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METOJ0M MATHETOINPYKHOI AKYCTHYHOI EMICIi
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3a pe3ynpTaTaMu aHalli3y JITepaTypHUX JKEepell BUSIBICHO MOTPeOy B Oe3MeUHIX eKOHOMIUHIX
Ta HagIHHUX MeToJax 0OpOoOIEeHHS MOBEPXOHB, 30KpeMa, IS IEMEHTAIli] Ta 3MiHeHHs cTaje-
BHAX KOMIIOHEHTIB 1 KOHCTPYKIII SIK HA eTami BUPOOHHWIITBA, TaK i Mia 9ac excruryaTamii. s
I[bOTO YCIIIIHO BUKOPHCTOBYIOTH MarHeTHy emicito bapkraysena (MEB), sika oOMexeHa Tiu-
OMHOIO BUMIPIOBaHHS, a Jla3epHE 3MIIIHEHHS Ta IIEMEHTAIlisl YaCTO BUXOMAATH 32 MeXi cdepH il
3actocyBanHs. OOMexyBanbHUM YHHHUKOM st MEDB € mocnabneHHs curaany BHXpOBHMH
CTpYMaMH IiJ 4ac HOro MOLIMPEHHs KPi3b MaTepial, U0 MPU3BOANTH O MaKCHMAJIbHOI IIHOH-
HU BUMIPIOBaHHS ~ 1 MM 3aJIe)KHO BiJl 4aCTOTHU 30YIKCHHS, ialma30Hy 4yacTOT aHaJli3y Ta Biiac-
THBOCTEH MaTepiaiy. [IepCreKTHBHOIO € MarHeTONpy»kHa akyctiyHa emicis (MAE), sika nomm-
pro€eThes yepes Bech BUNPOOyBaHHH 3pa3ok Oe3 mepemkos BiJ BUXpoBuXx crpyMiB. Tomy rim-
OnHa BUMIpIOBaHHA TyT Habarato Oinmemia, HiX 3a Meroxy MEB. OOGrpyHTOBaHO MOXKIHBICTH
BuKopucTanHs curHary MAE mist o6poGneHHs moBepxoHb. Po3pobieHo eBpecTHIHy MOJeb
JUTS OLIHIOBAaHHA TOBIIMHHU MOAM(D)IKOBAHOTO IIAPy €NEMEHTIB KOHCTPYKIIii 3 (hepOMarHeTHOTO
Marepially Ta 3alpOIIOHOBAHO BiJIIOBIJHY METOANKY. BoHa mossirae B ToMy, 110, JOCIHIKYIOUH
MetogoM MAE 1uist pisHHX 4acTOT IepeMarHedeHHs BUXIJHOTO 3pa3ka Ta 3pas3ka 3 Moaudiko-
BaHMM ITOBEPXHEBUM LIAPOM, 3HAXOJATh BIJHOCHY PI3HHIIIO CyM aMILITY] 3apeecTPOBAHUX
curHaniB MAE, 4acToTy, MOYMHAIOYH Bil SKOT 1151 Pi3HUII Oy/e MOCTIHHO0, 1 IS i€l 4acTOTH
3a (opMyJOI0 JUIS TIMOVWHM TPOHUKHEHHS 3MIHHOTO MarHeTHOro Iojisi abo 3 ypaxXyBaHHSIM
po3MipiB 3pa3ka YHCIOBHMH METOJAMH OLIHIOIOTH TOBIIMHY MOAN(IKOBAHOTO IOBEPXHEBOTO
mapy. BepudikoBano po3pobieHy MEeTOAMKY Ha 3paskax 3i ctani 17'1C y crani nocTadaHHS Ta
31 MITYYHO IUTACTUYHO JIe(OpMOBAHIM BEPXHIM MIAPOM Ta OI[IHEHO HOTO €()eKTHBHY TOBIIHHY.

KunrodoBi cioBa: macnemonpyscna axycmuuna emicis, ingpopmamuseni napamempu, ghepomac-
HemHi Mmamepianu, MmoguUHA NOBEPXHEBO20 WIADY .

ESTIMATION OF THE THICKNESS OF THE MODIFIED SURFACE
LAYER OF A FERROMAGNETIC STRUCTURAL ELEMENT
BY THE METHOD OF MAGNETOELASTIC ACOUSTIC EMISSION
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The literature review revealed that there is a need in industry to provide safe, economical and
reliable methods for characterizing surface treatments, in particular, such as case hardening and
hardening of steel components and structures, both at the production stage and during operation.
Magnetic Barkhausen emission (MBE) has been successfully used to solve these problems, but
has serious limitations in terms of measurement depth, and surface treatment methods such as
laser hardening and case hardening often fall outside its scope. The limiting factor for MBE is
the attenuation of the eddy currents signal during its propagation through the material, which
leads to a maximum measurement depth of about 1 mm, depending on the excitation frequency,
the analysis frequency range and the material properties. The use of magnetoelastic acoustic
emission (MAE), which propagates through the entire test sample without eddy currents inter-
ference, is promising, thus the measurement depth for MBE is much greater than for MBE.
The possibility of using the MAE signal for characterizing surface treatment is substantiated.
A heuristic model for estimating the thickness of the modified layer of structural elements
made of ferromagnetic material is developed and a corresponding methodology is proposed.
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The essence of the method is as follows: a study is carried out using the MAE method for diffe-
rent frequencies of magnetization reversal of the original sample and the sample with a modi-
fied surface layer, the relative difference in the sums of the amplitudes of the recorded MAE
signals is found, the frequency starting from which this difference will be constant also for this
frequency, using the formula for the penetration depth of an alternating magnetic field or taking
into account the dimensions of the sample is established, the thickness of the modified surface
layer by numerical methods is estimated. The developed method was verified on samples of
17G1S steel in the delivery state and with an artificially plastically deformed upper layer, and
the effective thickness of this upper layer of the sample is estimated.

Keywords: magnetoelastic acoustic emission, informative parameters, ferromagnetic mate-
rials, surface layer thickness.

Beryn. Y npomucnoBocTi icHye moTpeda B Oe3MeYHNX, eKOHOMITHUX Ta HAIIHHAX
MeTo/1aX 0OpOOJICHHST MOBEPXOHb, 30KpeMa, JUIs IIEMEHTAIll Ta 3MII[HeHHs CTaJeBUX
KOMIIOHEHTIB 1 KOHCTPYKIIM SK Ha eTami BUPOOHHWIITBA, TaK 1 MiJ Yac eKCIUTyaTarli
[1, 2]. st miporo ycmimmHO 3aCTOCOBYIOTh MarHeTHy emicito bapkraysena (MEB), sika
oOMekeHa TTMOMHOI0 BUMIPIOBAaHHS, a JIa3epPHE 3MIIIHEHHS Ta IIEMEHTAIlis YaCTO BUXO-
ITh 3a Mexi cdepu ii 3acrocyBans [2].

[lin yac Bukopuctanas MEDB BUXpOBi cTpyMH MOCIa0IIOIOTh CHTHAJ 3a HOTO
MOIIUPEHHS KPi3b MaTepial, U0 MPU3BOAUTH JJO MAaKCUMAJIbHOI TTMOMHN BUMIpIOBaHHS
~ 1 MM 3ameXHO BiX 9acTOTH 30yIKEHHS, Jialma30Hy YacTOT aHajli3y Ta BIACTUBOCTEU
marepiany [1]. Pyx meBuux koH(}Iirypaiiiii JOMEHIB CTBOPIOE aKyCTHUHHUI iMITYJIbC, Bi-
JOMHIi Ik MarHeTonpyxna akyctudna emicis (MAE) [3-7], sikuit momuproeTses yepes
BECh 3pa30K 0e3 Mepemkol BiJi BUXPOBHX CTPyMiB. TakuM YHHOM, TJIMOMHA BUMIpIO-
BaHHS MeTooM MAE Habararo Oinsima, ik MEB.

Iadopmarniiini mapamerpu curHanmy MAE 4yTiuBi 10 CTPYKTYpHHX 3MiH (epo-
MarHeTHOro Marepiary, peXHUMy TepMOOOPOOKH, TUIACTUYHOI JedopMallii, 3aTHIIKO-
BUX HAIpPY)XCHb, HABOAHIOBAHHS TOIIO. 3IETpajOBaHUN MaTepian 3MIHIOE CBOIO JIO-
MEHHY CTPYKTYpY, 1o BiUinBae Ha mapamerpd MAE [8, 9]. HaitBiguytHinie 3miHto€
notyxHicTe MAE mmactuune negopMyBaHHS MaTepialy, a JeIlo MEHIIE — BOJACHb,
BILTUB SIKOTO 3aJIEXHTh BiJ KOHIEeHTpauil y ¢hepomarneruky [8]. Ile o3nauae, mo me-
toa MAE uyTnuBimmuii 10 pe3ynbTaTiB 00poOICHHS OBEPXHI eJIeMeHTa KOHCTPYKIIi 3
(hepoMarHeTHOTro MaTepiaiy.

Horo peaiizaiis i 4ac ekcruryatarii epoMarHeTHUX €JIEMEHTIB 00JIaHaHHS
nepeadayae nepeMarHedyBaHHs IEBHOTO 00’ eMy JiarHocToBaHOro 00’ ekra. [Ipu 1160-
My Ba)KJIMBE 3HAYCHHS MalOTh JIOKAIBHICTh 1 TIMOMHA UISTHKY TlepeMarHedeHHs. [ -
OWHA POHUKHEHHS 3MiHHOTO MAarHeTHOTO IOJA B (hepOMAarHeTHHH 3pa30K 3aJe:KUTh
BiJ HOro (i3M4HUX BIACTUBOCTEM 1 yacTOTH MarueTHoro mojs [10, 11]:

5= | 2 1)
HoM®

Je p — MUTOMHI eNeKTpUYHHE omip Matepiany; ® = 2xf — KyToBa YacToTa 3MiHHOTO
nouist; f — yacToTa mois; Ho — MarHeTHa IPOHUKHICTH BaKyyMy; L — BITHOCHA MarHeTHa
MPOHUKHICTH CTa.

IMix yac BuBenenns popmynu (1) mepenbadanu cramicTh BiIHOCHOT MAarHETHOI
HPOHMKHOCTI 3pa3ka (L = const), miockuil ppoHT eTeKTpOMarHeTHol XBUII, IO Hagac
Ha 3pa30K, (GOpMy 3paska y BUIIIAAI HECKIHUECHHOTO miBnpocTopy Torro [10].

JIis 3pa3KiB CKiHUCHHHX PO3MIpPIB Ta Pi3HOMAHITHHX MPUCTPOIB MepeMarHeYeHHs
aKTyaJbHO YHCIIOBO PO3paxyBaTH PO3MOMALT iHAYKI] MArHETHOTO TI0JIS, CTBOPIOBAHOTO
HUMH B (epoMarHeTHOMY Matepiaii i, IPyHTYIOUHCh Ha LUX pe3yJbTarax, BHOpaTu
KOHCTPYKIIiI0, ONITUMIi3YBAaTH ii 32 TCOMETPHYHUMU PO3MipaMu, apaMeTpaMu OOMOTKH
Ta CIO>KUBAHIM CTPYMOM.
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3rifiHo 3 pe3ynbTaTaMu YKHCIOBUX PO3PAXYHKIB, Mojanux y mpani [11], mobymrysa-
JIH 3aJIKHOCTI TTIMOMHY POMarHeYyBaHHs (PepOMarHeTHOro 3pa3ka CKiHUCHHHUX PO3-
MipiB BiJl 4acTOTH 30y[KYyBaJIbHOTO CHUTHANY Ul coieHoigHoro i Il-moxibHoro Ha-
kiagHoro exekrpomardery (HEM) (puc. 1).

h, MM
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Puc. 1. 3anexHicTh ITHOMHK POMAarHeuyBaHHs pepoMarHeTHOTO 3pa3ka
BiJl 9aCTOTH 30yIKyBaIbHOTO CUTHAITY JUIsI COJleHOTqHOTO (KprBa 1)
i IT-moxi6uoro (kpusa 2) HEM; 3 — teopetn4na kpusa [11].

3a xapaktepoM KpuBHX 1 1 2 MOkHA 3pOOUTH BUCHOBOK, IO I YaCTOT MepemMar-
HeuyBaHHs 1111 i Ginblne rmOuHA MpoMarHedyBaHHS 3paska mias o6ox tunis HEM
MeHIIa, HiK 3a crarionapaux yMoB (7,5 1 3,2 MM It yacToTH epeMaranedyBanus 1 'y
npotd 9,51 4,8 MM 3a cramioHapHux ymoB s I1-moaiOHoro i comenoinnoro HEM,
BiznoBigHO). OTKe, y KOXKHOMY KOHKPETHOMY BHIAIKY HEOOXITHO BUKOHATU MOMIOHI
po3paxyHku. st rmulmmx mpoMaraedyBaHb (pepOMarHeTHOTO 3pa3Ka i gac JiarHo-
ctyBaHHsA MeTozoM MAE noninpHo BukopuctoByBatu [1-nonionuiit HEM. Teopernuna
KpHUBa, 32 SIKOK YacTO PO3PaXOBYIOTh TJIMOMHY MPOHWKHEHHS MarHETHOTO TOJs, Mif-
TBEPUKYE, IO METOMU YHCIOBOTO PO3PAXYHKY yV KOKHOMY KOHKPETHOMY BHIAIIKY
3arajgoM JIal0Th JIOCTOBIPHIIII pe3yJIbTaTH.

[I{o6 oOrpyHTYBaTH MOXKIHMBICTh BUKOpHcTaHHS MAE 11 ornliHrOBaHHS TOBIIMHA
00pO0OIIEHOTO MTOBEPXHEBOT0 MIAPY eJIeMEHTa KOHCTPYKIIii 3 (pepOMarHeTHOTO MaTepia-
Ty A7 Horo 3MIIHEHHS, PO3TITHEMO cXeMy (hepOMarHeTHOTO 3paska 3 MOIuQikoBa-
HHUM MOBEPXHEBUM [apom (puc. 2).

TosmuHa Moaudikosanoro mmapy ho. 3aransHa rmubuna npomaraedesss h. Toxi,
3rigHo 3 MeTonoM MAE, cyMa aMILTITYZ 3apeecTpOBaHOTO CUTHAITY 32 TIepeMarHeveH-
Hs epOMarHETHOTO 3pa3ka 0e3 MOIU(IKOBAHOTO TTOBEPXHEBOIO IAPY

AL =k, Slhn . )

Tyt S ta | — BiAMOBiHO, MIMPHHA TA AOBXKHHA AUISHKY IMEPEMArHEUCHHS; N — KOHIICH-
Tpatlist ueHtpiB reHepyBanus MAE; K — iX eeKTHBHICTD [UIs 3a1aHOT 4aCTOTH Iepe-
MarHeyYeHHSI.

h ho 2

Puc. 2. Cxema depomarseTHoro 3paska
- — — — 1 y craHi nocrayaHus (1)
— 3 MOH(iKOBAHUM MOBEPXHEBUM IIapoM (2).

s 3paska 3 MoAn(iKOBaHUM ITOBEPXHEBUM IIAPOM
AZ =k Slhgng + k¢ SI(h—hy)n , 3)

Jie Ng — KOHIIEHTpAIlis [IeHTpiB reHepyBanHs MAE.
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SIKIII0 TOBEPXHEBHUH IIap 3MIMHIOIOT, IS MPHUKIATY, IEMEHTAIIIEI0 Y TIAaCTHI-
HUM JIe(QOpMyBaHHIM, TO 32 Pe3yJIbTaTaMi BUKOHAHUX paHIIe MOCTIIKEHb METOAOM

MAE [10] A% > AZZ 1 JUTS PI3HUIN CYM aMILTITYT
AR = A — A5 = k¢ Slhg(n—ng). (4)
a JIJIs BITHOCHOT 1X Pi3HUII

S—AAZ _kf5|ho(n—no)_h_0(n—no)

5
A k¢ Sthn h n ©)
3a 9acTOTH HepeMarHeyeHHs, Ko IIHONHA TpoMarnedeHHs h <hy,
) =Mzconst , (6)
n

TOOTO TOBIIMHY MOIU(IKOBAHOTO MIAPY 3HAXOJMMO MIJs YaCTOTH IMEepeMarHeYCHHS,
I sIKo1 & = const .

[pyHTYIOUHCH Ha HABEJEHHX MIPKYyBaHHSAX, MPOMOHYEMO TaKy METOAMKY OLIHFO-
BaHHS TOBIIMHU MOJM(IKOBAHOTO IMMIapy (HEepoMarHETHOTO eJIeMEHTa KOHCTPYKILiH
meronom MAE:

— JOCITIIKYEMO JUIS PI3HUX YaCTOT IepeMarHedeHHst BUXiTHOTO 3pa3Ka Ta 3 MOJIH-
(hiKOBaHUM MTOBEPXHEBUM ILIAPOM;

—3a popmyoro (5) 3HAXOAUMO BIHOCHY Pi3HULIO CYM aMILTiTy ] curHainy MAE;

— BU3HAYAEMO YaCTOTY, TOYMHAKOYH Bijl IKOi & = CONSt ;

— s i€l gacroty 3a hopmysioro (1) abo 3 ypaxyBaHHIM PO3MIpiB 3pa3Ka YKMCIIO-
BO OIIIHFOEMO TOBIIUHY MOIM(IKOBAaHOTO TIOBEPXHEBOTO IIapYy.

Jusa Bepudikarnii po3pobieHoi METOIUKN BUTIPOoOOBYBaH 3pasku 3i crami 171'1C
y CTaHi MOCTa4YaHHs Ta 31 IUTYYHO IUTACTUYHO Je()OPMOBAHUM YIBTPa3ByKOBHM MOJIOT-
KOM BepxHiMm 1mapom (puc. 3).

@

Puc. 3. 3pasok 3i crani 17T1C y crani nocrauauust (@),
3 IVTACTHYHO Ie(hOPMOBAHUM BEPXHIM HIapoM (6)
Ta IJIACTHYHO Je)OPMOBAHKIM BEPXHIM LIAPOM y LEHTPaIbHIN YacTuHi (8).

Ha puc. 4 mogaHo 3aNeXHICTh BIIHOCHOI pi3HUII cyM amIniiTyn curHary MAE
JUTSL BUX1JTHOTO 3pa3ka Ta 3 MOJU(IKOBAaHHM IIAPOM Bifl Pi3HHX YacTOT IMepeMarHeyueH-
us1. s wacroru f = 120 ¢! BimnocHa pisnuis cym ammiityn curaany MAE naGnmka-
€ThCsI 10 O = CONSt . JI71s1 OlliHIOBaHHS TOBIIMHYU MOAM(IKOBAHOTO IIapy 3a (GOPMYIIOI0

(1) omepxyemo 3uauenns ~ 0,5 M.

3, %

L —1 —
15 — Puc. 4. 3anexxHicTh BiTHOCHOT Pi3HULI
10 / cyM amiutityn curiary MAE
L JUISL BEXI/IHOTO 3pasKka
r g Ta 3 MOAU(IKOBaHUM HIAPOM
0 Bifl Pi3HUX YaCTOT epeMarHe4eHHsI.

0 20 40 60 80 100 fc-!

56 ISSN 3041-1823. Information Extraction and Process. 2025. Issue 53 (129)



BUCHOBKHA
OOrpyHTOBaHO MOXJIMBICTH BUKOpHCTaHHsA curHary MAE mns o6poGienHs mo-

BEPXOHb IIIAXOM IIEMEHTAIlIl Ta 3MIIIHEHHS CTAJIEBUX KOMIIOHEHTIB 1 KOHCTPYKIIH K
Ha eTari BUPOOHHUIITBA, TAK 1 MiJ Yyac eKcrutyaTallii. Po3po0iieHo eBpecTuuHy MOJeNnb
JUTSL OIIIHIOBaHHS TOBIIMHHM MOJU(IKOBAHOTO IIapy €JIeMEHTIB KOHCTPYKIii 3 ¢epo-
MarHeTHOTO Martepiaiy. 3alpornoHOBaHO METONUKY BU3HAYEHHS TOBIIMHHA MOAH(DIKO-
BAHOTO IIapy (epOMarHeTHOTO eJIeMeHTa KOHCTPYKLii MeTogoM MAE. Bepugikosano
po3pobneHy MeToauKy Ha 3paskax 3i crtam 17'1C y ctaHi mocTayaHHs Ta 31 MITYYHO
TUTACTHYHO e(pOPMOBAHUM BEPXHIM IIApOM, a TAaKOXK OIIHEHO €()EKTUBHY HOTO TOB-
MIAHY.
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