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JII/IQHEPCHblﬁ OEPPOMATI'HETUK: KOHTPOJIb MAT'HUTHbBIX
CBOUCTB OBPA3LA U EI'O MATEPHAJIA (KBA3UCILJIOIIHOIO).
KPUTEPUU OTHOCUTEJIBHOU JIJUHbI OBPA3LA

Jlnst cienuanbHO MOMYYEHHOTO CeMEHCTBA (MIPY Pa3HBIX 3HAYCHUSX HAMPSHKCHHOCTH H HaMarHUYMBAIOIICTO TTOJIS)
3aBHCHUMOCTEH MarHUTHOW WHAYKIIUH B B TUCTIEPCHOM (TPaHYJIUPOBAHHOM) 00pasIie OT €ro OTHOCUTEIHHOMN JITHHBI
A B nquanazone 4 = 1+13 no onpoOoBaHHOI paHee METOJIMKE YCTAHOBIICHBI KpUTEpUANbHbIE 3HaYeHust 4 = [1] — Ko-
IJ1a 3aBUCUMOCTh B 0T A gocturaer obnactu apromMozeasHocTH ("'miaTto'), a ciieaoBaTesibHo, Ipu A > [4], Koraa pas-
MarHAYHMBAONHA (akTop 00pas3a MUHIMH3NPOBAH, MarHUTHBIE CBOHCTBAa 00pa3Iia COOTBETCTBYIOT TAKOBBIM IS
ero Marepuana. B m3yuaemom nuamnaszone H = 14+131 kA/M: [A] = 7.8+4.9, a HalineHHas yObIBaroIias 3aBUCHMOCTh
[4] ot H mogunnsieTcs oOpaTHOM cTeneHHOW GyHKIMH ¢ mokazateneM creneHu 0.2. [To narabmM B (ipu A > [1]) mo-
JyYCHBI 3HAYCHUSI MarHUTHON MPOHUIIACMOCTH 4 KBA3UCIUIONTHOTO MaTepuana o0pasIoB, a TaKXKe 3aBHCUMOCTH
ot H, vactrnuHo Haxopmsmasics (o1 H = 14 kA/m o H = 30+35 kA/M) B OKPECTHOCTH JKCTpeMyMa i = 6 U 3aTeM
yObIBaromas 70 i« = 3.5. Biarogaps 3Toi 3aBUCUMOCTH, B TOM YHCJIC YCTAHOBICHHOMY (DYHKIIHOHAILHOMY €€ BUITY
(3xcroHeHIMaTEHOMY Tipu H > 35 kA/M), HaliJieHa 3aBUCUMOCTb [4] OT 4 — ¢ BapuaHTamu e¢ (PYHKIMOHATBHOM Jie-

raju3alyn: KaKk Ha OCHOBE YIIOMSIHYTOW cTerneHHoi (yHKiuu [1] oT H, Tak U SKCHOHEHIMaTbHON (YHKINEH.

Kn. cn.: peppomMarHuTHBIA ANCIIEPCHBIN MaTepHai, OTHOCHTENbHAS UTHMHA 00pasiia, MarHUTHAS HHAYKIIHS,
aBTOMO/IEJbHAs 001aCTh, KyCOYHO-TMHEHHAs! alllPOKCUMALIHS

BBEJIEHUE

[Ipu xapakTeprcTUKE MAarHUTHBIX CBOWCTB (heppo-
MarHeTuKa, OMNpEeAeTIeMbIX HHCTPYMEHTABHO C WC-
MOJIb30BAaHUEM O00paslia OMpEeeICHHOW (QOpPMBI, J0-
MHHHUPYIOIIEe 3HAYCHHE OOBIYHO MpHIAETCS HHPOP-
MAaIH O €0 MOTEHIIMAIBHBIX MarHUTHBIX CBOHCTBAX,
T.€. XapaKTEepPHU3YIOIIUX HE CTOJIBKO caM 3TOT o0pasell,
CKOJIBKO ero marepuall. Takas wHbopmarus (i mo-
JMy4eHUs KOTOPOM B COOTBETCTBYIOLEM HCCIECAOBA-
HAU TpedyeTcs ClIemoBaTh OMPEICICHHBIM ITOIXO0-
nam) — OoJiee YHUBEpCalbHasl, IPH 3TOM OHa O0JIer-
YaeT TMOJYy4YeHWE NaHHBIX O MAarHUTHBIX CBOWMCTBAax
m000T0 HHOTO 10 (hopMe 00pasia U3 ATOro Ke MaTe-
puana (KOHEYHO, €CIId UMEIOTCSI CBEIICHUS O T€OMET-
pun obpasia, 4YTO MO3BOJSLIIO OBl CYJUTH O €ro pas-
MarHu4uBaroiieM ¢gakrope N).

B [1] Hapsiny ¢ mmpoKo M3BECTHBIM, MPU3HAHHBIM
KJIACCUYECKUM TOJXOJIOM K OMNPEIEICHUI0 MarHuT-
HBIX CBOWMCTB MaTepwaia eppoMarHeTuka, OCHOBAH-
HOM Ha WCIIOJIb30BaHUM HCCIEAyeMOro obOpasia
(M HaMarHHYMBAIOIICH ero OOMOTKH) 3aMKHYTOH TO-
poumansHOU GopMmel [2—4], tae N = 0, 006cyXkaeH apy-
roM, TO’KE U3BECTHBIN MOJIXOJ K PEIICHUIO 3TOM 3a1a-
gu. J[ns ero peanmzariiyi WCIIONB3YETCsI, HAIPUMeEp,
CTepXHEBOW oOpazen; (4acto — IMWIMHAPUYICCKON
¢opMBI), a NI HAMAarHMYWBaHUS 00pas3ma MPHUMEHs-
ercst conenoup [5-9]. Tem cambIM ycTpaHseTcs psn
TPYAHOCTEH, MPUCYIIUX KIACCUUCCKOMY TOIXOAY:
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B caMOi HaMOTKe IpoBoja (py4HOi) Ha oOpasel] Ta-
KOU YCIIO)KHCHHON (POPMBI U B COOJIIOJICHUU €€ paB-
HOMEPHOCTH, B HEOOXOJMMOCTH H3TOTOBJICHUS MHO-
JKECTBA UHIUBUIYAIbHBIX OOMOTOK — I10 KOJIMYECTBY
M3y4JaeMbIX 00pasnoB (0OMOTKa W 00pasen B3anMHO
HEpa3beMHBI), B OIPAHUYCHHOCTH YHCJIA BUTKOB 00-
MOTKH M HaIPSHKEHHOCTH H C03/1aBaeMOT0 IOJIS.

31ech HaIO CHEMUAIBHO OTOBOPUThH, YTO JTOT
oaX01 obecrieunBaeT TpedyeMyto HHPOPMATHBHOCTh
TOJBKO TOT[A, KOTAA JUISI COOTBETCTBYIOIIETO HCCIIE-
JIOBaHUS B COJICHOMJIE HCIIOJB3YETCS JOCTATOYHO
JUIMHHBIA 00pa3en, T.K. MpH YIVIMHCHWH o0pasIa:
N — 0 (ecmi TakOMy HCCIICIOBAHHMIO TOJIBEPraeTCs
HEJOCTAaTOYHO JUIMHHBIN 00pasell, 1uis KOTOPOro 3Ha-
yeHue N HeE SBISICTCS HMCYE3aOINe MajbIM, IOJydae-
Mast “HGOPMAIIUA OCTASTCS YACTHOM, XapaKTepHU3ylo-
el MarHWTHBIC CBOMCTBa oOpaslia, a HE ero Mare-
puana).

ITo mHeHuo [8], 111 COOTBETCTBYIOIIETO HUCCIE0-
BaHMsI, HAIPABJACHHOIO Ha OIMPEAEICHHEe MarHUTHBIX
CBOIMCTB MaTepuaja, HaIo HCIIOIb30BaTh OOpasell,
OTHOCHUTENIbHAS JIJIMHA KOTOPOro (HampuMmep, IHMINH-
JIPUYECKOr0 IJIMHOMN [ ¥ 1UaMeTpoM d) COCTaBIIAET HE
Menee A = [/d = 50. OgHako Takas peKOMEHJAIUs He
MOAKPEIUIEHa HEOOXOAUMBIMH OOOCHOBAHHMSIMH, UYTO
JaeT MOBOJ CYIWUTh O HEW KaK JIeKJIapaTHBHOMW, IMpH-
yeM JekiiapupyemMoii "¢ 3amacoM" (BpSI JIM OIpaB-
JTAHHBIM) U B BUAC COMHHUTEIBHO €AMHOTO yKa3aHUS
(HE 3aBHCHMOTO Ja)¢ OT TaKOro, SIBHO OOSI3aHHOTO
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BIMATh Ha HETO NapaMeTpa, Kak HaNpsHKEHHOCTh H
HaMarHAWYHMBAIOIIIETO TI0JIS).

Uro kacaercss 000OCHOBaHHSA 3HAYEHHS A, KOTOpOE
YMECTHO Ha3BaTh KputTepuaibHbiM (A = [1]), umes
B BUJY, 4TO IpH A > [/] moxy4aeMble JaHHBIE O Mar-
HUTHBIX CBOMCTBax 00pa3siia MpaKkTHIEeCKU COOTBETCT-
BYIOT TaKOBBIM JUISI €T0 MaTepuana, To B [1] oTmaercs
npeanoyrenue uccuenoBanusam [10—12]. Ilpu ux npo-
BEJICHUU TIOOYEPETHO HCIOIB30BAINCH IIMHIPHYIC-
ckre (eppoMarHUTHEIE 00pa3Ibl U3 OJTHOTO U TOTO KE
Marepuaina (Ct.3) pa3Hoil IJIUHBI [ 1 COOTBETCTBEHHO
pasHoi oTHocHTeNnbHON muHBI A = [/d: oT 4 = 1.1
1 BILIOTH A0 A = 50. [lyis X HaMarHU4MBaHUs TPUMeE-
HSJICS COJICHOWJI, TIPHYEeM YIJIMHEHHBIA — C TEM,
4TOOBI 00pasell, TaXke CPaBHUTEIbHO JUTMHHBIN, MOJI-
BEprajicss HAMAarHUWIMBAHUIO B CPEIUHHON YacTH CO-
JICHOWA, T.€. OCTaBIIsi €ro KOHIIEBBIE YYacTKH, TJIe
HaIpPsHKEHHOCTh oIt H Bcerja 3aHuKeHa, 3a Ipejie-
mamMu obOpasma. B [10-12] monydann 3aBUCHMOCTH
oT A (cemelicTBa 3aBHCHMOCTEH TIpH Pa3HBIX 3HA4Ye-
HusXx H) psijia MarHUTHBIX MMapaMeTpoB, B YHCIIE KO-
TOPBIX MarHUTHas WHAYKIUsA B B oOpasie (1o 3Have-
HUSIM KOTOPO# JOCTYIHBIMUA CTAHOBSITCS IPYTHe Mar-
HUTHBIE TapameTpsl). [lo TpeHay Kakaol W3 3aBHCH-
MOCTEH TOJy4aeMOro CeMeWCTBa BU3YaIbHO HMIICHTHU-
¢bunpoBain KpUTECPHAIBHOE 3HaUeHWe A = [A], mpu
KOTOPOM BOCXOJISIIIIUN YY4acTOK paccMaTpuUBacMoOun
3aBUCUMOCTH TIEPEXOIUT B aBTOMOJCTbHBIN (''TIa-
TO"). DTO CBUIETEIHLCTBOBAJIO O TOM, UTO 37€ECh, T.C.
yXKe I JOCTAaTOYHO JUTHHHOTO o0pasiia, pa3MarHu-
yuBarOIIUK (akTop N CTAaHOBUTCS MCUE3aIONIe Mall
(N — 0). CaenpoBaTenbHO, TPH JOCTHKCHUHU U TIpe-
BBIIIICHUM 3HadYeHHUs [A], T.e. mpu 1 > [1], 3HaucHUE
MarHUTHOW MHAYKIUHA B B 00pasiie MpakKTHYECKHU CO-
OTBETCTBYET 3HAUCHUIO HMHIYKIIMH B €T0 MaTepHae.

He menee aktyanbHBIM SIBISICTCSL BOIIPOC OMpeEne-
JIEHUS KPUTCPUATBHOTO 3HAYCHHSI OTHOCHUTEIHHOU
JUTMHBI U3y4aeMoro (eppoMarHMUTHOTO oOpasia A =
= [A] B ciy4ae, KOria MPUXOJUTCS UMETh JICJO C JIUC-
MEPCHBIM, B YaCTHOCTU TpaHYJUPOBaHHBIM, 00pa3z-
oM. B [13-15], mpumeHsis yATUHESHHBIH MHOTOCIION-
HBIH coneHoun, moao0Ho [10—12] BBIMOIHEHBI dKCITe-
PUMEHTHI 110 HAMAarHHYWBaHUIO JUCIEPCHBIX (heppo-
MarHATHBIX O0Opa3IoB MHMIMHAPHYECKOH (OPMBL,
MIPEJICTABIISIONUX COOOW 3achIKy (B TpyO4yaToM He-
(GeppOMarHUTHOM  KOHTEHHEPE)  IOIIMITHUKOBBIX
mapoB. OTHOCHTENBHYIO JUIMHY JTHX IMIIMHApPUYE-
CKHMX 00pa3ioB (C rpaHyiIaMH) BapbuUpoBaiu oT 4 = 1
u 1o A = 16. Kax u B [10-12], B [13—15] Takxe mory-
Yyanu ceMmeiicTBa 3aBUCMMOCTEH OT A (IpU pasHBIX
3Ha4YeHHUAX f) OrOBOPEHHBIX MarHUTHBIX MAapaMETPOB
W 10 TPEHIy KaXJOH M3 TaKuX 3aBUCUMOCTEH BU3Y-
aTbHO WACHTH(HUITUPOBATN 3HaueHue A = [1] (kpure-
pHAIbHOE), TTPH KOTOPOM BOCXOZSIINN Y4acTOK pac-
CMaTpPUBAEMOMN 3aBUCUMOCTH TEPEXOJUT B aBTOMO-
nenpHBId yyacTok ("mmato"). CrhemoBarenbHO, TpH
A > [1] 3HaueHHE MAarHUTHOW UHAYKIMU B YKa3aHHOM
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TpaHyJUPOBAHHOM 00pas3lle 3/1eCh MPAKTHYSCKU COOT-
BETCTBYCT 3HAYCHHUIO MHAYKIMH B €ro '"marepuaine"
(B TaHHOM CJTy4ae — KaK KBa3HCIIONTHOM).

Takoit, npemnoxxennsiit B [10—15] BapuanT moaxo-
Jla K YCTAaHOBJICHHIO TaHHBIX O MAaTHUTHBIX CBOMCTBaxX
MaTtepuana (eppomaraetuka (10 COOTBETCTBYHOIIUM
JaHHBIM IS €T0 00pas3IoB), MONTYYHI pa3BuTHE B [1]
C WUTIOCTPAIMEH ATOro MOJAX0/la Ha IMPUMEpPE CTallb-
Horo ¢eppomarHernka. Tak, BMECTO BH3yalbHOH
UACHTU(UKALIMN KPUTCPUAIBHOTO 3HAuUCHUsI A = [A]
paccMOTpeHa BO3MOXKHOCTh €ro 0oJiee yTOYHEHHOMU
UICHTU(UKAIINKA, €CTCCTBEHHO, pacrojiaras JocTa-
TOYHBIM 00BEMOM HEOOXOJUMBIX IS 3TOTO SKCIICPH-
MCEHTaJIBHBIX JaHHBIX. 3HaUeHWE (3HaUeHUs) [A] mpen-
JIO)KEHO  OMpeAeNsiTh  aHAJIUTUYECKU, MOJb3YSACh
MPUHLUIIOM KYCOYHO-JIMHEWHON  amnmpOKCHMAallHH,
HO MOJUGUIIMPOBAHHON, a UMEHHO aJlallTUPOBAHHOMN
K CHermupuIHBIM KoopAuHaTaMm. Tak, BOCXOISIITHI
HEJIMHEWHBIM Yy4YacTOK IOJy4aeMoOll 3aBUCUMOCTH
MarHuTHOW WHAYKIHHA B B oOpaslle OT ero OTHOCH-
TEBHOMN JJTUHBI A alIPOKCUMHUPYETCS TaKOH (yHKITH-
el, Koropas B W30paHHBIX JJIs HEe KOOpAHMHATAX,
B YaCTHOCTH Jiorapudmuueckux [1], orodpaxaer 3TOT
y4acTOK Kak '"nmuHeHHbIH" (kBaswiuHEHHBINH). Torma
3HaueHue A = [A] ompenensiercss mo adCHKMCCE TOYKH
€ro TNepeceveHrs ¢ HHTEPIOINPOBAHHON JIMHUEH XBO-
CTOBOTO aBTOMOJICTILHOTO ydacTKa (mHmel "mmato")
3TOM 3aBUCUMOCTH.

[Tomygennoe B [1] mist oOpasnoB u3 cramm 40X
cemerictBo (o H) 3aBucuUMoOCTel B OT A MO3BOJIHIIO
YCTaHOBUTh KpUTEPHAIbHbIC 3HadueHus A = [A] s
Pa3HbIX 3HAYEHUH HampspKeHHocTu nodst H. B uccne-
nyemoM auamasone H = 5.2+127 kA/M 3aBHCHMOCTb
[4] or H oxa3anack yObIBaromeii B mpemesax, BIIOJTHE
MpUEMIIEMBbIX (HAIpUMeEp, IO CPABHEHUIO C YIIOMSHY-
Tol pexomeHmanuen [8]) 3mauenuit [4] ot [A] = 30
mo [A] = 3.3, moaguMHSAsACh OOpaTHOW CTEIEHHOM
¢dyskimu ¢ nokaszarenem crernenu 0.69. Ilo monyueH-
HBIM JIaHHBIM MAarHUTHOW MPOHHUIIAEMOCTH 4 MaTe-
puana o0pasnoB (MCHOAB3Ys AaHHBIE B mpu A > [4])
W 3aBHCHMOCTH 4 OT H, yObmBaromedi ot u =225
mo p = 12.4, HalineHa Takke 3aBHUCUMOCTH [A] OT w,
KoTopas (pyHKIMOHAJIHFHO (B TOM YHCIIE W COTIACHO
YCTaHOBJICHHO!W OOPaTHOM CTEIIEHHOW CBSI3U MEXKIY [
u H) npencraBisieTcst Kak mpsMasi CTETICHHASI ¢ TTOKa-
3areneM creneHu 0.75.

ITIOCTAHOBKA 3AJAYHN

B ciydae, korga peds UAET 0 TUCTIEPCHOM (heppo-
MarHuTHOM 00pasIiie, BOIPOC OIPENeIeHUsT KPUTEPH-
aJIbHOT'0 3HAYCHUS €r0 OTHOCUTEIBHOMU JUIMHBL A = [4],
HampuMep, €CIIi OPHEHTHUPOBAThCS Ha MPEIOKEH-
HYI0 B [1] METOHOJOrNI0 aHAIUTUYSCKON HIACHTU(HU-
Kaluu [A], TIpEnCTaBIseT CaMOCTOSTENbHBIN HHTEpEC;
3TO BUIHO, K IPUMEPY, U3 COMOCTABICHUSI MOTy4YCHHBIX
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B [10-12] u B [13—15] pe3ynbTaTtoB — HE UACHTHUY-
HeIX. [IpuaepkuBasch TOro ke MPUHIIUINA KyCOYHO-
JUHEWHO! ammpokcuManuu (34ech TOXXKe B MOAM(U-
[IUPOBAHHOM BHJIC), BOCXOJSAIINNA HEIWHECHHBIA yua-
CTOK TOW MM MHOW IONy4aeMOW 3aBUCUMOCTH Mar-
HUTHOW WHAYKIMU B B o0Opasue oT A, 1o MeHbIIeH
Mepe y4JacTOK, MPUONMKEHHBIH K "mmaTto", criemyer
anmpoOKCUMHUPOBaTh (YHKIMEH, OTBedaromei Tpedo-
BaHMIO, coracHo [1]. Tak, B BbIOMpaeMbIX IS HEe
KOoOpAWHATaX (BO3MOXXHO, OTIMYHBIX OT BBIOPAHHBIX
B [1] norapudmMuveckux) oHa JO/DKHA OTOOpaKaTh
3TOT y4YacTOK Kak "NMHHEHHBIH" (KBa3HIWHCHHBIN).
DTO BaXHO IS MOCIEAYIONIET0 HaXOXKICHUS 3Haue-
HUS [A] — TO JIETKO ompeensieMoll a0CIucce TOUYKH
nepeceveHus rpaduka ¢ MHTEPIOIUPOBAHHOMN JIMHUCH
"mraro", T.e. JUHUEH XBOCTOBOTO aBTOMOJICIHLHOIO
yJacTka.

PE3YJIBTATBI HCCJIEJOBAHUSA
N NX AHAJIN3

Pa3zpaboTke mpuemieMoro sl IUCHEPCHOTO 00-
paslia BapuaHTa OrOBOPEHHON BBIIIE aHATUTHYECKON
UACHTU(UKALMU KPUTCPUAIBHOTO 3HAYCHUS €r0 OT-
HOCHTEIILHON IITUHBI A = [A] IpeamecTBOBaIA dKCITe-
PUMEHTHI 110 HAMAarHUYMBAHUIO TAKOro oOpasia Iu-
TUHAPHYECKOH (opMbl (3aMeTuM: "obpaser — ecin
UMeeTcs B BUJY €ro cocraB, HO "oOpasipl" — eciu
MMEETCS B BHIy pa3Has JJIMHA OJWHAKOBOTO IO CO-
craBy obOpasua). Kaxapiii U3 uccneayeMbix 00pasioB
(mMHIpIYecKor (OpMBI) TPEACTaBIsI cOOOW 3a-
CBINIKY TOJIIMITHUKOBBIX IIAPOB JAHAMETPOM & MM
u3 (peppomaruutHoi ctanu 95X18 B TpyOuaTOoM He-
(heppOMarHUTHOM KOHTeHiHepe BHYTPEHHHUM IHaMeT-
pom d = 39.5 mMm. Hcnons3oBanu 10 10 munuHIprye-
cKkux 00pasmoB pasHoit mmuHbl [ — oT [ = 40.5 MM
mo [ = 514 MM, — mpu 3TOM OTHOCHUTEINbHAS JIMHA
00pastoB A = [/d cocraBnsna ot //d = 1 o I/d = 13.
[Ipr BBINOJIHEHWW SKCHEPUMEHTOB OOpa3Ilbl TO0Ye-
peaHO TMOMENIATd B CPEAMHHYIO YacTh BHYTpPEHHEH
MOJIOCTH TPHUMEHSIEMOTO CoJieHOna (MHOTOCTIOWHBIH,
qnuHa 1.02 M, BHyTpeHHU# auamerp 50 MM, Y9HCIIO
BUTKOB 6000): MMEeHHO B Ty ero d9actb (HMCIIONHH-
TENbHYIO, T.. (PYHKIMOHAIBHYIO I TPOBEACHUS
MOI00HOTO POJIa OTBITOB, €€ MPOTHKEHHOCTh COCTaB-
nsana 3aeck 10 80% IIuHBI COoleHOWAA), TAe CO3/a-
BaeMOE€ MAarHUTHOE IOJIe OHOPOAHO. Tem cambiM mc-
KITIOYAJIOCh JIaKe YaCTUYHOE MPHUCYTCTBHE oOpasia
B KOHIICBBIX YYaCTKaxX COJICHOWJA, TAEC HAMPSOKEH-
HOCTb T0JIsI 3aHuxkeHa. HampsixeHHocTs H HaMarHu-
YHBAOIETO 0Opasell moiis u3MeHs ot H = 14 xA/m
no H=131 kA/m.

[Io gaHHBIM MAarHUTHOTO MOTOKA, HU3MEPSIEMOTO
BEOEPMETPOM TIOCPEACTBOM MpEAHAZHAYCHHOW IS
3TOTO KaTYIIKH, pa3MemaeMol IMOoCperHe o0pasia,
OTPENIeSUIN TJIOTHOCTh ATOTO TMOTOKA, T.€. MAarHWT-

HYI0O UHIAYKUUIO B B TpaHyJIUpPOBaHHOM (MOAEIHHO
KBa3HUCILJIOIIHOM) 00pa3lie ¢ OTHOCUTEILHOMN JIJTMHOMN
A. B aTHX skcmepuMeHTax, kKak ¥ B [1], moiryvamu ce-
MetictBa (mpu pasHbix H) 3aBucuMocTeii B oT A —
31eCh KITIOYEBBIX IS OINpPEACNICHUS KPUTEPHUATHHBIX
3Ha4YeHH 4 = [4].

OKCIEPUMEHTAIFHO TIOMyYCHHBIE 3aBUCHUMOCTH B
OT A B NPHUHATHIX jauanazoHax A U H HM300paxeHbI
Ha puc. 1, a, OHM KAYECTBEHHO MOJOOHBI 3aBHCHMO-
cTsAM B oT A 1151 crutonTHbIX 00pasnos [1]. Ha kaxkmoit
U3 TIOJIYYEHHOTO CEMENCTBa 3TUX 3aBHCUMOCTEMN
(puc. 1, a) OTYETIMBO BHUHO, YTO TaKas 3aBUCUMOCTH,
BO3pacTas 1Mo MEpe YBEIUYCHUsS A, JOCTUTACT OXKH-
naeMoil 00J1acTH aBTOMOJETHHOCTH B (XapaKkTepHOTo
"miaro"), mMpu4eM MPH WHIAWUBUIYAIbHBIX 3HAYCHUSIX
Kak B, Tak u H. 31ech, B 00J1aCTH aBTOMOJICJILHOCTH
(cBHIIETENBCTBYIONIEH O TOM, YTO B ATOH 00JIacTH, T.€.
JUTSI JOCTATOYHO JJIMHHOTO 00pasiia, ero pa3MarHudiu-
Barommii  paktop N — 0) 3HaYeHHE WHAYKOHH B
MPaKTUYECKU COOTBETCTBYET HCKOMOMY 3HAUYCHHIO
WHAYKOAW B Marepuajie (KBa3HCIUIONIHOM) 00pasia.
[Ipu HamepeHuu k€ BU3YaAIbHO OLEHUTH TO KPUTEPU-
aJpbHOC 3HaueHue A = [A], npm KOTOpoM 00acTh aB-
TOMOJIENIFHOCTH HAaYMHAETCS, MOXKET OKa3aTbCs, YTO
Takas CyObeKTUBHAS OI[CHKA HEJIOCTATOYHO TOYHA.

B ocHOBY mueHTH(GUWKANIHK 3HAYCHUS (3HAYCHUIN)
A = [4] cieayer MOJIOKUTh, KaK YK€ OrOBOPEHO, W3-
BECTHBI MaTEMaTUUYECKUI NMPUEM KYCOUHO-JIMHEHHON
anmpPOKCUMAIINH, B TAHHOM CJIydae — 3aBUCUMOCTHU B
oT A (Torma Ha 3HadyeHHWe [A] OyayT yKa3pIBaTh CaMH
TPEH Bl BOCXO/ISIIETO U MOCIECAYIONEIO aBTOMOICb-
HOTO YYaCTKOB pPacCMaTPUBAaEMOW 3aBUCHUMOCTH).
Ho B aTOM ciyuae, T.e. IPUMEHUTEIBHO K HEIWHEH-
HBIM 3aBHCUMOCTSM B oT A (puc. 1, a), 0ObIYHYIO KY-
COYHO-JIMHEHHYIO aIlMIPOKCUMAITUIO BPSI JIU CTOUT
MPUMEHSTh (MCKJIFOUEHUE COCTABJISIOT MX XBOCTOBBIE
Y9acTH, TJ¢ B MPaKTUIECKU yKe HE 3aBUCHUT OT A M WII-
JIOCTPUPYETCS B BUJEC JIMHUU "TIATO", MapaieabHOM
ocu abcruce A). Bmecrte ¢ TeM Takoi moaxon ocyiie-
CTBUM, €Clid, Kak U B [l], mpubernyTh K KyCOYHO-
JTUHEWHOH anmpoKCUMAIMH 3aBUCUMOCTH B 0T A, HO
B MpeajiaraeMoM MoauduIupoBaHnHoM Buje. Tak, s
M300paKEeHUS KaXKOW U3 MOTy9aeMbIX 3aBHCUMOCTEH
B ot 1 uenecoobpa3HO UCMOJIB30BATh TAKHE KOODPIH-
HaThl (He 00s3aTeabHO JorapugMUIecKue, Kak B [1]),
B KOTOPBIX BOCXOJAIIMI (TI0 MEHBIICH Mepe mpuodIin-
KEHHBII K 00JIaCTH aBTOMOJIENIFHOCTH) y4YacTOK HC-
KYCCTBEHHO TIPEACTABIIIICS OBl Kak "THHEHHBIN"
(KBa3UIMHEHHBIH).

Cka3aHHOE CTAaHOBUTCS 31I€Ch BO3MOXKHBIM, €CIIH
JUIS 3TOTO, KaK MoKa3aHo Ha puc. 1, 0, Tie BOCIpous-
BEJIICHBI TE )K€ JIAaHHBIE, YTO U HA pHC. 1, a, UCIIOIB30-
BaHBI MOJTyJIOTapU(PMHUUYECKUE KOOPAUHATHI (C JIOoTa-
pudmMmIgeckoit ockro adcrtuce). Takas WHTEpIpeTaIus
OJIHOBPEMEHHO CBHUICTEIbCTBYET O TOM, YTO B JIaH-
HOM Cily4ae, T.€. NMpH W3yYEeHUH IPaHyJINPOBAHHOTO

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



)IHCHEPCHbIﬁ OEPPOMAT'HETHUK 61
a - o
BJ l"'] 8 /__U,-—u—ﬂﬂ’J—L.'-—['——L-— B’ Tj
n>/ = | B | ™
//_. A
é A7 ,E——a——g*—A_ﬂ_t‘
0.5 / 1] 0.5
B S
K /<{6/—‘
AL Ll
0t u’f/ e 0.4
I' fr
/ : g —t s
. / r/ s //
) e s 0.3
;f’ ’ : pees
fn’ f—ﬁ——v—vJ—C’—“ -5V
02 / / ] 0.2 -z
/ /7/ 2 })/v,
/ /U/ v
0.1 T 0.1 YR YVY
/.r(f . _*/’_/f‘
}’f /v/' 1 U
,/
0.0 0.0
o 2 4 6 8 10 12 A 2 4 6 810 b
OTH. €. OTH. €]I.

Puc. 1. 3aBUCUMOCTH MarHUTHOH WHIYKIMHA B B ARCIIEPCHOM 00pasiie (TpaHyIMPOBAHHOM B BHIC
3aCHINKH MapoB u3 ctamu 95X18) nunuHapruIecKoit (opMBI OT €ro OTHOCUTEIILHOW JUTHHBI A TIPU
Pa3HBIX 3HAYEHUSIX HAMPSHKEHHOCTH H HaMarHMYUBaIOIIEro MoJisl.

a — TPEJCTaBICHUE B OOBIYHBIX KOOPJHMHATAX; O — MPEJCTABJIICHUE B MOYJIOTapu(HMUICCKUX
koopauHatax; | — H=14,2 —H=32, 3— H=50,4—H=68,5— H=86,6— H=104,

7—H=122,8— H=131 kA/M

oOpasia, mMpUeMJIeMON ISl KBa3WJIMHEAPH3AIUU SB-
nsieTcst orapudmuyeckas (QyHKIUsS (B OTIMYUE OT
[1], xoraa B ciaydae co CIUIONIHBIM 00pa3oM, Cyasl 10
GbakTy MOCTHXXEHHs KBa3WJIMHEApU3aAIMKH B JIOrapud-
MHUYECKHX KOOPJMHATaX, TAKOBOH SIBIISICTCS CTCICH-
Hast QYHKITHS).

CnenoBaTesibHO, NPUMEHHUTEIBHO K H3ydacMOMY
TpaHyJIMpPOBaHHOMY 00pa3ily TpeOyemas KBa3uinHea-
pu3anms ydacTtka 3aBUcUMOCTH B or A (puc. 1, 0),
MIPIJICTAIONIETO K YYacTKy "Turato" 3TOW 3aBHCHMO-
CTH, MOXET OBITh JOCTUTHYTA €€ OMHCAHHEeM Jlora-
pudmudeckoil pyHkuuel Buaa:

B=4,-In(k - 2), (1)
TJI€ OJs1 KaXIIOTO U3 PACCMATPHUBAEMBIX BOCXOISIINX
YYaCTKOB 3aBHCHUMOCTEH B OT A MOIyYeHHOTO CeMei-
ctBa (puc. 1, 0) IpuUCyIM UHIUBUAYAITbHBIC 3HAUCHUS
(heHOMEHONIOTHYECKUX TMapameTpoB A, u k;, u3Me-
Hsomuecs 3neck B npenenax A, € [0.037, 0.18] Tn
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u k; € [1.7, 5.3] m1pu M3MCHCHHHM HaNpPSXKCHHOCTH
HaMarHMYMBAIOMIETO TONs B JuanmazoHe H €
€ [14, 131] xkA/m.

Takum 00pa3om, CTAaHOBUTCSI BO3MOKHOU HICHTH-
¢uKanus KPUTEPUAIBHOTO 3HAYCHUS [A] AN Kaxmaoun
W3 3aBUCHUMOCTEH B OT 1 MOJy4eHHOTOo CEeMEeWCTBa
(puc. 1, 6): xak abcrucca TOYKHA TIEPECEUEHUS BOCXO-
nsmiero (B M30paHHBIX MOJYJIOrapuMUIECKUX KOOP-
IMHATAX — KBa3WJIMHEHHOTO) W aBTOMOJCIHLHOTO
(mHEA "maTo", mapaliebHas OCH A) YYacTKOB TOM
WJIM WHOW 3aBHCUMOCTHU B OT /.

HaiineHasie corlacHO TaKOWl METOHOJIOTHH, HC-
noJie3ys pu 3toM Excel, nanueie [A] u 3aBUCUMOCTH
[4] or H B ucciemyeMoM AHWAIa30HE HAMPSIKEHHOCTH
H 1mions mokazaHel Ha puc. 2, a. 9Ta 3aBUCUMOCTh —
yMepeHHo yObiBatomias ot [1] = 7.8 npu H = 14 kA/m
¥ 1o MeHbIIei mepe 1o [A] = 4.9 mpu H = 131 kA/m.
Uro kacaetcs ee (yHKI[MOHAIBHOTO BUA, TO, Oyay4n
MPEJICTABIIEHHOW B JIorapu(pMUYECKUX KOOPAHHATAX,
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Puc. 2. 3aBUCHMOCTh KPUTEPHAIBHOTO 3HAYEHHS OTHOCHTENLHOM JJIMHBI [A] IUCIiepCHOTo o0pasiia OT HarpsyKeHHOCTH H

HaMarou4uBarouicro 1moJis.

a — B OOBIYHBIX KOOPAMHATAX, 0 — B JIOTAPUPMUICCKUX KOOPIUHATAX

KaK MOKa3aHO Ha puc. 2, 0, OHA KBa3WIIMHEAPH3YeTCS
(Togo0HO POJICTBEHHON 3aBUCHUMOCTH JJIsI CTLTOIIHBIX
obpasmoB [1]). CnemoBarenbHO, M €€ OMHCAHUS
CIIpaBe]INBa CTEIICHHAS (DYHKITHUS:

[A]=(4, -H)”, @)

rae 3HaYeHUsT (CHOMEHOJOTHMYECKHX IapaMeTpOB:
Ay =3410°M/xkAuf=0.2.

Korna kpurepuanbibie 3HaueHus: A = [A] ycTaHOB-
JIEHBI, JOCTyNHBIMH (TIpu A > [A]) cTaHOBSITCS HE
TOJIBKO OTOBOPCHHBIE paHee JaHHbIE HUHAYKUUU B
B Marepuajie (KBa3WCIJIONTHOM) MCHOIB3yeMOro rpa-
HYJIMPOBAaHHOTO 00pasia, a 1 Apyrue JaHHbIE, CBUE-
TETLCTBYIONINE O MAarHUTHBIX CBOHCTBaxX MaTepualia
atoro obpasma. K Ttomy ke, kpome dyHKIHHU (2), mpe-
JIOCTaBJIsIeTCd BO3MOXKHOCTh TOJYYEHHS €Ille OJHOU
(YHKIIMOHATBHOW XapakTepUCTHKHU [A] myTem mepe-
X0Jla OT TaKoro "BHEIIHero" I u3ydaemMoro (eppo-
MarHeTHKa ImapaMeTpa, Kak HanpsoKeHHOCTh H Hamar-
HUYMBAIOIIETO IIOJIA, K OJHOMY W3 Haubollee 4acto
¢durypupyoommux mnapameTpoB (Korga peuyb HICT
0 MarHUTHBIX CBOHCTBaX caMOro marepuana). B gact-
HOCTH, 9TO MarHWTHAasI MPOHUIIAEMOCTh [ MaTepHuaa,
ompesenseMast o TaHHBIM WHIYKIIUA B B 3TOM Mare-
puane, T.e. o AJaHHBIM B Ha "maTo" 3aBUcUMoOCTEd B
oT A Ha puc. 1 (korma, HAMOMHWM, JaHHBIE B B yxke
JOCTaTOYHO JUIMHHOM 37eCh 00paslie COOTBETCTBYIOT
JIaHHBIM B B €r0 KBa3HCIUIOIIHOM Martepuaie). Jlei-
CTBUTEINILHO, €CJTH UCXOJUTh U3 3THX JaHHBIX B, 3aBH-
camux oT H (puc. 3, a), To HA OCHOBaHWUW WU3BECTHOM
csi3u 1 = B/ (uoH) (o = 47107 I'n/M — MaruuTHas

KOHCTAaHTa) HETPYJHO MOJYYUTh IIOJIEBYIO 3aBHCH-
MOCTb [, ©300paKEHHYIO Ha pHcC. 3, 0.

Cyns mo BUAY TOMYyYEHHON 3aBUCUMOCTH U OT H
(puc. 3, 0), oHa, B OTJIMYUE OT IOJOOHON 3aBUCUMO-
CTH ISl CILIONIHOTO oOpasia [1], yacTuuHO HaXOIUT-
Csl B OKPECTHOCTH CBOETO JKCTpeMyMa (3TO 3aMETHO
mo ee Tpeuay npu H < 30+35 kA/M) ¢ MakcHMallb-
HBIM 37lech 3HaueHueMm u = 6. OctajibHas 4acTb 3TOU
3apucumoctu (ipu H > 30+35 kA/M) HaxoauTcs
B TOCTIKCTPEMAIBHONH 0OJACTH, TIOe MPOUCXOIUT
OKUJaeMoe, XapakTepHoe Juia (peppoMarHeTUKOB
yObIBaHHE 1 IO Mepe pocta H: 3mech 1o 4 = 3.5 npu
H=131 kA/m.

Takoe ke Mo CMBICITY TTOBEACHHE JTaHHON 3aBHCH-
MOCTH WJUTIOCTPUPYETCS B JAOMOJHUTEIHHO WH(pOpMA-
TUBHBIX 3JIECh KOOPJUHATAX — MOJIYJIOTaprU(PMUIECKIX
(c morapmdmMuuecKkoil OChl0 OpAWHAT) Ha pHC. 3, B.
[IpumeuarenbHo, YTO B 3TUX KOOPAMHATAX HUCXOMS-
IUHA TTOCTIKCTPEMAIIbHBIA Y4aCTOK 3aBUCUMOCTH 4 OT
H (npu H > 30+35 xA/M 1 110 MEHBIIIEH Mepe 0 Tpe-
NeNBHOTO 311ech 3HaueHuss H = 131 kA/m) kBaswiu-

Heapusyerca  (puc. 3, B). DTO  yKa3bIBaeT
Ha DKCIIOHEHIUANBHYIO CBSI3b MEXKAY y v H:
p = A, exp(—k,H), (3)

riae 3HayeHHs (DEHOMEHOJIOTUYECKUX MapaMeTpoB:
A, =71k, =5.3107 M/KA.

Pacrionaras momydeHHBIMH (hEHOMEHOJIOTHIECKH-
My BeIpakeHusmMu (2) u (3), MOXXHO Tpu HeoOxo1u-
MOCTH BBIATH Ha HETIOCPEJICTBEHHYIO CBSI3b MEXKY KpH-
TEpUATbHBIM 3HAYEHHEM OTHOCHUTEIIBHOW JIIMHBI [A]
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Puc. 3. [loneBble 3aBUCUMOCTH: & — MAarHUTHOW MHIYKIWU B B JAUCIEPCHOM (MOAENHHO KBa3UCILIOIIHOM) MaTepualie

o0pasiia; 6, B— MarHUTHOI MPOHUIIAEMOCTH (i 3TOTO MaTepHraia B OOBIYHBIX U B MOJyJI0rapupMHUYECKUX KOOPAMHATAX

JIUCTIEPCHOTO (TPaHyJIMPOBAHHOTO) 0O0paslia M Mar- [4], oTH. ex. a
HUATHOM MPOHUIIAEMOCTHIO i MaTepuaia obpasmna. Tak,
ecy pemuTh BeIpakeHue (3) orHocutensHO H (T.€.
peoOpa3oBaTh ero B 00paTHYO (GopMy): 6
H=(h1(A2 //J))/kz, “4) 5
TO TMOCJIE MOJICTAaHOBKH (4) B (2) 3Ta CBA3b MOCIEIyET 4
B BHJIE:
> 3
[;L]:(AH'h'l(Az/zu)/kz) 5 (5)
2
HO, 3aMETUM, JIJI5 HECKOJIBKO YKOPOUEHHOTO, YeM JJIs 3 4 5 6 u
(2), nnanazona [A] — ot [A] = 6.4 u 10 MeHbIIEH Mepe ’
mo [A] = 4.9. D10 00yCIIOBICHO OTMCUCHHOW BBIIIC [A], oTH. en. 0

orpaHu4eHHOCThI0 (3) mo H, uro TpebyeT HCKIoue-

HUSL OJHOTO M3 paHee MMeEBIIUXCA (pUC. 2) 3HAYECHUI
[1], a umenno [A] = 7.8 (upu H = 14 kA/mM) — 3Haue-
HUs, KOTZIa, COTJIACHO puc. 3, 0, B, COOTBETCTBYIOIIEE Q |

3HaueHue H aBisercs aOCIUCCOM, OTHOCHAIIEHCS

K OKPECTHOCTH 3KCTPEMyMa I0JIEBOM 3aBUCHMOCTH L.
Hatinennoe Beipaxenue (5) XOpOIIO ammpOKCHMH-

pyert (puc. 4, a, CIUIOIIHAas JIMHKA) JaHHbIe [1] (puc. 4, 3

a, TOYKH), MPEIACTABICHHBIC B 3aBUCUMOCTH OT (] TI0-

MEUYCHHBIE K¢ TOYKAaMHU JaHHBIE [A], 3aBUCHMBIC OT L,

h

Bo3pacrarontie ot [A] = 4.9 mpu = 3.5 mo [A] = 6.4 ’
npu 4 = 6, NOIY4YUTh Jerko. s sToro ciemyer uc-
[OJIb30BaTh JIAHHBIE W3 3aBUCHUMOCTH 4 OT H 3 4 5 6 U
Ha puc. 3, 0, (MCKIoYas TOUKy 4 = 6 npu obcyxnae- Puc. 4. 3aBuCMMOCTh KPUTEPHUAILHOTO 3HAYCHUSI OTHO-
MOM Bbillie 3HaueHun H = 14 kA/M), a TakKe TaHHbIE CUTENBHON JTHHBI [A] AucmepcHOro obpasia OT Mar-
13 3aBUCHUMOCTH [A] oT H Ha puc. 2, a, (MCKITIOUas, HUTHOW TPOHHIIAEMOCTH 4 €ro marepuana (KBasu-
COOTBETCTBEHHO, TOUKY [4] = 7.8 pu H = 14 kA/m). CIIOLIHOIO).

AJ‘ILTepHaTI/IBHO, HaﬁﬂeHHOMy BBIPAYXKEHUIO (5) a — B OOBIYHBIX KOOpauHaTax, JJMHUA — allpoKCruMa-

MOKHO TIPSUIOKHTH TAKXKE HECKONBKO yNpolieHHoe W10 (56 —B HOHYHOFaPHq’Mg‘{eCKHX KOOpIHHa-
BBIPAXKEHNE, CBS3blBalomee [A] W 4, 3amedas, yro 18X, JHMHNS — annpokcumaius no (6)

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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B ToJrysorapu()Mu4YecKux KoopauHaTtax (¢ jorapud-
MHUYECKOH OChIO OpJIMHAT) T€ K€ JaHHbIe [4] (TOUkHU
Ha puc. 4, 0) MOAAArOTCA KBa3WJIMHEapU3anuu (ar-
MPOKCUMUPYIOIIas JTuHus Ha puc. 4, 0). Toraa cBs3b
MEXAy [A] 1 1 MOXKET OBITh 3alCcaHa TaKXXe BBIpaKe-
HUEM SKCIIOHCHIIUATBHOTO BUA:

M =43 exp(k3 : /,4), (6)

rae 3HadyeHUs (HEHOMEHOJIOTMYECKUX MapaMeTpOB:
A3 =34mu k3 =0.1.

OtmetuM, uto cBs3u (5) u (6), kak Oojiee yHHUBEp-
CaNbHBIE 10 CpaBHEHHIO C (2), OCKOJNBKY apryMeH-
TOM B HUX BBICTYNAeT i, T.€. OJUH U3 0a30BBIX Mapa-
METPOB, XapaKTEPU3YIOUIMX MAarHUTHBIC CBOWCTBA
(heppOMAarHeTUKOB, B JAHHOM CJy4ae rpaHyJIMPOBaH-
HOoro (heppomaraernka (a He "BHEMHHUN" mapaMmerp
H), MoryT oxazaThCsl CIIpaBeIJIMBBIMU ISl JPYTUX
JIUCTIEPCHBIX (PePPOMArHeTUKOR.

3AK/IIOYEHHNE

Crnenys TpeIJIoEHHON aBTOpaMH W ONpoOOBaH-
HOW paHee Ha CTaJbHBIX 00pa3lax METOIUKE UICHTH-
(uKauu KPpUTEPUAITBHOTO 3HAYEHHUS OTHOCHTEIBHOU
JuHHEL A = [1] oOpa3ua (korna npu 4 > [A] MarHuTHBIC
CBoOMCTBa 00pa3slla COOTBETCTBYIOT TaKOBBIM IUJISI €TO
MaTepuaia) ¢ UCIOJIb30BAHHEM MacCuBa HEOOXOJIH-
MBIX OIBITHBIX JAaHHBIX, BBITIONHEHA HIICHTHMOUKAIIISL
3HAYCHUH [A] M TUCTIEPCHBIX 00pa3loB — TpaHyJIH-
POBaHHBIX B BHUJIE 3aCHITKH IMapoB U3 ctamu 95X18.
JIns 9TOro BOCXOJAIIMNA HEJIMHEHHBIN y4acTOK Kax-
JIOW W3 TOJyYaeMbIX 3aBUCHUMOCTEM MarHUTHOW WH-
OyKuu B B oOpasme oT A (pHu pa3HBIX 3HAYEHHIX
HaIMpPsHKEHHOCTU NoJs ) anmpoKCUMHUpOBAId Jiora-
pudmmgeckoit pyHkIMel, KOTOpas B CIEIHAIBEHO W3-
OpaHHBIX JUIS HEE MOJTYJIOTapUPMHUUECKUX KOOPIAHHA-
Tax 0TOOpakaeT ATOT YYacTOK Kak "JTUHEHHbIH" (KBa-
3WIIMHEHHBIN). DTO IaBajl0 BO3MOXHOCTb, HCITONB3YS
MPUHITUI KyCOYHO-TUHEHHON anmpoKCuMaIuu (agarm-
THPOBAaHHOW 3/1€Ch K IOIYJIOTapU(DMHIECKUM KOOP-
JIMHAaTaM), TI0 a0CIIMCCe TOYKU €ro MEePECCUCHHsI C HH-
TEPIOJUPOBAHHON JIMHUEH XBOCTOBOI'O ABTOMOJEIIb-
HOTO yYacTKa 3TOH >K€ 3aBUCHMOCTH aHaJUTUUYECCKHU
onpeeiaTh 3HaueHue A = [A]. g moaydeHHOro ce-
MelcTBa 3aBucuMocTe B ot A B nuanasoHe 4 = 1+13
YCTaHOBJICHbI KPUTECpPHAIIbHBIC 3HaueHus A = [1] =
=7.8+49 nupu H = 14+131 xA/m. Haiinennas 3aBu-
cuMocTh [A] ot H — yObIBaromasi, O JYHHSETCS 00-
paTHOM CTEMEeHHON (PYHKITUHU C ITOKA3aTEIEM CTCIICHU
0.2. [To mawHbIM B mpu A > [/] mody4YeHbl 3HAUYCHUS
MarHUTHOW MPOHHUIIAEMOCTH 4 KBA3HUCILIONIHOTO Ma-
Teprana o00pasloB, a TaKkKe 3aBUCUMOCTh U

OoT H, 4aCTMYHO HaXOJAAsACsI B OKPECTHOCTH 3KC-
TpemyMa u = 6 (npu H = 14+35 kA/m) u 3aTem yObI-
Batomas 70 ¢ = 3.5, corjaacHO yCTaHOBJICHHOM DKCIIO-
HEHIMANbHOU cBs3u. OHa MOCTY>XKHWIIa JIeraau3aun
3aBHCHMOCTH [A] OT 4 B TOM ymucie (pyHKINOHATHHON:
KaKk Ha OCHOBE YIOMSHYTOH CTEHCHHOM (DYHKIIUU U
oT H, Tak ¥ SKCIIOHEHITHATBHON (DYHKITHEH.

Hccnedosanue 6binoineno npu QUHAHCOB0U No0oepic-
ke Munobpuayku P® ¢ pamkax I'oczadanus 6 cghepe Hayku
(npoexm FSFZ-2024-0005).
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DISPERSE FERROMAGNETIC: A CONTROL OF MAGNETIC
PROPERTIES OF SAMPLE AND ITS MATERIAL (QUASICONTINUOUS).
CRITERION OF SAMPLE’ RELATIVE LENGTH

D. A. Sandulyak, I. A. Solovev, V. A. Ershova, A. V. Sandulyak, A. A. Sandulyak

MIREA — Russian technological university, Moscow, Russia

For a specially obtained family of dependences of the magnetic induction B in a dispersed (granular) sample
on its relative length A in the range 4 = 1+13 (at different values of the magnetizing field strength H), criterion
values 1 = [1] were found using a previously tested method. At these values, the dependence B on A reaches the
self-similarity region (“plateau”), and therefore, at A > [A], when the demagnetizing factor of the sample is mi-
nimized, the magnetic properties of the sample correspond to those of its material. In the studied range of H =
= 14+131 kA/m criterion value [A] = 7.8+4.9 and the obtained decreasing H-dependence on [A] obeys the in-
verse power function with a power equals to 0.2. According to data B (at A > [1]), values of magnetic permea-
bility ¢ of quasisolid material of samples, as well as H-dependence on u partially located (from A = 14 kA/m to
H =30+35 kA/m) in the vicinity of extremum x = 6 and then decreasing to i = 3.5, were obtained. Due to this
dependence, including its established functional type (exponential at H > 35 kA/m), the u-dependence on [A]
was found with variants of its functional legalization: both on the basis of the mentioned power H-function of
[4] and by exponential function.

Keywords: ferromagnetic disperse material, relative length of sample, magnetic induction, self-similar section,
accommodate piecewise approximation
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INTRODUCTION

When characterizing the magnetic properties of
a ferromagnet determined instrumentally using
a sample of a certain shape, dominant importance is
usually given to information about its potential mag-
netic properties, i.e., characterizing not so much the
sample itself as its material. Such information (obtain-
ing which requires following certain approaches in the
corresponding study) is more universal, while it facili-
tates receiving data on the magnetic properties of any
other sample that differs in form but is the same ma-
terial (of course, if there is information about the
geometry of the sample, which would make it possible
to judge its demagnetizing factor N).

In [1], along with the well-known, recognized clas-
sical approach to determining the magnetic properties
of a ferromagnetic material, based on the use of the
test sample (and its magnetizing winding) of closed
toroidal shape [2—4], where N = 0, another, also
known approach to solving this problem is discussed.
For its implementation, for example, a rod sample
(often cylindrical in shape) is wused, and
a solenoid is used to magnetize the sample [5-9]. This
eliminates a number of difficulties inherent in the
classical approach: in the very winding (manual) of
the wire onto a sample of such a complicated shape
and in maintaining its uniformity, in the need to man-
ufacture a plurality of individual windings — accord-
ing to the number of samples studied (the winding and
the sample are mutually integral), in the limitation of
the number of turns of the winding and the strength A
of the generated field.

Here it is necessary to mention that this approach
provides the required informativeness only when
a sufficiently long sample is used for the correspond-
ing study in the solenoid, since when extending the
sample: N — 0 (if an insufficiently long sample is
subjected to such a study, for which the value of N is
not vanishingly small, the information obtained re-
mains specific, characterizing the magnetic properties
of the sample and not its material).

According to [8], for an appropriate study aimed at
determining the magnetic properties of a material, it is
necessary to use a sample which relative length (for
example, cylindrical length / and diameter d) is at
least 1 =1/ d = 50. However, such a recommendation
is not supported by the necessary justifications, which
gives reason to judge it as declarative, declared "with
a margin" (hardly justified), and in the form of
a dubiously single decree (independent even from
strength H of the magnetizing field that is clearly ob-
liged to influence).

As for the substantiation of the value of A, which
can appropriately be called a criterion (4 = [4]), the
obtained data on the magnetic properties of the sample
practically correspond to those for its material, so in
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[1] preference is given to research [10—12]. When
conducting them, cylindrical ferromagnetic samples
from the same material (St. 3) of different lengths /
and, accordingly, different relative lengths 4 = //d
were used in turn: from 4 = 1.1 and up to 4 = 50. To
magnetize them, a solenoid was used, an elongated
one so that the sample, even a relatively long one, was
magnetized in the middle of the solenoid, i.e. leaving
its end sections, where the field strength H is always
low, outside the sample. In [10-12], the dependences
of a number of magnetic parameters on A (family of
dependences at different values of H) were obtained,
the paraneters included the magnetic induction B in
the sample (according to the values of which other
magnetic parameters become available). According to
the trend of each of the dependences of the resulting
family, the criterion value A = [1], at which the upward
section of the relationship in question turns into an
automodel ("plateau"), was visually identified. This
indicated that here, i.e., already for a sufficiently long
sample, the demagnetizing factor N becomes vani-
shingly small (N — 0). Therefore, upon reaching and
exceeding the value of [4], i.e., at A > [4], the value of
magnetic induction B in the sample practically corres-
ponds to the value of induction in its material.

No less relevant is the issue of determining the cri-
terion value of the relative length of the studied fer-
romagnetic sample A = [4] in the case when you have
to deal with a dispersed, in particular, granular sam-
ple. In [13—15], using an elongated multilayer soleno-
id, similar to [10—12], experiments were performed to
magnetize cylindrical dispersed ferromagnetic sam-
ples, which are backfilled (in a tubular non-
ferromagnetic container) with bearing balls. The rela-
tive lengths of these cylindrical samples (with pellets)
ranged from A =1to A =16. As in [10-12], families of
dependences of the specified magnetic parameters on
the 4 (at various H values) were also obtained in [13—
15], and accoding to the trend of each of these depen-
dences, we visually identified the value 4 = [1] (crite-
rion), at which the ascending section of the relation-
ship in question passes into the self-similar section
("plateau"). Therefore, when 4 > [1], the value of the
magnetic induction in the granular sample practically
corresponds to the value of the induction in its "ma-
terial" (in this case, as a quasi-complex).

Such an approach proposed in [10—15] to establish
data on the magnetic properties of a ferromagnetic
material (according to the relevant data for its sam-
ples) was developed in [1] using the example of
a steel ferromagnetic. So, instead of visual identifica-
tion of the criterion value 4 = [1], the possibility of its
more refined identification was considered, of course,
with the sufficient amount of experimental data neces-
sary for this. The value (-s) [A] is proposed to be de-
termined analytically using the principle of piecewise
linear approximation, but modified, namely adapted to
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specific coordinates. So, the upward nonlinear section
of the resulting dependence of the magnetic induction
B in the sample of its relative length 4 is approximated
by such a function, which in its chosen coordinates, in
particular logarithmic [1], displays this section as "li-
near"  (quasi-linear). Then the value of
A =[A] is determined by the abscissa of the point of its
intersection with the interpolated line of the tail self-
similar section ("plateau" line) of this dependence.

The steel 40X sample family (by H) of B depen-
dences on 4 obtained in [1] made it possible to estab-
lish criterion values A = [1] for various values of field
strength H. In the studied range H = 52 =+
127 kA/m, the dependence of [A] on H turned out to
be decreasing within the limits quite acceptable (for
example, compared to the mentioned recommended
[8]) values [A] from [41] = 30 to [A] = 3.3, obeying the
inverse power function with an exponent of 0.69. Ac-
cording to the obtained magnetic permeability x data
of the material of the samples (using data B at 1 > [4])
and dependence u on H decreasing from p = 225 up to
u =12.4, the dependence of [1] on the x was also
found, which functionally (including accordance with
the established inverse power relationship between u
and H) is represented as a direct power with an expo-
nent of 0.75.

PROBLEM STATEMENT

In the case when we consider a dispersed ferro-
magnetic sample, the question of determining the cri-
terion value of its relative length A = [1], for example,
focusing on the analytical identification methodology
[4] proposed in [1], is of independent interest; this can
be obviously seen from the comparison of the results
obtained in [10-12] and in [13—15] — not identical.
Adhering to the same principle of piecewise linear
approximation (here also in the modified form), the
ascending nonlinear section of one or another ob-
tained dependences of the magnetic induction B in the
sample on the A, at least the section close to the "pla-
teau," should be approximated with a function that
meets the requirement, according to [1]. So, in the
coordinates selected for it (possibly other than those
selected in [1] logarithmic), it should display this sec-
tion as "linear" (quasi-linear). This is important for the
subsequent determination of the value [A] by the easily
determined abscissa of the intersection point of the
graph with the interpolated "plateau" line, i.e., the line
of the tail self-similar section.

STUDY RESULTS
AND THEIR ANALYSIS

The development of an acceptable version of the
above analytical identification of the criterion value of

its relative length 4 = [1] was preceded by experiments
with magnetization of such a cylindrical sample (note:
"sample" means its composition, but "samples" means
different lengths of the same composition samples).
Each of the test samples (cylindrical) was a backfil-
ling of bearing balls with parameters: a diameter of
8 mm, ferromagnetic steel 95X18 in a tubular non-
ferromagnetic container with an inner diameter d =
=39.5 mm. Up to 10 cylindrical samples of various
lengths / from 40.5 to 514 mm were used, wherein the
relative length of samples A =/ d was from = 1 to
~ 13. When performing experiments, samples were
alternately placed in the middle part of the internal
cavity of the used solenoid (multilayer, length 1.02 m,
internal diameter 50 mm, number of turns 6 000): in
that very part (executive, i.e., functional for conduct-
ing such experiments, its length was up to 80% of the
length of the solenoid), where the generated magnetic
field is uniform. Thus, even the partial presence of the
sample in the end sections of the solenoid, where field
strength was understated, was excluded. The strength
H of the field magnetizing the sample was varied
from 14 to 131 kA/m.

Based on the magnetic flux data measured by
a webermeter using a coil designed for this purpose,
placed in the middle of the sample, the density of this
flux was determined, i.e., magnetic induction B in
a granular (model quasi-solid) sample with a relative
length A. In these experiments, as in [1], families (at
various H) of dependences of B on 1 were obtained —
the key ones for determining the criterion values of
A=Al

Experimentally obtained dependences of B on 4 in
the accepted ranges of A and H are shown in Fig. 1, a.
They are qualitatively similar to the dependences of B
on A for solid samples [1]. On each of the resulting
families of these dependences (Fig. 1, a) it is clearly
seen that such a dependence, increasing as 4 increases,
reaches the expected region of self-similarity B (a cha-
racteristic "plateau"), at individual values of both B
and H.

Fig. 1. Dependence of magnetic induction B in a dis-
persed sample (granulated in the form of filling balls
made of 95X18 steel) of a cylindrical shape on its
relative length A at different values of the strength H of
the magnetizing field.

a — representation in ordinary coordinates; 6 — re-
presentation in semi-logarithmic coordinates;
1—H=14,2—H=32, 3— H=50,4— H=68,
5—H=86,6—H=104,7— H=122,8 — H=
=131 kA/m

Here, in the field of self-similarity (indicating that
in this area, i.e., for a sufficiently long sample, its de-
magnetizing factor N > 0), the value of induction B
practically corresponds to the desired value of induc-
tion in the material (quasi-continuous) of the sample.
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If you intend to visually evaluate the criterion value
A = [4], at which the field of self-similarity begins, it
may turn out that such a subjective assessment is not
accurate enough.

As a basis for identification of the value (s) 4 = [4]
it is necessary to use, as already specified, the known
mathematical technique of piecewise linear approxi-
mation, in this case, the dependence of B on 4 (then
the trends of the upward and subsequent self-similar
sections of the dependence under consideration will
indicate the value [A]). In relation to non-linear depen-
dences of B on 4 (Fig. 1, a), the usual piecewise linear
approximation is hardly worth applying (the exception
is their tail parts, where B is practically no longer de-
pendent on A and is illustrated as a "plateau" line pa-
rallel to the abscissa axis A). However, this approach is
feasible if, as in [1], we resort to a piecewise linear
approximation of the dependence of B on 4, but in the
proposed modified form. So, for the image of each of
the resulting dependences B on 4, it is advisable to use
such coordinates (not necessarily logarithmic, as in
[1]) in which the ascending (at least close to the re-
gion of self-similarity) section would be artificially
represented as "linear" (quasi-linear).

This becomes possible if, as shown in Fig. 1, 0,
where the same data are reproduced as in Fig. 1, a,
semi-logarithmic coordinates (with a logarithmic ab-
scissa axis) are used. This interpretation simultaneous-
ly indicates that when studying a granular sample,
a logarithmic function is acceptable for quasi-
linearization (in contrast to [1], when in the case of
a solid sample, judging by the fact of achieving quasi-
linearization in logarithmic coordinates, this is a pow-
er function).

Therefore, with regard to the studied granular sam-
ple, the required quasi-linearization of the section of
the dependence of B on 4 (Fig. 1, 6) adjacent to the
section of the "plateau" of this dependence can be
achieved by describing it with a logarithmic function
of the form:

B=4,-In(k - 2), )
where for each of the considered ascending sections of
the dependences of B on the 4 of the obtained family
(Fig. 1, ©6), individual values of phenomenological
parameters A, and k; are inherent, varying here within
Ay € [0.037,0.18] T and k; € [1.7, 5.3] as magnetiz-
ing field intensity changes in the range H €
€ [14, 131] kA/m.

Thus, it becomes possible to identify the criterion
value [1] for each of the dependencies of B on the 4 of
the obtained family (Fig. 1, 6): as the abscissa of the
intersection point of the ascending (in selected semi-
linear coordinates — quasi-linear) and self-similar
("plateau" line parallel to the 4 axis) sections of one or
another dependence of B on A.
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Found according to such methodology, using Ex-
cel, the data [A] and dependence of [1] on H in the stu-
died range of field strengths H are shown in Fig. 2, a.
This dependence is moderately decreasing from [A] =
=7.8 at H = 14 kA/m and at least up to [1] = 4.9 at
H =131 kA/m. As for its functional form, being
represented in logarithmic coordinates, as shown in
Fig. 2, 0, it quasi-linearizes (similar to the related de-
pendence for solid samples [1]). Therefore, the power
function is valid to describe it:

A1, 1)

where values of phenomenological parameters:
Ap=3.4-10°m/kA and f=0.2.

2

Fig. 2. Dependence of criterion value of relative
length [A] of dispersed sample on strength H of mag-
netizing field.

a — in ordinary coordinates, 6 — in logarithmic coor-
dinates

When the criterion values 4 = [1] are determined,
not only the previously agreed induction data B be-
comes available (when A > [1]) in the material (quasi-
solid) of the used granular sample, but also other data
indicating the magnetic properties of the material of
this sample. In addition to function (2), it is possible
to obtain another functional characteristic [1] by
switching from such an "external" parameter for the
studied ferromagnet as the strength H of the magnetiz-
ing field to one of the most frequently appearing pa-
rameters (when it comes to the magnetic properties of
the material itself). In particular, this is the magnetic
permeability ¢ of the material being determined from
the induction B in this material, i.e., by the data B on
the "plateau" of the dependencies of B on A in Fig. 1
(if the data on B in a sample that is already long
enough corresponds to the data on B in its quasi-solid
material). Indeed, based on these H-dependent data B
(Fig. 3, a), based on the known relationship u =
= B/ (uH) (o = 47-10”7 H/m — magnetic constant),
it is easy to obtain the field dependence of the u
shown in Fig. 3, 6.

Fig. 3. Field dependences: a — magnetic induction B
in dispersed (model quasi-solid) sample material; 0,
B — magnetic permeability ¢ of this material in ordi-
nary and semi-logarithmic coordinates

Judging by the type of dependence obtained x on H
(Fig. 3, 0), it, unlike a similar dependence for
a solid sample [1], is partially located in the vicinity
of its extremum (this is noticeable in its trend at
H < 30 + 35 kA/m) with the maximum value here
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i = 6. The rest of this relationship (at H > 30 +
35 kA/m) is in the post-extremal region, where the
expected decrease in u characteristic of ferromagnets
occurs as H grows: here up to ¢ = 3.5 at H =
=131 kA/m.

The same behavior of this dependence is illustrated
in additionally informative coordinates — semi-
logarithmic (with a logarithmic ordinate axis) in
Fig. 3, B. It is noteworthy that in these coordinates, the
descending post-extremal section of the dependence u
on H (at H>30 + 35 kA/m and at least up to the limit
value H = 131 kA/m) is quasi-linearized (Fig. 3, B).
This indicates an exponential relationship between u
and H:

u=A,exp(—k,H), 3)

where values of phenomenological parameters are:
A;=7.1and k, = 5.3-107 m/kA.

With the obtained phenomenological expressions
(2) and (3), it is possible, if necessary, to make
a direct connection between the criterion value of the
relative length [A] of the dispersed (granular) sample
and the magnetic permeability u of the sample materi-
al. So, if we solve expression (3) with respect to H
(i.e., convert it to inverse form):

H=(In(4,/ )/ k,, (4)

then after substituting (4) into (2), this relationship
will follow as:

[2]=(4, -In(4, / )/ k)", (5)

but, note, for a slightly shorter than for (2) range
[A] — from [1] = 6.4 and at least up to [A] =4.9. This
is due to the limitation (3) on H noted above, which
requires the exclusion of one of the previously exist-
ing (Fig. 2) values [1], namely [A] = 7.8 (at H =
= 14 kA/m) — values when, according to Fig. 3, 0, B,
the corresponding value of H is an abscissa related to
the vicinity of the extremum of field dependence u.

The found expression (5) approximates well
(Fig. 4, a, solid line) the data [A] (Fig. 4, a, points),
presented depending on the u. Data marked with
points [A], dependent on y, increasing from [1] = 4.9 at
u=3.5to [1] = 6.4 at u = 6, can be easily obtained. To
do this, use the data from the ¢ dependence on H in
Fig. 3, 0, (excluding the point ¢ = 6 at the value of
H = 14 kA/m discussed above), as well as data from
the dependence of [1] on H in Fig. 2, a, (excluding the
point [1] = 7.8 at H = 14 kA/m, respectively).

As an alternative to the found expression (5) a
somewhat simplified expression can be offered con-
necting [A] and u, noting that in semi-logarithmic
coordinates (with a logarithmic ordinate axis) the
same data [A] (points in Fig. 4, 6) can be quasi-
inearized (approximating line in Fig. 4, 6).

Fig. 4. Dependence of the criterion value of the rela-
tive length [1] of the dispersed sample on the magnet-
ic permeability 4 of its material (quasi-solid).

a — in normal coordinates, line — approximation to
(5); 6 — in semi-logarithmic coordinates, line — ap-
proximation to (6)

Then the relationship between [1] and u can also be
written as an expression of the exponential form:

[A]= 45 - explies - 1), (6)

where the values of phenomenological parameters are:
A3 =34 and k3 =0.1.

It should be noted that relations (5) and (6) may be
valid for other dispersed ferromagnets, as they are
more universal compared to (2), since the argument in
them is 4, i.e., one of the basic parameters characteriz-
ing the magnetic properties of ferromagnets, in this
case the granular ferromagnetic (and not the "exter-
nal" parameter H).

CONCLUSION

Following the methodology for identifying the cri-
terion value of the relative length A = [1] of the sample
(when, at 4 > [1], the magnetic properties of the sam-
ple correspond to those of its material), proposed by
the authors and previously tested on steel samples, the
values of [4] for dispersed samples were identified —
balls made of steel 95X18 granulated in the form of
a backfill using an array of necessary experimental
data. For this purpose, the ascending nonlinear section
of each of the obtained dependences of magnetic in-
duction B in the sample on A (at different values of
field strength H) was approximated with a logarithmic
function, which, in semilogarithmic coordinates spe-
cially chosen for it, displays this section as "linear"
(quasilinear). This made it possible, using the prin-
ciple of piecewise linear approximation (adapted here
to semi-logarithmic coordinates), to analytically de-
termine the value of 4 = [1] from the abscissa of the
point of its intersection with the interpolated line of
the tail self-similar section of the same dependence.
For the obtained family of dependencies B on 4 in the
range 4 = 1 + 13, the criterion values are set A = [4] =
=7.8+4.9 at H= 14 + 131 kA/m. The found depen-
dence [1] on H is decreasing, it obeys the inverse
power function with a power of 0.2. According to data
B at 1> [4], values of magnetic permeability u of qua-
si-solid material of samples were obtained, as well as
dependence of i on H, partially located in the vicinity
of extremum u = 6 (at H = 14 + 35 kA/m) and then
decreasing to x = 3.5, according to the established ex-
ponential relationship. It served to legalize the depen-
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dence of [1] on 4, including functional one, both based
on the mentioned power function x of H, and an ex-
ponential function.
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