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HAYKOBO-TEXHIYHUM PO30IN

VIIK 620.179.14

PO3ITIO/AIJI E@EKTUBHOI KOEPUUTUBHOI CUJIN
CKJIAJEHMX 3PA3KIB ITPU Il BUMIPFOBAHHI IIPUCTABHUMU
MATHITHUMU ITEPETBOPIOBAYHAMU

P.M. Cosomaxa®?, B.I. Pu6auyk’, B.M. Yuanin®

®izuko-mexaniunnii inctutyT im. I.B. Kapnenka HAH Yipainu. 79060, m. JIbBiB, Byn. Haykosa, 5.
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HB® «CrienianbHi HaykoBi po3pookm». 61121, m. Xapkis, Byi. Csitia, 10. E-mail: rsolomak@gmail.com

VY crarTi npencTaBIeHo pe3yasTaTH JOCHiKEHHs po3noniry epekruBHoi koepuutuBHOi cuni (KC) cknaneHnx ¢pepoMarHiTHIX
CTaHJAPTHUX 3pa3KiB, AKi CKIAJa0THCS 3 JBOX OAHOPIAHUX 3pa3KiB 3 pizHUMHU 3Ha4eHHSAMH KC, 31CTHKOBAHUX OIMH 3 OTHUM.
s BumiproBans eextuBHOI KC y 3aMKHYTOMY MarHiTHOMY KOJIi BUKOPHUCTAHO JiBa THITH NpHcTaBHUX [1-mogiOHNX MarHiT-
HuX neperBoproBadiB (MII), siki migkIroUanu 1O MarHiTHOTO aHaizatopa Tuiry MA-5. [l BUMiIpIOBaHHS Y PO3IMKHYTOMY
Mar"iTHOMY KoJjii Bukopuctano MII Tumy mpucTaBHOTO CONeHOiNa, SKUI MPAIIOE 32 METOIOM TOYKoBOTO momtoca (MTII).
Leit MIT migxmodany 10 KoepuuTuMeTpa-cTpykrypockomna tumy IKC-104. ITokaszano, mo ms Beix tumiB MIT egexrusra KC
ckiIafgeHnx 3paskiB (C3) 3amekuTh Bif iX MON0KEHHS BIAHOCHO CTHKY. 3 mepemimeHHsM MII BiTHOCHO CTHKY BiJ OZHOPI1THOTO
3paska 3 MeHIorw KC no ogHopinHoro 3paska 3 Oinpmoro KC edexruaa KC 306inpmryeTbes B niamazoni Mixk 3HadeHHAME KC
nux 3paskiB. KinbkicHo xapakrep posnoniny edekruBHoi KC C3 3anexuts Bif Tay MIT, ioro po3mipiB i ciocoOy iX opieHTamii
BimHOCHO cTUKY A7 MII HeocecumeTpruHOi KOHCTpYKIii. 3a mapaiensHoi opieHTamii nmomtocis [1-mogidnoro MII BigHOCHO
ctuka xapakrep 3MiH epexktuBHoi KC € mraBHimmm. HasgBHICTh 3a30py Mixk yacTuHaMu C3 BHKIIMKA€ 3MEHIIECHHS €()eKTUBHOT
KC Ta nHectabinbHICTH ii 3Ha4eHb B 001acTi ctuka. st MII omHOro THITy 3MEHIIEHHS iX pO3Mipy MPU3BOAUTH J0 3MEHIICHHS
niamasony 3miH edexrrBHOi KC. st MIT 6nu3pkux po3mipi gianazon 3minu edextuBHoi KC C3, skuit BUMIPIOETHCS B PO3iM-
KHEHOMY MarHiTHOMY KOJIi, € TIOMITHO OLTBIIMM TOPiBHSHO 3 BUMIPSHOIO Y 3aMKHEHOMY MarHiTHOMY KOHTYpi Koui. [Tokazano
MIPUHLUIIOBY MOXIIUBICTh BUKOPUCTaHHS C3 TSI METPOJIOTIYHOTO 3a0e3MeueHHs MATHITHUX CTPYKTYPOCKOIIIB, @ TAaKOXK IJIs
MOJIETIFOBaHHS 1BOBUMipHOTO po3noniny KC depoMarHiTHUX KOHCTPYKIIH, SKi XapaKTEepU3yIOTHCS TOBEPXHEBOIO HEOTHOPIA-
HICTIO MarHiTHUX napametpis. bibmorp.18, tabm. 1, puc. 8.

Kniouosi crnosa: nepyiinienuii KOHmponb, MazHimua CmpyKmypocKonisi, KOepyumusHa Cuid, Koepyumumemp, CmaioapmHuil

DOI: https://doi.org/10.37434/tdnk2023.03.01

3pasok, [1-nodioHuil MacHimHuL nepemeopr6ay, NPUCMAGHULL COLEHOIO

Beryn. HepyiiHiBHI MEeTOIM MarHiTHOI CTPYKTY-
pocKoIii 3HaX0AATh BCE ILUPILE 3aCTOCYBAHHS IS
BHU3HAYEHHS CTPYKTYPHO-UYTIIMBUX MarHiTHUX 1 Me-
XaHIYHUX XapaKTEePUCTHK (PepOMarHiTHUX CTaJIeH y
Mertanyprii Ta MamuHoOynyBaHHi [1-7]. He Menm
BaKJIMBHUM € 3aCTOCYBAaHHS [IUX METOAIB JUII MOHITO-
PHUHTY TEXHIYHOTO CTaHy BiANOBiJaJbHUX CTAJIEBHX
KOHCTPYKILIH TiJ yac ix ekcruryataunii. Cy4acHi MeTo-
I MarHiTHOI CTPYKTYpOCKoMii (pepoMarHiTHUX Marte-
piasniB 0a3yloThcsl Ha BUMIPIOBAHHS MapaMeTpiB MeTdi
MarHiTHoro ricrepesucy (IIMI') mig yac nukiIiYHOTO
nepemMarHiuyBanHs [6, 8]. YV SKOCTi CTPYKTYpOUyTIIU-
BOTO MapaMeTpa HaiuyacTille BUKOPUCTOBYIOTh KO-
epuutuBHy cuny (KC) H, sixa kopemoe 3 6ararbmMa
MeXaHIYHUMU mapaMmeTpaMmu Matepiamy [1-3, 5, 7].
3a momomoroto BuMiproBanHs KC MokHa IpoBOIH-
THA KOHTPOJIb ()EPOMATHITHUX MaTepiajiB 3 METOIO
BH3HAUCHHSI MEXaHIYHUX XapaKTepUCTHK (TBEPAICTS,
IpaHML MiTHOCTI, FPaHULS TEKYyYOCTi, yIapHa B’ s3-
KiCTBh, MOJYJIb NMPYKHOCTI), CTPYKTYPHHX Napame-
TpiB (po3Mip 3epHa, po3Mip BKIIOUEHbB, IIOPUCTICTH),
XIMIYHHUH ckiaja (30KpeMa, BMICT JIETYIOUUX eJIeMEeH-
TiB), SIKICTh TepMiuHOi ab0 XiMiKO-TepMiuHOi 00-
poOKu (rMOMHA 3arapTOBaHOTO YH I[EMEHTOBAHOTO

wapy, (asosuii ckran). Kpim toro, KC H_ kopemoe
3 IapaMeTpaMy HaIpy>KeHO-1e(OPMOBAHOTO CTaHY,
BTOMHMMH CTPYKTYPHHUMH 3MiHaMH, IO IO3BOJISIE
OIIIHIOBATH TTOMIKO/KYBaHICTh, TEXHIYHUH CTaH 1 3a-
JUIIKOBHH pecypc koHcTpykuii [9, 10]. Lle no3Bosmsie
MIPOBOJIUTH MOHITOPUHT BiANOBiJAJIbHUX KOHCTPYK-
wil mix vac ix ekcruryarauii. {st MarHiTHOro KOHTp-
OJII0 BCE YacTillle 3HaXOASITh 3aCTOCYBaHHA W 1HII
CTPYKTYpHO-uyTiuBi napamerpu [IMI, y Tomy uuc-
Ji, 3QJIMIIKOBA iHAYKIlisA B, MarHiTHa NPOHUKHICTH
W, MarHiTHa iHIYKI[is HACUYCHHS B Ta nnoma nerii
ricrepesmcy, sika XapakTepu3ye BTPaTH Ha TiCTepe3nc
3a OJIMH IMKJI lepemMarnigyBanus [6, 11, 12].

Cran npo6aemu. MarHiTHY CTPYKTYpPOCKOITitO
MOYXHA MPOBOJIHUTH y BIIKPUTOMY (PO3IMKHEHOMY)
a00 3aMKHEHOMY MarHiTHUX Koiax [2]. MarHitHi
CTPYKTYPOCKOIH BUMIPIOIOTh IHTEIpaJIbHE 3HAYCHHS
KC riei mokaneHoi yactuHU 00’ €kTa KoHTpOIto (OK),
Yyepes SIKy 3aMUKA€ThCSl MAarHITHUH MOTIK HAMarHivy-
BaHHA. [yt rabaputanx OK 11 HaMarHiayBaHHS J10-
KaJIbHOI 30HU HaiuacTilie BUKOPHCTOBYIOTh IPUCTAB-
Hi [I-noxi6ni MarHiTHI neperBoproBayi (MII) (puc. 1)
[3-6, 13].
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Puc. 1. Koncrpyxkuis npucraBHoro [1-nogi6Horo MIT: 1 — I1-mo-
nioHe ocepns; 2 — OOMOTKM HaMarHiuyBaHHs; 3 — qaBad XoJuia
JUTS BU3HAYEHHSI MarHiTHOTO MOTOKY; 4 — OK

4

Hns BusHaueHHs KC Takox BHUKOPHCTOBYIOTH
npuctaBHi MII, mpaiiorodi 3a METOAOM TOYKOBOTO
nomocy (MTII), saxuit monsirac y BUMiploBaHHS 3a-
JIUIIIKOBOTO MarHiTHOTO TIOJISL I€TaIel Mmicisi KOopoT-
KOYaCHOTO KOHTAKTYy OJHOTO 3 IOJIOCIB €JIEMEHTY
HamarHiuyBaHHS 3 nmoBepxHeto OK [14, 15]. IIpun-
it podotn 32 MTII 3 mocTiifHUM MarHiTOM B SIKOCTI
JUKeperia ToJisl HaMarHiayBaHHs imoctpye MII, stkuit
MoJilaHo sk nmpukiaja Ha puc. 2. et MII 3anpono-
HyBaB @. @epcrep nie y 50-x pokax MUHYJIOIO CTO-
piuust [16]. Y momanmpmmx po3poOKkax s moOyaoBH
MII B sikOCTi e1eMeHTIB HaMarHiYyBaHHs Hal4acTi-
1€ BUKOPHUCTOBYIOTH IPUCTABHI COJICHOIIU. 3aralib-
nuMm y MI, ski npamrorors 3a MTII, € po3ramryBan-
HS €JIEMEHTY HaMarHidyBaHHsI EPIEeHIUKYISPHO 10
nosepxuai OK. MeTton MoXHa BUKOPHCTOBYBATH IS

/
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Puc. 2. Koncrpykuis npuctaBaoro MII 3 mocTiiHUM MarHitoMm
®. depcrepa, axuit npairoe 3a MTII: 1 — nocTiitHuil MarHiT;
2 — xopryc; 3 — ¢hepo3oHA-TpagieHTOMETp; 4 — mpyxkuHa; 5 — OK
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KOHTPOITIO JIETAJNICH 3 BETUKUM KOE(iIlieHTOM po3mar-
HivyBaHHA N, 3aIMITIKOBE MarHiTHE TOJ€ SIKUX TTiCIs
HOIIEPEIHBOI0 HaMarHidyBaHHs 10 CTaHy TEXHIYHOIO
Hacuuenns nponopuiiine KC H..

st MeTposioriuHoro 3a0e3nedeHHs MarHiTHUX
aHaJi3aTopiB 1 KOEPUUTUMETPIB 3 pucTaBHUMU MII
BHUKOPHCTOBYIOTh CTaHIApTHI 3pa3ku abo MipH BiJ-
MOBITHOTO MAarHiTHOI'O MapaMeTpa 3 IIOCKOI IMO-
BEPXHEIO 1 3aJaHMMH T€OMETPUYHUMH PO3MipamMHu.
MarHiTHiI XapaKTepHCTUKU CTaHJIAPTHUX 3pa3KiB 3a-
3BHMYal BU3HAYAIOTH 34 JOIIOMOIOI OallICTUYHUX
YCTaHOBOK, Y SIKUX Ili 3pa3Kd CKIAJAI0Th YaCTHHY
3aMKHYTOT'O Mar"iTHOTo kona [17]. Merpomoriune
OIIIHFOBaHHS TaKWX CTAHIAPTHHUX 3pa3KiB MOTpedye
BapTiCHOTO 0OJIalHAHHS Ta BIiIIMOBITHO aKPEIUTO-
BaHOi s1abopatopii. KpiMm Toro, HE 3aBXKIN € MOXK-
JMUBICTH MiniOparu cTabiIbHI (EepOMArHiTHI CILIaBH
i3 3aganumu mapamerpamu [IMI. Lle cnonykae no
PO3POOKH MPOCTIMHNX POOOYMX CTAaHAAPTHHUX 3pa3-
KiB JJIs1 MATHITHUX aHAJi3aTopiB 3 IpucTaBHUMHU MII.
OnuH 3 MOXKIIMBUX T1IXO/IiB OB’ sI3aHUH 31 CTBOPEH-
HSIM CKJIaJICHUX CTaHJApTHUX 3pa3KiB, Kl yTBOPIO-
FOThCS 332 PaXyHOK 00’ €JIHAHHS B €IMHIA KOHCTPYKIIIi
YaCTHH 3 PI3HUMHU MarHiTHUMHU XapaKTEPUCTUKAMHU.
30KpemMa, HaMH paHille 3anpolOHOBAaHO CTAHIAPT-
HHUH 3pa3oK, SKAM CKIAMAEThCSI 3 KIWHOMOMIOHUX
yactuH (Pubauyk B.I., Yuania B.M. Ta in. Ctan-
JApTHUH 3pa3oK Ul HACTPOIOBAHHs Ta METPOJIOriy-
HOI aTecTarlii CTpYKTypoCKotiB. Ykpainu mar. 51834,
2010, brom. Ne 15). HemorikoM Takoro cTaHAapTHO-
O 3pa3Kka € HEeOOXiAHICTh Mperu3iitHoro (hpe3yBaHHs
KJIMHOTIOIOHNX YaCTHH JIJIS X TOYHIIIOTO MPHIISATaH-
Hs1 6€3 3a30piB, 110 BUABHUIIOCH HEMPOCTOIO 3a/1aU€lO.
AmnanizyBajiach TaKOXX MOXJIUBICTb CTBOPEHHS LIapy-
Batux 3pa3kiB KC [18]. V nawniit pobori ans anai-
3y HeogHopiaHux OK 3ampornoHOBaHO BUKOPHUCTATH
KOHIETLiI0 €()eKTUBHOTO CEPEOBUIIA, SIKa JO3BOJISIE
JUTSl TAKMX HEOTHOPITHUX 00’ €KTIB BBECTH MOHSATTS
edpexruBHoi KC.

VY 1iit poboTi JOCHiIKY€ETHCS PO3MOILT eheKTHB-
Hoi KC ckinanenux 3paskiB (C3) 3 MeTO0 aHaiizy
MOXKJIMBOCTI CTBOpeHHs O6ararozHaynoro C3 y Bu-
DA CTUKY JBOX IUTIACTHH 13 PI3HAMHU MarHITHUMH
XapaKTEPUCTHKAMU.

MeTtoauka gociaiaxeHHs. s q10CITiIKeHb BU-
KOPHCTAaHO ABa 3pa3KH, CKJIaACHI 3 ABOX OZHOPiA-
Hux 3pa3kiB KP-1 (Ne6331) i KP-2 (Ne6332) 3 HOMI-
"HaipHuMU 3HaueHHs KC BIAOBIIHO HCKP 1 =3701
HXP = 3550 A/m. Posmipu 3paski KP-1 i KP-2 —
58%35x8 mm. Jlmsa yrBoperns C3 Ne 1 KP-1 i KP-2
CTHKYBaJIM Mi>K COOOI0 iX KOpOoTKUMH (35 MM) cTOpO-
Hamu, a 1uist yrBopeHHs: C3 Ne 2 — noerumu (58 Mmm).

Hns BumiproBanus edexkruBHoi KC nux C3 'y
3aMKHEHOMY MarHiTHOMY KOJIi BAKOPHCTOBYBAJIH J1Ba
npuctasHi [1-moxioni MII, ymoBHO mo3HaveHi sk 1 i
2 (puc. 3), sIKi MaJH OJJHAKOBY KOHCTPYKTHUBHY CXEMY
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(puc. 1) i BigpizHsIMCA TiNBKM 32 po3Mipamu. Ix reo-
METPHYHI ITapaMeTpy HaBEACHO y TaOiuIi. Y SIKOCTI
BHAMIPIOBaJILHOTO 3aCO0Y, 10 SIKOTO ITiTKITFOYAITH 111 TIe-
peTBOpIOBayi, BUKOPUCTOBYBAIM MarHiTHUN aHasi3a-
Top (MA) Tuy MA-5 (puc. 4, a). Bin sBisie coboro
[IpOrpaMHO-anapaTHU KOMIUIEKC JIsi BUMipIOBAHHS
napametpiB [IMI 3pa3kiB i BupoOiB i3 pepomarHit-
HUX MarepianiB. [lns npoBeneHHs] BUMiptoBaHb MA
MiIKITI0YaIn 10 nepconansHoro komn rorepa (I1K),
Ha SIKOMY ITOTIEPEeIHBO OyJI0 BCTAHOBJICHO Ta 3aIylie-
HO crenianbHy nporpamy. 3a i JormoMororo 3iicHIo-
BaJll KEpyBaHHS MTPOIECOM BUMIpIOBaHb. Pe3ynbra-
TH BUMIpIOBaHb BiOOpaXkaiucs y BiKHI MPOTPaMH Yy
rpadiuHii ¢popmi (OCHOBHA KpHBa HaMarHiIyBaHHS,
MeTJIA TiCTEPE3NCy 1 3aJIeKHICTh MarHiTHOI TIPOHUK-

I'eomerpuyuni napamerpu I-noaionux MII 1, 2

Hassa mapaverpa 3HaueHHs mapameTpa, MM
MIT 1 MII 2

upuna nomocis [1-noxioHOTO 16 1
ocepas, a
JloxuHa nontocis [1-mogi6HOTO 3 20
ocepas, b
BiHCTagb MDK BHYTPILIHIMH KpasiMH 3 20
TOJIIOCIB, C
Bincrane Mix 30BHIIIHIME KpasMu
nosrocis, d 64 42

HOCTI BiJl HaNPY>XEHOCTI MarHiTHOTO TOJIs) Ta y BU-
IJIS1/11 YMCeNbHUX pe3ynbTariB. s moganpInoro ana-
i3y ix 30epiramm y mam’siti [1K y BHIIAII TEKCTOBOTO
abo rpadiunoro ¢aitnis. HasBHa Bepcis kepyrodoi
porpamu Tiepeadadae MOKIUBICTh BUMiproBaHHs KC
TinbkH 3a foromororo [I-mogionoro MII 1. Tomy npu
I IKITFOUeHH1 10 1poro npuiany [1-nogiororo MIT 2
OTpUMYBaHI YKcenbHi 3Ha4eHHs napamerpis [IMI He
BIAMIOBIIAIOTE 1X MIMCHUM 3HAYEHHSIM, a € BIJHOCHOIO
KUTBbKICHOIO OIIIHKOKO B YMOBHUX OJIMHUIISX.

3 MEeTO0 y3arajabHEHHS MPOBOIMIINA TAKOXK BUMi-
proBanHs eexTruBHOI KC 3paszkiB Ne 1 i Ne 2 y po-
3IMKHEHOMY MarHiTHoMy Kkoii 3a MTII. [Inst uporo
BukopucToByBaiu MII y BUIIISIII IPUCTaBHOTO COJIe-
HO1/1a 3 30BHILIHIM JiameTpoM 35 MM (puc. 3, 11o3. 3),
SIKMH MIAKII0YaId 10 KOSPIUTUMETPa-CTPYKTYPO-
ckorra UKC-104 (puc. 4, 6). Lle#t npunan € creriai-
30BaHUM 3aco0om BuMiptoBaHHS KC Maraitom’ sskux
(hepomarmiTHuX MarepianiB. OCKiTbKH HOTO KOH-
CTPYKIlisI HEe Tependadae peryimioBaHHS YyTINBO-
CTi KOPUCTYBa4YeM, TO pe3yiabTaru BuMiproBaHb KC,
OTPHUMaHi 32 HOTO JOMOMOTO0, BUpaKkeHi He y A/M, a
B YMOBHUX OJIMHUIISX.

3MICT TOCHIKEHb MOJSATaB B OTPUMaHHI PO3IIO-
niny edexruBroi KC H, Ce‘b C3 Nel i Ne2 3anexHo Bif

Puc. 3. TlpuctaBui MII mst nokasnshoro BumiptoBants KC: 11 2 — [T-noxi6Hi Bignosiaxo 1 i 2 qust pobotu 3 MA; 3 — MIT npunany

tuny UKC-104, sxwuii npamroe 3a MTII

Puc. 4. 3aco6u BumiproBannst KC: a — marHiTHHI aHamizatop MA-S5; 6 — koepuutumeTp-crpykrypockon MKC-104
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3MiIIeHHs [ MiXK IIEHTPOM MiKIIOJIIOCHOTO TIPOCTOPY
(mamani mpocto nertpom) II-moxiornx MII (puc. 5,
a, 06, Touka O) abo eHTpoM coneHoigansHoro MII Ta
cTukoM ogHopiguux 3paszkiB KP-1 i KP-2. 3a noua-
TOK BiJUTiKy OyJI0 IPUHHSTO JIHIIO CTHUKY. 3MIIIEHHS
B cTopoHy 3pa3ka KP-1 mo3nauyanu 3HaKoM «-», a B
cTopony 3pa3ka KP-2 — «+». CxeMu po3MillleHHs 110-
mociB [1-monioanx MIT Ha moBepXHi TOCITiIKYBaHHX
cxiaaenux C3 mij yac BUMIpIOBaHHS X €()eKTUBHOT
KC naBeneno Ha puc. 5. [IpuHuunoBa BiAMIHHICTb
MIDXK I[IMMH JBOMa BapiaHTamu ckiajgeHux C3 mossrae
y Tomy, mo y Bumaaky C3 Ne 1 momroca I1-mogiorOTO
MII mepeTHHAIOTH JiHII0 CTUKY TOYEPTOBO, a Y BU-
magky C3 Ne 2 — ogrovacHo. J{is MII turry nprcras-
HOTO cojieHOina (Ha puc. 5 He MOKa3aHo) BHACITIIOK
0CECHUMETPHYHOCTI HOTO KOHCTPYKIIii 0OMBa BapiaH-
TH € IICHTHYHUMH.

Ha pesynsraru BumiproBanus epexrusaoi KC C3
MOYKE BIUTMBATH ILIJIBHICTh NPUIISITAHHS OAHOPIAHUX
3paskiB KP-1 i KP-2 oqun 1o omnoro. Tomy mmnst no-
CJII/PKEHHSI LIbOTO BIIMBY Mi>K HUMH BBOJIWIIN IITYY-
HUW HEMarHiTHUN 3a30p Y BUIVISIAL Ji€JICKTPUUHUX

MPOKJIAJI0K Pi3HOT TOBIIUHU / (pHC. 5, @) 1 JOCITIIKY-
BaJIM CTYMNiHb BIUIUBY 1X TOBIIMHHU /I Ha PO3MOJIII
H.

3a pe3ynpraTamMy NpOBEJCHUX BUMIPIOBaHb e(eK-
tuBHOT KC C3 Ne 11 Ne 2 oTpumaHo 3aineXHOCTI iX
edexruproi KC H® Bix smimenns 1 nentpy MII
BIJTHOCHO CTHKY, SIKi XapaKTepU3ylOTh PO3MOAia edek-
tusHOI KC nocnimkenux C3.

AHaai3 pe3yabTaTiB. XapakTep 3aJe)KHOCTEH

eb _
Hc - f(l)|h=const
kopuctarasaM [1-moniorux MII 1 1 2, cBiguuTh Mpo

st C3 Ne 1, orpuMaHux i3 BU-

CYyTTEBHH BIJIUB 3MimeHHs 1eHTpy MII BigHOCHO
CcTUKY Ha oTpuMany epektuBHy KC (puc. 6, a, 0).
Jiist MIT | moBHmiA mianasoH 3minu H" 3HAXOXUTb-
csl B Mexax 3HaueHb 3minieHHs | Bix —20 10 +30 mm.
Y HbOMY MOXHa BHIIJTUTH II’STh YiTKO BUpaXKe-
HUAX OUIAHOK 3aJIeKHO Bl 3MIH Hce(b MpU TepeMi-
mienni MIT. {ns nepmioi (I =-20...—10 mm) i ’aroi
(I =+10...4+30 MM) xapakTepHUMH € HE3HAYHI 3MiHU
edexruBHoi KC. [pyriii (I =—10...—5 Mm) i yeTBepTiit
(I =+2...+10 mm) BiznoBinawoTs nomipui 3minn H<? .

| 3mittenns «—»(  3MileHHs «+»

a

5 KP-1 | f\
- o7 =
a {_
id
KP-2 |
s i
Bl

o

Puc. 5. Cxemu BumiproBanHs epextuBHOI KC ckmagennx C3 Ne 1 (a) ta Ne 2 (6) 3 [I-moni6aumu MII 1 1 2: O — nentp [I-noxiOHIX
MIT; a, b, ¢ i d — reomerpuuni mapamerpu nontocis [1-noaiouux MIT; i — ToBiuHa 3a30py Mik oxHopigaumu C3 KP-1 1 KP-2; | — 3mi-

menHs MII BiTHOCHO CTHKY

4

AlM

3
.

H" 10

i | | | I| | | |

17 I | 1 | | |

-30 -20 -10 0 10 20 30
o

=30 =20 -10 0 10 20 30 1 mm

Puc. 6. 3anexnocri edexruBroi KC C3 Nel Bix monoxenus [1-moxi6anx MII BizHocHo ctuka: ¢ — MII 1 3a pi3HEX 3HaUeHB 3a30py
mix 3paskamu KP-1 i KP-2(1-4=0,2-/4=0,1 mm, 3— /4 =0,3 mm); 6 — MII 1 i MII 2 3a BincytHOCTI 3a30py (1 — MIT 1 B A/M,

2—MII 2 B ym. ox1.)
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I mapemrri Tpets aistaka (I = —5...42 Mm) Bianosigae
CYTTEBUM 3MiHaM H, f‘b .

Hesnaunwmii HemarniTHuii 3a3o0p (4 = 0,1 MM) Mix
3paszkamu KP-1 1 KP-2, sxi yrBoprotots C3 Ne 1,
SKICHO HE 3MIHIOE XapakTep po3nofiny eheKTuBHOT
KC, ame nmpu3BoAUTh 10 ICTOTHUX KUIBKICHUX 3MiH
epextuBHoi KC B obnacti ctuky (I = —10...4+5 mm)
(puc. 6, a, xpuBa 2). 30UIbIICHHS 3a30pPy J10 3HAYCH-
st h = 0,3 MM BUKJIMKA€ HE TUIBKH ITOJANIBIIE 3MEH-
menHs H, f‘b , aJle TAaKOXK MPHU3BOAMTH JIO0 CIIOTBOPEH-
HS 3aNIeKHOCTI H, f‘b =f (l )|h:Const , IO TIPOSIBIISIETHCS
y pi3KOMY 3MEHIICHHI 11 3Ha4eHb B 001aCTi CTHKY 3
6oky 3paska KP-1 (puc. 6, a, kpusa 3). [Ipu npomy
Jiana3oH 3MillleHb, Y SIKOMY CHOCTEpIraloThCsl BKa-
3aHi 3miHM edekruBHOI KC, 3011bIIYETHCS B CTOPO-
Hy 3pa3ka KP-2 no 3nauyens | = —10...+25 mm. ToOTo
HEMarHiTHUH MPOLIAPOK MiXK OJHOPITHUMH 3pa3Ka-
MH, 3 SKHX cKiagaeTbess C3, BUKIMKAE 3MEHIICHHS
epexruBHoi KC Ta HecTabIbHICTh 11 3HAYCHB MOONIH-
3y cTUKa. J{71s1 yHUKHEHHS [IbOTO KOHTAKTHI TOBEPXHI
OJTHOPIIHUX 3pa3KiB MOBUHHI OyTH abCOIOTHO TUIO-
CKHMH, BIITOJIIPOBAHMMH 1 PETEIHHO MPUTIACOBAHU-
MH OfiHa 10 oxHoi. ToMy maji aHami3yIOThCS TITBKA
3astexkHOCTI eektuBHOT KC Bix 3MimeHHs, OTpUMaHi
IUTS CTUKY 0e3 3a30py (h = 0).

AHaIOTI4HY 3aJIe)KHICTh Hf(b =f (l ) OTPHUMAHO
takox st [1-noxionoro MIT 2 (puc. 6, 6, kxpusa 2),
KWW BiApi3HseTbes Big MII 1 TibKM MEHIIUMH Y
~ 1,5 pa3u po3mipamu (nuB. Tabnuuo). BugHo, mo
niana3oH 3miHu edexruBHol KC st iiporo MIT 3Ha-
XOIUTHCS B MEKax 3HaueHpb 3MmimeHHs | = -20...+10
MM. 1i HOpiBHAHHS 3 PO3IIAHYTOIO BUIIE AHANIOTiY-
HOtO 3anexHicTio st MIT 1 (puc. 6, 6, kpusa 1) mo-
Kazye, 0 3MeHIIeHHs po3MipiB MII Bukimukae 3MeH-
meHHd fiama3ony 3MiH edexktuBHoi KC. [Tpuuomy e
3MEHIIIEHHS BiAOYBa€THCS 3a PaxXyHOK MUISTHKH, sSKa
BiamoBizae ogHopimHOMY 3pasky KP-2 3 Gimprmmm
sHaueHHSM KC. Lle mosicHIeThCs O1IBIIOK JTOKaTi-
3aIfi€ro 30HA BUMipioBanb y MII meHmIoro poswmipy,
a TaKoX iICTOTHO OiJBIIMM BHECKOM BUCOKOKOEPIIH-
TuBHOTrO 3paska KP-2 y ¢popmysanus edexrusuoi KC
ckaaaeHoro C3 mopiBHIHO 3 HU3BKOKOCPIUTHBHUM
3pa3zkom KP-1. Cnix BigmiTuTH, 10 71 KpUuBuX 1
(MIT 1) 1 2 (MII 2) nHa puc. 6, 6 XapaKTepHOIO € Be-
JIMKa CTYMiHb CUMETPIi BiIHOCHO JiHii cTuka. Touka
cUMeTpil BifmoBigae 3HaueHHo | = —1 MM, TOOTO 3Mi-
LICHA B HANIPSIMKY OJHOpigHOTO 3pa3ka KP-1 3 meH-
M 3HaueHHsM KC.

Edexrura KC C3 Takox 3a1eXuTh BiJ CIOCO-
Oy mepeTWHaHHSA JiHII cTUKY ToitocaMu [I-mosi6-
nux MIL Tlopisnsnus sanexnocreit H® = f(1)
JUTSL KOYKHOTO 3 IIMX BUNAAKIB (puc. 7), OTpUMaHuX
3a gonomoroto [1-moxgiororo MIT Ne 1 gms C3 Ne 1
(kpuBa 1) i No 2 (kpuBa 2), moka3sye, 10 y BUIMAIKY
OJTHOYACHOTO TIEPETHHAHHSA JiHIi CTUKY MOJIIOCaMH
MIT (C3 Ne 2) mBuakicts 3pocranns H® e 3nau-

HY1073 Al

30 20 -10 0 10 20 30 7, mm

Puc. 7. Banexuocti edpexruBrol KC C3 Ne 1 (1) i Ne 2 (2) Big mo-
noxkenns [1-moxiororo MII 1 BigHOCHO cTHKA

HO MeHIow. 30inpmenHs epexkrusHoi KC BigOy-
BalOTHCA 31 3HAYHO MCHILUM I'pali€eHTOM, ajie cama
KpHBa 3aJI€KHOCTI Hce‘l’ =f(l) Ha0yBae BHpaKe-
HOi acuMeTpii BiTHOCHO TiHii cTuKy. [liama3zon 3miH
Hf‘b C3 Ne 2 3gaxomursea B Mexax —10...+35 MM 1
€ 3HaYHO 3CYHYTHM Yy OiK omHOpimHOTO 3pazka KP-2
3 OinpmmM 3naueHHsaM KC (puc. 7, kpusa 2). [lnas-
Himmit xapaxrep 3anesxusocti H? = f (1) y C3 Ne 2
nopiBHsHO 3 C3 Ne 1 n03BoJIsSIE TOUHIIIE BUCTABUTH
[T-noni6Huit MI1 Ha 3anane 3nauenns KC. Tomy BiH €
MPUAATHILIIAM JIJIsl BAKOPUCTAHHS JUIsl HACTPOIOBAHHSI
KOEPIUTHUMETPIB.

Posrusnyti sanexunocti Hg® = f(I) BizoGpa-
JKAIOTh pe3ynbratu BuMiproBaHHs edextuBHoi KC y
3aMKHEHOMY MarHiTHOMY KOJIi 32 JOTIOMOTOIO TIPH-
craBuuX [1-momaioamx MII. [y mopiBHSIHHS Ha pHC. 8
MmokazaHo rpadik aHAIOTIYHOI 3aJ€KHOCTI IS BU-
nanky BuMipioBanb epektnBHOi KC C3 Ne 1 y po3si-
MKHEHOMY MarHiTHOMY KoJi 3 BUKopucTaHHSIM MII
TUIlYy NPUCTABHOTO COJIeHOiAa AiaMeTpoMm 35 MM,
sxuii npamtoe 32 MTIIL. ¥V nanomy Bunazaky | e 3wmi-
meHHsM 1eHTpy MII BigHOCHO cTHKa.

24

20

3 YM. 0L

110

C

30 -20 -10 0 10 20 30 1, mm

Puc. 8. 3anexnicts edexruBHoi KC C3 Ne 1 Big monoxenust MIT
THUITY TPUCTABHOTO COJICHOI/IA BITHOCHO CTHKA
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Xapaktep HaBeACHOT 3alIeKHOCTI (pHUC. 8) AKICHO
€ momiOHNM 10 TpadikiB 3aIeKHOCTEH chb = f(l)
st C3 Ne 1 (rmoyeprose nepeTHHaHHS MOJTIOCAMHU Ji-
Hii cTHKa), OTpUMaHUX 3a Jonomoror [I-momxioHux
MII (puc. 6 ta puc. 7, kpusa 1). BigmiHHICTb OIS~
rae TUIbKU y TOMY, mo Toyka cumerpii (I = +1 mm)
TPOXH 3CYHYTa B MPOTUJICKHUH OiK, TOOTO B CTOPO-
HY OfHOpiaHOrO 3pa3ka KP-2 3 OUIbIIMM 3HAUCHHSM
KC. Miana3zon 3min edextuBHoi KC 3HaX0IUTHCS B
Mexax —20...420 MM. Y HbOMY MOXHA BUAUIATH JBI
kpaitti gistHkd (1 =-20... -2 mm ta | = +5...420 Mm),
JUTSL SIKAX XapaKTEepHOIO € MOMipHA MIBUIKICTh 3Mi-
Hu H, CC‘T’ , Ta IICHTPaJIbHY IUISHKY B OKoJi cTuKy (I =
=—2...+5 MM) 3 BETMKOIO MBUAKICTIO 3MiHU €(EKTHUB-
Hoi KC. Sk 6aunmo, xo4a 3a po3mipamu nanuit MI1
THUILY IPUCTABHOTO COJICHOIa € HAHMEHILIUM HOPiB-
HSIHO 3 po3misiHyTUMU padime [1-moxionumu MIT 1
1 2, abconoTHE 3HAUYCHHS Jiana30Hy 3MiH eEeKTHB-
Hoi KC, BuMipsHoi 3a ioro gonomoroto (40 mm), 3Ha-
XOJIMTHCS MOcepe]] a0CONIOTHUX 3HAYCHb aHAJIOT14-
HUX [Iiama3oHiB 3MIiH Hcecb st [T-nmonioaux MIT 1
(50 Mmm) 12 (30 Mm). Lle moscHIOETBCS THM, 11O BHAC-
JIOK PO3IMKHEHOTO XapakTepa MarHiTHOrO Koiia
OK — MII po3mipu obracti, Ky 3aiiMarOTh CTBOPIO-
BaHI HUM TIOJISl HAMarHITyBaHHS Ta pO3MarHidyBaHHs,
€ TIOMITHO OUTBIITUMH 3a po3Mipu camoro MII.

OTpuMaHi pe3yinbTaTH MO0 PO3MOALTY e(eKTHB-
Hoi1 KC mocnimkernx C3 mokaszye MPUHIUIIOBY MOX-
JIUBICTh X BUKOPHUCTAHHS B SKOCTI 0araro3HaqyHUX
3pasKiB AJsl IEpeBipKH poOOTH MAarHiTHUX aHaNli3aTo-
piB Ta KoepuuTHMETpiB 3 puctaBHUMHU MII pizHOTO
tuny. Kpim toro, C3 103BOJISTE MOJETIOBATH METO-
JOMOTIYHUM MAXif, MOB’I3aHUI 3 aHAII30M JBOBHU-
MipHHX 300pa)keHb HeOAHOpiHOTO po3noainy KC
(hepoMarHiTHUX KOHCTPYKIIH 3 BEIMKOIO IIIOIICO
noBepxHi [3].

BucnoBku

Hocumimkeno posnoxin epexkrnBaoi KC C3 y Bu-
IJISI/T1 IBOX 3ICTUKOBAHUX OTHOPITHUX 3Pa3KiB 3 CyT-
TeBo pizHO0 KC mpucraBuumu I1-nmonionnmu MII
pizHoro po3mipy i npucraBHuM MII conenoinansHOrO
Tuy, sikuii npauoe 32 MTII. [TokazaHo, o edexTus-
Ha KC cyTTeBO 3anexuTh Bij onoxeHHs Hentpy MII
BiiHOCHO cTuka C3. fkicHUil XxapakTep bOrO Po3-
MOJITY € OJIHAKOBUM JUIsl BCixX jociimkenux MII. Tlo
Mipi nepemitierns MIT BITHOCHO CTHKY Bijl OIHOPIJI-
Horo 3pa3ka 3 meHIow KC 1o onHopinHOrO 3paska 3
6inpmoro KC edextuBna KC 30inburyerses B aiana-
30H1 Mix 3HaueHHAMH KC BKazanux 3paskiB. Kimbkic-
HO xapakrtep po3noainy edekruHoi KC C3 3anexuTh
Bix Ty MII xoepuutumerpa Ta oro po3mipis. s
npuctaBHux [I-monioaux MII posmonin edexruBHOT
KC 3amexutp Takox Bi X opi€HTaIlii BiTHOCHO CTH-
Ky. 3a napasienbHoi opienTauii nomntocis [1-nmogidHoro
MII BigHOCHO CTHKY XapakTep 3MiHU edektuBHOT KC

€ iaBHimuM. CTHUK HE PU3BOIUTH JI0 JTOJATKOBUX
3miH edextuBHOi KC y 1ill 30HI Yy BUNAJKYy HIJIEHO
CTHKOBAHHX TUIACTHH, & TOMY HOTO BILUTMBOM MOKHA
3HexTyBaru. HasBHICTH 3a30py MK CKJIaJJOBUMH 4Ya-
ctuaamu C3 Bukiukae 3meHmeHHs epextuBHoi KC i
HEeCTa0UIbHICTB ii 3Ha4eHb B 00JIaCTI CTHKA.

Hns MII omHOTO THITY 3MEHIICHHS 1X PO3MipiB
MIPU3BONTEH JI0 3MEHIICHHS Jliara30Hy 3MiH e(eKTHB-
Hoi KC. Ha po3mipu obmnacri 3min edpexruBroi KC C3
TAKOXX BIUIUBA€E XapaKTep MAarHiTHOTO KOJia, Y SIKOMY
BinOyBatoThest BuMiptoBanHsa KC. s po3iMKHEHOTo
Mar"iTHOTO KoOJia Li PO3MipH € MOMITHO OiNbIINMHU.
Tak, 111 IPUCTABHOTO COJICHOIAA liaMeTpoM 35 MM,
KU € HAHMEHIINM 3a PO3MipaMu, 115l 30Ha CKIIa1a€
40 MM, 110 cyTTeBO ObIe HiX y [1-oniorOT0 MIT 2
(30 Mm) 1 menmie Hixk y [1-monioHoro MIT 1 (50 Mm).

OTpumaHi pe3y/bTaTi CBiYaTh MPO MPUHIIUIIO-
BY MOKITMBICTh BUKOpUCTaHHS C3 1151 MOJICITIOBAHHS
pe3ysbTaTiB KOHTPOIIO (pepoMarHiTHUX KOHCTPYKIIIH,
SIKUN 0a3yeThCsl HA aHaAI31 IBOBUMIPHOTO PO3TOALTY
KC, Ta myist MeTpooriqHoro 3a0e3neueHHs MPUIaaiB
MarHiTHOI CTPYKTYPOCKOITii.
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DISTRIBUTION OF EFFECTIVE COERCIVE FORCE OF COMPOSITE SAMPLES AT
ITS MEASURMENT BY ATTACHABLE MAGNETIC TRANSDUCERS

R.M. Solomakha'?, V.G. Rybachuk', V.M. Uchanin'

'G.V. Karpenko Physico-Mechanical Institute of NASU. 5 Naukova str., 79060, Lviv, Ukraine. E-mail: vuchanin@gmail.com
“SPF «Spetsialny naukovy rozrobky». 10 Svitla str., 61121, Kharkiv. E-mail: rsolomak@gmail.com

The paper presents the results of studying the distribution of effective coercive force (CF) in composite ferromagnetic standard sam-
ples assembled from two homogeneous samples with different CF values, abutted to each other. Two types of attachable U-shaped
magnetic transducers (MT), which were connected to MA-5 type magnetic analyzer, were used for measurement of effective CF
in a closed magnetic circuit. Measurements in an open magnetic circuit were performed using MT of attachable solenoid type,
operating by the pole point method (PPM). This MT was connected to a coercimeter-structurescope of IKS-104 type. It is shown
that for all MT types the effective CF of composite samples (CS) depends on their position relative to the butt. With MT movement
relative to the butt from homogeneous sample with smaller CF to homogeneous sample with larger CF the effective CF increases
in the range between CF values of these samples. Quantitatively, the nature of distribution of CS effective CF depends on MT type,
its dimensions and type of their orientation relative to the butt for MT of non axisymmetric design. With parallel orientation of the
poles of U-shaped MT relative to the butt, the nature of the changes in effective CF is smoother. Presence of a gap between CS
parts causes a decrease of effective CF and instability of its values in the butt area. For MT of the same type reduction of their size
leads to decrease of effective CF range. For MT of similar size the range of the change in CS effective CF, measured in an open
magnetic circuit, is noticeably larger, compared to the one measured in a closed magnetic circuit. Shown is the principal possibility
of CS application for metrological support of magnetic structurescopes, as well as for modeling the two-dimensional distribution of
CF of ferromagnetic structures, which are characterized by surface inhomogeneity of magnetic parameters. 18 Ref., 1 Tabl., 8 Fig.

Keywords: nondestructive testing, magnetic structuroscopy, coercive force, coercimeter, standard sample, U-shaped magnetic
transducer; attachable solenoid

Hapiiinmna no penakmii 11.06.2023

Accouiauig “OkO”

YNBTPA3BYKOBI MEPETBOPKOBAUYI. CEPIVHI TA 3A CNELI3AMOB/IEHHAM.

-

OKOndt GROUP

Solutions

ISSN 0235-3474. TexH. giarHOCTUKa Ta HEPYWHIBHUM KOHTpOnb, 2023, Ne3 9



HAYKOBO-TEXHIYHWUW PO3IN

YK 620.179.132:519.6

DOI: https://doi.org/10.37434/tdnk2023.03.02

YMCEJBHO-IHCTPYMEHTAJIBHUU METO/]
TEPMOI'PA®IYHOI'O KOHTPOJIIO CTAHY
BEJIMKOTABAPUTHUX KOHCTPYKIIIM TA CIIOPY/]

0.C. Minenin, B.1O. I'lmyxoBcbkuii, O.A. BenrukoiBanenko, B.A. JIMTBUHEHKO
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Jns migBUIIeHHS epeKTUBHOCTI O€3KOHTAKTHOTO KOHTPOIIIO CTaHy BaKKOIOCTYITHHUX AUISTHOK BEIUKOTa0apUTHUX KOHCTPYKIIH
Ta CIOpyX po3po0JIEHO YHUCENbHO-IHCTPYMEHTAIBHUHN MiXi] TepMOrpadiqHOro KOHTPOIIO. BiH momsrae B KOMIIEKCHOMY 3a-
CTOCYBaHHI ITPOMUCIIOBHX TEIUIOBI31THUX MPHIIAIB i pO3PaXyHKOBUX METO/IB aHAJI3y TeMIIepaTypHHUX OB y JOCIiIKYBaHUX
KOHCTPYKIIisX. Lle 103BoIs€ TOKPAIINTH TOYHICTh BU3HAYECHHS TEOMETPUIHUX OCOOIMBOCTEH A€(EKTIB 1 SMEHIIUTH TPYAOMICT-
KicThb POOIT 3 TEXHIYHOT JIarHOCTUKH CTaHy. BUKkopucTanHs po3poOIeHOr0 MiaX0ay MPOJEeMOHCTPOBAHO Ha THIIOBUX MPHUKIAIAX
0E3KOHTAKTHOTO KOHTPOJIO TEXHIYHOTO CTaHy MPOMHUCIOBUX TUMOBHX TpyO. bibmiorp. 10, Tadmn. 2, puc. 6.

Knrouosi cnosa: mepmozpagiunuii Konmpons, mexHiuHutl Cmat, 0egeKmockonis, npoMuciosi OUMosi mpyou, menionepeHecenis

Betyn. JliarHOCTHKA TEXHIYHOTO CTaHy BEJTHKOTa-
OapuUTHUX KOHCTPYKIIiH, OyIiBesh 1 CITOpy TOBTOTPH-
BaJIOi eKCIUTyaTarlii € 000B’I3KOBHUM €TarloM eKCIIepT-
HOTO aHalli3y iX CTaHy Ta OCHOBOIO /IS IIJIaHYBaHHS
3aXOf[iB PEMOHTHO-BITHOBIIOBAIILHUX po0OiT. OTHUM
i3 OCHOBHHX aCII€KTiB JIOCII/HKCHHS € BUSBIICHHS JIe-
(beKTiB KOHCTPYKIiH, SIKi MOXKYTh BIUIMBAaTH Ha IIiJTiC-
HiCTh 1 QYHKIIOHAJIBHICTD BiIMOBIJHUX KOHCTPYK-
LIHHUX KOMITOHCHTIB.

i ananisy KOHCTPYKIiH MEBHOTO Kiacy (5KUT-
JIOBI Ta HEXUTJIOBI Oy/IiBIIi, TUMOBI TPYOH, pe3epBy-
apu, MOCYIMHH BUCOKOTO THUCKY) MPH BUSBJICHHI re-
OMETPUYHHUX aHOMAJIi PI3ZHOTO THITY NIOKA3aJIl CBOIO
e(eKTUBHICTh METOJM TTACHBHOTO TePMOTpagiqHOTO
rxoHTpomto (TK), sKi 703BOMNSAIOTH TPOBOANUTH JiarHOC-
THUKY CTaHy OyIiBeNIb Y BOXKKOJOCTYITHUX MICIIX 0e3
HEOOX1THOCTI BUKOPUCTAHHS KOIIITOBHOTO 00IaTHAH-
HS Ta 3HU3WUTH BUPOOHUTI PU3UKH IS TiepcoHany [1,
2]. CyTp 1IbOTO METOy TIOJISITAE B TOMY, IO PI3HUIISA
TEeMIIepaTyp BCEPErHI AOCITIIKYBaHOT KOHCTPYK-
1ii Ta 30BHI pi3HA, [Ie 3yMOBIIIOE TIEBHE TIPOTPiBaHHS
30BHIIIHBOI MOBepXHi. DaKTUUHUNA PO3MOIIT TEM-
reparypy MOBEPXHI 3aJIKUTh BiJ 0araThox (axTo-
piB, 30KpeMa BiJl TEPMI4HOTO OIIOPY KOHCTPYKLIi, Te-
IJIOTIPOBIAHOCTI MaTepiaiiB, a TAKOXK BiJ] HASBHOCTI
eKCIUTyaTaliiHuX J1e(eKTiB, TOOTO JIOKaIbHUX CTOH-
IICHb 200 MOPOXKHUH Y cTiHI. [le Moxe OyTH 3adik-
COBaHO 3a JONOMOTO0 0e3KOHTAKTHHX METOJIB Tep-
Morpadii. [TpocToTa Ta JOCTYMHICTD IBOTO MIAXOLY
3yMOBHJIA HOTO TOMHUPEHICTh JUIS OIIHKU TETUIOBUX
XapaKTepUCTUK OymiBeIb, BUSABICHHS 30H HAAMIPHHUX
BTpAT TEIUIa, BUTOKIB TOBITPS, BIICYTHOCTI abo 1o-
ITKO/KCHHSI TETUTO130JIAI1, JUKEPET BOJIOTH TOIIO |3,
4]. beskontakTHUi xapakrep TK 103BoJIsIE IIMPOKO 3a-
CTOCOBYBAaTH HOTO JUIS aHAIi3y pyHHYBaHHS METaje-

BUX MarepiasiB, a TAKOXK JUIsl BUSBICHHS ITiIIOBEpXHe-
BUX JIe(eKTiB y MmojiMepax i KOMIIO3HTax [95, 6].
Alle OJTHUM i3 NMPUHIHUIOBUX HEJOJIKIB IhO-
r0 METOJAY TEXHIYHOT JIarHOCTHKHU € HEBEJIUKA TOY-
HICTh KiJIbKICHOT OI[IHKH PO3MipiB BUSBICHHX Je-
(eKTiB, 0COOIMBO B3/I0BXK TOBIIMHU KOHCTPYKIIii.
Lle o3Hauae, 110 B pa3i BUSBJICHHS NICBHUX aHOMAJIIl
JUTSE OOTPYHTOBAHOTO €KCIIEPTHOTO BUCHOBKY TIPO X
MIPUITYCTUMICTh HEOOXITHUMH € JOIATKOBI 3aX0IH 3
00CTeXKEHHS BIATOBIAHOTO KOHCTPYKIIIHOTO eJie-
MEHTa, [0, IEBHUM YHMHOM, HiBeioe nepeBaru TK.
ToMy akTyanmbHOIO € PO3p0oOKa HAYKOMICTKHX TIiIX0-
IIiB aHAJI3y pe3yabTaTiB BUMIPIOBAHHS IIOJIiB TEMIIE-
paryp 3 TOYKH 30Dy iX KiIbKiCHOT iHTepIpeTariii.
Mertoro nanoi pobotu € po3poOKa YnuCeIbHO-1H-
ctpyMeHTanbpHoro Merony TK crany Bennkoraba-
PUTHUX KOHCTPYKIIH Ta CHOPYI Ha OCHOBI KOMII-
JIEKCHOTO 3aCTOCYBAaHHS TEIUIOBI3iIHHUX MpHIAIiB i
PO3paxyHKOBHUX ITiJIXOJ[IB aHAJII3y TEIIOBUX IOJIIB.
MeTtopoaorisa anocaigkenus. [HcTpyMeHTaIbpHA
YacTHHA 3allPOMIOHOBAHOI METOJMKH TOJISITAE y Tep-
MorpadiYHOMY BUMIPIOBaHHI MPUPOJHUX (TTaCHBHA
tepmorpadisi) uu HaBeJAeHUX (aKTHBHA TepMorpa-
(bis) OB HA MOBEPXHI IUIACKUX a00 IUITIHAPUI-
HUX KOHCTpYyKIii. O0r1acTi moBepXHEBHUX a0 MiATO-
BEPXHEBUX JIE(PEKTIB XapaKTePU3YIOThCS JIOKAITBHOIO
3MiHOO Temneparypu. [Ipu oMy CITiBBiTHOIIEHHS
TeMIiepaTyp B obnacti aedexry ta B 6eznedexTHin
YaCTHHI KOHCTPYKIIi{ 3aJIeKUTh, TIEPIII 32 BCE, BiJI 3a-
JIMIIKOBOT TOBUIMHM CTiHKHM Ta TUIY Aedekra. s
BHU3HA4YCHHS THUITY (IOBEpXHEBA, IiAMOBEPXHEBA) Ta
(akTHYHOTO PO3MIpPY HECYLIJIBHOCTI HEOOX1THO MaTH
3aJIe)KHOCTI JIOKAJIbHOI TeMIlepaTypy Ha 30BHILIHIH
MOBEPXHI KOHCTPYKLIT B 00nacTi JedeKTy BiJl TerIo-
(I3MYHKX BJIIACTHBOCTEH MaTepiany Ta 0COOIUBOCTEH

Minenin O.C. — https://orcid.org/0000-0002-9465-7710, I'myxoBcwkuii B.YO. — https://orcid.org/0000-0002-1969-495X,

JlutBunenko B.A. — https://orcid.org/0000-0003-3680-2198
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TEMIIEpPaTypHOTO BILTUBY. Taki 3a1eKHOCTI OyII0 OT-
PUMaHO Ha OCHOBI YHCEJIBHOTO PO3PaxyHKY TeMIIe-
paTypHOIo HOJS 3 ypaxyBaHHSIM I€OMETPUUIHHUX Ta
(hi3muHMX 0COOIMBOCTEH CTaHY KOHCTPYKIIii. Bamina-
10 MaTEMaTUYHUX MOJEIEN Ta 3ac001B TX KOMII fO-
TepHOI peanizalii OyJa0 MpPoOBeIEHO Ha OCHOBI BiJl-
MOBiTHUX Ta00PATOPHUX JOCHIIKEHb MOJEIbHHUX
KOHCTPYKIIIMHUX €JICMEHTIB.

Tak, po3paxyHOK HEpPiBHOMIPHOTO TeMIlepaTyp-
HOIO 1oJjisi 0a3yBaBCs HAa CKIHYCHHO-PI3HUIIEBOMY
PO3B’A3KYy HECTAIIOHAPHOTO PiBHSHHS TEIUIOTPOBIJI-
HocrTi [7, 8]:

—y IeKapToBiii cucteMi koopauHar (X, y, z) — A
OIIUCY MPOLECIB TEIUIONEPEHECEHHs B INIaCTHHAX!

Cp(x,y,z,T)~W=
=§ x(x,y,z)-%i’z’t)
+% x(x,y,z).%;’“) @
+§ x(x,y,z)-w

— y UMIHAPUYHIN cucteMi koopauHar (I, B, z) —
JUTS AT HIAPAYHUX KOHCTPYKITIH:

8T(r,[3,z,t)
C b b 7T T =
p(rp.zT) ——
10 oT (r,B,z,t)
“r a{r Mrbe) =5
2
EET YA 7 E8)
r- op op
0 6T(r,[3,z,t)
+az{7\,(r,[3,z) % .
ne T — remmneparypa, °C; A — TemiIonposin-
HicTb, [x/(Mc°C); Cp — 00’€MHa TEIIOEMHICTS,
Tx/(m3-°C).

[Ipu mocranoBi 3agadi (1) ado (2) Oyno BUKOpH-
CTaHO TPaHWYHI YMOBH JIPYTOTO POAY BiATIOBIIHO 10
CYMapHOi il XapaKTepHHX JKEpeN i CTOKIB Teruia.
VY sSKOCTi OCHOBHUX JMCHITATHBHHX TPOIIECIB PO3TIIS-
JTAJTNCh KOHBEKTHBHI (B1AMOBIAHO 10 3ak0oHY HbIOTO-
Ha-PixmaHa) Ta BUITPOMiHIOBaJIBHI (32 3akoHOM CTe-
¢ana-bonbimana) mexanizmu. [lpouec HarpiBanss 3
OJIHI€T 3 TOBEPXOHB JIOCIIKYBAHOTO 00’ €KTa OIU-
CyBaBCsl BIJIMOBIJIHMM MMOTOKOM Teruia. YucenpbHui
PO3B’A30K PIBHSIHHS TEIJIOIPOBIIHOCTI JI03BOJIUB
BH3HAUUTH K CTAI[IOHAPHUN PO3MOJIII TEMIIEPATYP,
TaK 1 KIHETUKY PO3BUTKY TEMIIEpATypPHOTO MOJIs, 10
OyJ0 Ba)KIIMBUM TIpH J1abOpaTOpHiN Bajigamii 4u-
CEITLHOTO i IXOTY.

ISSN 0235-3474. TexH. giarHOCTUKa Ta HEPYWHIBHUM KOHTpOnb, 2023, Ne3

JladopaTopHi BunpodyBanHsi. Po3po0ienwii mi-
xiz Oyio BajiOBaHO NIJITXOM TOPIBHSAHHS TeMIIepa-
TYPHHX ITOJIiB, BUMIPSHUX 3a JOITIOMOTOO TEIIOBi30-
pa (TESTO 876 3 po3ainsHOIO 3matHICTIO 320%240
IMIKCEeITiB) Ha JOCIITHUX 3pa3Kax 3 MOJEIbHUMH T10-
BEPXHEBUMH ACPEKTAMHU, 3 PE3yabTaTaMH YUCEIb-
HUX PO3paxyHKiB. Y SKOCTi JOCHIAHUX 3pa3KiB Oyiau
BUKOpHCTaHi muacTuau posmipamu 300x200x10
Ta 260x125%10 MM 3i crani Cr3 km, Termiodizny-
Hi BJIaCTUBOCTI Marepiajly B 3aJIe)KHOCTI BiJ TeM-
nepaTypy HaBeJeHO B Tabm. 1. Y sSKocTi MOIENbHUX
nedexTiB Oyau pO3MISIHYTI CTOHIICHHS 3aBJOBKKU
160 mmM, 3aBmmpmiky 50 MM Ha TIHOMHAX 2 1 6 MM
Ta TOPU3OHTAJIBHE MiATIOBEPXHEBE PO3MIAPYBAHHS
(1x61x66 MM Ha TIHOMHI 8 MM) (puc. 1). Y pamkax
71abOpaTOPHUX AOCIIKEHb OyJI0 BUKOPUCTAHO Me-
TOJl ABOCTOPOHHBOI aKTUBHOI TepMmorpadii, st 9oro
3 OTHOTO OOKY 3pa3Ku HarpiBaJIUCh IHPpAICPBOHUM
JUKEPEIIOM, TTOTYXKHICTB SIKOTO 3MiHIoBasIach Bifg 1,05
1o 0,45 kBT, a 3 iHIoro 60Ky MpOBOAMIIOCS BUMIpIO-
BaHHsI TEMIIEPAaTyPHHUX IOJIiB.

HarpiBanHs 3a3HaueHNX J1a00paTOPHUX 3pa3KiB
MIPOBOJWIIOCH 32 Pi3HI MPOMIXKKH dacy A 3a0e3re-
YEeHHS CTalliOHapHOTO TeMIepaTypHoro noss. Taxk,
HarpiBaHHs IJIACTHHH 31 CTOHIIEHHsAMU (puc. 1, a)
BigOyBainocs npotrsiroM 905 ¢, TepMorpaMu Temiepa-
TYpHHX TOJIiB Ha MIOBEPXHi 3pa3Ka Ha Pi3HUX eTamnax
(5 Ta 65 c) HaBegeHo Ha puC. 2. SIK BUTHO 3 pe3yib-
TaTiB BUMipIOBaHb, 00IacTi 1e(EeKTiB CTOHILICHHS Xa-
PaKTEPU3YIOThCS JIOKAIbHUM 301JBIICHHSM TEMIIC-
paTypu B mopiBHSHHI 3 iepudepiero Bix 3 mo 22 °C
y 3aJI€)KHOCTI BiJl NUOWHU eeKTy Ta Jacy Harpi-
BaHHA. Ha nporuBary neexTy CTOHIIEHHS IUIaCTUHU
B pa3i HASBHOCTI po3IIapyBaHHSI HAa TMOBEPXHI 1a00-
PaTOPHOIO 3pa3Ka CIOCTEPIraeThCs JIOKaJIbHE 3HU-
JKEHHS TeMIIepaTypH B pe3ysbTaTi 301IbIIeHHS Tep-
MIYHOTO Ooropy racturu (puc. 3). s Bumanky, o
po3IIsAaBcs B paMKax JIa0OpaTOPHUX JOCIHIIKEHb
(puc. 1, 6) Ta HarpiBanHs npoTiarom 47 ¢, BeIUYHHA
JIOKaJBHOTO 3HW)KEHHsI TEMIIepaTypH MMOBEPXHi CKJIa-
na 6nu3bko 2 °C. [TopiBHSHHS €KCIIEPUMEHTAIBHO
BUMIPSIHUX PO3MOJIJIIB TEMIIEPATyp 3 pe3ybraTaMu
pO3paxyHKiB (puC. 4) MOKa3yrTh MOXUOKY HE OLIbIIE
15 % sx Ha erari HarpiBaHHs, TaK i B CTalllOHAPHO-
My peskumi. Takuii piBeHb TOYHOCTI € JJOCTaTHIM JUTS
pO3B’sA3aHHS IH)KEHEPHHX 3a7a4 TEXHIUYHOI JliarHOC-

Taomuus 1. 3ajexHicTh Tem10(i3MUHUX BJIACTHBOCTEN cTai
Cr13 xn Bix Temneparypu [9]

T °oC TernonpoBiaHICTS, TemnoeMHiCTb,
’ Bt/(m °C) JIx/(xr °C)
100 55 482
200 54 498
300 50 514
400 45 533
500 39 555
600 34 584
700 30 626

11
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Puc. 1. 30BHIIIHIN BUNIS 1 CXEMH IUIACTHH 3 MOJICTIBHUMU JIe(heKTaMH, 1110 BUKOPHCTAHI JUIsl 1ab0paTOpHUX JOCHI/PKEHb: ¢ — IIJIaCTH-

Ha 31 CTOHILICHHAMMU, 0 — TUIaCTHHA 3 poslapyBaHHAM

THKHU Ta MiIBUIICHHS TOYHOCTI KUTBKICHOTO aHai3y
BIITTOBITHUX TEPMOTPaM.

Pe3ynbraTtu Ta 00roBOopeHHs. Po3poonennii mis-
Xig Oy/0 BUKOPHCTAHO JIJISl TiIABHUINECHHS €(eKTHB-
HOCTI JIiarHOCTYBaHHS TE€XHIYHOTO CTaHY THUITIOBHX
ITPOMUCIIOBHX JTUMOBHX TPYO Ha MPHUKIIAII KOHCTPYK-
1ii 32113006 TOHHOT YOTHPUIIIAPOBOT TIPOMHUCIIOBOT JH-
MOBO1 TpyOu jutst koTnoarperatiB [ITB-100 (Bucora

120 m, niametp rupina 4,8 M, TOBIIMHA CTIHKH KOHTp-
0JIbOBaHoO1 00acti Tpyou 0,55 M, IpU IIbOMY TOBIIHU-
Ha 3aji300eToHHOrO0 T1apy — 0,120 M, HerIsTHOTO TIPH-
TrcKHOTO mapy — 0,120 M, TeImT0i30TI0I0Y0TO apy
— 0,05 M Ta mapy nernsHO1 dyTepiBku — 0,120 Mm).
TerumodiznaHi XapaKTepUCTHKH MaTepiaiB mapiB Ha-
BeZIeHO B TaOI. 2. Ha oCHOBI pe3ybTaTiB 4UCENEHOTO
PO3paxyHKy OyJI0 OTPUMAHO 3aJI€KHOCTI MaKCHMAaITb-

Ta0muug 2. Tennnodizuuni BracTuBocTi MaTepianiB pi3HUX mIapiB NpoMuUCI0BOI 1HMOBOI TPYOHU MiIa kotiaoarperaris IITB-100
y cyxomy cTaHi mpu armocepHoMy THCKY i Temnepartypi 20...50 °C [10]

Haszga mapy Marepian Temnonpoginnicts, B1/(M °C) Temmoemuicts, Jx/(xr °C)
DyTtepiBka Llerna yepBOHa MOBHOTINA 0,74 860
Tenuoizomsris Bara minepanbHa 0,041 920
[Tputnckanit Lerna yepBOHA MOBHOTIIA 0,74 860
3asi300eToHHMIT CTOBOYp 3anizo0eTon 1,70 840

12
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Puc. 2. TepmorpaMu TemIiepaTypHHX IOJTiB Ha MOBEPXHi IIACKOTO J1ab0paTOPHOTo 3pa3ka 3 MOJEIbHUMH Je(eKTaMu CTOHIICHHS (a,
6) Ta TEMIIepaTypHi pO3MOALIN B3IOBXK JiHii P1 (6, 2) yepe3 pi3Hi MPOMIKKH Yacy MicJis TOYaTKy HarpiBaHHs: a, 6 —5¢; 8,2— 65 ¢

CKT pO3iapy BaHHA

I' pO3luapy BaHHA

g

S

ya: 18,5 °C: Makcisyn: 20,1 °C: Cepeane sanenns 194 °C

o

ik Minimys: 19.3 °C: Makeimys: 21.5 °C: Cepeane manens 20.5 °C

212

Puc. 3. Tepmorpamu TemrepaTrypHUX MOJIB HA IIOBEPXHI IIACKOT0 JaOOPaTOPHOTO 3pa3ka 3 MOACIBHNM JieheKToM posimapyBaHHs (d,
6) Ta TeMIIepaTypHi pO3NOALIN B3IOBX JiHii P1 (6, 2) uepe3 pi3Hi IPOMIKKH 4acy IicJis TOYaTKy HarpiBaHHs: a, 6 — 18 ¢ ;6,26 —47 ¢

HOT TeMIIepaTypy B IEHTPI Ae(eKTy JIOKAIBLHOTO CTO-
HIEHHS CTIHKH BiJ HOTO MMUOWHU Ta BHYTPIIIHBOI
TeMIIepaTypH B TpyOi IIpH pi3HIM TeMmIepaTypi TuMo-
BUX rasiB B TpyOi 7, (puc. 5). SIx BMaHO 3 nux na-
HUX, IpU PyHHYBaHHI BHYTPILIIHBOIO APy LEDISIHO]
(byTepiBKH CTPIMKE 3pOCTAaHHS TeMIIEpaTypH Ha 30B-
HINTHIA TOBEPXHI TUMOBOI TPYyOH TIOYHHAETHCS JTUIIIS

ISSN 0235-3474. TexH. giarHOCTUKa Ta HEPYWHIBHUM KOHTpOnb, 2023, Ne3

MpH JIerpajiaiii HaCTyITHOTO HIapy, a caMme TEIrIoBO1
130111111, 110 HaKJIaga€ meBHI 0OMEKEHHS 100 3a-
crocyBarHs TK TeXHIYHOTO CTaHy TaKOTO POIy HEO-
TTHOPITHUX 00’ EKTIB.

CrocoBHO miAMOBEpXHEBUX Ae(EKTIB po3mIapy-
BaHHS, Ha PHC. 6 HABEJIEHO PO3PAXyHKOBI 3aJIeKHO-
CTi JIOKaJIbHOI TEMITEPaTypH Bifl pajliaIbHOTO PO3MIpy

13
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Puc. 4. Po3paxyHKOBI pO3MOIiIN TEMIIEpaTypH Ha TIOBEpXHi 1a00-
paropHoro 3paska 3i croHmeHHs M (a) (1 —t=65¢,2—-1=5¢)
Ta posmapyBaHHsM (6) (1 —t =47 ¢, 2 — 1= 18 ¢) yepes pizHi
MPOMIKKH Yacy HarpiBaHHA (JIiHii) Ta BiAMOBIIHI 3HAYCHHS Tep-
Morpahi4HUX BUMIPIOBaHb (X)
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130JIs LIS
Puc. 5. Po3paxyHKOBi 3aJIe)KHOCTI JIOKQJIbHOTO MAaKCHMYMY TeM-
HepaTypy BiJl NIHOMHU CTOHIIEHHS IPOMHCIIOBOT YOTHPHILIAPOBOT
JUMOBOT TpyOu miameTpom 5870 MM MpH pi3HHX TeMIeparypax
aumosux razis: T : 1—130;2 100 °C

ODytepiska IMputuckuuii map  3anizo6eToHHUi cTOBOYP

00’eMHOTO IepeKTy (BEJIMUYNHU PO3KPUTTS TIOPOXK-
HUHU B pe3ylbTaTi Jerpanaiii marepiaiy), Mo po3-
TalIOBAaHUN B LEHTPAJIbHOMY 130JSIHiHHOMY IIapi
TpyOH, Ta TeMIepaTypyu TUMOBHX Ta3iB. SIk BUIHO 3
LIUX AaHuX, pekomenaoBanuii meton TK € mocraTHbo
YYTJIMBUM JJIS iIeHTU(IKAII] TAKOTO pOoAy BHYTpIilI-
HiX Je(EeKTiB, SKi Ba)KKO BUSIBUTH THIIUMH 3ac00aMH
HEpYHHIBHOTO KOHTPOIIO: Tepernaj] TeMreparypy Ha
MOBEPXHI B 3aJIXKHOCTI BiJl po3mipy JaedekTa qocsrae
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Puc. 6. Po3paxyHKOBI 3aJI€)KHOCTI JIOKaJIBHOTO TEMIIEPATyPHO-
ro MiHIMYMY BiJl BeJIMYUHH JAerpajaiii (po3imapyBaHHs) i3051s-
Lii{HOTO HIapy MPOMUCIOBOT 1UMOBOT TpyOH aiamerpom 5870
MM IpH Pi3HUX TemIreparypax auMoBux rasis T, : 1 — 130;
2-100°C
0,2 °C, mo moxe OyTH BUSABIEHO, BPAXOBYIOUH TOU-
HicTh npwitana Ha pisHi 0,1 °C.

3anporoHOBaHi PO3paxyHKOBI 3aJIEKHOCTI JO3BO-
JISFOTH TOYHIIIE aHATI3YBaTH BiIMTOBIIHI TEPMOTpaMH,
OIIIHIOBATH TEMIIEPATypy BCepeIrHI TPyOH Ha MEBHIH
BHUCOTI (BIATOBIIHI 3aJIE)KHOCTI CXOAATHCS JO KOH-
KpPETHHX TeMIIepaTyp MoBepxHi Oe3neeKTHOI TiIsIH-
KM TIpU po3Mipi aedekTa, 1o AOPiBHIOE HYIIO), BU-
3HAUUTH THII 1 po3Mipu AedekriB y npoueci TK.

BucnoBkn

Po3pobneHo uncenbHO-1HCTPYMEHTAIBHII METOT
TepMorpadiqHOTO aHAII3y TEXHIYHOTO CTaHy BEIIH-
KOTa0apUTHUX KOHCTPYKITIH 1 CIOPYZ 3 METOIO TIiJI-
BHINEHHS] TOYHOCTI BU3HAYEHHS PO3MIipiB €KCIUTya-
Tarinaux Aedexris. g pOro moegHaHO METOMH
YHCEIBbHOTO MOJCIIOBAaHHS HEOJHOPIAHOTO OIS
TEeMIepaTyp Ha MOBEPXHI IUIACKUX UM IMIIIHIPHY-
HUX 00’ €KTiB KOHTPOJIO 3 IHCTPYMEHTAJIbHUMH ITi -
XozlaMu TepMmorpadiuHoro anamuizy iHppauepBOHOTO
BUIIPOMIHIOBaHHS.

s Bamiganii po3po0aeHOro METoay MpOBEACHO
J1abopaTOpHI TOCIIPKEHHS Ha CTaJeBUX IJIACTUHAX
3 MOJICIbHUMH J1e(heKTaMH — JIOKaJIbHUM CTOHIIICH-
HSIM 1 BHYTPIIIHIM PO3IIapyBaHHIM. 3a pe3yJabTraraMu
PO3paxyHKiB i TepMOrpadivHOr0 BUMIPIOBAHHS TEM-
repaTypy MoBepxHi JIe(eKTHOTO 3pa3ka MOKa3aHo Mo-
XHOKy po3pobieHoro miaxony He Bute 15 %.

Ha mpukitami KOHCTPYKITii 32113006 TOHHOT YOTH-
PHIIapOBOi MTPOMUCIIOBOI TUMOBOI TPYOH ISl KOTIIO-
arperari [ITB-100 3aBBumku 120 M Ta giameTpom
rupia 4,8 M Ha OCHOBI Pe3yNbTaTiB YHCEIBHOTO PO3-
paxyHKy OyJI0 OTPUMaHO 3aJIeKHOCTI MaKCHMaJIbHOT
TEeMIIEpaTypy B LEHTPI ACPEKTY JOKaJIbHOTO CTOH-
[ICHHSI CTIHKY BiJl HOro NIMOWHM, a TAaKOXK JTOKAILHOT
TeMIIepaTypu BiJl paliallbHOTO PO3Mipy 00’€MHOTO
nedeKTy po3mapyBaHHs, 10 PO3TAIIOBAHUN B LIEH-
TpaJbHOMY Tepepi3i CTIHKM AUMOBOI TpyOu. 3anporio-
HOBaHI PO3pPaxyHKOBI 3aJIe)KHOCTI Ha OCHOBI aHAIIi3y
BIJITIOBIJTHUX TEPMOIPaM JI03BOJISIOThH OI[IHUTH TEMIIE-

. TexH. giarHocTukKa Ta HepyMHIBHUM KOHTpOIb, 2023, Ne3
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NUMERICAL-INSTRUMENTAL METHOD OF THERMOGRAPHIC CONTROL OF THE
STATE OF LARGE-SIZED STRUCTURES AND CONSTRUCTIONS

O.S. Milenin, V.Yu. Glukhovskyi, O.A. Velykoivanenko, V.A. Lytvynenko
E.O. Paton Electric Welding Institute of NASU. 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine. E-mail: asmilenin@ukr.net

A numerical-instrumental approach of thermographic control was developed to improve the efficiency of contactless control of
the state of difficult-of-access parts of large-sized structures and constructions. It consists in integrated application of industrial
thermal imaging instruments and computational methods of analysis of temperature fields in the studied structures. This allows
improving the accuracy of determination of the geometrical features of the defects and reducing the labour consumption of
operations of technical diagnostics of the state. Application of the developed approach was demonstrated on typical examples
of contactless control of the technical state of industrial chimneys. 10 Ref., 2 Tabl., 6 Fig.

Keywords: thermographic control, technical state, flaw detection, industrial chimneys, heat transfer
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TEJIEBEKI HA OCHOBI 3ACTOCYBAHHS
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JL.M. Jlo6anoB!, JI.I. Creabmax', B.B. Capuupbkuii', B.IL. daain', O.I1. IllyrkeBuu!, A.I. Ko3zauek?

'TE3 im. €.0. Iarona HAH Vpaiuu. 03150, m. Kuis, By;n. Kazumupa Manesu4a, 11. E-mail: d.stelmax1996@gmail.com
*KoHIepH paioMOBIICHHS, paio3s’si3ky Ta Tenebadenss. 04112, m. Kui, Bya. JJoporoxumnska, 10. E-mail: a.kozachek@rrt.ua

CrarTs IpUCBAYEHA 3aCTOCYBAHHIO METO/IIB HEPYHHIBHOTO KOHTPOJIO Ta Bi3yaJIbHOTO OOCTEXKEHHS 3 BUKOpUcTaHHAM BITJIA
(IpOHIB) IS OLIIHKH MOMIKOKEHb KOHCTPYKIIT TenmeBexi. OmiucaHo METOAOIIOTIIO, SIKa BKIIIOUA€ 3aCTOCYBaHHS aepo(oTO3HOMKH
Ta MeToay (OTOrpaMMeTpii Al CTBOPSHHS TPUBUMIPHOT MOJIEI TeNEBEXkKi Ta JOKaNi3alii MOMKOMKEeHb. 3 JOTIOMOTOI0 MPO-
rpamuoro 3adesnedeHHsa 3DF Zephyr mobynosano 3D-Monens, oo 103BOIMIO BCTAHOBUTH PO3MIpH Je(EKTiB Ta MPOBECTHU iX
knacudikaniro. Ha ocHOBI mpoBeneHOro 00CTe)eHH PO3pOOICHO PEKOMEH 1AM 00 OTIEPAaTUBHOTO PEMOHTY Ta BiJHOBICHHS
TEeJIeBEXKi 3 METOI0 3a0e3neueHHs Oesmneku ii ekcruryaranii. [IpeacraBieni pe3ynbTaT TiATBEPIKYIOTh BUCOKHI MOTEHITIa
MOEHAHHS TPAIUIIHHIX METOAIB HEPYHHIBHOTO KOHTPOIIO 3 JUCTAHIIHHOIO J1arHOCTHKOIO HA OCHOBI 3aCTOCYBAaHHS JPOHIB
Ta GoTorpaMmeTpii 1is 00CTEKEHHS BETMKOradapuTHUX KOHCTpYKUii. bidmiorp. 10, puc. 4.

Krouoei cnosa: BIIJIA (Opow), pomocpammempis, Hepyiinignuil Konmporw, 3D-modens, sizyanizayis, menegedxca

Beryn. 3anmo6iranHs aBapiiHUM CHTYyaIisM Ta
3a0e3medeHHs HaAiiHOT poOOTH BeauKoradbapur-
HUX CTOpYJ nependadae MpOBEICHHS PEryaspHUX
npo¢1TaKTUYHUX 3aX01IB IS 30epeKeHHd iX TeX-
HI9HOTO CTaHy. MeTol0 1HCIIeKTyBaHHS BEIHUKOTa-
OapUTHUX KOHCTPYKIIN € BUSBICHHS MOXJIHUBUX
HEIOJIKiB, MTeQeKTiB a00 MOTECHITIMHO MPOOIEeMHUX
30H, SIKI TOTPeOYIOTh TEXHIYHOTO 0OCIyrOByBaHHS.
Y BUNaAKy BEIUKOTA0APUTHUX KOHCTPYKIIIHA IS
e(exTUBHOTO BUABJICHHS Ne()EKTIB HEOOXITHO BUKO-
pPHCTOBYBATH CIIEIiaTi30BaHe 0/IaTKOBE 00Ia HAH-
Hsl, 1[0 YCKJIAJTHIOE MPOIIeC, pOOUTH HOTO TPUBAINM,
TPYAOMICTKHAM 1 HEOE3MeUHNM 11 BUKOHABIIB [1].
Kpim Toro, g ycninmHoro mpoBeeHHS iHCIEKTY-
BaHHS MOTPIOHO 3a;mydaT MpodeciitHuX aJIbIiHICTIB
Ta OTPUMYBATH JI03BOJH Ha X poOOTYy Ha 00 €KTi. Y
0araTboxX BUITAKaX TAKOX iCHYIOTH MicCIsI 3 oOMe-
KEHUM OTJISIZIOM Ta BaXKHUM JOCTYIIOM, 110 3HIXKYE
e(heKTHBHICTH BUSABICHHS MOIIKO/KCHb.

OpmHAM 13 MOKITUBUX CITOCOOIB MTOIOJIAHHS BHIIIE-
3a3HAYCHUX OOMEXEHB € BUKOPHUCTAHHS OC3IMITOTHIX
mitanpaUX anapatiB (BITJIA). OmHak TpuUCyTHICTH
KBaTi(hiKOBAaHUX 1H)KEHEPIB Ha MICIIi MPOIOBKYE BiJi-
rpaBatu (hyHIaMEHTaJIbHY POJIb y BUKOHAHHI 3aBHaH-
HS 1HCIIEKITii (HalpUKIIam, MJIOT, APYTHH MTOT, €KC-
ept y cdepi aiarHocTuku MaTepianiB). Kpim toro,
IUIT OTPUMaHHS 00’ €KTUBHUX PE3yIbTATIB BaXKJIH-
BO YCYHYTH 3aJICKHICTH IX MEPEBIpKH BiJ TOCBI-
ny, (hiI3MIHUX acIeKTiB 1 HAOOpY HABUYOK OTEPaTo-
pa BITJIA. Pe3ynbrat HE MOXYTh OYTH TOCSATHYTI B
PEXUMI peallbHOTO Yacy i Jaeski AedeKTHI MicIsl To-
TpiOHO MIATBEPKYBAaTH Ta OOCTEKYBATH HEOTHOPA-

30B0. Tomy moTpiOHI JoCBiAUeHI mpodeciitai daxiBIti
y cepi HepyHHIBHOTO KOHTPOJTIO SKOCTI.

VY cTaTTi OMUCYETHCS MPOIEenypa OOCTEIKCHHS
KuiBchkoi TenmeBexi, Ky Oy0 IMOIMKOMKEHO BOPO-
KUM pakeTHUM ynapoMm 1-ro 6epesnst 2022 p. BHac-
JITOK BiMiCBKOBOI arpecii pocii. KuiBchka TeneBexa
— CyIiTpHOMETalIeBa 3BapHA MPOCTOPOBA IPaToBa-
Ha BHCOTHA criopyaa 3aBBumku 380 M, moOymoBaHa B
1968—-1973 pp. — Oysia HAMBHIIOIO PENTITYACTOO BiTb-
HO PO3TAIIOBAHOIO KOHCTPYKIIIEIO B CBITI HA MOMEHT
criopymkeHHs [2, 3]. BpaxoByrouwn, mo [HCTUTYT enek-
Tpo3BapioBanHs iM. €.0. [Tarona HAH VYkpainu Ta
TOB «YkpalHCBKUIT IHCTUTYT CTaJIeBUX KOHCTPYKIIIH
imeni B.M. lllnmanoBCEKOTO» Oyl aBTOpaMHU MPOEK-
Ty 1€l YHIKAIBHOI IHKEHEPHOT CIOPYAH, 00CTEKEeH-
HS Ta OI[iHKA TEXHIYHOTO CTaHy METAJIOKOHCTPYKIIIN
BEXi BUKOHYBaJIach IIUMHU OpPTaHi3aIlisMH.

BisyanpHe Ta iHCTpyMEHTaIbHE OOCTEKEHHS Me-
TaIOKOHCTPYKIIIF BEXi B 30HI 3aBIaHHS PAKETHOTO
yrapy 3 noszHadku +0,000 go noznauku + 80,000 Bu-
KOHYBAJIOCh y YOTHPHU €Taly 3 BUKOPUCTAHHAM Ha-
CTYITHUX METO/IIB HEPYHHIBHOTO KOHTPOITIO:

* Bi3yaJhbHO-BUMIPIOBAILHUI;

* MarHitTHa Ae(eKTOCKOITI;

* YABTPa3BYKOBHI KOHTPOJIh OCHOBHOTO METaly Ta
3BapHHX 3’ €IHAHB CIEMEHTIB BEXKI,

* BizyasbHE 00cTexkeHHs 3a moniomororo BIJIA.

MeTtoau o0cTe:KeHHS BeJIMKOTa0apUTHUX Me-
TaJleBUX KOHCTPYKUiii. BizyansHo-BUMiproBambHAN
KOHTPOJIb TIOJISITaB Y 30BHIIIHBOMY OIS TpyOdac-
THX €JIEMEHTIB BeXi, BY3JIOBUX 3BapHUX 3’ €IHAHB,
(hacoHOK Ta IHIIHUX €JIEMEHTIB i MeTaleBUX KOH-

Jlo6anos JI.M. — https://orcid.org/0000-0001-9296-2335, Casuupkuit B.B. — https://orcid.org/0000-0002-2615-1793,
Hsinin B.IT. — https://orcid.org/0000-0002-2061-8436, IllytkeBud O.I1. — https://orcid.org/0000-0001-5758-2396,

Crenbmax JI. I. — https://orcid.org/0000-0002-0412-9747

© JI.M. Jlo6anos, /J1.1. Crensmax, B.B. CaBunpkuii, B.I1. Janin, O.I1. HlytkeBud, A.I. Kozauek, 2023

16

ISSN 0235-3474. TexH. giarHOCTMKa Ta HEPYWUHIBHUIA KOHTPONb, 2023, Ne3



HAYKOBO-TEXHIYHUIX PO30IN

CcTpyKIii. O METaJeBUX SIEMEHTIB BEXKi TIPOBO-
IuBcs 3 BigmiTok 0; +5; +40; +72 ta +80 M.

OCHOBHOIO 3a71a4€l0 Bi3yaJbHO-BHMIipIOBAIIEHOTO
METOAY KOHTPOJIIO OyJI0 BUSIBIIEHHS Ta (hikcallis BCix
Bi3yaJIbHO CHOCTEPEKEHUX MOUIKOKEHb SIIEMEHTIB
METAJIOKOHCTPYKITIH BEXi JJIs TIOJABIIOI 1X OIliH-
ku. Tak, y 3a1e)KHOCTI BijI eHeprii BIUIMBY yJIaMKiB Ha
CTiHKY TpyO MOYKHa BUAUINTH ACKiTbKa BUAIB YIITKO-
JOKEHHS eIEMEHTIB KOHCTPYKIIIi:

* MOBHE IPOHUKHEHHS YJIaMKa Kpi3b OJHY CTiHKY
TpyOM 0e3 BIUIMBY Ha JIPYTY CTIHKY;

* MIOBHE MPOHUKHEHHS YlIaMKa Kpi3b OJHY CTiHKY
TPyOH 3 TUTACTHYHUM Ae()OPMYBaHHIM JIPYToi CTIHKH;

* MIOBHE NMPOHUKHEHHS YyJIaMKa Kpi3b JIBi CTIHKH
TpyOH (TIpOCTpin);

* JaCTKOBE MPOHHMKHEHHS yJTaMKa B OJHY CTiHKY
TpyOH Ha pi3HY TITHOHHY (KpaTep);

* HAsBHICTh BM SITHHU B CTIiHII TpyOH 0€3 MPOHUK-
HEHHS yJIaMKa;

* nedopmarlis eneMeHTa 1111 BILTUBOM YJIaMKiB Ta
yIAapHOi XBUIII;

Puc. 1. Mogeni HmxHBOTO sipycy KuiBchKoi TeneBexi: a — moBHO-
MacmTabHa MOJIENb; O — Miclie BHOYyXY
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* PyHHYBaHHS C/IEMCHTA YH By3/Ia HOro KpiIUICHHS;

* HAABHICTH TPIlMH B MIiCLSIX BILUIMBY YIAMKIB Ta
y By3J1aX PO3KpIIUICHHS €JIEMEHTIB;

* pyliHyYBaHHS TaCHHUKIB KOJHBaHb MiX
eJIeMEHTaMU.

Oco0nuBOCTI 3aCTOCYBaHHS MarHiTHOTO Ta yib-
TPa3BYKOBOT'O METOJY KOHTPOIIIO MOJIATAIH Y BipOTif-
HOMY BHSIBJICHHI BOJIOCAHHX HACKPI3HHX, OBEPXHE-
BHX Ta IiATOBEPXHEBUX TPILMH Yy MICLIAX yIapHOIO
BILTMBY T4 HPOHUKHEHHS YIAMKIB paxern Kpi3b CTiH-
Ky €JEMEHTIB METAJIOKOHCTPYKILIH BeXi. Y MICISIX
BHSIBIICHUX YIIIKO/DKEHb podmiocst oTorpadyBaHHs
3 PEECTPALI€I0 MICIIS iX PO3TAIIyBaHHS.

Braciiiok BUKOHAaHOI 1HCTIEKIIIT Pi3HUX TiISTHOK
METAJIOKOHCTPYKIIIH TeJeBeXi OyJI0 BCTAHOBIICHO:

1. ¥V Micusix, CXWJIBHHX 10 3HAYHOTO CHIJIOBOTO
BIUIMBY, HE BHSBICHO MPOTSIKHUX MPUXOBAHUX TPi-
IIUH, TOOTO TPIIIWH, [0 BUXOASTH HA BHYTPIIIHIO
MOBEPXHIO 200 TPIIIMHN BCEPEINHI METaly, sIKi He
MOXYTh OyTH BHsIBJIEHI Bi3yanbHO. [IpakTuuHo BCi
BHSIBIICHI Ta JOCIIKEH] TPIIIIMHA € HACKPI3HUM PO3-
puBOM MeTalty. € HeduciIeHHI AeOopMOBaHi IiISIHKY,
JIe Ha BHYTPIIIHIN TTOBEPXHI BUSBIISIOTHCS CIIAH PO3-
TpickyBaHHs. OLiHKa PO3MipiB TAKOTO PO3TPICKyBaH-
HS CTAHOBHUTD JIMIIIE KIJTbKA MM.

2. [Ipu iHCTpyMEHTATLHOMY OOCTEKECHHI METaly B
MICIISIX 3 OYEBHIHOIO ITACTUKOIO TA PO3PUBAMH KiJlb-
KICHI OLIHKH PO3MIPiB PO3TPICKYBAHHS IIPAKTHIHO
Z[OplBHIOIOTL Bi3yaJIbHO-BHUMIpPIOBAaJIbHUM OLIIHKAM,
BIZIMIHHICTh CTAHOBUTB He OibIe 2...3 MM.

3. V Mmicugx, BiagaJdeHuX Bij 30H INIACTUYHOIL Je-
(hopmartii Ta crifiB ynapHoi Jii, He BUSBIEHO Jehek-
TiB (30KpeMa TPIlH).

[IpoTsirom oCcTaHHBOI'O AECCATHIITTS [10YAIOCh
LIMPOKE BUKOPUCTAHHS OC3MUIOTHUX JITaJbHHUX ara-
pariB (IpoHiB) /Uil BUKOHAHHS BEJIUKOTO CIEKTPY 3a-
BIaHb, y TOMY YHUCII JJIsl IPOBEICHHS HEPYHHIBHOTO
KOHTPOJTIO SIKOCTI.

[Ipu gocmimKeHH] TOMIKOKEHD TEJIEBEkKi 3aCTO-
CYBaHHS IIbOTO METONY IiarHOCTUKH Oyi0 00yMOB-
JIEHO JeKinbKoMa npuunHami. [lo-nepme, noctynHi
MICIISl Bi3yaJIbHOTO OIVISILY MOILKOAXKEHUX €JICMEHTIB
KOHCTPYKLiH HE TO3BOJISUIM OIVISIHYTH BCIO TOBEPXHIO
MIPOCTOPOBUX KOHCTPYKILIN y 3B’SI3KY 3 OOMEKEHHIM

Puc. 2. ®otorpadis eneMeHTy OmopH, SIKy OTPUMAHO 3a JOTO-
MOTOI0 OE3IIJIOTHOTO JITAJIBHOTO anapary npu aepodoTo3iomii

TEIIEBEKI

17



HAYKOBO-TEXHIYHWUW PO3IN

6]

2,2 cm

Puc. 3. ®otorpadii momkomKeHb B €IEMEHTI KOHCTPYKIIT TeneBexi: a — nedekr 1, 6 — nedexr 2 (auB.

KyTiB OTJISIAY 3 MiCIlb CIIOCTEPEXEHHs. SIK HacHigoK
e 3HAYHO YCKJIAJHIOBAJIO 3aBAaHHS 3arajbHOl OLiH-
Kk 00’eMiB pyiHauii 06’ ekty B winomy. Ilo-apyre,
CKJIQJaHHsI MOBHUX KapT MOLIKOJKEHHS €JIEMEHTIB
0e3 IX MPOCTOPOBOTO OMISAY NOTPeOyBaio 3HAYHOTO
4acy Ta 3aJly4aHHs BEIHMKOI KiJIbKOCTI aJIBITIHICTIB 70
ix BuKoHaHHs. KpiM 3a3HaueHNX NPUYKH, HEOOXiTHO
TaKOX BiJA3Ha4aTH npodnemy ineHtudikamii gedexrin
3a pe3yabTaraMy Bi3yaJlbHOTO OTJISIAY.

OO0cTekeHHsI METaIeBHX Ta 3a1i300€TOHHUX KOH-
CTPYKIIiH 13 3aCTOCYBaHHSM O€3MIJOTHUX i POOOTH-
30BaHUX CHCTEM 3HAUYHO 3MEHINYIOTh BapTiCTh 1 Yac
MepeBipKy, OJJHOYACHO IiJBUINYIOYN HAMIHHICTH 1
y3TOKEHICTh OTpUMaHuX AaHuX. KpiMm Toro, cko-
POYEHHS Yacy MpOCTOI0 JOTIOMarae mpoaoBKyBaTH
poOOTy MPOTATOM TPHUBAJIOTO MEPioAy, IO MPU3BO-
JUTH 10 TIOKPAIICHHS TPale31aTHOCTI BiIOBIAalb-
HUx 00’ekTiB. Cijl TAKOXK 3a3HAYaTH, 10 y BUIAJI-
Ky JOCHiKeHHs HeOe3neuHnx abo BaKKOOCTYITHUX
30H HaHEPEKTUBHIIIUM CITIOCOOOM J[IarHOCTUKU KOH-
CTPYKILI{ 3 TOUKH 30py ONEpaIiiftHOTO pU3HKY, BAPTO-
CTI Ta MOYJIMBOCTEH € BUKOPUCTAHHS JPOHIB [4, 5].

Pa3om 3 TuM, IpOHU MaIOTh JIesIKi OOMEKEHHS, SKi
HeoOximHo BpaxoByBaTH. OHI€IO 3 MPOOIEM Iif yac
ekcrutyaraiii gpona € Biopaiis. BITJIA wacTo mij-
JIAIOThCS BIUTUBY PI3HUX JKepel BiOpatii, o Moxe
BIUTMHYTH Ha HaJiHHICTh OTPUMaHUX AaHUX [6]:

* BiOpaIlii, Cnpu4HMHEeHi 30BHIIIHIMHU JKEpETIaMH,
HaNpHUKIIA] CUIILHUH IOPHUB BITPY;

* BiOpaIlii, cnpu4rHEeHi MaHEeBpaMH JAPOHY;

* BiOpallii, CIpHuMHEH1 aepOTMHAMIYHUMH JKEepe-
JIaMH, HalpUKJIa]| 3yCTpiYHUH BiTED;

* BiOpamii, CIpUYMHEHI CaMOI0 CHCTEMOIO
cra0imizarlrii;

* BiOpanii, cnpuYMHEHi JABHIyHaMHu Ta
MpoTeJIepaMH.

VY mporieci 00CcTeKEHHS TENEBEK] CIIOCTEePIranucs
JIeSK]1 BIUTMBY 30BHIIIHIX YMHHHUKIB, a CaMe:

* YTBOPEHHS TiHEW Ha TPyOYaCTUX KOHCTPYKIIiSX
BHACJI1JIOK XMapHOT TIOTOJIH;

* TIOPYIICHHS CTa0LIi3a1[il BHACIIOK 3MIHHUX Bi-
TPOBHX TIOTOKIB;

* 3MiHa KyTa OCBITJIICHHS 00 €KTa;

* IPUTSTYBAHHS JI0 METaJIeBUX KOHCTPYKIIiIH BHAC-
JIIJIOK BILTUBY €JIEKTPOMArHITHOTO 00JIa{HAHHSI.

KonkpeTrHuit yac, Koy IpoOBOJUTHCS OOMIT KOH-
CTPYKIIiH, MOX€E iICTOTHO BIUTMHYTH Ha JJOCTOBIPHICTb
pesyabraty. Hanpuknan, TiHi, I€HHE CBITIIO, TIOTO/IHI
YMOBH Ta COHSYHA pajialliss MOXKYyTh MaTu HEraTuB-
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HUI BIUIMB, IO MIPU3BOAMTH JJO HETOYHUX pPeE3yJIbTa-
TiB [4].

3acTrocyBanHs MeToy (hoTOrpamMmeTpii A5 mo-
YKy MONIKOM:KEeHb TejieBexi. DoTorpammerpist —
1€ TEXHOJIOTisl OTPUMaHHs HaiiHOT iHpopMalii mpo
¢i3n4HI 00’ €KTH Ta HABKOJIMIIHE CEPEAOBUILE 32 JIO-
MTOMOTOIO TIPOIIECIB 3aITUCy, BUMIPIOBaHHS Ta iHTEp-
nperaiii pororpadivanx 300pakeHb. Sk BUTUINBAE 3
Ha3BH TEXHOJIOTI1, METOJIOJIOTIS CIIOYATKY CKJIIaJIaJIacst
3 aHaJi3y (ororpadiii, OJHAK BUKOPUCTAHHS ILIIBKO-
BHX Kamep 3HAYHO 3MEHIIMIIOCS Ha KOPUCTh U PO-
BHX ceHCcopiB. DoTorpaMMeTpist po3ImupmiIacs, oo
BKITIOUMTH aHANI3 1HIIUX 3alUCIB, TAKUX SIK IUPPOBI
300pakeHHs, BUIIPOMIHIOBAHA aKyCTHYHA E€HEPTis,
Ja3epHi BUMIPIOBAHHS Ta MarHiTHI siBuma [7].

3a ocraHHi pok# (oTorpaMMeTpist 3 Ti MOXKITHBOCTS-
MU KOMII IOTepHOT 00pOOKH Ta 3aTyueHHSIM HOBHX iH-
CTPYMEHTIB 300py JIaHUX BiJIKpHIIa Oararo HOBUX cdep
3aCTOCYBaHHSI: ICTaHIlII{HA Bi3yasi3allis, poOOToTeX-
HiKa, BIpTyasibHa peajibHICTh, 3D animMartis Tomro [8]. ¥
MPOMHUCIIOBIH 1HCTIEKIIIT 1 KOHTPOII SIKOCTI (hoTOrpamme-
TPUYHI METO/IM Ta CUCTEMHU 3HANIIUTU CBOE MTPU3HAUCH-

Puc. 4. Jlingaka TeneBexi enmineHTpy BUOYXy: a — Gpororpadis;
6 — TPUBAMIipHA MOJICTIH
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HS y TakuX cdepax, SK: aBTOIUIIXH, MOCTH, TPyOOITpo-
BOJIM, BITPOBI TypOiHH, JIiHIT eleKTporiepeaq.

IcHye nBa ocHOBHHX THIH (OTOTPAMMETPil: TTOBi-
TpsIHA (3 KaMeporo B MOBITPi) 1 Ha3eMHa (3 KaMeporo
B pykax abo Ha mtatuBi). HazemHa dotorpammerpis
Mae CIpaBy 3 BiJICTaHAMH 10 00’ ekTiB Onm3bko 200
M, 11 TaKOXK HA3WBAIOTh ONMKHBOIO (DOTOTPAMMETPi-
€10. ManodopmarHa aepodoTorpamMMeTpis TEeBHUM
YHHOM BHKOPHCTOBYE i 1Ba THIHU, TOE€AHYIOYH TOUKY
orsny 3 HOBITPS 3 OJM3BKUMU BiICTaHAMH JI0 00’ €K-
TiB 1 BUCOKOIO JIeTai3alfiero 300paxenss [9].

Meron ¢ororpammerpii 0a3yeTbcsi Ha reOMeTpUY-
HO-MaTeMaTHUYHIH pPEeKOHCTPYKIlii NUISAXiB TPOMEHIB
BiJl 00’€KTa A0 ceHcopa IU(PPOBOi KaMepH B MOMEHT
eKCIIOHYBaHHSI, 1110 JI03BOJISIE AUCTAHLIHHO BU3HAYUTH
neeKTHI AIISTHKHA, OTPUMATH TOYHI TEOMETPHYHI PO3-
MipI/I MOLIKOKEHb Ta iX PO3TALIyBaHHS HA KOHCTPYK-
1ii. JLst LIOTO CTIOYATKY BUKOPHCTOBYIOTHCS AIIOPHT-
MH opleHTauu JUTsl BU3HAUCHHSI BHYTPILLHIX 1 30BHILIHIX
rapaMeTpiB KOKHOTO 300pa)KeHHs, TAaKUX SIK (POKycHa
BiJICTaHb, TOUKA LIEHTPY (HOKYCYBaHHS, IIOJIOKEHHS 1
Opi€HTAallisl KaMepH 1 TOYKH 3ioMKH. Ha HacTymHOMY
eTarti BUKOHYEThCS CITiIbHA 00pOOKa 300pakeHb, BOHU
BUPIBHIOIOTHCS, 00 3a0€3M1€YNTH PABUIILHY B3aEMHY
TIO3UIIIO Ta BiIIOBIHICTH TOYOK Ha ¢oTo. [lics Bupis-
HIOBaHHS 300pakeHb MOXHa Bu3HauuTH 3D-KkoopauHa-
TH TOYOK TIOBEPXHi 00’ €KTa, BUKOPHUCTOBYIOUYN METOH,
sIKi 0a3YIOTHCS Ha 1X BIJHOCHUX ITO3HUILSIX Ha 300paKeH-
Hsx. Ha ocHOBI 3D-koopauHaT XMapy TOYOK CTBOPIO-
€TBCSl TPUBUMIpHA MOJIeTh 00’ ekTa. [licis oTpumanHs
3D-monerni Ha OCHOBI pOTOrpaMMeTpii MPOBOANUTHCS il
MacITaOyBaHHSI.

Jis 3HaXOmKeHHS po3MipiB AedeKTiB Oyi0 mody-
nosano 3D-monens KMiBCBKOT TelleBeXKi 3a TOIIOMO-
roto nporpamHoro 3abesneuends 3DF Zephyr. [lns
moOy10BU Mozei Oyiio Bukopuctano 0aszy 3 2351-i
(dotorpadii, st GpiHATBHOTO pPe3yNbTaTy OyIIo 3aIy-
yeHo 1292 ¢ororpadii (puc. 1).

[lepen mouarkom MO0y 0B MOjIeNi Oyio mpoaHa-
JII30BaHO BCi JIOCTYIHI PEKUMH B IPOTPaAMHOMY 3a-
6e3neueni 3DF Zephyr i exciepuMeHTaIbEHO 00pPaHO
Halkpamuii cepen 6-u BapiasTiB [10]:

1. General; 2. Aerial-Nadiral images; 3. Urban; 4.
Human body; 5. Surface scan; 6. Vertical structure.

Pexxumu Urban 1 Human body Gynu onpasy Binku-
HYTIi, TOMY IO iX MOTPIOHO BUKOPHCTOBYBATH, SIKIIIO
CTOITh 3aBHaHHs MoOyn0BH 3D-Moneni MicTa 3 oro
nannmadToM Ta pisHOMaHITHUMH (pacagamu Oyni-
Belb a00 sAKIO MOoTpiOHa 3D-Monenb JIFOANMHA 3 TOY-
HUMU po3Mipamu i Tija.

Pesxum General € yHiBepcanbHuM 1 3 Horo 1omomo-
roI0 MOKJIMBO BHKOHATH MOCTABJICHE 3aBIaHHs, ajie
TPH [OMY MOCTAE npobnemMa 3 BU3HAUCHHSIM PO3Mi-
plB z[e(beKTlB Lei PEKHMM He Jla€ 10CTATHBOT TOYHOC-
Ti p03M1p1B CJIEMEHTIB KOHCprKuu Ta YHEMOXKIIUBIIIOE
BUMIPIOBaHHS BiICTaHi 3 TOUHICTIO IO MM.

Aerial-Nadiral images — pexuM, KUl CTBOPEHO
JUIst poOoTH 3 MaHuMH, 1o HagawTh BIUIA. [Tpu Buko-
PHCTaHHI TAKOTO PEKUMY BUHHUKIIA TPoOieMa 3 MOofBO-
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€HHSIM €JIEMEHTIB Ta iX HEBU3HAYCHOIO OPIEHTALIIEIO B
rpoctopi. OCKIIbKU 00CTEKEHHS BEXKi MMPOBOIUIOCS
Ha Pi3HUX BUCOTax Ta IiJ PI3HUMHU KyTaMmHu, 1ie OyI1o
TOJIOBHOIO ITPOOJIEMOIO JJIsl JAHOTO PEXUMY, aiKe A
ontuMaibHOi moOynoBu mMozeneii B Aerial-Nadiral
images noTpiOHi (oTo, SIKi 3HATO 3 OAHIET BUCOTH 3 Ha-
MPSIMKOM 3TOPH BHH3 10 O0CTEXKYBAHOTO 00 €KTY.

Surface scan miniiimoB 6u, kO MOTPIOHO OYyIIO
MpoaHai3yBaTH HEBEIUKY IUIAHKY KOHCTpyKuii. Ta-
KOXK ISl IIbOTO MOTPiOHI 300pakeHHs 3 MAaKCUMAaJIbHO
Onm3bKOi BizicTaHi 10 00°€kTa. JIpoH HE MOXKe Ii/IIeTITH
Ommxde HiXK 1 M 0 00’€KTa, TOMY IO CIIPALLOBYIOTh
3aXUCHI BMOHTOBaHI JaTYMKH, Ki OJIOKYIOTh KEpyBaHHS
HuM. [IpoGrnema 3 HenmpaBUIILHOIO OPIEHTALLI0 eJIeMEH-
TiB B IPOCTOPi B TAHOMY PEXKUMI TEK MIPUCYTHS.

Byno Bu3HaueHo, 1110 Vertical structure € onTuMab-
HUM J1s1 T0OyoBH Mozienti KuiBchkoi TeneBesxi. 3a 10mo-
MOTOFO HBOTO BIIAJIOCSI BUPILIIMTH TIOCTABIICHI 3aBIAHHSI.

Hust ctBopennst 3D-moneni Oysio BUKOPUCTAHO
rpa¢iuny cranuito Dell Precision 3650 Tower 3 Ha-
CTYIIHUMH XapaKTePUCTHUKAMU:

IMpouecop 11" Gen Intel(R) Core(TM) i7-11700
@ 2.50GHz; nam’ats 32 GB (4:8 GB); auck 512
SSD; Bimeokapra Nvidia T1000 4 GB; oneparitina
cucrema Windows 10 Pro.

PoGota 3 BenmukuM 00CITOM AaHUX € TPYAOMICT-
KO0, aJKe MPOIECH CTBOPEHHS MOJENECH MOXYTh
TPUBATH JCKUTbKA HIB, @ TO 1 THKHIB. Y HaIIOMY BU-
NaaKy Uil OTpUMaHHs (PiHaJbHOTO pe3yabraTy Oyia
noTpibHa Oe3nepepBHa poboTa rpadiuHol cTaHIii
OuU3BKO 36 ro.

[Ticns moGynoBu yopHoBOTO Bapianty 3D-mozmeni
ToYaBCcs HACTYITHHUM eTam poboTH, a came i 00po0-
ka. OinbTpyOTHCA 3aliBi eneMeHTH rpadiku, miaou-
palOThCS ONTUMAJbHI MapaMeTpH IS HAaHKpaIioro
OTIISATy MOJIEII Ta BUsBIEHHS nedekTin. ITicis mporo
oTpumyeThes (inanpHa 3D-moznens (puc. 1).

Ha puc. 2 nmokazano niedekTy, siki yTBOPHIIMCS BHAC-
nigok BUOyxy paketu. Jledexr O sBise coboro pyrHy-
BaHHS 3aXHUCHOTO MOKPHUTTA €IEMEHTa KOHCTPYKLIT Ta
He € HeOe3MEeYHNM JJIsl BEX1 Y KOPOTKOCTPOKOBIH T1ep-
cnektuBi. Jledexru 112 — me OTBOPH, SIKi yTBOPHITHCS
BHACJIJOK IPOHUKHEHHS YJIaMKa Kpi3b CTIHKY TpyOH i
Yepe3 HUX MOTParuisie BojIa Ta BOJIOTA B CEpeIMHY TPYO-
YaCTHX €JIEMEHTIB, 10 TIPU3BOIMTH JI0 X KOPO3ii, CyTTe-
BOT'O 3HIKEHHSI XapaKTEPUCTUK MILHOCTI.

Ha ocnoBi ananizy ¢ororpagiii Ta iX mpoekmii
Ha 1M(POBY TPUBUMIPHY MOJIEIb, SIKY OyJI0 OTpHMa-
HO MeToJoM (doTorpaMMeTpii, OyI0 BU3HAYEHO Xa-
pakTepHi po3mipu nux nedekrtiB. Tak, HampuKIam,
3a JIONIOMOT0l0 iIHCTpyMeHTa Measures Oyno BCTa-
HOBIIGHO, 1110 JiaMeTp mepuioro aedexry craHo-
BHUTH puOIHM3HO 5 cM (puc. 3, a), a npyroro — 2,2 cM
(puc. 3, 6). Bapto 3a3HaunTy, 1o 11i 1edekTH Oy1o BU-
SIBIICHO Ha HAaWMEHIIT TIOIIKODKEHIN OTIOpi TEIEBEXKI.
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3D-Mozens 103BONTMITA BAAJIO Bi3yalli3yBaTH Beld-
Ki MOIIKOKEHHS 3 1X peajlbHUM BUIIISAOM Ta PO3Mi-
pamu (puc. 4).

[IpoBenenni pobotu 3 obcrexenns KuiBcykoi Te-
JIEBEX1 TOMOMOIJIM OLIHUTH Ae(PEeKTH Ta po3poOUuTH
peKOMEHIAITii TSI PEMOHTY.

BucHoBku

[IpoBeneHo oOcTeKEeHHS MOLWIKOMKEHb TpyOUac-
TUX KOHCTPYKUiii KuiBChKOT TeneBexi 3a JONOMOToro
METOJIiB HEPYHHIBHOTO KOHTPOJIIO Ta Bi3yaJlbHOTO
00CTeKeHHS APOHOM 3 MOAANBIINM BHKOPUCTAHHIM
Merony ¢ororpammerpii. [Tobynosana 3D-monens
J0TIOMAarae JIOKaJlbHO BUSIBHUTH pO3TallyBaHHS Jie-
(exTiB Ha eJeMEeHTaxX KOHCTPYKIii Ta Bi3yani3yBaTH
pe3ynbTaT! JiarHOCTHKH, BUSHAYUTH PO3MIp aedek-
TiB Ta knacudikyBatu ix. BukopucTtoBytoun nucraH-
HiliHy Bi3yalbHy 1HCIEKIiI0 3a gornomoroto BITJIA,
BJIaJIOCSI 3HAWTH TOIIKO/KEHHSI, sIKi HEe OYJIO i/1eH-
TU(}IKOBAHO METOIaMHU HEPYHHIBHOTO KOHTPOIIIO, Ta
KpUTHYHI Je()eKTH, IKi MOXKYTh CTAHOBHUTH 3arpo3y
Ut Oe3reku ekcIryaTanii 00’exta abo MpU3BeCTH
710 Cepio3HUX MpoOiieM 3 Horo QyHKIiOHYBaHHSIM,
Ta MOTPeOyIOTh TEPMiHOBOTO PEMOHTY ISl TOTO, 11100
3MEHILIUTH PU3UK aBapiifHOro BUMAKY Ta 3a0e3redu-
TH Oe3neky excrutyaraiii 00’ exra. [loOynoBany Tpu-
BUMIpHY MOJIEIb MOKe OYyTH BUKOPHCTAHO JJISl YH-
CEeJIbHUX PO3paxyHKiB HampyKeHO-1e()OpMOBaHOTO
crany KuiBCchKOT TesieBexi JJisl aHai3y MPOCTOPOBO-
r'o PO3IOMLTY HANPYXKEHb y By3jaX Ta eJIeMeHTax ii
KOHCTpyKUii. OTpUMaHi AaHi T03BOJIUIN PO3POOUTH
pEeKOMeH/IaIii MI0/I0 OTIEePaTUBHOTO PEMOHTY Ta BiJl-
HOBIJIeHHs TeneBexi. [IpencraBieni pesynabratu ae-
MOHCTPYIOTh BUCOKHI MOTEHIia]l IOEHAHHS Tpaau-
HIMHUX METOJiB HEPYHHIBHOI'O KOHTPOJIO SIKOCTI 3
TEXHOJIOTIECI0 NUCTAHIIWHOI J1arHOCTUKU HAa OCHOBI
3actocyBanHs BITJIA ta pororpammerpii ans obcre-
JKCHHS BEJIMKOTa0apUTHUX KOHCTPYKIIIN BI/ITOBIIab-
HOTO MPU3HAYCHHS.

Tloasika

Ony6nikoBaHi pe3yabTaTH OTPUMaHi B paMKax
peanizarii npoekty 022.01/0095 «Po3pobka TexHO-
JIOT1T IMCTAaHLIAHOT J1arHOCTHUKHU ITOMIKOKEHUX Be-
nuKorabapuTHUX 00’ €KTIB HA OCHOBI 3aCTOCYBaHHS

OesninoTHux nitansHuX anapatiB (BI1IJIA) ta doTo-
rpamMMeTpii», 3a rpaHToBOi HiaTpuMKu HarioHansHoO-
ro GoHIy AOCTIIKEHb YKpaiHU B paMKax KOHKYpPCY
«Hayxka nnst BinOynoBu YkpaiHu y BOEHHHH Ta MOBO-
€HHUH Mepioan».

ABTOpHU BUCIOBIIOIOTH TaKOX MOASKY KOpHopa-
uii 3Dflow 3a Hagane uudgpose 3abeznedennst 3DF
Zephyr Ta TeXHIYHY TIATPUMKY y paMKax IIporpamu
3Dflow for the Ukrainian Crisis [10]. ABropu BasuHi
3a MOKJIMBICTh BUKOPHCTOBYBATH 1IeW MOTYXHHUN iH-
CTPYMEHT Y CBOiX JOCIIPKEHHSIX 1 BBOKAIOTh, 10 BiH
JOTIOMIT yCIiXy IXHBOI poOoTH.
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REMOTE ASSESSMENT OF DAMAGE TO KYIV TV TOWER BASED ON THE
APPLICATION OF AERIAL PHOTOGRAPHY AND PHOTOGRAMMETRY METHOD

L.M. Lobanov!, D.I. Stelmakh', V.V. Savitsky', V.P. Diadin', O.P. Shutkevych', A.G. Kozachek?

'E.O. Paton Electric Welding Institute of NASU. 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine. E-mail: d.stelmax1996@gmail.com
2Concern of radio broadcasting, radio communication and television. 10 Dorohozhytska str., 04112, Kyiv, Ukraine.
E-mail: a.kozachek@rrt.ua

The paper is devoted to application of the methods of nondestructive testing and visual examination using UAV (drones) for
evaluation of damage of the TV tower structure. A methodology is described, which includes application of aerial photography
and photogrammetry method to construct a 3D model of the TV tower and localize the damage. 3DF Zephyr software was
used to plot a 3D-model, which allowed sizing the defects and classifying them. Conducted examination provided the grounds
for elaboration of the recommendations on operative repair and restoration of the TV tower to ensure its safe operation. The
presented results confirm the high potential of the combination of the traditional nondestructive testing methods with remote
diagnostics based on application of drones and photogrammerty for examination of large-sized structures. 10 Ref., 4 Fig.

Keywords: UAV (drone), photogrammetry, nondestructive testing, 3D-model, visualization, TV tower
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BIIJINB TA30BUX CYMIIIEM BOJTHIO 3 METAHOM
HA OIBUYHY TA XIMIYHY CTPYKTYPY ITOJIETUJIEHOBHUX
TPYb 3 I1E-80

M.B. IOp:kenko'?, M.O. Koaapuyk!, B.}O. Konaparenko!, B.JI. Jemuenko'?, K.I. I'ycakoBa?,
B.C. Bepooscnkuii®, I.B. ’Kyk3, K.II. Kocrorpus’, LLA. Fonux®

'TE3 im. €.0. [Tarona HAH VYkpainu. 03150, m. KuiB, Byn. Kasumupa Manesuua, 11. E-mail: 4chewip@gmail.com
[acruTyT XiMil Bucokomoekysipaux crioiyk HAH Vkpainu. 02160, m. Kuis, Byn. XapkiBcbke moce, 48. E-mail: dvaleriyl@ukr.net
STacturyt rasy HAH Vipainu. 03113, m. Kuis, Byn. lextsapiscbka, 39. E-mail: company_era@ukr.net
“TOB «Hadrorasoyrnindopmarukay. 04053, m. Kuis, Byr. KyapsiBcekwuii y38i3, 56. E-mail: Kostohryz@nas.gov.ua
STOB «PerionanpHa razosa kommnanis». 01010, m. Kuis, Byn. Kusizis Octpo3bkux, 32/2

Y poGoTi mpeAcTaBIeHO pe3yNbTaTH KOMILIEKCHIX CTPYKTYPHUX JOCIiKEeHb e(peKTy BIUTUBY CyMilIeii ra30noaioHOTO BOAHIO
3 IPUPOITHUM Ta30M y criBBigHomennsax 10 % H,/90 % CH, a 20 % H,/80 % CH, na marepian nomimepuux tpy6 3 ITE-80, sxi
paHile He eKCIUTyaTyBaJIuCh. BUsABIICHO 301TBIICHHS KITBKOCTI KPUCTANIIYHOI (ha3K B MaTepiai i Ji€r0 BOAHEBHUX CyMIIIel Ta
MOSIBY KPHCTAJIB HOBOI (hopmu. 3poOiieHO MPHUITYIIEHHS, 10 3MiHY CTPYKTYpPH KPHCTATIIYHOI (ha3u CIIPOBOKOBAHO KOHKYPYIOUOIO
JI€I0 MOJIEKYIT BOJHIO Ta METaHy. BCcTaHOBNEHO, IO BIUTUB BOAHEBUX CyMilllel Ha Marepiajl MOJieTUICHOBUX TPYO Ma€e (Gpi3ndHuiA
xapakrep. 3MiH y XiMi4Hiil CTPYKTypi MaTepiaty MONTieTHICHOBUX TpyO He BHABIEHO. [laHa podoTa € MoYaTKOM MacIITAOHIIINAX
JOCIIKEHb, Y XO/1 AKX IUIAHY€ETHCS JOCIIKSHHS JOBIOTPUBAJIOTO BIUIMBY CyMillIeii BOJHIO 3 IPHPOIHUM Ta3oM yepe3 12 Ta

DOI: https://doi.org/10.37434/tdnk2023.03.04

24 micauiB HaBogHIOBaHH. bibmiorp. 8, Tadm. 4, puc. 6.

Kmiouosi cnosa: noniemunen, I1E-80, cymiwi npupoonoeo eazy, cymiuii 600110, MPAHCNOPI 8OOHIO

Beryn. I[lutanHs MOXIMBOCTI TpaHCIIOPTYBaH-
HS BOIHIO Ta HOTO CyMillIed BUILIMBA€E 3 HEOOXiTHO-
CTi 3aMIIIEHHS TPATUIIIHHUX BHIIB TTAJTHLHOTO, TAKUX
SIK BYT1IIIs1, HabTa Ta mpuponHuid ra3. Came mUTaH-
HS € KOMITJIEKCHUM 1 CTaBUTh HOBI1 3aBIaHHS 5K JJIS
MOJIIMEPHOTO MaTepialo3HABCTBA, TAK 1 JIJIST IPOMIIC-
JIOBOCTi. MOXIIUBICTh TPAHCIIOPTYBAHHS BOIHIO JI0-
CIIJIKYETHCSI CBITOBUMH NPOQIILHUMHU yCTaHOBaAMH
ke Oinbm HiX 10 pokiB [1]. B Ykpaini noxi6Hi mo-
CJILJDKCHHSI TIPOBOJISITHCS Bxke 3 pok [2, 3]. He nus-
JITYUCh HA T€, M0 MOAIOHI TOCIIIIKSHHS MPOBOSITh-
Csl BXKE NICBHUU Yac, MUTaHHS €(PEKTy JOBrOTPUBAJIOIO
BIUIMBY BOJIHIO Ha TEXHIYHI MOJIETHUIICEHN BCE I 3a-
JIUIIAETHCS BIIKPUTUM.

VY nmaniif poOGOTi MPOBEAECHO KOMIUICKCHI IO CITi-
JUKCHHS BIUTMBY CyMilIeil BOAHIO 3 IPUPOJAHUM Ta-
30M Ha (pi3UYIHY Ta XIMIYHY CTPYKTypy Marepiamy
nosietusieHoBuX Tpyo 3 I1E-80, mo monepenaso He
BUKOPHCTOBYBAJINCH y IIFOUUX Ta30pO3MOAiTbHUX
Mepexxax Ykpainu. llpencrasieni pe3ynbrarTu € Imij-
IPYHTAM JUIsl MaiiOyTHHOTO MAaCIITAOHIIIOTO JTOCITi-
JOKEHHS, METOIO SIKOTO € BUBUCHHSI MOXIIUBOCTI TPaH-
CIIOPTYBaHHSI YUCTOTO BOJIHIO Ta BOJHEBHX CyMilllei
3 MPUPOJIHUM Ta30M AirounMu B Ykpaini Ta €C razo-
PO3NOAUTEHUMH MEPEKaAMHU.

Marepianu. [{is qociinkeHb BUKOPUCTOBYBAIU
JIB1 Ta30B1 CyMIillll BOJHIO 3 METAHOM Y CITiBBIJIHO-

wennsx 10 % H,/90 % CH, Ta 20 % H,/80 % CH,.
Jlist BUBYEHHSI BIUIMBY I'a30BHUX CyMIIlIeH Ha CTPYKTY-
py MaTepiany IMOJIeTHIIEHOBUX TPYO 3 BHKOPHUCTaH-
HSM iX HaTypHHX 3pa3KiB Oyio moOymIoBaHO HAayKO-
Bo-nocigHui cren (puc. 1). st mocmimkens Oymu
BiziOpaHi 3pa3ku nomieruiaeHoBux Tpyo 3 [1E-80 Bu-
poouuuTBa TOB «Enbmnact-JIssis» 04.09.2020 p. i3
30BHINIHIM JliaMeTpoM 63 MM; TOBIIWHOK CTiHKH 3,0
mM; SDR 17,6 (puc. 2) (mo3naveni Hagani sik HOBI,
SKi IonepeaHso He Oynu B ekcrutyaranii). [Iponec Bu-
TOTOBJICHHS CTEHAY HaBeJACHO y [4].

Metoaun pociaimkedb. CTPYKTYpHI J0CIIPKEHHS
Marepiany BHYTPILIHBOI MOBEPXHI CTIHKH MOJieTHIIe-
HOBUX TPYO y MOB3I0OBKHBOMY HAIPSMKY JI0 OCHOBHOT
0Ci TpyOH MOCIIHKYBAIA METOAOM ITUPOKOKYTOBOTO
pO3CitOBaHHS PEHTTEHIBCHKUX MPOMEHIB. JleTanmpHuit
OITTHC TTapaMETPIB MPOIIECY MOCTIHKEHb HaBeIeHO v [4].

IndpauepBony cnexrpockomito (I4) marepiamy
BHYTPIITHKOI TIOBEPXHI CTIHOK Ta 00’ eMy (Ha TITHOH-
Hi | MM BiJ BHYTpPIIIHKOI MOBEPXHI CTIHKH) TOJIie-
THJICHOBHUX TPYO MPOBOJIWIIN HA BIAOWTTA Ha CIEK-
TpoMmerpi 3 @yp’e neperBopeHHsM «Tensor 37»
BupobHuTBa KommnaHii «Bruker Corp.», mo ananorii
3 MOTIEPEIHBOI0 pOOOTOO [4].

[lepen mouaTkoM HaBOTHIOBAHHS CTEHJ AJISl BU-
npoOyBaHHS Ha IIUIBHICTh, MIIHICTh T4 TEPMETHY-
HICTh MPOJYBAJIH MOBITPSIM MIPU THCKY 3 Oap, a MoTiM

IOpsxenko M.B. — https://orcid.org/0000-0002-5535-731X, Koansuyk M.O. — https://orcid.org/0000-0003-2161-643X,
Konpparenko B.1O. — https://orcid.org/0009-0003-3521-9639, Jlemuenko B.JI. — https://orcid.org/0000-0001-9146-8984,
I'ycaxosa K.I'. — https://orcid.org/0000-0002-0827-7042, Bep6oscrkuii B.C. — https://orcid.org/0000-0003-4684-6768,

Kyxk I'.B. — https://orcid.org/0000-0001-6615-8239
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Puc. 1. Cxema HaykoBO-OCTiIHOTO cTeHAY: [ — mada KepyBaHHs; 2 — MPUMILICHHS I HABOJHIOBAHHS Ta MOHITOpHHTY; 3 — mada
JUis OaoHiB; 4 — TpaHIIes; 5 — MeTaJeBe IOKPUTTS; 6 — a3 I BUTOKY Ta3y; / — IEMEHTHO-BOJIOKHHCTI IUTHTH; § — Micok; 9 — Opyc

(cocna) 60x80x2000; 10 — Tpybu

iHEpPTHUM ra3oM (a30TOM) 3 METOIO BUTICHEHHS I10-
BITpsl. Y XOJi eKCTIEpUMEHTY Ticiisl HABOIHIOBAHHS B
CTeHi miaTpuMyBaBcsi THCK 3 Oap. [Ipu maminHi THC-
Ky B CTEHJII TUCK TiiHIMaIu 10 3 06ap. KoHTposb THC-
Ky CyMillleii BOJTHIO 3 TPUPOJTHAM T'a30M B CTEHII BiJI-
OyBaBcs moaeHHo. Piskux maznias Tucky (P > 0,1 6ap)
3a o0y He 3a(hiKCOBaHO.

[Tepen moyaTkOM MOCHIIKEHDb €(EKTY BIJIUBY
BOJIHEBUX CyMilllell Ha MaTepiall MoJieTHICHOBUX
TPYO MOCIIIHHIA CTEH]T PO3BOIHIOBAIIH Ta MPOTYBAIIN
ra3onoaiOHUM a30TOM.

[Ticnsa BinbOopy 3pa3kiB TpyO iX BaKyyMmMyBaJld Ta
TPaHCTIIOPTYBaJIX 10 JabopaTopii B 3aKPUTOMY KOH-
TeHHEpi, YHEMOXKIIUBIIIOIOYH BIUIUB yIbTpadioneTo-
BOTO BUIPOMiHIOBAHHSI.

Pe3yabTaTn gociinkenb. PeHTreHOCTPYKTYP-
HHUI aHaJi3. Y X0l aHai3y pe3y/bTaTiB PEHTICHO-

Puc. 2. 3pa3zok nomierunenoBoi Tpyou 3 I1E-80 BupoOHHIITBA
TOB «Enbmnact-JIeBiB»
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CTPYKTYpHHUX JIOCIHI/UKEHb MaTepiaay MOJieTUIICHO-
BUX TPYO 10 HaBOIHIOBAaHHS (PHUC. 3) BCTAHOBIEHO
MPUCYTHICTh KPUCTAIIYHUX AUPPAKLIHHIX MaKCUMY-

I, Binn. on.

— HOBI
800 |-

600 -

400 -

200 -

..

0L | ] I i

0 10 20 30

40 50 20, rpan.

Puc. 3. lupokoxyTtoBi qudpakuiitai kpusi (HOBI) perTreno-
CTPYKTYPHOTO aHaJi3y MaTepianxy MOJTieTUICHOBUX TPYO 10 Ha-
BOJHIOBaHHS: [, BIH.O/. — BIJHOCHA 1HTEHCHBHICTE BiZOUTOIO
PEHTTEeHIBCHKOTO ITy4YKa

. TexH. giarHocTukKa Ta HepyMHIBHUM KOHTpOIb, 2023, Ne3
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Ta0auusg 1. Po3mipu kpucTaiTi 32 AudpakuiiiHuMuM MaKCHMyMaMH 3pa3ka MaTepiany TPyOH 10 HABOJAHIOBAHHSA

oo | oA | oo | MO [ Ger. TG T R
21,000 4,2304 36483 0,5000 0,1303 0,3697 218,7
23,500 3,8037 10621 0,5000 0,1303 0,3697 219,6
29,450 3,0330 270 0,3000 0,1273 0,1727 476,2
35,650 2,5185 691 0,4000 0,1135 0,2865 291,5
39,150 2,3010 896 0,6000 0,1076 0,4924 171,4
40,100 2,2487 512 0,4000 0,1062 0,2938 288,1
41,050 2,1988 674 0,7000 0,1049 0,5951 142,7
42,400 2,1319 817 0,7000 0,1031 0,5969 142,9
52,400 1,7462 618 0,7000 0,1009 0,5991 1429

MiB Ha (OHI yIBHOTO aMOpP(HOTO rajio 3 BEPUINHOO
npu 20 = 20°, mo Bkaszye Ha aMOP(HO-KPUCTAIIYHY  /, pian. oa.
CTPYKTypy Marepiany [5].
BingHocHuUii piBeHb KPHCTANIYHOCTI (XKp) JIOCITi- 6
JOKYBaHUX TIOJIMEPHUX 3pa3KiB 00YHCIIEHO 32 METO-
oM MeThro3a [6]:
Xy=0,(0,+0,) 100 (1)
e O, — mwiola AudpakLiiHuX MakcuMyMiB, siki xa- 12|
PaKTEepH3yIOTh KPUCTANIUHY CTPYKTYypy MOIIMepY;
0,+0,—moma Bci€l qudpakTorpamMu B iHTepBai
KyTiB po3citoBanns (20,+20,), y AKOMY IPOSIBISAETLCS g |-
aMop(HO-KpHUCTATIITHA CTPYKTYpa MOTIMEDY.
Ominky ehekTUBHOTO po3Mipy KpucTtamiTiB (L)
3pa3KiB nmposeaeHo 3a MeronoM Llleppepa [7]:
L = KA(BcosO )", 2) i
ne K — crana, noB’si3aHa 3 GOpMOIO KPUCTANITIB (IPH
HeBijomiii ix ¢popmi K = 0,9); B — KyToBa HamiBIIU-
pyHa (IIMpUHA Ha ITOJIOBHHI BHCOTH) TH(PaKIIIIHHOTO ! ! L
MaKCHMYMY. 0 10 20 30 20, rpaa.

Ouinka mokasana, oo Juist 3pa3ka MoJlieTHIeCHY
ITE-80, mo monepeaHs0 HE BUKOPUCTOBYBABCS B ra-
30pO3MOAITBHAX MEpekax Ta He nepeOyBaB Mij i€
razy Ta BOAHEBUX CyMIiIeH, CTYMHb KPUCTATIYHO-
CTi CTAaHOBHTH X, = 07,29 % npu cepesaboMy pos-
Mipi kpuctanitiB L = 23,32 am. Po3mip kpuctamiTiB
3a OKpEeMHUMH AUPPAKIIHHUMA MaKCUMyMaMH HaBe-
neHo B Tabm. 1, ge ITIIIIM — nmoBHa mMpHUHA TTOJIO-
BUHU MakCUMyMy (IIMpPHHA CIIEKTPalbHOI KPUBOI,
BHMipsiHa MDDK THMH TOYKaMHU Ha Oci Y, SKi € T0J0-
BUHOI MakcUMaibHOI aMmrurityau), [IIHIIM cym.
— MOBHA IIMPHUHA MOJOBHHU MAaKCUMyMYy CyMapHa,
[TIIITM iHCTp. — MOBHA IIMPHUHA TOJOBHUHH MaKCH-
MyMYy IHCTpYMEHTAJIbHA.

Pesynbratu peHTreHOCTPYKTYPHOTO aHallizy Ma-
Tepiajy MOJieTUICHOBUX TPYO Mmicis 6-TH MicCALiB
HaBOJHIOBAHHS ra30BUMHU CyMilllaMH HaBeJICHO Ha
puc. 4. BcraHoBleHO, IO Y IaHOMY BUIIaJKy Marepi-
aJl TaK caMo, SIK 1 BUX1/IH1 3pa3KH, XapaKTepU3yIOThCS
aMop(HO-KPUCTAIIIYHOK CTPYKTYPOIO, Ha 10 BKa3ye
MIPUCYTHICTh KPUCTATYHUX JUPPAKIIHHIX MAKCUMY-
MiB Ha (OHI YIBHOTO aMOP(HOTO Tajio 3 BEPITHHOIO
npu 20~ 20°.

Bcranosieno, 1mo y mMatepiai noJieTHICHOBUX
TpyO, sIKi 3HAXOMIIUCS ITiJ1 JI€F0 Ta30BUX CyMINICH,
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Puc. 4. [lopiBHsUIBHI Tpadikd IMUPOKOKYTOBHX TUPPAKIIHHIX
KPUBHUX PEHTI€HOCTPYKTYpPHOTO aHaJi3y MaTepiayly rnojieTuie-
HOBHX TPyO J10 i micist 6 MicsiiB HaBogHtoBaHHs: 1 — HOBI; 2 —
HOBI 10% H,; 3 - HOBI 20% H,

3’SBIISIIOTHCS SIK HOBI JUQPAKIiifHI MAKCUMYMH TIPH
20~ 15,8°, Tak i 3pocTac iHTEHCHBHICTb nU(pakK-
HiHHMX MakcuMyMiB nipu 20 = 29,5° ta 35,6, mo
CBITYHUTH MPO 301TBIICHHS KPUCTAIIYHOCTI MaTepia-
Ty TIOMIETHIICHOBUX TPYO.

Ominka CTyneHs KpHUCTAJIdHOCTI MoKa3aia, IIo
JUISL 3pa3KiB MOJIETHIICHOBUX TPYO, SKi 3HAXOIHIIH-
cs mig giero rasosux cymimer 10% H,/90% CH, ta
20% H,/80% CH,, cTyminb kpucTaniyaocTi X  3pocrae
i cranoBuTh 77,06 % 1a 76,19 % BiamosigHo (Ta0II. 2).

BcranoBneno, mo cepeaHiii po3Mip KpUCTaNITIB
L y 3pa3kax marepiaily MONieTHJICHOBUX TPyO, sKi
3HAXOAWIIUCS IiJ JII€I0 Fa30BUX CyMIlICH, € 3Hau-

Tabmuug 2. Ctyninp KpHCTAJIIYHOCTI MaTepaily noJierunie-
HOBHX TpYy0, po3paxoBaHa 3a JaHUMH PEHTIeHOCTPYKTYPHOIO
aHaJi3y

3pazox KXep» %0 L, am
HOBI 67,29 23,32
HOBI 10 % H, 77,06 15,78
HOBI 20 % H, 76,19 15,78
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Ta6auus 3. Po3mipu kpucragitis 3a audpakuiiiHuMu MakcuMyMaMu 3pa3ka, 1IN0 IepedyBaB Hia i€l razosoi cymimi

10% H,/90% CH,

26, rpan. d, A Cnpo6 | ITHIIIM cym., rpaa. | [IHITIM inctp., rpaa. | ITIITIM 3paska, rpaj. | Posmip kpucranitis, A
17,250 5,1386 10 0,2000 0,1303 0,0697 1153,7

22,400 3,9658 834 0,7000 0,1303 0,5697 1423

24,750 3,5943 251 0,6000 0,1303 0,4697 173,3
37,000 2,4276 61 0,9000 0,1110 0,7890 106,3

Ta0muus 4. Posmipu kpucranitiB 3a AudpakuiliHuMu MakCHMyMaMH 3pa3ka, 0 nepedyBaB Hix Ai€0 ra3oBoi cymimi
20% H,/80% CH,

20, rpan. d, A Cnpo6 | [TIITIM cym., rpan. | TTIUTIM ixctp., rpag. | TTIITIM 3paska, rpaz. | Posmip kpucranitis, A
17,250 5,1365 12 0,2000 0,1303 0,0697 1153,7
22,400 3,9658 725 0,7000 0,1303 0,5697 1423
24,750 3,6943 213 0,6000 0,1303 0,4697 173,3
37,050 2,4245 83 0,9000 0,1110 0,7890 106,3

HO MEHIIMM Y TIOPIBHSIHHI 3 BUX1JIHUM MaTrepiaiom
i cranoBuTh 15,78 HM B 000X Bumaakax. J{ist pos- =37 ::ggi “r:““”_ )
paxyHKiB BUKOPHCTOBYBaJIU MU(PPaAKIIHHI MaKCH- — HOBI T:)i;npsg,(,m
MyMH IIpUA 29max ~ 21,0° ta 23,4°. Po3mip kpucra- —— HOBI 20 % nosepxus
JITiB Ta MIKNJIOIIMHHI BIJACTaH1 3a OKPEMHUMH
TUpaKIiftHIMHA MaKCUMyMaMH 3pa3KiB, sKi mepely- §
BaJIM T Ji€ro ra3oBux cymimen 10% H2/90% CH, ra g
20% H2/80% CH, BIJIIOBIIHO, HABEIEHO B Ta0I. 3, 4. 5
IndgpayepBona cnexrpockonisi. Ha puc. 5 naBe- =
neHi cnektpu 1Y marepiaiy 3 BHYTPIIIHBOT HOBEPXHi
Ta 00’eMy CTIHOK 3pa3kiB Tpy0. Ha puc. 6 HaBeneno
nopiBHsIbHI cnekTpu Y cnekrpockomii MaTepiany
3 BHYTPIIIHKOI MOBEPXHI Ta 00’ €My CTIHOK 3pa3KiB | |

TPYO J10 1 MiCyst 6-TH MICSIIiB HABOHIOBAHHSI Ta30BH-
mu cymimamu 10% H,/90% CH, ta 20% H,/80% CH,.

3 nmopiBHsuTbHUX [Y criekTpiB A0 1 micast 6-Tu Mi-
CSAIIIB HABOJTHIOBAHHS 3pa3KiB MaTepiaiiB MoJieTHIe-
HOBHX TPYO BHJIHO, IO XiMiYHA CTPYKTypa IMOJIieTH-
JIEHY He 3a3Hadaja 3MiH, 10 BUTUIMBAE 3 BiJICYTHOCTI
HOBHX a00 3CyBYy ICHYIOUHX ITiKiB, sIKi BiJIIOBia-
I0Th 32 XiMi4HI 3B’s3KH a00 Tpymnu aromiB. BumHo,
[0 CMEKTPHU TOTIIMHAHHS JUIsl YCIX 3pa3KiB MOAi0H1
1 € TUIIOBUMH 1 nonleTrieHiB. HeoOxigHo 3a3Ha-
YUTH, 10 HA CIIEKTPaX 3pa3KiB, SKi 3HAXOAUIUCS TTij1
miero razoBoi cymimmi 20% H,/80% CH,, migsuiyeTsh-
Csl IHTEHCUBHICTbD IMIKIB y Jliala30Hi JOBKUH XBUJIb

—— 00 em BHYTPIHLOT CTIHKH
[ToBepXHs BHY TPILUHBOT CTIHKH

InrencueHicTs

e
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Puc. 5. T4 ciektpu marepiany BHyTPIIIHBOI IOBEPXHI Ta 00’ €My
CTIHOK 3pa3KiB TpyO 10 HAaBOIXHIOBaHHS
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Puc. 6. IlopiBusnpHi IY cnexTpu MaTepiany BHYTpPIIIHBOI IO-
BEpXHi Ta 00’ €My CTIHOK 3pa3KiB TpyO J0 Ta Mmicis 6-TH MICSIIiB
HaBOJHIOBAHHSA

1000...1200 ta 3300...3500 cM’!, saxi BigmoBimaroTh
3a xonuBanHs C-O-H ta —OH rpym, 1o Moxe cBiguu-
TH TIPO TIEBHY B3a€MOJIII0 MOJICKYI BOAHIO 3 TIOJIiMeEp-
HUMH JIAHIFOTaMHU TIOJIETUIICHY, HMOBIPHO JTUIIOJb-
HOTO XapakTepy, 3 iX OIYHUMH IpyramMu aToMiB [8].

BucnoBku

VY poGoTi mpoBeIeHO KOMIUTEKCHI IO CIiKeHHS
BIIJIMBY Ta30BUX CyMillIEil BOAHIO 3 METAHOM Y CIiB-
BigHomenusx 10 % H2/90 % CH, Ta 20 % H2/80 % CH,
Ha (i3WYHy Ta XiIMIYHY CTPYKTYypy MaTepiany mo-
niermiienoBux Tpy6 3 I1E-80, axi monepenHbo He
eKCILTyaTyBaJIlCh.

3a pe3yabrataMu PeHTICHOCTPYKTYPHOTO aHaIli3y
BUSIBJICHO HAsIBHICTH BIUIMBY BOIHEBHX CyMilleH, 1110
MPOSIBIISETHCS B 301bIICHHI KpUCTaNiuHO1 (a3u Ta
MOSIB1 HOBHX TIKIB KPUCTAJIIYHOCTI, TOOTO HOBUX TH-
IiB KPUCTAJIB, 3aBASIKN SKUM 1 BiTOyBa€THCS 30171b-
MIEHHS CTYTEeHS KPpUCTaIigHOi a3y Mia €0 BOIHE-
BHX CyMIiIIIeH.

BrumB razoBux cymimel Ha mMaTepiai MmojieTn-
JIEHOBUX TPYO Mae (i3MuHUN XapakTep, [0 BUTLIH-
Ba€ 3 BIICYTHOCTI HOBUX a00 3CYyBy iCHYOUMX MiKiB
IY crmexTpiB, sSKi BiAMOBIIAIOTH 3a XiMiUHI 3B’ S3KH
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abo rpynu atomiB. 3po0IIeHO MIPHITYIIEHHS, 0 3MiHa
CTPYKTYPH KPUCTAIIUHOI (pa3u CIIpOBOKOBAaHA KOHKY-
PYIOUOIO Ai€10 MOJIEKYJ BOIHIO Ta METaHy, P LILOMY
METaH MOXE BUCTYNATH B POJIi POYMHHUKA MOJIieTH-
JIEHY HU3bKOI KOHLIEHTpaLii y Tra3onoaiOHOMy cTaHi,
IO CYIPOBOKYETHCSI HE3HAYHUM HAOyXaHHSIM I10-
JiETUIICHY Ta HE3HAYHUMH CTPYKTYPHHUMH 3MiHAMHU
¢izuuHOTO Xapakrepy. MoJeKyld BOJHIO B TAKOMY
BUIIAJKY CIPHUSIIOTH (JOPMYBAHHIO KPHCTAIIITIB MEH-
LIOTO PO3Mipy Ta HOBOI (OpPMH.

3MiH B XIMIYHIH CTPYKTypi Marepiaiy moiieTuie-
HOBUX TPyO HE BHUSBIICHO.
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INFLUENCE OF GAS MIXTURES OF HYDROGEN WITH METHANE ON THE
PHYSICAL AND CHEMICAL STRUCTURE OF POLYETHYLENE PIPES FROM PE-80

M.V. Turzhenko'?, M.O. Kovalchuk!, V.Yu. Kondratenko!, V.L. Demchenko'?, K.H. Gusakova?, V.S. Verbovskyi’,
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The work presents the results of comprehensive structural studies of the influence of mixtures of gaseous hydrogen with natural
gas in the ratios of 10 % H,/90 % CH, and 20 % H,/80 % CH, on the material of polymer pipes from PE-80, that have not been
in operation before. An increase in the amount of the crystalline phase in the material under the impact of hydrogen mixtures and
appearance of crystals of a new shape was revealed. An assumption was made that the change in the crystalline phase structure
was provoked by the competitive effect of hydrogen and methane molecules. It is found that the influence of hydrogen mixtures
on polyethylene pipe material is of a physical nature. No changes in the chemical structure of polyethylene pipe material were
revealed. This work is the start of large-scale investigations, in which it is intended to study the long-term influence of hydrogen
mixtures with natural gas after 12 and 24 months of hydrogenation. 8 Ref., 4 Tabl., 6 Fig.

Keywords: polyethylene, PE-80, natural gas mixtures, hydrogen mixtures, hydrogen transport
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BUKOPUCTAHHS METOJIY AKYCTUYHOT EMICIT JJ1
OLIIHKY 3MIH BJIACTUBOCTEN CTAJII 17T'1C MICJS
TPUBAJIOT EKCITJTYATALIIT

C.A. Henocexa, A.S1. Henocexa, M.A. SIpemenko, M.A. OBcienko, O.M. I'yp’sinoB

IE3 im. €.0. [Tatona HAH VYkpainu. 03150, m. Kuis, Byn. Kazumnpa Manesuuda, 11. E-mail: inpat59@ukr.net

Cranp 17T'1C € mmpoKko 3aCTOCOBAHOIO Y TPyOONIpoBoAax. 3MiHa (i3MUHHUX BIACTHBOCTEH LFOTO MaTepially 3 4aCOM 3aJICKHUTh
BiJl YMOB €KCILTyaTallii ra30mpoBOay Ta CEPEAOBHIIA, Y IKOMY 3HAXOMUTHCS TpyOa. [lomkomKeHicTh MaTepiady BHACHIIIOK eKC-
IUTyaTaliifHOTO HANPALFOBAHHS JAJIEKO HE 3aBKIH HPU3BOIMTE 0 3MIHH CTAHIAPTHHX XapaKTEPUCTHK MaTepiay, TaKuX K G,
6, K, Ta pspy inmmx. V To# e 9ac Takuit Marepian Moxe OyTH CyTTEBO TONIKO/DKEHNM, a TPAIHUIIIHHI METOTH HE JIO3BONISIOTH
LbOTO BU3HAYUTH. 3aBIaHHS JaHOI poOOTH — IOKAa3aTH YyTIMBICTH METONY aKyCTUYHOI eMicii 0 3MiH BIaCTHUBOCTEH cTaii
17T"'1C micas 15-Tu poKiB eKCIUTyaTalii MaricTpaibHOTO ra30npoBony. PesynbraTti BUIIpoOyBaHb MOKa3yIOTh, 10 TapaMeTpH
aKyCTHYHOI eMicii, [0 aHaJi3yI0ThCs, CyTTEBO 3MIHIOIOTHCS M1 BIUTMBOM €KCIUTyaTaliiHOTO HAMIPALIOBAHHS 1 MOXKYTh OyTH
XapaKTEePUCTHKAMHU IS OL[IHKH OTOYHOTO CTaHy IMOIIKOPKEHOTo Marepiany. bibmiorp. 6, puc. 5.

Kurouoei cnosa: akyemuuna emicis (AE), ¢isuuni enacmusocmi, AE monimopune, mexaniuni 6unpoOyeanHs

Cranp 17T'1C mupoOKO 3aCTOCOBYETHCS Y
TPYyOOIIPOBOIaX i, 30KpeMa, Ta30MpPoBoIaxX. 3MiHa JIesI-
KHX BJIACTUBOCTEH LIbOTO MaTepiaiy 3 4acoM € JOCUTb
ICTOTHO¥O 1 3aJIEKUTH BiI yMOB €KCILTyaTaIlii ra3ompo-
BOJIy Ta CEPEIOBHINA, Y IKOMY 3HaXOMUThCs TpyOa [1].

XapakTepHO, II0 MOIIKOJKEHICTh MaTepiany
BHACJIIOK €KCILTyaTallifHOTO HampaloBaHHs Aalie-
KO HE 3aBXIH MPU3BOJUTH /0 3MIHU CTAaHJIAPTHHX Xa-
PaKTEPUCTHK Marepiany, Takux sK o, 6, K, . Ta psy
iHIMX. BHacniok nporo Takuii Marepian Moxe OyTH
CYTTEBO IOIIKOJUKCHUM, a TPAJIUIIIAHI METOIH HE
JIO3BOJISIIOTH [[LOTO BU3HAYUTH.

VY naniit poOOTi 3MiHY BIaCTUBOCTEH CTalli OIiHIO-
BaJIM LUIIXOM PO3TATY €TAJIOHHUX, HEHOLIKOKEHUX
3pa3KiB Ta 3pa3KiB, BUPi3aHUX 3 TPyOH IiCIIS TpUBa-
7101 eKCIuTyarallii, y po3puBHIN MaIlInHi 3 peecTparii-
€10 HAaBAaHTA)XEHb Ta MOJIOBKCHHSI, a TAKOXK Iapame-
TpiB aKkycTu4HOI emicii (AE).

Ha BigMminy Big cBiToBO1 mpaktuku [1-3], Tex-
HOJIOTiSl OLIHKM CTaHy MaTepiany, po3po0iieHa B
IE3 im. €.0. Ilarona HAH Vkpainu [4, 5], 6a3zyeTs-
sl JMILe HA OTpuMaHHi AaHux moxo AE aktuBHOC-
Ti MaTepially Ta mapaMeTpiB HaBaHTAKEHHS, Y TOH
4ac sIK OLIBINICTh BIJIOMUX JOCIIIIKEHb MOTPEOYIOTh
OaraTocTymiH4acTol MPOLEAYpH OLIHKH, Y SKiil Me-
tony AE BiZiBEIEHO POJIb TIOYATKOBOTO CTYIICHS, Ha
SKOMY BH3HaualoTh AE akTHBHICTH Ha OKpEeMHX [i-
JISTHKaX Ta KOOPJIWHATH WX NiNsHOK. Hanani Bka3za-
Hi TOCITIKEHHS MTOTPEOYIOTh T0IaTKOBOTO BUBYCHHS
MaTepiary Ha JUTTHKaX, BU3HaYeHUX MeTonoM AE sk
HeOesmeuHi. L{i mocaimkeHHsS BKITIOYAIOTh BHPI3aHHS
3pa3KiB-CBiKiB Ta BUBYCHHS X MEXaHIYHMX BIACTH-
BOCTEH 3 MOAATBIIUM PO3PaXyHKOM KoeQilieHTiB

IHTEHCUBHOCTI HampyXeHb, a00, K albTEPHATUBY,
BUKOPUCTAHHS JIOJATKOBUX METO/IB HEPYWHIBHOIO
KOHTPOJTIO, TIepII 3a Bce ynbTpa3BykoBoro (Y3K), 3a
JIOTIOMOTOFO SIKUX BU3HAYaKOTh (POPMY Ta po3MipH Jie-
(exTiB, a Ha/IaIl 3HOB TaKH BUKOHYIOTHCS PO3paxyH-
KM MEXaHIYHUX BJIACTUBOCTEH 3 ypaxyBaHHIM (popMu
3HaleHUX Ne(EKTIB 1 BUpaxyBaHHAM 3a3BUYall THX
caMux Koe(iIi€HTIB IHTCHCUBHOCTI HANPY>KeHb, 1 Ha
OMY TTOKa3HUKY 0a3yeThCsl aHaJIi3 CTaHy MaTepiaiy.
Taxa OGararoctymiHYacTa OIiHKa, MO-TIEpIIe, € JOCUTh
CKJIaJHOIO y BUKOHAHHI, O-pyre, He 103BOJISIE OLli-
HUTH CTaH Marepiany y pealbHOMY 4aci.

Cucremu iy EMA KiJIbKOX MOKOJIiHb, PO3PO-
oneni y IE3 im. €.0. Ilarona HAH VYkpainu, maroTsb
BOYIOBaHY TEXHOJIOT1IO OL[IHKH CTaHy MaTepialy y
peanbHOMY Yaci 3 MPOTHO3yBaHHSIM PYHHIBHOTO Ha-
BaHTaXCHHsI, sika 0a3y€ThCs Ha PO3Mi3HaBaHHI oOpa-
3iB [4-6]. Lle 103BOJIsIE CYTTEBO MPUCKOPUTH SIKICHY
Ta KUIBKICHY OILIIHKY CTaHy 0e3 BUKOPHCTAHHS A0/1aT-
KOBUX METO/IIB 3 HOPMOBAHOIO TOUHICTIO (TTOXHOKa Y
Mexax = 15 %) ta iimoBipHicTIO 95 %. Y maHiit po-
00Ti MoKa3aHi, 30KpeMa, Pe3yIbTaTH MPOTHO3YBaH-
HS pyHHIBHOTO HaBaHTa)KCHHSI 11 9ac BUMPOOyBaHb
3pa3KiB Ha CTAaTUIHHIA PO3TAT.

Pesynbrati oTpuMaeMo Ipu po3TATYBaHHI 3pa3KiB
3i crani 171'1C na mammmni P20. Ha puc. 1 npexcras-
JICH] CXeMa HaBaHTA)KCHHS Ta PO3TALIyBaHHS 3pa3ka
Y PO3PHUBHIN MaIlIHHI.

[Ipencrasnena Ha puc. 1 cxema € yHiBepcaJIbHOIO
g 6inbmocti AE BumpoOyBaHb 3pa3kiB, BKIOYA-
1041 TeMIepatypHi. Hiwkdue HaBeneHo aiarpamu 1mo-
kazanb AE mpunany mig yac po3TSAryBaHHS TUTIOBUX
3pa3KiB 3 Marepiany y CTaHi MOCTayaHHsS Ta 3pa3KiB
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Puc. 1. 3pa3ok Ta cxema oro BCTaHOBJICHHS B MaruHi P20

3 TIOIIKOJKEHOTO Marepially, BUPi3aHUX 3 TPYOH Iic-
nst 15-tu pokiB TpaHcnopTyBaHHs razy. AE cucremu
tuy EMA MOXyTh y peajbHOMY 4aci Ta IIiJ] 4ac Ha-
CTYIHHMX NIOBTOPIOBAHb MPOBEJICHUX BUMIpIOBaHb Ha
KOMIT FOTEpi Ha/IaTH TOCUTh BEJIUKY KUIBKICTh Mapame-
TpiB, 30Kpema:

1. 30BHIITHI CHJIOBI MOJIS: Y TAHOMY €KCTICPUMEHTI
P — moTo4yHe HaBaHTaKEHHS, KT'; € — IOJAOBKCHHSI, MM.

2. A — MakcuUMaJbHA aMILTITya HaWOLIbImIol y 1a-
HUW Yac ToJii, mo po3risaacThes, MB, yMOBHO Xa-
pakrepusye 06’em, O yTBOpUB JeeKT i 9ac Horo
JUHAMIYHOTO PO3BHUTKY.

3. Rt (W) — yac HapoCTaHHS HaHOUIBIIOTO y
CyMi MOJIH IBOTO Yacy 4u HOTO TPUBAIICTH, MKC,
XapaKTepHu3ye 3MIIlHEHHS Marepianxy BHACIiIOK
neGopMyBaHHS.

4. O — xinpkicTh ocuuisanin y noxii AE, xapak-
TEePU3YIOTh KUIBKICTh MOIIKOKEHbB, 1[0 BUHUKIIM HA
JJAHUM MOMEHT 4acy.

5. A, — cymapna amiutityna nonid AE 3a yac Bu-
npoOyBaHb, 1b, xapakrepusye 3arajpHUil 00CsT 10-
LIKOJPKEHb, 110 YTBOPUIIHCS.

6. O_— cymapHa KiJIbKiCTh MOIIKO/UKEHb Y MaTepi-
aJli 3a aHaJII30BaHUI IPOMIXKOK 4acy, 10 BU3HAYAETh-
cs1 3a CyMOR0 ocIptsnii noxii AE.

7. N_— Hakonu4eHi B poueci pydHyBaHHs NOMii
AE, xapakTepu3yoTh 3arajibHy KiJbKICTh MOIIKO-
JOKCHB, SIKI BUHUKJIU 32 TIPOMIKOK 4acy, 10 PO3IIs-
NA€ThCs, MOXKe He 30iratucs 3 O .

8. A? — xapakTepu3ye €Hepriio, BUTpadyeHy Ha
yTBOpeHHs nedexrty, JIx.
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9. 4 ? — xapaktepusye cymapny eneprito AE, Bu-
TpadyeHy Ha pyiHYyBaHHs 3paska, J[x.

10. n — axtuBHICTH AE 32 BHOpaHUit MOMEHT Yacy, 1/c.

11. N — cyma mofiit B aHaIi30BaHuil yac, Xxapakre-
pH3Y€E KUTBKICTh Ae(eKTiB, 0 BUHUKIIH y Yaci, MOXKe
30irarucs 3 0.

12. X, Y — omocepenkoBaHi i3 3a1aHOI0 HMOBipHi-
CTIO KOOPJIMHATH CYMHU TIOIi{, SIKi BUHUKJIA B MOMEHT
4acy, 0 PO3MISAAE€ThCS, Ha TIEBHIN MIIAHIN 3pa3Kka
a00 KOHCTPYKIIii, MM. Po3Mip AUISHKH BU3HAYAETHCS
ABTOMATHUYHO 3aJIEKHO BiJl PO3MIpiB 00’ €KTa KOHTPO-
JII0 Ta CXeMU pOo3TallyBaHHs AaT4ukiB AE.

VYpaxoBylouH Te, 0 JOCTaTHBO MOKa30BUMH MO-
XKyTb OyTH He 000B’SI3KOBO BCi MepesiyeHi napame-
TPH, Y BiKHI JIOKaliiHOT aHTeHU Ta 0OYI0BaHUX rpa-
¢ikax OyayTh po3IIsIIaTUCS TaKi mapaMeTpH sk P, e,
A, Rt, n, N, X. Bonu 3a0e3neuyioTs MOBHY KapTHHY
Mpoliecy HAKOTIMYCHHS MTOLIKO/KEHb il Yac BHITPO-
OyBaHb 1 1al0Th HAOYHY JACMOHCTPAI[IIO 3MiH BJIACTH-
BOCTEH y MOIIKOPKEHOMY MaTepiai MOPiBHIHO 3 Me-
TaJIOM Y BUX1JHOMY CTaHi.

OKpiM CKa3aHOTO BHINE, cucTeMu Ty EMA ma-
10Th (DYHKITIOHAJ, IO TO3BOJISIE Y PEATbHOMY Yaci Ta
MiCJIsl HOBTOPHOTO MEPEIsAY NMPOBEICHUX BUMIPIO-
BaHb Ha KOMII IOTEPi IPOTHO3YBaTH PyHHIBHE HaBaH-
TaXCHHsI, PE3YJIbTATH SIKOTO TaKOXK HaJaHi y LHbOMY
JOCTIIKEHHI.

Ha puc. 2 npencraBineHo ekpas JoKauii mporpaMu
EMA 3 mutreBuMu 3HaueHHssMu AE mapametpis, 110
BUHHKJIM IpH BUNIPpOoOyBaHHi 3pa3ka 3i ctami 17T'1Cy
CTaHl mocTayaHHs. Y 1eld MOMEHT y BIKHI MPEICTaB-
JICHO TaKi JaHi:
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i}_l Object State parameters
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Puc. 2. Bikno nokanii nporpamu EMA 3 AE nanumu, Hakonmye-
HUMH TiJ1 9ac mporiecy BUpoOyBaHb 3pa3Ka y BUXiTHOMY CTaHi

1. Bropi niBopyd HagaHi KOOpJUHATH KiacTepa
(Cluster), 110 BKa3yroTh Ha IPOTHO30BaHE Miclle pyH-
HyBaHHs1. [1o Mipi HaBaHTa)KEHHS 3pa3Ka KOOPIUHATH
YTOYHSIOTBCSL.

2. Bropi npaBopyd HaJjaHO IPOTHO30BaHE PYIHIB-
He HaBaHTaxkeHHs (Destruction forecast) y miamazo-
Hi 9573...12087 KT, 110 BiAMOBITA€ pEaTbHUM TAaHUM,
3adikcoBanuM amaparyporo. Ciix 3a3HAYUTH, IO
IIPOrHO30BAHE 3HAUEHHs PYyHHIBHOTO HAaBAaHTA>KCHHS
3’SIBUJIOCS Y BiKHI TTPW HaBaHTa)KEHHI, IO CTAHOBHUTH
npubau3Ho 30 % Big AilicHOTO pyHHIBHOTO, SIKE J0-
piBaroe 11758 kr (puc. 3). [IporHo3Hi 3HaYeHHS T10-
MaJlaloTh y Jiana3oH BUMOT JI0 cucTeM Tuny EMA
1010 MPOTHO3Y pyiHyBaHHA + 15 %.

A, mB

450

3. Hmwkue y BiKHI TTOKa3aHO CTOBITYMK TOETHAHUX
y iracrep noxniit AE, siki BimoOpakyroTh HAKOITUICH-
Hsl TTOLIKOKEHb Y 3pa3Ky 13 3a3HAYCHHSIM KOOPJUHATH
X AMOBIpHOTO MiCIsl pyiHyBaHHSA. Hrkde cxeMaTuaHO
MIOKA3aHO 3pa30K 3 PO3TALIOBAHUMH Ha HHOMY JlaT4H-
kamu AE (ixHi HOMepH Ta KOOpAWHATH PO3TAaITyBaHHS).

4. Ille HMXKYe TTOKA3aHO CIIPAaBKHI 3HAUYCHHS CHT-
HaniB AE, mo HakonmM4yloTbcsl B KOHTPOJbOBaHIH
ninstHI. BigzHauumo, o Ha puc. 2, SsKuid € MOMEH-
TaJbHUM 3HIMKOM eKkpaHy nporpamu EMA nHa mo-
MEHT NpOrHo3y pyiHyBanHs, AE nozii 3 Benukumu
aMIUTITYJIaMH 1€ BiJICYTHI, BOHU 3’ SIBJISIFOTHCS ITi3Hi-
11e, ImiJi Yac pyHHyBaHHS 3pa3Ka.

5. Jliarpama mparitoe 3 Mo4aTkoM BHIIPOOYBaHb Ta
MPOCTEXKYE y TUHAMII BCIO KIHETHKY pyHHYBaHHS.

JeranpHy KiHETHKY pyHHYBaHHS 3pa3Ka IMpen-
cTaBJIeHO Ha puc. 3. [ 3pydHOCTI CIPUAHATTS daHi
BHUIPOOYBaHb PO3MICHI IO ABOX Tpadikax.

Ha rpadiky nHa puc. 3, a mokazaso:

1. CroBmuuku — ammnitynu A noxit AE y minHii-
HOMY peXHMi BUMiproBaHb. JIiBOpyd Ha 0OCi OKa3aHO
LIKaJTy aMILTITY, MAKCUMYM HE MOXE MepEeBULILYBaTH
500 mB.

2. Jlinist — poboye HaBanTaxkeHHsa P. [IpaBopyu Ha
0Ci IIOKa3aHO BEIUYHMHY PeaJbHOr0 PYHHIBHOTO Ha-
BaHTakeHHs 11758 kr.

3. Touku — axtuBHicTh n AE mopniit y vaci. [pa-
BOpYY Ha 0OCI [TOKa3aHO BEJIWYHHY /1, MAKCUMYM SKOI
nopiBHioe 18.

Ha rpadiky Ha puc. 3, 6 mokazaHo:

P mlfe

10582 11.7

400
350

9407 104

300

250
200

150
100
50
0

Rt, mrc

N, cyma
e, MM noji

195

58982
52428

174

45874
39321 {--
32768
26214
19660

152
130
108

13107

6554 gt

0 179

e

0

Puc. 3. I'padixu po3BUTKY mporiecy pyitHyBaHHs 3paska i3 cram 171'1C y BuxigHoMy cTaHi
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1. CTOBIYMKY — 9ac HapOCTAHHS aMILTITYI! T10-
nii AE no makcumymy Rt. JliBopyd Ha oci mokasa-
HO WIKaJly Rf, MAKCUMYM HE MOXXE NEPEeBULIYBaTH
65535.

2. [lmaBHa eKCIOHEHIlII{HA KPUBa, K MOYMHAE
3pocraru npubausHo micas 1000 ¢ HaBaHTaXEHHS,
mokasye MmoJoBxkeHHs e. [IpaBopyd Ha oci mokazaHo
BEJIMYMHY e, MAKCUMYM $IKOi 1opiBHIOE 30 MM — B MO-
MEHT PyHHYBaHHS 3pa3Ka.

3. CryniHdacra KpuBa MOKa3ye MOCTYNOBE Ha-
KOTIMYCHHSI MOIIKOJKEHb Y 3pa3Ky, sSKe BioOpaxye
cyma nioxii N. 3aranom iX KiIbKicTh cTaHoBmia 217.

Sk 6aummo, y BuxigHomy Marepiaini edexr Kaii-
3epa BimcyTHINA — nmoxii AE mounnarots hopmyBa-
THUCS 0ZIpa3y X 3 IOYaTKOM HAaBAHTAXEHHs, a KpUBa
iX HaKONWYEHHS Ma€ TUIOBUH BUIVISA JUIsI HEMOI-
KOJDKEHOTo Marepiany. BigzHaunmo oueBuaHy Ha-
SIBHICTH TUIOMIAJIKU TUIMHHOCTI, TIPH AKil nedop-
MalIlisi 3poCcTa€e Ha JUISHIII TOPU3OHTAIBHOT KPUBOT
HaBaHTAXXCHHSI.

Po3puB 3pa3ka XapakTepu3yeThbes CIUIECKAMH aMIl-
nityn AE 1o Mmakcumymy 1ie 10 JOCSTHEHHS MExi
MIITHOCTI Ta 0e3M0CePeIHBO i1 Yac 11 JTOCSITHEHHSL.

30BCiM iHIIIA KAPTHHA CIIOCTEPIraeThes JUIsl 3pas-
Ka, BUpi3aHOro 3 TpyOH micisi 15-TH poKiB ekcruTyara-
uii (puc. 4, 5). [lapamerpu, 0 HaBEJICHO Ha pUC. 2,
4, Ti % cami, mapameTpu Ha rpadikax puc. 3, 5 Takox
Ti cami, aJjie XapakTep iX CyTT€BO 3MiHUBCS.

A, B

350 1 TR Jn—

0] Object State parameters

Cluster Destruction forecast
1: X=211;¥Y=0 9717,7..17057 kg
3| Antenna 1 -Linel *——=—=
- @ @ D
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Puc. 4. Bikno nokanii nporpamu EMA 3 AE nanumu, Hakonmde-
HUMH IIiJ] 9ac MPOIEeCy BUIPOOYBaHb 3pa3Ka y MOLIKOIIKCHOMY
cTaHi micins 15-T pokiB ekcruryaraii

3pa3ok 3MiIHUBCS Yepe3 15 pokiB eKcIuTyararii i
9yac TPaHCIOPTYBaHHS rasy, Ipo IO CBITYUThH 3MEH-
meHHs moaosxkeHHs — 3 30 go 15,9 Mm npu pyiiHiBHO-
My HaBaHTa)KCHHI, SIKE BUPOCJIO He3Ha4HO — 3 11758
1011886 xr. Hitko mpocrexyerhbes edekt Kaitzepa — Ha
MOYATKOBIN cTa i HaBaHTaxeHHs noii AE BijgcyTHi.

[Tig wac excryaranii ra3 MOCTYOBO MPOHUKAE Y
Marepias TpyOoH, BUKIUKAIOUH 11 IOCTYNIOBE OKPUXUY-
BaHHSI, MIBUIICHHS PiBHS KOPCTKOCTI pyHHYBaHHS,
crapinHs Marepiany Tpyou [4, 5]. Lle miaTBepmKyoTh
pi3Ke 3MEHIIICHHS TapaMeTpy TPUBAJIOCTI 3pOCTAr0YOT
yacTHHU noaii Rt, 3aranbHoi cymu nofiit AE N = 70
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Puc. 5. I'paciku po3BUTKY Iporecy pyiHyBaHHs 3pa3ka 3i craii 171'1C y nmomkomkeHoOMy cTaHi micist 15-Tu pokiB eKcIuTyaramnii
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(y BuximHoMy marepiaii ix Oymo 217), TOOTO KiNbKiCTh
MTOIITKO/KEHb Y MaTtepiaji micis TPUBaol eKcIuTyara-
1ii pi3KO 3MEHIIYEThCS. 30LTBIICHHS BIJICOTKA MO
AE 3 MakcUMallbHIMU aMILTITYJIaMA BiJTHOCHO KiJIbKO-
CTi CaMUX MOIN — L1e Pe3ybTaT OKPUXUYBaHHSI.

VnBiui 3Menmunacs AE akTUBHICTB n, 1O Ta-
KOX CBIAYUTH MPO 3MIIHEHHSA MaTepiany Iicis
eKCIUTyaTarllii.

Posrnsnaroun mani 3miny AE mapametpiB y mpo-
1eci BUMPOOYyBaHb, MOMITHO, 110 Y IMOIIKOJKEHO-
My Mmarepiaii AE monii MmacoBo HacTalTh He ofpa-
3y, a 4epe3 NeBHUM yac. Y JaHOMY BUIAJKY 1€
BinOyBaerbes pu t = 400 ¢ i gami iHTEHCUBHIIIE TIPU
t=1010 ¢ (came 3 TLOTO MOMEHTY TIOYHHAETHCS aK-
THBHE 3pOCTaHHS nedopmMalrii 3pa3ka), Mo BKa3zye
BiamoBimHO 1o edexty Kaiizepa Ha Te, mo marepiain
TPyOH B TIPOIIECi eKCILTyaTallii MpaIffoBaB ITiJ] HaBaH-
TaXCHHSAM MPUOIH3HO 27 aT Ta M0 HANpy>KeHHS IS
aHasizoBaHoi Tpyowu (miamerp 1020 MM, TOBIIMHA CTiH-
ku 8 MM) ckianae npuonusHo 173,4 MIla. ¥V Ttoii xe
qac CIIij] 3a3Ha4UTH, 110 IPOTPecyloue OKPUXUyBaH-
HS Marepiany TpyOr MO)Ke IPU3BECTH 0 PyHHYBaHHS
[pY aBapiiHUX MEePEeMilICHHSIX IPYHTY, Y SKOMY MpO-
KJIaJICHO TPyOy, BHACIIIOK ITiJIMUBAHHS Ta 3CYBIB.

TakuMm YMHOM, TTOKA3aHO JTOCTATHIO YyTIUBICTh
metoay AE no 3min BrnactuBocteit crami 171'1C mic-
TSl TPUBAJIOT eKCIUTyaTalii mpu 30epexeHHi SKOCTi
OI[IHKH CTaHY i CBO€YACHOMY IMOTIEPEIKEHHIO TIPO
pPYWHYBaHHS i TPOTHO31 PYHHIBHOTO HAaBAaHTAXCHHS.

BucHoBku

1. Metong AE moka3aB JOCTaTHIO YyTIHUBICTh JI0
3MiH BiactuBocted craini 171'1C micis TpuBaioi exc-
ryaramnii. [Ipaktuano Bei napametpu AE, mo ana-
JI3yBaJIACS, PEAryrTh SKICHO 1 KUJIbKICHO Ha BKa3aHi
3Miad. OTpUMATH BIIMOBIHI SIKICHI Ta KIJIBKICHI T0-
Ka3HUKH BJIAJIOCS, IOPIBHIOKOYHN PE3yJbTaTH BUIIPO-
OyBaHb 3pa3KiB 3 aBapiiHOIO 3aracy Ha CTaTUYHUHN
po3Tar 3 peectpariero mapamerpiB AE 3 pesynbra-
TaMH BHIPOOYBaHb 3pa3KiB aHAJIOTIYHOI KOH(pIrypa-
1ii, BUPi3aHUX 3 MaricTPaTbHOTO Ta30TPOBOIY ITiCIIs
15-Tr pokiB eKcriTyaTarii.

2. besnepepBHMii BIUIMB Ha Marepian TpyOu rasy,
10 TPAHCIIOPTYETHCS, MPU3BOJUTD /IO ICTOTHOI 3MiHU
HU3KH BIIaCTUBOCTEH MaTepiany (IuB., 30Kpema, [4, 5]).
HaiicunpHile 3MIHIOETHCS IUIACTUYHICTD, 110 B €KCIIE-
PUMEHTI MTPOSIBISIETHCS 3MEHILEHHSIM Yacy HapOCTaH-
Hs noniit AE 10 MakcuMyMy, 3MEHIIEHHSIM 3arajbHOI
KinpkocTi mofniit AE npu 3HauHOMY 301NIBIICHH] BiJl-
COTKa MOJIiil 3 BUCOKUMH aMInIiTynamu. Ha mpakTuii
3MEHIIECHHS TUIACTUYHOCTI MPU3BOIUTH JI0 KPUXKOCTI
Marepiany TpyOu Ta 10 HeOe3leKu pyHHyBaHHS MPH
BUHUKHEHHI aBapiiHUX MepeMillieHb TPyOH B IPYHTI.

3. IIpoBeneHi BUIIPOOYBaHHS JIO3BOJIMIIM OTPHU-
MaTH JaHl PO BIUTUB TOMEPEAHIX, TPOTITOM 15-TH
POKiB, HABaHTAXKCHB ITi Yac eKCILTyararii Tpyou 3i
crani 171'1C Ha 3MiHy BIaCTHBOCTEH ITLOTO Marepia-
JTy, TIIO TIPOSIBMIIOCS Y CYTTEBIHM KIMBKICHIH Ta AKICHIN
3MiHI HU3KH mapameTpiB AE.
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APPLICATION OF ACOUSTIC EMISSION METHOD TO EVALUATE THE CHANGES
IN THE PROPERTIES OF 17G1S STEEL AFTER LONG-TERM SERVICE

S.A. Nedoseka, A.Ya. Nedoseka, M.A. Yaremenko, M.A. Ovsienko, O.M. Hurianov
E.O. Paton Electric Welding Institute of NASU. 11 Kazymyr Malevych str., 03150, Kyiv, Ukraine. E-mail: inpat59@ukr.net

17G1S steel is widely used in pipelines. Change in the physical properties of this material with time depends on the conditions
of gas pipeline operation and pipe environment. Material damage due to operating time by far not always leads to a change
of such standard characteristics of the material as ot, oy, K1C and a number of others. At the same time, such material can be
significantly damaged, but the traditional methods do not allow determining it. The objective of this work is to demonstrate the
sensitivity of acoustic emission method to changes in 17G1S steel properties after 15 years of the main gas pipeline operation.
Testing results show that the analyzed acoustic emission parameters change essentially under the impact of operating time, and
they can be the characteristics for evaluation of the current state of the damaged material. 6 Ref., 5 Fig.

Keywords: acoustic emission (AE), physical properties, AE monitoring, mechanical testing
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A PERSPECTIVE OF THE NEEDS AND OPPORTUNITIES FOR
COUPLING MATERIALS SCIENCE AND NONDESTRUCTIVE
EVALUATION FOR METALS-BASED ADDITIVE
MANUFACTURING
3ATPEBYBAHICTD I IEPCIIEKTUBY ITOCIHAHHS
MATEPIAJIO3HABCTBA TA HEPYUHIBHOI OLIIHKU
MATEPIAJIIB 1J11 AIMTUBHOI'O BUPOBHUILITBA
METAJIOTIPOIYKIIIT

M.J. Quintana*t, Y. Ji*1, P.C. Collins*t1§

* Department of Materials Science and Engineering, lowa State University, Ames, IA 50011, USA
T The Center for Advanced Nonferrous Structural Alloys, a joint NSF I/UCRC between lowa State University
and the Colorado School of Mines
T The Center for Nondestructive Evaluation, a graduated NSF I/UCRC
§ Ames Laboratory, Ames, 1A 50011, USA; pcollins@iastate.edu

This paper presents a perspective of the needs and opportunities associated with the multidisciplinary problem of nondestructive
evaluation (NDE) of additive manufacturing (AM). Recognizing the multidisciplinary nature of the problem, as well as the need to
bridge knowledge between the different communities, the paper is structured to provide brief backgrounds and details relevant to
both communities, as well as present an assessment of the state of the art. This paper, in some respects, is meant to be a primer of the
different landscapes, as well as a catalyst for making future connections. At the end, it will be clear that there is much more work to
be done, but that the work that is ongoing is exciting, and the potential to exploit NDE techniques for metals-based AM is very high.

V wiii cTarTi MpeAcTaBICHO MEPCIIEKTHBRH, ITOB’S3aHi i3 33/I0BOJICHHSM MOTPEO Ta MOXKIMBOCTSIMH, IO MOKYTh OyTH JTOCSTHYTI
Ha OCHOBI 3aCTOCYBaHHsI MUKAUCIMILUTIHAPHOTO TiXOMy B rairy3i HepyiiHiBHOTO oniHoBaHHs (NDE) aquTHBHOTO BUpOOHUIITBA
(AM). BusHaroun MDKANCIUILTIHAPHUHA XapaKTep MUTaHHS, a TAKOK HEOOXITHICTh B3a€MOOOMIHY 3HAHHIMH MiXK IUMH pi3-
HHMH CIIUIBHOTaMH, CTaTTsl CTPYKTYypOBaHa TaKMM YMHOM, 1100 HaJaTH CTHCIIHI OIUC OCHOB Ta HOJAPOOUIIb, 10 CTOCYIOTHCS
000X CIIJIBHOT, @ TAKOXK HPEACTABUTH OLIHKY Cy4acHOro crany. LIs ctarTs y IEeBHOMY PO3yMiHHI MOXE CIIPUAMATHCS Y SKOCTI
CIUTBHOT OCHOBH TS Pi3HHUX 00JIACTEH, a TAaKOXK KaTalizaropa JJisi CTBOPEHHS MallOyTHIX 3B’S3KiB. 3PEUITOI0 CTaHE 3pO3yMLIIO,
1110 TToTepey e 6araro poboTH, ajie podoTa, siKa TPUBAE, € 3aXOILTIOIOUOI0, 1 TIOTEHIIaN i BUKOpUcTaHHS MeToiB NDE s
AM MeTanoBupo0OiB ayKe BUCOKHH.

Keywords: additive manufacturing, nondestructive evaluation, materials state, measurement techniques, materials physics
Kniouosi crosa: aoumuene supobHuymeo, HepyuHieHa OYiHKA, CMAaH Mamepianie, GUMIPIOSAIbHA MEXHIKA, (i3uKa mamepianie

Introduction

Increasingly, there is an awareness that the par-
adigm-changing nature of additive manufacturing
(AM) requires a reassessment of both materials sci-
ence and nondestructive evaluation (NDE). Tradition-
ally, these technical specialties/disciplines are sepa-
rated, as their role in the development, manufacture,
and use of parts and components in advanced techni-
cal systems, such as vehicles, aircraft, defense, and
energy systems, is notably different. However, it is
also becoming clear that there is a significant oppor-
tunity if these traditionally separate subject matter ex-
perts can collaborate in the area of AM.

The causes associated with why these technical ex-
perts are separated is worth a brief discussion. First,
there is the typical role that these experts play in any or-
ganization. A materials scientist plays important roles in
the development and optimization of new materials, of-
ten long before those materials are qualified and become
part of the design and manufacturing ecosystem. A ma-
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terials engineer may then be highly involved in certain
aspects of the manufacturing ecosystem, providing sub-
ject matter expertise related to process controls and de-
structive testing to assure specific metrics of quality (for
example, mechanical testing or microscopy). The NDE
experts often receive a handoff of parts and components,
and then apply their skill sets to ensure that the quality
of parts is known to an acceptable degree of uncertain-
ty, monitoring parts over their lifetime in service. In cer-
tain organizations, the NDE experts can play a role in
the design of the parts if philosophies such as design for
inspectability are part of the organization’s culture. Sec-
ond, there are the types of data these different subject
matter experts typically manage. For the materials scien-
tist or engineer, the spatial domain dominates the char-
acterization techniques, enabling the direct observation
of grains, texture, precipitates, and defects. For the NDE
expert, the tools invariably rely upon measurements
involving time, and are thus in the frequency domain,
which can be converted into the spatial domain using
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various techniques. Lastly, the NDE experts are trained
to use statistics (that is, probability of detection) to pur-
sue rare events and are, by their occupation, risk averse.
Conversely, the research of many materials scientists is
primarily focused on the initial stages of new materials
development, where it is not uncommon to imagine in
an almost unbridled sense the possibilities of the new
materials under study.

AM is, without question, a new manufacturing
paradigm. In its most unconstrained, futuristic sense

(see Figure 1), AM is capable of producing net or
near-net shapes:

e whose features span across length scales (Zhou
et al. 2015; Riveiro et al. 2019; Kumar and Maji
2020; Marini and Corney 2020);

e whose topology may be topologically optimized
or, emergently, generatively designed (Meng et al.
2020; Liu et al. 2018);

e whose local materials state?, and thus properties/
performance, may be controlled spatially by tuning

Figure 1. Wide variety of applications of AM techniques: (a) additively manufactured bridge using the wire arc additive manufacturing
(WAAM) technique; (b) hydraulic hand 3D printed by Oak Ridge National Laboratory that houses electric motors and hydraulic
components inside; (c) 3D-printed metallic “space fabric” designed and manufactured by NASA,; and (d) AM meso-structures in a
turbine blade. (Figure 1a is reprinted with permission from Feucht et al. [2020]; Figure 1b is reused from Love et al. [2013] under
Creative Commons Attribution License (CC BY); Figure 1c is reused from Good and Landau [2017] under Creative Commons
Attribution License (CC BY); and Figure 1d is reprinted courtesy of The University of Sheffield.)

1 Materials state includes, but is not limited to: composition, solute distributions, microstructure (phases, their size, distribution, and
correlations), crystallographic texture, and the presence of defect structures (e.g., dislocations, porosity, interfaces, cracks), across
all length scales. This definition follows from materials state awareness (MSA), which is defined as “digitally enabled reliable
nondestructive quantitative materials/damage characterization regardless of scale” (Buynak et al. 2008). The materials state is what a
manufacturing process produces (or what evolves during service) and is also what governs the performance of the material (Buynak et
al. 2008; Jacobs 2014; Aldrin and Lindgren 2018).
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the process, post process, and/or composition spaces
(Tammas-Williams and Todd 2017; Li et al. 2020); and

e where the local materials state may be both de-
signed and measured during component manufacture,
providing a digital record/twin that can be used to
both verify/validate the process space and predict the
properties/performance of the part during service.

To ensure that the material is of a sufficient quali-
ty with respect to the design metrics (such as dimen-
sions, properties, and performance), it is necessary to
develop and bring to bear new advanced metrology
and evaluation tools during the manufacturing pro-
cess. Among the most promising techniques are those
that are based upon conventional NDE approaches,
yet their applicability requires a direct connection
with the materials state.

Within AM, there are new physics that operate,
which scientists and engineers (and companies/or-
ganizations) need to understand. For example, as
most AM techniques are fusionbased processes, the
composition of the as-deposited material may be dif-
ferent than the composition of the starting powder or
wire, through either the preferential loss of some vol-
atile elements or the gettering of other elements from
the surrounding atmosphere (Carroll et al. 2015; Sato
and Kuwana 1995; Semiatin et al. 2004). And, while
much is known about the dynamic nature of the AM
process, other research is leading to new insights into
the formation and evolution of defects (Kenney et al.
2021; Quintana et al. 2021), the importance of fluid
dynamics (Tammas-Williams et al. 2015; Hojjatzadeh
et al. 2019) on the molten pool and presence of any
keyhole, and the competition between molecular flow
of gas and the vaporization of elemental species and
their combined effect on the proximal powder (Yod-
er et al. 2021; Ahsan and Ladani 2020). These new
physics are being discovered in sophisticated exper-
imental facilities, including high-energy beam lines,
where both high spatial and temporal data can be ob-
tained (micrometer and microsecond). The state-of-
the-art measurements are beginning to be correlated
with some NDE approaches, as these are promising
methods to correlate the physical mechanisms associ-
ated with AM with signals that can be measured dur-
ing the AM process.

It is clear that for both the realization of many of
the promises of AM as well as the determination of
different physical domains that the NDE approach
has an important role to play. This paper consists of
two primary components. First, it provides a brief
review of some of what is known about the compo-
sition—process—materials state—performance rela-
tionships in AM. Elements of this first section will in-
clude some aspects of NDE techniques, as relevant.
New connections between aspects of the materials
state and NDE techniques will be presented. Second,
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it provides a review of the applicability of different
NDE techniques for both ex situ and in situ assess-
ments of the materials state, and by extension, initial
metrics of the quality of the as-manufactured materi-
als and components.

A Review of Additive Manufacturing

Jim Williams, an internationally renowned expert
on titanium, physical metallurgy, and microstruc-
ture-property relationships, as well as a former dean
at both Carnegie Mellon University and Ohio State
University, once provided the most pithy yet useful
definition of AM: “It is the opposite of subtractive
manufacturing.” In addition to its brevity, this “defi-
nition” is useful for two reasons. First, it is implicit-
ly broad, as it does not invoke any of the prototyp-
ical details that are typically invoked yet constrict
our perspective, such as the heat source (such as la-
ser), geometries of the material that is added (such
as molten pool), or incoming material type (such as
powder). Second, it implies a capability that is impor-
tant for the NDE community: the addition of volumes
of material means that those volumes can be probed
in a manner paralleling (following) the AM technique
itself, providing a highly detailed perspective of the
materials state.

The intellectual property history of AM can
most clearly be understood based upon this defini-
tion. From a certain perspective, civilization’s earli-
est methods of manufacturing involved AM, as ex-
emplified by coil pots, which permitted individuals
to make clay pottery prior to the advent of the pot-
ter’s wheel. However, from a modern perspective,
the earliesttechnical basis for metal-based AM is
found in a 1920 patent by Ralph Baker (1920), who
patented a method to produce decorative articles us-
ing electric arc welding to deposit beads of material
onto previously deposited beads of the same metal.
While this method was cited in other welding tech-
niques in the 1960s, the next notable patent came
in 1979 from Brown et al. (1979) while working at
the United Technologies Corp. on a US Navy-fund-
ed project. In 1979, the inventors disclosed a process
for the subsequent deposition of metallic layers that
would be capable of producing bulk, rapidly solidi-
fied metals. In their work, they termed this technique
“LAYERGLAZE,” and in their patent, they includ-
ed the possibilities of multiple heat sources (includ-
ing both electron beams and lasers) and of multiple
material forms (including both powder and wire).
While this was not pursued fully at the time, there
is a direct connection between this patent and San-
dia National Laboratories’ work on a directed ener-
gy deposition system with a powder-blown delivery
system and a laser energy source known as Laser En-
gineered Net Shaping (LENS™), which resulted in
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the first commercial company for metals-based AM,
Optomec, and the first commercial sale in 1998 to
Ohio State University. Other key technology patents
in the 1980s that have benefited the AM community
are rooted in polymeric materials, including the work
of Hideo Kodama in 1981 (Kodama 1998), Charles
Hull’s work in stereolithography in 1984 (Hull 1984),
and Charles Hull’s first 3D printer in 1987 (3D Sys-
tems 2021). In the earliest days of metals-based AM
using LENS systems, there were simultaneous ef-
forts to understand the processing-property space,
including the first appearance of metrics that com-
bined key “feed and speed” parameters into energy
density terms (Yin and Felicelli 2010; Hofmeister et
al. 2001); understand the composition—microstruc-
ture—property space, including the use of elemen-
tal blends (Schwender et al. 2001; AlMangour et al.
2017); and produce the initial work into producing
compositionally graded structures (Zhang and Ban-
dyopadhyay 2019; Bandyopadhyay and Heer 2018;
Obielodan and Stucker 2013; Balla et al. 2009). In-
dustries and agencies began to fund work to develop
the first processing—structure—property databases and
began to place AM metallic parts into service (Col-
lins et al. 2014, 2016). Within the past decade, there
have been sustained efforts in developing and inte-
grating computational tools to predict the geometry
(including distortion and residual stress), microstruc-
ture, properties, and performance of AM parts (Smith
et al. 2016a; King et al. 2015). The level of sophisti-
cation and availability of machines is now sufficient-
ly robust that in 2019, it was even shown that it was
possible to 3D print and “fly” a certain superhero suit
(ANI3DP 2021).

It is difficult to bound the variations of AM sys-
tems. The scale of the systems ranges from aerosol
jet-like processes, which have submicrometer res-
olution and are used to manufacture functional de-
vices, to large-area AM, which produces parts with
dimensions of multiple meters (Lim et al. 2012; Wil-
liams et al. 2016). While most metals-relevant AM
systems involve fusion (pools of liquid metal), there
are other innovative AM techniques that are solid
state (such as the MELDprocess [Yoder et al. 2021;
Griffiths et al. 2019, 2021]) and rely upon friction-
al or ultrasonic methods of joining. The heat sources
for fusion-based techniques include lasers, electron
beams, plasma sources, and, most recently, resist-
ance-based techniques (such as Joule heating [Huang
et al. 2014; Batista et al. 2020]). The incoming mate-
rial to be added is prototypically wire or powder, but
can also include thin sheet or ribbon (Kobryn et al.
2022; Hascoet et al. 2014). The atmospheres can be
equally varied, ranging from vacuum to inert shield
gas to deposition in controlled atmosphere glove
boxes. This variability has an impact on the compo-
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sition of the as-deposited materials in fusion-based
systems. AM systems can be additive only, or hybrid
involving the recursive operation of both additive
and subtractive (machining), or other techniques,
such as laser peening for local control of the residual
stress (Hackkel et al. 2018; Madireddy et al. 2019).
Systems can be equipped to deliver material from
a single feed source or from multiple feed sources
to enable the spatial control of the composition in a
preprogrammed manner (Kelly et al. 2021; Schwartz
and Boydston 2019). The as-deposited structures can
be free form or supported using lattice structures
such as in powder beds (Collins et al. 2016; Davis et
al. 2009; Zalameda et al. 2013; Vaissier et al. 2019;
Hussein et al. 2013). Similarly, the architectures can
be designed to be fully dense, lattices, or with vari-
ations of controlled internal cavities (Juechter et al.
2018; Wang et al. 2018; Tao 2016; Gardan and Sch-
neider 2015). Figure 1 provides a broad overview of
the types of structures, systems, and processes that
exist. Considering these capabilities in aggregate,
and imagining future systems where the “material ef-
fectors” are selectable to achieve a particular materi-
als state with a particular function in a particular lo-
cation (a logical fusion of concepts found in AM and
metamorphic manufacturing [Xie et al. 2016; Daehn
and Taub 2018; Feucht et al. 2020; Love et al. 2013;
Good and Landau 2017]), one can begin to conceive
of new materials and desirable topologies across a
range of length scales.

In general, the types of physical processes of fu-
sion-based AM techniques involve:

e the transfer of energy from the heat source into
the material, which includes consideration of the
material’s reflectivity to the particular energy wave-
length and adjusted for particular configurations that
correspond to the efficiency and redundancy of ener-
gy-impingement events;

e the heat-transfer mechanisms within the part,
including radiation, conduction, and convection
(Raghavan et al. 2013; Gutowski et al. 2017);

e the heat-transfer mechanisms associated with
the material’s thermodynamics, including phase
transformations and any attending enthalpy of mixing
of different species (Kumara et al. 2020; Zhang et al.
2019b; Kenel et al. 2017);

e the fluid dynamics of the liquid, including Ma-
rangoni convection, buoyancy, gravity, and oth-
er complex melt-pool dynamics (Hojjatzadeh et al.
2019; Gan et al. 2017; Khairallah et al. 2016);

e possible secondary processes in proximity to
the molten pool, including capillarity, wetting, sinter-
ing, and thermal grooving (Blank et al. 2019; Mullins
1957, 1958);

e dynamics mediated by the liquid/vapor inter-
face, including volatilization or gettering of elemental
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species, and the gas dynamics, including kinetic mo-
tion of molecules (Sato and Kuwana 1995; Semiatin
et al. 2004; Collins et al. 2014);

e physical processes at the liquid/solid interface,
including melting and solidification;

® solid-state phase transformations; and

e the current evolution (and retention) of elas-
tic-plastic deformation processes induced by either
phase transformations, phase evolution, or transients
in thermal gradients.

These processes are further complicated by the
motion of the heat source, inducing so-called thermal
gyrations into the part whose magnitude and frequen-
cy are functions of the part geometry and the build
scan strategies (G-code). Each of these is sufficient-
ly complex so as to merit their own treatment, and as
such lies beyond the scope of this paper. However, an
understanding of such broad categorizations is help-
ful to understand the types of measurements that will
be useful in understanding key metrics of the materi-
als state that influence the properties and performance
of the material. Table 1 provides correlations between
these general types of physical processes and a hier-
archy of materials state parameters that govern the
properties and performance of materials. For some
materials, these correlations have been quantified,
and the most important factors have been determined.

Important Materials State Factors

From the perspective of failure in most metal-
lic systems (assuming a reasonable level of ductili-
ty), the principal aim is to understand the presence
of defects and damage and their evolution during ser-
vice. Thus, concepts such as fatigue and fracture go
hand in hand with materials state awareness and any

attempt to link NDE methods with AM, whether ex
situ or in situ. In AM materials, the dominant macro-
scopic defects include porosity, lack of fusion (LOF),
cracking/tearing, and balling.

After the macroscopic defects are considered, two
other variables demand our attention. The first varia-
ble, residual stress, can couple with defects, leading to
unexpected failure. Explicitly, it is necessary to state
that residual stress is the gradient in the local densi-
ty of dislocations, which are the atomic-scaled line
defects responsible for an alloy’s ductility, and which
can lead to considerable strengthening of the materi-
al. Thus, a material can have a low average dislocation
density but a high residual stress (large gradients), a
high dislocation density but a low residual stress (small
gradients), or other permutations. The second variable
involves grains, their size, and any preferential crystal-
lographic orientation, also known as texture. Texture is
increasingly recognized as having an important role on
the properties and performance of materials. Texture
is very common in AM materials, owing to the steep
thermal gradients and rapid solidification (Quintana et
al. 2020; Saville et al. 2021; Kamath et al. 2021; Kun-
ze et al. 2015; Dinda et al. 2012; Song et al. 2014),
though it can be controlled through processing. The
presence of periodic texture has been linked with some
challenges in inspectability.

The final two broad categories, materials compo-
sition (both average and local) and the “rest” of the
microstructure (typically phases, their size and distri-
bution) are critically important to setting the baseline
mechanical properties of engineering alloys (such as
strength, ductility, and fracture toughness). At a min-
imum, there are local compositional fluctuations in
AM components (Kenney et al. 2021; Collins 2004;

Table 1. Materials state variables linked to different physical processes related to AM

Materials state variables

Physical process Composition

Average Local

Phases (size,
fraction)

Grain size/ Defects (pores, cracks,

texture lack of fusion, balling) | Residual stress

Heat input X X

X

Macroscopic heat transfer X

X

Materials thermodynamics X

Fluid dynamics within the
molten pool

Fluid processes adjacent to
the molten pool

Liquid/vapor interface
processes

Liquid/solid interface
processes

Solid-state phase
transformations

Elastic and plastic
deformation, gradients

Thermomechanical
gyrations

Euclidean deposition (i.e.,
G-code) effects
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Hayes et al. 2017), which can lead to variations in the
clastic stiffness tensor (Cij), and thus should be rele-
vant for the NDE community.

These five categories of variables are described
briefly in the following sections. Interestingly, there
is a coupling between these variables that provides
potential strategies to better identify them using NDE
techniques. Some examples of coupling between var-
iables will be introduced.

Defects

There are at least five types of macroscopic de-
fects associated with a volumetric variation of some
sort: spherical porosity, LOF porosity, balling, crack-
ing or hot tearing, and fish scaling (Zhou et al. 2015;
Tammas-Williams et al. 2015; Pogson et al. 2004; So-
chalski-Kolbus et al. 2015). Figure 2 provides exam-
ples of these four types of macroscopic defects.

Often and erroneously, spherical porosity (Fig-
ure 2a) is assumed to indicate an existing gas pore.
The correct interpretation is that the pore formed
when it consisted of a gaseous species inside the
pore. However, there are two sources for such gas.
The first source is gaseous elements, such as argon,
that are contained in some powder particles prior
to deposition or that are captured by liquid dynam-
ics from the surroundingatmosphere. These elemen-
tal species will remain in the pores and are unlikely
to be healed permanently through other post-deposi-
tion processing steps (Kenney et al. 2021; Collins et
al. 2016; Collins 2004; Zhang et al. 2019a; Chlebus
et al. 2015). The second source is alloying elements
that are vaporized and create a keyhole (Kenney et
al. 2021; Hojjatzadeh et al. 2019; Collins et al. 2016;
Petrov et al. 1998; King et al. 2014). These elements
have surface Rayleigh instabilities whose dynamics
can result in spherical pockets of vapors of the con-
stituent metal elements that behave as a gas, result-
ing in spherical pores, and which then condense on
the surface of the pore, leading to a pore that is un-
der vacuum. The thermophysical properties, includ-
ing density, of these two types of spherical pores will
differ. There is emerging work that is using high-en-
ergy X-rays to image experiments that emulate pow-
der bed systems to study the origins of these defects
(Menasche et al. 2021; Xavier et al. 2020; Jop et al.
2020), whileother work is studying the importance of
Marangoni convection on the capture and retention of
these particles in molten pools with an extended tail
(Hojjatzadeh et al. 2019; Gan et al. 2017; Khairallah
et al. 2016). Such work is in alignment with evidence
that raster scan powder bed strategies are more likely
to contain these spherical pores that arise from alloy
constituent vaporization, while spot-scan strategies
are less likely.

LOF defects (Figure 2b) are features caused by
partial melting of the material by insufficient heat and
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can be classified by poor overlap within layers, in-
adequate wetting, or shallow melt pools that do not
interact with previous layers (Polonsky et al. 2020;
Calta 2019; Martin et al. 2019; Cunningham et al.
2019). Scanning strategies play an important role in
the creation of this type of defect. LOF defects are
common in linear raster strategies, especially in those
locations when the heat source reduces speed to make
turns, making the zones near the edges particularly
common places to observe these defects (Zhou et al.
2015). This points to the need to better understand—
and potentially measure—signals of the depth of pen-
etration of the molten pool, as opposed to the current
method, which is commonly a preprogrammed func-
tion related to power and acceleration/deceleration
speeds. Such information would better represent the
process physics. The formation of LOF defects can
also be responsible for “turbulence events” that hin-
der fluid flow and can promote even more heteroge-
neities in chemistry. Furthermore, the local cooling
rates can be related to the shape of LOF defects or be
identified as the cause of their formation (Kenney et
al. 2021; Bayat et al. 2019; Wolff et al. 2017). NDE
techniques, such as X-ray computed tomography, can
be very powerful tools to first determine if LOF de-
fects are present in the part and also their location
and approximate sizes, depending upon the resolution
of the technique, the depth of penetration, and other
shape factors.

Excessive heat can form other defects such as
those associated with the “balling phenomenon” (Fig-
ure 2¢) in which liquid droplets of metal are ejected
from the melt pool, cool rapidly, and then land on the
melt pool (potentially becoming incorporated) or oth-
er regions of the part (Khairallah et al. 2016; Gunen-
thiram et al. 2018; Haghdadi et al. 2021). These drop-
lets once they cool and if they are captured, may
effectively modify the local properties (topological,
mechanical, chemical, texture, thermal, etc.) and in-
fluence subsequent layers.

Cracking (Figure 2d) is a dynamic process where
the rates of heat transfer and the concurrent stresses
and strains due to thermal expansion/contraction, or
phase transformations, compete with the ability of the
material to accommodate the strains, typically defined
by the ductility of the material. The problems asso-
ciated with cracking are well known in the welding
community and are often associated with concepts
such as the “brittle range” (the temperature range
that a material will still have strength but without any
measurable ductility) and the nil ductility tempera-
ture. Such cracking problems exist for AM materials
for two reasons. First, AM is effectively a spatially
controlled welding process, with the same physics, al-
though with different degrees of severity. Second, the
3D nature of the builds often results in thermal cool-
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ing differentials, where the base plates are at a colder
temperature and result in higher heat extraction rates
and degrees of thermal cycling for the first layers of
a build, which reduces as the builds get to be larger/
taller, and further removed from a “cold” substrate
relative to the molten pool. In addition to these con-
ventionally understood cracks, differences in the local
material’s state and porosity levels (whether intention-
al or not) will result in changes in heat flow and will
lead to gradients in stresses and strains that can lead to
local cracking, even in otherwise ductile material.

The final defect discussed in this review is the
so-called “fish scaling” (Figures 2e and 2f). This de-
fect is observed in the planes parallel to the build di-
rection and are a result of variations in solute con-
centrations or chemical variations in the melt pool,
or variations in precipitate formation and morpholo-
gy (Sochalski-Kolbus et al. 2015; Tang et al. 2015;
Brandl et al. 2012). This is typically a result of solid-
ification processes, such as solute rejection in colum-
nar and/or dendritic solidification, and/or solute trap-
ping for fast-moving solid-liquid interfaces. During
destructive metallographic analysis, this fish scaling
can be used to distinguish individual melt pools. This
defect is also a discontinuity in properties such as the
local elastic stiffness tensor (Cij), density, composition,
and other aspects of the material’s state. The ability to
measure these using any NDE method will be limited
in many respects, as the wavelength of the measure-
ment devices is much larger than these local variations.

Texture

In polycrystalline materials, texture is a phenome-
non where there is a preferential bias in how the crys-

R T <
Welding direction

tal structures (that is, atomic planes and directions)
of each individual grain are arranged. Crystallograph-
ic texture has long been known to exist in traditional
manufacturing processes, including deformation pro-
cesses, casting/solidification, and welding. For those
crystallographic textures whose origins are due to
solidification, the literature is full of data and mod-
els that show a preferential growth of grains where
certain crystallographic directions are parallel to
the maximum thermal gradients, effectively balanc-
ing both the growth rates of the crystals and the heat
transfer. Classically, solidification models and data
show the [001] grain growth is parallel to the max-
imum thermal gradient for cubic alloys, though it
can be influenced by anisotropy parameters and oth-
er crystallographic variables related to grain growth,
which can even occur in the [110] direction (Chalm-
ers 1964; Morris and Winegard 1969; Ferry 2006; Liu
et al. 2013; Boettinger et al. 2000; Henry 1943; Hen-
ry and Rappaz 2000).

In AM, the process parameters such as melt-pool
size, scanning strategy, and layer height influence the
maximum thermal gradient, and thus are mainly re-
sponsible for texture and grain morphology, which
can result in equiaxed grains (Figure 3a) or elongat-
ed columnar grains (Figure 3b) (Haghdadi et al. 2021).
The [001] growth can have deviations up to ~10° to
20° from the build direction as a result of the spatial-
ly varying heat source that modifies the thermal gra-
dient, and this texture persists with subsequent layers
(Quintana et al. 2020; Saville et al. 2021; Kamath et
al. 2021; Stephenson et al. 2020; Haghdadi et al. 2020;
Shao et al. 2020; DeMott et al. 2021; Kumar et al.

Figure 2. Defects commonly observed in AM: (a) spherical porosity (indicated by arrows); (b) lack of fusion caused by insufficient energy
input to melt the stock material; (c) balling; (d) hot tearing caused by excessive energy input, creating ejecta of material and thermal
stresses; and (e) and (f) fish scaling, at two different magnifications. (Figure 2a is reused from Tammas-Williams et al. [2015] under
Creative Commons Attribution License (CC BY); Figure 2c is reprinted with permission from Zhou et al. [2015]; Figure 2d is reprinted
with permission from Pogson et al. [2004]; and Figures 2e and 2f are reprinted with permission from Sochalski-Kolbus et al. [2015]).
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2021). Texture in AM parts has been reported for al-
loys such as titanium-based (Bermingham et al. 2015;
Vilaro et al. 2011; Wu et al. 2002; Qiu et al. 2015),
nickel-based (Kunze et al. 2015; Dinda et al. 2012;
Bi et al. 2014), and aluminum-based high-entropy al-
loys (Joseph et al. 2015; Sun et al. 2014), among oth-
ers (Song et al. 2014; Zecevic et al. 2015). As texture
is directly related to heat flow, the presence of defects
such as spherical pores or LOF (Kenney et al. 2021)
can modify the heat vector and the orientation of the
columnar grain growth and in some cases, the colum-
nar grains can stop at the “floors” of these defects. This
local disruption is an example of a correlated micro-
structural feature that may help to identify defects—
even those that are subsurface—in AM components.

Residual Stress

During AM processing, parts can experience cy-
clic expansion/ contraction during the thermal gy-
rations of heating/cooling, which can result in inho-
mogeneous and anisotropic stresses that can result
in permanent microscopic domains of plastic defor-
mation. This is known as residual stress. To be spe-
cific, residual stress refers to gradients in the dislo-
cation densities (which accommodate stresses and
lead to strains). Suchresidual stresses can lead to dis-
tortions, cracking, and failure (Cottam et al. 2014).
Within AM deposited parts, residual stresses can vary
within a layer. They have been reported to be differ-
ent at the bottom of a layer to the top (Denlinger et
al. 2014, 2015; Michaleris 2014; Mercelis and Kruth
2006), and have been reported to reach magnitudes
such as ~400 to 800 MPa in nickel-based superalloys
(Denlinger et al. 2014; Vilaro et al. 2012) or as low as
~25 MPa for aluminum alloys (Brice and Hofmeister
2013). Not surprisingly, given the gradient nature of
the local stress/strain states and the typical balanc-
ing of stress states, these stresses can be either com-
pressive or tensile in nature, depending upon location
(Denlinger et al. 2015; Brice and Hofmeister 2013).
Roberts et al. (2009) reported that residual stresses
are directly related to thermal gradients in the melt
pool, and thus can be controlled by thermal gradients
by modifying the printing parameters and scanning

Building direction
Building direction

strategy. Such residual stresses would be potentially
suitable for nonlinear NDE techniques post deposi-
tion, although it may be possible to use image-based
techniques and machine learning to predict the local
residual stress of a component.

Compositional Variations

In AM, compositional variations can be induced
either intentionally (such as through controlled
modification of the incoming material feed) or un-
intentionally (such as through volatility of an ele-
mental species in the presence of a vacuum and ex-
posed to significant superheats). In addition to these
macroscopic changes in composition of the local
melt pool or its surface, the complex fluid flow can
convey the different compositional domains (of-
ten at flow rates of 0.1 to 1.0 m/s). In addition, for
powder bed processes, it has recently been shown
that the fluid dynamics are coupled with the con-
vective forces within the molten pool, which can
have a considerable influence on the local compo-
sition of the solidified material. These fluid dynam-
ics are a function of thermal gradients in the liquid
pools and are thus a function of the scan strategies
(for example, raster or spot scan strategies). Of the
competing fluid-flow mechanisms, Marangoni con-
vection has been shown to be the dominant factor
in raster melt pools, as it is driven by temperature
gradients. Hojjatzadeh et al. (2019) defined three
distinct regions in the raster melt pool: circulation,
transition, and laser interaction. In comparison, spot
melting melt pools would have only laser interac-
tion regions. This difference explains why gas bub-
bles more easily escape the melt pool in spot melt-
ing strategies and can remain entrapped (and form
pores) in raster strategies (Kenney et al. 2021; Quin-
tana et al. 2021). In addition, this coupled effect be-
tween defects (gas pores) and compositional fields
has been recently confirmed (Kenney et al. 2021),
providing another possibility to relate two defects
that may be interpretable using different measure-
ment modalities.

Fluid flow, in combination with preferential el-
emental vaporization, is also responsible for a phe-

Figure 3. Texture in AM alloys: (a) inverse pole figure (IPF) plots of 316L stainless steel using 150 W laser power; (b) IPF plots of
316L stainless steel using 1000 W laser power; and (c) columnar growth and banding in a Ti-6Al-4V tensile coupon. (Figure 3a is
reprinted with permission from Laleh et al. [2019]; Figure 3b is reprinted with permission from Niendorf et al. [2013]; and Figure 3¢

is reprinted with permission from Carroll et al. [2015].)
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nomenon known as banding (Figure 3c) and can be
observed in optical microscopy (usually as light and
dark bands perpendicular to thebuild direction) and
energy dispersive spectroscopy (capturing bands
and chemical turbulent signatures in the presence of
defects).

Phases

Structural, multicomponent engineering alloys
often rely on second phases (or phase transforma-
tions) for strengthening purposes. Such alloys include
v — v nickel-based superalloys, precipitate hardened
steels, precipitate hardened aluminum alloys, and o
+ B and B titanium alloys. While in traditional man-
ufacturing processes, materials experience a specific
sequence of temperature excursions to optimize the
phase transformations sequence and evolution of the
second phase precipitates, the nature of AM forces
the alloys to experience an externally governed num-
ber of thermal cycles (through the slicing algorithm)
of a rather extensive range of possible temperatures,
ranging from remelting to “optimal phase transforma-
tion windows” to lower temperature heating/coarsen-
ing, all of which influence crystallographic texture,
grain size, formation—dissolution—formation of pre-
cipitates, phase fraction, and formation of nonequilib-
rium phases, including noncrystalline phases in some
cases. Traditional phase transformation models are
not fully valid for AM systems and require modifi-
cation to incorporate these thermal cycles and their
influence in the already printed layers. Composition-
al variations and banding can also be related to dif-
ferent phases in different locations within a layer, as
different chemistry can be related to different regions
in a phase diagram. The presence of certain phases,
morphologies, phase distributions, or phase fractions
can be achieved in some cases only by post-deposi-
tion heat treatments. This domain is, on the one hand,
perceived as the most difficult to couple with NDE
modalities because it is the least mature, and due to
the size/ scale of the precipitates. However, it may be
that indirect methods can be used to assess phase for-
mation, as the precipitation of one phase will change
the crystal chemistry of the parent phase, resulting in
changes in the local elastic stiffness tensor, a property
that is determinable using NDE techniques.

A Review of the Application of NDE Techniques
for Additive Manufacturing

NDE is a collection of qualitative and quantita-
tive testing methods that are used to evaluate certain
characteristics of the subject under test without per-
manent damage or alteration. NDE can provide criti-
cal information regarding certain material properties,
which plays an important part of providing confi-
dence for qualification and better quality control of
the material being used or produced. NDE can also
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be used on a routine basis to continuously monitor
mission-critical (high-value) parts and systems over
their lifespans. Rigorously speaking, nondestructive
evaluation (NDE), nondestructive testing (NDT), and
nondestructive inspection (NDI) do not correspond to
the exact same concept, but it has become an accept-
able practice to use these three terms interchangea-
bly. NDE techniques rely on electromagnetic radia-
tion, electromagnetic wave, electromagnetic diffusion
process, mechanical wave, visible and invisible light,
or a combination of those physical phenomena (for
example, laser induced phased array [LIPA] and elec-
tromagnetic acoustic transducer [EMAT]) to indirect-
ly or directly examine samples. It is worth noting that
NDE is much more than just “detecting cracks,” as it
is very common to use NDE techniques to evaluate
the properties of perfectly working subjects at the mi-
cro-, meso-, and macroscale. Based on specific phys-
ical processes and principles, NDE techniques can
be broadly divided into six modalities: visual testing
(VT), ultrasonic testing (UT), acoustic emission test-
ing (AE), electromagnetic testing (ET), radiographic
testing (RT), and thermal/infrared testing (IR).

Each of these modalities has different strengths
and weaknesses, and their performance is bounded by
their respective physical basis. In the potential appli-
cation of NDE techniques in AM, there are two res-
olutions to consider: spatial resolution and temporal
resolution. This paper considers only the first, given
its immediate translatability and greater disparity be-
tween the materials science and engineering/additive
manufacturing (MSE/AM) processing needs (micro-
to mesoscale) and NDE possibilities. Interestingly,
the temporal resolution is far more likely to have a
match between the MSE/AM needs and NDE pos-
sibilities. Considering spatial resolution, for VT and
UT (both wave propagation methods), the Rayleigh
criteria determines their resolution limit due to dif-
fraction limits. For VT, expected resolution will be
no better than ~0.2 pm for optimized optics, and this
number is 0.2 mm for UT in most cases. There are in-
trinsic tradeoffs between metrics. For example, there
is a tradeoff between resolution and depth of focus
for VT, and there is a tradeoff between spatial and
temporal resolution for UT. For ET, RT, and IR, the
resolution limit of these modalities is mainly empiri-
cally determined by the equipment, mechanical setup,
and testing samples. For ET methods, spatial resolu-
tion is no better than 0.2 mm; for IR, this number is
20 um (Ida and Meyendorf 2019).

Since the quality of AM parts is very sensitive to
process windows and complex and competing phys-
ics, there is an obvious need for NDE on AM. It is
imperative to include NDE in the AM process loop
(whether in situ or ex situ) so that feedback informa-
tion from NDE techniques can not only improve the
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process but also play an important role in the over-
all quality assurance paradigm. Table 2 (Taheri et al.
2017) summarizes the matureness of NDE techniques
on AM in 2017 and their evolution in the following
four years.

Given that there have been significant efforts
extended on the general subject of AM NDE, the
remaining section of this paper will cover the latest
developments regarding NDE application on AM,
and the reasons why the information in Table 2 was
updated.

Visual Testing

VT techniques include, but are not limited to, con-
tour mapping, fringe projection (structured light), la-
ser profilometry, digital image correlation, and opti-
cal imaging and tomography. These techniques are
mainly used to evaluate geometric accuracy, surface
roughness, and residual stress (Sharratt 2015), al-
though there are ongoing efforts to correlate these
types of data with other volumetric defects deter-
mined following completion of the depositions.
One way to determine residual stresses by compar-

ing the build before and after removal from the sub-
strate is by using a coordinate measurement machine
(CMM) or other type of high-accuracy 3D scanning
technology (Denlinger et al. 2014). Recent progress
in computer vision may also provide another way of
measuring residual stress by Eulerian video magni-
fication (Wu et al. 2012), which is relatively low in
cost because it is camera based. VT (camera based)
techniques are useful for in situ AM process moni-
toring due to their low cost, ease of use, and numer-
ous software support packages (such as computer vi-
sion and machine learning). The basic application of
camera-based techniques in AM process monitoring
is flaw detection. LOF defects can be identified from
optical data by correlating multiple images with dif-
ferent lighting conditions and from multiple layers
(Abdelrahman et al. 2017).

With the help of supervised machine learning, it
is also possible to extend the detection capability of
cameras beyond LOF defects (Gobert et al. 2018), al-
though it remains difficult to differentiate LOF, po-
rosity, cracks, and inclusions. Mechanical properties

Table 2. Comparison of potential and capabilities for application of NDE methods for defect detection and materials evaluation
for finished AM parts, and the changes to these techniques in the last four years

NDE method Proposity Crack Microstruc_:tural Geometr_ical Mechan!cal Electromagnetic Residual
anomalies anomalies properties properties stress
2017 | 2021 | 2017 | 2021 | 2017 \ 2021 | 2017 \ 2021 | 2017 | 2021 | 2017 \ 2021 | 2017 | 2021
Visual C B! C B! A A N B2 N N B34
Ultrasonic A A A B A N B
Electromagnetic B A D B N A C
Radiography A A C A N N A
Thermal/infrared | D \ B® B D B N N N
Note: A = applicable; B = possible/needs development for use in AM; C = low probability of successful application to AM; D = not
applicable to AM; N = not applicable
1Gobert et al. 2018; 2 Lu et al. 2019; : Sharratt 2015; Wu et al. 2012; s McNeil et al. 2020

Figure 4. High-speed imaging of melt track progression and powder movement under the influenceof hot vapor Bernoulli effect (reused
from Matthews et al. [2016] under Creative Commons Attribution License [CC BY]).
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such as density and ultimate and yield strengths can
also be inferred by optical images captured during in
situ monitoring of the selective laser melting (SLM)
process (Lu et al. 2019).

Besides measuring material properties, optical
imaging can also provide new insight into the phys-
ical phenomena that occur during the AM process.
High-speed imaging with microsecond resolution
can help in establishing new understandings of the
competition between the volatilization of elemen-
tal species and the surrounding gas flow to regulate
the dynamics of powder motion in powder bed sys-
tems away from the molten pool (Matthews et al.
2016), as shown in Figure 4. Research has demon-
strated that by including spatters as the process sig-
nature driver, a significant increase in the capability
to detect under-melting and over-melting conditions
is possible (Repossini et al. 2017).

Ultrasonic Testing

UT is widely used for materials characterization
and can be used to evaluate material characteristics
such as grain size and the presence and quantity of
inclusions and porosity, along with material prop-
erties such as elastic modulus and (directly or indi-
rectly) the material’s hardness, strength, and fracture
toughness (Nanekar and Shah 2003). Wave speed, at-
tenuation, backscatter amplitude, and critical angles
are commonly used metrics in UT. In the context of
AM, porosity can be correlated with ultrasonic wave
speeds, and the resolution limit of such a method is
~0.5% (Slotwinski et al. 2014). This presents certain
difficulties for the materials scientist, where accu-
rate measurement of porosity fractions below 0.5%
may be desired. Laser ultrasound is a noncontact UT
technique that induces a laser-induced thermal stress
that is sufficient to generate ultrasonic waves with-
in a sample. Laser ultrasonic methods are suitable
to perform in situ or in the online inspection of parts
with very complex geometry in a high-temperature

LIPA at 3 MHz with XCT overlay
0
24 -1
E b
K] -3
£ 16
E -4
12
g 5
g 3
g -6
o

-20 -15 10 -5 0 5 10 15 20
Distance from array center (mm)
Figure 5. Normalized TFM image using shear—shear wave

arrival (reused from Pieris et al. [2020] under Creative Commons
Attribution License [CC BY]).
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environment (Levesque et al. 2016). Recent progress
in laser induced phased arrays (LIPA) (Pieris et al.
2020) has demonstrated that LIPA is a viable remote,
nondestructive, UT technique capable of being imple-
mented as part of an online inspection of AM as seen
in Figure 5. It is worth noting that the LIPA system
described by Pieris et al. (2020) had some difficul-
ty sizing the defects, but that the positional accuracy
was quite good. This issue of sizing may be improved
by either optimizing the shear wave frequency or
through more sophisticated data processing, perhaps
through models that can handle multiple modalities.

Spatially resolved acoustic spectroscopy (SRAS)
is an acoustic technique that uses surface acoustic
waves to map the grain structure of a material (Smith
et al. 2014), including local crystallographic orienta-
tion and texture. The use of surface acoustic waves
has been correlated with build quality of SLM parts
(Smith et al. 2016b). In some respects, SRAS results
provide a high spatial assessment of the material’s
state, and thus can serve as so-called ground truth
when other (cheaper) NDE methods are used and,
potentially, fused. Figure 6 provides an example of
SRAS grain size and orientation measurement.

Acoustic Emission Testing

Acoustic emission testing (AE) is an NDE meth-
od that measures the elastic energy released in the
form of acoustic waves in materials that undergo some
type of change (such as plastic deformation, crack-
ing, or rupture) (Ida and Meyendorf 2019). Passive
monitoring of acoustic signatures has been performed
for a directed energy process, showing variations in
acoustic emission signatures that correlate with var-
ying process parameters. Because the technique is
passive, little modification is required for integration
with AM systems, while exhibiting good sensitivity
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Figure 6. Image of TiLG685 showing the internal structure within
the large grains. The crystallites are clearly visible, and spatial
resolution is about 50 pm (reused from Smith et al. [2014] under
Creative Commons Attribution License [CC BY]).
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to crack-like events (Koester et al. 2018). One of the
exciting demonstrations of the application of UT to
AM involves the assessment of a type of hybrid AM,
where the material state has been tuned through the
nonuniform application of a secondary peening pro-
cess (Sotelo et al. 2021). This work shows that UT can
be used to spatially assess differences in the material
state, providing a promising pathway for future efforts
where the composition and material state may change
within a single unitized structure. The attenuation map
shown in Figures 7a and 7b suggests that the micro-
structure of these samples is mostly homogeneous, de-
spite the known heterogeneity introduced by the AM
process, and Figure 7c exhibits a pronounced cyclic
behavior, which is primarily attributed to microstruc-
tural changes imparted by the hybrid process.

Electromagnetic Testing

From low frequency to high frequency, this family
of NDE techniques comprises alternative current po-
tential drop (ACPD), eddy current testing (ECT), and
microwave and millimeter wave techniques as well
as Terahertz measurement technology. ECT is argua-
bly the most promising technique of these four candi-
dates for metal powder—based AM processes because
it offers a noncontact and high-speed way to inspect
surface and near-surface features of samples under
test. Due to the skin effect that depends on the work-
ing frequency and the material’s electrical properties,
it is very difficult for ECT to probe deep features (for
example, 20 mm deep cracks) for ferromagnetic ma-
terials. However, such depth measurements are pos-
sible for nonferromagnetic materials if a special coil
design is used (Janousek et al. 2005). Traditional coil-
based ECT systems have been proven applicable for
surface and nearsurface (depth = 1.2 mm, minimum
length = 0.2 mm, material = Ti64) cracks in an AM
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Figure 7. Attenuation, oo (Np/m), maps for: (a) wrought; (b)
AM; and (c) hybrid AM samples. Note the differences in scale
(reprinted with permission from Sotelo et al. [2021]).
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manufacturing environment (Du et al. 2018). Ad-
vancement in magnetometer technology has helped to
improve the performance of ECT in terms of mini-
mum detectable defect size. A heterodyne ECT sys-
tem based on a magnetoresistive sensor has been
shown to be able to detect surface defects in the order
of 100 um (Ehlers et al. 2020), as seen in Figure 8.

Eddy current in array form (ECA) has recently
been used for AM process monitoring due to its su-
perior performance compared to its single-channel
counterparts. ECA techniques can detect disconti-
nuities, surface irregularities, and undesirable met-
allurgical phase transformations in magnetic and
nonmagnetic conductive materials additively manu-
factured using laser powder bed fusion (Todorov et
al. 2018).

Electromagnetic techniques in general are sensi-
tive to bulk electrical properties of the samples under
testing, which, based upon current work, makes them
unsuitable for evaluating microstructural anomalies
as well as mechanical properties.

Radiographic Testing

X-ray imaging (2D) and X-ray computed tomog-
raphy (CT) (3D) are very powerful tools for detecting
internal defects embedded inside of the sample for
both in situ and ex situ scenarios. The output results
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Figure 8. Heterodyne ECT system based on a magnetoresistive
sensor: (a) CAD drawing of desired defect geometry (depth 200
um); (b) microscopic picture of artificial surface defects; and (c)
ET data of artificial surface defects (reused from Ehlers et al.
[2020] under Creative Commons Attribution License [CC BY]).
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Figure 9. Illlustration of the experimental geometry for laser turn point experiments: (a—c) illustration of the laser turnaround point
studied here; (d—f) time difference X-ray images of a turnaround in Ti-6Al-4V performed at a laser power of 200 W and set scan speed
of 1000 mm/s; (d) laser scanning from the left to right with spatter and powder above a melt depression due to vapor recoil below;
(e) laser entering the turn point region and the vapor depression digs deep into the substrate; (f) laser moving right to left after the
turnaround. Keyhole voids at the turnaround location are highlighted in red. (Figure is reused from Calta et al. [2019] under Creative

Commons Attribution License [CC BY].)

are usually intuitive visualizations of the inspected
volume, making data interpretation a relatively easy
task compared with other modalities.

With its high spatial resolution, micro CT has
been demonstrated to be able to detect low volume
fractions of porosity (du Plessis et al. 2015), LOF,
and inclusions, making micro CT an ideal tool for de-
veloping AM process improvements and ensuring the
quality of certain high-value components.

The combination of the resolution and penetration
depth of X-ray imaging makes it an ideal technique to
image and scientifically study the subsurface physical
phenomena associated with the dynamic behavior of
the laser powder bed fusion process. Subsurface melt-
pool dynamics, including keyhole dynamics and col-
lapse, vapor bubble formation and motion, and the
effect of laser turnaround parameters on the depth of
the molten pool and associated generated defects can
all be observed using imaging using X-rays (or oth-
er high-energy particle techniques, such as neutron
or protons), which permits some fundamental studies
to be conducted that are otherwise exceptionally dif-
ficult, if not impossible, for surface-sensitive process
monitoring tools (Calta et al. 2019). Figure 9 demon-
strates the possibility of using in situ X-ray imaging
to observe the dynamics of pore formation at the laser
turnpoint, which is helpful for designing an effective
mitigation strategy.

Similar work has been done by Hojjatzadeh et al.
(2019), where direct observation and quantification of
melt-pool variation during the laser powder bed fu-
sion AM process under constant input energy density
is done by in situ high-speed, high-energy X-ray im-
aging. The results, shown in Figure 10, are important
for understanding the laser powder bed fusion AM
process and guiding the development of better met-
rics for processing parameter design.
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Thermal/Infrared Testing (IR)

IR is an imaging technique that uses the thermal
radiation of an object to determine its characteris-
tics (Ida and Meyendorf 2019). Compared with oth-
er NDE methods such as UT and RT, IR is fast and
can be used to inspect large areas simultaneously (in
other words, scanning is not required). The measured
surface radiation can reveal the existence of disconti-

Transition

Figure 10. Single-pulse X-ray images showing pore motion
within melt pools: (a—d) pore dynamics during the laser powder
bed fusion process; and (e-h) pore dynamics during melting of a
bare substrate. Pores follow circular patterns during circulation
(10a and 10e); they present irregular movement during transition
(toward the surface and escaping) (10c and 10g); or circulating
in the melt pool (10b and 10f). They move toward the depression
zone and escape the melt pool during the laser interaction (10d
and 10h). The dotted arrows (10b, 10c, 10d, 10g, and 10h) show
the future trajectories of the pores, while the solid arrows (10a,
10e, and 10f) indicate the history of the trajectories. The dashed
line indicates the boundaries of the melt pool and the depression
zone in 10d and 10h. (Figure reused from Hojjatzadeh et al.
[2019] under Creative Commons Attribution License [CC BY].)
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Figure 11. X-ray computed tomography (XCT) is used as an ex situ characterization technique to provide the cross comparison with
data acquired by in situ techniques such as thermal/infrared testing (IR) and optical imaging: (a) ex situ XCT data for layer 309; (b)
in situ optical images from the same location showing contrast, which is related to surface irregularities; (c—f) in situ IR frames from
the same layer within the defect location shown in Figure 11a, captured when the laser completes the raster. (Figure reprinted with
permission from McNeil et al. [2020].)
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Figure 12. High-speed thermal images collected by the melt pool monitoring camera at LLNL (reused from Calta et al. [2019] under
Creative Commons Attribution License [CC BY]).

nuities that affect heat conduction in metal AM parts geometry and location of the discontinuities (Man-
since surface temperature and its distribution depend dache 2019). Analyzing layer-by-layer thermal imag-
on the thermal diffusion of the material as well as the es in terms of the spatial and temporal variations of
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thermal signatures (for example, peak intensity, de-
cay, and number of gyrations) can be used as a sur-
rogate for defect formation tendency during laser
powder bed fusion processing (McNeil et al. 2020).
Further, Figure 11 demonstrated that the in situ con-
clusions can be crossverified by ex situ X-ray CT
(XCT) measurement results (McNeil et al. 2020).

If high-speed thermal cameras are used, it is pos-
sible to closely observe the behavior of the melt pool
in a time-based series, which could provide invalua-
ble information that helps to understand the AM pro-
cess. Recent research (Calta et al. 2019) demonstrates
that high-speed camera images can be used to resolve
thermal emission from spatter events, fluctuations in
the melt pool itself, the vapor plume, and the solidi-
fied track as it cools, as seen in Figure 12.

Conclusions

This paper has given an overview of both the ma-
terials science aspects of AM, as well as the prospects
of NDE techniques to provide key information re-
garding the process. The fundamental physics asso-
ciated with AM are complex, and the relevant length
scales range from nanometers to centimeters, while
the time scales range from sub-microsecond to many
seconds. Relevant velocities include not only the ob-
vious “travel speeds” of the AM process, but also the
velocity of the solid-liquid interface and the convec-
tive flow within the liquid state. Each of these pa-
rameters is associated with details of the process and
phase transformations that govern the materials state,
including deposited composition, grain structure, tex-
ture, defects, and residual stress. While it will be im-
possible to directly measure all of these parameters,
there is the prospect that some multilength scale pro-
cesses will have measurable signatures that can be
probed using NDE techniques. A variety of methods
and techniques, ranging from visual, ultrasonic, and
radiographic (wave-based methods) to electromag-
netic and thermographic (diffusion based) have been
presented, and have all been shown to offer some
benefit, whether it is to understand process variations

-

or make discrete measurements of the materials state.
This field remains active.
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XIII EBPOITEMCBHKA KOH®EPEHIIIA
3 HEPYMHIBHOI'O KOHTPOJIIO

3 3 mo 7 mumHA 2023 poky y JlicaboHi BimOymach
XIII €ppomneiickka Kondepeniis 3 HepyiiHiBHOTO
Kontpomro (ECNDT 2023). L Tpaaumiifaa momis 3i-
Opana excnepTiB, IOCHITHUAKIB, TPEICTABHUKIB MPO-
MHUCJIOBOCTI Ta aKaJeMiqYHOTO CepEOBHINA 3 YChOTO
CBIiTY, 1100 OOMIHSITHCSI 3HAHHIMU, TOJITUTUCS 1H-
caliTamu Ta OOTOBOPUTH OCTaHHI JOCSTHEHHS Y ce-
pi HepyiiniBHOTO KOoHTpOMO (HK). Kondepenuito Bia-
Biganu monaxa 1200 ¢axiBuiB 3 pi3HUX KpaiH i Oijble
580 nmomoginauiB. YuacHuku KoH(pepeHIil moganu
358 wmarepiamniB, 3 sikux 332 BiniOpaHo Anst ycHO-
r'o MPEACTABICHHS Ta 26 B SIKOCTI CTCHJIOBUX J[OTIO-
BiJiel 1 Mpe3CHTAallii Ha 8-MU TapajieIbHUX CEKIIisX.
VY pamkax koHpEpeHIiT TpaguIiiHO IPOXOIUIa BU-
cTaBKa cyJacHHX npuiaiB i cucteM HK, y sxiit B34-
71 ygacTh 135 miampuemcTs.

[Ticns ypouncToro BigKpuTTA KoH(pEpeHIIii Ha-
cTaja 4epra IUICHapHUX Ipe3eHTalii. MaOyTh Hali-
nikapimor Oyna monosigs Moxamena ExpkapMoTi
(Mohamed Mohy Elkarmoty) 3 Kaipcbkoro yHiBep-
CUTETY, B SIKii MOJAHO PE3yNbTaTU J10CIiKESHHS
BHYTPIIIHBOI CTpYKTypH Benukoi mipaminu pi3Hu-
mu mMetogamu HK. BukopucroByBaiuce, 30Kpema,
Myorpadis (3acTocyBaHHS SiIEpPHO-EMYIbCiHHOT
IJTiBKM), reopanap, yIbTpa3BykoBa ToMorpadis ta
eJICKTpUYHA pPe3uCcTUBHA Tomorpadis. JocmimkeH-
Hsl BAKOHYBAJIOCh TPYNOI0 (axiBIiB i3 Oararbox Kpa-
iH, cepena AKX Oyl0 MPUEMHO 3HAUTH YKPATHCHKY
nocnigauio Onery IlomoBud. Y pe3ynbrari KOMII-
JIGKCHUX JTOCIIKCHb BUSBICHO MBI HEBIIOMI paHi-
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e aHOMaJlii: BeMMKHUI TOPOKHUCTUH MPOCTIp HAX
Benukoro ranepeero Ta aHOMallilo Ha MiBHIYHOMY
¢dacani mipaminu. JociiKeHHS JEMOHCTPY€E MOXK-
JUBOCTI Ta OOMEXKEHHS KOKHOTO 3 BUKOPUCTAHUX
MmetoniB HK ta ix BanHMBICTh IS aHANI3Y CTPYKTY-
pu mipamizau.

Homnogigs Tensmo Cantoca (Telmo G. Santos) 3i
IIxomu Haykm i TexHoOTIH JlicaboHCHKOTO yHIBEp-
cutety NOVA cTocyBanach OCTaHHIX ITOCSTHCHD B
HK, cepen sixux BapTo BimMiTuTH Oionmoriunnii HK
(bio-inspired NDT) 3 BukopuctanasM OakTepiaib-
HuX KimitHH. JJonoBigs Tensmo CaHTOCA MOSICHIOBAJA
LIHHICTh afanTariii pisHUX (Qi3UIHUX SBUII TS CTBO-
penns inHOBauiil y cdepi HK, noennanus konnenuii
YHCIIOBOTO MOJICJIIOBAHHS Ta €KCIICPUMEHTIB.

TenaeHuii i nepceKTUBHI HAIPSIMKH PO3BUTKY
HK Gymu posrsnyTi Moxannecom Bpanowm (Johannes
Vrana). ABTOp 3BepHYB yBary Ha NMpakTHUYHUN J10C-
BiJl 3aCTOCYBaHHS IHHOBAI[iHHUX TEXHOJIOTIN 1 METO-
vk HK, 30kpema B cdepi nudposoi Tpanchopmartii
1 IITYYHOTO 1HTENEKTY, Ta MiAKPECIUB BaXKIUBICTh
BIIPOBADKEHHS TAKUX PIllICHb 3 METOK MOKpaIeH-
HS ¢(heKTUBHOCTI Ta SKOCTI IaTrHOCTUKHN MaTepiariB
i konctpykiii. [isuime Moxannec Bpana mposis
npe3eHTarlito AoBiganKka « HepyiHiBHI MeTOIM OIli-
aroBauHA 4.0» (Non Destructive Evaluation 4.0), mmo
HEIIOaBHO BUHIIOB 3 ApyKy. Ilig wac nHamoro 3Ha-
HOMCTBA OTPUMAHO ITPOMO3HUIII0 HiATOTYBATH PO3.IiNI
710 HACTYIHOTO BUJAHHS LbOTO AOBITHHUKA. 3a3HAUH-
MO, 110 Ha I1iil KOH(EpEeHIlii TeXHOIIOTii MalilOyTHBOTO,

BucraBkkoBa 3ama
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CriBronoBu cexmii «XapakTepu3yBaHHs MarepianiB» Valentyn
Uchanin ta Christophe Reboud

siki MoxkHa BigHectu 10 HK 4.0, Buepiie po3risiza-
JIUCh HAa OKPEMIl CeKIIii.

[Inenapni mpe3enTarnii 3a1aau TOH KOHpepeHil i
CIIOHYKAaJIM YIaCHUKIB 10 aKTUBHUX MHCKyciil. KoH-
(hepeHIrisa cTBOpHIIa TIATGOPMY IS IPEIACTABHUKIB
MIPOMHKCIIOBOCTI, TIIO0 TOIUTHTHCS CBOIMH OCTaHHIMU
HaIpaIoBaHHIMH Ta 10cBifoM y ramy3i HK. OcHoB-
Hi OpPiEHTUPH MPOBITHUX KOMITaHii 30CepeKeH] Ha
aBToMarm3arlii i mopraruBHocTi mpuctpoiB HK, kom-
MAaKTHOCTI Ta YHIBEPCAJIBHOCTI pillleHb AJIS CIPO-
IICHHS BUI3HUX POOIT 3 JIarHOCTUKH Ta ONTHMI3allii
Yyacy Ha BUKOHaHHS KOHTpouto. Takoxk BapTo BiI3Ha-
YUTH, 1[0 OCHOBHHN aKIEHT HAyKOBHX JOCIIiJKCHb
y JIIOMOBi/IsIX OYB 30CEPE/KCHHI Ha aBTOMAaTU3aIlii
MpOIECiB HEPYHHIBHOTO KOHTPOJIIO, pOOOTH3AIIIO
JIIarHOCTHUKY Ta 3aCTOCYBAaHHS €JIEMEHTIB IITYy4YHO-
ro IHTEJIEKTY JUIsl aHAII3y Pe3yJbTaTiB i MPUIHHATTS
pilIeHs.

VY pamikax koHpepeHmii BigOyaucs 3acigaHHS
Mixuapognoi Axagemii HK (Academia International
Research Day), €Bponeiicrkuit ®opym HaIioHAIb-
HUX aBianidHuX pan 3 HK, komiteTiB 3i cTanmapruza-
uii y ramy3i HK, a takox 3acimanus CiToBoro i €B-
poretickkux komiteriB HK.

3acinanas Mixuaponuoi Axanemii HK Bigkpus
if mpesuaent Ilerep Tpammyc (Peter Trampus), sskuit
TakoX 3poOMB OKpEMY JOMOBiAb HIOJO MEPCIeK-
TUB AKajJeMmii. AJjie HallliKaBilIO0, HA HAIly TYMKY,
Oyna menapHa gomnoBias «NDE and Deep Leaning:
Fashion Trend or the Future» Pomana Maesa (Roman
Maev) 3 Binazopcekoro yHiepcutery (University
of Windsor) (Kanana). ¥ sKocTi sickpaBoro npukJia-
Ny 3aCTOCYBAaHHS IITYYHOTO 1HTEJICKTY Ha MPaKTH-
Il aBTOP MPEACTABUB TEXHOJOTIIO YIIBTPa3BYKOBOTO
MOHITOPUHTY TMPOIECY TOYKOBOTO 3BaproBaHHA. TyT
iKaBoIo Oyia cama KITI0uoBa ifiest po3poOIeHOi Tex-
HOJIOT11, KOJIM yIBTPa3BYKOBHH JaBad4 BMOHTOBY€ETHCS
Oe3mocepeIHHO B 3BaprOBalIbHY ToJIOBKY. He MeHmn
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Unenn Mixnapoanoi Akanemii HK (3miBa Hampaso - Yoshikazu
Ohara, Telmo Santos, Peter Trampus, Valentyn Uchanin, Shant
Kenderian, Reza Zoughi, Serge Dos Santos, Michele Carboni,
Uwe Zscherpel, Elena Jasiuniene, Dr. Sajeesh Kumar Babu)
e(DeKTUBHUM € BUKOPUCTAHHS IITYYHOTO 1HTEIEKTY,
30KpeMa HEHPOHHHUX MEpeXk, JUIs aHalli3y BEJIHKOTO
MacHBY JIaHHX, SIKi HAAXOJATh HEMEPEPBHO TIiJ| Yac
peautizanii mpoueciB TOYKOBOTO 3BaproBaHHs. Lli po3-
POOKH 3aXUINEHO, 30KpeMa, aMepUKAHChKUMU TTaTeH-
Tamu Ne 7516022 ta Ne 9296062, siki € y BiTbHOMY
JOCTYTI.

MixnapoaHa Akanemis HK Buciyxana Hu3Ky J10-
MOBiJIeH, TPUCBIYCHUX MOKPAILICHHIO OCBITH B ra-
ny31 HK. Ha cexmii «International Forum on NDT
Education at Universities» cBiif JOCBIJ] IPeICTaBHIH
npeAcTaBHUKH MiKHapOIHOTO yHiBepcuTeTy Jlpes-
nena (Dresden International University, Himeaun-
Ha), YHiBepcuteTy Caapnanmay (Saarland University,
Himeuunna), YuiBepcurery Jle Mana (Le Mans
University, ®panrisi), HarrionansHOTO iHCTHTYTY Ha-

Yyacauku koHpepenuii 3 Ykpainu: M.JI. Kozakesuu, B.I1. Mi-

menko, T.M. Jlynenko, B.M. Yuanis, 10.10. Jlucenko
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YKOBHUX JIOCTiDKeHb B perioHi Bax ge Jlyapa (INSA
Centre Val de Loire, ®pantiis), YaiBepcurety LI3iH-
xya (Tsinghua University, Kurait), JlocnigHUIIBKOTO
LIEHTPY HEpyHHIBHOTO KOHTpOItO0 Benukoi bpuranii
(United Kingdom Research Centre for NDE, Benn-
ka bpuranis), Yuisepcutety Lltary AiioBa (IOWA
State University, CLLIA), HaionansHOro iHCTUTYTY
HaykoBuX gociipkeHb (INSA, @panuis), [Haidcbko-
ro incturyty Texnoioriit (II'T, [nais). Byno o6roso-
PEHO JIOCBIJ CTBOPEHHS Ta PO3BUTKY MIKHAPOIHHUX
MaricTepchbKux ocBiTHiIX mporpam 3 HK, posrus-
HYTO CTparerii po3BUTKY IpOrpaM HaBUYAHHS B Pi3-
HHUX KpaiHax, AiSJIbHOCTI OpraHizaiiii i po3BUTKY
naBuanHs 3 HK Ha yHIBepcuTeTCHKOMY piBHI. 3ara-
oM OyII0 BU3HAHO, IO iCHYIOYi OCBITHI MpOTpamMu
€ HeOCTATHIMH IS TTIOKPUTTS MOTPpeOH B IKICHUX 1
KOMIIETEHTHHX KaApax JUIsl Cy4acHOI IPOMHCIOBOC-
Ti Ta TEXHIYHOTO CEKTOpy. BpaxoBytoun nocTiiHu
HayKOBO-TEXHIYHUM MPOTPEC i PO3BUTOK CYCIHiJb-
cTBa, BaxunBicte HK 3pocTae, ockinbku 11e — HEOO-
XiZiHa cKiIaoBa 4acTHHa 3a0e3neueHHs Oe3MeKH Ta
HaJTiMHOCTI MaTepiajiB, KOHCTPYKIiH, TEXHIKH Ta
HIPUCTPOIB.

Ha BucraBui oOnagHaHHs Oyjau mpejcTaBiie-
Hi CydYacHi 3aco0u, MPUCTPOT Ta METOAMKH KOHTP-
omo. [IpoBigni komnanii y ramysi HK (Rohmann,
Olympus, Evident, ETherNDE, Tpac, Eddyfi
Technologies, Karl Deutsch) mpencraBuim Haitno-
Billi po3poOKH, HaTal0YN yJaCHUKAM MOXKIIHBICTH
03HAHOMHTHCS 3 IHHOBAIIIMHUMH PIIICHHSIMH Ta B3s-
TH y4acTh B IHTEPAKTUBHHX JIEMOHCTpAIisiX. YKpai-
Hy Ha BHCTaBIIi IpencTapisiia rpymna ¢axismis [TAT
Acomiaris «OKO» (Oko NDT Group) Ha vomi 3 Jly-
ueHko T.M. BucraBka cTBoproBaja TakoX YMOBH JJIs
00roBOpEHHS MOXKJIIMBOI criBIpali. 30Kpema, Taka
MOKJIMBICTh 0OrOBOpIOBajach HaMH 3 IPEJCTaBHU-
kamu ¢ipmu EXTENDE, sika Mae cyTTeBi fOCATHEH-
HA 3 MojaearoBaHHs 3agad HK. ﬁmnoca, 30KpeMma,
PO MOJIETIOBaHHS 3a Jjonomororo nporpamu CIVA
BUXPOCTPYMOBHUX TEPETBOPIOBaYiB MOABIHHOTO JIU-
(depeHIioBaHHS Ta IMITYJILCHOTO BapiaHTy BUXPO-
CTPYMOBOTO METO/Y.

HayxoB1iB Ykpainu Ha koH(pepeHmii mpeacTras-
JISTH aBTOPH IIHOTO MaTepiany YuaHid B.M. (Dizuxo-
MexaHigaui iHCTUTYT iM. ['B. Kapnienka HAH Ykpainm)
ta Jlucenko 10.}1O. (KuiBchKkulf OMITEXHITHOTO iH-
cTuTyT imMeHi Irops CikopchKoro), sIKi 3aBISIKH ITiJT-
TpuMIi koJer 3 Iramii i bonrapii 3HalinuM pecypcu
JUTSL y4acTi B KOH(epeHIlii He3BaXxaroun Ha BiChKO-
BUH cTaH i iHaHCOBI peanii. Ykpaincbke ToBapucTBO
HK Ta TexniunOi niarnoctuku oiuifHO mpeacTas-
nsB Kazakesuu M.JL. IlpoTsirom yciel koHpepenmii
HAyKOBILI BiJ YKpaiHH JE€MOHCTpPYBaJIH BHCOKY aK-
THBHICTh, HAMAralo4Yluch KOMIIECHCYBAaTH HEUHCIICH-
HICTB HAIIOI JeJierari.
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VYuanin B.M. Buctynmus 3 gomnoBimgmio «Eddy
Current False Indications in Austenitic Steel and
Titanium Alloys Heat Exchanger Tubes Activated
by Stress» (cniBaropu Ix. Hapnoni, J{. Hapnoni ta
M. ®eponbpai). [omosine Oyino 3aciiyxaHo Ha CEKIIii
«Materials Characterization», ne Yuauiga B.M. Bu-
KOHYBAaB 3a CYMICHHUIITBOM (DYHKIIIFO I'OJIOBYKOUOTO
Ta Mojieparopa. Y poOOTi Mi>KHAPOJHOT'O KOJICKTH-
By IIPOBEJICHO aHaJli3 XMOHUX 1HUKALT IM1]1 4aC BH-
XPOCTPYMOBOTO KOHTPOJIIO TPYO TETIOOOMIHHHUKIB 13
AyCTEHITHOI CTaJli Ta THTAHOBUX CILJIaBiB, SKi TIOB’sI-
3aHi 3 MarHiTHUMH BKJIIIOYEHHSMU pizHOTO TUMY. [To-
Ka3aHo, 1110 10JaTKOBUM JKEPEJIOM TaKUX BKIIIOUEHb
€ MapTEHCUTHI IEPETBOPEHHS, IKi MOXKYTh MaTH Mic-
LI B QyCTEHITHUX CTAJIAX 1 AEIKHX TUTAHOBHUX CIUIA-
Bax. Taki MapTeHCHUTHI BKIFOYCHHS MalOTh MarHiTHI
BIIACTUBOCTI Ha BiMiHYy BijJl MaTepiaiy B CTaHi 1O-
cTayaHHs. 3alpoOIOHOBAHO METOAMYHI NPOLEAYPH,
SKi O3BOJISITH PO3Mi3HABATH CUTHAIN BiJl pealbHUX
nedexTiB i CUTHAMIB, MOB’SI3aHUX 3 JAOIMYCTHMUMU
Mar”HiTHUMH BKJIoueHHsMH. Kpim Toro, mpeacras-
JICHO OPHTIHAJIbHY TEXHOJIOTIIO BUSBICHHS TPIILUH B
TpyOKax CKJIagHOi (POPMH, KOJTH MapTEHCHTHI BKIIIO-
YeHHS B TUTACTUYHI 30H1 BEPIIMHM TPILIMHM € O3Ha-
KOO JIeeKTy Ta MOXKYTh OyTH BUSBICHI 3 BUCOKOIO
CEJIEKTHBHICTIO HAa OCHOBI TAPMOHIYHOTO aHAJi3y BH-
XpOCTPYMOBOTO CHTHAITY.

JIncenko 10.}YO. npencrasmima momoBinb «Analysis
of formation processes of informative features in
eddy current probes with pulsed excitation mode»
(cmiBaBTropu Kyn 10.B., Yuanin B.M. i lIporacos
A.T'), y sIKiif Ha OCHOBI MOJICITIOBaHHS PO3IJISHYTO
yMOBH (POPMYBaHHSI OCUWISILIIIHOTO PEKUMY 1IMITYIIb-
CHOT'O BUXPOCTPYMOBOT'O KOHTPOJIIO T MOKJIMBICTb
BUJIIJICHHS 3 OTPUMAHUX CHTHATIB iHpOpManidiHUX
O3HaK, MOB’S3aHUX 3 PI3HUMH XapaKTEPUCTUKAMHU
00’€KTa KOHTPOJIIO.

Kazakesuu M.JI. nmpencraBuB gomnoBiap «Creation
and Non-Destructive Control of Electric Heating
Elements of the Aircraft Icing Prevention System»
(ciBaBTOpu Cemenens O.1., Kazakesuu B.M., Kon-
npatiok A.C., Hupsa O.0., lllectakoB O.0. ta KyT-
ko [.A.), y AKi¥f pO3IJISTHYB MUTAHHS CTBOPECHHS CJIEK-
TPUYHHUX HArpiBaJIbHUX CJIEMECHTIB JJIS 3aIT00IraHHs
oO0ITeIeHiHHS aBiallifHIX KOHCTPYKIIIK Ta 0COOIUBOC-
1i ix HK.

Kondepentis B JlicaboHi nmpogeMoHCTpyBaia oc-
tanHi gocsaraeHHs HK i TeHneHmii #oro po3BUTKYy,
cnpusiia oOMiHy 3HaHHSIMU Ta (GOpPMYBaHHIO HOBUX
TBOPYMX MPOEKTIB, METOIO AKHX € 3a0€3IeUeHHs BU-
COKOI SIKOCTI IPOAYKLIT Y PI3HUX Tamy3sX MPOMHUCIIO-
BOCTI Ta MiJBUIIICHHS HAJIIHHOCTI €KCIUTyaTailii Kpu-
TUYHUX 00’ €KTIB Cy4acHOT TEXHIKH.

Hactynna XIV €sporneiicbka koHpepenmis 3 HK
BinOyneTbest y Bepowni B 2026 porii.

Marepian niarorysaiu B.M. Yuanin, 10.10. JIucenko
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JlepkaBHUM MOMITEXHIYHUNA My3el iMeHi bopu-
ca [larona ([AIIM) npu HarionanpHOMY TeXHIYHOMY
yHiBepcuTeTi Yikpainn «KuiBChbkuil MOMITEXHIYHUH
incTuTyT iMeHi Iropst Cikopebkoro» (KIII) — enquamit
3araJbHOTEXHIYHUN My3el B YKpaiHi.

My3ei HayKOBO-TEXHIYHOTO MPOodinto 3’ IBUIUCH
B Ykpaini Hanpukinui XIX cromitra (Ilemaroriunuii
Mmy3eil y Kuesi, My3eii B yniBepcureti CB. Bononu-
Mmupa Ta iH.). Y 1902 p. Oyno crBopeHo [HxeHepHuit
my3eit npu KIII.

VY 1981 p. B IlepedcnaB-XMenbHUIILKOMY JI€p-
KABHOMY 1CTOPUKO-KYJIETYPHOMY 3allOBIIHUKY OyI0
CTBOpeHO My3eil BUIaTHOTO BITUM3HSHOTO BUHAXI/I-
Huka M.M. benapnoca, B sskoMy ofuH 3 6-TH 3aiB
— 3an «Icropis 3BaproBaHHs» miomeo 100 m? — Ha-
[TOBHEHO NEPEBAKHO OOJIAAHAHHSAM 1 3pa3KaMu Mpo-
nykuii, orpumanumu Bin 1E3. Cronm 3a cipusitHHSM
MiHICTpa MOHTaXHUX 1 creliadbHuX OymiBEIbHUX
po6it B.3. BopucoBchkoro 0yiio nmepeHeceHo KOH-
ctpykuii [lapkoBoro mocty 3 IlerpoBebkoi anei (mo-
OynoBanoro y Kuesi 3a npoekrom €.0. [larona y
1912 p.). 3 1982 p. cekilis maM’sTOK HayKH 1 TeX-
Hiku (kepiBHUK O.M. KopHieHko) YKpaiHCBKOTO TO-
BapUCTBa OXOPOHHM IMaM’SITOK iCTOPii Ta KyIbTypH
(YTOIIIK) moyana po3MililyBaTH MpUjIajn Ta 3pa3-
KM TeXHIKH B KPA€3HABYMX MICHKUX 1 pallOHHUX My-
3eaX, B My3eax Icropii [pyroi cBiToBoi BifiHH (y
Kwuesi), IcTopii Ykpainu. B My3ei ictopii Kuepa y

JTEP)KABHUU IMOJITEXHIYHUU MY3EU
imeni BOPUCA TTIATOHA

(o 25-pivust 3acHyBaHHSI)

1982-83 pp. cniBpobitHukamu 1E3 Oyio opopmireno
OKpeMHuii 3a11 HayKu rwiomero 40 M2,

VY 1991 p. cexnis YTOIIIK 3a pimennsam Jlepxas-
HOTO KOMITEeTy YKpaiHU 3 TUTaHb HAyKH 1 TEXHOJOTIH
oTpuMaia TpaHT y KOHKypci «Po30ynoBa Ykpainu»
1 BUKOHasa npoekT «Po3poOka KoHIenuii i TeMaTH-
KO-EKCIIO3ULiHHOro Tany My3ero HayKu 1 TeXHIKH
VYkpainu». [nest Ta maTepianu 3i CTBOpEHHS KOMILIEK-
Cy HayKOBO-TEXHIYHMX MYy3eiB YKpaiHu Oynau cxBa-
JIeHi JepkaBHOIO KoMmiciero. [Ipe3naeHt Akamemii
Hayk Ykpainu (tenep HarionanbHa akajaemist HayK
VYkpainun) b.€. [TatoH po3risiHyB KOHIIEIIIIIO Ta IMiJI-
TpPUMaB MPONO3HIIit0 cTBopUTH LleHTp mam’siTko3Ha-
BcrBa (LIT) AH VYkpainu 1 YTOIIIK ansg po3BUTKY
MY3€€3HaBCTBa, HAYKOBOI'O CYIPOBOLY Ta KE€PiBHU-
IITBa CTBOPECHHSM KOMIUJIEKCY, 3MiHCHEHHS TOCHTII-
JKeHb y TaTy3i TaM’ ITKO3HABCTBA T4 OXOPOHH KYIIb-
TypHOi criagmuHu Ykpainu. o mpomno3umiro Oyio
3arBepkeHo 23 TpaBHs 1991 poky CHIIBHOIO TMO-
cranoBoro Ne 151 Akanemii Hayk Ykpainu i Ykpain-
CHKOTO TOBAapUCTBAa OXOPOHM HaM’ATOK icTopii Ta
kynsTypu. Ha Bumory YTOIIIK IloctanoBoro Paan
Minictpis YPCP Ne 176 Big 9 nunus 1990 p. nusap-
HoMy Kpuiy 1moctoro kopmycy KIII, ne me 36epera-
cs Barpanka 1905 p., Oysno Hanmano craryc «llam’st-
Ka ictopii Ykpainu». 3a oOjgaqHaHHIM el My3eil
OyB equHUM B YKpaiHi i gpyrum B €Bpori (micis
VYroputunan). [Ipore pobora 3 nepeTBOpEeHHs HOro Ha
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MTOBHOIIHHUH My3€il He TIoYrHaNacs, BiBiyBaviB HE
npuiMaIy.

HIT migroryBaB HEOOXiTHI TOKYMEHTH Ta 3BEp-
HyBcst g0 [Ipesunenta Ykpainu 3 mpono3uuieo npo
CTBOPEHH:I KOMIUIEKCY My3eiB y ckiaai [lepesicniBeh-
KOT'O 3aIIOBiIHUKA 1 ray3eBUX My3€iB y BiINOBIIHUX
perionax Ykpaiuu. Bognouac akagemik I.C. Iluca-
peHko y TpaBHi 1993 p. Hagcuiae aucta npo HeoO-
XIJTHICTh 3acHyBaHHs HarlioHaJbHOTO MOJITeXHIU-
Horo my3eto Ykpainu. Hi HAHY, Hi micbka Bnasia He
3MOTJIM 3HAUTH MPUMILIEHHS 1] Takuil My3el. [Toku
BHUPIIIYBaJIOCh MUTAHHS, MIHICTP OCBITH Ta HayKH
VYxkpainu M.3. 3rypoBcekuii (3 kBiTHS 1992 p.— pek-
top KIII) mpomonye HagaTH i eKCTIO3HUIIII0 MY3€I0
moctuit yabosuii kopmryc KIII, e Bxe 6yB JluBap-
Huid myseil. Ilonoxenns npo JIIM mpu HTVYY
«KIII» 6ymo 3aTBepmkene 29 ciuns 1996 p. CtBo-
peHHs My3ero Oyiio 3a0e3neueHo HeoOXiHuM (hiHaH-
cyBaHHsM. Bigkpurrtsa JIIIM Oyno 3amiaHoBaHO Ha
csTkyBanHs 100-piyus KIII.

Hdupextopom i HaykoBuM KepiBHUKOM JIIM 3a
nponosuuiero b.€. [larona Oyno npu3zHayeHo JOLEH-
Ta 3BaproBajibHOro gaxynsrera KIII €.0. Kopiienka.
[Ie cTyeHTOM BiH I[IKAaBUBCS ICTOPI€IO0 TEXHIKU. A Y
1980-x pokax, okpiM poOOTH Ha Kadeapi 3BaproBaH-
Hsl, YUTaB JIEKIiT Ha Kadepi icTopii HAyKH 1 TEXHIKH
(mexanm: unen-kopecrnouaeHT AH YPCP I''.B. Cawm-
COHOB, 3 1982 p — k.T.H. O.M. Kopnienko) y KuiBch-
KOMY YHIBEpCHUTETI HAyKOBO-TEXHIYHOTO IPOTPECY.
€.0. Koprrerko 3 iHIMIaTHBOO, YBAKHO TIOCTaBUBCS
1o pobotu B mysei. b.€. IlaronH, o3HalioMHuBIIHCH 13
TEMaTHUKO-EKCITO3HUIIHHNM TIIaHOM, BHIC Yy TIEpeITiK
OCHOBHHUX HaIIpsIMiB HayKOBO-TE€XHIYHOI'O Mporpe-
cy 1 cBoi mpono3uuii. 3rifHO 3 Cy4YaCHUMH BHMOTa-
MU MY3€€3HaBCTBa, BIANOBIIHO 10 mpomno3uliil b.€.
[latona ta nanparoBanusamu L1 Oyio cTBopeHO Me-
TOJIOJIOTIYHY OCHOBY, PO3pOOJICHO KOHIIETIIIIOS PO-
3BUTKY MY3€H0 1 IMOJOXKEHHS Ipo My3eil. Jlonosink
€.0. Kopriienka 0yio 3aciiyXaHO Ta CXBAJICHO Ha 3a-
ciganni BueHol paau HTYY «KIII» 4 rpyaus 1995 p.
Migpo3ainu KIII 30008’s13amu B34TH y4acTh y 30u-
paHHi My3eliHux excnonariB. b.€. Ilaron po3smops-
JTUBCST 3a0€3IEUNTH SKCTIOHATaMH YCTAaHOBH aKaJeMii.
B IE3 3actymauk gupekxropa akageMik JI.M. JloGa-
HOB KEpPYBaB CTBOPECHHSIM PO3IUTIB 3BApIOBAHHS Ta
€JIEKTPOMETATYPTii.

JepxaBHUI MOMITEXHIYHUN My3ei Halligye ciMm
posainiB 3 icropii KIII Ta TpuHAAUATH HATpPSAM-
KIB TEXHIKH, a caMe: aBiallis 1 KOCMOHABTHKA, €JIEK-
TPOHIKa, €JIEKTPO3BApIOBAHHSI, EHEPreTHKa, 1HPOp-
MaTHKa, KOPUCHI KOMAJWHH, MAalIMHOOYAyBaHHS,
MeTalyprisi, npuiaago0y yBaHHs, TPOMUCIIOBI TeX-
HOJIOT11, pafioTexHiKa, TeJICKOMYHIKallii, TPaHCIIOPT.
Icropii KIII mpucBsiyeni ekcro3uii ABox 3amiB. Tyt
po3MilIeHi Marepiaiy 3 MPOEKTYBaHHS Ta MEPIINX
OyziBeNIbHUX POOIT, «reHeanoriune apeso K1y,
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B excro3unii npo BUIaTHUX BYCHUX, SIKI BUH-
nuck i npamroanu B KIII, 30kpema 3MicTOBHO TO-
Ka3aHa JisUIBHICTh akajemika €BreHa OckapoBuua
[Tarona. BiH 3akiHUMB iHXeHEPHO-OyAiBeNIbHUN (a-
KynsTeT CakCOHCBHKOT KOpPOJIiBChKOi akagemii ([pes-
nen, Himeuunna) (1894 p.) i Canxr-IleTepOyp3bkuii
IHCTUTYT 1HXEHepiB NUIIXiB crionydeHHs (1896 p.).
€.0. I[laton y Tomy x 1896 p. mouaB BUKJIaJallb-
Ky AISUTBHICTH Y PIAHOMY 1HCTHUTYTI Ta OJJHOYACHO
MpaIoBaTH y TEXHIYHOMY BiJIIiII Ka3eHHUX 3alli3-
HUIb, Jie¢ MPOEKTYE MOCTH Ta METAJEeBI MEPEKPHUT-
4. Vloro opuriHanbHi MPOEKTH OTPUMAIN BUCOKY
OIIIHKY CTIEITialicTiB i 3aMOBHHUKIB. 3 BecHH 1989 p.
€.0. Ilaron npamroe B MOCKOBCHKOMY 1HKEHEPHOMY
yUIrIUIIi nUisxiB crionydersas. Y 1904 p. mpodecop
€.0. Ilaron 6yB 3anpommenwnii g0 KIII, xe y 1905 p.
ouonnB Kadenpy moctiB. Uepes pik BiH OyB oOpa-
HUI IeKaHOM 1HXXEHEPHO-OyIiBeIbHOTO (DaKyIbTETY.
Oco0yuBO ¢ BiA3HAYUTH TUTIAHY PoOOTY €BreHa
Ocxkaposuya 3i crBopensst y KIII inxenepHoro my-
3€10, Jie Oynu 3i0paHi MPOEKTH MOCTIB, IIHHI €KCIIO-
HaTW i JOKyMEHTH, (OTOMOPTPETH BUJATHUX YUCHHUX
ta imkenepiB. B KIII €.0. [laron BUKOHAB BEJIUKY
po0OTY 3 peoprasizailii HaB4aJIbHOTO MPOIIECY, BJIO-
CKOHAJICHHSI HABYAIBbHUX TIPOTpaM i TUIaHIB, CTBOPEH-
Ha naboparopiii i kabineTy moctiB. €.0. IlaTon 3a-
Jy4aB JI0 TBOPUOi pOOOTH 3 MPOEKTYBAHHS PEalbHUX
CTIIOpPYZ CBOIX CTYHEHTIB. Psit ior0 yUHIB CTan Bimo-
MHMH BUCHUMH Ta iHXKCHEpaMH, KepIBHUKAMHU TIPO-
MmucnoBocTi. €.0. I1aToH BBaXKa€eTbCs 3aCHOBHUKOM
IIKOJIM MOCTOOYayBaHHS B YkpaiHi. Y 1929 p. aka-
nemik €.0. [laton opranisye B cucreMi Beeykpain-
cekoi akagemii Hayk (BYAH) kadenpy inxeHnepHux
CTIOpYJ, eNEKTPO3BapIOBAILHY J1a00PaTOPIilO Ta eJeK-
TpO3BapIOBaJILHUN KOMITET, Ha 0a3i sikux y 1934 p.
ctBopuB y ckinani BYAH [HcTuTyT enexrposBapio-
BaHHS — [EPILIUI B CBITI crieliaai3oBaHUil HAyKOBHUH
3aKiaja Takoro npo¢inro. A B 1935 p. BiH 3acHOBYE B
KIII 3BaproBasibHUI (haKyIbTET.

Benukuii 3a)1 My3€r0 pO3MIIICHO ITiJ CKICITIHHSIM
konumHix Mexaniunux Maiicrepens KIII. OcHoBHa
171esT eKCTIO3UITIT — SIKOMOTA ITUPIIE TIPEICTABUTH TEX-
HOocdepy Ykpainu B ii cydacHOMY CTaHi Ta iCTOpHY-
HOMY Tiepepisi. Y My3ei Mo)KHA 3HAHTH BiAMOBiaI Ha
MMATaHHS: KOJIM BUHUKIIU TIEPIITi TEXHIYHI MPUCTPOI Ta
KOPUCHI MallluHU, XTO OyB iX TBOPLSMHM, Cy4aCHHUH
CTaH TEXHIKH.

B onniii 3 HalOIIBIIMX €KCIIO3UIIIH MpeIcTaBIie-
HO iCTOpIiIO Ta TOCATHEHHS HAyKH PO 3BapIOBaHHS Ta
3BaproBajibHe BUpoOHHLTBO. Cepen ekcrionaris 1E3
€ Tpalli BYCHUX, aBTOPCHKi CBIJIOITBA HA BUHAXO/IH,
mamM’siTHI MeJiajli, 3pa3Ku JieTajiel Ta By3JIiB, BUKO-
HaHUX y PI3HUN COCIO 3BapIOBaHHsI, HATUIABIICHHS,
nasiHHs. J{yroBe 3BaprOBaHHS MPEICTABICHO 3BapIO-
BaJIbHUM TPAKTOPOM 1 YCTAaHOBKOIO JUISI MiKpOILIa3-
MOBOTO 3BapIOBaHHS, KOHTAKTHE 3BapIOBaHHS — Ma-

. TexH. giarHocTukKa Ta HepyMHIBHUM KOHTpOIb, 2023, Ne3



IHOOPMAUIA

OcHOBHa €KCIO3HIis 3aiiMae yacTuHy mocrtoro kopnycy KITI
(xoprtyc 6A), eKCIO3HIIis BiUIiTy aBiariii Ta KOCMOHABTHKHU PO3Ta-
roBaa B Oy/IiBJIi aBiallilHuX MaiicTepeHs mopyu (kopiyc 6B)

KETOM BHYTPINTHROTYOHOI 3BaprOBallbHOI MalluHU
K-700, po3pobmnenoi misi OyAiBHANTBA MaricTpaib-
HUX TpyOompoBoxniB. [IpuBeprae yBary myOns ama-
pary «Bynkany», Ha skoMy 1969 p. Bmepiie y cBiTi
kocMoHaBTOM B.M. KyGacoBum npoBeneHo excriepu-
MEHTH 31 3BaplOBaHHs B KOCMIYHHX YMOBaxX Ha OopTy
KOCMIYHOTO KOpaliIst, MAaKeT BUMTAPHHUKA AJISI PEMOHTY
KOCMIYHUX KOHCTPYKLiH, Ha sikomy y 1979 p. Bnepie
B CBIiTi mpamroBaiu kocMoHaBTu B.B. Promin i B.O.
JIsixoB. Y po3aini «EnekrpoMeTranypris» € Hiouuii
MakeT Midi JUIs eIeKTPOILIAKOBOTO MeperiaBy. B ex-
CTIO3HUIIIT My3€l0 MPEACTaBICHO PO3POOKHU H 1HIIHX
inctutytiB HAHY, 30kpema [HCTHTYTY MeXaHIKH,
IacTuTyTy mpobnem minuocti. IE3 paszom 3 [HCTH-
TYTOM 3B’SI3KY Ta YIPaBIiHHS JEMOHCTPYE CKIIQJHY
napaboiuHy aHTEeHY, SIKa MOYKE BCTaHOBIIOBATHCS Y
Ba)KKOJIOCTYITHHX MICISIX Ta MOXKE 3aCTOCOBYBATHCS
y MOO1TBHUX 3ac00ax 3B’sI3KY.

Y AIIM npencraBieHO MaKeTH CYIEH, MOOYI0-
BaHUX Ha Bep(sx Ykpainu. Y posaini «KopucHi xo-
MMaTMHW» € KOJIEKIIisl JIEKOPATHBHOTO 1 KOIITOBHOTO
KaMiHHS, MaKeTH TOp¢ho30MpalbHUX arperarTiB, TU-
3enbHa MammHa MTK-13 mist 3BaproBaHHS apMaTypu
1 MaImmHa T TTHOOKOTO JpeHyBaHHs. bararo ekcrio-
HATIB MIPEJICTABICHO B 1HIIUX BIIIOBIIHUX PO3/ijgax
OCHOBHOTO 3ajly, y TOMY YHUCIIi € (hparMeHT Jepen’s-
HOTO BOAOTOHY, III0 EKCITyaTyBaBCs Ha KUIBCHKOMY
[omoni y XVII crt., nepma B Kuesi Tenedonna cran-
uist (1886 p.), onun 3 nepmux panionpuiiMadiz M.O.
Bonu-bpyeBuua, nepuii Tenesizop Ta MartiTooH,
eJIeKTpOHHO-00umncIoBanbHI MamuHu C.0O. Jlebenera
ta B.M. I'mymkosa, minanep O.K. AHTOHOBa, eyek-
TPOHHHUHA MiKPOCKOII, MOJICIh XMEITbLHUIIPKOT aTOM-
HOI cTaHIii, mepmuii y cBiTi m’e30aBuryH (1963 p.),
aBiagBuryHu «Motop Ciuby, KIICTPOH BUITYCKHHIII
KIII 3.M. Ilaciunuk, akymyssitopu JJHInponeTpoBch-
KOTO aKyMYJISITOPHOTO 3aBOJY, XapKiBChKHUH eJeK-
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Haiibinpima i3 3ayiB My3ero 3aliMae IPUMIIIEHHS MEXaHIYHAX
MaiicTepeHb, B sIKiif 330BHI 1 YaCTKOBO BCEepEIHHI 30eperincs erne-
MEHTH IIPOMHUCIIOBOI apXiTeKTypH KiHis 19 — modarky 20 cTOMITh

TPOMOO1Ib Ha aKyMYJISITOPHOMY JKMBJICHHI Ta Oara-
To iHIIOro. B okpeMoMy 3aji eKCIIOHY€ETbCS KOJIEKLIis
cTpinenpkoi 30poi. [Topyd i3 TOIIOBHUM KOPIYCOM €
MaBUTFHOH aBiamiifHOT Ta pakeTHOI TexHiku. Ha mpu-
JNeTNid A0 My3€l0 TepUTOpii pO3MIMIEHO MapOTAT
1954 p. Bunycky, Tank T-34, rapmara, TBUHTOKPHIL.

3 inimiatuBu npe3uaeHTa HamionansHo1 akameMii
Hayk Ykpainu b.€. [latona na 06a3i /ep:xaBHOTO
MOJIITEXHIYHOTO MYy3ero 3 25 xoBTHs 2001 p. po3no-
4aTo LMKJ HAyKOBUX YUTaHb «BuaaTHi KOHCTPYKTO-
pu Ykpainu». HaykoBi yuTaHHs IpOBOISTECS 3 Me-
TOIO0 30€peXEeHHS ICTOPUYHOI MaM’sITi PO BU3HAYHI
BITYM3HIHI 3M00YTKH HAyKOBO-TEXHIYHOI Ta 1HXKe-
HEPHO-KOHCTPYKTOPCHKOT JYMKH, CTBOPEHHSI LiJIic-
HOT ICTOPUYHOI KaPTHHH PO3BUTKY HAYKH 1 TEXHIKH
B YKpaiHi, 03HaHOMJICHHSI TPOMaJChKOCTI 3 BHUIAT-
HUMU BITYM3HAHUMH TIEPIIONPOXiTHUKAMHU B PI3HUX
rajxy3six HayKH Ta TEXHIKH, BUXOBAHHSI CTYICHTCh-
KOT MOJIO/II Ha TMPUKIIaJaX BUCOKUX JIOCSATHEHbB I0-
MepeHiX MOKOJiHb iHXeHepiB i HaykoBuiB. [lepuri
HaykoBi unTaHHs Oynu npucssiueni M.M. benapno-
cy, €.0. Ilatony, J{.K. Jlopenuy (koHCTpyKTOpY Ba-
TOHiB, MEPLIOMY, XTO BIPOBAJIUB aBTOMaTHYHE 3Ba-
PIOBaHHS i (QIFOCOM), KOHCTpYKTOpaM TaHka T-34
Ta icTopii oro 3BaploBaHHs, 3aCHOBHUKY METaIyp-
rittnoi mkomu KIII B.I1. bxeBchkOMY, KOHCTpYKTOpaM
eJeKTpOoTpaHcmopTy, JiTakiB O.K. AHTOHOBY 1 TBHU-
HTokpuiiB L.I. Cikopcbkomy. UnTaHHS TPOBOISATHCS
IIOKBapTAJIBHO, IX MaTepiaii BUIAIOTHCS.

Mys3seill neperBOopuUBCs HAa BU3HAHUN HAyKOBUU
LEHTP 3 AOCTIIKEeHb y Taiy3i icTopii TeXHIKH Ta
TEXHIYHOTO MY3€€3HaBCTBA. Y My3el IPOXOASTH K-
ckypcii anst Bcix Oakarouux. YUHI MK Ta Mpo-
(heciltHO-TEeXHIYHUX YUYUIIUII, CTYIEHTChKa MOJOIb
OTPUMYIOTh HANIAIHY iH(pOPMAIIiIO TIPO pi3HI Tamy3i
TeXHIKH. Y My3el BiIOyBarOThCSI BUCTABKH, JESAKi pa-
30M i3 3aKOPIOHHUMHU MY3€SIMH.

https://kpi.ua/museum
O.M. KopHienko
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MDKHAPOJHUU ITIPOMUCIIOBUI ®OPYM 2023

3 30 tpaBHs no 1 uepsHs 2023 p. Ha TepuUTOpil
MiXHapoJHOrO BUCTAaBKOBOTO LIEHTPY BinOyBcst XXI
Mixxnapoguuii npomuciosuid popym (MIID)— naii-
OinbIIMI 1HIYCTpiabHUH 3axia B YKpaiHi, IprcBsUe-
HUH MaIIMHOOYAyBaHHIO. Y paMKax (opyMy MporIun
BuctaBku: MetanooOpobOka, YkpBropTex, YkpJlut-
B0, YKkp3BaproBanus, ['inpasnika, [lneBmaruka, [Tix-
IIWITHUKK, ABTOMaTHU3allis 1 podororexHika, [ligiiom-
HO-TPAHCTIOPTHE, CKJIAAChKe 00JIamHAHHS, 3Pa3Ku,
CTaHAAPTH, €TAJIOHU, IpHiIaay, besneka BUpOOHHUIITBA.
Kpim toro, omrogacHo 3 Mi>kKHapOAHUM TIPOMHUCIIO-
BUM (popyMoMm mpounum MiXKHApOIHI CIeIiali3oBaHi
BructaBku: PLAST EXPO UA (cupoBuHa, TEXHOIOTI{
1 o0yaiHaHHS [T TIepepOOKH TIOTIMEPIB Ta KaydyKy);
ADDIT EXPO 3D (texnonorii, 001agHaHHs Ta MaTepi-
any 1 aquTHBHOTO BUpoOHMLTBa Ta 3D npyky). Llpo-
T'0 POKY BUCTAaBKOBI 3aX0/TH, IO 00’ €THATN YYaCHHKIB
Ta BiJBigyBauiB 3 yciei Ykpainu min naxom MBI, cra-
JI CUMBOJIOM HENIEPEMOKHOCTI, HEIIOXUTHOCTI, Pillly-
YOCTi Ta HE3JIaMHOCT] YKpaiHIIiB Ta HAILIKX MapTHEPIB.

BucTaBku — 1€ BayKIMBUMA «IHCTPYMEHT» BiJIHOB-
JICHHS Ta PO3BUTKY Oi3HECY, OCOOJIMBO CHOTOJTHI, KOJIU
PYHHYIOTBCSI IPOMUCIIOBI JIAHIIIOTH, 1110 HAJAIITOBY-
BauCch pokamu. [linTpumyBaTH eKOHOMIKY YKpaiHu,
3abe3reuyBarH JIAIM poOOTy Ta MOTUBYBATH JI0 PO3-
BHUTKY 1, 0€3MepeyHo, CIJIbHO NPAIOBATH Ha IEPEMOTY
— OCB 110 Ba)KJIMBO y MPOBE/ICHHI BUCTABOK CaMe 3a-
pas. I1ix gac Bittan 3CY 3axuUmaroTh Hac Ha Mol 60O,
a Oi3HecH Ta MANPUEMCTBA 3aXUIIAI0Th EKOHOMIKY

— JIpYTy HaBaXJIHMBIIIY CKJIAJIOBY JJIsI MIATPUMKH Ta
po3BUTKY YKpainu. L{i BUCTaBKU HE TUILKH CTBOPIOIOTH
MOJKJIMBOCTI JJ1s1 Oi3HECY, aJie € 1 CIPaBXHIM J0Ka30M
HAaIIO1 37JaTHOCTI JI0 CITIBIIpAIli Ta 00’ €THAHHS Y BaXKi
yacu. Uepes crinbHI 3ycriuis (axiBIliB Ta Oi3HECMEHIB
Ha BUCTaBKOBHX MalIaHUMKAX MH PyXaeMOCs BIEpEN
JIO TIEpeMor B ycixX 00sIX Ha BCiX ()pOHTAX.

3aranbHa mjoula, Ha sIKid PO3MICTUIMCH BUCTAB-
KOBI 3ax0,1u, ckiana nmonay 7000 M?; 3arajibHa Kijib-
KICTh CITEIL[1ajIICTIB, sIK1 BiJIB1JaJId BUCTAaBKOBI 3aX0/I1
— 8837 4ou.; 3aranpHa KiTbKICTh YIaCHUKIB KOMII-
JIEKCY TEXHIYHUX BUCTaBKOBHX 3ax0JiB — 147 xom-
naHiii. byna npencraBnena npoaykiis 3 26 Kpaid — 3
ABgctpii, bonrapii, Benukoi bpuranii, I'peuii, I'py3ii,
Hamnii, [3painro, Icnanii, Itamii, Kurato, Hizepmanmis,
Himewunnw, [lisnennoi Kopei, [Tonbmii, Cep6ii, Cno-
BauuynnHH, CIIIA, TaiiBanto, Typeuunnu, OinnsHmii,
Opanmii, Yexii, [Isetinapii, Anownii, Ykpainu. ['eo-
rpadis koMnaHiil yqacHukis: 95,24 % — y4acHUKH 3
VYxpainu; 4,76 % — yyacHuKkH 3 iHmMX kpaid. [lo Bugy
JUSUTLHOCTI KOMMaHil yyacHukiB 77,72 % — immopte-
pH, ucTpu6’ roTopH, nunepu; 22,28 % — BUPOOHUKH.

MiKHapOIHUI TPOMHUCITOBUI (HOpYyM — II€ 3aBXK-
I OYiKyBaHa Ta BU3HAYHA IOJis, 10 IPUBEPTAE yBa-
Ty TIPOBITHUX TPOMHUCIOBHX KOMITaHIM Ta €KCIEPTIB.
Llporo poxy, He3Bakatouu Ha BiiiHy, [IpomucioBomy
(opyMy Bianocs 3i0paTH MPOBITHIX TPABIlB YKpaiH-
CHKOT'0 MAIIMHOOYiBHOTO PUHKY, IO TPEICTaBUIH
iHHOBaUiliHe 00JaJHAHHS Ta TEXHOJIOTI] YKPaiHCHKUX
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Ta iHO3eMHUX BUPOOHUKIB. ChorosHi MII®D naB 3po3y-
MITH HE JIMIIE YKPaTHIIM, a TAKOXK HAIIUM 3aKOp/I0H-
HUM IapTHEPaMm, IO MU HE MPOCTO MPAIFOEMO, a T0-
KpallyeMo, pO3BUBAEMO, MOJICPHIZYEMO Ta aJIANITyEMO
TEXHOJIOTI] iJl yMOBH BOEHHOTO 4acy. PazoM mu cuna,
siKa 3/IaTHA YCIIIIHO B3a€MOJIISTH, JOCATATH YrOJ Ta
JIOJIATH BHKIIMKH cydacHOCTi. OCOOIMBO MMPUEMHO, 110
Ha MII® Oynu mignucani yroay npo mpojax cydac-
HOT'O O0JIQ/IHAHHS, SIKE MPSIMO 3 BHCTABKH IOTXAJIO 710
CBOIX HOBHX BJIACHUKIB. A yYaCHHKH 1 BiIBiJlyBaui 1o-
BEPHYJIHCH JIOJIOMY 3 HOBUMH 11€SIMU, TAPTHEPAMH,
3aMOBJICHHSIMH Ta BIPOIO, 1110 BCe Oyie 100pe.

Ha BucraBmi Ykp3BaproBaHHs Oyna mpejcTanie-
Ha TPOAYKILiSl YKPATHCHKUX KOMITAHI BUPOOHHUKIB Ta
nocravyalibHUKIB 3BaproBanbHOro odnagHanus (TOB
«ITaton Iarepuemna», TOB «®poniyc Ykpainay,
TOB «YepBona XBunsa», O1O «3oaT», TOB «Apa-
Mmicy, TOB «Tpiaxa JIta i Ko») Ta BUpOOHUKIB 3Ba-
proBaibHEX enekTpoliB Ta apoTiB (IIpAT «Ininpo-
metn3, TOB «Cymu Enexrpomy», TOB «Benteky).

Sk 1 Ha GaraThOX MOMEPEIHIX 3axoaax MixHa-
POJHOIO BUCTABKOBOIO IeHTPY mij yac MII®D Oyio
MPEJICTABICHO BUJAABHUIITBO [HCTHTYTY eNeKTpo3Ba-
proBanHs iM. €.0. [Tarona HAH Ykpaiau. Ha crenmai
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POEHHK
[POTY

BHJIAaBHUIITBA BiJ[BiyBadi MaJld MOXJINBICTh O3HAKO-
MHTHCH 3 OCTAaHHIMH PO3pOOKaMH BCECBITHBO Bimo-
MOTO [HCTUTYTY B ramy3i 3BaproBaHHS, CTEIialbHOL
MeTanyprii, HepyHHIBHOTO KOHTPOJIIO Ta OTPUMATH
CTeIiaTbHO BHJIaHI /0 BUCTABKH BUITYCKH JKYpHAIIiB
«ABTomMaTtnuHe 3BaproBaHHM» NeS5, «TexHiuna mia-
THOCTHKA Ta HepyiHiIBHUN KOHTPOJb» Nel, «CyuacHa
enekTpomeranypris» Nel, 2023.

MII® BUCIOBITIOE BASYHICTD BCIM yYaCHUKaM, Bifl-
BimyBauam Ta 3CY. OO’ €fHaHHS 3yCHIIb 1AJI0 HElepe-
BEPIICHHI Pe3yJbTaT — MPOBEJIEHHS Y BiHCHKOBHMA
yac Mi>KHapOTHOTO TIPOMHUCIIOBOTO (POPYyMy Ta BUCTa-
Bok PLAST EXPO UA ta ADDIT EXPO 3D. Lli 3axo-
11 0€3yMOBHO JIaJTd TIOIITOBX JI0 PO3BUTKY Oi3HEC-ce-
peloBuIa, HaJaroKeHHS 3pYWHOBAHUX BiHHOIO
KOHTAKTIB Ta CTaJIM PYIIIHHOIO CHIIOO JI0 TTIOIATBIIIOTO
3pocTaHHA yKpaiHChKOi ekoHOMiKH. MII®D msxye Bcim
MPUYETHAM, BUCJIOBIIIOE BEIUYE3HY [10BAry Ta 3aKiH-
Ka€ HE 3yNUHATHUCS 1 MPOJOBKYBAaTH NPAIIOBATH Ha
KOPHCTH HAIIOl JiepaBy 1 Hamry ciiibHy [lepemory.
Mu Bce MOKEMO, TOMY 1110 MU pa3om!

3a mamepianamu
https://www.iec-expo.com.ua
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IHOOPMAUIA

[TAM’ATI B.B. IAHACIOKA

Jlupexiris Ta KoinekTuB [H-
CTUTYTY €JIEKTPO3BAPIOBAHHS
iMm. €.0. Ilarona HAH VYkpa-
{HH, 3 BEIMKAM CYMOM CITOBI-
IA0Th, 110 17 JHUIHS I[LOTO
poky Ha 98-My pOIIi MIIOB i3
JKUTTS BUJIATHUNA yYEHU B ra-
Ty3i Teopii MIITHOCTI MaTepi-
aJiB 1 KOHCTPYKIIifA, OMUH 13
3aCHOBHHKIB JIbBIBCHKOI Hay-
KOBO{ IITKOJTM MEXaHiKiB-MaTe-
piayio3HaBiB, moHag 40 pokiB
0e33MiHHMA TupekTop Pi3nKO-MEXaHIIHOTO 1HCTH-
tyTy imM. I.B. Kapnenka HAH VYkpainu, 3aciayxenunit
IlisTd HayKW 1 TeXHIKH YKpainw, naypear JlepxaBHUX
mpemiit YPCP i CPCP y ramysi Hayku 1 TEXHIKH, TIpe-
miii HAH VYkpainu im. O.M. [{uanuka, €.0. [TaTonHa i
I'B. Kapnenka, @wrien Pagu €Bporieiicbkoro ToBaprcTBa
3 TIPOOJIeM IIITICHOCTI KOHCTPYKIIiH, Bille-TTPE3UICHT
Panmn Mi>kHapomHOTO KOHTPECY 3 MPoOIeM MEXaHIKA
pYHWHYBaHHS MaTepiajiiB, WwieH €BpOIeHChKoi akaaeMii
HayK, HarOpoOJ>KEHUH opJieHaMu KHsi3s1 SIpociaBa My-
nporo V crymens, «3a 3acayru» 111, II ta I cryneHis,
JIOKTOp TEXHIYHHUX Hayk, mpodecop, akamemik HAH
Vkpainu Bononumup BacuiiboBuy [Tanaciok.

Bononumup BacunboBud HapoauBcs 27 JHOTOrO
1926 p. y ceni Kpacue na Xonmmmuni (auHi [lonbmra).
[Ticns 3akingenns y 1951 porti JIbBIBCHKOTO AeprKaB-
HOTO yHiBepcHUTeTy iM. IBana ®paHka mo4aB mpairo-
BaTd B [HCTUTYTI MallMHO3HABCTBA Ta ABTOMATHKHU
AH YPCP (3 1964 p. ®i3uko-MexaHIYHHNA THCTUTYT
AH YPCP). IlpoiimoB nuisx BiJi MOJIOIIIOTO HAYKO-
BOTO CITIBPOOITHHKA /IO TUPEKTOPA IHCTUTYTY.

HayxoBa nistmpaicTs B.B. Ilanactoka Oyma mpu-
CBAYEHA JIOCII/HKSHHIM 3 MPOOJIeM HaIpyKeHO-JIe-
(hopMOBaHHX CTaHIB i TPAHUYHOT PIBHOBATH MPYK-
HO-TUTACTHYHHX Tl 3 TPIIIMHAMH, TEOPil MPYKHUX
TiJ1, Pi3UKO-XIMIYHOT MEXaHIKHA MaTepiaiB i BOTHEBO-
rO Marepiaio3HaBCTBA, 110 OYyJIH MOKIAEHI B OCHOBY
TEOopii KPUXKOTO PYHHYBaHHS Ta MIiITHOCTI MaTepiaiB,
siKa 3HaAMIIIIA [MUPOKE BU3SHAHHS U CIpUsiia PO3BUT-
Ky METOJIIB OL[IHFOBAHHSI JIOBTOBIYHOCTI MaTepiais i
KOHCTpYKIIii. Moro opurinambHi mpatti 3poOusu Baro-
MUH BHECOK Y (DOpMYyBaHHS Ta YTBEP/UKEHHS (i3HKO-
XIMIYHOI MEeXaHIKH pyHHYBaHHS MaTepiaiiB K HOBOTO
HanpsAMy B HayIli IPO MaTepiayy Ta iX Mil[HICTb.

Bucoky omiHKy BUeHHX Ta CHEIaICTIB OTpUMAIN
pesynbrat pobit Bonognmupa BacunsoBuya 3 BH-
3HAYEHHS 3AJTUIIIKOBOTO PECYPCy HANBAKIMBININX Ha-
POAHOTOCTIONAPCHKUX 00’ €KTIB, PO3POOICHHS METO/IIB
MABUINEHHS MIITHOCTI, IKOCTI Ta TOYHOCTI BUTOTOB-
JIeHHSI BUPOOIB y MMPOMHCIOBOCTI, CyTHOOYTyBaHHI,
€HEepreTHYHOMY MaIInHOOYTyBaHHi, Oy/iBHHIITBI.

OCHOBHI HayKOBi pe3y/bTaTd BYEHOTO BUCBITICHO
y oHax 600 my6mikarisix, Ta B 19 MoHOrpadisx, cepen
sikux nieprna B CxinHii €Bponi MoHOTpadis 3 mpodiem
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MEXaHIKH TPaHWYHOI PiBHOBAaru TBEPAUX JehOopMiB-
HUXTLI 3 TpimuHaMu. 111 nparii, a Takox ioro movec-
Ha Jiekiist Ha 8- MixkHapoaHil koH(DepeHIii 3 mexa-
Hiku pyliHyBaHHs B KueBi Ta iHIIN HAyKOBi pe3yabTaru
CTa/IM BATOMUM BHECKOM Y PO3BHTOK Ta YTBEPIKCHHS
MeXaHiKu pyHHYBaHHs MaTeplamB SIK HaNPAMKY B Ha-
yui npo MaTeplaJ'II/I Ta LUTICHICTb KOHCprKum Oco-
OnmBe MicLe y Horo JisUTbHOCTI 1OCiae KepiBHULITBO
CTBOPEHHSIM CHLUUKIONECINYHOIO BUIAHHS — JBaHA-
LATUTOMHOTO JTOBiTHUKa-MOHOTpadii «MexaHika pyii-
HyBaHHS 1 MiITHICTh MarepianiBy (1988-2009 pp.) Ta
Horo cuHTE3yroua MOHOTpadis, omyOlikoBaHa aHIITiH-
chKoI0 MoBOO y 2002 pori mig Ha3Boro «Strength and
Fracture of Solids with Cracks».

[lig xepiBannTBOM B.B. IlaHactoka BHKOHAHO
KOMIUIEKC €KCIEePUMEHTAJIbHUX AOCIIKEHb KiHe-
THUKHU POCTY BTOMHUX TpiH_II/IH i r[o6yz[0BaH0 0a30Bi
aiarpamu KOpO31HHOl Tle_II/IHOCTII/IKOCTI/I JUTSL KOp-
MyCHUX CTaJeH, allOMiHIEBUX CILJIABIB, MaTeplaJnB
eHepreTnyHoro oonagHannasg. B.B. [1anaciok 3i cBoi-
MH YYHSIMU PO3pOOJISB €NEeKTPOMarHiTHI METOU Ta
3ac00u HEpYHHIBHOTO KOHTPOIIO (pi3mKo-MeXaHid-
HUX, CNEKTPO(i3UUHUX Ta TEOMETPUUYHUX XapaKTe-
pHUCTHK MaTepiaiB 1 BUpoOiB. Y Oiiblll KOPOTKOXBU-
JIOBOMY BHITAJIKY, KOJTH TU(DPAKIIIHI SBHUIA CTAIOTh
JIOMIHAHTHHMH 1 32 TIEBHUX YMOB MOXXIIUBI BUCOKO-
MOOpOTHI pEe30HAHCH, BUSHUMH IIiJ] KEPiBHUIITBOM
B.B. ITanactoka Oyno 3ampornoHOBaHO €(QEeKTUBHI
YHUCIIOBI METOIH PO3paxyHKy I[I/I(bpal"OBaHI/IX eJIeK-
TpoMarHiTHux noxiB. Ha it ocHOBi cTBOpeHO HOBI
CII0CO0H 1 3aCO0H EIEKTPOMArHiTHOI'O KOHTPOJIIO.

OuomoBanuit B.B. [lanactokom npotsarom Oara-
THOX POKiB KOJIEKTUB  3pOOMB 3HAUHUN BHECOK y
BUKOHAHHS TaKUX BaXJIMBUX Mporpam, sik «Enep-
ris-bypan», «larepkocmoc» ta «PECYPCy. 3a iHi-
uiatusu B.B. Ilanacioka B iHCTUTYTi CTBOPEHO YHi-
KalbHUH pagiodi3NIHNN KOMIUIEKC JUISI 1IarHOCTUKA
KOCMIYHOTO IPOCTOPY B JIeKaMeTPOBOMY JiamnasoHi,
SIKMH BXOIUTH Y 3arajlbHOAKaIeMiuyHy CUCTEMY paji-
ointeppepometpiB «YPAH».

B.B. Ilanaciok OpaB akTUBHY y4acTb Y HayKOBO-
opraHi3ainiifHiil 1 rpoMajackekiil misnpHOCTI HAH
VYkpainu, micta JIbBoBa Ta Ykpainu, OyB cepen THX,
XTO CIIPUYMHHUBCS 10 BIAHOBIEHHS MisiibHOCTI Hay-
KoBoOro ToBapuctsa imeHi llleBuenka y JIbBOBI.

Benuky yBary BueHHI MPHUIITISB BUXOBAaHHIO BU-
cokokBatiikoBaHux cremniainicti. Cepen oro y4His
noHaza 60 TOKTOpiB Ta KAHAWAATIB HayK.

Bononnmup Bacunsouu [lanactok HazaBxu 3a-
JUIIUTHCS NPUKIAJ0M BiAJAaHOCTI HayLi, TBOPUOI Li-
JIeCIPSIMOBAHOCTI, BEJIMKOI Mpale3JaTHOCTI Ta CiIy-
XKIHHS Ha OJaro YKpaiHu.

IE3 im. €.0. [larona HAH Ykpaiau
Penkoneris xxypHaiy
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HOBUWHU YKPATHCbKOIO TOBAPUCTBA
HEPYWUHIBHOIO KOHTPOIIO TA TEXHIYHOI AIAFTHOCTUKU
yneHa €Bponencbkoi Peaepadii 3 HEPYWHIBHOroO KOHTPOJHO

yneHa MixxHapogHOro KOMiTeTy 3 HepyWHIBHOIO KOHTPOJIO

7§ Furopess Frderation foe
LI Son-istructive Trssing
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OLIHKA AKOCTI bPOHEIIIACTHUH 3A JOIIOMOI'OIO
PEHTIEH-TEJEBI3IMHOT'O KOHTPOIJIIO

B.O. Tpoiubkuii, C.P. MuxaiisioB

Bimomi BUmaiku monrkokeHHsT OpPOHETIIHT ITi]] 9ac
00110BHX J1il1, 1110 CYMPOBOKYIOTHCS IOPAHEHHSIM Oili-
LB Yepe3 HesKICHI 3aXHCHi IacTuHh. EdexTuBHiCTh
3ac00iB 3aXUCTy NOTPEOYIOTh PEHTICHIBCHKOTO KOHTP-
oo ix sikocti. Kpim criBpoOithukiB 1E3 im. €.0. Ila-
TOHa y BUMPOOyBaHHX Opanu yyacts Kupuno beoko
ta [rop MoJioian — iHIIIaTOPH KYPHATICTCHKOTO PO3-
CliTyBaHHS. PEHTTeHOKOHTPOIb OPOHEILTUT MPOBO-
JIUBCSI 33 JOTIOMOT'O0 PEHTICH-TEIICBI31IMHOT CUCTEMHU
PTB-4. Ils mopratuBHa peHTTeH-TeNeBI3iiiHAa cUCTe-
Ma 3aBXIH JI0 Mocayr MiHicTepcTBa 000poHH YKpa-
THU (CYIITBHICTh, BATOHUCHHS METay, 3alIOBHCHHS
00’eMiB BHOYXOBHX PEYOBHH Ta iH.).

Cucrema PTB-4 no3Boiisie 3a3upHYTH BCEpEIU-
HY OpOHEIIUT, BU3HAYHUTH HIiITBHICTh BUKOPHCTA-
HOTO Marepiaiy, pealbHy Tuionry OpoHi. Ha MoHiTO-
pi komn 'torepa PTB-4 BigoOpaxkyeTbes iHpopmaris,
SIKy HEMOKJIMBO OTPHMATH 1HIINM IUISIXOM, KPiM KOH-
TPOJILHOTO 00CTpiTy. PeHTreH-TeneBi3iiiHOro KOHTPOIO
(PTK) 3a3nanu 23 kepamivHi Ta MeTaliqHi OpOHEIUIN-
TH aMEPHKAHCHKHX, 13paibChbKHUX, YKPaiHCHKUX, MOJTb-
CbKUX, HIMEI[bKAX Ta KUTAHCHKUX BUPOOHUKIB. Pe-

HaiiGinpmn moKkyo9rii BUTISA] Majia TUIacTHHA,
SIKy TIpYHIC OiMH 3 OiiniB. BoHa ckimananacs 3 A1BOX
gactuH. Te, 1m0 BUAHO y HEHTPI (puC. 2) — KyCOK Me-
Tany (mepeBipeHo MarHiToM). ®aKTUIHO KOpHCHA
IJI0IIA 3aXUCTY CKjaia juire 1,7 nM?, Tozi K Bara
OpOHEITUTH BiPi3HSAJIACH Bl HOPMH TiNbKH Ha 10
r. CKIlaaeThest BpaKeHHsI, [0 METal TUBHOI (hopMH
y LEHTP1 MPOCTO JJIsl Bard, a HABKOJIO HHOTO pUXJia
Maca 0e3 OyIb-SKOTO 3aXHUCTY.

YacTo BUPOOHHUKH OTOJIONIYIOTEH OLIBIIANA pO3MIp,
a peanpHa TTomIa 3axucty MeHmma Ha 10...25 %. Taxi
TUTATH OYyJIO BUSBIIEHO SIK Y KUTAHCHKUX, TaK 1y THIITNX
3paszkax. ¥ MiHictepcTBi 000poHM YKpaiHH HEMae mpo-
Lelyp NepeBipKH (PaKTHYHUX 3aXUCHUX PO3MIpIB TUTUT.

[lnuTn nmuime BiACTPiNOIOTHCA Yy JabopaTopi-
sIX 3 BifiIcTaHl He Onmmx4de 7 cM J0 Kparo, TOOTO Bij-
CTPINIOETHCS TUIBKU IIeHTpaibHa yacTuHa. [lo me-
puMeTpy 5...6 cM Bif Kparo IIIUTH HisIK Ta HIKUM He
KOHTPOJIFOETHCSI. Y 1[Il 30HI HISKHUX MEPEBIPOK HE
nependadeHo!

HacrtynHoto npo6iemoto, siky Oyllo BHSIBICHO, €
BEJIMKI 3230pW MK KepaMiYHUMHU IIJIACTHHAMU JIesi-

3yJBTaTH Oyl HEOWiKyBaHUMH Ta HABITh MIOKYIOYNMH.

3asnaueHa (axtugHa mioma muT (PII) 1 kopwuc-
Ha TI0mIa 3axucHoro enemeHnty (3E), mo 3amasHi
BcepenuHi. Lli mapameTpu y pi3sHUX BUPOOHHKIB CyT-
TEBO BiAPI3HAIOTHCA. UnM TeMHiIIe 300paxeHHs, TUM
IIUTBHICTH cepenoBuia Buiie. KpiMm Toro, Ha 3HIMKax
BHUJHO CTHUKYBaJIbHI 3a30PU €JIEMEHTIB ILJIUT, TPillu-
HU, TyCTOTH Ta BUPOOHWYMI OpaKk.
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Puc. 2. 3oBHimHi#i BUmIAL (JTiBOPYY) OPOHETIIACTHHH Ta 11 peHT-
TeH-TeNeBi3iliHe nndpoBe 300pakeHHs (TIpaBopyY)
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2 o
Puc. 3. TIpukiaay peHTIeH-TeNeBI3iHIX 300paykeHb OPOHEIIACTHH 13 3MEHILCHOK MOPIBHSHO 3 OTOJIOIICHOIO ILIOIICI0 3aXHCTY, /1€
BUpOOHUKaMH €: a, ¢ — Kuraii, 6 — I3pains, e, 0 — Ykpaina

2 i)

Puc. 4. Pentren-reneBiziiiHi 300pa)keHHs] OPOHEIIIACTHH, SIKi BIANOBIIAIOTH 3aMOBIICHUM IIapameTpawm, Jie BupooHukamu €: a — CIIIA,
6 — Ionbia, 6 — Ykpaina, ¢ — Himeuunna, 0 — [3pains

KHX TUTHT Ta IX HeaKypaTHe CKIIeloBaHHs. Busiieni
Ha PEHTIC¢HI 3a30pH B JACSKUX MICIIX CATATH 3 MM,
1o € 3abararo i Kyii kaniopy 5,45 M. Taki ctukn
KyJIs TIpO0’° € HABUJIIT, SIKIIO TYIH TMOTpanuTh. J[o Toro
K, caMi TUTACTUHH, TIPU TOTPAIUISHHI KyJi y IIEHTP
MOXYTh Yepe3 3MIIIeHHs eIeMEeHTIB CTBOPIOBATH
KpuTH4HI panu. Taki mpoOieMu Oyiio BUSBICHO Y BH-

Puc. 5. Pentren-renesisiiini 300paxkeHHs pyiiHyBaHb OpOHeIuIac- POOHMKIB KepaMiky; iX TeK 100pe BUIHO Ha PEHTIE-
THH ITiCIISI KOHTPOJIBHOTO BIACTPLTY: @ — HabipHa IUIaCTHHA 3 Y0- HIBCBKHX 300PaKCHHSX.

TUPUKYTHHX CETMEHTIB, 6 — Ha0ipHa MJIACTHHA 3 IIECTUKYTHHX
CerMeHTax

EVIDENT

\ I} - \ ) .. v \ = b
e SPERY B
Ministry of Science and ICT @ I\ﬁetmp’olnan City,
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MOHITOPUHT CTAHY 3PYUHOBAHUX CIIOPY]I, OIITHKA
IIKOJIN TA TOIIYKY MOCTPAXAAJIUX IIJI PYIHAMU

B.O. Tpoiubkuii

B Vkpaini € Benanka KiTbKiCTh BaXKOJOCTYITHHX
BIAMOBIMaTEHUX 00’ €KTIB, M0 MOTPEOYIOTH PETYIISIpP-
HOTO MOHITOPHHTY, OIliHKa peaabHOTO (Pi3HIHOTO
CTaHy SIKHX Mae€ BEJIHMKE 3HAUEHHs s Oe3leKH Ha-
BKOJIMILIHBOTO CEPEAOBUILA (HAPHUKIIAA, MaricTpaib-
Hi TpyOoOnpoBoay, aBialliiiHa TeXHiKa, MOPCHKUH,
3aJ1i3HHYHHUI Ta aBTOTPAHCIIOPT, TypOiHU TomIO). IX
MOHITOPHHT NMOTPiOCH A7 3arm00iraHHs KpUTHIHUX
HACJII/IKIB.

Tak caMo BKpail BaXKJIMBUM € JIIKBiJIaIlish HACIIi]I-
KiB HaJ3BUYANHUX CUTYyallil, 110 BUHUKAIOTh B OC-
tanHi poku. Lli curyanii He TiAbKH 3aBIAIOTH Be-
JINYE3HUX 30UTKIB JEpiKaBi, a ¥ MPU3BOIAATH 0
yuciieHHoT 3arubeni sroneit. [Ipukaaaom mboro €
OCTaHHI Mojii BiffHN, YCYHEHHS HACIIJKIB SKOI 1MO-
TpeOye OnepaTUBHOTO 3aTyUYCHHS BEIUKOT KUTBKOCTI
(haxiBmiB Ta BigmoBigHOTO OONamHaHHSA. Bix Toro,
HACKIJIbKU LIBUJKO Ta ONEPATUBHO HAJaBaTUMEThCS
JIOTIOMOTa 0co0aM, sIKi 3a3HaJIM BIUTHBY HEOE3MEUHUX
(hakTopiB HAA3BUYAHHUX CUTYallild, HACKITEKH CBOE-
4acHO Ta MpodeciiiHO CIPaIIOIOTh aBapiHHO-PITY-
BaJIbHI MIAPO3ALIN TIiJ] 4ac JikBigamii OomOapyBaH-
Hsl, TPUPOAHUX KaTacTpod, 3eMJIETPYyCiB Ta IHIIUX
CTHXIHHHX JIMX, 3aJIEKHUTD 30POB’S 1 JKUTTS JIOACH.
Tomy pospobnenuii B [E3 im. €.0. [1aTona npuna
MpU3HAYCHUH AJIs 301HCHEHHS OITYKOBO-PATYBAaIb-
HUX poOIT 32 JOMOMOTOI0 PI3HOMAaHITHOTO YCTaTKYy-
BaHHsI, IarHOCTHYHUX NPUCTPOiB. BoHn BuKOpHCTO-

BYIOThCSI B TUX MICIISIX, J0 SIKMX JIFOJIMHI JICTaTUCh
BKpail BayKKO — Mpu 0OBajiax Oy/iBesb, TEXHOTEHHUX
KaracTpodax.

Pyxomuii mpunaa anasi MOHITOPUHTY CTaHy 3pyH-
HOBaHMX cropyl, (ikcaiii 06’eMy MOIIKOIKEHb Ta
MOIITYKY TOCTPa)XIalluX MICTUTh PYXOMY ILIaTdop-
My, o0NlaIHaHy HapsSMHUMH Kosecamu. Ha mumatdop-
Mi BCTAHOBJICHO MOHITOPHHTOBI 3aCO0M — TOIITYKO-
Bi, Te()EKTOCKOITIUHI, OIIHIOBAIBHI Ta TPaHCIISIIiHI,
10 MaloTh THYYKI KpituieHHs 10 maTdopmu. Kome-
ca BCTAHOBJIEH] 3 MOXKITUBICTIO BUTHHOTO TIepECyBaH-
HS CTaJIEBOIO CMYTOIO TEJIEeCKOMIYHOI mTanry. [lnar-
(hopMa ocHallleHa IIMPOKO3aXBaTHUMH TIPUCTPOSMHU.
VY 3aie)xHOCTI BiJ IiJel AOCHIJKeHHS TPUCTPid
MOXke OyTH 00JlaTHaHHH BifeokaMeporo, Mikpodo-
HOM, JIa3€pHUM BHMIpIOBaueM BiJCTaHi Ta JiHIHHUX
PO3MipiB, OCBITIIFOBaYEM, TEIUIOBI31IMHUM, MarHiTo-
METPHUYHUM, OC3KOHTAKTHUM YJIBTPA3BYKOBUM, €JICK-
TPOMAarHiTHO-aKyCTHYHHM TIEpETBOPIOBAYaMH, ra3oa-
HaJIi3aTopoM 1 pajialliiHUM J03UMETPOM, 3ac00aMu
TpaHcAii iHpopMmartii.

Pyxoma mutardopma 3 mpHCTpOSIME Ma€ MOXKITHU-
BiCTh MEpECyBaHHS HaIl Ta BCEPEIMHI JOCIIIKY-
BaHOTO 00’€KTa, 3MIHCHEHHS MIUPOKOMACIITa0HO-
r0 MOHITOPHHTY CTYIICHIO pyHHYBaHb i BHSIBICHHS
noctpaxknanmux (Ilatent Ykpainum 3a 3asaBkoro No
202302286).

1

4 /
a1 5
) 7/

IMpunan Ui MOHITOPUHTY CTaHy 3pYHHOBAHHX CIOPY/ JUIsl O-
HIYKY HOCTpaKAaiuX 3 IIarhOopMoI0 Ta ABOMA MOABOECHUMH
MarHiTHUMH KOJIECaMH Ha CTaJbHIA cMy3i (KyTOUYKY) Ha Tpocax
(moty3kax): 1 — ctanbHa cmyra; 2 — Tpoc (1ler, MOTy3Ka); 3 —
KpIiMJIeHHd Tpoca; 4 — TuiaTgopma 3 MpuiIagaMu; 5 — MoJBOEHE
MarHiTHE KOJIECO; 6 — Ja3epHuil BUMipIoBad; / — TEIUIOBi30p; &
— ocBiTiroBay; 9 — ra3oBuii aHanizarop; /() — 30BHIIIHI maiOH
MAarHiTHHAX Koiic; 11 — eTeKTponBUTYH
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IMomrykoBHH MpHIan 3 JOCTIIHUMU MPUCTPOSIMH Ha TEJICCKO-
MiYHIA mITaH3i 1715 30BHIOTHHOTO Ta BHYTPIIIHBOTO 0OCTEXKEH-
Hs1 3aBaJiB MOMIKOIKEHUX CIIOpyA: 12 — TeJecKomiyHa mTaHra 3
OCBIT/IIOBaYEM, BiJI€OKaMEpOI0, TEIUIOBI30pOM Ta iH.; 13 — micie
omeparopa; 14 — aBTomiIiioMHIK
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3SMEHIIEHHS YPAXKEHB BOMOBHMX JIPOHIB 3 IMITALIIEIO
IX YPAXKEHHS

B.O. Tpoiubkuii

TuxoxigHi JHiTadpHI anmapaTd 4acTo TUHYTH MPH
npoxomkenHi 3081 [1T10 npoTHBHUKA Ta HE JloCsTa-
10Th 1111, [TpoXomKeHHsI i€l 30HU IS APOHIB — Haki-
CKJIaJIHIIIA 3a/ia4a.

B IE3 im. €.0. [Tatona po3po06ieHo alropuT™ BH-
pimeHHs i€l 3amadi. [Ipu mepmmx o3HaKaxX ITOJIO-
BaHHS JIPOH (pHUC. 2) TOBUHECH MIEPEXOIUTH Y PEIKUM
Xa0THYHOTO, JIA0IpUHTOBOTO pyXy (puc. 1). YV Takuit
PEKUM TOJIBOTY IPOH MEPEXOANTH 0€3 KOMaH/ 3 3eM-
i Big minora. lle poOuTh aBTOMaTHYHO OJIOK 3aXHCTY
OOpPTOBOTO KOMIT IOTEpa, AKUH CIHiAKYye 3a iHhopmMa-
Li€lo, 10 TOCTyNae 3 BileoKaMep, OOPTOBUX ONTO-
CJICKTPOHHUX JaTYMKIB Ha Horo ¢rozemnski. [lepe-
XiJ Ha XaOTHYHUH TaOipUHTOBUN PYX MOYMHAETHCS
3 BUCTPily YEPBOHO-)KOBTOrO miponarpona. [louu-
HAIOThCSI TOPU30HTANIBHI Ta BEPTHUKAIBHI PyXH, KOTpi
CYNPOBO/IKYIOTHCS IUMOBHM 3aXHCTOM, IO IMITy€
YpaXXeHHS 1 yCKIIaIHIOE MOTalaHHs PAaKeTH B POH.
JumoBa mramka, MPUCKOPEHHS Ta YePBOHUN KOJIip

e l—

Puc. 2. Ilporn MJX D16 Pro, ocHameHuii BenukuM HabOpom
JIATYMKIB, BiZIeOKaMeporo, OOPTOBHM KOMIT FOTEPOM Ta iH.

BiJI MipomaTpoHy JAe30pieHTye crpinka. «llomamanus
y IPOH BUKJIMKA€E 3a10BOJIECHHS cTpinka. [lpu npomy
BiH CTa€ PO3CIabICHUM 1 HAMAraeThes Mo0aYnTH Mic-
e NMaJiHHA IpoHa, TOOTO € Yac MPUCKOPUTH Ta 3Mi-
HUTH HampsMoK ioro pyxy. CTpinok mobadynuts Koce
Ma/iHHS Yepe3 BUKIIOUCHHS YaCTUHH €JICKTPO/IBUTY-
HIiB JIPOHY, SIKHI TPOJIOBXKYE CBIM MIJISX HA HU3bKIH
Bucorti. [Ticns iMitarii nomnaganus (MagiHHS MO KOCOT
3 TUMOBUM 1 Y€PBOHHUM MIPOTEXHIYHUM CJIiI0M) APOH
TTOIOBXKYE PYyX XaOTUYIHO 10 3aaHOi 1111 (puc. 1).

Ha pwuc. 3 mokazano 0510K-cXeMy B3a€MOi1 BY3JIiB
JIpOHa, a Ha pUC. 4 — AJITOPUTM HOTO KEpPyBaHHS.

CTpiJIOK cIriocTepirae 3a «IaaiHHSIM» Ta BTpadae
Yac JUIA TOBTOPHUX MOCTPIJIiB, SIKi MOTJIN O OyTH
3A1MCHEH] SIK 13 3€MJIl, TaK 1 OJATKOBOIO JITaJIbHO-
ro anapary cuctemu [1I10. Ananoriunuii coci6 3a-
XHUCTY [li€ 1 y BUNAJKy aTaKH 3 1HIIOTO JiTaJIbHOTO
anapary. Peanizanis 3anponoHOBaHOTO aJTOPUTMY
JOTIOMOXKE HE TIIbKM BUKOHYBaTH 00MOB1 3aBHaHHS
3a miniero [1I10, a i moBepTaTH ApoHU Ha Oa3y iH-
LIMM [UISIXOM, JIe HEMa€ CTPiIKa, KOOPJUHATH SIKOTO
3adikcoBani apoHoM ([laTteHT Ykpainu 3a 3asiBKOIO
2023 00931).

[IupoxosaxpaTna
BiJeokamepa, ornTo-
€EKTPOHHI JaTYHKH, [€— AKyMyATOp
B34 00pobKH
Bineoindopmanii

lrarui By3nn apoHa
Ta eNeMEeHTH Ais
BHKOHaHHs 60i0BOrO
3aBAAHHS

. '

Ananizarop > Boprosuii MexaHizmu ans
H_porpama TOP KoM’ KOTep 3anycKy
Dikcarop uacy, HIpOMaTpoHa,

UJBHZ[KOCTi, BHCOTH ¢ > JAAMOBUX LIAINOK
l I'eneparop \
BUMAAKOBUX
Brok ofuncnenus uucen Panio-
KOOPAMHAT KomyTarop KOMaHAHU K
crpinka T » | HA3eMHKiT Y HKT
* Ll
Bumukaui +
CNEKTPOABUTYHIB

Puc. 3. briok-cxema B3aeMofii By3IIiB ApoHa

; ImiTauis .
Bineoxavepa, BraoueHHa nonajgaHHs Swina Crabinizamis
ONTONATYHK _ : HHA, HampAMKy Ta o
dikcy1oTh OIIOKY 3aXHCTy flocrputy 36isblUEHHS i ;
O3HAKH i Ta indopmauii —p| uepBoHoro |—p || simmosnennsa >
Ans oneparopa niponarpona LBRAKOCTL TOPU30HTAIb-
TIOMOBaHHA ¥ pyxy o o
Ha JIPOH MOJNLOTY Ta AUMOBOI OCT1 PYXy
2 3 wawku 4 5
Moyatok Xaotuunuit ]
Obmcnenns Busnauenus XA0THYHOLO MONbOT 3 Lline monboty
KOOp/MHAT - Ta [OBEPEHEHHS
CTDiIKA T2 PO3MIpIB Ta HONBOTY 3 ypaxyBaHHsAM TOBEPS
P : HANPAMKY ypaxysanHaM PYXy AHMOBOT Ha Oasy IHWAM
| nepenasa ix ’ PYXy AMMOBOT > > XMaph Ta P mapupyrom,
Ha pajti oko- - HAMPAMKY !
o XMapH Biago- KOMaHT 3a pilUeHHAM
MaHIHuH PyXy Xmaph orneparopa
Kamepoto : reneparopa parop
NYHKT Ta pilleHHs o
oneparopa BUMAAKOBIX QIBOT
6 7 9 uucen m

Puc. 4. Anroput™m KepyBaHHS IPOHOM
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[TPOITIO3NLIA IJIA YAOCKOHAJIEHHSA ITOBITPAHOI'O
MMOIIYKY MIHHUMX ITOJIIB 3 BUKOPUCTAHHSAM 3MOMKH 3
BE3IIUIOTHUX JIITAJIBHUX AITAPATIB (BIIJIA)

B.O. Tpoiubkuii

Opuriraneai nporosumii B [E3 im. €.0. Ilarona
3alpOIIOHOBAHI 33Ul BEJCHHS MOBITPSHOI PO3BiAKH
MICITb PO3TaIIyBaHHs MiH, 30KpeMa Ha BEJTUKUX Cillb-
CBKOTOCIIOJAPChKUX YTiAJsX, 33 JOMOMOIOI0 IIOHAM-
MEHIIE OJHOTO OE3MiJIOTHOTO JiTalIbHOTO amapary
(npoHa), IKU MiCTUTh CUCTEMY BiJIEOCIIOCTEPEIKCH-
Hsl, TETUIOBI30p, MOPTAaTUBHI mpuiagy ¢ikcanii MiH,
0JI0K 3B’5I13Ky 3 ITyHKTOM KEepYBaHHS MOJIBOTOM Ta €M-
HICTb 3 MO3HAYaIBHOIO (apOoro. OTpuMaHy po3Biy-
BaJIbHY 1H(OpMaIlito mepeaaTh 3 0OpTy JpoHA Ha
xomanaHui yHKT (ITarent Yipainn UA 148677U 3a
3asBkoro 2023 00932).

Ha nmepmomy erami moBiTpsAHOI PO3BiAKHA BUSIB-
JISIOTH 3arajbHi MOPIBHAIBHI KapTUHU ONMTUYHUX 1
TEIUIOBUX aHOMAJIiH IMOBEPXHI 3eMJIi B MICIIX WMO-
BipHUX 3aKmaok MiH. [lepmmii eran — mpomit Ha Be-
JIUKiH BUCOTI HaJ 30HOIO PO3BIJKU Ta MOPIBHSIbHE
nokagpose (ororpadyBaHHS 3 LIMPOKUM OXBATOM
TonorpagivyHoOi KapTHHHU MiCLIEBOCTi. Y pa3i BUSBJICH-
HSl aHOMAaJii TemjoBoi KapTHHU 1 Tomorpadii ciiais
BiJI BIpOTiAHOI NisNIbHOCTI MiHYBaJbHUKIB 3/[iHCHIO-
I0Th YT eTall po3BiJKU Ta KaJpoBe TEMJIOBi3il-
HE Ta ONTUYHE AUCKpeTHE (oTorpadyBaHHs UX 30H
Ha HU3BKINM BUCOTI 3 BUIIIOK PO3IBHOIO 3/IaTHICTIO
MpUIaiB Ta y 30UIbIIEHUX MaclTadax.

[Ticas bOro 3a JOMOMOTOK MPOrPaMHKX OJIOKIB
KOMIT I0Te€pa MOPIBHIOIOTH ONTHYHI Ta TEIJIOBI31M-
HI KaJIpH, BIA3HATI HA PI3HUX BUCOTAX 1 MiJ pi3HUMHU
paKypcamu, Ta poOiaTh OCTaTOUHUH BUCHOBOK LIOAO
MicI 3aknagands MiH. L1 MicIs MO3HAYar0Th JIFOMi-
HECIIEHTHOIO (hap0o10, Y AKY JONAI0Th PEUOBUHY, SKa
BIJUISIKY€ TBapHH. Y pa3i HEBINEBHEHOCTI B pe3yJbTa-
Tax oTpuMaHoi iH(hopmarlii nepen hikcariero Koopiam-
HaT BUSIBJICHOTO MicLisl HMOBIpHOTO 3aK/IalaHHs MiH 3
KOMaH/IHOTO MYHKTY 3J1HCHIOIOTH HOTO BUBYECHHS Ha

Puc. 1. IomrykoBuii 1poH 3 61okoM kepyBaHHs (1), iHIYKTOpOM
(2), Bimeokameporo i TertoBizopoM (3), hapOoBinmiTankom (4);
TeNecKOmYHUM 1ryrnoM (5) Hajx MiHOTO (6)

ISSN 0235-3474. TexH. giarHOCTUKa Ta HEPYWHIBHUM KOHTpOnb, 2023, Ne3

HAsBHICTh METaJly 3a I0IIOMOrol0 OOPTOBOTO MOpTa-
THUBHOTO TEIUIOBI30pa, IHAYKTOpa, pajaapa, nrymna. Ko-
MaH/ay Ha (hiKcalilo KOOpAMHAT 1 PO3MITKH (apOoro
Jae Kepyrouuii onepatop. Po3MinyBaHHS poOIsTh
carepu 3a KOOpJAWHaTaMHu Bif npoHy. JloTpuMaHHsS
0e3IMeYHOCT] Ta BUCOKOI PEe3yIbTaTUBHOCTI MOIIYKY
3HAYHO BaXKJIMBIIIE 32 BUTpaTu. L[ MeTomuka 103B0-
JIST€ 3HAXOAUTH MIHHI TTOJISI Ta KOOPJIUHATH OKPEMHX
MiH, YTOYHIOE€ KOHTYP METaly i TPYHTOM 3a JIOTIO-
MOTOIO THITOWTEpa Ta MIyTa.

Puc. 2. HamiBaBTOMaTHYHMIA TOMIYK MiH

Puc. 4. KBanpakonrep (apoH) Hag MiHOO (1) 3 THIYKTOPOM i TiH-
no¥repom (2), TeneckoniyHuM 1rynom (3), papOoBiAMITHUKOM

(4)
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HABYAJILHUH ITOCIBHUK
«MOHITOPUHI CTAHY KOHCTPYKLUII (BBEJIEHHS B ITPODECIO)»

Buoasnuymeo HB® «Iumepcepsicy, popma A4, 962 konvoposux inlocmpayitl

[lepura yacTiHA KHUTH PUCBSYEHA OCHOBAM Jie-
(bexTocKorii, BOHA IiKaBa MOYNHAIOYUM (DaxiBIsIM, a
IHII — SABIAOTH COOOI0 HaBUAJIbHI IJIAKATH Ta OPHU-
riHaNbpHI CTATTI, 3aI03WYCHI 3 MPOBIIHUX Mpodeciii-
Hux xypHaniB CLUA, Anrmii, Himequnnu Ta iHmmx
KpaiH.

[IpencrasneHo Garato MarepianiB 32 HOBUMH TeX-
nHonorismu HK. B ocranHi poku mouaB mupoko 3a-
CTOCOBYBAaTHCS PyXOMHI PEHTIECH-TEICBI3IMHNN KOH-
tpoib (PTK). dedekrockomictn YkpaiHu HaBIMINCS
BUTOTOBJISITH HEAOPOTi, TOPTATUBHI, JUCTAHIIIHHO
kepoBani PTK-niepeTBOproBadi, 3a TOIMOMOTOIO SIKHX

MOYKJTUBO BUKOHYBATH MOHITOPUHT TEXHIYHOTO CTaHy
Oy/b-SKUX 00’ €KTIB, BUTOTOBJICHUX 3 OY/Ib-SIKUX Ma-
tepiaini. [Topratueai PTK-neperBoproBaui MOXKyTh
OyTH cTBOpEHI Ha OCHOBI MiHiaTIOpHUX [133-MaTpulp
a00 Ha OCHOBI (DIFOOPOCKOIMIYHUX €KPaHIB Ta OMTO-
€JIEKTPOHIKH BUCOKOI PO3AUIBHOI 34aTHOCTI, SIKa BU-
KOPHUCTOBYETHCS B acTpoHoMmii. OOuaBa pimeHHS
nmo3BoyATh BuKoHyBatn HK y peanpHOMY "aci 6e3 3a-
TpatHux MatepianiB. Taki PTK-texHomorii 3 gacom
3MeHIarh 3acTocyBaHHs Y 3K i MOBHICTIO BUTICHATH
TUTiIBKOBY pafiorpadiro. Y KHHU31 ONMHCaHi OpUTiHAIb-
Hi pillIEHHsI 3 MATHITHOTO, KaIJIIPHOTO Ta iHIIUX Me-
TOJIIB HEPYHHIBHOTO KOHTPOITIO.

ABTOp AUATBCS OararopiuHuM JOCBigoM [HCTH-
TyTy enekrpo3BaproBanHs imM. €.0. [larona, iHmmMX
opranizauiiit HAH Ykpainu, aBTOpiB AomoBigeil Ha
HAyKOBHX KOH(EpEeHLisX YKpaiHCHKOro TOBAPUCTBA
HEPYWHIBHOTO KOHTPOJIIO Ta TEXHIYHOT A1arHOCTHKH.

VY KHU31 TpeJCcTaBlieHI OCHOBU HEPYyHHIBHOTO
KOHTPOJIFO SIKOCTI METaJIOKOHCTPYKI[il, ra30- Ta Ha-
(TOTPOBOIIB, €IEMEHTIB 3aJI3HUYHOTO TPAHCIIOPTY,
nponykilii MamuHOOYAyBaHHS, MTOCYANH BHCOKOTO
THCKY, KOMITO3UIIIHHUX MaTepialiB, a Takok 120 Tex-
HOJIOT1# Ta HaBYAJLHUX IIAKaTiB 3 MOHITOPHHTY CTa-
HY KOHCTPYKIIiH.

[lix xepiBarnTBOM TIpod. B.O.Tpoimpkoro, 3aBia-
yBaua Bigniny IE3 im. €.0. [laroHa, BuKOHaHO YnMa-
JI0 pOOIT 3 OIIHKH SKOCTI PI3HUX CIOPYI, po3podiie-
HO 0aratro METOJIUK pajliallifHUX Ta IHITUX METOMIB
OLIIHKM CTaHy Marepiais.

Tputimaiomocs 3a16xu Ha 3amosnents Knueu: ndt@paton.kiev.ua, larimart@ukr.net, usndt@ukr.net
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IE3 im. €.0. Ilarora HAH VYkpainu (Bigain Ne4) BukoHye
poOOTH 3 MOHITOPHHTY TEXHIYHOTO CTaHy 00’ €KTiB (MeTa-
JIOKOHCTPYKIIiHi, TPyOOIPOBO/iB, OPOHEKHIIETIB, Pe3epPBY-
apiB U1t 30epiraHHs MajuBa, IPOKaTy Ta 3arOTOBOK JJIS
BUTOTOBJICHHS JIeTajei BiliCHbKOBOI TEXHIKH) i3 3aCTOCY-
BaHHSM YyJbTPa3BYKOBOTO, MarHiTOMOPOILIKOBOIO, PEHT-
TeH-TeJIeBI31i{HOr0, KamiJIIPHOTO METO/AIB KOHTPOJIIO Ta
HaJla€ OCIYTH 3 PEMOHTY 3BapHHX 3’ €/IHaHb, 1€(EKTOCKO-
Mi4HO{ Ta 3BApHOI TEXHIKH Pi3HOTO MPU3HAYCHHSI.

E-mail: ndt@paton.kiev.ua, usndt@ukr.net
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We'll be at the

H#ECNDT

4 munaa 2023 poky B
pamkax XIII €spomneii-
" CBbKOI KOH(epeHIii 3 He-
py#HiBHOTO KOHTpOItO B JlicaboHi BigOynmocs 3acinaH-
Ha ['enepanbHOi acamOirei €Bporrelicbkoi dheaepartii 3
HepyiHiBHOTO KOHTpOio (EFNDT). Bymo moBinomite-
HO, 110 pociiicbke ToBaprcTBo HKTJI Oyio BimcTopo-
HeHo Big ydacti B 3aciganasx EFNDT i mo3z6aBnene
[IpaBa roJiocy y 3B’s3Ky 13 3allpOBaPKEHUMHU 1110710 PD
€BpONCHCHKUMHE CaHKIlisiMu. HarnepenoaHi 3acinanus
Oyiio otpumano enekTponnuii uct Big POHKTI mpo
BiaMOBY BijT wieHcTBa B EFNDT.

[pesunent EFNDT Fermin Gomez (IToptyra-
nist) mpeactaBuB 3BiT Paam aupexropiB ®enepariii,
MOB1IOMHUB IIPO BifCcTaBKy Biue-npe3uaenta EFNDT
Anekcanapa Mymiina (P®), Pavel Mazal (Yexis), 3a-
KiHYeHHs ToBHOBakeHb Peter Trampus (Yropumuna),
a TAKOXK 3aMpOINOHYBaB CTBOPUTH HOBUI GOpyM IH-
BUTLHOTO OYy/IiBHHIITBA Ta KOHCTPYKITIH.

BinOymacs muckycis momo poOodux rpyn i HOBO-
ro Craryty opranizamii, web-caliTy i e1eKTpOHHOI
razetn EFNDT, yronu mpo cmiBmparo 3 ¢iHaHco-
BuX nuTaHb 3 TIC — Mi>KHapOIHOIO acoIiaIli€ero, o
MpeACTaBIA€ HEe3aNeKHI KOMIaHil 3 BUIPOOyBaHb,
NepeBipKy Ta cepTudikarii.

Peter Trampus migOuUB MiJICYMKH BHKOHAaH-
Hs €Bponelicbkoro nmpoekty RIMA (Robotics for
Inspection and Maintenance), cipsMOBaHOTO Ha
CTBOpEHHSI MepexXi LEeHTPIB HHPPOBUX IHHOBALIH i
rajqy3eBHX acolialiil AJsl MATPUMKH BIPOBAKEHHS
POOOTOTEXHIKH Ta JJOIIOMOTH MAJIMM 1 CEPETHIM KOM-

[T3]2ECNDT
KBRS

L
L"—-I o g B

o
* !l'-'lll. ey ey

« NDT *
L
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TEHEPAJIbHA ACAMBJIESI €BPOIENCHKOT
®EJIEPAIIIT 3 HK B JIICABOHI

TIaHisIM, PO3POOKH HOBUX PIIICHB IS PI3HUX TaTy3eit
TIPOMHUCITOBOCTI.

Etienne Martin (®panr1tisi) po3moBiB Ipo B3aEMO-
Bignocuan EFNDT 3 ENIQ (European network for
inspection and qualification).

Rene Klieber (6yxrantep EFNDT, IlIBeiinapis) i
Casper Wassink (aynurop EFNDT, Hinepnanan) mo-
sscHuny nutanss oromkety EFNDT na 2023 pik.

Thomas Wenzel (Himeuunna), Bento Alves (ITop-
tyranis) 1 David Gilbert (Benuka Bputanis) B3sau
ydacTb B 0OrOBOpEHHI UTaHHs cepTudikamii mepco-
HaJy, 3a3Ha4MBIIN, 30KpeMa, 10 CUCTEMH cepTudi-
karii Toapucts 3 HK ixHixX kpaiH Bxke mepeinum Ha
BHITYCK ITUPpoBUX cepTudikariB 3 QR-komom, 3aBms-
KU SKOMY KOXeH cepThdiKaT MOXXHA MEePEBIpUTH 3a
KiJTbKa CEeKyH]I.

BinOymwcst Bubopu npe3uacHTa, Bille-Tpe3nuaeHTa
ta uneHiB Panu mupexropis EFNDT. Hmkue naBene-
HO CITMCOK 0OpaHuX wWwieHiB Paan nupekTopis:

[Ipesuaent: Fermin Gomez (Icmanis)

Bine-nipesugent: Ezio Tuberosa (Itasmist)

Unenu: Bento Ottone Alves (IToptyranis), Gerald
Idinger (ABctpis), Thomas Wenzel (Himeuuu-
Ha), David Gilbert (Benuka bpuranis), Peter Fisch
(WIBeiinapist), Tomasz Chady (ITonsma), Frederic
Schaditzki (®paniist).

B ocranniit nens kondepenuii BinOynucs ['ene-
panbHa acamOnes EFNDT 3 3aranpHux nmuTaHb Ta
cuinbuuii ceminap EFNDT-ICNDT 3a temoro «Has-
YyaHHs, KBaJiikaiis Ta cepTudikailisi — HOBa pe-
nakiis cragmapty 9712». [loctnpunTr qomoBigen

- - —
i
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koH(epeHUii MoxHa HalWTH B 1i apxiBi. Odiuiiina
myOJTiKalis TOTOBiIeH 3aIUlaHOBaHa B CEPITHI IIbOTO
POKY.

BaxxnuBoro mogi€ro MixkHapoaHOI 3ycTpiui OyB
JleHb HAyKOBHX JOCIIIKeHb Mi>XKHAPOIHOT akaaeMii
HK (ANDTI). Ykpaincbke ToBapuctBo HKT/] Oyno
y BuTOKiB 3acHyBanHs AKOTI, mouecaum 4ieHom
K01 y cBill yac Oyno oOpano akagemika b.€. I1ato-
Ha. Y xoxi 3aciganus pirounit [Ipesunent Axanemii
[TiTep Tpammyc MOTIOBIB MPO MEPCTIEKTHBU PO3BUT-
Ky AKkazmeMii, a eKkc-Tipe3uieHT Ta 3acHOBHUK ANDTI
Joxysenmne HapmoHi po3moBiB MpoO MOXIMBOCTI 3a-
Jy4eHHs 3aKOHIB KBAaHTOBOI (Pi3WIKH JJIsT PO3BHTKY
e eKTOCKOITi].

Hiiicauii unen Axanewmii Jlesin ['in6epr (bpu-
tancbkuil [nctutyT HK) 3anpononysas interposa-
ny IIporpamy miarorosku 3 NDT, sixy mingrpumas [li-
Tep Tpamityc y AONOBiZI 100 CTBOPEHHS Kypcy PO
BHIIY OCBITY, IKMH 0()OPMIJICHO y BUIJISAL MIIOTHO-
ro nipoekty «NDT, Imxenepis minicHocti». Bin mpo-
MOHY€E BKIIIOYMTH KBamidikamito «NDT» no nepemni-
Ky CIleliaJlbHOCTEH BUIIOT OCBITH, IPOTIaryBaTH Ta
BBXKaTH OJJHUM 3 TpiopuTeTiB AisutbHOCTI ANDTI.
Lle BaxxiuBa mpodhecis, sika CripsiMOBaHa Ha pO3po0-
Ky MarepiamiB, MmeTofiB i Texnomnoriii HK Ta ominky
Mpare3aaTHOCTi KOHCTPYKITiH Ha 0a3i Marepiao3HaB-
CTBa, MEXaHIKM PyHHYBaHHS Ta iHIIWX HayK, IO Ta-
paHTyIOTh Oe3reKy B iHIyCTpil.

HeoOxigHo 3a3HaunTH, MO pOOOTH YKpaiHCHKHUX
BYCHHUX 3 HAYKOBOT'O MOTEHLIATy HE YCTYNAIOTh Kpa-
UM pe3yJIbTaTaM 1HO3eMHUX JIOCHIKEHb, SKi Oyi0
MPOAEMOHCTPOBAHO MiJ yac koHdepenuii. Tak, Ha-
MIPUKJIAJ], OJ{HA 3 He0araThboX PoOiIT 31 CTBOPEHHS €KO-
JIOTIYHO 0€3MEYHNX BOJHUX TEXHOJIOTIH ISl MOBEPX-
nesux metoaiB HK (PT & MPI) nosroproe Te, 1o
Bxke 20 pokiB TomMy Oyio po3poOiieHo, BIpOBaIKe-

ISSN 0235-3474
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M.JI. KazakeBuu (Bine-npesunent Y THKT/I), B.M. Vuaniu, (3a-
cTUIHUK roj. penakropa xxypHaixy TIHK), Cepx noc Canroc
(Bime-npe3unent Mixknapoanoi akanemii HK)

HO TO cepiitHo Burorosisiock B JIIT «KOJIOPAH»
HAH VYkpaini. A mopTaTuBHi CKaHyI04i peHTI€HOTe-
TIeBi3iiiHI cucTeMH, siKi Oyio po3poOiieHo B [HcTuTyTi
enekrpo3BaproBadus imM. €.0. [Tarona HAHY, 3arpe-
Oysani y €Bpomi Ta CIIIA, ane qorenep BUKOPUCTO-
BYIOTBCS TUTBKU B YKpaiHi.

OmanM 3 opranizatopiB €Bporneiicbkoi Kondepen-
ii B Jlicaboni OyB IlopTyranbcbkuii iIHCTUTYT SIKOCTI
(Instituto Portugues da Qualidade — IPQ). CymicHo 3
Li€f0 OpraHi3alielo B [HCTUTYTI elNeKTpo3BapIOBaH-
Ha iM. €.0. ITatona HAH VYkpainu Oyno peasnizosa-
HO KiJIbKa HayKOBO-TE€XHIUYHUX mporpam. IIpamiooTs
B [lopryranii # ¢axisui, HaB4yeHi Ta arecToBaHi y Ku-
eBi. Pazom i3 [lopTyraiabChKuM iHCTUTYTOM SIKOCTI
TOTYBaJHMCs MPOEKTU CINUIBHUX POOIT, OAMH 13 SIKUX
CTOCYBaBCsI HEPYHHIBHOTO KOHTPOJTIO SIKOCT1 3BapHUX
3’enHaHb 11 YopHOOMITBCHKOTO YKpUTTA. CrioiBae-
MOCH Ha MOJANBIINN PO3BUTOK CIIBIIPAIli 3 €BPOTIEH-
CHKUMH KOJIETaMH.

Ha 3aBepiienHst 3acijaHHst #0ro ydacHukaMm Oyiia
TIpecTaBlIeHA BiCONPE3CHTAIlis, TPUCBSIUCHA Ha-
CTyHIHIN €Bponelicbkil kKoH(pepentii 3 HK, ska Bin-
Oynetbes B 2026 porti y Beponi (Itamis).

Kaszaxesuu M.JI.
siye-npezudenm YTHKT]]
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HoBuHM YKkpaiHCbKOro ToBapucTBa HePYMHIBHOIO KOHTPOIIO Ta TEXHIYHOI AiarHOCTUKMN

KAJIEHIAP KOH®EPEHLIIN I BACTABOK 3 HKT/I

World Conference for Inspection and Maintenance Robotics 2023

10—11 >x0oBTHS CIIA, . e . Global 1&M robotics
(BcecaiTHs koH(epeHLis 3 IHCIEKIIii Ta TEXHIYHOTO 00CIYyTOBY- .
2023 XBIOCTOH . community
BaHHS POOOTOTEXHIKH)
1011 >xoBTHS CILIA, ASNT 2023: The Annual Conference American Society for
2023 XbIOCTOH (ITopiuna koHdepeHtis AMepukaHcbkoro ToBapuctsa 3 HK) NDT

5-8 nucromana

[TiBnenna Kopes,

14" International Symposium on NDT in Aerospace
(AeroNDT2023)

Pusan National

2023 bycan (XTV mixnapoanuii cumnosiym 3 HK B aepokocmidHiii rasmys3i) University
rd 1
14-16 mucronana UYexis, . . 53" Defektoskopie /NDE for Safety Czech Society for
2023 Tpebiu (I{opiuHa MixkHapoaHaKoH(MepeHLis i BUcTaBka YeChKOro ToBa- NDT
puctsa 3 HK)
28-30 nucronana Itanis, ART23 Italian Society for
2023 Bpemma (HepyitHiBHUIT KOHTPOIB y chepi KYIbTypHOI CIIaIIIHHH ) NDT
. 33" Annual Conference & Exhibition on Non-Destructive Evalu- . .
79 rpymin Tupis, ation (NDE 2023) (I1lopiuHa koH(}epeHIisl Ta BUCTAaBKA 3 OLIIHKK Indian Society for
2023 Tyse prt PEHIL h NDT
HepyHHIBHUMH METOJIAMH)
23-26 KBiTHA Himeyunna, 36™ Control — Trade Fair for Quality Assurance P.E. Schall GmbH &
2024 ryTrapr (Toproswii sipmMapoK i3 3a0e3MeYeHHsI SIKOCTI) Co. KG

27-31 TpaBHs

[MiBnenna Kopes,

20" World Conference on Non-Destructive Testing (20"
WCNDT)

Korean Society for
NDT

2024 Trxon (XX Bceecsitns koHdepenuis 3 HK)
th 1 1
10-13 uepsns Himewunna, 11" European Workshop on Structural Health Monitoring German Society for
(EWSHM 2024)
2024 Iorcoam N N . . s NDT
(€BponeichKuii ceMiHap 3 MOHITOPUHTY CTPYKTYPHOTO 310POB’s)
11-13 yepBHs Kanana, NDT in Canada 2024 Canadian Institute for
2024 OtraBa (Ilopiuna xoudepenuis Kanancekoro incrutyty HK) NDE
. " .\ . Chinese Society for
15—18 sx0BTHA Kuraii, The 3 World Congress on Condition Monitoring - WCCM 2023 .
. L . ; NDT and China SEI
2024 [lexin (III BeecBiTHilt KOHIpeC 3 MOHITOPUHTY TEXHIYHOTO CTaHy) .
Institute
11-14 nucronana CLIA, ASNT 2024 — The Annual Conference American Society for
2024 Jlac Berac (Ilopiuna koH(pepeHIliss AMepuKaHchKoro ToBapuctsa 3 HK) NDT
9-12 uepnns Kanaza, Pan-American Conference for Nondestructive Testing (VIII Canadian Institute for
. PANNDT)
2025 OmnTapio . o . NDE
(ITanameprkancbka KoH(EpeHIis 3 HepyHHIBHOTO KOHTPOITIO)
69 >x0BTHs CIIA, ASNT 2025 — The Annual Conference American Society for
2025 Jlac Berac (ILlopiuna xoH}epeHwis AMepuKaHchbkoro ToBapuctaa 3 HK) NDT
17" Asia Pacific Conference for Non-Destructive Testing
11-14 tpaBHs CIIA, (APCNDT 2026) American Society for
2026 T"aBai (XVII Asiarceko-TuxookeaHcbka KOH(EPEHIIis 3 HepYHHIBHOTO NDT
KOHTPOJIIO)
15-19 uepBHs Iramnis, The 14" European Conference on Non-Destructive Testing (14" Italian Society for
2026 Bepona ECNDT) (XIV €sporeiicbka kordepenmis 3 HK) NDT
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HoBuHM YKpaiHCBLKOro ToBapMcTBa HepPyMHIBHOIO KOHTPOJIO Ta TEXHIYHOI AiarHOCTUKM

LleHTp cepTudikauii npn YKpalHCbKOMY TOBapUCTBI
HEepPYMHIBHOrO KOHTPOIIO Ta TEXHIYHOT AiarHOCTUKK

ATecTauiHNN LEHTP HEPYWNHIBHOIO KOHTPOJSTHO
npu IHCTUTYTI enekTpoaBaptoBaHHs iM. €.0. [NaToHa

SAMNPOWYIOTb CNELUIANICTIB

Lo npauoloTb B chepi HEPYUHIBHOrO KOHTPOIO
NpPoWTM NiAroToBKY, aTtecTtauito Ta cepTudcikauito
3 pi3HNX MeToAiB HEePYNHIBHOIrO KOHTPOIO:

peHTreHorpacdivHoro (RT) marHitHoro (MT)
ynbTpassykosoro (UT) kaninspHoro (PT)
aKkyctuko-emicinHoro (AT) KOHTpont repmeTnyHocTi (LT)
Tennosoro (TT) BidyanbHoro (VT)
BibpogiarHocTuyHoro (VA) BuxpocTtpymoBoro (ET)

Mwu 3giicHI0OEMO NiArOTOBKY, aTecTaLito Ta cepTudikaLito crneuianicTis, WO NpaLloTb B ranysi HepymnHis-
HOro KOHTpOsto, Ha 1, 2 i 3 piBHI KBanigikauii y BiANOBIAHOCTI 4O BUMOT HaLiOHANbHMX Ta MiXKHapOLHUX
cTaHgapTis:

= [NCTY EN ISO 9712 «HepyiiHiBHUI kOHTpOnb. KBanidikauisa Ta ceptudikauia nepcoHany HK»,

=  SNT-TC-1A "Personnel Qualification and Certification in Nondestructive Testing",

= HIMAOIM 0.00-1.63-13 "MNpaBnna cepTudikadii paxisuiB 3 HEPYNHIBHOrO KOHTPOSO"

B 12 BUPOOGHMUMX CeKTopax:
cekmopu 3a murom rpodyKuil: NINTBO, MOKOBKM, 3BapHi BUpobu, Tpybu Ta TpybonpoBoam, npokar.
rpoMuCIo8i cekmopu: BUPOOHNLITBO Ta 0OpPOONEHHs MeTaniB, KOHTPONb Nepes BBEAEHHSM Ta B Mpo-
ueci ekcnnyarauii, 3anisHM4YHUA TpaHCNopT Ta obnagHaHHA Ans HbOro, aBiakocMivYHa NPOAYKLUis, Npo-
AyKuist cygHobyayBaHHS, obragHaHHA A4ns aTOMHOT eHepreTukn, 6ypose obnagHaHHs.

Bu orpumacre ceprudikat komnereHTHOCTI (paxiBus Big LlenTpy ceprudikaunii
YKpaiHCHbKOr0 TOBApHCTBA HEPYHHIBHOI0 KOHTPOJII0 TA TEXHIYHOI JiarHOCTHKH

Tpu xkpoxu a0 ceprudikary:
1. Ha canti www.usndt.com.ua B po3gini «CepTtucdikauis—®dopmMm» 3HangiTe, 3anoBHITb i HaZiWMiTh Ha
e-mail: usndt@ukr.net i acnk@ukr.net popmun «3asBka Ha cepTudikauito» Ta «OcoboBa kapTa daxiBus»;
2. Mun nigrotyemMo NpOEeKT OOroBopy MpPO HafaHHs nocnyr 3 NiAroToBkM (3a HeoOXigHOCTI), aTtecTauii i
cepTudikauii;
3. Micna nignucanHa goroBopy 3 60Ky 3aMOBHMKa MU NOroAMMO 3 Bamu TepMiHM NiAroTOBKW, EK3aMEHIB,
a TaKOX iHLUi MMTaHHS CTOCOBHO cepTudikauii.

M. KuiB, Byn. Kasumumpa Maneswuua, 23 (kopnyc 6 IE3 im. €.0. NaToHa)
M. Knie-38, 03038, a.c. 20 (ansa nuctyBaHHSA)
Ten. (044) 205-22-49, 200-81-40; e-mail: usndt@ukr.net, acnk@ukr.net
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