaTyp [/ ABYX [AeTalel
u3 ABC-I1acTHKa, COIIOIHMepa
aKpWIOHHUTpHUIA C 6yTajgueHOM

=
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Puc. 1. PacuemHble memnepamypbl No8epxHOCmMU 06pasL,08 nocae Hazpesa Ad3ep-
HbIM U3Ay4YeHuem (memnepamypHoe noae 045 Kaxkdoz2o ppazmeHma Hopmupo-
8aHO HE3a8UCUMO)

Fig. 1. Calculated surface temperatures of the samples after heating by laser
radiation (the temperature field for each fragment is normalized independently)

u cruporom (p=1040 Kr/m3;

k=0,258 Ix/m-c-K; C=1720 [k/kr-K), KOTOpPBIH
IIMPOKO IIPUMEHSETCS B KOHCTPYHPOBAHUH 00BEKTOB
CJIO>KHOM GOPMBI ITOCPEICTBOM aITUTHBHBIX TEXHOJIO-
ruil. IlepBril obpasel] IIpefcTaBiseT cOOOK MIACTUHY
TOJIIMHON 30 MM C Ia3aMH IIMPHHOM 12 MM U pas-
JIMYHOH rnyGI/IHoﬁ oT 29 1o 25 MM (B mociemoBaTesb-
HOCTH C MHTEPBAJIOM 1 MM JIsi IO3HUIMH OT a [0 e),
a BTOpPOU - GJIOK TOM >Ke TONLIMHEBEL C OTBEPCTUSIMU
JuaMeTpoM 12 MM M aHAJIOTUUYHBIM pacllpefie/leHHeM
1o ux InybuHe.

PHCYHKH OTPakaloT JUHAMHKY IIPOLIECCOB OCTBIBA-
HUS [eTajler IocC/le IIpefBapUTeNbHOTO Harpesa
[I0BEPXHOCTH UMIIY/ILCOM JIA3€pPHOIO U3/Iy4YeHHUs JJIH-
TeJNIBHOCThI0 6O c. I[Ipu 3ToM [yIsi mepBoro obpasua
3amevatrneHsl ¢parmeHTrl (oT 1 mo 10), c1egyroniye
Ipyr 3a APYyroM C UHTepBajaoM 60 ¢, a [jis BTOPOro
IIpefCTaB/leHa aHAJIOTHYHAs I10C/IeOBATeIbHOCTD
TepMorpaMm 4yepes Kaxkzble 40 c. CyLleCTBeHHO, 4TO
HabmofaeMble MOAYISIIMM TeMIIEPATyPHOTO IIOJIS
J71s1 KOKOoro GparMeHTa HOpMHUPOBAHBI HE3aBHCUMO.

Fig. 1 shows, as examples, the calculated
distributions of surface temperatures for two parts
made of ABS plastic, a copolymer of acrylonitrile
with butadiene and styrene (p=1040 kg/m?;
k=0.258 J/m-s-K; C=1720 J/kg-K), which is widely
used in the design of objects of complex shapes using
additive technologies. The first sample is a 30 mm
thick plate with 12 mm wide slots and varying depths
from 29 to 25 mm (in sequence at 1 mm intervals for
positions a to e), and the second is a block of the same
thickness with 12 mm diameter holes and similar
distribution over their depth.

The figures reflect the dynamics of the cooling
processes of parts after preliminary heating of the
surface by a laser pulse with a duration of 60 s. In this
case, for the first sample, fragments (from 1 to 10) are
captured, following each other with an interval of
60 s, and for the second, a similar sequence of
thermograms is shown every 40 s. It is essential that
the observed modulations of the temperature field for
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Eciu B KaKABIHM i-bIFI MOMEHT BpeMeHH JIOKa/IbHbIe
TeMIepaTypsl T' HaxoAsTCs B AUAIla3oHe OT MHHH-
MaJIpHBIX 3HadeHUH T, A0 MaKCHMalbHHIX T,,, TO

BeJIMYHHBI OTHOCHTE/IBHBIX HEO/IHOPO,ELHOCTEI;I HX pac-
InpenejaeHusa MOoryT OBITH BbIPa’kKeHBbI KaK

i
AT = % -100% (5)
max ~ Lmin
M I[OKa3aHbl C MCIIOJIb30BaHMEM IIBETOBOM IIKAJIbI,
NpefCTaBIeHHOMU CIIpaBa Ha puc. 1.

Boree TOHKHe IIOBepXHOCTHBIE CIOU (MO3ULIMU la)
[IePBOHAYAJIFHO OKa3bIBAIOTCSI HarpeThIMU 0 Goiee
BBICOKMX TeMIlepaTyp (0To6paskaloTcsi KpacHBIM
LIBeTOM), OJHAKO OBICTpee OCTBIBAIOT, YTO Ha pHC. 1
OTpa’kaeTcs CMelleHHeM OKPAcKH B CHHIOI 001acTh
cunektpa. C TeyeHHEM BpeMeHHU HabiiomaeTrcst mepe-
pacripeneneHre OTHOCHUTENBHBIX H3MEHEHUM TeM-
IlepaTyp B JIOKAJIBHBIX 30HaX. HepasnudyuMble Iep-
BOHAUYJIBHO OTCTOSIIME [OJIbIIe OT II0BEPXHOCTH
HapyIIeHHUs LeJOCTHOCTH MaTepHasia MOIYT OBITH
obHapyskeHBl IIPU PErHCTPALIMK TEPMOIPaMM C Bpe-

MEeHHOHN 33JepXKOH, ONTHUMajJbHAsl BeJIHYHHA
KOTOPOM OIIpefieisieTcsi ero TeIlIoOQHU3HUUYeCKUMU
XaPaKTepHUCTUKAMHU.

XoTs pUC. 1 UIIOCTPUPYeT pe3yabTaT MOJe/NIUpoBa-
HUS IIPOLIeCCOB aKTUBHOM TepMOIpaduU /s OLHOIO
M3 MaTepHaIoB, B YacTHOCTU ABC-TIJIacTHUKA, aHaIo-
TUYHBIe pe3ylIbTaThl XapaKTepHbl U O/ APYTHX CIy-
YaeB C COOTBETCTBYIOIEH KOPPEKTHPOBKOHM BpeMeH-
HOH HIKaJbl pacCMaTpUBaeMBbIX sIBIeHUH. Hanpumep,
IJ1s1 IOJIM3TUIeHa BbIcokoro fasneHus (I1BJI) ocThiBa-
HHUe 00pa3LiOB OIMCAHHOM BBINEe TeOMETPHUH IIpoTe-
KaeT B cpefHeM OpicTpee Ha 20% 13-3a 60Jiee BBICOKOH
TeIJIONIPOBOJHOCTH.

OTMeTHM TaKXe, YTO B obmieM Caydae OTIHYMUS
TepMogrdPy3UH B PasHBIX 001ACTSIX MOTYyT GOpMH-
poBaThb U boslee CIOKHYI0 KAPTUHY HCC/IeAyeMOro 06s-
eKkTa. Mcronp3oBaHHEe HHCTPYMEHTOB MaTeMaTH4Ye-
CKOTO MOJe/IMPOBAHMUS I103BOJISIeT BHIOPATh YCIOBHS
MaKCHMaJIbHOM ee KOHTPAaCTHOCTH C IIOCTeAyIOIleH
pacmuPpoBKOK COCTaBa K PACIONOKEHHUS OTAENb
HBIX KOMIIOHEHTOB BHYTPeHHer0 II0II0BePXHOCTHOIO
CI10sl.

TEXHUYECKUWE CPEACTBA
JIASEPHOW TEPMOTIPA®UU
OO6ImHI1 BUA 9KCIIEPUMEHTA/IBHOHN YCTAHOBKHU,, HCIIO/Ib-
3yeMOI [JIs HepaspyIlIaloIlero KOHTPOJS HU3JeNHI
13 IUIACTHKA ITOCPEICTBOM aKTHUBHOM TepMorpaduH,
IIpe[iCTaB/IeH CXeMaTUYHO Ha PUC. 2.

Hccnenyemsint obpaser (1) momBepraeTcsi HarpeBy
C HCIONb30BAaHUEM JIa3epHbIX HCTOYHHUKOB, HMe-
IOIIMX OIITOBOJIOKOHHBIE BBIXOABl H3/Iy4ueHUS (2).
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each fragment are normalized independently. If at
each i-th moment of time the local temperatures T' are
in the range from the minimum values T/, to the
maximum ones T.,, then the values of the relative
inhomogeneities of their distribution can be

expressed as

AT, = %-mo‘z (5)

and shown using the color scale shown on the right
in Fig. 1.

Thinner surface layers (positions la) are initially
heated to higher temperatures (displayed in red), but
they cool faster, which is reflected in Fig. 1 by a shift
in color to the blue area of the spectrum. Over time,
a redistribution of relative temperature changes in
local zones is observed. Indistinguishable, initially
farther from the surface, violations of the integrity
of the material can be detected when recording
thermograms with a time delay, the optimal value
of which is determined by its thermophysical
characteristics.

Although Fig. 1 illustrates the result of modeling
active thermography processes for one of the materials,
in particular, ABS plastic, similar results are typical
for other cases with a corresponding adjustment to
the time scale of the phenomena under consideration.
For example, for low density polyethylene (LDPE),
the cooling of the samples of the geometry described
above proceeds on average 20% faster due to the higher
thermal conductivity.

We should also note that in general case the
differences of thermal diffusion in different areas
can form a more complex picture of the investigated
object. The use of mathematical modeling tools allows
us to select the conditions for its maximum contrast,
followed by decoding of the composition and location
of individual components of the inner subsurface
layer.

TECHNICAL MEANS OF LASER
THERMOGRAPHY

A general view of the experimental setup used for
non-destructive testing of plastic products by means
of active thermography is shown schematically in
Fig. 2.

The sample under study (1) is heated using laser
sources with fiber-optic radiation outputs (2). The
temperature distributions of its surface are recorded
by means of a thermal imager (3) both during
exposure to laser radiation and during cooling of the
observed object. In this case, a continuous analysis
of thermograms and their temporal dynamics
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PacrpeneneHusi TeMIlepaTypbl ero IIOBEPXHOCTHU
PETUCTPUPYIOTCS IIOCPeICTBOM TeIlJIoBH30pa (3) Kak
BO BpeMs BO3[EMCTBHUS JIa3ePHOTO HM3Ay4eHHs, TaK
U B ITpoliecce OXJIAKAeHHUs HabaomaeMoro obbsexTa.
[Ipy 3TOM HPOM3BOAUTCS HEIPepPbIBHBIM aHAIHU3
TepMOTPpaMM U HX BpPeMeHHON AHMHAMHKHU IIOCpen-
CTBOM KOMIIbIoTepa (4), KOTOPBHIH OJHOBpPEMEHHO
YIIpaB/sieT 371eKTPOHHBIM 6y0koM (5), 3amaromiyum
IapaMeTphl J1a3ePHOTO HU37y4YeHHUS U AJIHUTelIbHOCTDb
Harpesa.

B Hacrosimert paboTe MCIIOIB30BAIKCh MOAYIH
Ha OCHOBe COOpPOK J1a3epHBIX OUOLOB 0bmed Mom-
HoCTbIO 0 300 BT, M3/1yvarolue B obiactu 915 HM.
Conpsi>KeHHBle C HHMH OITOBOJIOKOHHBIe Kabenu
Ha BBIXOJle MMeJIM OITHYecKHe OI0KHU, GOpMHUPYIO-
Imue II0jle U3JIy4eHHS B IUIOCKOCTH HKCCIIefyeMOro
obpasna. C uenplo obecreyeHUs PaBHOMEPHOCTHU
HarpeBa 06BeKTOB OONBIIMX Pa3MepOB KCIIONb30Ba-
JIUCh UCTOYHHKHU JIa3€PHOTO H3/IyYeHHsI C HeCKOJIb-
KHMH OIITOBOJTOKOHHBIMU BBIXOJaMH. B 3TuxX
ClIy4asix TakKe JOIMOJIHHUTENbHO IPHMeHSIach IIpo-
CTPaHCTBeHHas pa3BepTKa JIa3epHOro Iy4Ka C 4acTo-
Tol 10 [l IIOCPeACTBOM 3JIeKTPOMeXaHH4YeCKOro
CKaHaTopa. IIpu 3TOM IOCTHPOBKOM [OCTHUIAaCh
ONHOPOLHOCTh 3aCBETKH IIOCPEACTBOM Habnmoge-
HUH C BHAEOKaMepoH B 6nmwxkHem HK-muamasoHe
(Ha pUCYHKe He IT0Ka3aHa). CyIIecTBeHHO, YTO OITO-
BOJIOKOHHBIN KabeIb 0HOBpeMEeHHO SIBISICS 3ddek-
TUBHBIM QUJIBTPOM OT TEIIOBOTO U3/yueHHs aKTHUB-
HBIX 06/1aCTeH Ja3epHBIX JUOLOB, IIpeTepIIeBAIINX
eCTeCTBeHHBIN HAarpeB B ITpoliecce PaboTsL.

PervcTpaliiy TeIJIOBOIO H3/Iy4eHHs OT obpasia
NIPOU3BOAUINCH IIOCPEACTBOM ILIMPPOBOM BHUAEOKA-
mepsl FLIR Tau2 ¢ 4yBCcTBUTENBHOCTH 0,05 °C 1 yacTo-
TOM Kazapos 30 I'n.

CnenuanbHas  KOMIIBIOTEpHAss I[porpamma
HCIIO/b30Ba/IaCh AJISI aHA/IM3a TePMOIpPaMM U IIpe-
3eHTALIMU Pe3y/IbTaTOB UX 00paboTKH.

KOHTPO/J1b BHYTPEHHUX PEBEP

N NOJIOCTEN

UccnenmoBaHUs, OCHOBaHHble Ha TepMmorpaduu
[IOBEPXHOCTH AETATH IIPU ee HarpeBe H3/lIy4eHHeM
U B IIepHO[, IIOCTeNyIONIero OCTbIBAHHUS, I103BOJISIIOT
IIPOM3BOAUTh aHAIM3 IOJIIOBEPXHOCTHOM CTPYK-
TypbI, 0OHAPY>KHMBATh HATUYKe BHYTPHU 00beKTa pebep
U TIOJIBIX 00JIacTer, Omlpefiesisii HUX OCHOBHbIe TeoMe-
TPUUYeCKHe XapPaKTePUCTHUKHU. AKTYaJbHOCTh TaKOTO
KOHTPOJISL BO3PACTaeT B CBSI3U C PaCIIMpeHHEeM accop-
TUMeHTa H3[eTHH U3 IUIACTMAcC, YCIOKHEHHeM HX
KOHCTPYKLUHMH O6yarogaps PpasBUTHIO TeXHOJIOIHH
IIPOM3BOJICTBA [IOTUMEPHBIX MATEPHA/IOB U [eTajleH
Ha UX OCHOBE.

Puc. 2. MpuHuUNUAnbHAs cxema memoouKuU Hepaspywar-
L,e20 KOHMPOAS 06BEKMA NOCPeACmeoM aKmMuUeHOU mepmo-
2paguu npu uMnyAbCHOM AA3epHOM Hazpeae

Fig. 2. Schematic diagram of the non-destructive testing
technique of an object by means of active thermography with
pulse laser heating

is carried out by means of a computer (4), which
simultaneously controls an electronic unit (5), which
sets the parameters of laser radiation and the duration
of heating.

In this paper, we used modules based on laser
diode assemblies with a total power of up to 300 W,
emitting in the 915 nm area. The fiber optic cables
associated with them had optical blocks at the
output, which form the radiation field in the plane
of the sample under study. In order to ensure uniform
heating of large objects, laser radiation sources with
several fiber-optic outputs were used. In this case, the
alignment achieved uniformity of illumination by
observing with a video camera in the near infrared
range (not shown in the figure). It is essential that the
fiber-optic cable simultaneously served as an effective
filter against thermal radiation from the active areas
of laser diodes, which undergo natural heating during
operation.

Thermal radiation from the sample was recorded
using a FLIR Tau2 digital video camera with
a sensitivity of 0.05 °C and a frame rate of 30 Hz.

A special computer program was used to analyze
the thermograms and present the results of their
processing.

INNER FINS AND CAVITIES CONTROL

Studies based on thermography of the surface of a part
when it is heated by radiation and during the period
of subsequent cooling, make it possible to analyze
the subsurface structure, detect the presence of fins
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Bonplire BO3MOXKHOCTH [JIS1 HOBBIX IIPHJIOKEHHUI
aKTUBHOM TepMOTpadHuM CBA3aHBl C IPOrPeccoM
B 00JIaCTH aJUTHUBHBIX TeXHOJIOTHUN, GOpM0o06pa3o-
BaHHEM Pa3/JMYHBIX JeTajed M3 IUIACTHKA II0Cpef-
ctBoM 3D medaTH. Cpelu H3Je/IHM CO CI0XKHOM BHY-
TpeHHeH CTPYKTypolH 3aMeTHOe MeCTO 3aHHMaloT
pasniuyHbBIe aKyCTUYeCKHe [eTaju C MHOXeCTBOM
II0JIBIX Pe30HATOPOB [3], aHTeHHBI U IIaCCHBHEIE 3le-
MEHTHl B MHKPOBOJIHOBOM [HaIlla3oHe 3JeKTpoMar-
HUTHOTO H3/y4deHHs [4], KpbUIbYATKH HACOCOB s
IepeKaykHd >KUAKOCTeN M BO3AYIIHBIX BEHTHJISATO-
poB[5luT.m.

ITpriMephl aHANKM3a AaHAJTOTUYHBIX HU3[e/HH IIpel-
CTaBJIeHBI Ha PUC. 3 U pucC. 4.

JleTanp Ha pUC. 3 UMeeT BHyTpeHHHUe pebpa, KOTO-
pble oTpaskeHBl Ha ¢ororpadpuu ee obpaTHOM CTO-
poHBI (puc. 3a). B To >ke BpeMsl ee jHlleBas CTOPOHA
IpencTaBnsieT cobod POBHYIO IIJIOCKYyI0 IIOBEpX-
HOCTh. MaTepuasoMm CAysKHUT IIBJI-TITaCTUK YePHOIO Puc. 3. Peayabmamel aHaau3a uzdeaus u3 MB/A-naacmuka
BeTa. Memodom akmugHol mepmozpaguu: a)— 06pamHas

[Ipy Heob6XOLUMOCTH KOHTPOJISL CTPYKTYPEHI CMOPOHA KOHMPOAUpPYemMoUi 0emaau ¢ NoAbIMU 0baacmamu
06pasIia co CTOPOHBI IIepeiHeN IMOBePXHOCTH, KOI/a u pazdeasiowiumu ux peépamu; b) — mepmozpamma, peau-
BHYTPeHHSI CTPYyKTypa HeJIOCTyIHa s Habmiome- | cmpupyemas menaogoil 6udeokamepoil Ha poHmManbHol
HUSI, PellleHMe 334a4YU MOKeT OBITh obecrievueHo IIpU- |  NosepxHocmu u3denus nocie 6030elicmeust Ha Hee UMnyAbca
MeHeHHeM MeToJa aKTUBHOK TepMorpaduu. Pe3ysb- |  Ad3epHO20 U3Ay4eHUs
TaT WIIOCTPUPYeT pHC. 3b, Ha KOTOpOM ITpeACTaB/IeH Fig. 3. Results of the analysis of a product made of LDPE plas-

BUJ, GPOHTANIBHOM IIJIOCKOCTH JeTalu B MHpaKrpac- tic by the active thermography technique: a) - the reverse side
HOM [Haria3oHe II0CJIe TOro, Kak oHa 6buIa ImomBep- of the controlled part with hollow areas and fins separating
THyTa KPaTKOBPEMEHHOMY BO3[eHCTBHIO JIa3epPHOIO them; b) - thermogram recorded by a thermal video camera on
HU3TyYeHHUS . the front surface of the product after exposure to a laser pulse

OnTtuyeckast cucrteMa GopMHpoOBaja I1oje PaBHO-
MepHOHN 3aCBeTKU HCCIefyeMOH
00J1aCTH C IJIOTHOCTBIO MOIIHO-
ctu mo 0,3 Br/cm?. Peructpauus
TEeIJIOBOTO M3/Iy4eHHs OT obpasma
IIPOM3BOAMIACH C TIOMOIIbIO K-
POBOM BHEOKaMephl II0 OKOH-
YaHUM JIa3epHOrO BO3[eHCTBUS
JJIUTEJIPHOCThIO 7 c. IIpemBapu-
TeJbHbIe UCC/Ie0BAHMS ITI0KA3aJIH,
YTO TaKas BeJIWYHHA IIepuoja
HarpeBa COOTBeTCTBYeT MaKCH-
MaJIbHOM KOHTPAaCTHOCTH TEPMO-
rpaMMBbl. YMeHbIlIeHHe BpeMeHH
HarpeBa NPHUBOJUT K CHUKEHHIO

MHTEHCHBHOCTH TeIIJIOBOTO H3JIY- Puc. 4. KoHmpoab 8HympeHHeli CmpyKmypbl KpblAb4amKu nocpedcmaom akmue-

4YeHHd, a YBeJlIMUeHHe BPeMeHH Holi mepmozpauu: a) - eHelwHUl 6ud demanu (CMpeaKamu NOKA3aHo Aa3epHoe

HarpeBa HeONpaBJaHHO H3-3a usAyyeHue), b) - mepmozpamma, pezucmpupyemas mennogoii sudeokamepoli

Pa3sMBITUS OYepTaHUN BHYTPeH- noc/Ae Hazpesa Ad3epHbiM UMNYAbCOM

Hel CTPYKTYpbl HCCIefyeMOTo Fig. 4. Inspection of the internal impeller structure by active thermography:

obpasmua. a) - view of the part (arrows show laser radiation), b) - thermogram recorded by
Ha mnoBepxHocTH obacren, a thermal video camera after heating by a laser pulse

COIIPpSP>KeHHBIX C BHYTPeHHHMH
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pebpamu, B cuiy 6osee 3¢pdeKTHBHON TEIUIOOTHAUH,
TeMIlepaTypa oOKa3blBaeTcsli HIKe. COIJIacHO IIpU-
HATOM LIBETOBOM IIKaae (CM. pHC. 1), OHH HMeIOT
CHHIOI0 OKPacKy XM KOHTPACTHO BBIE/ISIOTCS Ha QoHe
KPaCHBIX 30H, JIMIIEHHEIX TeIUIOOTBOJA B MaTepHas
13-32 HUIMYHS OOIIMPHBIX II0JIOCTEH.

A Ha pHc. 4 ipefcTaB/IeH aHAJIOTUYHBIN pe3y/bTaT
KOHTPOJIS JIOIIACTel KPbUIbYATKU U3 ABC-TimacTuKa
IJIsL BOOSHOrO Hacoca. OHH SBJISIIOTCS 4acThlO BHY-
TPpeHHeM CTPYKTYPHI, 3aKPBITOM [Ji BH3yaJIbHOTO
HabmomeHus. IIpy 3TOM TeXHHYeCKHe CpefCcTBa
aKTHUBHOM TepMmorpaduu, peXKUMBl BO3JEHCTBHUS
M IapaMeTpbl aHa/IM3a HCIIONb30BAaHBL Te e, UTO
U B [IpefibIAYyILIEeM IIpHMepe.

EcTecTBeHHO, BOIIPOC HMHTepIpeTalllH I0Jy4eH-
HBIX TeDMOIPaMM He BBI3BIBAeT 3aTPYJAHEHHH JIUIIb
IIPX OTHOCHTEJIbHO IIPOCTOM KOHCTPYKLUHH HCCIeLY-
eMoro usfenus. B 6onee CIOKHBIX CIydasix pacmud-
POBKa 3KCIepUMEHTa/lbHbIX AAHHBIX, KaK yKa3bl-
BaJIOCh BbIIIe, MOKeT IIPOM3BOLUTBCS IIOCPECTBOM
MHOTOCTYIIEHYaTOI0 COIIOCTaBIeHHS TepMOIPaMM
IJISL pacdeTHBIX MOZe/er C IIPOTHO3HPYeMOM CTPYK-
TYpOHM M IIOC/Ie[l0OBaTe/IbHOCTBIO BO3MOXKHBIX OT Hee
OTKJIOHeHHH. OMHAKO YaCTHO MOKeT 0Ka3aThcs bosee
palLlOHa/IeH IIOAXO[, OCHOBAaHHBIM Ha OLIEHKe KOH-
TPOIUPyeMOro o6beKTa IIOCPeICTBOM CPaBHEHHUS ero
TepMorpaMM (puc. 5a) C aHaJTOTMYHBIMU [/ KOH-
TponbHOTo obpasua (puc. 5b), monydaemsIMH Ipu
TeX >Ke YCIOBHSX JIa3€pPHOTO BO3ZEMCTBUS. Pe3yib-
TaT Pa3sHOCTHOIO aHalIH3a LUPPOBBIX H300paske-
HUM IPe[CTaB/leH Ha PHUC. 5C U BBISBIAeT OTIMYHS,
XapaKTepHBble )1 UCClelyeMOH JeTalu.

B yacTHOCTH, IpHMep Ha pPHUC. 5 oTpakaeT obHa-
PY)XeHHe CTPYKTypHoro ngedekTa

i g

and hollow areas inside the object, and determine
their main geometric characteristics. The relevance of
such control is increasing due to the expansion of the
range of plastic products, the complication of their
designs due to the development of technologies for the
production of polymeric materials and parts based on
them.

Creat opportunities for new applications of active
thermography are associated with the progress in the
field of additive technologies, the shaping of various
plastic parts through 3D printing. Among products
with a complex internal structure, a prominent
place is occupied by various acoustic parts with
many hollow resonators [3], antennas and passive
elements in the microwave range of electromagnetic
radiation [4], impellers of pumps for pumping liquids
and air fans [5], etc.

Examples of analysis of similar products are shown
in Fig. 3. and Fig. 4.

The detail in Fig. 3 has internal fins, which are
reflected in the photograph of its reverse side (Fig. 3a).
At the same time, its front side is a flat, flat surface.
The material is black LDPE plastic.

If it is necessary to control the structure of the
sample from the front surface, when the internal
structure is inaccessible for observation, the solution
to the problem can be ensured by using the active
thermography technique. The result is illustrated in
Fig. 3b., Which shows the frontal plane of the part in
the infrared range after it has been exposed to short-
term exposure to laser radiation.

The optical system formed a field of uniform
illumination of the investigated area with a power

(y3sIpsi) B IIPHUIIOBEPXHOCTHOH
obnactu. Takas [JHArHOCTHKA
MO3KeT 6BITh BoCcTpeboBaHa B yCII0-
BHUSIX [IPOM3BOJCTBA OJHOTHIIHBIX
IeTasel AJis BBISIBIeHUs Opaka.

KOHTPOJ1b CBAPHbIX
COEOUHEHUN
N PEMOHTHbIX PABOT
MeTooUKHA KOHTPOJISL H3JeNUU
U3 TMOJHUMEepPHBIX MaTepHasoB,
OCHOBAaHHBIe Ha IPHMeHeHHH
Ja3epHOM  aKTUBHOHM  TepMO-
rpadur, MOTYT OBITh YCIIEIIHO
HCIIO/NIb30BaHBl [JISI IIPOBEPKHU
Ka4ecTBa CBapHBIX COeUHEHHUH.

B 4YacTHOCTH, OHHU OKa3bIBa-
10TCsA 9O PeRTUBHBIMHU IIPH OLIEHKE
pe3y/IbTaTOB TOYEYHOU Y/IbTPa3By-

O

Puc. 5. CpagHumenbHblli aHaAu3 uugposbix U306paxkeHull: a) - mepmozpamma
uccaedyemoli demaau, b) - mepmozpamma KOHMpPoAbHO20 06paA3yd, c) - pas-
HOCMHBbIU pe3yAbmam.

Fig. 5. Comparative analysis of digital images: a) - thermogram of the investi-
gated part, b) - thermogram of the control sample, c) - difference result.
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KOBOM CBapku. Takol IpUMep OTpaskeH Ha pHUC. 6.
TepMorpamma IipeacTaBisieT ¢parMeHT obpasia,
IZle BHAXJIeCT COeTUHEeHBI ABa JKcTa 1B/ TOMIUHON
2,5 MM. CpegHHH AHaMeTp OTHEIbHOIO CBAPHOIO Coe-
JHUHEHMS COCTaB/IgeT 5 MM.

Pe3ynpTaT ¢ HaubosbIIeN KOHTPACTHOCTBIO 3adHUK-
CUPOBaH 4epe3 5 c moc/ie IpeKpalleHus BO3eHCTBUS
Ha II0BePXHOCTb H3[eiHs B TedeHHe 10 c yla3epHOro
HU3/1y4eHUs C AJIMHOH BOJHBH 915 HM U IUIOTHOCTBIO
MomHocTH 0,3 Br/cMm?. Ha TepmorpaMme IIpH 3TOM
BBISIBJISIIOTCSL Pa3/IMYMs B Ka4eCTBe COeNMHeHU S MaTe-
pHana Ha pasaIHYHBIX Y4YacTKax HCCAeAYyeMOro IIBa:
IebekTHBIe 30HBL (5 U 8 Ha puc. 6) OKa3bIBAIOTCH
HarpeTbIMH 70 60iee BBICOKHX TeMIIepaTyp B CpaBHe-
HUU C aHAJIOTUYHBIMH (1-4, 6-7) B YCIIOBHUSIX XOPOILETOo
KOHTAaKTa.

JlazepHass akTUBHas TepMmorpadusi MoxkeT OBITH
TaKKe HMCIIONBb30BaHA [JISI PeruCTpalldy CKPBITBIX
IIBOB Ha [JeTaJsiX M3 IIJIACTHUKA, IpHUMeHsIeMBbIX
B PeMOHTHBIX paboTax misi JIMKBHUAALHUU TPeIIuH
IIOCPeACTBOM HAaIUJIABKM IIPHCAZ0YHOr0 IIpyTKa
M3 TOTO >Ke MaTepHasa. I[IposiBleHHe UX Ha JHULEeBO
CTOpOHe IeTaJIi aHAJIOTHYHO HabnomaeMoMy mIJIst
H3[IeNTHH ¢ HAIMYMeM BHYTPeHHUX pebep U ysKke OIU-
CaHO BHIIIIe,

ObcyskmaeMbll MeTof, sBasieTcsl 3QGeKTHBHBIM
MHCTPYMEHTOM KOHTPOJISL U Ppsafa APYyrUX BHIOB
PEMOHTHBIX PaboT, MHPOM3BOAUMBIX Ha [JeTaIIX
M3 MOJIMMEPHBIX MaTepuaysioB. OOWH H3 IIPUMEPOB
Ipe[CTaBlIeH Ha pHUC. 7. B KauecTBeH obpasua ciy-
SKAT IUIACTHKOBBIM 33aJHUM bamIilep aBTOMOOHIIA
C BMSITHUHOM B JIEBOM YIJIy IIOC/Ie aBapuu (pucC. 7a).
ITocne peMOHTA [eTaslb He UMeeT edpeKToB, KOTOphle
Mornu 6bl OBITH OOHApysKeHBI BH3yanbHO (puC. 7Db),
HO OHM BBISB/ISIIOTCS IIOCPEACTBOM aKTHUBHOM Ja3ep-
HOU TepMorpadHuHu.

H3MeHeHMeM [JIMTeIbHOCTH HarpeBa U BpeMeHU
OXJIKIOEHHUSI MOXKHO [0OMBATbCSI MaKCHMAalbHOH
KOHTPAaCTHOCTH TepMOrpadprueckoro H306paskeHHUS.
ONTUMAaJIBHBIN Pe3y/bTaT IpeACTaB/ieH Ha PHUC. 7C -
3T0 m306pakeHHe, PeruCTPHUpyeMoe TeIlJIOBHU30pPOM
Yyepe3 20 C IIocie IpeKkpallleHHs Ja3epHOro BO3JeH-
CTBUS C IUIOTHOCTBIO MomiHocTH 0,2 Bt/cm? mpomort-
SKHUTEJIBHOCTBIO 8 €. OTUYeT/IMBO IIPOSIB/ISIIOTCS CKPBITHIE
OedekTol. X perucTpaliyisi pacKpblBaeT aBapHIHHYIO
HCTOPHIO UCCIIefyeMOH eTalu.

Hcmonb3oBaHHe OINMMCAHHOIO MeTOJa IIOBBIIIAET
BO3MOKHOCTH [JHArHOCTUKH KOMIIOHEHTOB KOP-
myca aBToMobuisi. Ero mpenmymiecTBo 6ymeT cTaHO-
BUTBCSL Dojlee 3HAUMMBIM C paclIMpeHHeM B aBTO-
MOOMIISIX aCCOPTHMEHTAa HeMeTa/TMYeCKUX HeTaleH.
Kpome TOro, aHAJIOTHYHO OH MOXeT ObITh 3ddek-
THBEeH IIPU aHaJIM3e IOAOOHBIX AeTasel KOPIIYCOB
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Puc. 6. lpumeHeHue AazepHol akmugHolU mepmozpaduu 0as
KOHMPOAS Ka4ecmaa coeduHeHUsl NAdCmMUK08 N0Cpedcmeom
moue4Holl yAbmpassyKkoseol c8apKu

Fig. 6. Application of laser active thermography for qual-

ity control of plastics joining by means of ultrasonic spot
welding

density of up to 0.3 W/cm?. Registration of thermal
radiation from the sample was carried out using
a digital video camera at the end of the laser exposure
lasting 7 seconds.

On the surface of the areas conjugated with the
inner fins, due to the more efficient heat transfer,
the temperature turns out to be lower. According
to the accepted color scale (see Fig. 1), they are
blue in color and stand out in contrast against the
background of red zones, which are devoid of heat
removal into the material due to the presence of
extensive cavities.

And Fig. 4 shows a similar result of monitoring the
impeller blades made of ABS plastic for a water pump.
They are part of an internal structure that is closed to
visual observation. In this case, the technical means
of active thermography, exposure modes and analysis
parameters were used the same as in the previous
example.

Naturally, the question of interpreting the
obtained thermograms does not cause difficulties
only with a relatively simple design of the
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Puc. 7. MNpumeHeHue Aa3epHol akmugHol mepmozpaduu 0451 8bisieAeHUs CKpbl-
mbix 0edekmos pecmaspuposaHHoL demanu Ky308a asmomobuAs

Fig. 7. Use of laser active thermography to detect hidden defects in a restored car
body part

investigated product. In more
complex cases, the decoding of
experimental data, as indicated
above, can be performed by means
of a multistage comparison of
thermograms for computational
models with a predicted structure

and a sequence of possible
deviations from it. However,
in particular, an approach

based on the assessment of the
controlled object by comparing
its thermograms (Fig. 5a) with
similar ones for the control
sample (Fig. 5b) obtained under
the same conditions of laser
exposure may turn out to be

BO3AYIIHOIO M BOOAHOT'O TPAHCIIOPTA4, HHBIX I/I3,E[6J'II/II;I
K3 IIVIaCTHKA.

3AKNKOYEHUE

B Hacrosimer paboTe HpUBemeH psih HNPUMepPOB
KCII0/Ib30BaHUS aKTUBHOM TepMmorpaduu s aHa-
JH3a BHYTPeHHe CTPYKTYPHL AeTalell 13 IIJIacTHKA.
B paMKax M3BeCTHBIX U IIHUPOKO HCIIOIb3yeMBIX I10J-
xomoB [1,2] akLeHT cAenaH Ha AeMOHCTPAaLlUU MeTo-
IUK C IPUMeHeHHeM JIa3epHOT0 HarpeBa IIOBePXHO-
ctu. CymecTBeHHO, YTO IIOgB/IeHHe 3$PeKTUBHBIX
KCTOYHHKOB JIa3€PHOT0 H3JIyYeHMsS OTHOCHUTEIBHO
HeBBICOKOM CTOHMMOCTH JaeT HOBBle KMIIYJIbCHI
Pa3sBHUTHIO 3TOTO HaIlpaBJIeHHs Hepas3pyIllalollero
KOHTPOJIA. B CBA3K C 3THM METOJ HMMeeT XOpOollue
IIePCIIeKTUBLl IIKMPOKOr0 IIPUMEHEHHS B IIPOMBIII-
JIEHHOCTH U IPYTUX OTPaC/IfaX.

JOIIOMHUTEe/IBHBIE BO3MOXKHOCTH OTKPBIBAIOTCS
C MCIIOJIb30BaHMEM [OHCTAaHLIMOHHOIO KOHTPOJIS,
HeJIOCTUKKMOTO B TOM Xe CTelleHH IIPH APYTUX
BapHaHTax aKTUBHOM TepMorpaduu.

Conps>keHHe HCTOYHHMKOB HM3JIyYeHHs C OIITOBO-
JIOKOHHBIMH 3JIeMeHTaMU I103BOJISIeT IOJHOCTLIO
HCK/IIOYATh [IOMEXH OTPa’KeHHM I0OOYHBIX HCTOY-
HHKOB TeIIJIOBOIO H3JIyYeHHs, HalH4yHhe KOTOPBIX
NIPUXOJOUTCS yUUTHIBATh B aKTUBHOM TepMorpaduu
C MHBIMH Cpe[CTBAMHU HarpeBa IIOBEPXHOCTH.

JIOCTH>ReHHUIO TOM 3Ke LIl CII0COOCTBYeT U Heob-
XOAHMas B pslle C/lydaeB TOKIM3aL M BO3eCTBUS
Ha HCClIefyeMBbIH obpasel] A UCKIIOYeHHUs IToMeX
OT CTOPOHHUX OKPY’KaloIKX 06beKToB. [IpaBaa, 3Ta
0Cc0beHHOCTH J1a3ePHOT0 BO3JEHNCTBHS MOXKeT KMEeTh
U HeraTHUBHBIN 30deKT IpH HCCIeJOBAaHUM KPYIIHO-
rabapuTHBIX JeTaner. O4eBHUIHO, YTO HEpaBHOMEP-
HOCTB IVIOTHOCTH JIYYHCTOM SHEPIHUH, COBMelleHHad
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more rational. The result of the
differential analysis of digital images is shown in
Fig. 5c and reveals the differences characteristic of
the investigated part.

In particular, the example in Fig. 5 reflects the
detection of a structural defect (bubble) in the near-
surface area. Such diagnostics can be in demand in
the conditions of production of the same type of parts
to identify defects.

INSPECTION OF WELDED CONNECTIONS
AND REPAIR WORKS

Techniques for inspecting products made of
polymeric materials based on the use of laser active
thermography can be successfully used to check the
quality of welded joints.

In particular, they prove to be effective in
evaluating the results of ultrasonic spot welding.
Such an example is shown in Fig. 6. The thermogram
represents a fragment of the sample, where two
sheets of LDPE 2.5 mm thick are overlapped. The
average diameter of an individual welded joint is
5mm.

The result with the highest contrast was recorded
5 seconds after the cessation of exposure to the
product surface for 10 seconds with laser radiation
with a wavelength of 915 nm and a power density of
0.3 W/cm?. At the same time, the thermogram reveals
differences in the quality of the material connection
in different sections of the weld under study: defective
zones (5 and 8 in Fig. 6) turn out to be heated to
higher temperatures in comparison with similar ones
(1-4, 6-7) under conditions of good contact.

Laser active thermography can also be used to
register hidden seams on plastic parts used in repair
work to eliminate cracks by surfacing a filler rod of
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c JedekTaMH KOHTPOIUPYEMOH CTPYKTYphl, CIIO-
cobHa BHeCTH oIIKOKY B I107Iy4aeMbIH pe3yabTart.

B 3ToM Bompoce pelleHHe 3aKIo4daeTcs B obe-
CrleYeHUM PABHOMEPHOCTH CpegHEeM IUIOTHOCTH
MOIIHOCTH €C/IM He I10 BCeH IMOBEePXHOCTU obpasia,
TO I10 KparlHeHt Mepe B 06J1aCTH, 3aMEeTHO MpeBBIIIA-
IOIlel XapaKTepHble Pa3Mephl UCCIeayeMBbIX 0cobeH-
HOCTEeH IMOAIOBEPXHOCTHOM CTPYKTYphl. B ommcaH-
HBIX BBIIIE IIPUMepax AeTanel Ha pyc. 2 (pa3mepom
10x17 cm) u puc. 3 (ouameTpoMm 13 cMm) HETpPYAHO
obecrieurBaeTcsi PaBHOMEPHOCTb 0OIydeHMS pa3-
BeJleHHEeM JIa3epHOro MydKa. A B CJIydyae KOHTPOS
KauecTBa IIBa TOUEUHOM CBapKHU (pHC. 6) TaKkas 1ienb
BooOIIe He CTAaBUTCS. [Ipoliecc KOHTpons pasbuba-
eTCsl Ha II0C/eN0BaTelIbHOCTh OTHe/NbHBIX CTaHAAPT-
HBIX IpOLieAyp TepMmorpadrueckoro aHanau3a MIpHU
OUCKPeTHBIX CABUTrAX BIOJIb JUHUHU CBapKu. Pak-
THYeCcKH J1a3epHOMY IIYUKYy IIPH 3TOM LOCTATOYHO
MMeTh PABHOMEPHOCTh HHTEHCUBHOCTH B 00/1acTsX,
COpasMepHBIX C JJUHOM B HeCKOJBbKO IIaroB, xapak-
TepPHBIX AJIS1 HCCTIeyeMOoro CoefUHeHM s JIHCTOB IIa-
CTHKA [IOCPeACTBOM TOUE€UHOM CBAPKH.

Eme 6osee ympomaercs 3afada IIPOCTPAHCTBEH-
HOI OJHOPOJHOCTH JIa3€pHOI'0 HarpeBa IIPU HUCIIO0JIb-
30BaHHU AITOPUTMOB Pa3HOCTHOI0 aHanK3a (puc. 5),
ecnu obecrieyeHbl OAMHAKOBBIE YCIOBHSL J1a3€pHOIO
BO3ZEICTBUS Ha HCCIefyeMbll obpasel 1 KOHTPOJIb-
HBIN obpasell cpaBHeHHUsI. [IOHSATHO, YTO UTOTOBas
KapTUHA 3aMeYeHHBIX CTPYKTYPHBIX OTKJIOHEHUM
IIPYU 3TOM He MOKET OBITh HCKaskeHa 0COGeHHOCTAMHU
IIPOCTPAHCTBEHHOTO PpaclipefeneHUsl IIJOTHOCTHU
MOIIIHOCTU B CeYeHUM TEeCTHUPYIOIIEro Ja3epHOro
Iyd4Ka.

HakoHern, B cl1y4ae KpyIHOrabapUTHOM AeTalu
(prc. 7) XOpOIIMK Ppe3ynbTaT AOCTUIAETCS MpUMe-
HeHHeM IIPOCTPAHCTBEHHOIO CKAHHUPOBAHUS Jiazep-
HBIX IIYUKOB II0 MHCCIefyeMOMN IIOBEPXHOCTHU IIpHU
HaCTpPOIKe ONHOPOAHOCTHU Ppe3yJbTHPYIOLIEro CBe-
TOBOIO BO3[EMNCTBUSL IIOCPeJCTBOM BHIeOKaMephl
6nuxkHero HWK-guamasoHa COOTBETCTBYIOIIHMM
IIOKaJAPOBBIM YCpeJHeHHeM. B ycIoBHSIX MelJeH-
HBIX IIPOLIECCOB TeIlJollepefadu OTHOCHUTEeNbHO
BBICOKAsl 4acToTa pa3BepTku 10 I'm obecreumBaer
HIeHTUYHOCTh HabII0maeMoro pesyabTaTta COOTBET-
CTBYIOIIEMY IIPU OLHOPOJHOM IIPOCTPAHCTBEHHOM
pacipenereHUH U TOU e CpefHeM IIJIOTHOCTH MOIIL-
HOCTH Ja3epHOro usydeHusi. CylecTBeHHO, YTO
3Ta IpoleAypa IMpUMeHHMa A1 obpasLoB 11060k
GOpMEI.

TakuMm 0bpa3om, aKTHUBHAsI TepMorpadus c Ipu-
MeHeHHeM Jla3epHOro M3/Jy4eHHUS [/ HecTalHo-
HapHOI'0 HarpeBa MOBePXHOCTH HUMeeT Psif, IPeuMy-
IeCTB X MOKeT OBITh yCIENIHO KCIIONb30BaHA IS
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the same material. Their manifestation on the front
side of the part is similar to that observed for products
with the presence of internal fins and has already
been described above.

The discussed technique is an effective tool for
control and a number of other types of repair work
performed on parts made of polymer materials. One
example is shown in Fig. 7. As a sample, a plastic
rear bumper of a car with a dent in the left corner
after an accident serves as a sample (Fig. 7a). After
repair, the part has no defects that could be detected
visually (Fig. 7b), but they are detected by active laser
thermography. Figure 7c shows an image recorded by
a thermal imager 20 seconds after the termination
of laser exposure with a power density of 0.2 W/cm?
for 8 seconds. Hidden defects are clearly visible. Their
registration reveals the emergency history of the
investigated part.

Using the described technique increases the
diagnostic capabilities of vehicle body components.
Its advantage will become more significant as the
range of non-metallic parts in automobiles expands.
In addition, it can be similarly effective in the analysis
of similar parts of the hulls of air and water transport,
and other plastic products.

CONCLUSION

This paper provides a number of examples of using
active thermography to analyze the internal structure
of plastic parts. Within the framework of well-known
and widely used approaches [1, 2], the emphasis
is placed on demonstrating techniques using laser
surface heating. It is essential that the appearance
of efficient sources of laser radiation of relatively low
cost gives new impulses to the development of this
direction of non-destructive testing. In this regard,
the technique has good prospects for widespread use
in industry and other industries.

Additional possibilities are opened up with the use
of remote control, which is equally unattainable with
other types of active thermography.

Coupling of radiation sources with fiber-optic
elements makes it possible to completely exclude
interference from reflections of secondary sources
of thermal radiation, the presence of which must
be taken into account in active thermography with
other means of surface heating. The achievement of
the same goal is also facilitated by the localization
of the impact on the sample under study, which
is necessary in some cases, in order to exclude
interference from third-party surrounding objects.
And the additional equipment of the laser source
with a radiation scanning system is able to ensure the
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aHAJIIM3a I[OJAIIOBEPXHOCTHON CTPYKTYpPBl pas3ind-
HBIX 06pa3LoB.

BypHoe pa3BHTHe /a3epHOH TeXHHUKH C IIOsIBIIe-
HHUeM HOBBIX 3PeKTUBHBIX H3/lydaTenen [6] mo3Bo-
7geT NPOrHO3MPOBATh NA/NbHEHIINK POCT MOTEHIIH-
AJIbHBIX BO3MOSKHOCTEI J1a3epHOM TepMorpaduu.
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spatial uniformity of illumination over the surface of
a sample of any shape.

The rapid development of laser technology with the
advent of new efficient emitters [6] makes it possible
to predict a further increase in the potential of laser
thermography.
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