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AHOTALIIA

bycci  Canam. EnekTpoMarHiTHO-aKyCTHYHI — I€peTBOpIOBAYl IS
yIIbTPa3ByKOBOTO KOHTPOJIIO MeTaioBupoOiB. Ha mpaBax pykomucy.

Hucepraiiist Ha 3700yTTS HAYKOBOTO CTYINEHS KaHAMJaTa TEXHIYHUX HAYK
(moxTopa (imocodii) 3a cremanbhicTio 05.11.13 «[Ipmmanu 1 METOIM KOHTPOITIO
Ta BU3HAYCHHS CKJIaay pedoBMH» — HallioHanbHUN TEXHIYHUN YHIBEPCUTET
«XapKiBChbKUH MOMITEXHIYHUN THCTUTYT».

Huceprariis IIPUCBSYEHA po3poOiii HOBUX YIIBTPa3BYKOBUX
€JIEKTPOMAarHiTHO-aKyCTUUYHUX TIEPETBOPIOBAUIB 3 JKEPEJIOM  IMITYJIbCHOTO
MOJISIPU3YIOUOr0 MArHiTHOTO MOJIs, METO/IIB MiJABUIICHHS YYyTJIMBOCTI KOHTPOJIIO
Ta J1arHOCTUKH METAIOBUPOOIB 3 BUKOPUCTAHHSM [IEPETBOPIOBAYIB TAKOTO THUITY.

BukoHano aHamiTHYHUN OIJISA] Ta aHAI3 CydyacHHMX 3aco0iB 1 METOIB
KOHTPOJIIO Ta JIarHOCTUKH EJIEKTPOMArHiTHO-aKyCTHYHHM MeToaoM [1-3]
(dbepoMarHiTHUX 1 €NEKTPONPOBIAHUX a00 TUIBKU €JIEKTPONPOBITHUX BUPOOIB B
yMoBax i TOCTIMHMX Ta IMIYJbCHUX MOJSPU3YIOUUX MArHITHUX TOJIB 3
ypaxyBaHHSAM HasBHOCTI KOT€PEHTHUX 3aBaJ PI3HOTO THILY, TEXHIYHOTO PIiBHSA
CYy4aCHHUX EJICKTPOMArHiTHO — aKyCTUYHUX TMEPETBOPIOBAUIB, CXEMOTEXHIYHHX
pilieHb 3ac001B iX KUBJICHHS, IPUHOMY 3 BUPOOIB YJIBTPA3BYKOBUX IMITYJIbCIB Ta
iX 0O0poOKM, BH3HAUEHHS BIJIOMUX I[I€peBar, HEIONIKIB Ta MOXJIMBOCTEH
BUKOPHUCTAHHS B JTOCIIJKEHHSX 1 pO3poOKax.

BuznaueHi Ta OOIpyHTOBaHI HaNpSAMKH JUCEPTALINHOTO MOCHIIKEHHS:
pO3pO0Ka eJIEKTPOMArHITHO-aKyCTUYHOTO MEePETBOPIOBAaYA y BUTJISAI CIPOIICHOT
OJHOBUTKOBOi Mojenm [4] pkepena MarHiTHOTO TOJSPH3YIOUOTro IOJs 3
(dhepoMarHiTHUM OCEpJsIM Ta BUCOKOYACTOTHOK KOTYIIIKOIO, sIKa PO3MIIIEHA MK
OCepAM Ta METAJIOBUPOOOM; IIIAXOM MOJEIIOBaHHs [5] po3noaineHHs iHAyKIIii
MOJISIPU3YIOUOT0 MArHITHOTO TMOJISI HA TOPII Oceps JpKepeia MarHiTHOTO MoJist Ta
B TIOBEPXHEBOMY Imapi SK (epomMarHiTHoro Tak 1 HedepoOMarHiTHOro

METaJOBUPOOY BHU3HAUEHO OCOOJMBOCTI PO3TAlIyBaHHS BHUCOKOYACTOTHOI
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KOTYUIKMA I1HAYKTUBHOCTI MiJl JDKEPEIOM MArHITHOTO TOJs sl €(EeKTHUBHOTO
30y/DKEHHS 3CYBHHMX YJIBTPa3BYKOBUX IMIYJIbCIB (B IEHTPAIbHINA YaCTHHI TOPIIS
dbepoMartiTHOro ocepnas) abo MO3MOBXKHIX YIbTPa3BYKOBHX IMIYJbCiB (0115
nepudepiiinoi yacTuHH TOpLs hepoMarHiTHOro ocepzs) [6].

30UTbIIEHHST KUIBKOCTI BUTKIB KOTYIIKM HaMarHiuyBaHHS MPU HAsABHOCTI
(dbepoMarHiTHOTO Ocepasi MPU3BOANTH 10 3HAYHOTO 301IBIIICHHS Yacy ePeXiTHuX
MPOLIECIB MPHU BKIIOYEHHI >KUBJICHHS IMITYJIBCHOTO JIKEpesia MOJSPU3YI0UOTO
Mar”iTHOTO TOJIsI 1 TpH Horo BHKIIOYEHHI. B pesymprari wac mii iMmynbcy
KUBJICHHSI 301IIbLTY€ETHCS A0 1 MC 1 OijibIie, 10 MPU3BOAUTH 10 301IBIICHHS CUJIH
nputaryBandst EMAII 1o ¢epomarditHoro BupoOy, [HOAATKOBHX BTpat
€JIEKTPOEHEPT1i, MOTIPIICHHIO TEMIEPATYPHOTO pEXUMYy NepeTrBoproBada. [[is
3MEHIIICHHS Yacy Jii IMITyJIbCY JKUBJICHHS JIXKEpeJia MarHiTHOTO TMOJIsl HEOOX1AHO
3MEHIIYBATH KUIbKICTh BUTKIB KOTYIIKH HaMarHiuyyBaHHsI, ajie 1Ie IPU3BOJIUTH 10
3MEHIIECHHS ~ BEJIMYMHU  MAarHiTHOI  IHAYKIIT  HaBITh NOpU  HASABHOCTI
dbepomarniTHOro ocepnas. B pe3ynbrari paiioHadbHOTO BUOOPY KOHCTPYKIIIT
JKepera MArHiTHOTO TMOJii BCTAaHOBJIEHAa HEOOXIJHICTh BUKOHAHHS MOTO
KOTYUIKM HaMar"iuyBaHHS IUIOCKOIO  JBOBIKOHHOIO  TPbOXBHUTKOBOK 1
BUTOTOBIIATA 3 BUCOKOEJIEKTPOIPOBIHOTO BHUCOKOTEIUIONPOBIAHOTO MaTepiary
[7-9]. Ocepast moBUHHO OYTH PO3MIIICHO B BIKHAX KOTYIIKA HaMarHidyBaHHS
TITBKH TOPISIMU. B pe3ysnbTaTi yac il iMIyJibcy HaMarHi4yBaHHS 3MEHIIEHO JI0
200 MKc, 0 JOCTATHBO JJISI KOHTPOJTIO BUPOOiIB TOBITHMHOO 10 300 MM.

BucokouacToTHa KOTyIIKa 1HIYKTMBHOCTI BUKOHaHa 3 JBOMa JIHIMHUMH
poOOYMMH  JINSSHKaMH, AKI  PO3TAIIOBYIOTHCA  IMiJl BIKHAMU  KOTYIIKH
HamarHiuyBaHHs [9]. [Ipy mpOTHIICKHUX HANIPSIMKAX BHCOKOYACTOTHOTO CTPYMY
B IIMX pOoOOYMX IUISHKAX B MOBEPXHEBOMY IIapi BUPOOY 30yIKYIOThCs CUH(ba3H1
NOTY)XHI IMIYJIbCH 3CYBHUX YJIbTPa3BYKOBHUX XBWJIb. [Ipu 1IbOMY BiJHOIIEHHS
30y/PKyBaHUX aMILTITYJ 3CYBHHMX Ta MO3JOBXKHIX IMIysbciB nepesuinye 30 ab.
ToOGTO KOrepeHTH1 IMIYJIbCH MO3I0BXKHIX XBWJIb MPH KOHTPOJI JIyHAa METOAOM
NPaKTUYHO HEe OyAyTh BIUIMBATHM HA PE3YJIbTATH AIarHOCTUKH (HepOMarHiTHHX

BUPOOIB.
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Po3pobnieni  BapiaHTH  KOHCTPYKLIA  €JIEKTPOMArHiTHO-aKyCTHYHUX
NICPETBOPIOBAYIB 3 OJJHOBUTKOBUMH [7], 1BOBUTKOBMMHU [8] Ta TPhOXBHUTKOBUMHU
[9] xoTymkamMu HamarHidyBaHHsS JDKEpela IMITYJIBCHOTO —TIOJSIPU3YOUOTO
Mar"itHoro moss. Ilpu OJHOBHMTKOBIM KOTymImi [7] mepeximHi mpolecH mIpu
BKJIFOUEHHI IMITYJIbCY >KMBJIEHHsS MiHIMaibHI. [IpoTe HE0oOXimHO 30y KyBaTh B
KOTYIIIl CTPYM 3 CHJIOI0 B KUJIbKa KA, IO YCKJIAIHIOE TEMIEPATypHUN PEXUM
NICpETBOPIOBAaYa Ta amapaTypy >KUBICHHS. [Ipu TPhOXBUTKOBiKM KoOTymii [9]
HaMarHiyyBaHHs aMIUTITyAa JOHHUX IMITYJIbCIB MO BIJHOIIEHHIO IO aMILTITYId
3aBaj] mepeBullye 24 ab, MO J03BOJIsE MPOBOAUTH KOHTPOJbL Ta A1arHOCTHUKY
3HAYHOI KUJILKOCTI MeTanoBupoOiB. [Ipy BUKOpUCTaHHI MUXTOBAHOTO ocepas [9]
BIIHOIIICHHS aMIUIITYJ] KOPUCHOTO CUTHAITY 1 1mrymy 30uibiuiiocs 10 38 b, mo
Jla€ MOKJIMBICTh IPOBOAMTH YJIbTPa3BYKOBUI KOHTPOJIb JIyHa-METOOM.

Po3po6ieno meron [10] ynpTpa3ByKOBOTO €lIEKTPOMArHiTHO-aKyCTHYHOTO
KOHTPOIIO (epOMArHiTHUX BHUPOOIB, CYyTh SIKOTO 3aKJIIOYAETHCS B 30YHKEHHI
yJIbTPa3ByKOBUX IMIYJbCIB HUIAXOM (OpPMYyBaHHS B IOBEPXHEBOMY LIapi
dbepomarHiTHOro  BUpPOOY JBOX  PSAOM  PO3TAlllOBAHUX  KOPOTKOYACHO
HaMarHiyeHuX JAUISHOK 3 MNPOTWIEKHUM HANpSIMKOM BEKTOPIB MarHiTHOi
THIYKII1 TOJIIPU3YI0UOTO 10, 30y/DKeHHI B HAMarHiueHuX JUISHKaX IMaKeTHUX
IMITYJIBCIB €JIEKTPOMArHITHOTO TOJIA 3 MPOTUJIEKHO HAIpPaBICHUMHU BEKTOpaMU
HAIpPY>KEHOCTI TPUBATICTIO B KUJIbKA MEP10/IiB BUCOKOI YaCTOTH 3alIOBHEHHS, TIPU
IbOMY 30Y/IPKEHHS IMITYJIbCIB €JIEKTPOMArHITHOTO TOJS BUKOHYIOTH B MOMEHT
yacy, SIKMM JIOpPIBHIOE 4Yacy TMEpeXiHUX MPOIECiB 3 BCTAHOBJIEHHS poOOYOi
BETMYMHU  IHAYKIII  TOJAPU3YIOUOTO  MArHITHOTO  TOJs, a  MpUioM
yJIbTPa3sByKOBUX IMITYJIECIB BIIOUTHX 3 BUpOOY BUKOHYETHCS B Iepiox Hacy t,,,
SKUH BU3HAYAEThCA 3a BUpa3oM 1 — b —t, —t3 <t, =t +t, + {3 + 2H/C, ne T -
TPUBAIICTh IMIYJbCY HaMarHidyBaHHs;, {; — 4Yac MepexigHUX MPOIEciB 3
BCTAHOBJICHHSI pOO0YO1 BEJIMYMHU 1HAYKIIII MOJSIPU3YIOYOr0 MarHiTHOro noss; t,
— yac J1i MaKeTHOro IMIYJbCY €JIEKTPOMArHiTHOTO MOJis; t3 — yac 3aTyXaruux
KOJIMBaHb B IJIOCKIA BHCOKOYACTOTHIM KOTYHII 1HAYKTUBHOCTI; H — TOBILIKMHA

BUpoOy abo BifAcTaHb B 00’emi BupoOy, SKI MIJISATAIOTh YJIBTPA3BYKOBOMY
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KOHTpomo; C — MBUAKICTh TOLIMPEHHS 3CYBHUX YJIBTPa3BYKOBHX XBHJIb B
Marepiajii BUpOOy.

Bcranosneno [9], mo 3aBagm B (epomarHiTHOMY ocepiii, 0OyMOBIICHI
epexTom bapkraysena Ta MarHiTOCTPUKIITHIM EPETBOPEHHAM
€JIEKTPOMArHiTHOI €Heprii B YJIbTPa3BYKOBY IpH 30Y/DKEHHI YJIbTPa3BYKOBUX
IMIYJIBCIB, TPAKTHYHO BHUKIIOYAIOTHCS 32 PAaxXyHOK BHUTOTOBJICHHS OCEpIs
IMIMXTOBAaHUM, MaTepiaj IJIACTUH OCEpis NMOBHMHEH MaTH HU3bKUN KOEQILIEHT
MarHiTOCTPUKIIIMHOTO TMEpeTBOPEHHS, IUJIACTUHU OCepAs TOBHHHI OyTH
OpIEHTOBaHI TMEPIECHIUKYISAPHO TMPOBIAHUKAM pOOOYMX JAUISHOK IUIOCKOI
BHCOKOYACTOTHOI KOTYUIKM IHIYKTHUBHOCTI, @ TaKOXX 3allOBHEHHSAM ILIJIMH MIX
IJIACTUHAMM OCEPJIsl PIIUHOIO 13 3HAYHOIO TYCTHHOIO, HAIIPUKIIA/L TIIIEPUHOM.

[Tokxazano, mo uymiuBicTh npsiMux EMA nepeTBoproBauiB 3 IMITyJIbCHUM
HaMarHiyyBaHHSIM @PU SKUBJIEHHI pPO3POOJIEGHUM T'€HepaTOpoOM MaKETHUX
30HIYFOUMX BHCOKOYACTOTHUX immynbciB [11] Ta mpuitomi Maiaonmrymistaum
migcumoBaueM [12] 3a0e3medyioTh BUSBICHHS IUIOCKOJOHHHMX BiOMBadiB
niamerpoM 3 MM 1 Oulblie mnpu 4yactoTi 3oHayBaHHs 40 ['m, mikoBomy
BHUCOKOYAaCTOTHOMY cTpyMi 120 A, 9acToTi 3CyBHHMX JIHIHHO HOJSPU30BaHUX
yIIbTPa3ByKOBUX KoJMBaHb 2,3 MI'1, TpUBaJIOCTI BUCOKOYACTOTHOTO MAKETHOIO
iMysnbey  6...7 TepioflB  YacTOTH 3alOBHEHHS, TPHUBAJIOCTI IMIYJbCY
HamaruigyBauus 200 MKC, TyCTHHI CTpyMy HamarHidyBauus 600 A/MM° Ta mpu
3azopi Mmixk EMAII i Bupo6om 0,2 MM [9]. Tlpu oMy amIutiTya JiyHa iMITyJIECY
B110UTOTO BiJ Ae(EKTY MO BIAHOIICHHIO JI0 aMILUTITyAu 3aBaj nocsrae 20 nb.

Po3po6neni EMAII 3axuinieni 2 mateHTaMu Ha KOPUCHY MOJIETIb.

Knrouosi cnosa: ynpTpa3ByKOBHIl KOHTpPOJIb, YJIBTPA3BYKOBI I1MITYJIbCH,
nedeKT, N11arHoCTUKA, eIEKTPOMArHiTHO-aKyCTUYHUHN, TIEPETBOPIOBAY, IMITYJIbCHE
JDKEpEJo MAarHiTHOTO MOJis, IUIOCKAa KOTYIKa HaMarHidyBaHHs, (epoMarHiTHe
IIMXTOBAHE OCEPJs, TUIOCKa BHCOKOYACTOTHA KOTYIIKA, TEHEPATOp 30HAYIOUUX

IMITYJIbC1B, TIOCHITIOBAY, 3aBaIH.
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ABSTRACT

Boussi Salam. Electromagnetic - acoustic transducers for ultrasonic testing
of metalware. On the rights of the manuscript.

Thesis for a Candidate Degree in Engineering (Doctor of Philosophy),
specialty 05.11.13 "Devices and methods of testing and determination of
composition of substances” - National Technical University "Kharkiv
Polytechnic Institute".

The dissertation is devoted to development of new ultrasonic
electromagnetic-acoustic transducers with a source of pulsed polarizing magnetic
field, methods of sensitive testing and diagnostics of metalware with the use of
transducers of this type.

Analytical review and analysis of modern means and methods of testing
and diagnostics via electromagnetic-acoustic method [1-3] of ferromagnetic and
electrically conductive or strictly electrically conductive products under
conditions of impact of constant and pulse polarizing magnetic fields taking into
account the presence of coherent interferences of different types, technical level
of modern electromagnetic circuits, means of their power supply, reception of
ultrasonic pulses from metalware and their processing, determination of known
advantages and disadvantages, and opportunities of their use in research and
development.

The direction of the research is defined and justified: development of
electromagnetic-acoustic transducer in the form of a simplified single-wind coil
model [4] of a source of a magnetic polarizing field with a ferromagnetic core
and a high-frequency coil, which is located between the core and the sample; by
modeling [5] the distribution of induction of polarizing magnetic field at the end
face of the core of the magnetic field source and in the surface layer of both
ferromagnetic and non-ferromagnetic metallurgy the features of the location of
the high frequency coil of inductance under the magnetic field source are



2

effectively determined for the effective excitation of shear ultrasonic pulses (near
the peripheral end of the ferromagnetic core) [6].

The increase in number of winds of magnetization coil in presence of a
ferromagnetic core leads to a significant increase in time of transients during the
process of powering of a pulsed source of a polarizing magnetic field and during
its switching off. As a result, the duration of the power pulse increases to 1 ms or
more, which leads to an increase in the force of attraction of EMAP to the
ferromagnetic product, additional losses of electricity, deterioration of
temperature conditions of the transducer. To reduce the duration of powering
pulse of magnetic field it is necessary to reduce the number of winds of the
magnetizing coil, but this leads to a decrease in magnetic induction magnitude,
even in presence of a ferromagnetic core. As a result of rational choice of the
design of the magnetic field source, the flat coil of magnetization must be made
with a two-window three-wind and made of high-conductive high-heat-
conducting material [7-9]. The core should be placed in the windows of the
magnet coil only by the ends. As a result, the action time of the magnetization
pulse is reduced to 200 us, which is sufficient for testing of samples up to
300 mm thick.

The high-frequency inductor coil is made of two linear working sections
that are located under the windows of the coil [9]. In opposite directions of high-
frequency current in these working areas, in-phase powerful pulses of shear
ultrasonic waves are excited in the surface layer of the product. The ratio of the
excited amplitudes of the shear and longitudinal pulses exceeds 30 dB. That is,
the coherent pulses of longitudinal waves in the testing of the moon by the
method will practically not affect the results of the diagnosis of ferromagnetic
products.

Design variants of electromagnetic-acoustic transducers with one-wind [7],
two-wind [8] and three-wind magnetization coils [9] of a source of a pulsed
polarizing magnetic field are developed. With a single-coil [7], the transients are

minimal when the power pulse is winded on. However, it is necessary to excite in
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the coil a current of several kA, which complicates the temperature conditions of
the transducer and power equipment. With a three-coil [9] magnetization, the
amplitude of the bottom pulses in relation to the amplitude of the interference
exceeds 24 dB, which allows for testing and diagnostics of large variety of
samples. When using the charge core [9], the ratio of amplitudes increased to
38 dB, which makes it possible to monitor the echo by the method.

The method [10] of ultrasonic electromagnetic - acoustic testing of
ferromagnetic products is developed. vectors of intensity with duration of several
periods of high filling frequency, n and this excitation of the pulses of the
electromagnetic field is performed at a time equal to the time of transients to
establish the operating value of the induction of the polarizing magnetic field, and
the reception of ultrasonic pulses reflected from the product is performed in the
time period t,,,, which is determined by the expression T —t; —t, —t; <t,, =t; +
t, + t3 + 2H/C, where T is the duration of the magnetization pulse; t; is the time
of transients to establish the working value of the induction of a polarizing
magnetic field; t, - time of packet pulse of electromagnetic field; t; is the time of
damping oscillations in the flat high frequency inductor; H is the thickness of the
product or the distance in volume of the product to be ultrasound; C is the
velocity of propagation of shear ultrasonic waves in the material of the product.

It is established [9] that the interferences in the ferromagnetic core caused
by the Barkhausen effect and magnetostrictive transformation of electromagnetic
energy into ultrasound are practically excluded by production of the core
blended, usage of the material of the core plates which has a low coefficient of
magnetostrictive conversion, perpendicular core plates orientation in relation to
the conductors of the working areas of the flat high-frequency inductor, as well as
filling of the gaps between the plates with a high density fluid, such as glycerol.

It is shown that the sensitivity of direct EMA transducers with pulse
magnetization when powered by a batch high frequency probe pulse generator
[11] and when receiving via a low noise amplifier [12] provide detection of flat-

bottomed reflectors with a diameter of 3 mm or more, probe frequency of 40 Hz,
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peak high-frequency current of 120A, shear linearly polarized ultrasonic
oscillations of 2.3 MHz, high frequency packet pulse duration 6...7 filling
frequency periods, magnetization pulse duration 200 ps, magnetization current
density of 600 A / mm? and at the gap between the EMAP and the product of
0.2 mm [9]. The amplitude of the echo momentum reflected from the flaw in
relation to the noise amplitude reaches 20 dB.

The EMATS developed are protected with 2 utility model patents.

Key words: ultrasonic testing, ultrasonic impulses, flaw, diagnostics,
electromagnetic-acoustic, transducer, pulsed magnetic field source, flat
magnetization coil, ferromagnetic charge core, flat high frequency coil, probe

pulse generator, amplifier, interference.
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