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YBOJI

1 YBOJ

Jobujame HOBMX Marepujaja ca oapeheHnM cBojcTBHUMA je HEKaj OMO BEITUKH M TEXKakK
HAyYyHU W3a30B. TpeHa pa3Boja KOMITjYTEpCKE WHAYCTPHjE, MHIYCTPHjE TEICKOMYHUKAIIH]a,
yIpaBJbauKUX CHCTEMa M JAPYIHX WHAYCTpPHja YCIIOBJbaBa YOp3aHU Pa3BOj HOBHUX MarHeTHHX
Marepujana. BaxxHo mecto mel)y TuM Mmatepujaniuma 3aysumajy deputu. Oeputu cnanajy y
KEepaMUKy ca BEJIMKOM IPHUMEHOM Yy EJCKTPO — WHXKEHmEepcKoj mpakcu. [loka3yjy cBojcTBa
¢depumarneTn3smMa 300T CYNEpU3MEHJPUBUX HHTEpaknuja u3Mmel)y MeTalHuX joHAa W joHA
kuceoHnka. CympoTHO OpHWjEHTHCAHW CIMHOBH YCIIOBJbABA])y CHIDKEHC HHTCH3UTETA
MarHeTH3alMje y OJHOCY Ha (epoMarHeTHe MaTepujalie, TJe Cy CIUHOBH MapajeiHO
opujeHTHCcaHu. Mel)yTum, oHM MMajy BHIIIE BPEIHOCTHU CCHU(DUIHE IIEKTPHYHE OTIIOPHOCTH O]
NPOBOAHKMX (epoMarHeTHUX MarepHjajia, mMTO omoryhaBa WHXOBY NPHUMEHY Ha BHUIIUM
¢pekBeHnrjama. TeXHONOMKH TJieNaHO, BpeAaH Cy MPOU3BOJA TEXHOJIOTHja KEPaMHUKHX
MaTepujajna. Y IpaKkcH ce KOPUCTe Ka0 MarHeTHO — MEKU M MarHeTHO — TBPAH (pepuTH.

Xemujcka Gopmyna marseTHo — mekux depura je MeFe,O,, rue je ,,Me* “ nBoBajeHTHH
meran. Kpucranna crpykrypa ¢epura je tuma crnmaena (AB,O,). Hajuemhn xomeprmjamau

Meku (eputu cy Zn (depuTH, KO KOjHUX je JIeo joHa IIMHKA 3aMerbeH ca jonnMma Hukiaa (Ni) uiu

manrana (Mn). OcuoBha pasnuka m3mel)y Hukiauuek ¢eputa (NiZnFe,O,) u MaHraHuuHK
depura (MnZnFe,0,) je y BpeJHOCTH BUXOBE CHEU(PUIHE OTHOPHOCTH.

®epuMarteruzam (eputa je mociaeaniia 0coOMHa MOjeIMHUX JoHAa U HBUXOBOT MehycoOHor
nosokaja. MeTaHu jOHH Cy CMEUITEHH Y OKTaeapCKUM U TeTpaenapckum nonoxajuma. NiZn u
MnZn ¢eputu nMajy HHBEp3HY CTPYKTYpPY CIIUHeNa e ce Jeo B joHa Hanmasu y TeTpaeiapckum
MOJIOkKAjUMa, JIOK Cy A jJOHH MCKJbYYHBO Y OKTaeAapCKUM I0JIOXKajuMa. 3aBHCHO OJ CacTaBa U
yCJIOBa CHHTE3€, TEMIIEpaType CHHTEPOBama U aTMocdepe, J0Ia3H 10 U3BECHOT ITOMEpamka joHa
y OJHOCY Ha FUXOB CMEITaj Y OKTaeAapCKUM W/WIIM TeTpaelapCKUM ITyIJbUHAMa, IITO BOJAU
IPOMEHH HUXOBUX MArHeTHUX M EJIEKTPUYHHUX OCOOMHA. 3HauM, HUXOBa CBOjCTBA Cy BeoMma

3aBHCHA O] yCIIOBa Bol)ema mporieca.



YBOJI

3anpemMuHy ¢eputa 4YuHE Maje oO0JacTH pena BEIUYMHE MHUKpOMETapa Koje ce 30BY
Wiess - oBu MarnetHu gomend [1], melycoOHO pa3aBojeHM JOMEHCKHM 3uioBuMa. Iloa
JIeJCTBOM CIIOJbAIIELET MAarHeTHOT 10Jba, MOMEHTH OBHX JIOMEHA TEXE Jla Ce yCMepe y jeTHOM
npasiy. Jleo on eHepruje MarHeTHU3alMje 3a0CTaje W HAKOH YKHJamka I0Jba, IITO PE3YITYje
MOCTOjakeM MarHeTu3annoHe (XucTepesucHe) nerbe. Heku deputu (ca BenukoMm crienupuaHoM
ornoproihy, HIp. amopdHe Jerype) ce Kopucre 3a Bucoke ppeksenuuje, 10 10 MHz .

TBpau ¢eputu Cy mHEepMaHEHTHHM MAarHeTHH MaTepujand Koju ce Oasupajy Ha Oapujym

( BaFe,,0,9), ctpontjym (SrFe;,0,4) u onoso (PbFe;1,019) xexkcadepury. huxosa popmy:na je
obomika MeOx6Fe,0,. OBu ¢eputu cy XekcaroHanHe KyOHE CTPYKType ca BHCOKOM

Bpennomhy KoHcramte ammsotpormje, K, ~3x10° (J/m®), mrTo je HeomxomaH ycrmoB 3a

BUXOBO KOpuITheme Kao TBPAUX MarHETHUX MaTepujaja.

[Ipenmer n3yuaBama (epuTa je qajbu pa3Boj U MOOOJBIIAE IPUXOBUX KapaKTEPHCTUKA Kao U
CTBapame HOBE Kilace (EpUTHUX Marepujaia. Y o0imacTé TBpAMX (epura MCTpaxkuBama Cy
yCMEpeHa Ka ONTUMH3AalMji MarHeTHHX TIapaMerapa (peMaHEeHTHE WHAYKIHUje, jadrHe
KOCPIUTHBHOT M0Jba, MAKCUMAIHOT eHeprujckor npon3Bona (BHmax) 1 ap.). YV obmactu Mexux
depura o 3Hauaja je pa3Boj ontTumuzoBaHux MnZn depura. [lo6osbmame ocoOnHa ce o4YeKyje
ca CTaHOBHIITA Je(UHHCAkA yCIOBa CHHTE3€ OBUX MaTepujaia y3 Jajbe CHIDKaBame I'yOuTaka
npu pagy KomroHeHTH. [IpoyuyaBa ce KOMIUIEKCAH yTHIAj YucTOhe MpeKypcopa, KOJUYWHE U
BpCTE J0JaTaka, Ka0 M BOhEHmE TeMIepaTypHUX Tporeca (KalluHAIHMje W CHHTEPOBama) Ha
MaKpOCKOIICKa MarHeTHa CBOjCTBa (PMHATHUX KoMIoHeHTH. O moceOGHOr je 3Hayaja npaheme
MeTacTaOMIHUX  EHEepreTCKMX CTamka HaHOoIpaxoBa oOkcuaa rBoxha y  oapehenum
TEMIIepaTypHUM HHTepBaiuMa. [log JejcTBOM CHOJballFbUX IMapaMeTrapa (TOIJIOTHO JIEjCTBO,
atMoc(epa, MEXaHOXEMH)CKAa aKTHUBAllMja, MarHeTHO IOJb€ HUTHA.) MOTY CE€ Y HM3BECHO] Mepu
BPIIUTH CTPYKTYpPHE IpOMEHe Koje 00e30elyjy noOujame MaTepujana ca yHampel 3aJaTUM
(YHKLIMOHAIHUM CBOjCTBHUMA.

[Toceban mpobiiem je nepuHUCAE KOpenamuje TnapaMmeTrapa CHHTE3€ — TeMIeparype Hu
BpEMEHA CUHTEPOBamba — aTMocdepe y OAHOCY Ha (DYHKIIMOHAJIHA CBOJCTBA (PUHATHUX (HEPUTHUX
y30paxa.

MexaHOXeMHjCKOM aKTHBAIMjOM CHHTEPOBAHUX IpaxoBa MEHa Ce €HEepPrujcka CTaOMUIIHOCT.

PemaBamem oBUX mpoOiemMa MOTY c€ OCTBApHTH 3HA4YajHE YIITEIE Y MPOIECY MPOU3BOIME

dbepura.
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VY pany cy nara GyHIamMeHTaIHAa TymMaderma yTHIaja Ilapamerapa CHHTEe3¢ Ha CJICKTPUYHA U
MarHeTHa CBoOjcTBa A0OMjeHMX (eputHux y3opaka. OOjallmeH je Tpolec OIUrpaBarmba
CTPYKTYpPHUX TpaHc(opMaiija HaHOCTPYKTYPHUX IMOJIa3HUX IMpaxoBa. OOjalImeH je yTuuaj
aTMocdepe TOKOM CHHTEpBamba HAHOCTPYKTYPHHUX MPECOBAHHX y30paKa MOJa3HHX MPaxoBa Ha
€JICKTPUYHA U MarHeTHa cBojcTBa ¢uHamHUX deputa. JlaTo je TyMauewme yTUIlaja CIIOJbAIIbEr
MarHeTHOT I0Jha TOKOM CHHTEPOBama IIPECOBAHOr Tpaxa Ha MpPOIeC HaMarHeTHCaBamba
(MHATHUX CUHTEPOBAHUX Yy30pakKa.

VY npyroj riaBu OBOT pajia, y OKBUPY TEOPHjCKOT Jeia, JaT je OCBPT Ha MarHeTHO IOJbE Y
cyncraHijama, (epure Kao HAHOCTPYKTYpHE MaTepHjajie W MeToje aoOujama (pepuTHHUX
paxoBa.

VY Tpehoj rmaBu, y OKBUPY €KCIEPUMEHTAIHOT Jella, 1aT je KpaTak OIMHC METoJa KOjuMa je
M3BpIIIEHA KapaKTepU3allije TUEeIEKTPUKA U MarHeTHKA.

Cprk OBe JOKTOPCKE JUCEpTAIMje YNHH YETBPTA TJIaBa, Y KOjOj Cy MPE3CHTOBAHHU PE3yJITaTh
UCTPaXHBama U JUCKYCHja pe3yTara.

[TpenMeT ucTpakuBama je:

* MarnetHo Mek mpax MnZn depura. IIpax ce cactoju ox Mn, ,Zn Fe,O, u mane
KOJIM4YMHE Xemartura o - Fe,O,.

* AKTHBHpAH Mpax CHCTeMa KOra 4MHM MemiaBuHa mnpaxoBa Fe u BaTiO, wmcrux
MaceHHUX O/IHOCA.

* AKTHBHpaH Mpax cHCTeMa Kora 4nHH MemaBuHa mpaxoBa Fe,0, u BaTiO, wmcrux

MaceHUX O/IHOCA.
[lpahena je kopenauuja CTPYKTYpHUX TpaHchOpMaldja M MarHeTHUX M eJNEeKTPHUYHHX
CBOjCTaBa.
Ha xpajy, y meroj riiaBu nucepraiyje, U3BpIIEHA j€ aHallM3a KOMIUIETHOT HMCTpPaXUBamba U

HN3BCACHU O,[[pebeHI/I 3aKJby4dlu O MIPAKTUYIHOT 3Haqaja.
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2 TEOPHMJCKH JIEO

2.1 MarHeTHo noJbe y CynncTaHumjama

MarHeTHHM TOJbEM MOXKE C€ HAa3BaTH U3MEHCHO (PM3NYKO CTAIE y OKOJIMHU HAaeTeKTpUCabha
koja ce kpehy (y oaHocy Ha mocmarpaya) [2, 3]. OCHOBHO CBOjCTBO MarHeTHOI MOJba j€
JIeJIOBalb€ MarHeTCKe CWJIe Ha HaelleKTpUcame Koje ce kpehe y Tom mosby. 3Hauu, MarHeTHO
I0JbE j€ HEpa3/JBOjUBO BE3aHO 3a CBAKO KPETame EIEKTPHIMTETa, HIIP. MAaKPOCKOIICKE
KOHIYKIIMOHE W KOHBEHIIMOHE CTpYyje, KpeTame EJIeKTPOHAa y aToMHMa MM TaK oOpTame
CJIEKTPOHA OKO COICTBEHE oce (CIHH). BpeMeHCKHM NPOMEHJEMBOM MAarHeTHOM IOJbY Y3POK
MOe OUTH 1 MakcBelloBa CTpyja eIeKTPUYHOT TIoMepaja.

CBe cyncTaHnyje moayioxkHe Maruehemy CBOjUM MPHUCYCTBOM Y3POKYjy MPOMEHY MarHeTHOT
nojba y Koje cy yHemeHe. Hamarmermcanoct kojy BehmHe cyncraHIMja HECTaje YKUAAmEM
CTpaHOT MOOYIHOT TMoJba (MapaMarHeTUI U JTUjaMarHeTuIn), 10K (epoMarHeTHU MaTepujaiu
JETUMUYHO 3a/(p’KaBajy HaMarHeTHMCAaHOCT M HAKOH YyKHJama MOOYAHOT Mosba. MarHeTHa
CBOjcTBa (hepOMArHeTHKa MOTUIY OJ MUKPOCKOIICKHX CTpYja KOJ MOJIEKYJa M TPyIe MOJIeKyJa
(Hmp. TOJbE CTAJHUX MarHeTa Koje Jenyje jakKuM CHilaMa Ha Tela oJa (epoMarHeTHUX

Mmarepujaia).

2.1.1 MarHeTHa cBOjCcTBa y CylICTAHIIMjaMa

Onpehena marHeTHa CBOjCTBa MaTepHjaja Cy MOCaeauIa CreiupuIHOCTH aTOMCKE, OJJHOCHO
€JIEKTPOHCKE CTPYKType Matepujana. Haume, enekTponu ce kpehy Oko je3rpa Wil OKO CBOJUX
oca Tako Jla ceé MOXE CMarpaTd Jia IOCTOje Malle CTpYjHE KOHTYpe, KOje C€ OIHUCY]y
onropapajyhuMm MarHeTHUM MOMEHTHMa. AKO ce I[ocMmarpa jellaH aToM WU MOJEKYI,
cabupameM MarHeTHHX MOMEHATa CBHX MMKPOKOHTYpa /J00Hja ce MarHeTHH MOMEHT aToMa,

OIHOCHO MOIJICKYJIA.
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MarseTHu MOMEHT, KOjU TOTHYE OJf KpeTama eJeKTpoHa mo opoutu (Ci. 2.1.), Ha3WBa ce
OpOUTHM MarHeTHH MOMEHT (1) ¥ HOpMaJIaH je Ha MOBPIIMHY OpOMTE, a CMEP My Ce MOKJIama ca

CMEPOM MarHeTHOT M0Jba MUKPOCTpPY]eE.

Cn. 2.1. Kperame efekTpoHa OKO je3rpa (a) Kajia Hema CIIoJballehI’ MAarHeTHOT 1oJka U (0) y
MPUCYCTBY CIIOJBAIIHET MATHETHOT 10Jba.

[IpernocraBbajyhn Kpy»KHO KpeTame €JIEeKTpOHA YraoHOoM Op3MHOM @ TIO Kpyry

MMOJIYIIpECYHHKA I , 34 Op6I/ITaJ'IHI/I Maro€THu MOMCHT CC z[o61/1ja:

m =—%er2c?), (2.1)

npu 4eMy je V=c@f Op3WHa KpeTama eleKTpoHa mo opoutu. Cmep My je oapeher mo
HpaBUITY JIEBE 3aBOJHHIIC Y OJIHOCY HA CMEP KPY)Kekha eICKTPOHA.

Ca gpyre crpaHe, IOCMaTpaH Kao YeCTHLA Mace M, eIeKTPOH MOCEIyje MOMEHT KOJIUYMHE
KpeTama (MOMEHT UMITYJICA):
L=m,(FxV) (2.2)
a cMep My je oxapeheH mo mpaBWwily JECHE 3aBOJHHMIIE Y OJHOCY Ha CMep KpyXema

enektpona (Ciu. 2.1(a)).

Besa oBa qBa MOMEHTa, Ka0 BEKTOPA, J1aTa j€ PeJIalijoM:

P (2.3)
2m,

V 0BOj penaumji, yMHOXaK KOjU CaIpXH NPHPOJHE KOHCTaHTe, —€/2M,, Ha3uBa ce

JKUPOMArH€THU KOJIMYHUK.

VY oncycTBy criospamimer MarHeTHOT noJba (Cir. 2.1(a)) Ha eNeKTPOH Jelyje eNeKTpUYHa CHJia

F, (K ja j F N
¢ (Kynonosa), koja je y paBHOTEXH ca LEHTPU(DYTralHOM CHJIOM ¢ , MHTEH3uTeTa F = _—

rJe je m, Maca eKTpoHa, a V Op3UHA KpeTama 10 opOuTH. MarHeTHM MOMEHT M . cTpyjHE
KOHTYpe"* KOjy oOpa3yje eJeKTPOH, YCMEPEH je Ha JIoie, jep je pu3nuku cMep CTpyje CynpoTaH

5
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CMepy KpeTama eJICKTpOHA. Y OJCYCTBY MAarHeTHOT I0Jba MOXE C€ CMaTpaTH Jia KOMaJ HEeKe
CYIICTaHIIe CaApKh OpOMTHE MAarHETHE MOMEHTE W MPHUIPYKCHE MOMEHTE KOJIMYMHE KpeTarha
JeTHOIUKO pacropeleHe o CBUM CMEPOBUMA Y TTPOCTOPY.

Kana moctoju crospanime MaraeTHo mosbe (Ciu. 2.1(0)) Ha eNeKTpoH Jienyje ¥ MarHeTHa CHiia

—

F,=-€VxB, xoja je ycmepena ka jesrpy. 300r KBaHTHOMEXaHMYKHX edeKara eIeKTPOH

3a1p)KaBa UCTY IIyTamby OKO je3rpa, ajd My e Mema Op3uHa Kperama. Ilomro ce mosehasa
uenTpurneraina cuwia (ona je cama F,+F,), nosehasa ce u nenrpudyranna cuia, a TuMe u
Op3uHa KpeTrama V;, Ta ¥ MarHeTHH MOMEHT CTpyjHE KOHType M ;. Ilpomena marHeTHor

MOMCHTA.
Am=m, -m (2.4)

CC HasMBa MHAYKOBAaHU Maron€THU MOMCHT.

Jlo rope omucaHor edekTa J10J1a3u U aKo ce eIeKTPOH Kpehe y cynpoTHOM cMepy. MarHeTHu
MOMEHT j€ TaJla YCMEPEH Ha Tope, a MPHU yCIIOCTaBJbeHOM MAaHETHOM I10JbY, CMEP MarHETHE CHJIE
je ox jesrpa, mTo cMamyje neHTpudyrainy cury. Crora ce cmamyje Op3uHa eJIeKTPOHa, a TUME
¥ MarHeTHU MOMEHT, Ia j¢ MHIyKOBAaHH MarHCTHH MOMEHT U Y TOM CJIy4ajy yCMEpPEeH Ha JoJe.
Moxe ce 3aKJbY4HTH Ja jeé UHAYKOBAaHM MAarHETHH MOMEHT YBEK aHTHUIIApaJieiaH CIOJballbeM
MarHeTHOM I10JbY.

3a map eneKkTpoHa Koju ce okpehy y CympOTHUM CMEPOBHMA, FbUXOBU MarHETHH MOMEHTH C€
NOHUINTABAjy Y OJCYCTBY CTPaHOI MarHeTHOT ToJha. MeljyTum, Kaga ce yCHOCTaBH CTalTHO

MarHeTHO IMOJhE€, MHAYKOBAaHH MOMEHTHU €JIEKTpOHA ce cabupajy, a cMep BEKTOpPCKOT 30upa je

—

CYIIPOTaH CMepy BEKTOpa noJba B .

IlTepn - TepiaxoB eKCIIEPHMEHT  je T0Ka3a0 1a CJIEKTPOHH 300T POTAIlje OKO COIICTBEHE
OoCe MMajy jOII jelIHY BPCTY MOMEHTAa KOJU C€ 30B€ MarHeTHH MOMEHT crnuHa. Okperame
€JIEKTPOHA OKO COIICTBEHE Oce Takohe, y3pOoKyje MarHeTHO MHUKpomnoJbe. ExcriepumeHTanHo je

YTBPHEHO J1a MPOJEKIIMje MOMCHTA CLIMHA MOTY MMaTH CaMO BPEAHOCTH +Li; M —[lg.

ExcniepyMeHTH MoKa3yjy /1a MOCTOJU U MarHeTHU MOMEHT aTOMCKOT je3rpa koju je oko 2000
IyTa Mamy OJ] MAarHETHOT MOMEHTA €JIEKTPOHA, 300T yera ce MOKe 3aHEMapHUTH.
[Topen mMarHeTHOr MOMEHTa, M Jpyre (pU3UYKE BEIUYMHE KapaKTEPHUILy MArHeTHO MOJbE Y

CyIICTaHIIMjama.

V. Gerlach, O. Stern, Physik 9, (1922.) str. 349
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VY aHanM3W MarHeTHOr IO0Jka, CTAalkEe Yy MaTepHujajly ce OMHCYje BEKTOPOM MarHeTH3allje

(mamarnerucanoctu) M , xoju je nedMHHUCAH peaijoMm:

N = =T (2.5)
dv

IJie je ¥ m BEKTOPCKH 30Mp MarHeTHMX MOMEHATa CBMX aToMa (OJIHOCHO MOJICKYJa) Y MaJioj

3anpemunu dV .

Bekrop Marmermsaumje M je (y pemammju Koja HMCKasyje reHepanucaH AMHepOB2 3aKOH)

3 . B
BE3aH ca BEKTOPOM MArHeTHOT 1moJjba” H U BEeKTOpOM MarHeTHe MHAYKLH]e B uzpazom:

HoB i (2.6.2)
Hy
WIH Y O0JIUKY
é:%(ﬁ+m) (2.6.b)

Y Bakyymy je M =0, 11a ocToju IpocTa Be3a:
B = y,H 2.7)

CBe BpcTe marepujaia, ceM (hepoMarHeTHHX, CBOJUM IPHCYCTBOM BEOMa Majo yTUYYy Ha
MarHeTHoO noJee. ExcrepuMenTr mokasyjy Jia je BEKTOp MarHeTHu3aluje MpakTHIHO Cpa3MepaH ca
B , mMaza ce naHac mocMatpa Besaca H :

M =y H (2.8)
IrJIe j€ ¥, HEMMEHOBaH Opoj U Ha3UBa C€ MarHeTHa CyCLIENTUOMIHOCT MaTepujaa.
V3umajyhu y 003up uzpas (2.8) cneau aa je:
ézluo(ﬁ+l\7l):,uo(1+;(m)ﬁ:yoyrl:lzyﬁ (2.9)
rne je g, =14y, pemaTuBHa MarHeTHa IepMeaOdMIHOCT (IPOMYCTJBHBOCT), a U

nepMeadITHOCT (arcoilyTHa) MaTepujana.

Kon ¢pepomarnernux marepujana Beza usmeh)y B u H je Henmuneapna.

2 .. .
I'enepanucann AMIIEpOB 3aKOH je jeHa 0J1 YeTUPU MaKCBeJIoBe jeTHa nHE
3 TepMUH 32 MarHeTHO TIOJBE ¢)opMHpaH je y BpeMe KajJa ce cMaTpayio Jia MOCTOjeé MarHeTHEe Mace, aHaJIOTHO

-

HaeJeKTpUucamuMa, 1a je BEKTOp H YBEZICH Kao NMpHMapHa BENMYMHA aHANOTHO BEKTOPY ENCKTPUTHOT TMOJba E.
[Ipema nanammeM cxBaTamby IpUMapHE BEJIMYUHE CY EuB.

7
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3aBUCHO O]l alCOJyTHE BPEIHOCTH MAarHeTHE CYCLUENTHOWIHOCTH, MOHAllamkay (QYHKIHjH
TeMIeparype U y QyHKIHjH MPOMEHE MPUMAPHOT CIOJbAIIbEl MarHeTHOT T0Jba, Pa3jHKYy]y ce

cBojcTBa (pe3yaTyjyher) mospa nojeMHUX rpymna Marepujaia (MarHeTuka):

e JujamMarseTHy, ¥, <0 (¥ Maio) ( i <1),
e [apaMarHeTHiy, J,, >0 (u maino) ( ym >1),

e (epomarneruny, y,, » 0 (u Benmuko) (4, » 1),

e aHTHU(EpPOMATHETHIIH U

e (epumaraerunu
2111 JAujamacnemuuyu

JlnjamaruetusaMm je yHMBEP3aJlHO CBOJCTBO CBUX MaTepHjalia U MOXKe ce 00jaCHUTH Ha OCHOBY
KJIaCHYHOT TNpHCTyNa, nojiasehu ol OpOMTAIHOr KpeTama eNeKTpOoHa y oMorady atoma. Kon
JjaMarHeTHKa, 300T MOMyHBEeHOCTH OpOUTa, MOMCHTH aToMa Ce y3ajaMHO KOMIIE3Yjy, TaKko Ja je
MarHeTHH MOMEHT Beh Ha HUBOY aroma (Mojekyina) jenHak Hymu (Cn. 2.2(a)). Y crospamimeM
MAarHeTHOM 1oJby H , y aToMuMa (MOJIeKy/IiMa) ce MHAYKYjy MarHeTHa Mojka ca oAroBapajyhim

MarHeTHUM MomeHTHMa P, (Ci. 2.2(0)).

R .

H // \
Py Ny | \
O | e e
ﬂ pi NPi\J | >
oS ar s
pl\/ ;[ /l 4

L _ -7

- _ ————

a) 0) B)
Cx. 2.2. ObjanimaBame 1ojaBe IujaMarHeTuzma

[Ipema JleHnmoBoM mpaBuily, MHIYKOBaHa IOJba HMMajy CYHNPOTaH CMep O] CIIOJbAlbEr
MarHeTHOT IoJba M JEIMMHYHO Ta KoMmeH3yjy. Taj edekar cMamuBamba jadylMHE CIIOJbAIlEkbEr
MarHeTHOT T0Jba je jeuHu Koju ce manudecryje (Ciu. 2.2(B)).

JlujamMarueTu3am HMje y 3Ha4ajHOj MEpH 3aBUCTaH OJ1 TeMIlepaType.

VY nMjaMarHeTHKe Clajajy CKOpo CBU TacoBH (ceM kuceoHuka), meranu (Cu,Bi,Pb, Sb,

Ag, Au, Hg, u ap.), Heoprancku marepujaiau (rpadur, mujamant, Al,O;, u 1ap.) u ckopo cBu

OpraHCKU MaTepHjaju.
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2.1.1.2 Ilapamaznemuuu

OBu Marepujanyd HMMajy HPUCYCTBO CTAIHUX MAarHETHHX MOMEHATa II0jeMHHX aToMa
(Monexyna). Y cTBapu, KOJA aromMa 4Mje OpOuTe HHCY y HOTIYHOCTH IONYH-EHE, MOCTOjU
MOTYhHOCT JJa yKYITHM MarHeTHU MOMEHT €JIESKTPOHA y aToMy OyJe pa3iIiyuuT o HyJe (

Cn. 2.3 (a)).

€
A (A —
pm&pm pA pl\/pi—o/lp—mbi ﬁ::::::—!::::::;}l ,
Nt € ---==7
a) 6) 5)

Cn. 2.3. Objammeme mmojaBe mapamMarHeTu3mMa

VHOIIeeM [apaMarHeTUKa y CHOJbAllllb€ MAarHeTHO II0Jbe, J0Ma3u (CIMYHO Kao KOJ
JjaMarHeTuka) 70 MojaBe MHAYKOBAaHUX MarHeTHUX MOMEHTA, alli OBJIE C€ M0jaBJbyje U edeKar
OpHMjeHTalje  CONCTBEHHMX MAarHeTHMX MOMEHaTa aToMa WIH MOJIKyla Yy CMepy
noJba (Cit. 2.3. (0)). Tako CONCTBEHM W WHAYKOBAaHM MarHeTHH MOMEHTH Jajy pe3yITaHTHU
MarHeTHU MOMEHT Y CMepy CIOJballber 1MoJba U TUME YTUYY Ha HE3HATHO I0jayaBamke UCTOT
(Ca. 2.3. (B)). Crenien ycMepaBarma MarHeTHUX MOMEHATA 3aBUCH M O] TOILTOTHOT eekTa, jep je
IpYM BHIIMM TeMIEpaTypaMa TEPMHUYKO KpeTame MOJIeKylla WHTCH3WBHHje, na je Beha u
TEHJEHIIM]a 3a CTAaTUYKOM OpPH]JEHTAIljOM MOMEHATa y CBUM IpaBLUMa.

VY oBe marepujane crnanajy ek merand (Al, Cr, Mn, W, Pt, Pd, Na, K, u ap.), nerype na

6a3u Cr, V, Mn, kao u Benuku 0Opoj Heopranckux jemumema ( CrCly, FeCl;, NiSO,, FcSO,,

Fe,05, Co0O;, Cr,O4, u ap.). Ox racoBa jeANHO KUCEOHHUK MMa ITapaMarHeTHa CBOjCTBA.

2.1.1.3 @epomacnemuuu

depoMarHeTHa Tella UMajy jako M3pa)keHa MarHeTHa CBOjCTBA, IITO 3HAYM J1a je MarHeTHa
CYCLENTUOMIHOCT BeJIMKA U o3UTHBHA. Kas ce ¢epoMarneTuk yHece y CroJballme M0Jbe, OH r'a
10jaya oJ] HEKOJIMKO CTOTHHA /10 HEKOJHMKO XUJbasa 1nyra. OCHOBHU (pepOMarHeTHU MaTepHjain

cy rBoxhe, KoOalT, HUKa, a Ty CIa/ia]y ¥ HEKe PEeTKe 3eMJbe U JIEType.
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OcHoOBHa KapakTepHUCTUKa (epoMarHeTuka je Ja U y OJICYCTBY CIOJballkher MarHETHOT M0Jba
Moceyjy CIIOHTaHU MarHeTHH MOMEHT, a TO YKa3yje Ha TO Jia Cy MarHeTHH MOMEHTH €JIeKTpOoHa
HeKoMIIeH30BaHU. J{a Ou ce 6oJbe pazymena cBOjcTBa (hepOMarHETHUX MaTepHjaia U MEXaHU3aM
marHehema noTpeOHO je OCBPHYTH Ce Ha KBaHTOBAIE OPOMTHUX MAarHETHUX MOMEHATa U CIIMHA
€JIEKTPOHA.

VY nuteparypu ce HaBoaM MpBoOUTHA bo3eoBa Teopuja 0 KBaHTOBamby €HEPreTCKUX CTpYyja U
MOMEHaTa KOJIMYMHE KpeTama eJeKTpoHa y aromy u3 1913. rog. MoOMEHT KOJIMYMHE KpeTama

MOKC UMAaTH CaMO JUCKPCTHE BPCAHOCTHU

L:nlznh, n=123,.. (2.10)
27

rae je h:6,623-10_34 Js IlnaHkoBa KOHCTaHTa, a 1‘7:2L upakoBa KoHcTaHTa. 300T
T

MAardi€THO — MEXaHHWYKOTI ITapajICin3Ma 1 0p6I/ITHI/I MarHeTHU MOMeHTH he OMTH KBaHTOBAaHU Kao:

ml=n_"n=n-s (2.11)

€
race Ug :2—7’7 npeacraBjba CJICMCHTAPHU KBAHT MAarHE€THOI MOMCHTA M Ha3WBa CC BOpOB
m

marHeToH. bpoj N ce Ha3uBa ri1aBHM KBAaHTHU Opoj U OH oxpelyje momynpeyHrK opOUTe U HUBO
€Hepruje eNeKTpoHa.

[Tpema KBaHTHO] MEXaHUIM YECTHIIE C€ ONMUCY]y moMohy T3B. "TanacHe ¢pyHKuHje", IpU YeMy
je KBazapaT MOAyla oBe (YHKILHMje MPOIOpIHOHATaH BEPOBATHONM Ja ce 4YecTHIa Haja3u y
MOCMaTpaHOM eJIeMeHTY Tipoctopa. TanmacHa pyHkiuja 3amoBosbaBa [lpeauHrepoBy mapiujanny
mudepenuujanny jenHauuny (E.  Schréodinger). Y chnydajy KpeTama  €IIEKTpOHA Yy
€JIEKTPOCTATUYKOM TI0JbY je3rpa pemewma lllpenunrepose jeaHaunHe uMajy (GU3MYKOT CMHUCIHA

caMo 3a [eNo0pojHEe BPEIHOCTH TPH KBaHTHA Opoja N, | m M, caapkaHa Kao mapaMmeTpu y

peuemUMa AudepeHInjanHe jeHaurHe.
VY ocHOBHOM HenoOyheHOM cTamy, €IeKTPOHU 3ay3UMajy CTama Koja YMHE YKYIHY €Heprujy

MUHUMAJIHOM, LITO 3HA4M Jla C€ MPBO MONYHAaBa]y JbYCKE Ca HAJHWKUM €HEPI'MjCKUM HMBOUMA.

CxopHo IlaynujeBoM IpHHIMITY, Y JbYCIIH KOja 0/iroBapa 6pojy N Moxke ce Hahm 2n? enekTpoHa.

Mma enemeHara y TEPUOJHOM CHUCTEMY Ca HENONMYHSHUM YHYTpAllkbUM Jbyckama W TH
SJIEMEHTH Ce Ha3MBajy NpeIa3Hy eJIeMEHTH. 3aKJbydyje ce Jia MOMymheHe JbyCKe He /1]y HUKAaKaB
JOTIPUHOC OPOMTHOM MarHeTHOM MOMEHTY aroma. J[ompuHOC MarHETHOM MOMEHTY atoMma Jaajy

CaMO HCTIOMMYHKCHEC JbYCKE, CIIOJbAIlIE U YHYTPAIILC.
10
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EnexTpoHn y HENONMyHEHHM CIIOJhAIIBUM JbyCKaMa Cy T3B. BaJICHTHH EJICKTPOHU YHjH
HEKOMIICH30BaHH MAarHETHM MOMEHTH C€ MOT'y KOMIICH30BaTH Ca MOMEHTHUMA BAJICHTHHX
€JIeKTPOHA CyCeAHUX aToMa (y MOJICKYILY).

EnexTpoHM U3 HENONYHEHHUX YHYTPAIUBUX JBYCKM aToMa IIPENIasHUX elleMeHara He MOry
KOMIICH30BaTH CBOj€ MarHETHE MOMEHTE Kao BaJICHTHH €JICKTPOHH TaKO JIa OBH €JICMEHTH UMajy
U3pa3uTHja MAaKPOCKOIICKAa MarHeTHa CBOjCTBA.

3a KapakTepucame CTama EJIEKTPOHA y aTOMY YBEJCH je W YETBPTH KBAaHTHU OpOj CIIMHA, S.
[Ipema pesynratuma ekcrnepuMeHaTa OBaj Opoj MOXKe MMAaTH CcaMO JIBE BPEAHOCTH, U TO ——

1
u—.
2
Cama ce IlaynmjeB TNpUHIMI HMCKJBYYEeHa MOXKE JOMYHHUTH M NTPEHU3UPATH: Y CTamby

onpeheHom ca yetnpu kBaHTHa Opoja n, |, M, ¥ S MOXXe ce HaJla3uTH CaMo jeJlaH eNeKTPOH.

JIBa enekTpoHa, Koja MMajy MCTe KBaHTHe OpojeBe N, |, M, Mopajy MMarté CympOTHO

OpHjEHTHUCAHE MPOjCKINje CITHHA.

HeonxonaH, anmu He H JOBOJbAH YCIIOB, 3a I0jaBy (epoMarHeTu3Ma je TOCTOjame
HCKOMIICH30BaHMX MAarHeTHMX MOMCHATa CIUHA CIIEKTPOHA y HEMONYHEHUM YHYTpAIllbUM
Jpyckama. Y Tabemu 2.1 nmpukazan je Opoj €IeKTpOHA M OPHjCHTAaIlM]ja CITMHOBA Y HETOMYHCHO)
3d nmogspyctm (N=3,1 =2) cnoboguux aroma rpyre npejasHux ejaeMeHaTa oj peaHor opoja 20
1o 28, ykibyayjyhu u 29. enement (Cu), koz kora je nojsbycka 3d nomymena. OQyKyImHO ocaM
npesa3Hux eaemenarta u3 TaOene 2.1, ca HEKOMIIEH30BaHUM criMHOBHUMa y 3d MOJbyCIH, CaMo
Tpu mocenyjy ¢epomarnerHa cpojctBa: Fe, Co u Ni. Manran, koju y 3d nombycuu uma 5
HEKOMITEH30BaHUX CIIMHOBA, HEMA JIOBOJbAH YCIJIOB 3a M0jaBy (hepoMarHeTusma.

[TorpebHO je 1a 0JTHOC pacTojama CyCeAHUX aTtoma, d , ¥ MoJyIMpeYyHHKa HEMOMYbeHE JbYCKE,
. d .
r, 0yne Behu ox 3. Kox depomarnernux enemenara Fe , Co u Ni ognoc — je 3,26; 3,64
r

u 6,2, pecneKTUBHO. 3a MaHTaH OBaj ofHoC je 2,94 ma 300r Tora oBaj €IE€MEHT He IMOoKa3yje
depomarueTHa cBojcTBa”.
®depoMarHeTHe CYICTAHIIE HWMa)y HU3 OCOOMHAa MO KOjUMa C€ pasiuKyjy OJ OCTaIuX

cyrncraHiu. @epomMarHeTMld HMaj)y BHCOKY MarHeTHy IepMeaOuIIHOCT, peMarHeTHU

4 . . . .
Jlerype Mn u nHekux HedepomarneTHux enemenara (Bi, Pb u np) mokasyjy depomarmerna cBojctea jep
d
yBoheme OBHX eJleMeHaTa y KpUCTaIHy pemeTky Mn Mema oJTHOC -

11
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MarHeTu3aMm, KapaKTepUCTHYHY HEJIWHEAPHOCT, BUIIE3HAYHOCT KapaKTepUCTHKe MarHehema
(xucrepesnc), Kao ¥ TyOuTak epoMarHeTHUX OCOOMHA Ha TeMIIepaTypaMa BUIITUM OJ KPUTHIHE

Kupwujese Temneparype.

Tabena 2.1. OpujeHranuja ciuHOBa U OpOj enekTpoHa y 3d moubycuu rpyIie mpea3Hux eineMenarta [4].

AToMCcKH Hashs eenerra bpoj Pesyu. OpwujenTanyja
0poj enexTpoHa — 3d CIIMH Y Mg | CIMHOBA

20 Kamujym 0 0

21 CxaHaujym 1 1 0

22 Turan 2 2 ™

23 Banaaujym 3 3 T

24 Xpom 4 4 T

25 Mamnran 5 5 T

26 I'Boxhe 6 4 (ORI

27 KoGant 7 3 Tl

28 Huxon 8 2 Tt

29 Baxkap 10 0 Tt

depomarseTHa CBOjCTBa Cy TECHO IOBE3aHA ca IOCTOjalbéM MarHeTHHUX JoMeHa. To cy y
CTBapd MHUKPOCKOIICKH Maje oOiacTu crnoHTaHe HamarHeheHoctn. Ha ¢opmmupame momena
yTude BUIIe (akTopa: MEXaHWYKO Halpe3ame y MarepHjaly, TeMIepaTypa, CIoJballlba U
YHyTpalllkha MarHeTHa I0Jba, MpUMece APYrHX eleMeHaTa. Y3ajamHe cuie u3Mel)y aroma y
KPHCTAITHOj CTPYKTYPH UYBPCTOT TeJla CIpPEYaBajy Ie30pPHjeHTAlHjy aTOMCKHMX MOMEHAaTa IOJ
yTHUIIajeM TOILIOTHOT JEjCTBa M oMoryhaBajy ja ce aTOMCKM MOMEHTH Maje 00JIaCTH yCMepe y
UCTOM cMepy (CIOHTaHO HamarHetuiny). [IpBy Xumorte3y o mocTojamy JAOMEHa IOCTaBHO je
1907. ronune Bajc (Weiss) [1]. Tlpupoay momMeHa M CHOHTaHy HamarHeheHOCT yCIEIIHO je
o0jacHMJIa TeK KBaHTHA TEOpHja.

JloMeHH cy y OCHOBHM Ipymaliije BeIUKOr Opoja aToMa (Tj. OTpOMHE CKYIIHHE aToMa, jep jeAaH
JIOMEH CaJlp’Ku MUJIMjapie eJIeMEHTapHUX MarHeTCKUX MOMEHaTa, KOju Cy MOCeOHMM U BeoMa
jakuM cuiiama Mel)ycoOHOT niejcTBa mapajieTHO OpHjeHTHCaHn). JInHeapHe TUMEH3H]je TOMEHA CY
O0OMYHO O JIECeT /IO CTO MUKPOHA ([um).

[Ilpema KBaHTHO] TEOpHjH, OpPHjCHTAlMje MarHETHMX MOMEHara aToma BpIIe T3B. ,,CHIIE

pasmene". JlejcTBO OBMX CHJIa MPAKTHYHO j€é OTPAaHWYEHO y HemocpeaHoj okonuHu. CTBapa ce

12
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MarHeTHO I0JbE YHYTap JOMEHa Ia ce €0 JOMEH MOXKE CMAaTpaTH Kao Mayd (eIeMEHTapaH)
craiHi MarHer. CaMHM THM, CBaKHM JOMEH Y jeHOM (epOMarHeTHKYy IOHAIa ce Kao Ja je
HaMarHeTHcaH 10 3acuhema, HE3aBHCHO OJ] TOTa Ja JIM Ce HAlIa3W y CHOJhAllbeM MarHeTHOM
N0JbY U KOJIMKA j€ jaYlHa TOT 10Jba.

[Mocnenuua Gopmupama JOMEHa je ClabJbeHe CIIOJbAIIBEr, MAKPOCKOIICKOT 10Jba U TO CE

IEeMaTCKX MOXeE TpruKa3atu Ha Ci. 2.4.
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Cn. 2.4. CnaGspeme 1mojba Mpy pa3HUM OpHjeHTaIfjaMa JOMEHa!
(a) JIuHUWje cute y 4eCTUIH ca ycaMJbEHUM JIOMEHOM,
(6) Penykuuja MarueTocTaTuuke eHepruje npu GopMupamy J0MeHa,
() u (r) EnnMuHanyja MaraeTocTaTHike eHepruje npu GopMupamy 3aTBOpEHUX ToMeHa [4]

VY 0ACyCTBY CTpaHOI MAarHETHOT 110Jba MAarHETHU MOMEHTH TOj€AMHUX JJOMEHA Cy XaOTHYHO
OpPHUjEeHTHCAaHW y CBUM I[IpaBIKMMa, TaKO Ja je pe3yiTaHTHa MaKpOCKONcKa HamarHeheHocT
jennaka Hynu. M3mely cyceqHux oMeHa mocToje Mpeia3Hu CI0jeBH (3U0BH, TpPaHUIIE JOMEHA).

Crame J0MEHa y KpUCTally KapakKTepHlle MUHHMAajJHa €HEepruja MarHeTHOr I0Jba, IITO
00e30elyje cTabuIHy paBHOTEXKY CHCTEMA.

YHommemeM QepoMarHeTuka y CTpaHO MAarHeTHO MoJbe (Mame jaudHEe), MArHETHU MOMEHTH
HCTOT yCMEpema ca MOJbEM CY Yy CTamy HIKE €HEPruje OJl IPYruxX KOju UMajy CYMpOTHO WIIH
HEKO Jpyro ycMmepemwe. To cTame NoTIoMake TeHEHIM]y noehama J0MEHa, KOjU Cy TOBOJHHO
YCMEpeHHU, Ha padyH Jpyrux, ako je To mMoryhe. CHMHOBM KOjU Ce Hajlaze y HOJpydyjy ca
HEMOBOJbHUM YCMEPEHEM U y3 TPaHUIly JOMEHA ca IMO3UTHUBHUM YCMEPEHEM [eJHOCTABHO
n3abepy MOBOJbHUJU CMEP U TAaKO IMPOMEHE MPUIATHOCT jeaHoM mnoapy4jy. Ha Taj HauuH ce
nmoMepajy TpaHHUIle JOMEHa, OJHOCHO mojpydyja. OBa moMmepama rpaHulla y TodeTHO] (aszu
MmarHehemwa cy peBep3uOmiIHa (Tj. IPU YKUJamky CTPAaHOT M0Jba IpaHUIle oMeHa ce Bpahajy y
IPBOOUTHO CTame).

Ca mnosehaweMm jaunHe TOJba TOMEpama TpaHMIA JOMEHa II0CTajy WHTEH3WBHUjA U
HepeBep3uOmiIHa. bpoj nomeHa ce cMamyje, a muUXoBa 3ampemMuHa pacre. Kako ce mosbe

13
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noBehaBa TO je TeHJAEHLMja yCMepaBamha MarHeTHUX MOMEHATa JIOMEHa y MpaBlly noJba Beha.
[Ipu BpsO jakoM MOJbY, HECTAjy U IMOCIEII-E T'PAaHUIE JAOMEHA M J0Ja3d J0 MaKpOCKOICKOT

3acuhema y3opka.

Ha Cn. 2.5. memaTckul je mpuKa3aH OOJIMK JIOMEHA W OpHWjEHTAlMje HUXOBUX MarHeTHHUX

MOMEHaTa y pa3HuM ¢azama nporeca Maraehema.
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Cn. 2.5. Crama MarHeTu3sainmje y30pka KOju caip>Ku HEKOJIMKO KpHcTaia [4]

3aBHCHOCT jaylHE MAarHEeTU3aluje OJ1 MPUMEHECHOT CIOJbAIIBET 10Jba KOJ MPBOOUTHE KPUBE
maraehema npukazana je Ha Ci. 2.6. rjie ¢y rpy0o o3HadeHe Tpu IiaBHe (ase marHehema:

1 — mpBa ¢a3za y K0joj ce ocTBapyje peBep3nOMIHO IIOMEPAkhE IPaHUIIa JOMEHA

2 — npyra (a3a HepeBep3nOMITHOT TOMEpama I'PaHMIIa JOMEHA

3 - Tpeha (1)3321 HMHTCH3HMBHC pOTaque BCKTOpPAa MAarH€THUX MOMCHATa NOMCHA Ca TCIXKIHLOM a

ce 3ay3Me KOJIMHeapaH MpaBal] ca MarHETHUM TT0JbEM.

M

H

Ci. 2.6.3aBHCHOCT MarHeTU3alije 0Jf MarHeTHOT 110Jba

Moryhe je mpaTUTH U IPOMEHY MarHeTHe MHIYKIMje Y MaTepujany y QYHKIH]H CIIOJballber
noJba. 300r HeJMHeapHe 3aBHCHOCTH MHIYKIMjE€ OJl MarHETHOT 10Jba MOCTOJU M HEJIHMHEeapHa

q)yHKHI/IOHa.]'IHa 3aBHCHOCT MarHc€THE HepMea6I/IJ'IHOCTI/I O[] CIIOJbAaIILET 110JbA.

14
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Penammje M =M (é) u B= E(H), Mopej] Tora ITO Cy HEeIWHEapHe, Cy U HEjeTHO3HAYHE

300r u3pakeHe IMojaBe xucrtepesuca. [Ipomena marHetHe HMHAyKIHMje y (epOMarHeTHKy ca

IIPOMEHOM jayMHE NPHUMEHEHOI MAarHETHOI I0JbA Yy JEJAHOM 3aTBOPEHOM LMKIycy on —H
1o H, omucyje xucrepesucHy NneTjby WIN LUKIyC Xxucrepesuca. Haumme, myrama Tauke Ha

KapaKTEPUCTHUIIM MarHeTHCamha Ce YCTAIH Y jeJHY 3aTBOPEHY MyTaky HAKOH HEKOJIHMKO IHKITyCca
HAM3MEHUYHOT MarHeTHcama. AKO Ce 3a MaTrepujajl CHUMH BHIIE IHKIyCca XHUCTEPE3uca IMpH
pa3IMYUTUM aMILUTUTYy/IaMa T10Jba, 1a Ce CI0je BPXOBH IUKIIyCa XUCTEpe3nca, Jo01ja c€ OCHOBHA
kpuBa Mmarnehema. Ilopeq ocHOBHe KpuBe MarHeherma, Kao KapakTepHCcTHKa Marnehema
MarepHjaja 4ecTo Ce HaBOM M NPBOOKMTHA KpHBa Maruehema.

['maBHa XucTEpe3ucHa metba (eHr. minor histeresis loop), kaaa je MarHeTHa HHIYKIIKja Mamba

O]l MHIIyKIIM]j€ 3acuhera, U NeTJba ca U3pakeHUM 3acuhemeM npukasane cy Ha Ci. 2.7.

S

i, f

Cn. 2.7. T'maBHa XuCTepe3NCHA TIETIhA U TIETJba 3acuhiema [4]

W3nBojena kapakTepucTuka Mmaruehema 1 pesaTuBHa epMeadmiiHocT ¢y nate Ha Co. 2.8.

Ha xapakrepucTuiy xucrepesnca o3HaueHa je BeJIMYMHA PEMaHEHTHE (3a0CTaje) MarHeTHe
uHayknuje, B, , (kama ce marHeTHO mosbe cBene Ha Hydy). OHa MOCTOJU 3aTO IITO Cy MarHeTHU
JIOMEHH U Jjajbe AeTMMUYHO OpHjeHTHUCaHH. To MpakTUUHO 3Ha4YM Ja pepoMarHeTHIM MOTy Ja ce
HaMarHeTUlly U Jia MOCTaHy CTAJIHU MAarHeTH.

MarseTHo 1oJbe CYIPOTHOT cMepa KOj€ JI€30pUjCHTHIIE IOMEHE W CBOJIM HHAYKIIN]Y Ha HYTY

30B€ Ce KOSPIIUTHOHO 0JbE, KOje jé Ha KapaKTepUCTHIN 03Ha4eHo ca H .

15
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— Uy ()

7 >

Cn. 2.8. KapakrepucTtuka maruehema (mnaso),

PenaruBHa nepMeaObuITHOCT (LPBEHO)

[Tepmeabunnoct (Cn. 2.8) npencraBiba KOJIUYHUK MarHeTHE MHAYKIIHM]€ U MarHeTHOT 1O0Jba,
[ =—, 3a KpuBy MarHehema U MMa MakCUMallHy BPEJHOCT y TA4yKW IJIe MpaBa MOBYYEHA U3

KOOPAWHATHOI' ITOYCTKA nozmpyje KpHUBY MarHehema. CBOjCTBa (bGPOMaFHeTI/IKa CYy 3aBHCHa O[J

temneparype. PepomarseTHa cyncraHina uMma oapeheHy temmepatypy, Iy, HU3HaA Koje Tyou

¢epomarHeTHa CBOjCTBa W TMOHama ce CIMYHO mapamarHeTnky. OHa ce 30Be Kupujea
TeMIIeparypa.

Ha KupujeBoj temnepaTtypu 1oyia3u 10 pa3apama yCMEpPeHe TOMEHCKE CTPYKTYpe y MpaBily
nosba, 300T WHTEH3UBHOI TEPMUYKOT KpeTama 4YEeCTHIAa Koje JOBOAM [0 HapyllaBama

ypeheHOCTH MarHeTHUX MOMEHATa y OKBUPY JJOMEHA.

3a T>Ty, mmehy B, H u M nocroju jennosnauna nuHeapHa 3aBHCHOCT Ma e MarHeTHa

CyCLENITUOMIHOCT ofpelyje Kao:

3a Temmeparype Koje Hucy Omucke KupmjeBoj, cycuenTuOMIHOCT je JaTa T3B.
Kupu - BajcoBum 3aKoHOM:
C

T-T,

Xm = (2.13)

rze je C— Kupujesa koncranTa, a T, — Kupujesa napamarneTHa Temreparypa Koja je HelTo

suina o Kupujese (Ci. 2.9.).
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Cn. 2.9. TemniepatrypHa 3aBUCHOCT PELUITPOYHE MATHETHE CYCIICNITUOMITHOCTH

Ha KupujeBoj Temmepatypu Memajy ce€ M HeKa Jpyra CBOjCTBa CYIICTaHIIMje, MOpen
MarHeTHHUX, Kao MITO Cy CEeMU(UYHU TOIUIOTHU KalalUTET, TOIUIOTHO IIHPEHE, CTHIIJBUBOCT,

TYCTUHA H JIp.
21.1.4 Aumugpepomazcnemuyu

Kon oBuX Marepwjaa MarHeTHH MOMEHTH CYCEIHHX aTOMa y KpPUCTAJIHO] DEIIETKH Cy
aHTHnapanentHo ypehenu. Pesynrtyjyhu mMakpockorncku MarHeTHH MOMEHAT, MarHETHU3aaluja, je
Hyna. Mako antudepomMarHeTHnu HeMmajy KOMEpUHUjaHy NMPUMEHY, U Kao W MapaMarHeTHIIH,
YJIJIaBHOM CYy BaXXHM Y TEOPHJCKUM U3yuyaBambHMa, IO03HaBambe aHTU(EpOMarHeTusMa je

HENPOIEHIJPUBO Y pa3yMeBamky MarHeTHUX MOMEHaTa y (hepuTuma.
2115 @epumacnemuyu

@deprMarHeTHU MaTepUjaid Cy CacTaBJb€HU OJf Pa3HOPOJHUX aToMa. MarHeTHHU MOMEHTH
CyCEeIHUX aToMa (MOJIeKyJa) Cy aHTUIIApAJIeTTHH, aJli PA3IMYUTUX HHTEH3UTETa, TaKo J1a Ce cCaMo
JeTUMUYHO TOHMINTaBajy. Mmak, pe3ynraHTHa HamarHeheHocT Moxke na Oyne Bemuka. Ilo
MarHeTHUM ocoOnHama (epumarHeTunu cy usMelhy ¢epoMarHeTHUX M aHTU(EPOMArHeTHUX
MaTepujaia.

VY TeXHHUIM INIaBHY NPUMEHY UMajy (GepuTH KOjU Cy MelllaBUHa OKCHa rBoxkha u okcuiaa
HEKOr' JpYyror Merana (HIp. MaHraHa, IIMHKA, JMTHjyMa, MarHe3ujyma, CTPOHIUjyMa MU
kobOanta). Mimajy mpuMeHy y eJIeKTPOTEXHUIM HAPOUYHUTO MPH BUIIUM YYECTaHOCTHMA, Jep UMajy
BeNMUKYy crenuuuay otmopHOCT. [lymoBu rtyOoummm kox deputa Cy Mamu HEro KOJ

(dbepoMarHeTHUX MaTepujajia Koju Cy MeTalld U J00pY MPOBOAHUIIU CTPY]E.
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2.2 @eputH

@epuMarHeTHH MaTepHjald Cy, YIJIAaBHOM, CIIOKEHH OKCHIHM TMpella3HuX eJeMeHaTa ca
Pa3IMYNTOM KPHCTAIOTPAPCKOM CTPYKTYpOM. Y OKCHIMMa TIpeNa3HUX eJIeMeHaTa jOHU
KHCEOHMKA Cy Pa3MELITEHH Y TETPaelapCKUM M OKTaeJapCKUM IoJioXkKajuMma. Terpaeapu u
OKTaelIpu Yy 4YHMJUM pOIJbEBHMMA C€ Hala3e jJOHU KHCEOHUKAa YUYECTBY]Y VY W3Tpadmbu
q)epI/IMaFHeTHI/IX Kpucrajia nepuouIHruM IMOHABJbAILEM Ca Bajel[HI/I‘-IKI/IM poOrJb€M, UBULIOM HJIN
ctpadoM. [Ipu Tome, jOHM MeTana CMEIITeHH Cy Y TeTPaeAapCKUM U OKTaeAapCKUM IIyIIJbUHAMA.

CBu oxcuu reoxxha (UMCTH U MELIaHW OKCHJIN) UMa]y CIIMHEIHY CTPYKTYpY.

2.2.1 @epuTH ca CIMHETHOM CTPYKTYPOM

@eputH NpHUNanajy KiIacH H30CTPYKTYPHHX jEIHMIbEHa Ca KapaKTEPUCTHYHOM, CIUHAITHOM
crpykrypoM. OCHOBHHU NpPEACTaBHUK OBE Kiace martepujaia je muHepan cnuaen MQAILLO,, mo

KOME je Ha3BaHa oBa rpymna marepujana (Ci. 2.10.).

Can. 2.10. Crpykrypa crimaena MgAl,O, [5]
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Octanu tunuyHy npejacraBauny cy Maraetut ( Fe;0,), jakobeut (MnFe,O,) n xpomur (
(FeMg)Cr,0O,).
CtpykTypa cruHena ce y OMIITeM ciydajy Moxke omucatu ¢popmyiaom AB,O,, kao mro je
NprKa3aHo Ha HapeaHoj ciauuu (Co. 2.11.), mpu yemy:
A — nipezicTaBIba IBOBAJICHTHE KaTjOHE KOJH CE€ HaJla3e y TETpacIapCKUM I0JI0XKajuMa,
B — mpezcraBiba TpoBaNieHTHE KaTjOHE KOjHU CE Halla3e y OKTaeAapCKUM IOJI0kKajuMa,

O — mpencraB/ba JABOBAJICHTHE aHjOHE KHMCEOHMKA KOJU C€ Hajlaze y TEMEHUMa TeTpaelpa,

OIHOCHO OKTacapa.

O Kiseonik
..... e ==, o N e Atomi tipa A - tetraedarska mesta
L / @ Atomi tipa B - oktaedarska mesta

Cin. 2.11. Enemenrapna henuja criurena [6]

OcHOBY eneMeHTapHe hesuje YMHM MOBPIIMHCKU [IEHTPUpaHa KyOHa CTPYKTypa CauubeHa 01
aroma tumna B, 10K ce meHo momymaBame BpIIU ca YeTHPH IPYIe OKTaHaTa OJ1 KOjUX Cy IO JIBE
UCTe. JedaH OKTAaHT CaJpXH M OKTAaeAapCKy W TeTpaenapcKy CTPYKTypy, MpH YeMy HUMamo
HAaM3MCHUYHO CJlarame OKTaHaTa THIIA TETpaeiap — OKTaeldap M OKTaHaTa TUIa OKTaemap —
TeTpaenap. MicTu OKTaHTH UMajy 3ajeTHHUKY UBHUILY, a PA3JIMYUTY 3ajeIHUYKY CTPaHY.

Ykynan Opoj MoJIeKyIa y jeHoj elleMeHTapHoj henuju je 8, mTo 3Hauu 1a jeaguHndHa henuja
caapxu 32 a"joHa koju ¢popmupajy 64 terpaemapcke u 32 oKTaemapcke MIyIUbHHE, O] KOJUX je
8 TeTpaemapckux Mecrta 3ay3eTo oj cTpaHe A KaTjoHa, a 16 okTaemapckux MecTa 3ay3eTo Ol
ctpatne B katjona.

KarjoHcka pacrojiena y CHHHEIHMM CTPYKTypama C€ OJHOCH Ha pPacrlojielly KaTjoHa Yy
terpacaapckuM (A) u okraemapckuM [B] momoxajuma. Ommra GopMyna CrMHENIA Ce MOXKE

MPEJICTaBUTH Kao:
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(a7 B[ A8, 0% @1

VY npeTxoaHOM H3pa3dy Maja M yriacTra 3arpajga O3Ha4aBajy TeTpaenapcka A MecTa, OJHOCHO
okTaenapcka B mecta, pecnektuBHO. Unan § mpencTaBiba CTENEH MHBEP3H]je, Tj. MOKa3yje KOjU
Jeo Terpaemapckux Mmecra A, 3ay3umajy B katjoHu. Y 3aBHCHOCTH O] BPEIHOCTH CTEICHA
MHBEP3Hj€ PA3NUKY]jy ce Tpu Moryha THma CTpyKType CIHHeNa:

1) Hopmanuu crusen (6 =0); ko HOpMaJHOT CruHeda (OBOT THIAa) CBU A KaTjOHH

3ay3uMajy TeTpaelapcke ToJiokaje, a cBH B kaTjoHm 3ay3umajy OKTaemapcke

nosoxaje, na je ommra gopmyita Hopmananx cimrena (A)[B], O,.

2) Wusepsuu criuren (6 =1); Ko MHBEP3HOT CIHMHEA jeJHa MmoJioBHHA B katjoHa je y

TeTpaeJapCKUM T0JIOKajuMa, a Ipyra MOJIOBUHA, 3ajeHO ca A KaTjOHMMa, Halas3yu ce
y OKTaeJapcKuM Moloxkajuma. Y oBoM ciydajy dpopmyna je (B) [AB] 0,.

3) Memosutu couren (0<5<1); KOA MEIIOBUTOr CIHHENIA KaTjOHCKa pacrojerna
0JIroBapa oHoj n3Hel)y HopMaiHe M MHBEP3HE CITUHAITHE CTPYKTYpE.

Koju tun cnunena he HactaTu 3aBUCH O] joHA KOjU ra u3rpalyjy, Tj. O BbUXOBHUX JOHCKHUX

paamjyca, jOHCKOT HaeJeKTpHCama, alli W OJ TeMmIeparype, e(ekra KpUCTAIHOr IoJba |

EHEepruje pemnieTke.

2.2.2 HaHocTpyKTypHH (peputn

@epuTH NpeAcTaBbajy HMHTEPECAHTHY TIpyNy MaTepujajia 3a JIako MOAH(UKOBame U
no0oJbIIake 0COOMHA TIOMYT BHUCOKE TEPMHUYKE CTAOMIIHOCTH, ENEKTPUYHE OTIIOPHOCTH M
NepMeadMIIHOCTH, NMOTOM Manux ryouraka. C Tora ce Mory nmpuMemHBaTH y ypehajuma koju
pare y BHCOKO(QPEKBEHTHO] oOmacTH, Yy ypehajuma 3a ckiaaumTeme HH(popMaluja,
TEJIEKOMYHUKAIIMOHUM ypehajuma, jesrpuma TpaHchopMaTopa, HEKHMM CEH30pUMa U cl. Y
dbopmu HaHOKpHCTaNa (ePUTH TTOKA3Y]y J100pa MarHeTHa CBOjCTBa.

Cmameme BenuunHe vectuna (eHr. Sizeeffect) xonm HaHouecTHuHOr (epuTa MMa BEIUKU
yTUIaj HA MarHeTU3alyjy U MarHeTHa CBOjCTBA NPHU YEMY Cy OBE BPEAHOCTH JIE€TEpMHUHHCaHE
HEKOM KPUTHMYHOM BEJIIMYMHOM yecTuiia. Mehytum, u n3bop Merose CUHTE3€ Kao U pacrojena
KaTjoHa m3Mel)y TeTpaeaapcKuxX M OKTaeqapcKuX Mecta he y BelIMKoj MepH YCIOBHTH MarHeTHA
CBOjCTBa, Kao mTO je moBehana marnerusanuja wiu nopact Neel —ose temneparype, Tn, y
onHocy Ha Oank (depure. IIlpomeHe ocoOMHa HaHOUECTUYHHX (epUTa ce MPUIUCY]Y UHBEP3UjH

KaTjOHa, alli ce MOCTaBJba MUTAKE JIa JIM je Ta WHBEP3Mja yCIOBJbEHA Ipe M300poM METoJe 3a
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cuHTe3y uectuna (sol —gel, xompenumnuTauja, MEXaHOXEMH]CKa CHHTE3a W JIp.) WIH je Ta
WHBEP3Hja yIIIaBHOM y3pOKoBaHa edekToM Bennunne dyectuiie (enr. finitesizeeffect).

3a pazyMeBame yTHIlaja BEIMYMHE YECTHIIA HA MarHETHA CBOjCTBA, HEOIMXOJHO j€ TMPaTUTH
IpOMEHE MaTepujaiia 10 KOjUX J0Ja3d IpU CMambHBalby BEIMYMHE YECTHULA O]l HEKOJIUKO
MHUKpPOHA JI0 HEKOJMKO HaHoMeTapa. Hanme, BeMKHM OHOC TOBPIIMHE MpeMa 3alpeMHHHA KO
MarHeTHUX HaHOYECTHIIA YCIIOBJbaBa HEKE HOBE e(eKTe KOju TpaTe OBE NPOMEHE, a TO CY
edekat nospirHe (eHr. surfaceeffect) kao u eexat KoOHaUHE BEIIMYMHE YECTHIIA.

JeqHa o rIaBHUX OJUIMKAa HaHOMAaTepHjaia je Ta IITO HUXOBA CTPYKTYpa y BEIMKO] Mepu
yTU4Ye Ha MAKpPOCKOIICKE BEIMYMHE. TpEeHyTHa HCTpakMBama y O0JIACTH HaHOMaTepHjaja Cy
nocsehena moryhHoctu nobujama marepujana yHampea AepUHUCAHE CTPYKType ca 3aJaTHM
ocobmHama u MoryhHoctuma mpumeHe. Heke o Tux ocoOMHA Cy BeJIMKa MAarHeTo —
pesucrenija (enr. giant magneto resistance, GMR), mo6ap Xosos edekar (enr. Hall effect),
no0oJbIIalke PEMaHEeHIIN]e, KOePLUUTUBHOCTH, MAarHETOKAJIOPH)CKOT edekTa, ocoOnHe cTadiia Kao
U e(hekaT KBaHTOBOT TyHenoBama [7 — 10].

YKynmHO y3ajaMHO J€jcTBO M3Mel)y MoBpHIMHCKHX edekara u edekTa KOHAYHE BEINYHHE
yectuna oapelyje MarHeTHa CBOjCTBAa HAHOYECTHUHUX CTpyKTypa. Hajuemhe ce o6a edekra
110jaBJbyjy MCTOBPEMEHO, TaKO Ja je TEIIKO YOUMTH HUXOB IOjeanHadaH jaonpuHoc. Edexrn
KOHAuHE BEJIMYMHE CY TOCIEIUIa TCOMETPUjCKUX OTpaHUYCHa KOHAYHE BEIMYHMHE, JIOK CY
MOBPIIMHCKK €(PEeKTH pe3ysiTaT HeCHUMETPHje Ha TPAHHMIM YECTHIIE INTO JOBOJAM JO CIIUMHCKOT
neypehema u ppycrpanuje (enr. spin frustration) [11]. Koa Beoma Manux gecTuiia, MOBPIIMHCKA
eeKTH yriaaBHOM ofpel)yjy MarHeTHa CBOJCTBA, jeép CMAambECHEM BEIMYMHE YECTHUIlA pacTe YAeo
MNOBPIIMHCKUX CIIMHOBA Yy OJIHOCY Ha HHUXOB yKynaH Opoj. Ha mpumep, uectuna kobanra
noinynpeyHuka 1,6 nm koja cagpxku oko 200 aroma, umahe oko 60 % cBuUX CcIUHOBa

KOHILEHTPUCAHUX Ha MOBpIIMHM [12].
2.2.2.1 Ecgexam xonaune senuuune yecmuya

HOCTOje JABa Hajqemhe HCTpa)XuBaHa e(beKTa KOHAa4YHC BCIIMYMHC HAHOYCCTHYHHX CHUCTEMA, U
TO: MOHOAOMCHCKHU JIMMUT U CylICpliapaMariCTHU JIUMUT.

MOHOJIOMEHCKH JUMUT

MarsneTHa 4ecTuIia je TOJIUKO Mayia (OOMYHO HEKOJUKO JECETHHA WU CTOTHHA nms) Tako Ja
ce MOXE CMaTpaTh HYJITO — AUMEH3MOHMM MArHeTHUM CHCTEMOM. Y pEaJHHM CHCTeMUMA

pacrioziena 4ecTHlla ce OMUCYje JIOT — HOpMaJTHOM pacrnojenomM, oonuka [13]:
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1 In?(V
f(V)=— 7| - ggN ) (2.15)

rae je Vo HajBepoBaTHMja 3alpeMHHa YECTHIA, @ O j€ CTaHJap/Ha JeBHjalllja BEIHYHHE

In (V) OBakBa pacrozena je TOTBpheHa y MHOTUM CHUCTEMHUMa IIyTeM TPAHCMUCHOHE

€JICKTPOHCKE MUKPOCKOIIH]j€, peHAreHorpaduje u npyrux Texauka [14].

MUKpOKPHUCTATHA MaTepHjaii Ce OMJIHKY]y BHILIEAOMEHCKOM CTPYKTYpOM YHH(POpPMHE
MarHeTH3aluje yHyTap JoMeHa Koju cy mehycoOHo omBojenm jeman on apyror Bloch — oBum
sugoBuMa. JIOMEHCKY CTpyKTypy mpBH je objacamo Weiss [15]. TlpeamocraBka je ma peanHu
y30pIM caap)Ke BEIUKH Opoj Malux O0OJIacTH, T3B. JIOMEHA, Y KOjUMa je MarieTu3anuja y
3acuhemy, Mpyu 4eMy MpaBIy MarHETU3alMje pa3IMYUTHX TOMEHA HE MOpajy OWTH MapayeiHH.
Benmumaa m o0nmK jgoMeHa 3aBHCH O MelycOOHOr JejcTBa aHM30TPOITHE, MarHeTOCTATUYKE
EHEepruje W CHepruje HM3MeHe IocMaTpaHor cuctema. CMamHBambEeM 3alpPEeMHHE YeCTHIIA
(cucTema) cMamyje ce M BEIMYMHA JIOMEHA M IMpWHA 3uaoBa. Dopmupame 3uaa IOMEHa je
MIPOIIEC YCIIOBJBCH PABHOTEIKOM M3Mel)y MarHeToctaTHuke eHepruje (Koja je mporopiroHaiHa ca
3apEeMUHOM MaTepHjana) W CHepruje moTpeOHe 3a (Gopmupame JoMEeHa (MPOMOPIHMOHATHE
BenmunHM MehynoBpmmHae u3Mel)y nomena). Ilpu KpUTHYHO] 3alpeMHHH YECTHIIE, CUCTEM Ce
BUIIIC HE JIeIM HAa MarHeTHE JOMEHE Hero 3aapkaBa CTPYKTypy MOHOIOMEHa. Tama ce
u3je/JHaYaBa CHEpruja MmoTpeOHa 3a Kpewpame 3Hujaa JOMEHAa W MarHeTOCTaTHYKa EHepruja 3a
Ollp’KaBarmbe MOHOJOMEHA. KpUTHYHM TPEYHWK YeCTHIIE KOjU O3HayaBa TIIpenas |3
BUIIIEJIOMEHCKE Y MOHOJIOMEHCKY CTPYKTYPY, OOMYHO M3HOCH HEKOJHUKO JIeCEeTHHA HaHOMETapa

¥ 3aBUCH Ol Ipupoze MaTtepujana. IIpednuk cdepHe dyecTuiie ka0 MOHOJOMEHA, D, MOXke ce

OJIPE/IUTH U3 M3pa3a:

9E
L I (2.16)
27M
rie je M, CIIOHTaHa MarHeTU3aluja 4ecTule, a E, je enepruja 3una nomena aata cienehom

penamujom:
£ - ( 2kg T K j% 2.17)
a

rae je k, BommanoBa xoncranra, T, Kupmjea temmeparypa, K je marmeroxpucraina

aHM30TPONHja, JIOK jeé & KOHCTaHTa pemieTke. YecTuile ca HM3paKCHOM aHU3OTPOINH]jOM Ce
OJITINKY]y ¥ BehUM KPUTUYHUM MPEIHUKOM.
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Ha Cn. 2.12 npar je mpena3 U3 BHUIIEJOMEHCKE CTPYKTYpPE Y MOHOJOMEHCKY U OOJHMK KPUBUX

MarHeTHu3aIuje.
"
H monodomenska visedomenska
struktura struktura

nestabilno stabilno

super- / -\
paramagnetni
region 7 H

0 D D Veli¢ina cestice

(] s

Cn. 2.12. [Ipena3 u3 BUIICIOMEHCKE Y MOHOJJOMEHCKY CTPYKTYPY M ITPOMEHa KOSPIIMTUBHOT 110Jba ca
CMambUBakbEM YECTHUIIE (JICBO) M OOJMK KPUBUX MarHeTH3allje Y QYHKIUjU BETHYMHE YSCTULIA

(mecno) [16]

CynepnapaMardeTHH JIMMUT

VYTH1aj BeIMYMHE YECTUIIA Ha CBOjCTBA MarHETHUX MaTepujajia MOXE CE UCIIOJBUTH Y OOJIHKY
mojaBe cyrneprnapamarseTusma. [Ipy ImpoMeHH OpHjeHTaluje CIMHCKOT MarHeTHOI MOMEHTa
noTPeOHO je caBjalaTH €HEPreTCKy OapHjepy MarHeTHE aHW30TPOIH]je, KOja je TOPIOPIIHOHATTHA
NPOM3BOAY KOHCTAaHTE MarHeTHE aHM30TPOIHWje W 3allpeMUHE aHWU30TPOMHOr MaTepujaia. Kox
6ank (MHKpO) MaTepujana aHM30TPOIIHA eHepruja je Beha o]l TepMUUKe eHepruje, rna je Mmoryhe
ollpkaTH mpedepeHTHH 1MoIokaj crimHoBa. Kox HaHOYeCTHIIa MeXaHNYKa €Hepruja je TOBOJFHO
BEJIMKa Ja JJako oOpHe crnuH. 300r MarHeTHUX (IyKTyalyja COIMHOBAa M HHXOBE HACYMUYHE
opujeHTanje pe3yaTyjyha wmarHeTusanMja je HyJda M Ta II0ojaBa je€ ONHCaHa Kao
cyneprapaMarerusam. TakaB marepuaji je y CTBapH IapamarHeta, a npedukc ,, cymep “ je

10010 300T ,, BEJUKOT “° MATHETHOT MOMEHTA CBAKE YECTHIIE.
2.2.2.2 Ilospwiuncku eghpexmu

Haj3nauajuuju mnoBpmmHCKM edekaT Koju yTHYe Ha MarHeTHa CBOJCTBa j€ IIojaBa

aHu3oTponuje. YoOnuajeH! TUIIOBU aHU30TPONHjE CY:

Mara€ToKpucTajIHa aHI/I30Tp0HI/Ij a,

aHU30Tponuja o0JIvKa,

aHU30TPONHja HAIIpE3ama 1

- TIOBPIIMHCKA aHU30TPOIIH]a.
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AHuzoTponja ce OOMYHO y3MMa Kao jJEAHOOCHA 10 KapakTepy M Ipe/AcTaBjba Ce

jennaurnaoM [17]:
E =KVsin? @ (2.18)
rae je Kk ykymHa eHepruja jeJHOOCHE aHHM3OTPOIMjE€ IO jJEIUHHUIM 3arnpemuHe, V je
3alpeMrUHa HaHOYECTHIe, a # TpeicTaBiba yrao m3mely mpaBlia MarHeTH3alMje M OCe JIake
MarHeTHu3aImje.

Kon marsetokpucrajiHe aHHU30TPOINHjE pe3yATyjyhu MarHETHHM MOMEHT, KOJH j€ Pe3yJyTar
cabupama CIIMHCKOT U OpOUTAIHOT MOMEHTA, j€ YCMEPEH Yy Ta4HO oJjpe)eHOM IpaBILy, YIIaBHOM
y TpaBly OCE JIaKke MarHeTus3aluje ¥ OOWYHO ce TOKJama ca NpaBLeM jegHe OJ
Kpuctanorpapckux oca. Ha Taj HauMH ce TOCTH)KE MHHMMYM IIOTCHIMjaJIHE CHEpTHje.
MarseTokprcTaiHa aHH30TPOIIH]ja je KapaKTepUCTUKA CaMOT MaTepHjalia M He 3aBUCH O] 00JIMKa
yectuna. KOEpUUTHBHOCT je TPONMOPUMOHATHA KOHCTAaHTH aAHHW30TPONHje TIa BHCOKO
AHU3O0TPOITHU MAaTEPHjaJTH HMa]y BUCOKY BPEITHOCT KOCPITUTHBHOCTH.

Marepujanu uuje yecTulle HHUCY C(HEPHO — CHMETPUYHOI OOJMKA MOTY IOCEIOBATH
aHU30TpONHjy obsinka. [IpaBall BEeKTOpa MarHeTH3aIlMje HAjBUIIIC 3aBUCH OJ1 CIIOJbAIIIEET 00JIMKa
yectume. llIto je Behm omHOc numensmja dectuna (Beha amm3orpommja oOimka), To je Beha
MarHeTHa KOEpIHUTHUBHOCT. M BekTOp MarHerusanuje he ce yCMEpUTH Ty IpaBIa H3PaKEHH|E
nuMmeH3dje na he ce BpegHocT Maruerusanuje noseharu.

[ToBpuIMHCKa aHM30TPONHja WMa MPHUPOJY KPUCTATHOT IMOJba W TIOTUYE OJ] HApyIaBama
CUMETpHj€ Ha TPaHUIM 3pHA IOCMATpaHOr cucTeMa. 3a cepHe yecTHlle epeKTHBHA €Hepruja
AQHM30TPOIIH]jE Ce C TOTa MOXKE pauyHaTH Ha OCHOBY oOpacra:

K, =K, +2K, (2.19)
d

rae je Ky Oank anmszorpomnuja, Ky moBpmMHCKA aHM30Tponuja, a d TpeyHHK dectuile. 3a

cdepHe yecTHIle, NOBPIIMHCKA aHU30TPONHMja je Hyna (300 BUCOKE CUMETpHje), MehyTuM, oBO
HUj€ Cly4yaj ca HaHOYEeCTHI[amMa 4Hje Cy JUMEH3Hje CBera HEKOJIMKO aTOMCKHX ClIojeBa, Ma je

€KCIIEpHUMEHTAJIHO MOTBpleHa BaJbaHOCT ropme penanuje [18].
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2.2.3 MarHeTHo — MeKHM M1 MarHeTHO — TBPJAM MaTepHjaju

Maznemno — mexu mamepujanu

MarHeTHO — MEKM MaTepujaid ce OJUIMKYjy BEJIMKOM mepMeadbunHomhy, Mamum
KOCPIUTHBHAM II0JbEM M MaluM TyOMTLIMMa YCpex Xucrepesuca. YmorpeOsbaBajy ce 3a
pa3nuuuTe MoTpede y ENeKTPOTEXHUIM W TO: 32 MarHeTHa KoJjla eJNeKTPHUYHHX MallhiHa U
Tparcopmaropa, eIeKTpoMarHere, peneje 1 MepHe ypehaje, nakie cByaa rie ce MUHUMAITHUM
ryOuTIIMMa €Hepruje TOCTHXKE BelIMKa MarHeTHa wWHAyKIWja. Kopx jemHocMepHe moOyne
MIPBEHCTBEHO c€ YyNoTpeOJbaBajy MaTepHjai WM JIeType mTo Behe mepMeaOuiIHOCTH U IITO
Behe wmHmyknuje 3acuhema, a y ciaydajy Hau3MEHHYHE IOOyJe BaXXHO je Ja TYOUTIH Yy
Matepujaily, MPOY3pOKOBAaHM BPTIOKHUM CTpyjama, Oyqy mTO Mamu. Y Ty CBpXy ce
yrnoTpebsbaBajy epoMarHeTHe JIType ca BEIUKOM Cenn()UIHOM OTHOpHOIINY, a HCTOBPEMEHO
Ce MarHeTHa je3rpa cacTaBjbajy M3 TaHKuX, MelycoOHo wu3onmoBanux numoBa. Hajuemrhe
ynotpe0JbaBaH MarHeTHO — MEKH MaTepujal je rBoxle, koje 3axBasbyjyhu 106pUM MarHeTHUM
oco0MHaMa, HUCKOj [IEHN M IIUPOKOj MOTYNHOCTH Jierupama, MOKPUBa MIMPOK OICEr OIMIITUX H
cnenujarHux norpeda. HajpaxxHuje MEKO MarHeTHe Jierype reoxha cy Jerype ca CHITHIHN]yMOM,
CHIIMIIMJYMOM ¥ aTyMHHH]jYMOM, HHUKJIOM, KOOAQJITOM M BEOMa MEKH HHCKO — YIJbCHUYHH
YUY,

I'Bokl)e ka0 KOMIIOHEHTa 3a M3pajly MarHeTHO — MEKUX Jerypa mopa Ooutu umcro. Mmak,
TEXHUYKO TBOkhe caapxu Heke nmpumece, kao mro ¢y C, S, Mn, O, N, Si uta. koje Mame Bullle
KBape HEroBa CBOJCTBA. 3aTO je MoTpeOHOo, y BehuHM ciydajeBa, U3BpIIMTH paduHAIN]Y U TaKO
OJICTPAHUTH TIpPUMECE.

Yucro reoxhe ca mame o 0,05 % mnpumeca gobuja ce crmeuujamsHuUM moctymniuma. Ha

pUMep, €IEKTPOIUTHUKO rBoxle, 1o0uja ce eneKTpOoIM30M HCTOIJBEHOI T'BO3JIEHOT cyidaTa
wi rBoXhe xmopuaa. KoepIuTHBHO TOJbE ENEKTPONUTHYKOT TBOXHa ce MOXKE JIOBECTH Y
rpanuie 10 A/m no 30 A/m. JIpyru mo3HaTu Matepujan je kapOOHUITHO TBOXkNe, Koje ce nobuja
CIICIMjATHIM TEPMOXEMHjCKUM TporiecoM. KoepuutusHo mosbe uzHocu oko 7 A/m . Tlomro ce
no6uja y o6muky mpaxa, kapOoHWIHO TBokhe ce 3atum, Ha Temmeparypu oko 1200 °C,
cuHTepyje y armocdepu BoJoHHKa y onapeheH obnuk (Basbkactu). Kao mpax ce xopuctu 3a
u3pajly IpanKacTux BUCOKO(PPEKBEHTHUX MEKOMarHeTHHX je3rapa.

Jlerype rBoxkha M cAuIMIMjyMa YIJaBHOM Ce€ KOPHUCTE NMPH M3paaM eNeKTpUUHHUX ypebhaja,

TpanchopmaTopa ¥ JASIMMHUYHO arapaTa. | JJaBHU yTHIQ] CHIIMIIMjymMa Ha CBOjCTBa T'Bokha je
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noBehamwe cnenuduune enekTpuyHe ornopHoctu (nosehame on 0,1 pm 3a uncro reoxhe a0
0,65 pQm 3a nerypy ca 5 % Si). Tako ce MOCTHKE 3HATHO CMabEHHE BPTIIOKHUX CTPYja, a TUME
U TYOUTIM Ham3MeHUYHOT MarHehema. HensOexaH yTuIlaj CUIMIMjyMa je HE3HATHO CMabECHhe

UHAyKIMje 3acuhema, B .

depocmMLIMjyMCKe JIETYpe C€ Yy ENeKTPOTeXHHIM HajBUIle ynoTpeOsbaBajy y BHIY
T3B. MArHETHHUX JIMMOBA. TOIJIO BaJbaHU JIMMOBU C€ OJUIMKY]Y H30TPOIHjOM, IITO j& MOCIeIUIa
jeIHaKe OpHjeHTallMje KpUCTajla y CBHM CMEpOBHUMA. Y TPAKCH CE€ TpaBe YIIIaBHOM YETUPHU
BPCTE TOIUIO BaJbaHUX MarHETHHX JIMMOBA, IPEMa CTEIICHY JICTUPaba, U TO:

® HOpMAJIHU JUMOBH Koju campxe 10 0,7 % Si

e Cmabo JerupaHu JMMoBH ca okol % Si

e cpename jgerupanu qumoBu ca 1,7 % mo 2,7 % Si
e BHCOKO Jierupanu JumoBu ca 3,4 % 1o 4,6 % Si

Janac Haj6osbu mocTOjehM TOIJIOBaJbaHM BUCOKO JIETUPAHM JIMMOBU HMajy TyOUTKe
(0,8 - 0,9) W/kg, a makcumaina nepmeadbuanoct uznocu oko 15000 go 20000.

Heka marmerHa cBojcTBa ce MOTY MHOOOJBIIATH IMOCTYIKOM XJIQJHOT BaJbamba JIMMOBA Y
jeZHOM cMepy U CHElHUjalHOM TepMUYKOM 00pajioM I10 3aBpIIETKY Bajbama (Ha oko 1200 °C) y
armMoc(epu Bomonuka. Tako ce noOujajy auMoBH, koju y3 2,8 % mo 3,2% Si u nebspune
0,35 mm umajy nmouerny nepmeadbmaaaocT 400 mo 800, makcumanny nepmeadmaocT 40000 mo
60000, a ryoutke 0,5 W/Kkg. Mehyrtum, oBako jo0pa MarHeTHa CBOjCTBA IMOCEAYjy XJIAIHO
BaJbaHU JIMMOBU CaMO Y CMepy Bajbama. [locnenniia xmagHor Bajbama je U3BaHpeaHa riarkoha
MOBpIIIHHE.

Jlerypa reoxha ca Si u Al je mo3nara nmox HazuBom ancudep (9,5 % Si; 5,6 % Al, a ocrarak je
Fe). OBa merypa mMmajy crenupuyany ormopHoct oko 0,8 pQm. IlodyerHa mepmeabMIHOCT
usHocu 10000 1o 35000, a makcumanna go 110000. KoeprurusHo mosse je oko 1,6 A/Im, a
uHAyKnuja 3acuhema oko 1,1 T.

Jlerype rBoxxha n HMKIA cniagajy y rpyny MEKMX MarHeTHHX marepujaia. Cam HUKail ce y
MarHeTHOM TIOTJIETy OJUTMKYje HHCKOM HHIYKIHJOM 3acuhema, a y €JeKTPUYHOM TOTJeay
HUCKOM CIEIM(PUYHOM eIEeKTPUYHOM OTIOpHOIINY, ITO My oHeMoryhaBa 030MJbHH]Y IPUMEHY.
Mebhyrum, nerype Ni u Fe nmoka3syjy 3agoBossaBajyha marnetHa cBojcra. Hajuenthe ce xopucre

Tpu rpyre Jerypa ca 36 % Ni, ca 56 % Ni u ca 78,5 % Ni.
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Jlerype ca 36 % Ni umajy 1o0pa MardeTHa CBOjCTBA M CHCHH(DHUUYHY €ICKTPUYHY OTIIOPHOCT
(0,8 uQm), a unaykimja 3acuhema je oko 1,2 T (pomerain). OBu MaTepujain Hajla3e IPUMEHY 3a
pasnuuuTe TpaHcPopMaTope HUKHUX U BUIIMX (PpEKBEHIIM]ja, MPUTYIIHUIA, EMHUCUOHUX ypehaja
U JIPYTO.

Jlerype ca 50 % Ni umajy penatuBHO BHCOKY HHAYKIH]y 3acuhema (1o 1,6 T), a HiKy
crierupuuny ormoproct (0,45 pQm) kao mro cy paamomeran u nepmaioj B. Ilosehame
crnenupuYHe OTIIOPHOCTH MOXE ce TMocTuhu JojnaBamkeM MUHUMaiHe KonmuuHe CU oBUM
nerypama. OBe Inerype ymorpebspaBajy ce 3a TOH(pEeKBeHTHe TpaHc(hOpMaTope, MarHeTHE
peryiarope, 3alITUTHE peJieje, MarHeTHe TojayaBaye u Jp.

Jlerype ca 78,5 % Ni umajy nHajmamy uHayknujy 3acuhema (0,6 T 10 1,1 T) u Hajmamy
cnenuduuny ortnopHoct (1,16 pQOm). Mehyrum, oBe nerype umajy HajBehy modeTHy U
MaKCUMaJHy MepMeaOuiIHOCT. YTJIAaBHOM ce YIoTpeOspaBajy 3a TMPEHOCHE U CTPYyjHE
TpaHchopMmaTope U JIpyre CrenujaiHe MalHe. BpeaHocTn nepMeaOuiIHOCTH U KOSPIUTUBHOT

noJba 3a bunapue Fe — Ni nerype nate cy y Tabenu 2.2.

Tabena 2.2. BpegHOCTH MOYETHE U MAaKCUMAaJTHE IEPMEAOMITHOCTH W KOSPLIUTHBHOT MarHeTHOT 110Jba 32
nerype Fe — Ni

My 7. Hc (A/m)
36 % Ni 1o 2000 1o 10000 oko 30
50 % Ni 1o 3000 1o 35000 oko 20
78,5 % Ni 10 10000 10 100000 oKo 4

AMopdHe MmeranHe Jierype uMajy Jo0pa MarHetHa cBojcTBa. OHe ce MOTy CBPCTaTH y JIBE

kareropuje: nerype tuna TM — M u nerype tuna TM — TM (rne je TM npena3uu meran, a M
mertanonn). Behnna marnetnux amopduux serypa caapxu 60 % - 90 % Fe, Co, Ni u Hemeraure,
Koju 00e30ehyjy popmupame amopdue crpykrype (B, P, Si, C, Ge, W). IIpenazuu metanu (Mo,
Cr, Mn, V, Nb) nozaajy ce y MaauM KOJHYHHAMA Paan MO00bIIakha MOjeANHIX KapaKTePUCTHKA,
Kao IITO Cy moBehame TemmepaTrype KpHUCTalln3alfje, CMambeme Op3MHEe pacTa 3pHa KpucTajia
NIPU OJI'PEBAY UT/I.

AmopdHe nerype umajy, Ha COOHOj TEMIIEpETypH, 3HATHO Behy crnenupuyHy eIeKTpUIHy

OTHOPHOCT OJ KpHUCTAITHUX MaTepI/Ijana HUCTOI' CaCTaBa, ITO UX YMHH aTPAKTUBHUM 3a IPUMCHY
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y OICery BUCOKUX (peBeHlHja. TUnuuHa BpeAHOCT crnenuduyune ormnopHoctu je oq 1,2 pQm
10 1,5 pQm.

MarzetHo — Mexku Marepujaiu 3a VF TeXHUKY

[opactom ¢pexsennuje (10° Hz u Bume) Harno pacty ry6uTii 360T BPTIOKHUX cTpyja (ca
JpyruM cTeneHoM ¢pekBennyje). MHayKTHBHOCTH, coricTBeHe U Mel)ycoOHe, 3a Omito xoje cBpxe
y VF texuuuu, ako ce u3BojAe 0e3 MarHeTHOT je3rpa Ha HEKOM HOCayy OJi H30JIAIMOHOT
Marepujaiia, 3axTeBajy MNPHIMYHO Benuke auMmensuje. C apyre crTpaHe, I0jaBa BEIHMKHX

rybutaka, a Tume u maior akropa godpore (Q = owL/R ), 3axTeBa na ce Halhe 6osbe pemiewme. To

ce MOCTHKE M3PaZOoM BUCOKO(DPEKBEHTHUX MEKOMAarHETHUX je3rapa oJl MpalIKacTor MaTepHjaa.
VY npuHIHMITY TOCTOj€ JIBE BPCTE OBHUX je3rapa.
[TpBy rpyny umHe je3rpa n1o0UjeHa MPECcOBAkEM U MeuemheM Mel)ycoOHO 100po M30JI0BaHOT,

¢dbuHOr (pepomMarHeTHOr METaTHOT mpaxa BeiauuuHe 3pHa ox 1 | mo 10 p. M3onanuja yjenno

CIIy’)KM M Kao BE3WBO, a 332 METAIHU Ipax OOWYHO ce ymnoTpedsbaBa MIIEBEHO EJIEKTPOIHTCKO
reoxkhe, kapOoHanHO TBOXhe, ancudep, mepmanoj m Apyru. Kao H30IaIIMOHO W BE3WBHO
CpEeACTBO yNoTpedsbaBa ce BOJACHO CTAKJIO HIeakK, (eHOoIHe cMolie U ciauuHo. Ha oBaj HauuH ce
CMamYyjy TYOUTIH yciell BPTIOKHHUX CTPYja jep ce IMOCTHXKE BHCOKA CHelU(pHrUHa OTIIOPHOCT, a
ca Jpyre CTpaHe HOCWJIAIl MarHeTHHX ocoOWHa je mpax (epoMarHeTHKa CHUTHUX 3pHAIa.
Mehytum, OBakKBHM IMOCTYIIKOM CE€ CMambyje NepMeabMITHOCT IMOIITO C€ OBJIE MPAKTUYHO MOXKE
TOBOPUTH O e(QEeKTUBHO] MepMeadMIHOCTH (2 He NepMeadMIHOCTH — YHOTPeOJbeHOT
depomarneruka). /lasmbe, nepmeaOMIIHOCT je3rpa je MPaKkTUHO KOHCTAHTa, ILITO j€ y3pOKOBAHO
JUHEApU30BalkbeéM KpHUBE MarHeTH3oBama 300r TMOCTOjamka BEJIMKOT Opoja JenoBa Of
u30IanroHor Mateprjana. EdexTuBHa mepmeadmiHOCT jesrpa kpehe ce y pacmony ox 1,5 o 50.
OBa je3rpa Ha 0a3u MeTajHOI Ipaxa ynoTpebsbaBajy ce 3a IlynmuHoBe 3aBojHMIE, QuaTapcKe
3aBojHHUIe, VF ¢uirpe Ha BHCOKOHAaNlOHCKMM BOJIOBHMA, 3aBOJHHIIE OCLIJIATOPHHUX Koja, Y
paZMOTEXHHIIN UT/I.

Hpyry rpyny unHe ¢pepuTH, YeCTO Ha3UBAaHU M MAarHETHO — KEpaMUYKU MaTepujaiu, Oynyhu

Iia ce mpase oj HemeranHor mpaxa. To cy marepujanu o okcuna reoxha (Fe,O;) u oxcuna
Hekor aBoBaseHTHOr Meranda (CuO, MnO, MgO,CoO, NiO wrxa.). Uspalyyjy ce Tako mro ce

OKCHJIM caMeJby U cuHTepyjy. CHHTepoBaHa Maca ce 3aTHM Ipecyje y oaroBapajyhe obmuke
(moHekax y3 JoJaTak OpPraHCKOr Be3uBa). HakoH mpecoBama BPIIM CE€ OJrPEBamE€ IOTOBHX

KOMaJla Ha BUCOKHM Temmeparypama. OBO 3aBpIITHO OJrPEBak-E¢ MMa BEJTMKHU yTHIIa] HA MarHeTHA
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cBojctBa. Iloce6GHa onmka cBuX depuTa je Benmmka crnemuduyna otnoprocT (10° 1o 10* myra
Beha 01 OTIOPHOCTH METAITHUX JIETYpa).
[Tpumena MekoMarueTHux ¢epura je BeoMa pasHoBpcHa. To ce moceOHO OJHOCH Ha THUIIOBE:
e MnZn ¢epury;
( 3a dpexBennuje ox 0,1 MHz no 1 MHz, nepmeabmiinoctu oxo 6000)
e NiZn dpepurw;
( 3a dpexBenmyje npeko 25 MHz, nepmeabusinoctu oko 15)
e MgMn deputnu;
( 32 UMITyJICHE ¥ MHUKPOTaJIacHE HaMEHE)

Maznemno — mepou mamepujanu

['maBHM KpUTEpHjyM 32 OLIEHY KBAIUTETa MarHeTHO — TBPAOT ()epOMAarHETHOT MaTepHjayia oOJ
Kora ce uspal)yjy nepMaHeHTHU MarHeTu je eHepruja, Kojy TakaB MaTepujall Ipeaaje Ba3ayIIHOM
npoueny. Kaga He 6u Omiio Ba3AyIIHOT Mpollena, MHAYKIMja Y MarHeTHOM Koiy Ou umana
BPEIHOCT peMaHEeHTHe MHIyKiuje, B,. 300r mocrojama mporena, MHAyKIHja y Mar€ery uMMa
HEIITO Mamy BPEIHOCT, KOja OJroBapa Taukd Ha TPaHU KPUBE MAarHETH30Bama y JAPYrom
kBagpanTy. OBa rpaHa ce 30Be KpuBa pazMarnehunpama.

[Ipema 3akOoHY O KOH3EpBalMju MarHeTHOT (uIykca, (IYKCeBM y MarHeTy W Ba3qylIHOM
mpoleny Cy UCTH, a MarHeTHe WHAYKIHje Cy OOpHYTO cpa3MepHE MOBpIIMHAMA MOMPEYHOr
npeceka reokha u Ba3AyIIHOT Ipolierna (ako UX He CMaTpaMo UCTUM).

Ha ocHoBy AmmepoBOor 3akoHa 3a KOHTYpY (IyX OCe€ MarHera M TMpOIera) MOXKE Ce
3aKJbYYMTH Jd jaudHEe MAarHeTHOT mojba, H, u MarmerHe wuaykuuje, B, y rBoxly (maruery)

UMajy CympoTHe cMepose. Y mehyrsoxxly \BuXoBHu cMepoBu cy UcTH jep je B, = 1, H, .

- .

Uuaue, Bexropu B u B, umajy uctu cmep y omHocy Ha ocy Maruera, moITo JHHKUjE BEKTOPA

MarHeTHe WHAYKIMje y 1IeJIOM MarHeTHOM KOJIy MOpajy OMTH HENpPEeKUIHE W 3aTBOPEHE came y
ceoe.
[TpousBoa WHAYKIMjEe U T0Jba Y HEKO] TaYKU KpHUBE pa3MarHehuBama MpecTaBjba MEpy 3a

€Heprujy, Kojy mepMaHeHTHN MarHeT MO)Ke MpeAaTH Ba3AyIIHOM MpOIIeIy, Ma Ce Taj MPOU3BO
B- | H| Ha3MBa EHEPreTCKU MPOU3BO/I.

Ha ocHoBy pemanwje:

B,” = 14, ——B|H| (2.20)
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KOja TI0Be3yje MarHeTHe MHAYKIIHMj€ Y MPOILIETLy ca €HEPreTCKUM MIPOU3BOJIOM MOTY CE€ U3BECTH
3aKJbYYIIH:

- 3BampemuHa yTpolueHe (epoMarHeTHe cyncraHue V ,pu noTpebHoj MHAyKUMjU B, y
mehyrBoxly 3anpemune V, je MUHUMaHa Kaja je IPOU3BO/ B-|H| MaKCHMaJIaH.

- 3a pary komnuuHy (V) depomarnernka y mehyrsoxly sanpemune V, ocTtBapyje ce
MakcuMmania Moryha uanykuuja B, , kana je npoussox B- | H| MaKCHMaJIaH.

Jakie, Tauky ca MaKCUMaJIHUM €HEPreTCKUM MPOU3BOIOM (B-|H |)max Tpeba ogabparu Kao

paaHy Tayky.

3a KBaJMTET MEPMAHEHTHOT MarHeTa MepoaBaH je u (hakTop:

K _% (2.21)

' B,-H,

KOjHU TpEACTaBjba OIHOC MAaKCHMAJIHOT EHEpPreTCKOr IPOHM3BOJAa TBPAOI MAarHETHOT
Marepujajia mpeMa eHepreTCKOM MPOU3BOy KOju OU 1OCT0jao, Kaaa Ou meTsba XUCTepe3nca y3
UCTYy pEMaHEHIM]y M KOEpUMTHBHY cuiy Owmina mpaBoyraoHa. OBaj Qakrtop mnpencraBiba
OJICTYIIaFbE OJ1 U/ICATHE KapaKTEPHCTUKE.

[Topen HaBeneHMX OcoOWHA 3a NEpMAHEHTHE MarHere, Tpeba BOIUTH padyyHa U O JPYTUM
CBOjCTBMMA Kao IITO je 3aBHCHOCT NPOMEHE MarHeTHOI MaTepHjajia o TeMIIeparype, a Kao
nocjeaulla Tora U CTapemhe MarHeTHOT MaTepHjaa.

Ynorpeba nmepMaHEeHTHUX MarHeTa je paclpoCTpameHa y pasHUM MOApYydYjuMa, Kao MTO Cy
€JIeKTPOaKyCTUYHU ypehaju, MepHU HHCTPYMEHTH, pelieju, peryjJaTopu HamoHa, ypehaju 3a
najbekhe MOTOpa, TeHEepaToOpu BUILUX (PPEKBEHIIM]jA U JP.

OrpaHnMyeH je acopTUMaH MaTepujajia KOjU IO CBOJUM MAarHeTHUM M TEXHOJIOIIKUM
CBOjCTBMMa JI0JIa3e y 003Mp 3a M3paay MepMaHeHTHUX MarHera. Hajcrapuju cy yribeHU 4Yenuiy.
BbuxoBa mpuMeHa je orpaHM4eHa 300T OCETJPMBOCTH Ha ynuape, BUOpaluje W TpOMEHe
TeMIeparype, kao 1 300r BeoMa Majie KOEpIIUTUBHE CUJIE U MaJIOT €HEePreTCKOr MPOU3BO/A.

[ToBoJbHMjM pe3yNATaTH c€ MOCTIKY yenuuuMma erupanum ca Cr, Vo u Co.

Jpyry Tpymy MepMaHEHTHO — MarHeTHHX MaTepHjaja CaudibaBajy JAUCIEP3MOHO KaJbeHH
Matepujanu. To cy merype 0e3 yribeHHKa, KOje MOCEOHOM TOIUIOTHOM 00pazoM (KajbemeM U
HaKHA/HUM >KapemeM) A00Mjajy (uHY CTPYKTYpy, BEIMKY TBpAohy M OAJMYHA MarHeTHa
cBojctBa. OmnuKyjy ce BeJIMKOM cTa0wiHOmhy Ha TOBMIIEHMM TeMmIeparypama U

HeoceT/pbHBOIINY TpU crapemy. KoepuutiBHO nosbe uMa Bpeanoct oko 500 A/m. Hajsaxuuje
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W3 OBE TpyIe Cy jJerype Ha 6aszu roxha, amymunujyma u Hukia (ALNI). Jom 6oseu pe3ynratu
MOCTHXKY C€ JlojJaBamkeM KoOanTa W eBeHTyanHo Oakpa, moj HazuBoMm ALNIKO. Ose nerype
moryhe je Takolje 0OIMKOBAaTH CHHTEPOBAIEM, TAKO IITO CE MPETXOJHO MaTepHjall caMesbe Y
npax, a 3aTUM OOJIMKYje Y JKeJbeHH OOJUKY Kalyrnuma.

[TocebHy rpymy caunmbaBajy OKCHIHUM MarHeTH Koju ce u3palyjy MemameMm jeaHaKux

KoJM4YMHa Ipaxa okcuza reoxba (Fe,0,) u xobanthor pepura (CoFe,0,).

Maznemno — meku u mazHemuno — mepou pepumu

Xemujcka GpopMyiia MarHeTHO — MEKHX (pepuTa ce reHepanHo Moxe uspasutu kao MeFe, O, ,

rae je Me®" noanentnu Mmeran (Fe?*, Ni?*, Mn?", Mg2+, Co?*, Zn*, Cu?®" wurn.).
Hajuemrhu komepuujanan mMeku ¢GepuTH Cy HMHK — (DEepUTH, KOA KOjHX j€ Je0 jOHa IIMHKa
3amemeH ca jonuma Hukma (Ni) win manrana (Mn). OcHoBHaA pasiuka y ocoOuHama u3mely
Huk1 — uuHK ¢epura (NiZnFe,0,) u manran — musk ¢deputa (MnZnFe,O,) je y Bucuuu
BBbUXOBE CIEMU(PUYHE EJEKTPUYHE OTIOPHOCTH. Y CTPYKTYpU THIA CHUHEJIAa METAIHU jOHU
Fe?*, Ni%*, Mn* u apyru, npedepupajy oKTaeqapcku monoxkaj, a Fe*t u Zn?* npedepupajy
terpaeaapcke nojoxaje. NiZn u MnZn dgeputu uMajy HHBEP3HY CTPYKTYpPY CIIHHEINA, TJe CE €0
B jona Hamasu y TeTpaegapckuMm MOJOXKajuMa JIOK ¢y A jOHM HCKJbYYHMBO Yy OKTaeAapCKUM
MOJIOXKAJUMA.

MarnetHo — TBpAu GEpUTH Cy MEPMAHEHTHU MarHEeTHU MaTepHujajiu Koju ce 0asupajy Ha
06apujyMm, CTPOHLIMjyM U 0JIOBO Xekcadeputy. buxoBa gopmyna ce Moxe HamucaTH y OOIMKY
MeOx6Fe,0,, rae je Me = Ba, Sr, Pb.

MarseTHo — TBpJY MaTepujaid MOTYy ce€ MOJETUTH Ha METalHE U KepaMUYKe WM UKCUIHE.
bapujym ¢epur, unja je xemujcka popmyna BaOgzFe,O;, npencraBHuk je kepaMUYKHX MarHera.
KepamMuuky MarHeTn y OJHOCY Ha METaJHE MMajy HHXKY PEMaHEHTHY HHJIYKIMjy, a Behy
KoepuuTUBHY cmiy. OBa CBOjCTBa 3axXTeBajy KOHCTPYKLHM]y KepaMHUYKHUX MarHera Behe
NOBpIIMHE W Mame Ty)KuHe. Benmka koepuuTuBHa cuiia oMmoryhaBa BumIenonHo Maraeheme,
IITO TPEJCTaBJba BEIHKY IPETHOCT KEpaMHUYKHX MarHera y OJHOCY Ha MeTanHe. Bemmka
crenuduyHa otnopHoct o 10° Qm omoryhapa npuMeHy KepaMHUKUX MarbHeTa M HpU BeoMa
BUCOKMM (pekBeHnjama. [lopen TEXHWYKUX MPETHOCTH, KEpaMHUYKA MarHeTd Ccy u

eKOHOMHYHU]jH, jep Cy CHpOBHHE 07 Kojux ce mpomsBoje jeptrHe (BaO n Fe,0,), 3a pasmuky

OJ1 METAJTHUX MarHeTa Koju ce Mpou3Bojie o Bpiio ckynux cuposuna (Co u Ni).
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Kepamuuku wmarHetd ce MpPOM3BOAE KIACUYHOM TEXHOJOTHJOM H3paje KepaMHKe.
IIpecoBameM ce no6Hja oxpeheHH 0OIMK MarHeTa Koju ce 3aTHMM cuHTepyje Ha oko 1250 °C.
[Tpu cuHTEpOBaLY AUMEH3HjE Ce CMamY]jy 3a oko 15 %.

Bapujym ¢epur uMa XeKcaroHaJgHy KpHCTaIHYy CTPYKTypy ca OOJbUM MarHeTHUM
KapakTepUCTUKaMa Iy KpUCTAIHE S — oce. YKOJIUKO MpPU MPECOBamY Je1yje MarHeTHO IMOJbE,
yectuie he ce opujeHTrcatn Tako na he moOujeHH mMarHeT mMaTh 00Jba MarHeTHa CBOJCTBA y
IpaBIly JeoBama nojba. OBa BpcTa MarHeTa Ha3uBa Ce AaHU30TPOITHUM.

Crienjana BpcTa KepaMHUKHUX MarHeta cy miactopeputd. OHH ce TpOHM3BOJE O]l CMelle
Oapujym — (QepuTHOr mpaxa W TEPMOIUIACTUYHOT BE3MBA TEXHOJIOTHjOM H3pajie IIACTHKE.
BbuxoBa MarHeTHa cBOjcTBa Cy HEWITO cllabHja, ajld HUXOBA Ba)KHA OCOOMHA j€ IMIACTUYHOCT,
TaKo J1a Cy €JIaCTUYHU.

KepamMnykyn wMarHetn wuMmajy IMUpOKy mpuMeHy. Kopucre ce 3a: 3ByYHUKE, Mambe
€JIeKTPOMOTOpE, MarHeTHe OpaBulle, CIyIIAINIIE, MEpHE HHCTPYMEHTE, KOPEKIIMOHE MarHere 3a

TeleBU3MjCKe ypehaje, y anTepHaTUBHO] METUIIUHU UT/I.

2.3 Metoae noonjama (pepuTHHX MPaAxXoBa

2.3.1 KoHBeHIMOHAJIHM NMOCTYIIHU J00ujama depurta

Meby Haj3acTymibeHH]je KOHBEHIIMOHAIHE TTOCTYIIKE 100Hujama (hepura yopajajy ce:
e 11360p cupoBHHE U PHUIIPEMA ITpaxa
e II3pauyHaBame cacTaBa MOJa3HUX CMeEIIa
e Mepewme 1 Melame
e Kanmuuanuja
e MrieBewme
e ['paHynanuja wim Cylieme pacipiiuBambeM

e [IpecoBame
H300p cuposune u npunpema npaxa

N360p cupoBHHE 3aBHCH 0]1 KEJHEHUXCBOjCTaBa, BPCTE ONPEME, MIOCTYNKA KOjU C& KOPUCTH U
0Jl eKOHOMMYHOCTH. Y CIy4yajy BHCOKE MPOMYCT/BHUBOCTH, MOTPEOHU Cy MaTepujald BHUCOKOT
KBajMTeTa, yucroha tpeba Aa je Ha BUcokoM HMBOY (< 0,1 % HeuncToha o]l yKymHOT cacTaBa).

@epuTu KOjU UMajy MOTPOIIAYKY NMPUMEHY (KoMepLHjaTHu (GepuTH) BeoMa Cy MPUCTYMayHU U
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TIOIITO je BUXOBa CelM(HKaIja MHOTO Malkbe CTPUKTHA OJ OHE KOja Ce 3aXTeBa KOJ IPUMEHE
y TEJICKOMYHHKaIlMjaMa WM MUKPOTAJIACHO] TEXHHIIM, MPAaBE CE O]l Mamhe YUCTHX MaTepHjaja.
3axTeBH 3a BEIMYMHOM YECTHIIA CHPOBHMHA 3aBHce oJ Kopuirhene ompeme. Ha mpumep, ako
KOpUCTHMO MileBere Kyriama (exr. ball milling) moxemo na kopuctrMo rpy0Jby CHPOBUHY YHja
je meHa HmWXka. 3a CyBO Mellame 0e3 MieBema MOTpeOHEe Cy CHTHHje uecTuie. [ eHepaiHo,
KBAJIMTETHO YCUTH-CHA M XOMOTEHHM30BaHa cupoBmHa onpelhyje neny. Ha ocHoBy reomerpuje
YeCTHIla U TI03HATe T'YCTHHE MaTepHjalia, MOKE C€ M3pauyyHaTH MPOCEYHA BEIMYMHA YECTHUIIA.

PeakTuBHOCT CHpOBHHA j€ ONEpAaTHBHM MapaMeTap KOjU €€ TEIIKO KBAaHTHUTATUBHO MEpH. Y
jennoj cryauju [19] peaktuBHOCT rBoxhe okcuma y MnZn deputuma oxpehena je HajHIKOM
TEMIEPaTypoM KOjy MpOW3BOIM NIpBa chnuHanHa (aza (uuHk (eput). HapaBHo, mTo je HMXKa
TeMIeparypa, peakTUBHOCT je Beha. Ynomenyroj crynuju [19] ox n1Ba okcuia ucte moBpIKHE,
OHaj ca JIONTAaCTHM 4YecTullama je mMa0 Behy pPEeakTHBHOCT OJ OHOT YHje Cy UYECTHIEC MMale
urnmgact obnauk. Cmarpa ce Jna OBy pa3iiMKy Y3pokyje moBehana edukacHOCT TakoBama
npetxoaHor npaxa. Hajpehu yneo mehy cupoBrHama 3a cinHanHe epure uma reoxhe okcun u
C Tora M HajBehM MOTEHIHjall 1a yTHYEe Ha CBOjCTBA (hepHuTa.

['maBHm n3Bopu rBOXKNe okcuaa 3a ¢pepute 1Mo pactyhum TpomKoBuMa cy:

- mpupojaHa unu npepalena pyna reoxha (xemaTuT u ap.)
- OTHAaJHH KOPO3WUOHU MPOJYKT NPHU Npepau rBokha u3 BUCOKUX nehu u
- KapOoHmI rBOKhe OKcu 100MjeH OKCHIAIN]OM KapOOHMIT TBOka.

Kana je y nuramy Mpou3BOImaTBpAUX (epura ca ManuMm TpomkoBuma [20] mpemmaxe ce
yrnoTtpeba mpepaheHe pyne rBoxha koja cagpxu mame on 0,2 % cumummjyma u 0,15 %
aTyMUHHUjyMa.

KomMmapaTuBHOM MpoIleHOM HHUKJI (eputa ca ueTupu pasnuuuta reoxhe okcuma [21]

yrBpheno je na je depur ca Y-Fe,0, umao Gosba enekrpuuna cBojcTBa. 3abesexeHa je

ynotpeba rBoxklhe okcuza [22], npupoano npouniheror camo ¢usznykuM Metoaama. [IporeHar
cuinjymMa 6uo je Bucok (2 %), mpoueHar anymuHujyma je 6uo 1 %, nok je crneruduyHa

nospmnHa Ouna Mana. Jlomasamem CaO u Bamagujym neHrokcuzaa V,O., 100Wjajy ce

€HEepreTCKu (PepUTH ca PeIaTUBHO MPUXBAT/HHBHM CBOjCTBUMA.

TpomkoBu 0OBHX OKcHaa ce Kpehy oX HEKOJIMKO LEHTH J0 HEKOJIHMKO Jojapa 3a (yHTY
(0,5kg). Kaga ce pagm o uymcTohm, TemKM MeTand KOju MOry Aa yhy y pemerky u na
pOY3pOKYyjy Aedopmaliuje, BeoMa Cy HemokesbHHU. AnkaaHu Metainu kao mro ¢y Na u K mory

Jla CMamke OTTIIOPHOCT M HapyIlle CBOJCTBA MPU BUCOKUM (pEeKBEHIIMjaMa. JOII jelHa CTBap Koja

33



TEOPUICKU JEO

ce Mopa y3eTH y 003Hp KaJia ce TOBOPH O YUCTONHM jecTe MPHUCYCTBO OKCH/IA KOJH MEH-aj]y MpoIiec
CHUHTEpOBama (DIIyKCOBamHEM, Tj. CHHTEPOBAKHEM Y MPUCYCTBY TeuHe (aze. OBU OKCUIN MEHAjy
CBOjCTBa Jl0aBamkeM SiO, U V,0,.

VY ciydajy MnZn ¢epurta, HajcKymJba CHPOBHHA j€ MaHTaHCKHM cacTtojak. Kao m y ciydajy
rBoXhe OKcHIIa, TIOCTYITHE CY CHPOBHHE PA3IMYUTOT KBAIUTETA. Y Clyyajy MaHTaHa, pa3liuKa je
y camoj MaHraHCKoj MmemraBuan. Y Tabemu 2.3 HaBeneHu cy JOCTyNmHU Marepujanu. M3060p ce

xpehe ox jeprune pyne Mn no xBanureTHor peareica MnCO, .

Tabena 2.3. M3Bopu U ieHe MaHraHa 3a ¢epure [4]

H3BOp Ynaeo Mn % Hena/kr CeojcTBa
MnO, 62 $1,20 I'pyOe uectuue
Mn,O, 69,9 $2,00 Benuka nopmuHa
Mn.O, 70,5 $3,00 Benuka noBpmmHa

3amnajbuBe ako cy
Mn 99,8
$1,60 CUTHE
MnCO, 44 $6,60 Huso pearenca
Bucok canpxkaj
MnO - ocupomaiena pyaa 62 $0,50

Heuncroha

KBamurer pearenca uma npegHocT y kopuiihewy 3a cnenupuyHe NpuMeHe e IieHa HUje
TOJIMKO OWTHA (Kao mTO cy (epuTH 3a rinaBe 3a cHUMame). MN Meran npencraBba yMEpPEeHO
je(THH U3BOP aJIM MOpA CUTHO J1a C€ caMeJsbe, IITO Ha JKaJIOCT MOYKE pe3yJITOBaTh onacHouihy on
eKCIUI03Hje 300T 3arabUBOCTH.

H3pauynagare cacmaea nonasnux cmeua

Ca Teopujcke Tauke TJIEAMINTA, CacTaB jeAHOr (epuTa ce H3padyyHaBa y MOJICKUM

npouentuma. Tako hie 3a depur unja je popmyna Mn.Zn.Fe,0, nin 0.5Mn0.0.5Zn0.Fe,0,

oJroBapajyhu MOJICKH MPOLEHTH OUTH:

MnO 25 mon %
Zn0O 25 Mot %
Fe,O, 50 Mot %
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OBHM MOJICKH TIPOLIEHTH CYy IOTOM HPETBOPEHH Yy MaceHe IMPOIEHTE TPaJAUIHOHATHIM
XEMHUjCKMM H3pauyHaBambuMma. MelhyTuM, Tmpu u3padyHaBamby Tpeba OOpaTHTH NHaXby Ha
HEKOJIMKO cTBapu. [IpBo, ako M3BOp ojapeheHor OKCHaa HUje y rope MpruKa3aHOM OOJHKY, Mopa
ce mpuMeHHTH (DaKTOp MpeTBapama M Maca KOMIIOHEHTe Mopa ja ce mnoBeha Wiu cCMamu y

cknany ca TuM. Jlpyro, kana cuposuna He Moxke aa ce 100 % nedpunuime (MnCO, Koju HE MOpa

na Oyle CTeXMOMETPH]CKH) OHJIa Ce M3pauyyHaBame KOje je JaTO 3a MeTajl Mopa NMPETBOPHUTH Y
onropapajyhu obmuk. [pyru ¢dakropu MOry Ja ce mpeicTaBe y OOIMKY MPOICHTa OKCHIA

(13. 99,5 % Fe,O,). Ilopen Biare, apyre Heuncrohe Mory na Oyny npucytHe y ananusu. OBje ce

OTIeT aHaAJIM3a KOPUCTH 3a U3payyHaBambe TEKUHE CBAKOT CACTOjKa.
JenHo oxactymame o1l ynmorpede MOJapHOT yzena JeliaBa ce y cliydajy MamuxX AoAaraka y

BUJYy CaCO,, SiO,, SnO, u TiO,, KOju Cy AaTH Ka0 MaceHH INPOLEHTH. JouI jeJiHa KOpeKLHja

KOja ce KOPHUCTH y M3pauyHaBamy YKJbydyje HaJOKHaay 3a rBoxlhe koje ce nobuja mpuiImKoM
HOCTyNKa MieBema. OBe KOpEKIHje MOTY Jja ce YTBPIE M3 HCKYCTBAa M YKJbYUYy]y CMambCHE

obuma Fe,O, y CHpOBMHAMA.

['1aBHU XeMUjCKH €JIeMEHT MOJKE Ja ce OJpeaAH M3 Ipaxa (epuTa Wi U3 3arpeBaHor gepura
(IIyOpeclieHTHOM aHalIM30M JWCIEP30BAaHUX TalaCHUX aykuHa X —3paka. [Ipax wmm neo
MJIEBEHOT 3arpeBaHor (epuTa MOMEIIaH jeé ca MOCTOTKOM CTaHIApJHOT OPraHCKOI BE3WBa U
npecoBaH y 00JIMKY IUCKa KOjU c€ KOPHCTH Kao Y30paK 3a PeHATCHOCTPYKTYPHY aHaIu3y. Mame
3aCTYMCHU elleMeHTH Kkao 1mTo ¢y Ca, Si, Ti u Sn Mory ce aHanM3UpaTH MPEKO CBOT PacTBOpa
cnekTpockonujoM arncopriuje atoma uian ICP — oM (MHAYKTUBHO CHPErHyTOM IUIa3MOM) WU
DC cnekrpockonujoM miasme. Jeana cryauja [23] mokasyje moBehaHO OfCTyMame TIaBHUX
XeMHUJCKuX aHanm3a ucror MnZn d¢eputHor npaxa u mely Behum npousBohauuma depura. Y
HEKUM CiydajeBUMa BapHjalnMje cy H3HOocwie jeraH npoueHar. Ilocrojano je mHoro Behe
noJyJapame y pe3yiaTaTuMa BUIIECTPYKUX aHalu3a y jenHoj jadboparopuju. C Tora, y HHTEpECy
MoryhHocTH 3a Mpou3BOIKY ¢epura, Tpeda /a ce KOPUCTE AaHAIUTUYKU CTaHAApAN KOjU ce
3aCHUBA]y Ha XEMHJU HaJOOJher ENEeKTPUYHOT yuumHKa. Pa3io3m 3a mocTojame pa3IuduTHX
71a00paTOPUjCKUX pe3ysiTaTa OJAHOCE CE Ha Pa3lIMKe y NMPHUIPEMH Y30pKa, MOCTYIKY aHalU3e U

HHCTPYMCHTHUMA.

Mepere u mewarve
Taunoct mMepema 6u Tpebano na m3nocu <0,1%. Y mpakcu ce Kopucte NeBlu (KOHTEJHEPH,

mocy/ie) Kako He Ou OwIo TyOuTaka y maTepujairy ImprimkoM Tpancdepa. Uecto ce kopucre
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CrenyjajiHe Bare ca KaIMOpHUCAHOM ITOCYJIOM 3a MEpPEHhE M JUTUTATHHM YUTA4d ca OelekemeM
TEKUHA Ha MITAMIIAHOM TIPHMEPKY.

Memame MOXe Jla ce ypaau y3 ToMoh pa3snmuuuTHX CpeacTaBa, MOXe J1a Oyzie Ha CyBO WJIH Ha
BJIQKHO U Ca KOWHIMJICHTHUM MepemeM Wiu 0e3 mera. TpaaulinoHaTIHO MIIEBEHE KyTJalinMa
Ce paaM y BIQKHOM CTamy, IMOIITO CE CYBHUM MIICBEHEM MOXE JOOUTH HpoOIeMaTHdHO
HaKyIUbam-e MIpaxa Ha 3UI0BMMa U jonTuiama. Kopucre ce KyriiMmuHE MIMHOBH JIONTAIIN (€HT.
ball mills) wnin mmuHOBM ca mmnkama (enr. rod mills). Kyriauuaun miawH je MammHa 3a
YCUTHaBamkbe y KOjOj je OCOBHMHA MJIMHA BEPTUKAJIHA M YMje KYyIJIMIE MOKpehy JomaTuie Koje
pOTHpajy OKO LIEHTpajHe OocoBHHE. Bpeme miieBema je kpahe yKOIMKO Cy KyIJIMIE CUTHH]E,
TOIITO c€ KyrJie MOry Opske okperaTr. ONTUMHU3AIINAjOM MTPOM3BOIE MeKHX (Geputa [19] 60sper
KBJIUTETa YCTAHOBJLEHO j€ J1a pOTHpajyhu MIIMH MPOW3BOAM XOMOTEHHjE MEIIaBUHE OJI OHUX
Koje ce no0ujajy KyrJM4HUM MIIMHOM. 3akipydyje ce, Takohe, ma cacrojum Mn u Fe okcuma
M0CTajy XOMOTE€HUjU HaKOH 12 caTu mieBewma. Melytum, cactojak Zn je 10CTUrao MaKCUMAIHY
XOMOTEHOCT HaKOH caMo 4 caTa MjeBema. Y TOj TauKH, XOMOI'€HOCT C€ CMamuia BEPOBATHO
300r arnomeparuja ZnO.

MHore cyBe MemIajuie Cy AOCTynmHe M BehWHa WX je 3aCHOBaHAa Ha MeEIIamky Y3 BHCOKE
cmunajue Opsune. V3Mel)y cyBor m BIaXHOT MOCTYIKa IOCTOjU TIOJTy — BIIaKaH MOCTyMHaK. Y
amapaTvMa 3a MJIeBeHh€ KOjU Melajy npax ca ormnpuiuke 10 % Biare niaycTpoBaH je paj /iBa
TElIKa BaJjbKa KoOja cabujajy U MeIajy mpax, a JOHEKJe ra u Mesby. CTpyrajiuiie ce KOpUcTe Jia
0u ce ouncTrO 3u. Jpyru MmoayBlIaXHU MOCTYIAK YKJbYUYj€ YIOTpeOy MelIaauiie Koja MoXe Ja
ce KOMOMHyje ca NeNIeTU3epOM KOjU TPOU3BOAU OKpYIJIe IJIOYMIE PA3TUYUTHX BEIUYMHA
(0,635 cm — 1,27 cm).

AKO y NOCTYIKY HMje KOpHUIIheH Mpeia3Hy MOCTyNaK KaJlluHaluje, Mpernopyyyje ce nporec
MIIeBEH-a KyTJIMIlaMa WM MmoMohy arputopa. Be3uBHa cpencTBa u Ipyru aJuTHBHA MOTY Jia Ce
yOale y KyIJIMYHM MJIMH, a 3aTUM C€ OAroBapajyhu HUIMKep CyIIu W TpaHynuiue. AKo ce
KOPUCTH MpoIlec KalllMHalMje, MaTepujanl Koju ce JoOHje BIaKHUM MEIlamkeM Mopa Ja ce
OCyIIM Ipe KallMHaIMje. 3a MaTepuajiie Koju cy A00MjeHH KopHuIIhemeM MIIMHA JIOINTalla,
eMyJI3Hja je pa3BoambeHa QUITEP MPECOBAKHEM M Y30PaK j€ OCYIIICH U pa3ioMJbeH. [[pyra omiuja
je CylIeme PCKamkeM, ajli TO 3aXTeBa JI0JlaBamh¢ BE3MBHHUX CPE/ICTaBa. Y MIIEBEHHM IIPaXOBHMA,
BJIa)KHA MEIIaBUHA MOJKE Jla C€ OCYIIM y CYIIMJIMIIM ca HeMPEKUAHOM TpakoM. Marepujan Koju
je 100MjeH MeseTU3epOM MOXKE J1a C€ OCYIIM M KaJIMHHUIIEe WM Jla Ce TUPEKTHO OKcuaupa. ¥

TPaIUIMOHATHUM IOCTYIIIMMa [00ujama mpaxa [24], ommcana je ymoTpeba meserusepa 3a

36



TEOPUICKU JEO

Melllamke, MJICBEeHEe, U TpeTBapame y tiounie ¢peputHor npaxa. Mukpocdepe ce takohe mory
HAIpPaBUTH Ka0 3aMEHa 3a CYIICHE Yy CIpejy. AyroMaTu3oBaHa olpeMa Koja KOPUCTH TeIeTU3ep
KOMOHMHYje HEKOJIMKO MOCTYIaKa, HIp. y quTeparypu [25] ce onmcyje nobujarme rpanynia pepura
HIOCTYIIKOM Bpelie nape y Bakyymy kopuiihewem Eirich — opor nenerusepa.

[Iperpejana mapa je CpencTBO 3a Cylleme Yy Bakyymy. Pa3BhjeHa je TEXHHMKa 3a
KBAaHTUTATUBHO MEPEHE XOMOTEHOCTH ToJa3He (3ereHe) memaBuae MnZn enepretckux depura
[26] yxmpyayjyhu SEM (enr. scanning electron microscope) kopunihersem EDAX (enr. energy
dispersive X - ray analysis). OBa npoiieHa je moBe3aHa ca XOMOI'CHOIINY KaJI[MHHCAHOT W
CHHTEPOBAHOT MaTepHjajia U Ha Kpajy ca ryouTkom eHepruje. Kao mro ce u ouekuaio, pepur
ca Hajsehom xomoreHouIhy y 3eJIEHOM CTamky jeé UMao HajMambe TyOUTKe.

VY nureparypu [27] je pasmarpan yTullaj BenuduHe decTuiia 1 PVA Be3uBa Ha mapamerpe
MnZn c¢eputHor mpaxa noOujeHor cymemeMm y chopejy. Jebmuna ¢wmiva PVA BesuBa
CJICTIJBEHOT ca (DepUTHUM YecTHIIaMa 3aBHCH O]l CaJprKaja Be3MBa U O] TEMIIEPAType eMyJ3Hje.
Pacnonena PVA y nenoBuma noOujeHUM CyliemeM Yy copejy Huje yHudopMHa Beh mocTtoju
TpaJMjeHT y panujanHoMm mpasimy. [Ipoceuna BenmuuHa dectuna Gepura y BEIHKO] MEpU yTHUE
Ha YKYIHY rycTuHy npaxa. PVA canpikaj yrude Ha oOMUK rpaHyna. Y HEKUM ClIydajeBUMa, Kajaa

je PVA canpxaj uznaa 1,1 % y emynsuju he ce npousBecTd BequKu Opoj MIyMJbHUHA.

Kanyunauuja

['enepanno, Temmneparypa kanuHaiuyje he outn auxka 3a oko 100 K mo 300 K ucnon kpajme
TemIreparype CHHTepoBama. CBpxa KallMHalUje (aKo ce KOpPHCTH) jecTe Jla ce IMOKpeHe
noctynak ¢opmupama peuierke ¢eputa. Iloctynak cmaga mel)ly oHe Koju ce KopHucTe 3a
Mehynudys3ujy CyNCTUTYEeHTHHX OKCHJAa Yy XEMHMJCKHM M KpHCTalorpadcku jeInHCTBEHY
cTpykTypy. [lokperauka cHara 3a mehynudysyjy je rpaaujeHT KoHieHTpanuje. Mehyaudysujom
MojeIMHAYHUX OKCHJIa, HeKH (EePUTH Ce CTBapajy Ha JoaupHoj moBpimHu. OBa 3aBpiiHa (asza
cMamyje Aajby AM(]Y3ujy MOIITO TpajdjeHT KOHILIEHTpalije HeMa BHIIEe YJOry IOKpeTraya.
Marepujan y LeHTpY CBake 4eCTHIle OKCHJa MMa MOTEIIKohe mpu mupewy Kpo3 (Gepur momro
JaJbUHA IIHMpema noctaje Beha. AKo ce maTepujaji MPenoyioBU OoTBapajyhu Tako yHYTpalImbOCT
YECTHIIE, TOHOBO CE CTBapa MOKpeTavka cHara 3a audy3ujy. [lomro Tokom mporeca okcuaauje
JI0J1a34 10 CaKMMamba, jeIHa O] IPEIHOCTH OKCHAIIN]je JeCTe CMABbEHhEe CaKUMamba Y KOHAUHOM

HOCTYIIKY CHHTEpOBama. Tume ce 1o6uja 0oJba KOHTposia (PMHAIHUX TUMEH3Hja OHJa Kaja je
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KOHTpoJIa HeonxoMHa. [Topes Tora, KanmuHaIKja MOTIIOMaKe XOMOTCHH3AIIUjU MaTepHjaja, mTo
OYUTJICTHO MIPEJICTaBIba MPEIHOCT.

Kanuunanuja moxe na Oyne KOHTMHyUpaHa win ImapkHa. llapxHa kanuuHanuja HHje
NpUBJayHa y E€KOHOMCKOM IIOTJIEAy, Tako Jla C€ y MPaKCH YeCTO KOPHCTH KOHTHUHYHPAHO
KaJIIIMHHUCAkE. Y HEKUM ClIydajeBUMa MaTepHjaji Koju Tpeda 1a Oyae KaJllMHHUCAH, CTaBJba Ce Y
ocyjie ¥ masbe y T3B. pusher — mehu. Komepuujanno, Behrnna mocrynaka KaaldHalyje ce paan
y 0OpTHUM KajiiuHepuMa (eHr. calciner) koju mory ia Oyay racHU WM €JIeKTpUYHHA. MaTtepuja
ce jomnpema y porupajayhy meB, HAarHyTy 1ol YHanpe, yTBpheHUM YTIIoM, 3a ojpel)eHo Bpeme u
IpoMyIITa ce Kpo3 wy. McnpaBan pajg o0yxBara ONTHMH3AIN]y TTapameTapa Op3uHE OKpeTama,
yriia Haruoa, JoBolerma ToImoTe, TemMieparype U Op3uHe UCIyHa.

TokoM TocTyIKa KaJllMHAIMjE, TIpax ce CTBpImaBa U 00ja ce Mema 0] CHBe 10 IpHe. Ha

Ba3JyXy, MaHIaH ceé MeHa 0J] CBOI MPBOOUTHOr 00aKMKa y Mn,O,. Takohe nocroje pasnmuuntu

cTerneHu no0ujama (hepuTa y 3aBUCHOCTH OJ] MaTepHjaia KOju ce I0oIpeMa U TeMIeparype, Kao u
BpEeMeHa 3a1prkaBama (eHr. residenc etime). ¥V obprHom kainiuHepy mMoryhe je KOHTPOJIUCATH

BpPEMCEHA 3aJIpikaBamba Op3WHOM OOpTama M yrioM Haruba potupajyhe nesu.

Mneserwe

Hakon kanmuannuje MaTepujai Koju ce CTBpAHYO Mopa Jia ce pa3duje y KyriudHOM MIIHHY
i atputopy. OOuM miieBema he 3aBUCUTH O] pacrojiesie BEIMYMHE YeCTHIla, Koja he morom
YTUIATH Ha XOMOTEHOCT CMeCe KOja ylia3u y MOCIeNhe CHHTEPOBAkhE Ka0 U HA MUKPOCTPYKTYPY
HAaKOH IMOCTYyIKa CUHTepoBama. ONTHManHa BeIMYMHA YECTUIIA je TeHepalHO | um win Mama.
[TporieHat UBpCTUX TeNa y MOCTYNKY MEpema je oydyjyhu 3a MpaBUIIHO MIIEBEH-E M KacHUje
MOCTYIKE. AKO j€ caJpika] Mace 3a MIJICBEHE IPEBEIMK TOKOM CaMOT IOCTYIKa Mepema,
BeJIMYMHA YyecTula he ce cMawuTu U eMyi3uja he moctatu BUCKO3HA. AKO je caJpikaj UBPCTUX
YeCTUIla MPEMal, IMOCTYNaK CyIIewma pachpiimBameM (eHr. spray - drying) he mpoussecTu
CUTHU CYyLIEHHM Npax IUTO HUje MokesbHO. Kako OM ce 3ajpiao BHCOK MPOLEHAT IMOJIA3HUX
YBPCTUX YECTHUIA i TUME CIIPEUHO MPOOJIEM BUCKO3HUTETA, I0/a]y ce NeIIOKYIaHTH MOIYT TYMH
apabmke. Bmcko3uTeT cMmemie ce UYeCcTO MepH BHCKOMETPOM Kako OW ce Harienaiu
KOMOMHOBaHM e(eKTH CTeleHa MJIeBeHa, cajprikaja YBPCTOr yjAeda M TMPOLEHTa BE3MBHOT

CpencTBa.
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TI'panynayuja unu cywere pacnpuiuearsem

Hakon MieBema, emyizmja (cMera) Mopa jia ¢ce IPeTBOpHU y IIpax KOju MOXKE Jia ce Ipecyje.
Kako Ou ce oBaj mocTymak OJlaKIIao, MOpa Jia ce KOPHCTU HEKOJIMKO anuTuBa. IIpBo ce noxaje
BE3MBHO CPEJICTBO KOje Jaje uBpcTohy mpecoBaHoj cMecu. MHOra BE€3WBHA CPEJICTBA JI00H]jajy ce
U3 Pa3IMUYUTHX T'yMa, [eNYJI03HUX IepuBara u noauBuHmi ainkoxosa (PVA). Hecro ce kopucTH
NOJIMBUHMII QJIKOXOJI, QI HAXXaJOCT HETOBOM YIIOTPEOOM Ce CTBapajy 4YBpPCTH JIEJIOBU
OPUIMKOM CyIIema pachpimuBambeM. OBa Tociequia ce MoXe YONaKHUTH KopHuInhemeM
OMEKIIIMBaya, Kao IITO je MOJHETHUJICH TJIMKOJI, Kako OM ce oMekmiane dectuue. [loHekan ce
JI0/1ajy Ma3WBHA CpeACTBa MOMYT LIMHK cTeapara. Pa3marpana je ymorpeba koMOuWHaluje Ba
pa3iauunTa Be3uBa (MOJMBUHWII ajJKOXOJla W TMOJHaMHH cyldoHa) Koja mo0OoJbIIaBajy
KapaKTepUCTUKE ToILUbewa [28], a Takohe je m3ydyaBaHa ymoTpeOa pasjiMuUTHX CpPEACTaBa 3a
nucrep3ujy (neduiokynanara) y nopehemy ca rymuapadbukom [29]. lediokynantu ce monaajy
npe MJICBeHA KyriiMilama, a Be3WBHA CPEJCTBa M OMEKIIMBAY C€ JI0J1ajy Majo Ipe 3aBpIIeTKa
MJICBEHA.

['panynamuja omoryhaBa na Boma W3 eMyi3Wje HCIApH JIOK Ce Y HCTO BpeMme u30erasa
0JIBajabe¢ BE3UBHOT CPEJICTBA KOHCTAHTHUM MemameM. OCYIICHH KOMaJl MOpa IMOTOM Jia Oy/ie
pa3joMJbeH Ha JeJoBe oaroBapajyhe BenmmuuHe. J[ok ce rpanymnanujoM A00Hjajy MPHIAYHO
rycTe€ 4YeCTHIle, CBOjCTBa JOOMjEHOr IIpaxa HHUCY Tako J00pa Kao y clydajy Cyliema

pactpmBameM. [lopen Tora, cylieme pacpIiinBambeM MpeAcTaB/ba ePUKACHU]H MOCTYTIAK.

Ilpecosare

Behuna ¢eputHux mpaxosa ce mpecyje y kaiaymy. IIpece 3a mpecoBame (epura y Kaiymy
Mory jaa Oyay XuapayluyHe WIM MeXaHUdYKe. 3a MpocTe 0OJUKe Kao IITO Cy NPCTeHOBU Ui E
jesrpa (eNeKTpOHCKa je3rpa), MOTY Ja C€ KOpPHUCTE IMpece ca JEIHOCTENEHUM CITYIITEHUM
ynapaurMa. 3a KOMIUIMKOBaHE OOJIMKe, Kao 3TO Cy je3rpa TpaHchopmaropa U UHIYKTOpa, MOTY
ce YMoTpeOUTH Ipece ca J0AATHUM CITYIITEHUM yJapayruMa.

VY 3aBUCHOCTH O]] IpecoBaHe T'YCTHHE M CBOjCTaBa Mpaxa, Mpece MOry Jla KOpUCTe MPUTHCAK
ox Hekoymko aecernHa MPa o 138 MPa.llpecoBameM y kamymy J100Hjajy ce€ KOMITAKTHE Mace
KOje MOTY Jla MMajy TpaJfjeHTe TYCTHHE KOJy y3pOKyje Tpeme mpaxa ayx 3uzaa. [la 6u ce oBaj
npobaemM yOiIaxkuo, MOTY c€ KOPUCTHUTH CIIOJbHA Mas3uBa IMOMYT IMHK - cTeaparta. [lpummkom
IPOjeKTOBamka AMMEH3Hja Kallylna, Tpeba y3eTH y 003Up CBOjCTBA Mpaxa MpH cakuMamy, Koju he

ce MpecoBaTH, YKJbY4dyjyhu M BE3UBHHU CaJipikaj, BEJIMYMHY UYECTHUIE, T'YCTUHY IpEecOoBama U
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CTEIIeH KaJlMHAIMje. Y CIOBU MOCIEIBbEer npxkKema ¢y Takohe Beoma Outau. CBu oBH (pakTopm
MOMaXKy Jia ce yTBpau (uHamaH o0JuK mpousBojaa. OUurieaHo je 1a cBojcTBa cabujama Tpeda
na Oymy 3HadajHa Kako OM ce TpOW3BENM JCNOBH Ca HHUCKOM TOJIEPAHIUJOM Yy TOTJIECIY
nuMeH3uja.  [IpeTxogHO CIOMEHYT TpajujeHT IMpecoBaHe TYCTHHE MOXKE Ja BOIHM Ka
nudepeHnjaTHOM CMambehy (CaXkuMamy) Win JedhopMaliijyd MPou3Boa, jep CAKUMAabe MOXKE
na Bapupa oa 10 % no 20 % na nuHeapHoj ckanu. Caxumame Kallyrna ce KOHauHO ojapehyje
HAKOH ONTHMH3AIMje MOCTYIKa 3a TPAKCHA CBOJCTBA U Y3MMama y O03HMp CaKuMama Koja ce
jaBjbajy moj oBuUM ycioBuMa.lloka3aHo je 1a ce eKCTpeMHO HHMCKO caxkumame (>1,5%) y
NiZnCu ¢epuruma 3a Tpanchopmarope Moxke MOCTHNM HHUCKOM TEMIEpaTypoM CaropeBamba
crakia Ha 6as3u onosa [30].

Y HEKUM CIICIUjaTHUM cllydajeBuMa, (EpUTHH Mpax MOKe Ja Oyle M30CTAaTUYKU MPECOBaH
TOIIJIO MUK XJIAAHO. M30CTaTHUKO MpecoBame MPOU3BOIN UYBPCTE JICJIOBE KOjJU CY jeTHOIHMYHU]H
O]l JIeJIOBa NPECOBaHUX y Kanymy. To je 300r mojjemHakor MPUTHCKA HAa CBHM IOBpUIMHAMA
KOMITaKTHE Mace. XJIaJIHe U30CTaTHYKE MPece KOPUCTE MPEHOC MPUTUCKA KPO3 TCUHH MEIH)yM
HACYIpPOT I'yMEHO] WM IJIacTU4HOj Bpehu ca nmpaxom. HapaBHo, Mana je KOHTpoJa TUMEH3H]ja
Tako na (uHanmHM meo Mopa nma Oynme MammHCKH oOpaljeH mpe wim mociie 3arpeBama. Bperno
U30CTaTHYKO TpecoBame (eHr. HIPINgG) ce renepaiHo KOPHCTH 3a IPOM3BO/IbY JeI0oBa ca Behom
TYCTHHOM Kao IITO Cy TJIaBe 3a CHHMame WM MUKpoTanacHu ¢eputu. JlogaTHa HpeaHOCT
M30CTAaTHUYKOT TPECOBama Cy CUTHH JeNOBU Behe T'yCTHHE. YMECTO MeTallHe YMHHUjUIE Kao
nocyzne 3a HIPing meranHor mpaxa, anTepHAaTHBHU MOCTYyINaK 3a (epure je KOHBEHIIMOHATHO

IIPECOBAak€ M CUHTEPOBAKHE Mace Ha HAuuH KOjU he Ipou3BecTH CTBPAHYTY MOBPIIMHY Ha

dbepury.

2.3.2 HekoHBEHIIHOHAJHU MOCTYIIH J00Ujama deputa

VY naHamme BpeMe BenMka BehumHa (epuTHUX MpaxoBa ce A00Hja MPETXOAHO ONUCAHUM
MOCTYIKOM, KOHBEHLMJAJIHUM IMOCTYNKOM. BehrHa HEKOHBEHIIMOHATHUX IMOCTYNaKa YKJbydyje
no0ujambe mpaxa METOAOM MOKpOr moctymnka (T3B. MokpoM meronom). Mehy Te moctynke ce
yopajajy:

e Konpernunuranuja
e Paznarame opraHckux npekypcopa
e Cnpej nupoaunsza

e (Cy0iMMaIrmoHO CyIIeHe
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e AKTHBUPAHO CUHTEPOBAHE
e (CuHre3a U3 pacTona cojau
e (Con —rein cuHTE3a

e XuapoTepMmalHa CUHTE3a
e MeXaHUUKO JETHPABE

e PacnpmuBame y IU1a3Mu

Konpeyunumayuja

Kompenunuranuja je Meroga 3a no0OHjambe BUIIEKOMIOHEHTHHX KEPaMHUYKUX IPAaxoBa
HCTOBPEMEHHUM TaJI0KEHEM JIBa WJIH BHILE PA3IMUUTHX KaTjOHA, IPH KOHTPOJIUCAHUM yCIOBUMA
Temreparype, PH BpeJHOCTH U KOHIIEHTpAIH]e.

V nureparypu [31 — 35] ce Mmory npoHahu MHOrOOpOjHHU MpUMeEpH Konpenunuranuje. [To3Har
je camo Mamm Opoj ciaydajeBa KomepuujaiaHe ynorpede. [Ipenunuratu mory ga Oyny y obmuky
XUJIPOKCHUA, OKCAJIaTa WK KapOOoHaTa KOjH MOTY J1a e pacTaBe (palrwiaHe) TOIUIOTHUM ITyTeM
Ha oxaroBapajyhe okcume. [Ipenunuranuja MoXe Ja Cc€ IOCTUTHE XEMHJCKUM — HIIH
€JIEKTPOJIMTCKUM TTyTeM. [ JTaBHE IPETHOCTH KONPEIUITUTAIU]E CY:

e Becha XOMOreHoCT

e Beha peakTuBHOCT

e Benuka yuctoha — 6e3 Opymiema
e ojaromapajyha Benu4nHa YecTUIIA

e cITUMUHAIIM]a KAWHAIU]e

Paznazare opzanckux npexypcopa

VY nureparypu [36] ce mory Hahu ommcum MHOTHX 1abOpaTOPHjCKHUX MOCTYIaKka KOjU
yKJbY4yjy opraHcke mnpekypcope. KomepuujanHa npumeHna je crpeueHa 300T ONACHOCTH O]
HoXapa M BUCOKMX TPOIIKOBA HPOM3BOAIC. J[Ba BeoMa decTa OpPraHCKa jeIMmEma Koja ce
KOPHUCTE Ka0 OPTaHCKH MPEKYpPCOpH 3a (epuTe Cy aleTHIANETOHATH U 8 — XUIPOKCUXHHOJIMHH.

MnZn ¢eputn Bemuke ryctuHe [37] cy mpom3BeleHU crhajameM nojenuHaunnx MnFe,O, u
ZnFe,0O, mpaxoBa KOjU Cy HamlpaB/beHH pa3IaralbeM BaXXHOT OPraHCKOT MpeKypcopa

XUJAPO3UHUJYM MeTall Xujapa3uH kKapOokcuiara. Takole, cuHTeTH30BaHe cy (pUHE UTIMYacTe

yecturie MnZn ¢depura [38] u3 urnmnyacror o - FEOOH u anernnaneronata Mn u Zn.
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Cnpej nuponusa

Y 0BOM MOCTYNKY METalu C€ J0Jajy y OOJIMKY pPacTONJbEHUX COJIM (OOMYHO XJIOpUIA) Y
BOJICHO] CpeAWHU. PacTBOp ce mpcka y BENMKY 3arpejaHy IOCyay I/ Ce MeTallHe COJU
XHIPONH3Yjy, a y cinydajy rBokha oxcuaumy. Kucenmuna ( HCI) ce monoBo nobuja u motom ce
CMellla OKCH/Ia CKyIUba Ha qHY nehu.

Crpej nmposmsa (eHr. CO-Spray roasting) ce OJHOCH Ha MCTOBPEMEHO MPCKAbe BHUIIIE O[]

jenne xommonenre (1j. Fe,0,, MnO), mro je onucano y oureparypu [39, 40]. Ynorpeba crpej

IUPOJIH3E 3a 00Hjarbe KoMepurjanHux Gepuraux matepujana [41] uma cinenehe npeaqHOCTH:
e nosehana xoMoreHocr,
e cIMMUHAIM]a Kal[MHAIH]C,
e 100pa MarHeTHa CBOjCTBa U

¢ CKOHOMHYAH IIOCTYIIAK.

Cybonumayuono cywerse

JoHn Mmerana ce pacTBapajy y BOJEHOM CpPEICTBY M paclpllie Yy BpJIO XJIAJHY OpraHCKy
TEYHOCT YyuMe ce 100ujajy dune, 3amp3HyTe cdepe. PacTBop ce moToM ekcTpaxyje, a 1odujeHe
3aMp3HyTe cepe cyOInManruoHo cylle Mocje Yera 0cTaje cMellla KpUCTaTHUX epKypcopa. OBe

cdepe ce MoTOM TOCTENEHO pa3iaxy Kako Ou ce moounu Gpepuru.

Axmueupano cunmeposarse
Bapujanuja cnipej nuponuse, y K0joj ce MemaBuHa pearyjyhux ¢gpeputHux matepujana mpcka
y MOCyAW Tako Ja KaJlhHainuja Op30 HacTyma, MpeAcTaB/ba IOCTYMAaK KOJU CE€ Ha3uBa

AKTUBHUPAHO CUHTCPOBALC. HI/IJC HaBCJICH HI/Ije,Z[aH BUJ KOMepI_[I/IjaJ'IHe IMPpUMCHE OBOI' MCTOA.

Cunmesa uz pacmona conu

OBHM TIOCTYITKOM OKCHH COJIM METAJIHUX KOMIIOHEHTH (pEpHTa Ce pacTBapajy y HEOPraHCKO]
COJIM KOja Ce CIOpO TOMH, a Koja MOMa)ke Peakljy OKCHIa y HMCTOIUbEHOM cTamy. HakoH
3aBpIIETKa peakiivje, pacTBOPJbUBE COJHM Ce pasiaxy y BOAM OCTaBibajyhu Tanor QepurHOr
mpaxa. Y OBOM IMOCTYIIKY, (DJMHO MJIEBEH-€ IpaxoBa ce u3berasa, aau (EepUTHHU Mpax je Beoma

(¢uH HakoH mHpama IMTO YKa3yje Ha Malxy pacTBopsbuBocT Fe,0, mnm apyrux okcuma y

PacTOIIBEHO] COJIH.
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Con — zen cunmesa

OBO je HOBa TEXHUKAa y KOjOj C€ MaJjie KOJIOWJHE 4YeCTHUIle NMPBO (GopMupajy y pacTBOpYy
OOMYHO XHUIPOJIM30M OPTaHCKUX jenumermha. OHe ce MoToM MmoBe3yjy Aa Ou gopmupane rea wim
dbopMupajy Kepamuuke decTriie. MaHTaHCKH IIMHK (PEpUTH Ca BHUIIKOM TBOXha M ca JOJATKOM

B,O, cy cunTtermsoBanum kopumhemeM IUTpaTHOT NocTynka. JlomaBame OoOp OkcHia je

VHAMpEAWJIO pacT 3pHa M H3MEHWIO MarHeTHa cBojcTBa. Mctu wmeron je KopumiheH 3a

npoy4aBame epexra nomaBama V,0, MgMnZn deputuma ca mamkom rBoXkha [42]. Manu
JIOJIAIM Cy CIpeYIin pact 3pHa anu Behe komnuune (> 0,25%) cy ra ynanpeaue.

Con — ren TexHuKa je kopuinheHa 3a nuOWjambe MHKpOTaJacHUX abcopOepa u3 GepuTHUX

cupoBuHa [43].

Xuopomepmanna cunmesa

XuaporepMaiHa CHHTE3a VYKJby4dyje BOJCHY pEaKIHjy KOHCTUTYEHTa Ha BHCOKO]
TEMIIEpaTypH | MO/ IPUTUCKOM Y 3are4aheHoj peakIMOHO] MOCYAU. XUAPOTEpPMaIHA CHHTE3a Ce
MOK€ KOPUCTHUTH 332 KOHTPOJy BEIIMYMHE YCCTHIIA XEMaTUTa W MarHeTHTa. YCIIOBU KOJH CY
VTHIIAM Ha MeXaHu3aM oOpa3oBama je3rpa (Hykiealdja) cMaTpajy ce OJTOBOPHUM 32 Taj
npouec. OBa MeTona Takohe omoryhasa moctymnak npasibemba MnZn ¢epura, ka0 U KOHTPOIY

BeIMYKMHE HaHouecTHuia [44 — 46].

Mexanuuko necuparse

Pazmuuntu Zn u MnZn ¢eputu cy nobujenn mueBemeM kyrmamuma (enr. ball milling)
BEJIMKE eHepruje, 0]l OCHOBHUX OKcHJa. MemameM Op3uHEe OKpeTama IOoCy/1a U IJIaBHOT JIUCKa,
MOJ€ c€ JOOUTU HEKOIMKO HAuMHA MJIEBEHA.

MuieBeme je BakaH MOCTYNAK Y TEXHOJIOTUJH Mpepajie MEeTalHUX npaxoBa. lberoa ocHoBHa
HaMEHa je IPOMEHa BEeJIMYMHE U O0JIMKA YeCTHIa, Ka0 U XOMOTeHH3allMja MpamkacTux, 0ON4HO
CJIO)KEHUX CMeIIa, Kojeé MOry OWTHM HAaKHAJHO KOMIIAaKTHpaHe, Ha IpHMEp, MPECOBABEM U
CUHTepoBameM. MelyTum, MieBeme MOXKE JOBECTH M J0 Pa3IUYUTUX (PU3HUKOXEMHJCKUX H
XEMHJCKUX NTPOMEHa MaTepujaJa.

[Ton nedwHUIMjOM MEXaHUYKOT JIETHpama MOoJpa3syMeBa c€ U MEXaHOXEMHUJCKU TpeTMaH
CMellle J[Ba WIM BUILE MTPaxoBa O] KOjuX je 06ap jeaaH meranaH. MeXaHUYKUM JIETUPambeM MOTY

Ce CMHTETH30BaTH Pa3HU METACTaOMIHM MaTepHjalid, Kao IITO Cy HaHOKpHCTalHe jierype [47].
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3a MEXaHOXEMHjCKH® TPETMaH IIPaxoBa KOPHCTE C¢ PasiMYdTH TUIOBH MJIMHOBA, Hajuemfie
BUOpPALIMOHY, aTPULIMOHH, XOPU3OHTAIIHU U IJIAHETapHU KYrJIMYHU MiIMH. [Ipou3Boau mieBema
jako 3aBHce 0J ycioBa mieBema. Kopumheme pa3anuuTiX MIMHOBA WM IMPOMEHA MapaMerapa
MIJIEBEHbA YECTO PEe3YJITHUPA YOUWHHBO pA3IMYUTHM ITyTEBHUMA MEXaHOXEMH]CKHX peaKIyja.
[Topen Tora, 3a goctuzame onpeheHe cTpykType, moTpeOHAa BpeMeHa MIIEBEHA Y MIMHOBUMA
Pa3IMUMTOr TUIIA CE jaKO Pa3jIHMKYy]y, HEKaJa JeceT U BHILE ImyTa. 300T HEIOBOJHHOT MTO3HABAKA
(heHOMEHa TOKOM MEXaHOXEMHjCKOT TPETMaHa, y Ca/IallllbeM TPEHYTKY HHje Moryhe moy3naHo
,»TIOJIeTIaBakbe™ yCIIOBa MJICBEHA MPU MPETAcKy paja ca jeJHOr Ha Apyru Tum MiuHa. Taxobe,
Huje moryhe ca curypHomhy NOpeaBHAECTH Kpajibl TPOU3BOA MEXAaHOXEMHJCKOT TpeTMaHa
oabpaHor Matepujana.

MexaHU4KO JIeTUPambe je TEXHWKa MJICBEHa CMEIIEe IMpaxoBa KOjOM ce Jo0Hja KOMIIO3UTHH
MaKpOCKOIICKH XOMOT€H Ipax, ca M3y3eTHO (PMHOM MHUKPOCTPYKTypoM. I[Iporecy mexaHudkor
Jerupama MOTy ce npunucatu cieaehe moryhHocTu:

- mpou3BoABAa (huHE Aucnep3uje ceKyHaapHe dase,

- YCUTHaBame CTPYKTYpE MaTpPUIlE 10 HAHOMETAPCKUX BEIMYUHA,
- noBehame rpaHulia paCTBOPJHLUBOCTH,

- CHHTE3a HOBHX KPHUCTAJIHUX (a3a u

- nobujame amophHuUx daza.

CymTiHa Tporeca MEXaHWYKOTr JIETHpama je JIETUPAame Yy YBPCTOM CTalky Yy3aCTOITHUM
XJIaJHUM 3aBapUBamb-eM (CIICIJbUBAEM) M JIOMJbEH-EM YeCTHIla paxoBa [49].

[Tojenuuayna xonusuja (Cydap) KyriMia — mpax — Kymiuna (Kao ¥ Kyrjuia — mpax — 3uj
nocyje), Memba MopQoJIorHjy Mpaxa clelbHBambeM M JoMJbemeM dectuna. Kajga ce meranHe
YeCTHUIle JOJUPHY, aTOMCKH YHCTe METaJHE IMOBPIIMHE JOBEJCHE Cy y HEmocpelnaH KOHTaKT
dbopmupajyhu xmagan Bap. Ha Taj HaumH ce oOpasyje ciojeBUTa KOMIIO3MTHA YECTHIIA.
HcroBpemeHo, nedopMalioHO OjayaHa KOMITO3MTHA YeCTHLa MOXe jaa ce ciomu. [lorahaju
XJIaJHOT 3aBapuBama M JIOMa OJBHUjajy CE€ HUCTOBPEMEHO. 3aBapuBame (ca IUIACTUYHOM
nedopmaijoM U aHTIOMEpPAlMjoM) M JIOM (CMamemhe BEIIMYMHE YeCTHIa) ,,Mece’ KOMITO3UT
TaKO Jia CTPYKTypa YECTHIIAa TOCTEIEeHO TOcTaje GUHHMja M XOMOoreHHja. [lajbuM MIleBEHEeM, Y
OBaKo 00pa30BaHUM KOMITO3UTHUMA, MOTY C€ OJMTPABATH PA3IUUUTE MEXAHOXEMH]CKE PEaKIlyje,

KOje y HEKUM CllyyajeBUMa JI0BOJIE 10 oOpa3zoBama amopdHe dase.

5 MexaHoxemHuja ce AeuHHUIIEe Ka0 HAyKa KOja mpoydyaBa (QU3NIKOXEMHUjCKE IMPOMEHE MaTepHje MO yTHUIdjeM
mexanmdke enepruje (Heinicke 1984) [48]
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Tpeba HanoMeHyTH U J1a c€ HAKOH U3BECHOT BpEMEHa MIIEBEHa, IPOCEUHA BEIMYMHA YECTHIIA
JaJbMM MIICBEELEM HE Meba (IPOCeyYHa BeaMyrHa oko 1 um), MehyTum BendnHe KpucTaauTa y

qeCTUllaMa C€ MOr'y U JaJb€ CMambMBATHU CBC 10 HAHOMCTAPCKUX BCIIMYMHA KAO IITO je IIPpHUKA3aHO

ga Ci. 2.13.

RPN

T
il ol ) '

Sheh

YyecTtuua KPUCTaIUTH

Ca. 2.13. CtpykTypHE IPOMEHE Mpaxa TOKOM MEXaHWYKOT JerHpama

Toxom MmileBeHa OJUTPaBajy ce€ OpOJHU TPOIIECH HAa MAKPOCKOIICKOM, MHKPOCKOTICKOM H
aTOMCKOM HHUBOY: 0O0pa3oBambe M KpeTame [eTHOJAMMEH3MOHUX Jederata y CTPYKTYpH,
iacTuyHa aedopMaiiija, CMULAKE M JIOM YECTHUIIa, JIOKATHO 3arpeBame, eMHCHja eIeKTpOoHa
utA. [71aBHa KapakTepuCTHKa MEXaHOXEMHJCKHX Ipolleca je Ja ce OAUTpaBajy y H3pa3UTo
HEpaBHOTE)KHUM YCJIOBHMAa. Y TPEHYTKY yAapa KyIrJMIEe O TMpax, NPEeHOC U paculame
(mcumarnyja) MEXaHWUKe €Hepruje je ckopo TpeHyTHo. [loOyheHo (ekcuToBaHO) cTame Tpaje
BeOMa KpaTKo U 3a0CTaje ,3aMp3HyTa” — HeypeheHa — MeTacTabWiIHAa CTPYKTYypa.
KBaHTHTAaTHBHO OMHUCHBAKE€ MEXaHOXEMHJCKUX TMpoIlleca je HM3Y3eTHO TEIIKO, a MEXaHU3MHU
MEXaHOXEMH]CKUX peaKiija Cy HEIOBOJHHO pa3jalibeHdu. 300T Tora jOoml yBEK MpeoBiajaBa

eKCIIEPUMEHTAJIHU MPUCTYI Y UCTPAKHUBAKY MEXaHOXEMHU]CKHUX IIpoIeca.
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OCHOBHHM 3aXTEeBHM 3a YCIICIIHO Boleme Ipoleca MEXaHHYKOr JIeTHpama, Tj. JoJlacKa 0
KEJbEHOI pe3ylsiTara, je ycIocTaBibame OanaHca u3Mmely JioMibema W XJIaJHOT 3aBapuBamba
YecTulla rmpaxa. 300r Tora je 3a CBaKM CHUCTEM MOTpPeOHO MPaBIIIHO 0/1a0paTu pajaHe yciose. [a
OM ce CMambHIIIO XJIQJHO 3aBapUBambe, a MHTE3UBUPAIO JIOMJbEH-E YECTHLIA, TIOHEKAT j& MTOTOTHO
JI0AaTH T3B. ,,IPOIIECHH KOHTPOJMIIyhH areHc Tj. ,,Ma3uBO* KOje OMEeTa YMCT METal — MeTall
KOHTaKT HEONXOJaH 3a XJAJHO 3aBapuBame. 32 OBY CBPXY KOPHCTE C€ METaHOJ, E€TaHOI,
XEKCaHOJI, TOJYEeH, CTeapuHCKa KHCEJIMHA, BaKyyM MacT UTHA. Jlpyra MoryhHOCT je KpHOT€HO
MIIEBEI-E KaJla ce TOCyJle XJaJe TEYHUM a30TOM, yuMe ce moBehaBa KpTocT marepujaia u
nojcTuye Jomisere [50].

MexaHn4KO JIernpame UMa BEJIMKY MPETHOCT 300T Tora mro ypehaj Huje BEeIUKH, PEIaTHBHO
je jedTuH, jeHOCTaBaH je 3a MPUMEHY M YUTAB TOCTYMAK C€ paaud Ha COOHOj TEMIIEPATYPH.
Tpeba BomuTH pauyHa Ja TOKOM MJIEBEH-a MOKE JIOhW 10 3ampibaHOCTH Tpaxa, Koje MOTHYE OJ1
MenrjyMa 3a MileBeme (KyIiIMle U 1mocyna), atMocdepe 1 Ma3uBa. 3anpJbaHOCT Mpaxa je jeHO
01 HajO30MJbHUJUX OTpPaHHYCHbA MEXAHOXEMH]CKOT TPETMaHa, jep MOXE Ja yTU4Ye Ha CBOjCTBa
noOujeHor Marepujaiia, Ka0 M Ha MEXaHOXEMHjCKY peakiujy. [la Oum ce m30eria okcuuaryja
paxa MIICBEHE C€ YeCTO M3BOJIM Y HHEPTHO] aTMOC(EPH.

MrneBeme ce KOpUCTH 3a CMameme WM noBehame BEIMYMHE YECTHIIA, MPOMEHY OOJHKa
YeCTHLA, ariioMepalyjy, MPOMEHY OCOOMHA IpAaIIKacTOr MaTrepHjaia (ITyCTHHA, TE4JbUBOCT,
0jayaBam€) M XOMOTCHM3allMjy JBa Tpallkacta Marepujana wid Bume mux. Ilopen Tora,
MJIEBEHE CE KOPHCTHU U 32 MEXaHHYKO JIETHPamke, Ka0 U 32 XeMUjCKE PEaKIHje y YBPCTOM CTamby.
VY 3aBHCHOCTM OJf HaMeHe, TIIOCTOjé MIIMHOBM KallallUTeTa HEKOJIMKO MHJIHMIpama JIo
WH]TYCTPH]CKHX OJ] HEKOJIMKO CTOTHHA KWJIOTpaMa IO IapXH. TOKOM MJeBemha Ha MpaIlKacTH
MatepHjal Jenyjy uetupu Bpere cuia [51]: yaap, Tpeme, cMulame U cabujame. Yaap je cyaap
JIBa Tejla ¢ MPOMEHOM Op3WHE JeHOT Win 00a o1 muX. Tpeme je pe3yaTaT TpJbama JIBa Tela.
Cmuname ce cacToju 0]l ceuerma WM Ienama yectuiia. Cabujame je Cropo JIeJoBamke cuila Koje
JOMe WJIM THede npamkactd marepujan. lllemarckn mpukas Hajuemhe kopuirheHux Tumosa

MJIMHOBA 32 MEXaHOXEMH]CKH TpeTMaH JaT je Ha Cii. 2.14.
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Cn. 2.14. lllematcku npuka3 Hajyenlhie KopumheHNX MIMHOBA 32 MEXaHOXEMUjCKH TPETMaH:
(a) arpunmonun minH; (0) BUOpallMOHM MIIMH; (B) XOPU30HTAIHU KYTJIMYHU MIUH; (T) MIaHETapHA MIIMH

VY arpummonom miuHy (arputopy) (Cm. 2.14.a) kyriune W MpamkacTH MaTtepujan cy

CMEIITEH! y HETOKPETHO] BEPTHKATHO] Tocyau (Koja MOXKE Ja ce XJaJd HEKUM pPacXJIaTHUM
bayusoM) W Meliajy ce BEPTUKATHOM OCOBHHOM Ca HEKOJUKO XOPH30OHTATHUX HACTaBaKa.

OOprame 0COBHHE MPOY3POKYje Pa3HOBPCHO, CIIOKEHO KpeTame KyIJnila U rnpaxa. MieBeme ce
OCTBapyje YAapHUM M CMHIIaJHUM cuiama. bp3uHa potamuje ocoBuHe kpehe ce on 6,3 st

(60 ob/min) 3a unmycrpujcke g0 31 s (300 ob/min) 3a nabopaTopujcke MIMHOBE OBOT THIIA.
OG6HYHO ce KOpUCTEe KYIJIMIE MpeYHuKa o 3 mm go 6 mm. Tunuyne Op3uHe KyIriHIA Cy OKO
05ms*.

VY Bubpanmonom muuny (Ci. 2.14.0) Kyriuie u mpax CMEIITEHH Cy Y MOCYAH KOja OCIHIyje Y

CBa TpU OpPTOrOHaJIHA TpaBlia, a OCIIJIATOPHO KpeTame Kyriaula je KoMmIieKkcHo. Kperame
Kyrfiuia ¥ T[paxa 3aBuce O] MHOro ¢akropa Kkao mTO je (peKBEeHIHja, aMIUIUTY/a,
3aKpPUBH-EHOCT U BETTMYMHA MOCY/E, MyTamka KpeTama nocyae uta. [lorpedHO Bpeme MiieBema je
00MYHO KPaTKO.

VY XOpH30HTAJIHOM KYIMIMYHOM MJIMHY KOJjU OM ce MOrao Ha3BaTH W KOTpJhajyhu KyrJiMuHU

winH (pema enriieckom tepmuny tumbling ball mill), (Cn. 2.14.8) Gp3una potaigje mocye

Tpeba na Oyzne Mama O KpUTHYHE Op3uHE Koja ,,Clerubyje’ Kyrjiuie O 3uja IMocyae, Tj.
o<, /g/ (RXr), riie je ® - 6p3una poranuje nocyue [s' 1]; R - momympeunuk mocye [m] S
- TIOJYNIPEYHUK KYTITUIIE [m] ng=9281 [ms’ 1] - yOp3ame 3eMJbHHE TeXKE.

[Tnanerapau MuvH je nmpukazad Ha Cir. 2.14.r. [locyne ca KyriauiamMa u nmpaxoMm IoCTaB/beHE

Ccy Ha Hocehu AMCK KOjU POTHpa, JIOK C€ MOCYAEe HMCTOBPEMEHO, CIMYHO KpeTamy IUIaHEeTa,
okpehy oko cBoje oce. OTyna Ha3uB TuTaHeTapHU MIIMH. KoJ KOMepiujamTHuX MIMHOBA OJHOC

Op3uHe portanuje mocyae u Hoceher nucka je ¢ukcaHn. Y 3aBUCHOCTH OJ OAHOCA
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LHEHTPUPYTraJHUX CHUJa, Kyriuma ce y ojapeheHoM TpeHyTKy ,,0/ulelibyje ol 3uAa Hocyle U
BEJIMKOM Op3MHOM yzapa y CyNpoTHY cTpaHy. IlyTama Kyrimia TOKOM Tako KOMIUIEKCHUX
POTAIMOHKUX IOKpeTa IIeMaTcku je mpukazana Ha Cn. 2.15. MHTEH3UTET MIleBeHma Ce MOXKE
KOHTHHYaJTHO MEHmaTH INpoOMEeHOM Opoja oOpraja Hoceher nmucka. [locroju u mocebHO

KOHCTPYHUCAH IIJIaHCTAapHHU MJIMH Ha KOM€ CE€ MOKE HE3aBHCHO MCHATH 6p3I/IHa Hoceher JUCKa 10

73 s (700 ob/min) u 6p3una nocyza xo 126 s** (1200 ob/min) [52].

Poranmja
IUTAaHETAPHOT
JICKa

Potamuja
LWINHIPUYHE
nocyze

Cx. 2.15. Kperamwe Kyriuna yHyTap QUIMHIPUYHE ITOCYAE TOKOM MJIEBEHa Y MJIaHETAPHOM MIIUHY

AKTHBaIja 4ecTulla MaTepHjajia Ha MUKpPOHHUBOY oriieia ce y cienehem: y TpeHyTKy yaapa
KyIJIMIle MJIMHA BEJIMKOM Op3MHOM Ha MOBPUIMHY MaTrepujaia KOju ce MeJbe J0Jla3u J0
akymynanuje enepruje. Hacraje BucoxomoOyheHo crame (TpuOoruiazma) Koje KapaKTepHIle
pazapame pelieTke, Ipu yeMy J0J1a3u 10 n30anuBama aToMa U eJIeKTPOHa, IIITO je MOBE3aHO U ca
nooyhuBamem dorona [53 — 55]. Tpuboruiazma ce mojaBibyje y BeoMa KpPaTKOM BpPEMEHY U
HacTaje HeypeheHa mopdoromka cTpykTypa. JlaJboM MEXaHWYKOM aKTUBAIMjOM JI0JIa3U 10
1ojaBe MyKOTHHA LITO MPEACTaBIba JeaH OJ] OCHOBHUX Ipolleca y TOKY MEXaHHUYKe aKTHUBallHje.
[Ipomene cy mpahene nosehaweMm cnenupuyHe MOBPLIIMHE M MPOMEHOM BEIMYMHE U OOJIMKa
YeCcTHUIla MJIEBEHOT Tpaxa.

Tun MiaMHa, Ka0 W HapamMeTpu MJeBeHma (aMIUIUTyAa U (peKBeHIHja KOJ BHOPAIMOHOT
MJIMHA, Op3uMHA poTalyje KOJA IUIaHETapHOI MIIMHA, MAaceHW OJIHOC KyTJHIlla IpemMa Ipaxy,
BEITMYMHA KYTJIUIA, CTETICH MyHeha UTHA.) MMajy OWTaH yTHIa) Ha €(PUKACHOCT W MPUPOIY

MMpEeHOCAa MCXAHUYKE eHeprI/Ije ca MC,[II/IjYMa 3a MJICBCH:C Ha ITpax.
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Pacnpuiueamwe y naazmu

OBaj Merox ce TMpeiaXe 3a IMPaB/bCHE MPEKACTUX OOJHMKa CJIOXKEHE TeOMETpH])e.
Enumunnine rmoMasHy MexaHHuKy oOpaay u ryoutak marepujaia. Takohe ennuMuHHIIE HAlIOHE
U ca BHUMa MoBe3aHe I'youTke jesrpa. Pesynrar moxke na ce moOoJblia BpeIUM H30CTAaTUYKUM
npecoBameM. MeToJ1 paclpiliiBameM y uia3Mu kopuinheH je 3a qooujame NiZnCo dheputa on

KOMEPIIHjaIHO IIPOM3BeAeHOr npaxa [56].

2.3.3 CuHTepoBame MaTepHujajia

Hajmotnynuja neduHumnmja mporeca CUHTEpOBama je: ,, CHHTEpOBamE je CKYN CIOXKCHHX U
Mel)ycoOHO mMoBe3amx TPaHCHOPTHHX Ipoleca Mace KOju ce oxaBujay m3Mmely dectuma u y

3

YecTUIIaMa JUCIIEP3HOI CHCTeMa TOKOM HeroBe KoHconupauuje “. [57] V Toky mpoueca
CHHTEpOBama MaTepHjaly ce JIOBOJIU CHEprHja: TOIUIOTHA (3arpeBambe MaTepHjajia), MeXaHHYKa
(CMHTEpOBamWE IO/ BUCOKUM IPUTUCKOM), WJIM HEKH JPYTH BHJ CHEpruje (CHHTEpPOBAHmE Y
MUKpOTaJacHUM rehuma).

VY OKBHpY aTOMCKE TeopHje, IpeMa IPOMEHH TeOMETPHje U MUKPOCTPYKTYPHUX Iapamerapa
YHyTap CHCTEMa, IIPOIEC CHHTEPOBamkba CE€ MOXKE IOJACIUTH Ha TPU KapaKTepHUCTUYHA
craaujyma [58 — 61].

[ToueTHu cramujym oOyxBara M3BECHO MelyCOOHO MPOKIM3aBamke W PEAHKUPAmE YECTHIIA

Kao W TIOYeTaK pacTta MelydecTHYHOr KOHTAaKTHOT ,BpaTa“. UYecTuie 3aapikaBajy CBOjY

CTPYKTYpHY UHAMBHyaTHOCT. [IpeoBnalyje 1om uszmely 3pHa.

VY cpenmeM cTaanjymy MOPO3HOCT C€ CMamYyje, mope 100ujajy mpaBUIHUJU OOJIHK, HACTaBJba
ce pacT 3pHa W pact Bpara m3mely nBe decrune. Jlemasa ce oM u3Mely 3pHa W Kpo3 3pHO.
MuKpOCTpYyKTypa je HEXOMOTeHa.

VY 3aBpuiHoM CTa):[I/IiVMV CUHTCpOBakha 3TyllkbaBakbEe CC 3aBplllaBa, IMOPE CY 3aTBOPCHCE,

WHTE3WBUpAH j€ pacT 3pHA, JOMHUHHUpA JIOM Kpo3 3pHO. MUKpPOCTPYKTypa je MpUOIMKHO
XOMOT'€Ha.
CuHTepoBame aKTUBHPAHUX MPAXOBa, Tj. MPaxoBa ca BHCOKOM JUCIEP3HOMINY M HU3Pa3HTO

HCprbCHOM KpUCTAJIHOM CTPYKTYpPOM, Ha3HMBa CC€ AKTUBUPAHO CHHTCPOBAILC. HpI/I CIIOpOM

3arpeBamy CTPYKTypa YecTHIIa IPaxoBa MOXE Ja Ce pellakChupa Ha PEeaITHBHO HUCKUM
TeMIeparypama yciesa aHxuianyje aedexara.

AKo ce y TOKy mpolieca CHHTEpPOBama OJUIpaBa XEMHjCKa peakluja u3Mely moia3HHX
KOMITOHEHTH OHJIa c€ TaKaB TEPMHUYKU TPETMaH 30B€ PEaKIIMOHO CHHTepoBame. OBaj mpoliec ce
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npuMemyje 3a go0ujakbe MHOTHX MaTrepujana (Jo0ujarkbe TUTaHaTa Kao JAHEIICKTPHYHUX

Mmarepujaia, (hepura 3a eIEMEHTE eICKTPOHCKHIX KOoJia, BAPHCTOPA H CIL.).
2.3.3.1 Cunmeposamwe cnunennux gpepuma

CuHTepoBame je YCKO MOBE3aHO ca CBOjCTBMMA Ipaxa, a TUME M Ca METOAO0M J00Mjama
npaxa. Takole, mocroje Bapujalyje y MHKIYCY CHHTEPOBama, Y 3aBUCHOCTH O] KpajHbUX
KEJbCHUX CBOjCTaBa Ha KOja yTUYe Kpajika NpuMeHa. L[M/beBM TOCTyIKa CHUHTEpPOBama Cy
cienehu:

e 3appmuTy Mehyaudy3njy joHa MeTaa Y )KEHhEHY KPUCTAIHY PEIICTKY,
® YCIOCTAaBUTU OAroBapajyhy BaJeHTHOCT 3a BHIIEBAJICHTHE jOHE oJrorapajyhom
KOHTPOJIOM KHCEOHUKA,

e (hopMupame MUKPOCTPYKTYpPE KOja HajBHUIIIE OATrOBapa MPUMEHH.
2.3.3.2 Cunmeposare manzan YUHK ghepuma

Bynyhu na manran nuHK QeputH npencTaBibajy npeosnalyyjyhu tun ¢peputa Koju ce KOpUCTH
y KOMepIMjaliHe CBpXe JAeTajbHHje he OUTH pa3sMOTpeH MpoIlleC CHHTEPOBama OBUX (epuTa.
3ajento ca NiZn ¢eputuma ryoutak Zn mpejactaBba MpoOJeM HAPOYMTO Kaja Ce 3axTeBa

BeJIMKa TycTHHA. Jlpyru 030MJbHE MPOOJIEMH Ha KOje C€ HaWIa3u Cy: craduim3aiuja cajapikaja

Fe?" koju je y cKIay ca BUIIKOM HPUCYTHOT IBokle OKCHIa M MPOMEHIbHBA BaleHTHOCT MN.

[lpunukoM CHHTEpOBama MaHTaH IIMHK (epuTa BeNWKE MPOMYCTJBHBOCTH IMOTpeOHE Cy
BHCOKE TeMIlepaType Kako Ou ce 1o0uo 3amoBosbaBajyhu pesynrar. TyHencke nehu He MOTy na
ucnyHe Te 3axTeBe. Ctora ce yecto kopucte T3B. h0oX mehu. Ha taj HaumH moryhe je moctihu
no0py KoHTpony atMmocdepe y GyHKIUjU Temieparype. Kako 6u ce crmpeuno ryOWTaK IMHKA,
BHCOKa TEMIIepaTypa ce MpHUMEmYje Ha cajapika] KHCEOHHMKa KOjU ce MOTOM H3je/HadyaBa ca
onrosapajyhom BpeaHouthy mpHIMKOM CHH)KaBama Temreperype. Mehytum, OpuiIukom
cuHTepoBama MnZn depura 3a npuMeHe y eHepreTcke CBpXe, paclopesi CHHTEpOBamba MOXeE J1a
O0yzne kommuinkoBanuju. Ilorpeba 3a BehoM rycTHOM 3aje1HO ca oTropHouIhy Ha rpaHHIle pacTa
3pHa 3aXTEBa]y CIEIUjaITHO CHHTEPOBAKE Y BUIIIE HUBOA.

MHoro Tora je HamMcaHO Ha TeMy NpKelka MaHraH IMHK ¢epura. [Topen mpobiema koju cy

Beh CIIOMCHYTH, IdaJba pa3dMaTpama O TUITY CHHTCPOBAhaA Cy:

50



TEOPUICKU JEO

- ynorpeba aguTMBa 3a MOMOh WpM CHHTEpOBakY WM MoAW(UKATopa pacTa
3pHa (Ca, Si),
- HeuucTtohe y CHpOBHHaAMa

- BeJMYMHA y30pKa, momro creneH O, paBHOTexe M ryOuTka Zn 3aBucu of qudysuje

WM HajMamkUX JUMEH3H]ja

VY cnyuajy MnZn deputa Tpeba CHOMEHHYTH TPH TpYIIE:

1) JluneapHu mMaTepujaIr MaJIOT I'YOUTKA 3a TEJICKOMYHHKAIIH]e,

2) Marepujaau BHCOKE IMEPMEAOMIHOCTH 3a OCETJbUBE CEH30pe NpOTOKa (iykca WM

TpaHnchopmarope u

3) Eseprercku matepujaiu BUCOKE (PPEKBEHIIN]E

Cgaka oz oBHX rpyna (epura 3axTeBa oceOHEe YCIOBE CHHTEpOBama U Xjahema.

MexaHOXEeMHjCKe peakIlyje J0 KOjux Joja3u npu cuaTtepoBay MnZn depura cy cnenehe:
1ocjie MOYETHOTr TepHoja 3arpeBama y Kome caropu  Be3uBo (enr. binder) (om coGne
temneparype 10 500 °C) mpBa xemujcka IIpoMmeHa ce jaBiba y BUAY (Gopmupama ZN depura ca
nouerkoMm Ha 600 °C nma 1o 800 °C. Tokxom oBor Bpemena Mn 3ay3uMa cBOj paBHOTEXHH OOJIUK

Mn,O,. Y6p30 mocne nocrusama 800 °C, mounme narano popmupame MnZn depura kpo3

pactBapame Mn y Zn depurty. ITocne 800 °C y6p3aajy ce peakiyje Kojuma HAcTaje KOHAuHA

cTpyKTypa ¢epura. Ha TemnepaTrypama CUHTEpOBama IPU PABHOTEKHOM IMPUTUCKY KHCEOHHKA

dopmupa ce oxroapajyha konmumsa Fe'" koja ynmasu y cacraB Fe;O,. Bumak kuceoHuka y

OBOM IIpoliecy u3a3uBa nperunuranyjy Fe,0;.
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3 EKCIHEPUMEHTAJIHU JEO

3.1 Meroae kapakTepHu3aluje JMeJTeKTPUKA U MarHETHKA

3.1.1 XRD anaau3za

Ova metoda omoryhaBa mnpaheme CTpyKTYpHHUX TpaHChOpMaIHja y30paka MPHUMEHOM
madppakmuje X 3paka (PeHATCHCKA CIEKTPOCKONHja) Koja omoryhaBa nyOJbe ylakeme Yy
CTpYKTYpy Marepujana. Mnentudukanuja mpucyTHuUX (asa BpIIM ce MPEeKo oAroBapajyhmx
nudpakrorpaMa (peHIreHorpaMa) CHHTETU30BaHUX y30paKa Ipaxa.

PeHreHCcKo 3paueme je eIeKTPOMAarHeTHO 3padyckkhe Yrja eHepruja OoToHA NpHUIaia OICcery
ox 100 eV nmo 100 KeV. ¥V nmudpakunoHoj aHAIM3H KOPUCTU CE PEHITCHCKO 3pavyehe ca MalluM
TaJaCHUM JIy’)KHHaMa, Koje oaroBapajy eneprujama ¢gorona ox 1 KeV mo 120 KeV. C o063upom
Jla je TajlacHa JIy>)KWHA PEHJATCHCKOT 3paveka MPUOJIMKHA BEJIMYMHU aTOMa, OBO 3pavyeHe je
NOroJHO 3a ofpehuBame CTPYKTypHOr ypehema aroma U MOJEKyJa pa3IUuUTHX
marepujaia [62, 63].

Penarencku 3pamm ce MOTY NMPOU3BECTH y3 MOMON PEHITEHCKE [EBU WMJIM CHHXPOTpOHA. Y
PEHIATreHCKO] LeBH, Koja ce Hajuemhe KopucTH KoJ Jab0OpaTOPHjCKMX MHCTpyMEHaTa,
PEHArEeHCKU 3palll HacTajy KaJa YCMEpeHH CHOI eJIeKTpOHa, yOp3aH MHpOJIAaCKOM Kpo3 MOJbe
BUCOKOT HAaloHa, YAapH y CTallMOHApHY WM poTupajyhy aHony. PunmkoMm wuHTepakuuje
€JIEKTpOHA KOjU TMajajy Ha aHOIy M aToMa aHoJe, eMHTYje c€ KOHTHHYHpPAaHH CIEeKTap
PEHIAreHCKOr 3pauema, T3B. Oeno 3padewme. Kajga HamoH Ha pEHATNEHCKO] LEBU JIOCTUTHE
onpeheHy KpUTHUYHY BpPEIHOCT KapaKTepUCTUYHY 3a MeTaj OJl Kora jeé HalpaBJ/b€Ha aHoJa
(excuTanMoOHU TOTEHITH]a), €JIEKTPOHU KOJU TMaJlajy Ha aHOAY IMOCEAY]y JOBOJAHO €HEpruje aa
n30alle eJIeKTPOH U3 OMOTaua aToMa OJ1 KOJUX CE€ CacTOju aHOJa. YTPaXKHEHO MECTO MOMymhaBa
€JIGKTPOH Ca BHUIIET €HepreTckor HuBoa. Pasmiuka eHepruje koja ce ociobaha Ha oBaj HauWMH

MMpeacTaBjba KapaKTCPUCTUIHO PCHATCHCKO 3pavChC.
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Y HOBHWje BpeMe, Kao HM3BOpP PEHATNCHCKOT 3payckha Ce CBE BHIIEC KOPHCTH CHHXPOTPOH.
CHHXPOTPOHCKO 3pavyee HACTaje TaKO INTO EJICKTPOHM WM IO3UTPOHH, Op3MHOM Koja je
Osucka Op3WHHU CBETJIOCTH, Kpy)Ke yHyTap mpcreHa (eHr. storagering). Oaj mohHu U3BOp, YMju
je MHTEH3WTET 3pauema OJ XWJbajJy N0 MHIJIMOH Iyra Behw of 3payema J1abopaTOpHjCKHX
PEHITCHCKUX 1IEBH, ITOCTAje HE3aMEHJBHB 32 MIUPOK CIIEKTap CTPYKTYPHUX UCITUTHBAKA.

OcHoBHU nipuHIUI gudpaknuje koju je ycranopuo W. L. Bragg mpencraBiba HajONIITH]H
OPUHIUI Y OKBUPY TeopHje o mudpakuuju. CBaKM KpUCTaJI MOXKE Ja ce IOoHaIla Kao HH3

eKBUIMCTAaHTHUX paBHH, Koje ce Mel)ycoOHO Haslasze Ha pacrojamy d.

Cn. 3.1. Bparos 3akon audpaxmmje [64]

AKO KpO3 KpHCTaJI IPOJIa3d CHOII MOHOXPOMATCKUX PEHATEHCKUX 3paKa TajacHe TyKUHE A ,
HajBehu n1eo 3paka nmpohu he kpo3 kpucran, 1ok he ce Mmamu 1e0 0A0MjaTH 01 KPUCTAITHUX PaBHU
y kojuma cy pacnopehenu aromu. Onbujenu 3panu uHTtepdepupajy mehycobHo, ycnen yera
Joja3d 0 crabibema WIM  [0jayamka HUXOBOT  HHTEeH3uTeTa. Jlo  KOHCTpYKTHBHE
uHTepdepeHIyje, Tj. 1O MojayaBamba UHTEH3UTETA, J0J1a3H YKOJIUKO Cy pedIeKTOBaHM 3paiy y
da3u, y CympoTHOM J0jia3u JI0 JeCTpyKTHBHE WHTepdepenimje [62]. bparo 3akon je mar
penamujom:

ni=2dsing (3.1)

rae je: n - meo Opoj, A - TamacHa mayxuHa X 3paka, d - pacrojame CyCeIHHX PaBHH Y
perieTu u 6 - ynagHu yrao cHomna X 3paka.

Hudpakrorpam mpaxa caapXud HH3 pa3fABOjeHUX pediekcrja Koje Cy TNpelICcTaB/beHe
NUKOBMMA PA3JIMYUTOT TOJI0Xkaja U uHTeH3uTeTa. [lonoxkaj nuka je oapehen yriaom 26 u 3aBucu
OJ1 TaJlaCHE JYXWHE YNOTPeOJHEHOT PEeHATreHCKOr 3pauema, A. AKo ce ymnorpebspaBajy Behe
TajacHe AyKWHE pacTojame u3Mely mukosa je Behe, 10k he 3a Mame BpeTHOCTH A NMHUKOBU OUTH

OKM jeaH IPYroM Mako je y MUTamky MCTH Y30pakK Koju ce ucnuryje. Pasnor Tome je Taj mro
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je pacrojame u3Mel)y paBHH y KPHCTAIHO] pemeTiy, d , jeHaKo y CBUM CIIy4ajeBHMa jep 3aBHCH

UCKJbYYMBO OJ1 CTPYKTYp€ UCIUTHUBAHOT KPUCTAITHOT MaTepujania.

3.1.2 SEM u TEM anaause

OBe MeToJe eNEeKTPOHCKE MHKPOCKOIMje CIY)KE 3a HCIUTHBame Tomnorpaduje MOBPLIMHE
y3opaka. YBehana cnmka y3opka go0Wja ce TPUMEHOM MpUHIHUNA JAu(pakiuje BUCOKO
SHEPreTCKUX eNeKTpoHa. Tako ce HCIuTyje pacropen Kpucrana, aedexara KpUcTaaHe pelleTke,
JMCIIEP3HOCT MPANIKACTHX MaTepHjajia u T,

MUKpOCTPYKTYpHA UCTIUTUBAa MPE3CHTOBAHA Y OBOM pajy Ccy paljeHa TEXHUKOM CKEHHparmba

eslekTpoHa nmomohy mukpockomna (enr. Scanning Electron Microscopy — SEM). OBom MeTo oM

WICTINTYje Ce BEeIMYMHA U OONMK 4ecTHIa y3opaka npu ysehamuma ox 5-10° go 20-10° myra.
SEM TexHMKa y CYIITHHH MPECTaB/ba MUKPO - aHATMTUYKY TEXHHUKY KOja oMoryhaBa cimkame
WIM aHalu3upamke MaTepujaja Koje HUje Moryhe ypaauTd pe3oiyldjoM JOCTYITHOM KO
,»BUIUBUBUX " TexHuKa. [log cmukom ce mozapasymeBa ¢otorpaduja 00jeKTa MHOTO Mamer O
OHMX KOjU MOTY Ja ce Buae y3 nmomoh omrtuukor mukpockoma. SEM anamusom je moryhe
UACHTH()HUKOBATH eJIeMEHTE (Kao IITO Cy CHIIMKOH, TBOXI)e, UT/.) 0J1 KOJUX je cacTaBJbEH y30paK.
SEM mnpuka3 aHanu3upaHor y30pKa Jenyje Kao ctanaapana ¢ororpaduja, anu je OYUTIeaAHO 1a
OCBETJbCHC KOjHUM je OIMCaHa CTPYKTypa MOCJIEOHIla €MHCHje YeCTHIa Marepujaia, a He
pamujanuje. OBe yecTulle KOje C€ €MHUTY]y Ha3HMBajy C€ CEKYHJApHH EJIEKTPOHU, M HHXOBA
JeTeKI[Mja Ce 3alpaBO OYMTaBa Ha JHUCIUIE]y 3a CKEHupame. Tako je Kpajibu pe3ynrar
OCBETJLEHOCT KOja je y BE3M ca KapaKTepHCTHKaMa IMOBPUIMHE Y30pKa M CIIHMKa KOja BeoMa
nojceha Ha KOHBEHIIMOHAIHY QoTorpadujy.

TEM (enr. Transmission Electron Microscopy) TexHuka je He3ao0MIa3Ha Kajaa je moTpeOHO
YOUHTH HEKEe JIETaJbe Y CTPYKTYPH, MOCEOHO KOJ CUTHO — 3pHACTHX NMPaxoBa KOjU Cy CKIOHH
arjaoMmepanju. Behe uectuiie cy yriaBHOM arjoMepaTd MambHX 4YecTHlla — KpucTaja. Bucoka
pe3oiyluja 103B0JbaBa Jla Ce BUJAE YKYIHE CTPYKTYpe, MMoceOHO OHe BiakHacTtor tuma. OBa
TEXHHUKa ce paznukyje on SEM no Tome mro ce eIeKTpoHrMa J0BOJIE BEOMa BUCOKE €HEpruje, a
pe3yiTar CIMKama je IMOCIeAnIa Mpojacka eleKTpoHa Kpo3 y3opak. OBa TeXHUKa TeHEepaHO
UMa MPeTHOCT 300T BeoMa KpaTKe TalacHe Ty>KUHE eJIeKTPOHA KOjU UMa BUCOKY €HEprHjy U 300r
MoryhHOCTH Ja mpyxHu HH(pOpMalHje ca BeoMa MajHX pacTojama (ca YHyTap — aTOMCKHX
pactojama). Mel)yrum, oBa TeXHUKA je BeoMa 3aXTEBHA KaJa Ce paJau O MPUIPEMHU y30pKa, KOjU

Tpeba na Oyme BeoMa Manu (pefia BeTuIruHe 2 MM) 1 BeoMa TaHak (peia BeTMIMHE HAHOMETPA).
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3.1.3 Tepmmuuxa anaausza DTA DSC u TGA

Tepmuuka aHanmu3a MpecTaBba MEPEHE CBOjCTaBa Marepujajia (3aBUCHHUX O] TEMIEpaType)
TOKOM TIporpamMupaHe mpomene Ttemreparype [65]. Hajuemhe xopumihene wmerone
TEPMOXEMH|CKE aHanm3e cy audepeHiujaaHa tepmujcka anammmsa (DTA), mudepeniujaaHa
ckennpajyha kamopumerpuja (DSC) u TepmorpaBuMeTpujcka anaausza (TGA).

DTA merona 3acHOBaHa je Ha Mepemy pa3nuke u3mely Temmeparype y30pKa U CTaHIapia,
AT, nox je DSC Mmeroma 3acHOBaHa Ha MEpEHY pas3iiiKe TOILUIOTHOT (UIyKca y30pKa H
CTaHJap/a MpHU CTAJTHOj TEMIIEPATYPHO] pa3iIHIlM, KOja HAcTaje MPU MCTOBPEMEHOM 3arpeBamy
y30opka u crtaHgapia. OBe pa3iHMKe ce jaBjbajy Kao Mmocieauna (U3WYKUX WM XEMHjCKHX
mporeca y y30pKy Koju cy mnpaheHn yTtpomkoM Wi ocioOahamem eHepruje (IIpOMEHOM
eHTaNlmuje). Y OACYCTBY OBHX TIpoleca, TOJ0Xaj OasHe JHMHHUjEe je MPONMOPIHMOHATIAH
cnenupuYHOj TOIJIOTH y30pKa.

DTA wu3na3Hu cuUTHAN OAroBapa TEMIIEPETYpPHO] pa3nuuu u3Mel)y y3opka u pedepeHTHOT

y3opka, AT =T —T,. V cinydajy eHnoTepMuukux peaknuja y y3opky, DTA usmepenu curnan

Texu ka HeratuBauM AT BpeaHOCTHMA.
DSC wu3naszuu curnain (mocie KaJlopuMeETpUjcKe KaiauOparmje) Ou yBek Tpedajo Ja CHUMa

npoTok TOIIOTHOr (uykca, AQg.. Ilo3uTHBHM HpPOTOLU C€ NPHUIUCY]y EHIOTEPMH]CKUM

epexktuma. Kox DSC KpuBe, NMUKOBH y3pOKOBAaHH €HAOTEpPMAIHUM jorahajuMa IMoKasyjy
MO3UTHBAH IpaBall IpoMeHe (ykca.

TepmorpaBumerpujcka ananuza (TGA) je TeXHHUKAa KOjOM Ce IpaTd MPOMEHa Mace y30pKa y
GyHKIMjHU mopacTa TeMmreparype Kojoj ce m3naxe y3opak. M3nazuu curnan (TGA kpusa) naje
jacHe TMojaTke O JeJIOBHMA, OAHOCHO TEMIIEPaTypHHM pErHOHHMa, Y KOjuMa JoJla3d J0

caropeBama BE€31Ba y MMPOoLeCy CUHTCpPOBamkA.

3.1.4 PIM texHosoruja

PIM (enr. Powder Injection Moulding) TexHHOMOTHja ce KOPUCTH 3a JT0OUjambe METATHUX U
KepaMUIKuX Tpom3Boaa. Hajeeha mpemHocT oBoOr mporeca, KOju ce 0JIBHja Y HEKOJIMKO KOpaKa,
je'y cioboau onabupa obnrKa Kpajmer mpousBoja. [Ipoiec ce cacroju o uetupu asze:

- MHKCOBam€ CUPOBHHA (TI0OJa3HU MPax, BE3UBO),
- yOpusraBame CMeIlle y MalllMHYy 332 00JIMKOBAHKk-E TPOU3BO/IA,

- OACTpamUBAaIE BE3NBA U
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- CHHTEPOBamE JI0 XKEJbCHE T'YCTHHE MaTepHjaja.

[IpBu KOpak ce cacToju Off CjeAMmbaBama Ipaxa (MeTajlla WM KepaMUKe) U BE3WBHUX
KOMITOHEHTH (TEpMOIIJIACTUYHUX TIOJIMMEpa) U BUXOBOT MEIIama JJOK ce He 100uje XOMOreHa
memasuHa (enr. feedstock). V cmemehem kopaky MemiaBuWHa ce Jojaje y MallMHY 3a
00JIMKOBame cMece y JkeJbeHH 00iHK. Ty ce BpIIM 3arpeBambe CUPOBHHE KaKO OU Ce BE3HMBO
OTONWJIO U 33jeHO ca mpaxoM (GopMUpalo KeJbeHy reomerpujy. Ha kpajy oBe dasze mpoieca
nobuja ce moya3Hu y3opak (T3B. greenpart). Tpeha dasa cactoju ce y oacTpamuBamy Be3nBa U3
10JIa3HE CHPOBUHE TepMaHUM 3arpeBameM. Kao pesynrar mobuja ce 13B. ,, brownpart “ koju
3aj|pXKaBa CBOjy TEOMETPHjy U BelMuHMHY. [locienmsu Kopak je CHHTEpOBambEe KOJUM C€ Y30paK
3arpeBa Kako O ce eMTMMHHHCANE IMope U J0OMO YBPCT IMPOHM3BOJ OArOBapajyhe rycTtuHe, Kao
¢unanan pe3ynarar. CHHTEPOBAmEM CE€ Y30paK CMamyje, alu 3aapxaBa cBoj obmuk. OBo
CMameHke Ce y3MMa y O003Mp TOKOM IIPOjeKTOBama Kallyla, Tako Jla KpajiH MPOU3BOJ HE
OJICTYIIa MHOTO O]l ’XeJbeHor (Moryhe je octBaputu TtosiepaHijy on 0,2 % HOMHUHAIHUX
nuMeHsuja [66]).

OBa TexHHMKa Ceé MAaCOBHO KOPHCTH 3a MPABJhEHE HAHOCTPYKTYPHUX MarHETHUX MaTepHjaiia
300r creaehux mpeaHCcTH:

e MoryhHOoCT npaBJbea BeOMa KOMIUIEKCHUX O0JIHKa

e Bemuka rycruna ¢uHamHUX TpowsBoga (m 10 97 % wm 99 %, mro mpeBazmiaszu
MOTYNHOCTH TpaJUIIMOHATHIX TEXHHUKA MPECOBAba U 3arpeBamba)

e Bucoke nepdopmance (HaHOKpPUCTATHU MarHeTHU MaTepUjaid Cy BeoMa jaku, TEIIKU
U €JacTMYHM Ha BUCOKHUM TEMIepaTypaMa; HUMajy HajMame EHEpPrujcke TyOuTKe
(Hajy’Ky XMCTEpe3UCHY NeTJbY), BUCOKY MEpMEabUIHOCT U JIOCTHUKY BEOMa BHCOKY
MarHeTHu3anujy

e Hucke nene uspaze yzopaka

3.1.5 ®dapanejeBa meToaa

Mepeme MarHeTHUX BeJMYWHA (CYCHENTHOMITHOCTH WJIM TIEPMEaOMIIHOCTH, MarHeTHU3aIlNje)
Hajuemhe ce BPIIM CTAaTUYKOM METOJOM KOja Cce 3aCHMBa Ha MPEIM3HOM Mepewmy (momohy
OCETJbUBHX Bara) Cuie Koja Jielyje Ha y30paK YHEIIeH y HEeXOMOT€HO MarHeTHo mnojke. Ha
Cn. 3.2. nara je mema ypehaja 3a Mepeme cycrenTHOMITHOCTH 1Mo MoudukoBaHo] MapajejeBoj

METO/IH.
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Cn. 3.2. llemarcku mpuka3 ypehaja 3a meperme penaTHBHE MPOMEHE MarHeTHE CyCHEeNTHOMITHOCTH 110
MoaudukoBanoj Papanejeroj MeTou
Kao wu3BOp HEXOMOreHOr MarHeTHOr IoJba KopuimheH je coneHoup. [lpumemena je

eJIeKTpoHCKa Bara (Sartorijus — 2462) ca kojoM ce MepH IPUBHIHA MPOMEHA Mace y30pKa, ca

ocersuBomhy 107 Kg.

[IpuHIMT Mepema ce cacToju y TOME Jia c€ Y HEXOMOT'€HO MarHeTHO M0Jbe YHece y30pak (Ha
Kpajy COJICHOHM/Ia) U M3MEPH elIEKTpOMAarHeTHa cujia Koja Ha mera aenyje. [Ipu oBome, mpousBos
jaunHe mosba, H ¥ merose mpoMeHe 1Mo BEPTHKAIHOj OCH Tpeda 1a je KOHCTaHTaH:

H aH = const (3.2)
dz

Nuadve, cnina koja fenyje Ha 1e0 HCTUTUBAHOT y30pka 3anpemune dV = Sdz u3HocH

dF, —dm 98 (33)
dz

rae je dm marHeTHH AUMOIHU MOMEHT U B wHmykImja y Bakyymy.

3a cMmep cuJie ce 3aKJbyuyje:

JUIIOJIHA MOMEHT j€ y CMepy 110Jba — CHJIa JIeyj€ Y CMepy jader 1ojba
" JIUIIOJTHU MOMEHT je CYNpOTaH cMepy Mojba — CUjIa Jiellyje y cMepy ciadujer mnosba
Cwmarpajyhu 3anpeMuHy y30pka JOBOJGHO MaJIOM M JIMHEapHYy MPOMEHY jauuHe M0Jba JYXK

Z oce (Ha Kpajy cCoJIeHOMa), a UMajyhu y BUIy Ja je:

dm = MdV (3.4)
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M=y H (3.5)

rae je M jaumna MarmerHsaije, TO C€ HMHTETPalHjoM J00Hja CYCHEHTHOMIHOCT IO
JeMHUIIN 3aPEMUHE:

F

z

An =" qg
. aH (36)
VH —
/'10 dZ

MarseTHa CyCHENTHOMIHOCT IO jEIUHUIIM Mace MaTepujajia C€ MOXKE OJIPEAUTU IPEKO
u3pasa:

F

— z
An =7 4H (3.7)
HoMH =~
dz
Ilpy yCmOCTaB/LEHOM MArHETHOM I10JbY, Ha Y30paK IMOped CHJIC 3eMJbHHE TEKE eiyje
JI0/IaTHA MarHeTHa CHJIa y CMepy rpajujeHTa nosba. [IpuBuIHa MpoMeHa Mace y30pKa MepHu ce
BaroM BeJIMKE OCETJBbUBOCTH. Y m3pasy (3.7) je:

F, = Amg — cmia K0joM HEXOMOT€HO MarHeTHO MOJbE JeiTyje Ha y30pakK,

Uy =47-107 H/m (Tm/A) — MarHeTHa mepMeabUITHOCT BaKyyMa,

H — jaunHa MarHeTHOT MOJba Ha MECTY Y30pKa,

d_ — Fpa,[[I/IjeHT MAargac€THOTI I10JbA.
z

3.1.6 Mepeme eJIeKTPUYHUX CBOjcTaBa

Mepeme 3aBUCHOCTH €JIEKTPUYHE OTIIOPHOCTH Yy (PYHKIMJU TEMIEPEType METOAOM HYETHPH
Tayke MPUHIUIICKH je IpuKa3aHo Ha memu Ha Ci. 3.3.
Konraktu 1 u 4 cy noBe3aHu y KOJIO CTaJlHE jeTHOCMEpPHE CTpYje, a ca KOHTakara 2 u 3 ce

0JIBOJIM HANOHCKHU curHai Ha nucad. Hamoucku curHan, U (T), je IUPEKTHO MPOMOPIIMOHATAH

enekTpuaHOj otropHocTd R(T) Tpu KOHCTAaHTHO] jeHOCMEpHO] cTpyju |

U(T)=RMI (3.8)
TaKo J1a C€ pC€IaTHBHA CJICKTPHUYHA OTIIOPHOCT MOXKE JIO6I/ITI/I M3 pCIaTUBHOI OJHOCA HAIIOHA:
RT™T) _ u) (3.9)

R(20°C) U(20°C)
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Cn. 3.3. Usrnex anapartype 3a Mepemhe eIeKTpHIHe OTIIOPHOCTH y (PYHKIIHjU TeMIIepaType
Crneunduyna enekTpuiHa OTIIOPHOCT O €€ MOXKE OJPEIUTH U3 3aBUCHOCTHU:

_Rs (3.10)

P

I7ie Cy:

R — enekTpuyHa OTIOPHOCT Y30pKa,

S — moBpIIKMHA MOMPEYHOT Ipeceka,

| — my>xuHa y3opka.

TauHoCT ofipehuBama O HajBHILE 3aBUCH O] IPELIU3HOCTH MEpema AUMEH3H1ja y30pKa.

OcHOBHM 1pobsieM IIpU Mepewy TeMIepaTypHe IPOMEHE €JIEKTPUYHE OTIOPHOCTH
npecoBaHuX (pepuUTHUX MpaxoBa je (hopMHUpame MOY3JaHUX KOHTaKaTa. Y MPaKCH Ce KOPUCTH
HEKOJIMKO HauMHa (OopMHpama KOHTaKaTa:

® TayKacTO 3aBapUBAE,

® MEXaHUYKH CII0j U

e [IpuUMEHa POBOJHE MacTe.

[Ipumena npoBogHUX macTu (HIp. cpeOpHE MacTe) je HAJIOroAHUJU HAuuH 3a HU3paay
KOHTaKaTa 3a CMHTEepOBaHE y30pke. OCTBapeHH KOHTAKTH Ha Y30pKY ca CpeOpHOM IacToM ce
cylle Ha COOHOj TemmepaTypu oko 24 yaca. 3aTHMM c€ y30paK CTaBjba y Ieh ca MHEpTHOM
atMocdepoMm, duMme ce 00e30ehyje ma mpoMeHe OTHOPHOCTH Yy30pKa MpHU 3arpeBamy Oymy
nocieAnila caMo CTPYKTYpHHX TpaHchopmanuja. Mepewe Temmneparype BpIIM c€ ToMohy

TEpMOIIapa MOCTABJLEHOT HETIOCPEIHO MOPE] Y30PKa.
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TaukacTo 3aBapuBame M TOpEN CTAOMIIHUX M YBPCTUX KOHTaKara, HUje IMOTOJHO 300T
pa3BHjamkba BHCOKE TEMIIeparype, 4YHME C€ Memajy eJeKTpUYHa CBojcTBa M mnoBehasa
CHCTEMaTCKa Ipelika Mepema.

Konx mexanuukor crajamba Moryhe cy mojaBe IIyma CHTHala, a ca Jpyre cTpaHe OBa TEXHHUKA
3aXTeBa MPHUTUCAK HAa MECTY KOHTAKTa IITO MOXE Y3POKOBATH JIOMJbCHE y30pKa 300T KPTOCTH
MIPECOBAHUX MIPAXOBA.

Enexrpuuna csojctsa (R, C) ce Mory MepuTtu ncTOBpeMeHO ypehajem Oa3supaHuM Ha METOIU

YETUPH TAUKE.
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4 PE3VYJITATH NCTPAXKUBAIbA n JAUCKYCHUJA
PE3YJITATA

4.1 CgojcrBa MnZn ¢gepura

[lpenmer wuctpaxuBama OO je MarHeTHO Mek mpax MnZn depura. Ilpax caapxu

Mn, . Zn Fe,0, u many xommmuuny xematuta o-Fe,O,. HMcnutuBanu y3opak noOujeH je

MOCTYIIKOM ~Opu3rama Impaxa ca pacTorsbeHuM Be3uBoM (PIM  rtexnosoruja). OBom
TEXHOJOrHjoM Moryhe je  TpOM3BeCTH BEIMKM Opoj] Mamumx ©  KOMIUICKCHHX

KommoHeHTtu [67 - 70].

4.1.1 TepmomarHeTHa Mepema MapaaejeBoM MeTOI0M

TepMomarneTHa Mepema cy BpiieHa noMmohy dapajejeBe Bare ca MpUMEHEHUM MarHeTHUM
nojbeM o1 oko 8 KA/m Ha wmecty y3opka [71]. Mepeme MarHeTHe cuie BpIIEHO je ca
ocetrspuBomhy 107° N y armMocdepu aprona mpu 3arpeBamy y3opka g0 527 °C (800 K). Ha Cr.
4.1 mnpukazaHe cy A00HMjeHE 3aBHUCHOCTH HOPMAaINM30BAaHE MarHeTHE MEpPMEaOMIHOCTH Y
GyHKIMjU TeMIiepaType 3a MeT 3arpeBama UCTOT MOJIa3HOT Y30pKa.

ExcriepuMeHTaTHO JIOOMjCHH pe3ylITaTh Mepemha HOPMAM30BaHE IPOMEHE MarHeTHE
MEePMEAOMITHOCTH HAKOH CYKIIECHBHHX OJATpPEeBama, Yy OJHOCY Ha TIOYETHY, Ha COOHO]

TeMIIepaTypu, npukaszanu cy Ha Ci. 4.2,
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Cn. 4.1. Hopmanusosana MargeTna nepmeabunnoct p (t)/p (20 °C) 3a nonasuu y3opak mocie 5

1 (/1 (20°C)

Cn. 4.2. Hopmanu3oBaHa ImpoMeHa MarHeTHe IepMeaOuIHOCTH oxJial)eHor y30pKa Ha COOHO]
temmneparyp (20 °C (293 K)), y 3aBUCHOCTH OJ1 TeMIIEpAaType OArpEBamka

H(t)/1(20°C)

—#— 1. zarpepame
—®&— 2. 3arperame
—W¥— 3.3arpepamke
—4&#— 4. 3arpeBime

5. 3arpepame

i i i i i i i i i i i i i i i i i i
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Temmnepatypa (°C)

CYKLIECUBHHX 3arpeBamba

] e
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T T T T T T
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Temueparypa oxrpesama (C)

Pesynratn mepewa npukazanu Ha Ci. 4.2 nmokasyjy /a HOpMaJM30BaHa MPOMEHA MarHeTHe

nepMeabUITHOCTH OXJ1al)eHOT y30pKa 3aBUCH O] TEMIIepaType OArpeBama.
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Tokom 3arpeBama (Ci. 4.1), HaryIo omnajgame MarHeTHE MEPMEAOUIHOCTH Ca TEMIIEPATyPOM
nocienuna je npubiamkaBama KupujeBoj Temmeparypu (3a TMona3HH y3opak Tc je OKo
197 °C (470 K). Ilocne mpsor oxarpeama mnonassHor ysopka o 217 °C (490 K), ma Hakon
xyahema 10 coOHe TemmepaType, HOpMaIn30BaHAa MarHeTHa rnepmeadmiHoct nopacre 100 %, a
Tc nopacte na 297 °C (570 K). Hakon apyror oarpepama 10 347 °C (620 K), HopManuzoBaHa
nepmeabunHocT pacte 10 120 %. Hajehe mosehame je oxo 700 %, noOujeno mocie tpeher
3arpesama 10 467 °C (740 K). Ilocne gerspror oarpesama ao 497 °C (770 K), nocrurnyra je
TEMIIepaTypHa CTAaOMIHOCT MarHeTHe MEepMeabUIIHOCTH ca TOTOBO KOHCTAaHTHOM BpeAHOIIhy
(noBehame oko 550 %) mo 227 °C (500 K).

AHaAJIM30M EKCIEpUMEHTAIHUX pe3ynrata npuka3anux Ha Ci. 4.2, MOXe ce 3aKJby4uTH Ja
MakCHUMajgHO TmoBehame MarHeTHe TepMEaOWIIHOCTH HacTaje HAaKOH OJArpeBama J0
467 °C (740 K), mTo je y3pOKOBaHO MOTHYHOM CTPYKTYPHOM PENaKCaIlMjoM ITI0Ja3HOT y30pKa.
[Ton yTuiajeM TOIUIOTHOT JI€jCTBA, CHCTEM Npeia3u y €HEeprujcKu CTaOuiIHHje (HIDKE) CTambe.
HcroBpeMeHO Ji05la3d [0 CMamemha MEXaHHMYKHX MHUKPOHANpe3ama, CMamema CIo00IHE
3alpeMHUHEe U CMamema IycTuHe nedekara. CBe To omoryhaBa 00Jby MOKPETIFUBOCT 3HM0BA
MarHeTHUX JOMEHAa IMpH 4eMy ce (opMHpajy €HEepPreTCKH IMOBOJHHHU)JU IIOJIOKAjU MAarHETHUX
noMeHa. To je mociieauiia HAHOCTPYKTYPHE pellakcaiuje koja omoryhaBa 0oJbe ycMepaBame
MarHeTHHUX JIOMEHA Y CIIOJbAllllbeM MarHETHOM TOJBY.

Haxon oarpesama 10 497 °C (770 K), noctuke ce TeMnepeTypHa CTaOHIHOCT MarHETHE
nepMeadnITHOCTH Y3 UCTOBPEMEHO CMambemhe MarHeTHE MepMeadMIHOCTH oxJyial)eHOTr y30pKa 3a

oko 15 % y ogHOCY Ha MaKCUMaJIHy epMeaOuITHOCT.

4.1.2 OppehuBame 0coO0MHA MATHETHO MEKOT TOPYCHOT je3rpa

Topycna jesrpa MnZn c¢epura (oxo 15 mm Bucoka, yHyTpammer npednuka 10 mm wu
crioJpammmer npeyHuka 18 mm) npunpemsseHa cy PIM meromom HabaBibeHa cy on ¢dupme
FOTEC, Wiener Neustadt, Ayctpuja, [72]. TopycHH y30pIli CYy CHHTEpOBaHM y Ba3ayxy Ha
1337 °C (1610 K) y tpajamy 3,5 h.

CBojcTBa MarHeTHO MEKOT TOPYCHOT je3rpa ojapeheHa cy Ha CcoO0HO] TemmepaTypH.

KOCpLII/ITI/IBHO MAard€THO ITIOJbE Hc’ Mar"a€THa I/IH,Z[yKL[I/Ija 3acuhema Bs , PECMaHCHTHA MarHeTHa

uHaykuuja B, , penatuBHa MarueTHa nepmMeaObUIHOCT |1, , U TyOuIM cHare y je3rpy P, oxpehenu

cy u3 B —H xucrepesucue neribe usMmepene momohy Brockhaus Tester MPG 100 D [73].
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Makcumanna nodyna je m3nocmna H, =6 KA/m, a kopunthenn (pexBEHIM]CKU OIICET J€ Of
50 Hz no 1 kHz.

XwucrepesucHe nersbe MnZn ¢epura MmosasHOT y30pKa, MOJA3HOT Y30pKa 3arpeBaHOr [0
497 °C (770 K) u cunTepoBaHor y3opka npukasane cy Ha Ci1. 4.3. Ca oBUX 1eTsbH je oapeheHo

KOEpLUUTUBHO Nojbe H , uunyknuja 3acuhema B, u pemanentHa unaykuuja B, .

0,5
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Cn. 4.3. Xucrepesuche netbe MnZn ¢epura monasHor y3opka, moja3Hor y30pKa 3arpeBaHor J0
497 °C (770 K), 1 mos1a3HOr y30pKa CMHTEpoBaHOT y Basayxy Ha 1337 °C (1610 K), 3,5 h, excuranuja
Hn = 6 KA/m na dpexsenrmju ox 100 Hz

Jobujene cy exkctpemHe xucrepesucHe mnersbe. Ilersbe MnZn  deputHux y3opaka
CHUHTEpOBaHUX y Ba3yxy uUMajy R — o0muk, ca ogHocoMm pemaneHuuje 0,48, DOK U MONa3HU
y30paK M Mona3Hu y3opak 3arpesan 10 497 °C (770 K) uma F — 061k meTsbe ca BeoMa MajluM
omHOcoM pemanenuje 0,12. Y monasHu y30pak ¥ MonasHu y3opak 3arpesad o 497 °C (770 K)
uMmajy Bucoke koepuutuBHocTH (0,63 kKA/m u 0,69 KA/m, pecnekTuBHO, 300T MpPHCYCTBa
BE3UBA).

Hucka BpeHOCT KOEpIUTUBHOCTH CHHTEpOBaHOT y30pka (cBera 0,047 kA/m) je xopenucaHa
ca Beh mobujeHom omrtuManHoM BpemHomhy rycrume (p = 4800 kg/m® [74]), mro je y
CarjacHOCTM Ca HajHW)KOM OINTHYKH BHIJBPMBOM TMOpo3HOMmhy, Kao M ca TOCMaTpaHoM
KkpucTaiHoM dazom (« - Fe;03) [72]. C Tora, cMHTEpOBaHU y30paK y Ba3IyXy MOKa3yje MOBOJbHY

MarHeTHy Mekohy 300T BETMKOT CMamkeha KOSPLUUTUBHOCTH, Ka0 U 300T opacta peMaHeHIHje.
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Ha Cn. 4.4 cy npuka3aHe ropme MOJIOBUHE XHUCTEPE3UCHUX IETJbU CHHTEPOBAHHUX y30paka

JOOHjeHUX CYKIIECUBHUM MTOBehamkeM MarHeTHOT 10Jba.
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Cn. 4.4. Topme MoNoBrUHE XUCTEPE3NCHUX METIBH CHHTEPOBAaHOT Y30pka MnZn depura nobujene
noBehameM excuTanyje ¥ KOHCTPYKIHja IMoYeTHE KpuBe Maraehema
Xwucrepesucue neribe ca Ci. 4.4 cy kopuriheHe 3a KOHCTPYKIU]y MOYeTHE KpuBe Maraehema

(Cn. 4.5.a), nmok je Ha Cn. 4.5.0 mpukazaHa KOHCTpyHCaHa KpUBA pEJaTHBHE MarHeTHE

MEepPMEaOMITHOCTH Y QYHKIUjU IPUMEHEHOT MarHeTHOT T0Jba.
[TepMeaObMITHOCT JOCTHKE MAaKCUMYM y OJIM3UHU KOJieHa KpuBe Maruehema. Moxe ce younuTu

MaKCHMaJHa BPEIHOCT OJI OKO |l = 2,5X103 3a BpemHoct mobyme ox 0,06 kA/m, a moTom

KOHCTAHTHO ONaJame A0 [ = 10° npu nodyau o 0,25 kA/m. OBu pe3ynTaTu cy Beoma J00po
ca KoMmepuujalHuM Yy3opuuma MnZn ¢eputa (mouetHa nepMeabUIHOCT

ycarjiamneHn
= 2,5x10° + 25 % [74]).
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Co. 4.5. TloueTHa KprBa MarHeTH30Bamka 3a CHHTEPOBaHU y3opak MnZn depura (a), penatuBHa
MarfeTHa nepMeabuiTHOCT | Y QYHKIHjH MarHETHOT 110Jka (0)

HcnutnBame MarHeTHux ocobmHa MnZn depurta y3opka CHHTEpOBAHOT paaud MPUMEHE Y
CIeKTPOMH)KEHEPCTBY BplIeHO je cHuMamweM B —H mersu wa 1000 Hz npu pazmuuutm
nooynuum nosbuma (Hpm = 2 KA/m; 4 KA/m; 6 KA/m). OBe XxucTepe3ucHe MeTsbe MpUKa3aHe Ccy
Ha Ci. 4.6.

VYouaBa ce ciMYyHa MIMPHHA TETJHM Yy CBA TpH ciiydaja (Mayo nmoehame KOepIUTHBHOCTH),
TOTOBO HCTa peMaHeHI1ja 1 criopo nosehame 3acuhema. ['younm ycnen xucrepesuca y je3rpy cy
MPOMOPLUOHAIHU TIOBPIIMHN XUCTEPE3UCHE TMeT/he, a 3aBUCE M OJf BUXOPHHUX CTpYja.
[MpuMermeHo MarHeTHo mojbe uMa BpeaHocT 6 KA/M, mpu ¢pexsennujama 50 Hz, 300 Hz,

500 Hz, 800 Hz n 1000 Hz.
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0,5
| ¥0paK CHHTEDOEaH ¥ Ba3gyxy
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Cun. 4.6. XucrepesucHe netjbe CHHTEPOBAHOT y30pka MnZn ¢pepura y Basayxy na 1337 °C (1610 K),
3,5 h (excurammja Hy, = 2 KA/m; 4 KA/m; 6 KA/m), dpeksermumja 1000 Hz

VYTHuaj ¢ppexkBeHnyje ca cuHyconanHuM (iaykcom npukasas je Ha Ci. 4.7.

0,3 || ¥:0paK CHHTepOBAaH
¥ Bazmyxy
= = =500 Hz

0.2 1 — 1000 Hz

B(T)

H I . I H I : f I : I H 1 :
400 =300 =200 -100 ] 100 200 300 400

H (KA/m )

Cx. 4.7. Xucrepe3ucHe NeTibe CHHTEpOBaHOT y3opka MnZn dbepura npu pa3nuauTuM GpekBeHIrjaMa
(jacuohe pamu, mpe3eHToBaHe cy netibe nobujene mpu 500 Hz u 1000 Hz; Hy, = 6 kA/m)
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Ca mopacToM (peKBEHIIMje XHUCTEpEe3UCHA IeT/ba TOCTaje MIMpa, IMa Cy MAarHEeTHU T'yOHIIN
Behu. OBakBO JelIaBame j€ Y3pOKOBAHO BUXOPHHUM CTpyjaMa W BehuM (DpEeKBEHTHUM YTHIIQjeM
Ha MPOLIEC peslaKkcallyje CIHHA.

@DpekBeHLUjCKa 3aBUCHOCT YKYNHHMX I'yOuTaka cHare P, 1o jeauHHIM Mace IpUKa3aHa je

na Cu. 4.8.
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Ca. 4.8. YxynHu ryounu cHare Ps kKoju ce ogHOCce Ha Macy je3rpa

['younm ycnen xucrepesuca oapeheHu cy Hajehum aenoMm koepuuTHBHOUIhY (IIMPUHOM
NEeTJbE) U EKCTPAKINJOM (BUCHHOM NeTJbe). [ 'yOuiu 300r BpTIOKHUX CTPYja 3aBUCE HajBUILIE O]
€JIEKTPUYHE OTIIOPHOCTHU: 300T TOTa j€é BHUCOKA €JIEKTPHYHA OTIIOPHOCT BPJIO Ba)KHA 32 HUCKE
BPEHOCTH MarHeTHUX I'yOMTaKa HacTaluX yciel BPTIOXKHHUX cTpyja. EnekTpuuHa nmpoBOAHOCT
MnZn ¢eputa onucaHa je MEXaHHM3MOM CKOKa (IIpejacka) eJIeKTpoHa u3Mely JBa BaJleHTHa
cTama y rBoklyy Ha okTaemapckuM mectuMma [75]. Crora, BuIa eaeKTpu4Ha oTropHoct MnZn
depuTa mocTIKe ce 3aapkaBambeM Fe'l BamenTHuX crama jona Fe y okraeapy. 360r BHCOKe
enextpuane ornopHoctd (0,15 Om +10 Om [74], [76]), ryOunm 300r BPTIOXKHHUX CTpyja Cy
JMMHTHUPAHH, a 300T MaJMX ryOUTaKa yclie] XUCTepe3rca MOTY C€ YOUHTH Malld YKYITHH T'yOUIH
CHare jesrpa.

Kako cy ryOumum ycnen Xucrepe3uca NPONOPLUUOHATHM (PEKBEHLHUjU, a Tyounu 300r

BPTJIOKHHUX CTPYja Cy NMPOMOPLUOHAIHU KBaApaTy (PEeKBEHIUje, MOKE CE€ U3BPILUTH O/IBajarbe
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OBe JIBe KOMIIOHeHTe. Pe3ynratu pasaBajama ryburtaka mnoparHor MarHehema CHHTEpOBaHOT

y3opka MnZn ¢epura npukazanu cy Ha Ci. 4.9.
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Ci. 4.9. Pa3aBajame ryouraka moBparHe Maruetusaidje (mpukas je 3a 0,43 7)

Pesynratn nobujenn 3a Py =21 W/Kkg (ma 25000 Hz; 0,2 T) 3a cuHTepoBaHu y3opak (Ha

1000 Hz; 0,39 T) cy ynopemuBu ca ouum ox P =27 W/kg (ma 25000 Hz; 0,2T) 3a

komepumjarau Unimagnet MnZn WM2KS5 ferite

[76].

UcnutuBanu PIM MnZn deput 3amoBosbaBa KputepujymM 3a TpaHchopmarope ca

MIPOMEHJPMBUM HarmajambeM. To je onTuMajaaH MarHeTHH MaTepujall 3a MPOU3BO/IBY je3rapa Koja

ce KOpHUCTEe 3a pasiMuyuTa TpaHCPOpMaTopcka Koja M HHBEPTOpPCKE TpaHchopmaTtope 3a

LCD - oBe.
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4.1.3 ¥Yrtunaj armocgepe U UMIYJCHOT edeKTa crno/balllber MATHETHOI M0J/ba HA

cBojctBa MnZn ¢gepura

HcnutuBanu MnZn npax nonpemsbet je u3 Tridelta Soft ferrite GmbH, Hermsdorf, Hemauxka.
OBaj mpax je OpUrHHaIHO IPUIIPEMIBEH 3a MOTpede TEXHOIOTH]€ TPECOBAbA.

Mepewme KoHauHe BeJIMYMHE dYecTulla ypaheHo je MeTroaoM Jacepcke audpaxiuje, Koja
nokasyje wmopdoisiornjy mnoBpmuHe Yy3opka. SEM cnuke cy cuumibene Ha SEM  FEI
Quanta 200 MKk 11.

Ha Cn. 4.10 [72, 87] npuka3an je SEM mukporpad mnomasuor MnZn mpaxa. IIpax campxu

YeCTHIE HeMpaBHIHOT obuika BeanunHe Oy,< 2,8 um (1j. 90 % cBuX YecTHIa je CUTHHjE O

2,8 pm).

mag ‘ WD |det| HFW | HV ‘ pressure 10 pm ——
5000 x|10.6 mm|ETD|29.8 um|20.00 kV |8.48e-4 Pa Quanta 200

Cn. 4.10. SEM muxkporpad nonaznor MnZn deputHor npaxa

Tepmuuka anamuza MnZn npaxoBa y Ba3ayxy je usBpiineHa cuumambeM DTA/TG kpuBux Ha
Netzsch STA 449C Jupiter ypehajy ca xopakom 3arpeBama ox 20 K/min. OBu pesynratu cy
npukasanu Ha Ci. 4.11 [72, 87].
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Cin. 4.11. DTA/TG xpuBe 3a nonasau pax MnZn depura mepenn y Bazayxy: DTA — nyHa auHuja,
TG — ucnpekupana auHUja

Ha ocnoBy Cin. 4.11 Bumu ce na DTA kpuBa (nmyHa JNHMHHja) TOKa3yje €r30TEpMalIHy
peakuujy - okcypanuja koja mnouumbe Ha 320 °C ca mmkom Ha 384 °C. 3atum cream
eH/loTepMaliHa peakiuja ca nmukoM Ha 423,5 °C koja ykasyje Ha IOYeTaK TOIUbEHa J0AATOT
3pHacTor Be3uBa, Oynyhu na cy PVA BesuBo u MnZn npax rpanynupanu. Jou u3pakeHHja
er3orepMaliHa peakiuja mounme oko 590 °C u ykaszyje Ha caropeBame BE3MBHE KOMIIOHCHTE U
JeKOMITO3UIMjy MaHTradH ¢eputa. I[lo3Hato je nma je AexkoMmmo3uildja MaHraH d¢epura
peBep3ubuian npoiec koju nounme Ha oko 320 °C, uzpaxen je Ha 600 °C, amu mpexo 1000 °C
JI0J1a3¥ 710 MOHOBHOT (hopmupatba deputa [77]. IIporec moHoBHOT opmupama Gepura, Kao MmTo
ce Buau ca Cn. 4.11, mpatu noderak eHjorepmanHe peakuuje Ha DTA kpuBOj ca mMKOM Ha
1148 °C.

N3smepena TG kpuBa (cnpeku/aHa JuHUja) OKa3yje nmoBehame Mace y30pKa IITO yKasyje Ha
OKcHJAIMOHY peakiujy MnZn ¢epurta koja nmounme Ha oko 380 °C u AOCTHXKE MaKCUMyM
ornpuiuke Ha 820 °C.

XRD ananuze y3opaka MnZn ¢epura (rmosazHor npaxa M y3opaka CHUHTEpOBaHHUX Y Ba3ayXy,
a3oty u aprony) ypahene cy mpumenom Panalytical X’Pert PRO cucrema. o moaaraka o
¢unohu crpykrype nomwio ce Rietveld amammsom momohy GSAS makera [78] kopumhemem
EXPGUI rpadpuukor untepdejca [79].

Cn. 4.12 [72, 87] moka3syje pesyirar Rietveld ananusze momasuor MnZn ¢eputHOr mpaxa.

[Tonazuu ¢epur cagpxu cmemy ase ¢aze Mn,.Zn,,Fe,O, (68 wt%) ca crpykrypHuM
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napamerpoM hemuje a=0,84902 nm u o -Fe,O, (32 wt %) ca cTpyKTypHUM IapameTpuma
hemuje a=0,50329 nm u ¢=1,37321nNM. VY nona3HOM Mpaxy je MPUCYTaH BUIIAK I'BOxkha y
dbopmMu xemaTuTa Kako Oum ce o0Oe3bemuna 00pa MarHeTHa CBOjCTBAa pe3ynTyjyhux

CHUHTEpOBaHUX KoMmnoHeHaTa. [IpucycrBo okcuga ZnO wim Mn,O, Huje neTekToBaHoO.

mnznferite powder Hist 1
Lambda 1.5408 A, L—S cycle 125 Obsd. and Cale. Profiles
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Cn. 4.12. Tudpaxrorpam nobujen Rietveld ananuzom (mporpam GSAS) nosnazHor MnZn ¢eputHor
npaxa

Ha mnapeanuM cnuMkama mpuka3zaHu cy Au@pakrorpamu y3opaka, jnobOujeHux PIM

TEXHOJIOTHjOM, CUHTEPOBaHUX Ha TemrepeTypu oa 1337 °C y Ttpajamy ox 3,5 h y atmocdepn:

Bazayxa (Ci. 4.13), aprona (Cn. 4.14) u azora (Cn. 4.15) [72, 87].
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Cn. 4.13. udpaxtorpam PIM MnZn ¢epurta cuaTepoBaHUX Y Ba3ayXy: INIABHU MHKOBH
Mn,Zn; _Fe,O4 cy o3Hauenu ca (*), riaBHu TUKOBH o - F&,03 cy 03HadeHu ca (**) u rJIaBHU TUKOBH
Mng 1Feo9O cy o3nadenu ca (***)
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Cn. 4.14. Tudpaxrorpam PIM MnZn depurta cuHTEpOBaHUX Y aprOHY: TJIaBHU ITHKOBU
Mn,Zn; _Fe,O, cy o3Hauenwu ca (*), rimaBHu TUKOBH o - F&,03 cy o3HadeHu ca (**) u rlIaBHU THUKOBH
Mng 1Feo O cy o3Hauenu ca(***)
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Cn. 4.15. lndpakrorpam PIM MnZn ¢epura cuaTepOBaHNX y a30TYy: TNIaBHU TKoBH Mn,Zn; _,Fe,0,4
cy o3HayveHH ca (*), riaBHU NMUKOBH o - Fe,03; cy o3Hauenu ca (**) u rraBau mukoBu Mng 1Feq o0 cy
o3HaueHU ca (*¥**)

Pesyntatu XRD ananu3e ykasyjy Ha ouurjienHe pasivke y ¢azama y3opaka. Y cCiydajy

CUHTCpOBamka y Ba3AyXy KOMHOSI/IHHja z[H(bpaKTorpaMa OCTaje HCTa Kao KO/ IIOJIa3HOI' IIpaxa,

HauMe CHHTEPOBAaHM Yy30paK caipku komOuHanujy nse dase Mn,.Zn,,Fe,0, (68 wt. %),
a=0,84902 nmu a - Fe,O, (32 wt. %), a = 0,50329 nm, ¢ = 1,37321 nm.
VY y3opuuMa cHHTEpOBaHMM Yy armMocdepn aproHa u asora xemarur (o -Fe,O,) Huje

npuMeheH. YMecTo mera mpucyTHa je apyra ¢asa ca MCTaKHYTMM HMUKOBMMa Ha oko 41,1° u
59,6°. Ilokymaj na ce oHa ompasjna npucyctBom FeO 6mo Ou Heycmemias, jep je mpema
mutepatypu [80] muk (111) okcuma FeO wma 42,725°. Takolhe, mo3uaro je [81] ma je (111) muk
MnO oxcuna Ha 40,548°, 300r yera ce 3akJbydyje Ja je npuKa3zaHa ¢aza BEpOBaTHO MOCIEANLA

npucyctsa kommnosunuje FeO u MnO, ognocao Mn, Fe . 3atum je ycraHOB/BEHO N1a y30pIH
CHHTEPOBaHU y a30Ty U aprouy caapxe Mn,.Zn .Fe,0, (83 wt. % u 87 wt. %, peciekTuBHO) U
Mn,,Fe,sO (17 wt. % u 13 wt. %, pecnektuBHo). CTpyKTypHHU NapameTpu henuja Oumu cy

=0.84482 nm (Mn,.Zn,.Fe,0,) u a=0.43742 nm (Mn,,Fe,,O) 3a y3opke cunTepoBaHe y
a3oty, ogHocHo a = 0.84529 nm (Mn,.Zn,.Fe,O,) u a=0.43751 nm (Mn,,Fe,,O) 3a y3opke

CHHTEpoOBaHe y aprony. Pasior oBakBoj mpomenn ¢ase xematuta (o - Fe,0,) y okcun (FeO) je
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Taj IITO HEJOCTATAK KMCEOHHKA Y IPOLIECY CHHTEPOBaba JOBOIM 10 peayKoBama Fe’ y Fe™,
pesyaryjyhu dopmupamem ctpykrype NaCl u ciabujum marHeTHuM ocoOWHama y30pKa.
Enextpuuna mposogroct kox MnZn ¢epura mpumnucana je kperamy (mpenacky) eaeKTpoHa
usmel)y nBa BajieHTHa cTama TBokha Ha mosiokajuMa okrtaenpa [82]. Bucoka enexTpuuHa
otniopaoct MnZn ¢epura mocturayra je 3aap:xapajyhu Banentne Fe** jone y okraemapckum
MOJIOXKAJUMA.

YTunaj armocdepe Ha MpoMEHE MarHeTw3aluje cuHTepoBaHux MnZn depura TUPEKTHO
U3JI0KEHUX CIOJballllbeM MarHeTHoM mmoJby jauude ox 0 KA/m go 13 KA/M cuHTEepoBaHHX Y

Ba3yXy, a30Ty U aproHy npukasas je Ha Ci. 4.16.
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Cu. 4.16. 3aBucHoct marnetusanuje MnZn ¢pepurnux yzopaka cunteposannx Ha 1337 °C3a3,5h y
pasnuuuTHM atMocdepama: Ba3ayxy (a), a3oty (0) u aprony (B) oJ1 jadyrHe MPUMEHEHOT MarHETHOT I10Jha

Cn. 4.16 jacHo mokasyje Ja je MarHeTu3alMja cBa TPH Yy30pKa Ha COOHO] TemIepaTrypu
npUOJIMKHO UCTA Y 1IEJIOM OIICETy MPOMEHE MarHETHOT T0Jba.

Pesynratn Mepema TpOMEHE pelaTHBHE MarHeTHE NEepMEaOWITHOCTH Yy 3aBHCHOCTH OJ
TEeMIIepaType y y30pllMMa CHHTEPOBAHUM Y PA3IMYUTHM atMocdepama: a) Ba3ayxy, 0) a3oTy u

B) aprony natu cy Ha Ci. 4.17.
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Cn. 4.17. HopmanuzoBaHna MarueTHa nepmeadmiHocT MNZn ¢pepuTHUX y30paka CHHTEPOBaHHUX Ha
1337 °C 3a 3,5 h y pasnuuutum armocdepama: Bazayxy (a), azory (6) u aprony (B)
Pesynaratu TepMomarHetHux Mepewa npukazanuHa Ci. 4.17 cyrepuimly ga y3opuu
CHHTEpPOBaHH y arMocepw a3oTa W aproHa IokKasyjy NpuOImKHO wuIeHTHYHY KupujeBy
temneparypy. MehyruM, y y3opky MnZn c¢epura cuHTEepoBaHOr Yy Ba3ayXy, MarHeTHa
nepMeaOuIIHOCT Harjo OIaja ca mopacToM Temmeparype, 10k KupujeBa temmneparypa JOCTHXE
220 °C. OBakBa 3aBUCHOCT MAarHeTHe MEepMEaOMJIHOCTH Y Ba3AyXy j€ pe3ysTaT HpHCYCTBa

a - Fe,O, ¢ase.

Cn. 4.18 mnoka3zyje marHerusanujy (Ha coOHOj Temmeparypu) MnZn deputHux y3opaka
cuaTepoBanux Ha 1337 °C y QyHKIUjU MHTEH3UTETa CIIOJbAIIET MAarHETHOT mojha. KpuBa a
(moma kpuBa Ha rpaduKy) IOKasyje 3aBHCHOCT 3a Y30paK CHHTEpOBaH 0e3 MpUCYCTBa
criosbaier maruetHor mosba (H = 0 KA/m), nok kpuBa 6 (ropma KprBa Ha rpaduKy) mokasyje
3aBHUCHOCT 3a y3o0pak cuHtepoBan Ha 600 °C y npucyctBy maraeTHor nossa (H = 13 kKA/m).

Pesynratn mepema mpukazann Ha Ci. 4.18 mokasyjy na je mMarHeTusamnuja y y3opuuma
CHHTEPOBAaHUM Y3 JI¢jCTBO CIOJbAIIbel MarHeTHOr MoJjka 3a OKO 5 % Beha Hero Koja OHHX
y30paKka CHHTEPOBaHMX O€3 TPHUCYCTBA CIOJbAIIHET MarHeTHOr mosba. OBO je BepOBaTHO
HOCIeUIa IpeycMepaBamba aToMa YHYTap JOMEHa Ka CHepreTcKH BHme (aBOPU30BAHOM

MAara€THOM JOMCHY.
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Cn. 4.18. Marneru3aija y3opka MnZn ¢eputa cuntepoBanux Ha 1337 °C: a) 6e3 criosbalimber
MarHeTHOT T0Jba (L[PBEHO) U 0) y MPHCYCTBY CIIOJbAIIHET MArHETHOT T0Jba jaunne 13 KA/m (riaBo)

4.2 CpojcTBa akTHBHpaHe cMelle cucrtemMa mpaxoBa Fe m BaTiO; mcrmx

MaCC€HHX 0JIHOCA

[Tona3Hu mpax OWO je MexaHWYKa MelaBuHa mpaxoBa 50% wmace Fe n 50% mace BaTiO,.

[pax je aktuBupaH y mianetapHom mimHy (Retsch PM 400) y toky 60 min, 80 min, 100 min,
120 min u 150 min npu 400 ob/min y atmocdepu Bazayxa. AHann3a CTPyKType mpaxa ypaleHa je
penareHocTpykTypaoM anaauzom (XRD: BrukerAXSD8 with Cu-K, radiation, A= 0,154 nm).
[Tonasuu npax reoxha g006MjeH je METOOM paclplInBama npaxa y 3amTiuheHoj atMmochepH.
Uucroha npaxa reoxha uznocuina je 99,99 %, a Benuunna yecrtuna je og 10 pm o 50 pm.
[Tpax Gapujym TUTaHATA jeé KOMEPIHjaJlHH, a BenyrHa yectrma je ox 30 Nm mo 40 nm.

AxTuBajoM cmeme monasHux mpaxoBa Fe 50% wu BaTiO, 50% wmacenux omHOca y
atMocepu Bazjyxa jobujen je cnoxen cucrem Fe,O - BaTiO; wumju cactas 3aBucu on

BpeMeHa aKTHBalllje.
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4.2.1 PeHAreHOCTPYKTYPHA aHAJIN3A

PeHAreHOCTPYKTYPHOM aHAJIHM30M Ipaxa yTBPhEH je MaceHH OJHOC KOMIIOHEHATa Y CMEIIN
HAKOH CBaKOT BpeMeHa akTuBainuje. 3a ucnutuBambe XRD anamm3oMm omabpaHu cy mpaxoBu
aktuBupand 80 min (o3mauen kao mpax A), 100 min (mpax B), 120 min (mpax C) u
150 min (npax D).

PenjireHorpamMu HeOArpeBaHMX y30paka mpaxa aktuBupanux 80 min, 100 min, 120 min,

150 min, npukasanu cy na Ci. 4.19.

— 600
a - 80 min |
0 - 100 min | 500
B - 120 min B i
r - 150 min 400
N’
=
&
300 g
[22]
g
200 ;
=
100
0

’ c4 7 7 7 7 7 L4

10 20 30 40 50 60 70 80
20/°

Ci. 4.19. PenreHorpaMu HeOArpeBaHUX y30paka npaxa aktupupator: a) 80 min; 6) 100 min;
B) 120 min u r) 150 min.

Ananuzom pesynrata npukazanux Ha Cn. 4.19 youaBa ce na ce ca moehameMm BpeMeHa
aKTUBAIMje MTpaxa [UpPUHA MMKOBa Ha AudpakTorpaMumMa nosehasa, a lbUX0Ba BICHHA CMambYje.
Jlakiie, MexaHMYKa aKTHBallMja Ipaxa Y3pOKyje YCUTHaBambe YecTUIa IMpaxa U TeHepucame
nedexkTHe CTpyKType npaxa. McToBpeMeHO TOKOM Mpolleca akTHBAlMje Ipaxa, y arMocdepu

Ba3ayxa, Joya3u 10 GopMHpama Okcuia rBoxkia, FeXOy, YUjU C€ OJHOC MEHa ca BPEMEHOM

Tpajama akTUBalMje, WTOo je npuka3zaHo Ha Ci. 4.20.
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Cn. 4.20. YTu1aj BpeMeHa akTHBaIyje Ha IpoMeHe MaceHux oxHoca Fe,Oy u BaTiO; y ykymnHoj MacH

npaxa

Pesynratun mepema npukasanu Ha Ci. 4.20 nokasyjy na mojaa marnerura (Fe,0,) y npaxy

HacTaje TeK HaKOH akTHBalyje mpaxa y Tpajamy ox 100 min. Ca najbum mopacTtoM BpeMeHa

axtuBanuje o 100 min o 120 min Fe,O, npenasu y Fe,O,, nok ce macenu nporenar FeO u

BaTiO, nesnatHo memwa. IIpu akrusarmju on120 min u 150 min, FeO nenmumuyHO npenasu y

Fe,O, u Fe,O, umju ce nporenar 3uavajuo nosehara, 1ok npouexatr FeO u BaTiO, y ykymnHoj

Macu omazaa.

Macenu ogHocu npaxosa A, B, C u D no6ujenn akTuBaiyjom Noja3Hor rnpaxa npuKa3aHu Cy

y Tabenu 4.1.

Tabena 4.1. Macenu ogHocu npaxosa A, B, C u D 1o0ujeHn akTUBaIyjoM MOJIa3HOT Ipaxa.

Ipax amBEE;?ee(min) BaTiO, % | FeO % Fe,0, % | Fe,0, %
A 80 51,3 34,2 14,5 0

B 100 38,5 36,6 14,4 10,5
C 120 39,2 38 9,8 13

D 150 32,5 24,9 20,8 21,8

79



PE3VJITATU UCTPAXKUBAIA 1 JUCKYCHJA PE3VJITATA

Jludpakrorpamu y3opaka MmpecoBaHOr mpaxa aktuBupanor 150 min: HeoarpemaH, oarpeBaH

10 440 °C u oarpesas a0 640 °C npukazanu cy Ha Ci. 4.21.

_ 500
a - HeoArpeBaH B
0 - oarpeBan 10 440 (°C) — 400 -~
B - oarpeBaH 10 640 (°C) n =
<
L 300 ~
[
[-¥]
- =
=
L 200
: 5
- =
0
| 100 =
L 0

7 7 7 7 7 7 7 L

10 20 30 40 50 60 70 80
20 /°

Cin. 4.21. PenareHorpaMu y3opaka J00HjeHUX TPECcOBambeM Ipaxa akTuBupasor 150 min:
a) HeoxarpeBaH.; 0) oxrpesan 10 440 °C; B) oarpesan mo 640 °C

Pesyntatu mepewa npukazanu Ha Cn. 4.21 nokadyjy na ca nosehameM Temmeparype

OoJArpeBama IMHMKOBH Ha I[I/I(I)paKTOFpaMI/IMa HOCTajy YKHU, Y3 HUCTOBPCMCHY IIPOMCHY MACCHHUX

OJTHOCA Y y30pIHMa.
3apucHocT Macenux onHoca Fe O, -BaTiO, y ysopuuma oj TemmepaType OJrpeBara
npukasasa je Ha Ci. 4.22.

Pesynratu nmpukazanu Ha Ci. 4.22 mokasyjy Aa ce OAIPEBamEeM Y30pKa HpPOIEHAT OKCUia

Fe,0, n Fe,O, nosehasa, 1ok ce mpouenar FeO cmamyje.
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Cui. 4.22. 3aBucHoct MaceHux oxHoca BaTiO; u Fe,O, on Temneparype oarpesama
(y3opak D aktusupan 150 min)

4.2.2 Pe3ynTaTH TepMOMArHeTHHX Mepema npecoBanor npaxa Fe,O,BaTiO;

TepmoMarueTHa Mepewa BplieHa cy o dapasejeBoj METOJH, KOja Ce 3aCHUBA Ha JIEjCTBY
HEXOMOT'€HOT MarHeTHOI TMOJba Ha MarHeTHK TOKOM 3arpeBama [83]. OceT/bUBOCT Mepema
MarHeTHe CHJIe TOKOM 3arpeBama y3opka m3Hocria je 10° N. JaumHa npuMemeHOr MarHeTHOT
10Jba MPH CBUM TEPMOMArHeTHUM Mepemuma nzHocuia je 9,6 KA/m. Ca mepema BpIlicHa CYy Y
atMocdepH Bazayxa.

3a TeMIepaTypHa Mepema Ipax je mpecoBaH noj nputuckom ox 500 MPa y y3zopke oGnuka
JMCKa, IpeYHrKa § Mm.

ExcnepumenTtanHo noOujeHe TeMmmepaTypHe 3aBUCHOCTH HOPMAaJIM30BaHUX BPEHOCTH
MarHeTHe NepMeabuIHOCTH, TOKOM BHUIIECTPYKHX 3arpeBamba HCTOT Y30pKa IMPECcOBAHOT Ipaxa

miteBeHor 60 min (o3naden kao mpax O), 80 min (o3nauen kao npax A), 100 min (o3HaueH kao
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npax B), 120 min (o3nauen kao mpax C) u 150 min (o3nauen kako mpax D) mpukazane cy Ha

cmukama Ci. 4.23, Cn. 4.24, Cni. 4.25, Cn. 4.26 u Cn. 4.27, peCieKTUBHO.
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Cn. 4.23. TemnepaTypHa 3aBHCHOCT HOPMaJIM30BaHUX BPEAHOCTH MarHeTHE TIepMeabUITHOCTH
MPECOBAHOT Mpaxa mieBeHor 60 min.
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Cn. 4.24. TemnepaTypHa 3aBHCHOCT HOPMaJIM30BaHUX BPEAHOCTH MarHeTHE TIepMeaOUIHOCTH
npecoBanor npaxa A (akrusupanor 80 min.)
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Co. 4.25. TemnepaTypHa 3aBHCHOCT HOPMaJIM30BaHUX BPEAHOCTH MarHETHE TIepMeabUITHOCTH
npecoBaHor npaxa B (axrusupanor 100 min.)
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Cun. 4.26. TemniepaTypHa 3aBHCHOCT HOPMAJTM30BAaHUX BPEJIHOCTH MarHETHE MIEPMEa0HIHOCTH
npecoBanor npaxa C (aktusupanor 120 min.)
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Cn. 4.27. TemnepaTypHa 3aBHCHOCT HOPMaJIM30BaHUX BPEIHOCTH MarHETHE TIEpMEaOUITHOCTH
npecoBanor npaxa D (aktuBupanor 150 min.)

AHanm3om pesynTara npukazanux Ha ciaukama Ci. 4.23, Cn. 4.24, Cn. 4.25, Cn. 4.26 u C.
4.27 Moxe ce 3aKJbYYHUTH Jia Ce MarHeTHa NepMeaOMIIHOCT CBHX y30paka TOKOM 3arpeBamba
nosehasa 710 Temneparype o oko 500 °C.

Kupu Temneparypa ysopaka A, B u C je oxo 570 °C, nok je xon y3zopka D ysehana 3a oko
30 °C u uznocu 600 °C. Veehame Kupu temneparype y3opka D (106ujeHor of mpaxa MIeBEHOT
150 mMin), y3pokoBaHO je CTAOWIHUjOM CTPYKTYpOM IMpaxa OCTBAPEHOM MPETXOIAHHM
oJrpeBamUMa. YHyTpallllha CHepruja ayxe aktuBupanor mnpaxa (150 min) je ysehana, mro
oMmoryhaBa Ja ce TOKOM 3arpeBama OCTBapu BehM cTeneH ypeheHOCTH CTpyKType, ILITO
06e36ehyje nmopact Kupu temriepetype.

3aBHCHOCTH MarHeTH3amuje, Ipe U MOocie OJIrpeBama, 0]l TEMIIEpaType OJrpeBamba U BpeMeHa

aKTUBalMje npukaszane cy Ha Ci. 4.28.
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Cn. 4.28. 3aBUCHOCT MarHeTr3anyje, Ha COOHO] TEMIIEpaTypH, O TeMIIepaType OArpeBama U BpeMeHa
aktuBanyje: 60 min,80 min,100 min,120 min u 150 min

PesynTtatu mepemwa npukazanu Ha Ci. 4.28 noka3syjy a ce MakCUMaJHa MarHeTu3aluja CBUX
y30paka MOCTHXKE HAaKOH OJrpeBama /10 Temieparype onx 540 °C. IMoBehame MarHeTu3aiuje
y30paka HaKoH ozrpesama 10 540 °C y3pokoBaHO je mpoLecoM CTPYKTypHE pelaKcalyje Impaxa
TOKOM 3arpeBama.

XRD ananu3om je nokasaHo Jja ce TOKOM aKTHBauje y Npaxy reHepHIlly CTPYKTYpHU AePEeKTH
U MEXaHM4YKa MHKpOHampe3ama. JleeKkTH M MUKpOHaIpe3ama OTEeKaBajy MOMEpame 3MJ0Ba
MarHeTHUX JIOMEHa IITO yMamyje HHXOBO YCMEPaBamke y MPUMEHEHOM MarHeTHOM IOJbY.
Anuxunanuje nedexkata ¥ MEXaHUYKMX MHUKpOHAIpe3ama I0J YTUIaJeM TOIUIOTHOT J1ejCTBa
TOKOM 3arpeBama Y3pOKyje JIaKkIIie TOMEpame 3HI0Ba MAarHETHHX IOMEHAa y NPUMEHEHOM
MarHeTHOM ToJby. McTOBpeMeHO, TIpollec CTPYKTYpHE penakcanuje o0e30ehyje Oosbe
npeknanawe 3d u 4S opburana atoma reoxha. Jlakie, mporec CTpyKTypHE peakcanuje TOKOM
OJIrpeBama y30paka y3pokyje moBehame HBHUXOBE MarHeTH3alHje Yy NPUMEHEHOM MarHeTHOM
MOJBY.

Ha mmjarpamy Ha Cn. 4.29 mpuka3aHa je 3aBHCHOCT MarHeTH3allfje Tpe OATpeBama M
MaKkcHMaJiHe MarHeTusanuje (oxmaheHux ysopaka) HakoH oxarpeBama g0 540 °C ox BpemeHa

aKTHBAIIH]eC.
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Cu. 4.29. 3aBHCHOCT MakCUMaJIHE MarHeTH3aIllje, Ha COOHOj TeMIIepaTypH, mpe oarpesama (Mo) u
MaKCHMaJlHe MarHeTu3aluje HakoH oarpesama (M) no 540 °C ox BpeMeHa akTuBaLmje

Pesynratn mepema npukazanu Ha Ci. 4.29 nokasyjy 1a je MaKCUMalHa MarHeTU3amuja mnpe u

HAKOH OJIFPeBarba OCTBapeHa KOJ y30pKa J00MjeHOT IpecoBameM npaxa aktusupanor 100 min u

emu ! emu
m3Hocu M= 3,42 —— mpe, oqaocao M = 3,57 —— mocie oarpeBama.

g

OBaj pe3yntaT Moxe ce 00jaCHHTH CIIMHETHOM cTpykTypoMm MarHeruta FeO - Fe,O,, Tj.

MHTEpaKIKjoM pasmeHe Fe** joma y terpaenapckuM (A) u oxtaemapckum (B) momosxajuma.
['maBHa ojmka crnuHena je na uHTepaknuje pasmeHe (AA, AB u BB) dasopusyjy
AHTHUTIAPAJIENHO YCMEPaBarbe CIIMHOBA MOBe3aHnX UHTepakuujom. Oepu (Fe*") jonu cy y cramy
ca CIHMHOM 5/2 W HynTUM opOuTasHuM MoMeHToM. Jlakne, caku Fe®* jom 6m Tpebano na
nonpunece ner boposux marnerona (5ug) Momenty 3acuhema. ®epo (Fe® ) jorn umajy crimu 2
u Tpebano OM Ja Jajy JONPHHOC 01 4[lp, Y3 3aHEMapUBambE 3a0CTAJIOr OpOMTATIHOI MOMEHTA.
Mebhyrtum, AB wunHTepakiyja je Hajjaya U na Ou cBU A crnuHOBM Owiu aHTUmapanenHu B
cnuHOBHMMa, cBU A cniuHOBH cy MelycoOHo mapanennu, a Takohe u cBu B cnunoBu. Jlakie,
ykynan ponpunoc ¢epu (Fe*) joma marmerusanmju 300r uHTepakimje msmene Fe** joma y
TETpaeNapcKuM MosokajuMa ca Fe** jonnma y okraenapckum nosoxajuma (AB) ce mpakTuuno

IIOHHMIIITaBa.
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[Ipema ToMe, MarHeTHH MomeHT MmarHetutra FeO - Fe,O, mormue camo on Fe* joma

CMEIITEHHX y OKTaemapcke mojoxaje. Hakon 100 min akTuBaluje MONIAa3HOT Mpaxa MPOICHAT
Fe’* joma y mpaxy je MakCHMajJaH, INTO Y3POKyjeé MAaKCHUMalHy MarHeTH3allujy y30pKa
Jo0MjeHOr TpecoBambeM mpaxa aktuBupanor 100 min. IIpomyxaBamkeM BpeMEHa aKTHUBAIIM)je
nonasHor mpaxa (7 >100 min), cmamyje ce mpoueHar Fe®* joHa y akKTMBUPaHOM Ipaxy, LITO
Y3POKYj€ CMambeHhe MarHeTH3altje PEeCOBaHUX y30paKa.

Ha pmumjarpamy na Cin. 4.30 mnpukazaHa je 3aBUCHOCT HOPMAlM30BaHE MarHeTHE
nepmeabuiHocTu y3opka B (100 min) u y3opka D (150 min) cuHTepoBaHMX Ha TeMIeparypH

1200 °C y Toky jenHor cara. JaunHa NpUMMEHEHOI MarHEeTHOT 110Jba je 9,6 KA/m.

1.1
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Cx. 4.30. 3aBrCcHOCT HOpMAITU30BaHE MarHETHE MEPMEaOMIIHOCTH O] TEMIIEpaType y30paka
n00ujeHnx npecoBameM npaxa aktusupanor 100 min u 150 min na cunreposanux na 1200 °C y Toky 1 h

Y BasIyxy

AHaM30M eKCepUMeHTAIHUX pe3yaTara nmpukasanux Ha Ci. 4.30 youaBajy ce 1Ba U3pasuta
Tnaja MarHeTHE TepMeabuIHOCTH y3opaka B u D cunreposanux na 1200 °C y toky 1 h. Ilpsu
majJ MarHeTHe mnepMmeaOuiIHOCTH, 3a oko 45 %, Hacraje y oOmactu Qepoenekrpuune Kupu
Temneparype Oapujym TturaHara ox  60°C gm0 130°C. Jpyru Harau majg MarHETHE
nepMeabUIHOCTH je y TemreparypHom uHTepBany on 320 °C 1o 400 °C, wro je y crBapu
(epomarnerna Kupu Temmepartypa ys3opka. Jlasbum 3arpeBameM u3uajg 400 °C ysopak He

nmokasyje (QepoMarHeTHa CBOJCTBa, INTO je y CarjacHOCTH ca pe3yiaTaTuMa JOOWjeHHM 3a
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Fe - nonupany BaTiO3 kepamMuky mpHIpeM/beHy Takohe METOJOM pearoBamba y UYBPCTOM
cramy [84]. Ty [84] je ommcan QepoeneKTpUYHHN - HMapaeJeKTPUYHM Tpena3 Ha T =365 K
(92°C) s3a BaTiygFe,;0,; Kepamuky, kao u (EPOMArHETHO - TAPAMATHETHU MpEJas
T.,=680 K (403 °C), 3a mpeTx0HO IpejaHu, MPETXOHO CHHTEPOBAHU U KDPajHhe CHHTEPOBAH
y3opak Ha 1300 K (1027 °C). Henasno je ucnurusana BaTi, ,Fe O, kepamuxa [85] u no6ujeno
je na ce ca mopactom canapxaja reoxha cMmamemyje T (ca 390 K (x=0) na 312 K (x=2)),
ka0 u T.,,=462K (189°C). C Tora ce Moke 3aKbydnTH jaa canpxkaj reoxha y BTFO

KepaMHLY BeoMma ytuue Ha T u T, Temmeparype.

[Tokazano je ma y3opuu aoOujeHH mpecoBameM mpaxa aktuBuparHor 100 min u 150 min u

cunteposanu Ha 1200 °C y Toky 1 h uMajy cBojcTBa MarHeToeNeKTPHKA.

4.2.3 EjexkTpH4Ha CBOjcTBa npecoBanor npaxa cucrema Fe,O,BaTiOg

3a TepMoOeNeKTpUYHA Mepema Mpax je mpecoBaH moja mputuckom on 500 MPa y y3opke

oOyimka Jucka mpeynuka 2r =8 MM u nebspure d =1,5 MM. 3a ocTBapuBame €ICKTPUYHUX

KOHTakara o0e TOBPIIMHE Y30pKa Cy IOJIMPaHe, a KOHTAaKTH Ca Y30PKOM Cy pealn30BaHU
noMoNy CHelujaIHOT KOHTAaKTHOT MaTepujaia.

3a Mepema eIeKTPUYHE KalallUTUBHOCTH €JIEKTPOJIC Cy pealn30BaHe MoMohy cpeOpHe macTe.
EnexTpuyHa OTHOPHOCT y30pKa y 3aBHCHOCTH OJI TEMIIEpaType MepeHa je M0 METOAM YeTHPH
Tayke y aTMoc(hepH Bazayxa.

PesynTtatu Mepema TemrepaTrypHe 3aBUCHOCTH €JIEKTPUYHE OTIIOPHOCTH y30paKa IMpecOBaHOT

npaxa B (100 min), nperxoHo 3arpesanor 10 640 °C, npuxasanu cy Ha aujarpamy (Ci. 4.31).
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Cn. 4.31. 3aBucHocT crieiupuuHe eNSKTPHYHE OTIIOPHOCTH y30paka rnpecoBaHor npaxa B (100 min)

OJl TeMIeparype

AHanmu3oMm pesyiTata Mmepewa npukazanux Ha Ci. 4.31 youyaBa ce H3pa3suT NIHUK Ha

Temneparypu ox oko 120 °C. Oaj nuk y3pokoBan je (asHoM Tpancdopmanujom BaTiO,.

Ucnox depoenekrpuune Kupu temmneparype (120 °C) 6apujym TUTaHAT MMa TETParoHaIHy

CTPYKTYpY, a u3Haz 120 °C nepOBCKHTHy6 CTPYKTYpY.

PGSYHTaTH'MCpeﬂﬁlCHCKTquHe KalmaquTUBHOCTU U JUCIICKTPHUYHE IMPOMYCTJbUBOCTHU Y30PKa

npecosanor mpaxa B (100 min), cuntepoBaHor Ha Temmnepatypu on 1200 °C, y Toky 1h, y

3aBUCHCTH 0J1 ()peKBEHLIMje MpUKazaHu cy y Tademu 4.2. Pagu nperieJHOCTH, UCTE€ BPETHOCTH

cy npukaszane u rpapuuxu (Ci. 4.32).

Tabena 4.2. BpeaHOCTH KanaMTUBHOCTU U &, y30pKa y QYHKLHU]HU YYECTAHOCTH.

MepHa noapy4ja
®peksennumja | 100 Hz 200 Hz 400 Hz 1 kHz 2 kHz 4 kHz 10 kHz
C (nF) 4,69 3,51 3,07 2,376 2,05 1,785 1,461
&, 11725 8775 7600 5940 5125 4462,5 3652,5

® [TepoBckuTHA CTPYKTYpA je CTPYKTypa BHCOKe cuMeTpuje (mpoctopHa rpyma Pm3m). Fhena onmra opmyia je
ABO;, r1e je A MOHO WM OuBajieHTaH MeTaj, B TeTpa WM NETOBaJEHTaH MeTal. A arOMH Cy CMEUITEHH Yy

yrioBuMa ,,KyOW4HE penieTke’, B aTomu cy 3alipeMHUHCKH, a aTOMH KHCEOHHKA pa3rpaHaTo IEHTPUPAHH.
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Cn. 4.32. 3aBUCHOCT €NEKTPUYHE KaalUTUBHOCTH (JIEBO) M TUETIEKTPUUHE MTPOMYCTIEUBOCTH (JECHO)
y3o0pka npecoBasor npaxa B (100 min) ox ¢pekBeHIuje

JoOujenu pesynraTu Mokasyjy Aa ca noBehameMm (peKBEHIIMje pejaTHBHA AHENEKTPUYHA
nponyctibuBocT ce cmamyje (11725 ma 100 Hz) u nmpu ¢dpexBennmju on 10 kHz u3HOCH

g, =3652,5, mTo je 3a MpakTUUHY PUMEHY j100ap pe3yaTar.

IIpema ToMe, y3opak npecoasHor mpaxa B (100 min), cuareposanor Ha 1200 °C y Toxy 1 h,

1opeJl MarHeTHUX MOKa3yje U BeoMma 100pa AHeJIeKTPUIHA CBOjCTBA.

4.3 YTunaj MexaHuukKe aKTHBalHje M TOIVIOTHOI JiejcTBA HAa MarHeTHa

cBojcTBa cuctema npaxoBa Fe;O, m BaTiO; HeTHX MaceHHX oHOCa

Mexannuka MenraBuHa npaxosa Fe,0, u BaTiO, ucror maceHor oxHoca akTHBHpaHa je y
wiadetapaoM mauay 1 h, 2h,3h,4h,5h,6h,7h,8h,9h,10h, 11 h, u 12 h, npu 400 ob/min.

Hanoctpyktypaun mnpax Fe,O, nobujen je enexkTpoxemujcku. Bemmumna kpucTamura
u3Hocuia je og 20 nm mo 40 nm.

[Ipax BaTiO, je xomepuujanHu. 3a TepMOMarHeTHa Mepema Npax je MPecoBaH y Y30pKe y
00JIMKY MCKa MpedyHuka 8 MM, mox nputrckoMm og 500 MPa.

AHanmu3oM pe3ynTaTa TepMOMarHeTHHX Mepema YTBpheHO je a Cy MaKCUMAaJIHU e(QeKTH

aKTHBAIlMj€ y OJIHOCY HAa MAarHeTHAa CBOJCTBA OCTBApPEHH KOJI y30paka JOoOUjeHUX MPECOBAEHEM

npaxa aKTUBUpPAHOT y TOKY 3 h.
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TemnepaTypHe 3aBUCHOCTH HOPMAJIM30BAHUX BPEAHOCTU MAarHeTHE MEePMEaOMITHOCTH y30pKa
J0OMjEHOT TIPECOBAEM Mpaxa aKTHBUPAHOT 3 N TOKOM BHUINECTPYKHX 3arpeBarba MpUKa3zaHe Cy

na Ci. 4.33.
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Cn. 4.33. TemnepaTypHa 3aBHCHOCT HOPMAJIM30BaHUX BPETHOCTH MarHeTHE MepMeaOMITHOCTH y30pKa
I00OHjEHOT MPECOBaBEM Ipaxa akTUBHPAHOT 3 N TOKOM BHILIECTPYKHUX 3arpeBama: 1. 3arpeBarme 10
380 °C; 2. 3arpeBame 10 460 °C; 3. 3arpesame 10 600 °C; 4. 3arpepame 10 660 °C

AHanmu3oM pesyntata Mepema npukazanux Ha Ci. 4.33 Moxe ce 3aKJbYYUTH J]a MaKCUMaliHa
nepMeabuIHOCT oX1al)eHoT y30pKa HacTaje HaKOH MPBOT 3arpeBama 10 380 °C.

TokoM akTHBalMje YeCTHULIE Mpaxa ce YCUTHaBajy y3 UCTOBPEMEHO IeHepHcame redekarta U
MEXaHUYKUX MHKpOHAmpe3ama. AKTUBHPAHU Mpax caap:ku nmoBehaHy yHyTpallmky €Heprujy ma
TOKOM HpBOT 3arpeBama Beh npu Temmneparypu msHan 60 °C mMarserHa nepMeaGHIIHOCT IIpaxa
pacte. Ilopact marHeTHe mHepMeaOMIIHOCTH TOKOM 3arpeBama, y3pOKOBaH j€ aHUXWIALN]OM
nedexata U MEXaHMYKUX MHKpOHAmpes3ama y Mpaxy, mTo oMoryhaBa Behy MOKpET/HHBOCT
3MJI0Ba MAarHETHHUX JIOMEHA U IbUXO0BO 00Jb€ yCMEpPaBamke Y IPUMEHEHOM MarHETHOM TOJbY.

Cpako jajbe 3arpeBame y3opka H3Haja TemrepaType oa 380 °C y3pokyje maj MarHeTHe
nepMeabuIHOCTH oxnaleHor y3opka. To moTBphyje ma ce TokoM 3arpeBama y3zopka g0 380 °C

3aBpIIHO MPOLEC CTPYKTYPHE peaKcalmje.
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Hakie, penakcupaHa HaHOCTPYKTypa oxsaheHor y3opka o0e30ehyje MakCUMaJHy MarHeTHY
nepMeadITHOCT, Koja je 3a oko 21 % Beha o nmepMeaOMIHOCTH MOJIA3HOT Y30PKa.

Hakon 3arpeBama y3opka 10 600 °C mMarseTHa nepmeaGUIHOCT oxjaheHor y30pka je 3a OKo
31 % mama 01 MaKCUMalTHe TepMEaOMITHOCTH Y30pKa ca peaKCUPaHOM HAaHOCTPYKTYPOM.

ToxoM 3arpeBama y3opka u3Haj 380 °C moumme pacT KpUCTaIUTa, IITO Y3poKyje mosehamy
CTPYKTYpPHY CTaOWJIHOCT Y3 HMCTOBPEMEHO OTEXKaHO YyCMEpaBamkbhe MAarHETHHX JIOMECHA Y
NPUMEHCHOM MarHeTHOM TI0JBY.

Ha nujarpamy (Cn. 4.34) npuka3zaHa je 3aBUCHOCT IMOYETHE MarHeTU3aIlje Mpe OArpeBama U

MaKCHMaJHEe MarHeTH3allije HAaKOH O/IrPeBama 0/ BpeMeHa aKTHUBAIH]e.

1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5

0.4 —

—— M'(1)
= M (1)

M (emu/g)

T(h)

Cun. 4.34. 3aBucHOCT MOYETHE MarHeTu3anuje npe oarpesama (My) 1 MakcuMaHe MarHeTu3almje
HakoH oxarpeBama (M’) o1 BpeMeHa akTHBaIHje

. . emu
YTBpheHo je na MakCHMMajaHy MarHetusaiujy mpe oxarpeBama (Mo=1,1 ——) u mocme
g

emu .
oxarpesama 10 380 °C (M' = 1,6 —— ) umMa y30pak J100HjeH NMPECOBAbEM MPaxa aKTHBUPAHOT

3 h. Pesynratn mepema npukazanu Ha Ci. 4.34 mokasyjy na cBako Jnajbe rmoBehame BpemeHa

aKTUBaIMje Jayxke o4 3 h HemoBOJbHO yTHYE Ha MarHeTHa CBOjCTBA  CHCTEMa.
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5 3AK/BYYAK

Y pany je neduHucaHa KopenanMja IapaMmerapa CHHTE3€ M CTPYKTYPHHX IpOMEHa ca

oaroBapajyhum MarHeTHMM KapakTepucTHkama ¢eputHux mnpaxosa: Mn,  Zn Fe,O,,
Fe,O,BaTiO; u Fe,0, 50% - BaTiO; 50% macennux oaHoca.

3a motrpede TepMOMarHeTHUX Mepema yzopuu MnZn depura cy 1o61jeHH MOCTYNIKOM OpHU3rama
npaxa (PIM texHosormja) ca pactonsbeHUM Be3uBOM. [loka3aHO je ma ce OBOM TEXHOJIOTH]OM
MOYKE IPOU3BECTH BEIUKU OPOj MAIUX U KOMIJICKCHUX KOMITOHEHTH.

I[Toka3aHo je [a ce BUIIECTPYKHM 3arpeBameM MCTOI y30pKa, HAKOH 3arpeBama 1o 470 °C,
MarHeTHa nepmeabmiHocT noBehaBa 3a oko 700 % y ogHOCY Ha MarHeTHy MEepMeaOHIIHOCT
MOJIa3HOT y30pKa. Bennku mopact mepMeaObuiIHOCTH Y3POKOBAH j€ CTPYKTYPHOM pellaKCallijoM
y30pKa TOKOM 3arpeBama. Mcrospemeno, Kupu temneparypa ce nomepa o oko 200 °C 10 oko
340 °C HakoH 4YeTBPTOr 3arpeBama, LITO j€ y3POKOBaHO HoBehameM TepMHUYKe CTAOMIHOCTH
CTPYKTYpE y30pKa.

Topycna jesrpa MnZn ¢epura, npunpemsbena PIM TexHomorujom, CHHTEpOBaHa Cy Yy
Ba3nyxy Ha Temneperypu oxn 1337°C y tpajamy ox 3,5h. JloGujeHa HuHCKa BpeaHOCT
KOCPLUTUBHOCTH CHHTepOBaHUX y3opaka (cBera 0,047 KA/m) je kopenmucaHa ca ONTHMaTHOM
BpenHomhy rycrure (o =4800 kg/m®), mTo je y carjacHOCTM ca HAjHIKOM OITHYKH

BUJBMBOM IOPO3HOIINY, Ka0 U ca IOCMaTpaHOM KpHcTanHoM ¢azoM o - Fe,O,. I[Ipema Tome,

MarHeTHo je3rpo MnZn ¢eputa, nooujeno PIM texnonorujom, curtepoBano Ha 1337 °C Tokom
3,5h y armoctepn Basmyxa mokazyje BeoMa IOBOJbHY MarHeTHy MeKohy, 300r cMamerma
KOEPIUTHBHOCTH y OJTHOCY Ha TTOJIa3HH y30paK u 300T BEIMKOT MopacTa peMaHeHIIH]e.

Ca mwbeM NIpUMEHE CHHTEpPOBAaHUX Yy3opaka MnZn depura y eneKTpOUHKEHEPCTBY
u3BplIeHa je aHanmu3a B -H metsbn mpu pasnmuuntum BpenHocTuma modyaxor moska ((H =2
kA/m, 4 KA/m u 6 KA/m) npu ¢ppexsernujama ox 50 Hz, 300 Hz, 500 Hz, 800 Hz u 1000 Hz.
[Tokazano je nma ca mopacToM (pPEKBEHIMje XHCTEpe3uCHa INeTJba I0CTaje IMpa, Ha cy
€HepreTcku ryounu BehH, INTO je y3pOKOBaHO BUXOPHUM CTpyjaMa M BehMM (peKBEHTHUM

yTHIIaj€M Ha TIPOIIEC peaKcalrje CrinHa.
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ExcniepumMenTanHo je mokasano na ucnutuBanu PIM MnZn deput 3a10Bo/baBa KpUTEPHjyMe
3a u3pagy TpaHchopMaropa ca NPOMEHJBMBHM HamajameM. 10 je ONTHMajlaH MarHeTHU
MaTepuja 3a MPOU3BOJbY je3rapa Koja ce KOPUCTE 3a pa3induTa TpaHchopMmaropcka Koia u
uHBepTopcke Tpanchopmatope 3a LCD — oBe.

TepmoMaraeTHUM MepemnMa y3opaka MnZn ¢epura cuHTepoBaHUX y atMOcepH Ba3ayxa,
aproHa M a30Ta IOKa3aHo je [a MPHCYCTBO aTMoc(epe TOKOM cuHTepoBama Ha 1337 °C 3nauajHo
yruue Ha Kupu temneparypy y3opaka.

IToka3aHo je Ja y30pLy CHHTEpOBAaHHU Yy Ba3lyXy umajy Kupu temmneperypy oko 200 °C, nok
y30pIM CHHTEPOBaHU y aTMocepu aproHa W a3oTa MMajy 3HaTHO BUINy Kupu Temmeparypy,
oxo 450 °C.

AxTuBaIjoM cMmeiie nojaznux mnpaxosa Fe 50% - BaTiO3 50% wmacenux ogHoca y armochepu

Basnyxa Jo0OujeH je cimoxen cucrem Fe, O, -BaTiO, 4mju cacrtaB 3aBHCH OJ BpEMCHa

aktuBanuje. [loka3zaHo je Ja ce TOKOM aKTHBAIlMje 3HAYajHO MEHa OJHOC okcuja reoxha FeO,
Fe,Os u FesO4. 3aBucHo on mwuxoBor MehycoOHOr onHOCa MEHajy ce MarHeTHa CBOjCTBa
y30paka JI0OUjeHHX MPECOBAKEM Mpaxa.

XRD ananu3zom npaxosa aktuBupanux 80 min, 100 min, 120 min u 150 min nokasaxo je aa
ca moBehameM BpeMeHa aKTHBAIMje pacTe MPOLEHAT YHETUX CTPYKTYpHHX jaedekara u
MEXaHHUYKHX MHKpOHANpe3ama y Mpaxy, IITO WMa BEJIMKWA YTUIQ) HA MarHeTHa CBOjCTBA.
OxarpeBameM MPECOBAHUX Yy30paka aKTHUBUPAHOT Tpaxa IMOKa3aHO je Ja Ce MarHeTHa
nepMeadMIIHOCT TOKOM 3arpeBama rnoBehaBa KO/ CBHX y30paka, IITO j€ y3POKOBAaHO MPOIECOM
CTPYKTYpHE peJiakcaliyje.

[lokazano je ma ce MakCMMajgHO TOBehamke MarHeTHe MepMeadUITHOCTH, Ha COOHO]
TEeMIEepaTypH, KOJ CBUX y30paka, 100uja HAKOH OJrpeBama 10 TemmepaTtype oa 540 °C, kana ce
mpolec CTPYKTYpHE pelakcalldje y30pKa 3aBpiiaBa. YTBphHEHO je Ja MaKCUMAaJHY

MarHeTu3anujy npe ¥ HaKOH OJIrPeBama MMa y30pak J100HjeH IMPEeCcOBamkEM Mpaxa aKTHUBHPAHOT

. emu emu .
100 min u u3Hocu My = 3,42 —— mnpe u M' = 3,57 —— mnocne oarpeBama. To je mocnenuna

g
MaKCHMAaJIHOT MPOLIEHTa Fe?* joHa y npaxy aktuBupanom 100 min.
TepMomarHeTHUM MepemHMa y30paka Jo0ujeHux mnpecoBameM mpaxa B (100 min) u mpaxa
D (150 min) u cunTepoBanux Ha Temmepatypu 1200 °C Ttokom 1h y armocdepu Basgyxa
TI0Ka3aHo je 1a ce GepoeNeKTPUYHM Mpelas JelaBa y TeMrneparypHoM unTepsany on 60 °C no

130 °C a (epumarneTHu npenas y TemneparypHom uaTepsany ox 320 °C mo 400 °C.
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TepMoeNneKTpUYHUM MepehuMa 3aBUCHOCTH EJIEKTPUYHE OTIOPHOCTH Off TemIepaType
y3opka B (100 min) moka3zano je ga ce (pepoeraeKTpudHH Ipea3 JeliaBa y TeMIepaTypHOM
untepany ox 60°C go 130°C, mTo je y MOTHYHO] KOpenaLmuju ca pe3yiTaTuMa
TEPMOMArHETHUX MEperba.

Pesyntatn Mepema eneKTpudHe KarmanuTHBHOCTH y3opka B (100 min) m cuHTEpOBaHOT Ha
1200°C 1h y Basmyxy y 3aBHCHOCTM Ofi (ppeKBeHIMje MOKa3yjy Ja y30pak HMMma Jo0pa
JMENeKTPUYHA CBOjCTBA. PenaTuBHA TueNeKTpUYHA MPOIYCTJBUBOCT Y30pKa MpHU (HpPEKBEHIUjU

on 100 Hz wm3nocu ¢, =11725. Ca nosehameMm (QpekBeHIMje pelIaTHBHA UEIEKTPUYHA
IPOMYCTIBHBOCT Ce cMamyje u npu ¢pexBenuuju o 10 kHz uma Bpennoct &, =3652,5, mro je

3a MPAKTUYHY NPUMEHY no0ap pesynrtar. Y ¢pekBenmujckom omcery on 2 kHz mo 10 kHz

Op3uHa onanamwa &, nzHocu 184 (kHz)™.

[Ipema TOMe, TIOKA3aHO je Ja y30pId J00MjeHH MpecoBambeM Mpaxa aktueupanor 100 min u
150 min u cunTtepoBanux Ha 1200°C 1h vy armocdepu Basayxa HMajy CBOjCTBa
MarHeTOCIeKTPHKA.

AxrtuBanmjom cmenre npaxosa 50% Fe,O, u 50% BaTiO, mokazano je ma cy edekru

aKTUBAllMje Ha MarHeTHa CBOJCTBA 3HATHO MamM HEro y Cily4ajy akTUBalMje IoJla3HEe CMelle

npaxoBa 50% Fe u 50% BaTiO3z. YTBpheHo je ma MakCHMallHy MarHeTHU3allljy Hpe OJrpeBarmba

m m
(Mo=11 e_u) u mocie oxarpesama g0 380 °C (M' = 1,6 e_u) uMa y30pak J00HjeH
g g

[PeCcoBambEM Mpaxa akTUBHpaHor 3 h.
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Abstract:

In this study, properties of soft-magnetic manganese zinc ferrite manufactured by
powder injection moulding — PIM technology were presented. A powder consisting of Mn.
“Zn.Fe;O, and a small amount of hematite o-Fe,O; was mixed with an organic binder (wax
and thermoplastic) to form ferrite feedstock. Then, injection moulded toroidal samples were
solvent, thermally debinded prior to sintering in air atmosphere. Magnetic properties were
investigated by thermomagnetic measurements (Faraday balance p—T curve) and a hysteresis
graph (B-H curve at different frequencies up to 1 kHz).

The Curie temperature was Tc= 390 K for the green sample but after heating up to
740 K, Tc¢ increased up to about 570 K. The high increase in normalized magnetic
permeability of about 700 % was observed due to the melting and burning of the binder. The
hysteresis loop of sintered MnZn ferrite toroidal cores had an R-shape with saturation of 0.44
T and the remanence ratio of 0.49. The low value of coercivity (only 0.047 kA/m) was related
to the presence of a-Fe,0; crystalline phase as well as optimum density attained (p ~ 4800
kg/m3) i.e. the low porosity observed. The relative magnetic permeability attained p, ~ 2-10°
and core power losses P; ~ 21 W/kg for the sintered sample (at 1000 Hz; 0.39 T) are in
agreement with the MnZn ferrite commercial samples prepared by standard ceramic route.
Keywords: MnZn ferrite, PIM technology, Sintering, Magnetic hysteresis properties.

1 Introduction

Soft magnetic ferrites are used as cores in modern electronic components such as
recording heads, filters, switching power supply transformers, amplifiers, etc. MnZn ferrites
attracted attention due to a wide range of relative magnetic permeability values (from 10’ to
10* and therefore low magnetic losses) as well as due to increased thermal stability (high
saturation magnetic flux density at high temperatures (B; > 0.4 T at 370 K) and a relatively
high Curie temperature) [1, 2]. Operating frequencies are usually in the 1 kHz to 1 MHz range
but the frequencies in GHz range were used in some applications. Furthermore, excellent
corrosion resistance and chemical stability enable their application in extreme exploitation
conditions.

Recently, a variety of preparation routes have been examined for MnZn ferrite

" Corresponding author: nebojsa.mitrovic@ftn kg.ac.rs,



356 N. Mitrovic et al. /Science of Sintering, 44 (2012) 355-364

production: mechanochemical processing [3, 4], chemical co-precipitation method [5], sol-gel
[6] or microemulsion [7]. This paper deals with MnZn ferrites produced by Powder Injection
Moulding (PIM) technology. This technology can produce a number of ferrites in very shorter
time compared to the classic method, i.e. it offers large scale manufacturing of small and
geometrically complex parts. PIM technology is appropriate for the production of components
for both soft and hard ferrites [8-11]. Soft magnetic properties of the MnZn ferrite sample
prepared by PIM method and afterwards sintered in air were presented.

The primary motivation behind the research on soft magnetic properties of MnZn
ferrites prepared by PIM route is to improve their magnetic permeability, as it is well known
that high permeability is accompanied by low power losses in magnetic cores.

2. Experimental

MnZn toroidal cores (about 15 mm high, external diameter 18 mm, internal diameter
10 mm) prepared by PIM preparation route were kindly supplied by FOTEC, Wiener
Neustadt, Austria.

A powder consisting of Mn;Zn,Fe,O, with small addition of a-Fe,O; was mixed
with an organic binder (wax, thermoplastic and additives) to form ferrite feedstock. The
starting MnZn powder was originally prepared for the pressing technology i.e. in mass ferrite
production (90 % of all particles are finer than 2.8 pum). All details about PIM production
parameters were already published [12]. Injection moulded toroidal samples were solvent,
thermally debinded and sintered in air atmosphere (sintering temperature was 1610 K with a
holding time of 3.5 h).

Thermomagnetic measurements were performed by a Faraday balance (based on the
effect of an inhomogeneous magnetic field of about 8 kA/m on the ferromagnetic sample)
[13]. Magnetic force measurements were performed with a sensitivity of 10° N in a protecting
argon atmosphere up to 800 K. Permeability was compared to the starting value obtained for
the green sample at room temperature pg(293 K), which is normalized magnetic permeability
H(T)/ns(293 K).

Soft magnetic properties were measured on toroidal core samples at room
temperature. The coercivity H, saturation magnetic induction Bs, remanence magnetic
induction B,, relative magnetic permeability p, and core power losses P; were determined
from B-H hysteresis loops measured by Brockhaus Tester MPG 100 D [14]. Maximum
excitation was H,, = 6 kA/m and the set of used frequencies ranged from 50 Hz to 1 kHz.
Microstructure was observed by Polivar Met Reichart optical microscope (software LEICA Q
500 MC).

3. Results and discussion

Fig. 1 shows the microstructure of the PIM MnZn ferrite sample sintered in air.
Samples sintered in air exhibit low porosity and sample density p = 4 780 kg/m’ [12]. Zlatkov
et al. showed that lower density and, thus, higher porosity were obtained for MnZn samples
sintered in argon and nitrogen, indicating the effect of sintering atmosphere on the resulting
sample density and porosity [12]. It is also concluded that, under oxidizing atmosphere (air), a
mixture of two phases Mng ¢Zng 4Fe,04 (68 wt. %) and a-Fe,O; (32 wt. %) was evolved.
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Fig. 1. Optical microscopy of the microstructure of PIM MnZn ferrite sample sintered in air.

Changes in magnetic permeability during heating as measured by a Faraday balance
are shown in Fig. 2. The measured data were compared to the starting value obtained for the
green sample at room temperature ps (293 K), resulting in normalized permeability

1(T) us(293 K).
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Fig. 2. Normalized magnetic permeability [(T)/Ts(293 K) for the green sample
after five successive heating runs.

During heating, the decrease in magnetic permeability vs. temperature is the result of
approaching the Curie temperature (T¢ is about 470 K for the green sample). After the first
heating run of the green sample up to 490 K and upon cooling to room temperature,
normalized magnetic permeability increases by 100 % and the Curie temperature increase up
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to about 570 K. After the second heating run up to 620 K, the normalized magnetic
permeability increases by 120 %. The highest increase of about 700 % was observed after the
third heating run up to 740 K due to the melting and burning of the binder. Improved thermal
stability of magnetic permeability with an almost constant value (increase of about 550 %
until 500 K) was attained after the fourth heating run up to 770 K.

Hysteresis loops of the MnZn ferrite green sample, the green sample heated up to 770
K and the sintered sample are shown on Fig. 3.
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Fig. 3. Hysteresis loops of MnZn ferrite green sample, green sample heated up to 770 K and
sample sintered in air at 1610 K, 3.5 h (excitation H;,, = 6 kA/m at a frequency of 1 000 Hz).

Extreme hysteresis loops are observed. The hysteresis loop of MnZn ferrite samples
sintered in air has an R-shape with a remanence ratio of 0.48; whereas both the green sample
and the green sample heated up to 770 K have an F-shape of the loop with a very low
remanence ratio 0.12. Both the green sample and the green sample heated up to 870 K exhibit
high values of coercivity (0.63 kA/m and 0.69 kA/m respectively due to the presence of the
binder).

The low coercivity value of the sintered sample (only 0.047 A/m) is correlated to the
optimum density already attained (p = 4 800 kg/m® [16]) which is in agreement with the
lowest level of optically visible porosity (see Fig. 1) as well as with the crystalline phase
observed (a-Fe,O;) [12]. Therefore, the sample sintered in air exhibits attractive magnetic
softness due to a high coercivity decrease of about 90% as well as due to observed increase in
remanence.

The upper halves of hysteresis loops obtained by successively increasing excitation
(commutation curves) were used for the construction of initial magnetization curve (Fig 4.
and Fig 5.a), as well as for the estimation of the relative permeability p, vs. magnetic field H
relationship (see Fig 5.b).
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Fig. 4. Upper halves of hysteresis loops of the MnZn ferrite sintered sample obtained by
increasing excitation and construction of initial magnetization curve.

3,0)(103 T T T T T T T T T T T 0,30
| sample sintered in air | )
=
- 2,5x10° (a) 1025 _
2 1 =)
B -
< =]
2 2,0x10’ 4020
= =
2. 1 2
sy
Q (5]
5 1,5x10° 40,15 2
& £
2L 1
= i o 2
2 1,0x10’ ¢ 40,10 8
2 ) &
3z | =
2
5,0x107 40,05
0,0 ) ] ) ] ) ] ) ] ) ] ) 0,00
0,00 0,05 0,10 0,15 0,20 0,25 0,30

Magnetic field H, (kA/m)
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(b) relative magnetic permeability 1, vs. magnetic field.
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The permeability reaches a maximum near the knee of the magnetization curve and
further increases up to saturation. A maximum of about p, ~ 2.5 -10° at the excitation of
0.06 kA/m can be observed followed by a constant decrease up to .~ 10° at the excitation of
about 0.25 kA/m. These results are also in good agreement with MnZn ferrite commercial
samples (initial permeability p1;=2.5 -10° +25% [16]).

In order to estimate the magnetic properties of the MnZn ferrite sintered sample for
applications in electrical engineering, B-H hysteresis loop measurements were made at
1000 Hz in different excitation magnetic fields (H,, = 2 kA/m; 4 kA/m and 6 kA/m). These
hysteresis loops excited up to saturation are shown in Fig. 6. One can see similar loop width
(a small increase in coercivity), almost the same remanence as well as a slow increase to
saturation.
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Fig. 6. Hysteresis loops of MnZn ferrite sample sintered in air at 1610 K, 3.5 h
(excitation H;, = 2 kA/m; 4 kA/m and 6 kA/m at a frequency of 1000 Hz).

The role of magnetisation reversal is the real parameter of dynamic B-H hysteresis.
The core losses that are proportional to the surface area of the hysteresis loop include
hysteresis and eddy-current losses. The excitation in magnetic field amount had to 6 kA/m,
the frequency 50, 300, 500, 800 and 1000 Hz. The effect of frequency with the sinusoidal flux
density is shown in Fig. 7 (loops obtained at 500 Hz and 1000 Hz were presented). Increasing
frequency induces a higher rate of magnetic reversal, the hysteresis loops become broader and
hence higher magnetic losses. This behaviour is caused by eddy-current and at higher
frequencies additionally by spin relaxation processes.
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Fig. 7. Hysteresis loops of the MnZn ferrite sintered sample at different frequencies (for
the sake of clarity, the loops obtained at 500 Hz and 1000 Hz were presented;
H,,= 6 kKA/m).

Frequency dependence of the total power loss Ps referred to unit mass is shown in
Fig. 8. For example, the total power losses of the sintered sample are 21 W/kg (at 1000 Hz,
0.39 7).
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Fig. 8. Total power looses P referred to the core mass.
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Hysteresis losses are determined mainly by coercivity (loop width) and excitation
(loop height). Eddy current losses depend primarily on electrical resistivity: therefore high
electrical resistivity is very important for low values of magnetic eddy current losses.
Electrical conductivity in MnZn ferrite has been attributed to electron hopping mechanism
between the two valence states of iron on octahedral sites [15]. Therefore, high electrical
resistivity of MnZn ferrite is achieved by maintaining the Fe™ valences of octahedral Fe ions.
Due to the high electrical resistivity (0.15-10 Qm [16, 17]), eddy current losses are limited
and due to the low hysteresis losses one can see low total core power losses.

As the hysteresis losses are proportionally to the frequency (~ f) and eddy-current
losses are proportionally to the square of frequency (~ f°) it can be performed separation
between these components. The results of the separation of the magnetization reversal losses
of the MnZn ferrite sintered sample are shown in Fig. 9.
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8

Fig. 9. Separation of magnetization reversal losses (sketch is for 0.43 T).

The results obtained for Py =21 W/kg for the sintered sample (at 1000 Hz; 0.39 T) are
comparable to those of Py=27 W/kg (at 25 000 Hz; 0.2 T) for commercial Unimagnet MnZn
WM2KS5 ferrite [17].

Investigated PIM MnZn ferrite satisfied the criteria for switching power supply
transformers. It is an optimum magnetic material for coil products used in various
transformers for cars and inverter transformers for LCDs.

4. Conclusion

In this study, soft magnetic properties of MnZn ferrite toroids manufactured by PIM
technology have investigated. Feedstock was prepared from a fine starting powder used in
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mass ferrite production (consisting of Mn;ZnFe,O4 with small addition of hematite [1-
Fe,0;) and an organic binder. Due to the presence of the remaining binder sintering of MnZn
ferrite obtained by PIM technology is a sensitive process. After injection moulding and
debinding, the sample was sintered in air at 1610 K for 3.5 hours. The magnetic results are
encouraging for the sintered sample due to the remarkable improvement in permeability and
hence low power losses. The characteristics obtained are comparable with commercial
samples prepared by the traditional technology and recommended investigated PIM MnZn
ferrite for switching power supply transformers.
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Cadporcaj: 'Y pangy cy MpuKa3aHa HCIOUTHBaKka MarHETO-MEKHUX KapakTepucTtuka MnZn
(heputa 100MjCHUX MOCTYIIKOM OpH3rama KOMIIO3HMTa IIpaxa ca pacTorbeHuM BesusoM (ITMM
TexHoJoruja). HakoH TEepMHUYKOT OACTpamHBamka BE3WBA CIIPOBEACHO je CHHTEPOBAIE Y
Baznyxy Ha 1610 K y Toky Tpu u 1o cara. MaraeTHa CBOjCTBa Cy HCITUTHBAaHA MepemhUMa Ha
®dapanejeBoj Baru U MepemnMa B-H xucTepe3sncHux KpuBUX.

Hakon oarpesama Opusranux ysopaka no 740 K, muxoBa KupHjeBa TeMmIieparypa
pacte ca 490 K na 570 K. [Ipu oBome je perucTpoBaH M 3HauajaH MopacT IMepMeadHIHOCTH
ox oko 700 % Kao mocnenuIa TOIJbEHA M caropeBama Be3nBa. CHHTEPOBAHM Y30PIH Ce
cactoje on nBe KpuctamHe ¢asze Mng¢Zng4Fe,04 (68 mas. %) u a-Fe,O; (32 mas. %) u
ToCe/yjy CKOpO ONTHMAIHY BPEHOCT rycTuHe p ~ 4 800 kg/m’, 1j. MuHuManHy moposHocT.
Kpuse xucrepesnca umajy R-o6muk ca 3acuhemem on oko 0.44 T, pemanentujom 0.49 m
koepuutuBHOM cwioM 0.047 kA/m. JlocTurHyTe BPEeIHOCTH pEJIaTHBHE MAarHeTHE
1epMeabUIIHOCTH L, 2:10° u marneTHEX ryGuTaka Py ~ 21 W/kg (mpul 000 Hz; 0.39 T) cy y
OJUIMYHO] KOpEeJalWju ca KaTaJoOlIKMM BpEJHOCTHMAa KoMepuujamHux MnZn depura
MUOWjeHNX CTaHAapIHOM TEXHHKOM MPeCcOBama U CHHTEPOBAbA.

Koyune peuu: MnZn deputn, [IMM TexHONOTHja, MarHeTHO MEKE KapaKTEPUCTHKE,
MepMeabUITHOCT, MarHETHH Ty OHIIH.
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Abstract:

Powder mixture of 50 mass % of barium titanate (BaTiO;) and 50 mass % of iron (Fe)
was prepared by solid-state reaction technique, i.e. ball milled in air for 60 min, 80 min, 100
min, 120 min and 150 min. During mechanochemical activation it was observed the iron
powder transitsion to iron oxides. Depending on the activation time the content of iron oxides
FeO, Fe,O; and Fe;0y4 varies. Simultaneously, with the content change of the activated
system, magnetic properties change as well. The XRD analysis of milled samples shown that
as the activation time increase, the iron oxide percentage increases to, whereby the
percentage of BaTiOj; in a total sample mass decreases. The percentage of iron oxides and
BaTiO; in annealed samples changes depending on annealing temperature. The
thermomagnetic measurements performed by Faraday method shown that the powder mixture
milled for 100 minutes exhibit maximum magnetization prior to annealing. The increase of
magnetization maximum was observed after annealing at 540 °C with all milled samples, and
at room temperature it has enhancement from 10 % to 22 % depending on the activation time.
The samples milled for 100 min and 150 min and then sintered at 1200 °C exhibit
magnetoelectric properties
Keywords: BaTiOs-Fe.O, powder mixture, Mechanochemical activation, Thermomagnetic
properties, Magnetoelectric properties.

1. Introduction

Correlation of magnetic and electric phenomena brings together few effects that
attracted considerably research attention in last decade (magnetoresistance MR [1-3],
magnetoimpedance MI [4-6] and dc Joule heating [7-9]). Denoted effects were investigated
with the aim to evaluate potential of amorphous or nanocrystalline ferromagnetic alloys as
materials for different applications [10-12]. Very interesting combination of amorphous
ribbon with piezofiber laminates [13, 14] involves magnetoelectric (ME) composites as a new
generation of multifunctional materials. Wang et al. [13] presented Metglas/PMN-PT fiber

") Corresponding author: aleksandra kalezic@ftn kg.ac.rs
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laminates as an excellent ME composite for low noise sensor of ultralow magnetic field (at
frequency f=1 Hz).

Magnetoelectric coupling effect (usually recognized as a combination of
ferromagnetism and ferroelectricity) make multiferroic Fe doped BaTiO; (BTO) ceramics as a
promising material for sensor application (for instance magnetic field sensor). Lin et al. were
reported the highest room temperature saturation magnetization for Ba(Ti;Feo07)O; (BTFO)
ceramics prepared by solid-state reaction [15]. The transition metal (M) codoped BTO
ceramics (Fe/M, M=Cr, Mn, Ni) prepared by grinding of powder mixture also exhibit
ferromagnetism at room temperature [16]. Recently, it was shown that the influence of
thermal treatments for the Fe-implanted BTO films was followed with decrease of coercivity
and enhancement of magnetization [17, 18]. Mechanical activation is well established
preparation route for barium-titanate [19] and magnesium titanate (MTO) [20] based
electroceramics.

In this study mechanical activation of BTFO powder mixture (with the same starting
mass quantity of Fe and BTO) was followed with investigation of magnetic properties
dependence vs. milling time interval and annealing temperature.

2. Experimental

The initial powder was the mechanical mixture of 50 mass % of Fe and 50 mass %
of BaTiO;. The powder mixture was activated in planetary ball mill (Retsch PM 400) for 60
min, 80 min, 100 min, 120 min and 150 min at 300 rev/min. During the activation in the air
atmosphere the iron powder oxidized, while the mass percent of the iron oxides Fe,O, and
BaTiO; in the powder mixture was changed. X-ray diffraction (XRD: Bruker AXS D8 with
Cu-K, radiation, A= 0.154 nm) was used to analyze phase structure of the investigated
samples. Mass percent have been calculated by full width of the peak at half maximum
(FWHM method) by means of EVA 9.0 program. XRD analysis was performed for the
powder mixtures activated for 80 min, (sample A), 100 min (sample B), 120 min (sample C)
and for 150 min (sample D). Powder samples were pressed by 500 MPa in disc shaped
samples with 8 mm in diameter.

Succesive heating runs, followed with 30 min. annealing at temperatures of 360 °C,
440 °C, 540 °C and 640 °C were performed in air atmosphere.

Thermomagnetic measurements in air atmosphere were conducted by Faraday method
that presumes the influence of non-homogenic magnetic field on magnetic sample during
heating [11]. The measurement sensitivity of the magnetic force was 10° N in the applied
magnetic field with intensity of H,,, = 9.6 kA/m. Sintering was performed at 1200 °C during
lhour in air atmosphere.

3. Results and discussion
3.1. X-ray diffraction analysis

XRD patterns of the powder mixture activated for 80 min, 100 min, 120 min and
150 min are shown in Fig. 1.

The analysis of results shown in Fig. 1 indicates that the increase in activation time of
the powder is followed with increase of broadening of peaks in diffraction pattern while
intensities of peaks decrease. Therefore, the mechanical activation of the powder causes the
comminution of the powder particles and generation of defected powder structure.
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a- 80 min.
b - 100 min.
¢ - 120 min.
d - 150 min.
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Fig. 1. X-ray diffraction patterns of the powder mixture milled during:
a) 80 min (sample A), b) 100 min (sample B), ¢) 120 min (sample C) and d) 150 min

b) (sample D).

Simultaneously, during the powder activation process in the air atmosphere, iron
oxides Fe,O, emerged and their content changes with milling time, as it is shown in Fig. 2.
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Fig. 2. The changes of the mass percent of BaTiO; and Fe,O, with milling time.

The lines are a guide to the eye.

The results shown in Fig. 2 indicate that the magnetite (Fe;O,) in the powder mixture
occur only after the activation time interval of 100 min. With further increase in the milling
time from 100 min to 120 min a part of Fe,O; transits into Fe;04, while the mass percent of
FeO and BaTiO; slightly changes. During the activation time of 120 min and 150 min, FeO
partially transits into Fe,O; and Fe;O, whose content significantly increases, while FeO and
BaTiOs in the total mass decreases.

The contents of powders A, B, C and D are shown in the Table I.
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Tab. I The contents of the powder samples prepared by different milling time.

Powder Miléimnzigngime BaTiO; % FeO % Fe,0; % Fe;04 %
A 80 513 34.2 14.5 0
B 100 38.5 36.6 14.4 10.5
C 120 39.2 38 9.8 13
D 150 32.5 24.9 20.8 21.8

X-ray patterns of the powder mixture samples milled for 150 min (as-prepared

(sample D), annealed at 440 °C and at 640 °C) are shown in Fig. 3.
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Fig. 3. X-ray diffraction patterns of the powder mixture samples milled for 150 min:
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a) as-prepared (sample D), b) annealed at 440 °C, ¢) annelaed at 640 °C.

Fig 4. The changes of mass percent of BaTiO; and Fe,O, with annealing temperature
(sample D milled during 150 min). The lines are a guide to the eye.
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The results presented in Fig. 3 show that the increase of annealing temperature is
followed with decrease of broadening of the peaks, as well as increase of intensity.
Simultaneously, the changes in composition of samples were observed and given in Fig. 4.

The results presented in Fig. 4 shows that the content of oxides Fe,O; and Fe;O4
increases, while the content of FeO decreases with annealing temperature increase.

3.2. Results of thermomagnetic measurements

Experimentally obtained temperature dependences of normalized magnetic
permeability during sucessive heating runs of the powder mixture samples (milled for 60

min, 80 min, 100 min, 120 min and 150 min) are shown in Figures 5, 6, 7, 8 and 9
respectively.

1.2
o~
S
S 1.1
Q
N’
=
—
€
3
1.0
0.9 - —=—] heating run
' —&— I heating run
III heating run
—W¥— IV heating run
0.8 — ———————————————————
0 100 200 300 400 500 600 700
0
Temperature ('C)

Fig. 5. Temperature dependence of the normalized magnetic permeability of the pressed
powder mixture milled for 60 min.
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Fig. 6. Temperature dependence of the normalized magnetic permeability of the pressed
powder mixture A (milled for 80 min).
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Fig. 7. Temperature dependence of the normalized magnetic permeability of the
pressed powder mixture B (milled for 100 min).
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Fig. 8. Temperature dependence of the normalized magnetic permeability of the pressed
powder mixture C (milled for 120 min).

The analysis of the results shown in Fig. 5 to 9 indicates that the magnetic
permeability of all samples during the annealing increases till the temperature of about
500°C.

Curie temperature of the samples A, B, and C is about 570 °C, whereas for the sample
D it increases and is about 600 °C. The increase in Curie temperature of the sample D (milled
for 150 min), is caused by more stable powder structure obtained during previous annealing.
The internal energy of the longest activated powder (150 min) is increased, which enable

structural rearrangement during thermal treatments and it is followed by increase in Curie
temperature.
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Fig. 9. Temperature dependence of the normalized magnetic permeability of the pressed
powder mixture D (milled for 150 min).

The dependence of magnetization (after thermal treatments) vs. annealing temperature
for different milling time interval is shown in Fig. 10. The results of the measurements shown
in Fig. 10 indicate that the maximum magnetization of all samples is attained after annealing
at 540 °C. The increase in magnetization upon the annealing at 540 °C is caused by the
structural relaxation process of the powder mixture.
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Fig. 10. The dependence of magnetization (at room temperature)
vs. annealing temperature for all milled samples.

The XRD analysis showed that during the activation, structural defects and mechanical
microstrains are generated in powder mixture. This defects and microstrains act as a magnetic
domain wall pinning centers and reduces their movement. Annihilation of defects and
mechanical microstrains under thermal treatment improve the mobility of magnetic domain
walls. Simultaneously, structural relaxation process enable better overlapping of electron 3d
and 4s orbits of iron atoms. Therefore, the structural relaxation process during thermal
treatement causes the increase of magnetization.
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The diagram on Fig. 11 shows dependence of maximum magnetization (measured at
room temperature) before and after annealing up at 540 °C vs. activation time interval. The
results shown in Fig. 11 indicate that the maximum magnetization before and after annealing
has the sample of powder mixture activated for 100 min, being My = 3.42 emu/g before and
M’ = 3.57 emu/g after annealing .

40
—— M’ (1)
&M (7
3.5 -
i
[=T1]
S 3.0
£
=
Z
2.5 -
2.0 -
15 . , . ) . ) . , . , :
40 60 80 100 120 140 160
T (min)

Fig. 11. Dependence of the maximum magnetization (measured at room temperature) before
(My) and after (M’) annealing at 540 °C vs. activation time.

This result can be explained by FeO-Fe,O; magnetite spinel structure, i.e. by exchange
interaction of Fe*"ion in tetrahedral (A) and octahedral (B) positions.

O Oxygen
L A - Tetrahedral sites
@ B - Octahedral sites

Fig. 12. The magnetite spinel structure FeO-Fe,O; [21].

The exchange interactions (AA, AB and BB) favour anti-parallel orientation of the
spins connected by interraction. The magnetic moments of magnetite FeO-Fe,O; is presented
on Fig. 12. Feri (Fe’") ions are with the 5/2 spin state and zero orbital momentum. Therefore,
every Fe'™ ion should contrubute with five Bohr magnetons (5up) to the saturation
momentum. Fero (Fe*") ions have spin 2 and should contribute with 4up while neglecting
residual - orbital momentum. However, AB interaction is the strongest, meaning that in order
to have all A spins anti-parallel to B spins, all A spins are inter-parallel as well as all B spins.
Hence, the total contrubution of feri (Fe®") ions to magnetization due to exchange interraction
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of Fe’* ions in tetrahedral positions with Fe’" ions in octahedral positions (AB) is practically
annuled.

Therefore, magnetic moment of magnetite FeO-Fe,0s is generated only from Fe** ions
embedded in octahedral (B) positions. After 100 minute activation of initial as-prepared
powder, the percentage of Fe" ions in the powder reaches the maximum, which causes
maximum magnetization. By increasing the activation time interval (t > 100 min), the
percentage of Fe" ions in the activated powder decreases, which causes the decrease in
magnetization of the pressed samples.

The diagram on the Fig. 13 shows the dependence of the normalized magnetic
permeability of the samples B (100 min) and D (150 min) sintered at temperature of 1200 °C
within one hour.

1.2

i —O— sample D (150 min)
1.0 —&— sample B (100 min)

0.8 1

u(t/p(20°C)

0.6
0.4 1
0.2 1

0.0 1

0 100 200 300 400 500
0}
Temperature (" C)

Fig. 13. The dependence of normalized magnetic permeability over the temperature of the
samples activated for 100 min and 150 min with following sintering at 1200 °C.

The analysis of the experimental results shown in Fig. 13 indicates two significant
decrease in magnetic permeability of the samples B and D. The first decrease in magnetic
permeability of about 45% occurs at ferroelectric Curie temperature range of barium-titanate
phase (from 60 °C to 130 °C). The second decrease is in the temperature range betweeen 320
°C do 400 °C, that is the ferromagnetic Curie temperature of the sample. With further heating
over 400 °C the investigated samples exhibit non-feromagnetic properties. This behaviour is
in very well accordance with results of Xu et al. [22] for Fe-doped BaTiO; ceramics prepared
also by solid state reaction method. They reported ferroelectric-paraelectric transition at Trg=
365 K (92 °C) for BaTigosFegsOs.; ceramics, as well as ferromagnetic-paramagnetic
transition Try = 680 K (403 °C), for preheated, presintered and finally sintered samples at
1300 K (1027 °C). Recently, Deka et al. [23] examined BaTi; FexOsceramics and observed
the decrease of Tgg with increase of iron content (from 390 K (x=0) to 312 K (x=2)), as well
as Trm = 462 K (189 °C). Hou et al. [24] have reported Try = 580 K (303 °C) for Fe:BTO film
(obtained by pulsed laser deposition) implanted with Fe ions as well as distinct change in
magnetization at Trg = 457 K (184 °C) as an evidence of coupling effect of ferromagnetism
and ferroelectricity. Therefore, it can be concluded that the iron content in BTFO ceramics
strongly affected both Trg and Tgyv temperatures. Analysis of the curves on Fig. 13 shows
coupling between the ferroelectric and ferromagnetic order parameters.
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4. Conclusion

Mechanical activation of BTFO powder mixture (with the same starting mass
powders of Fe and BTO) was investigated over milling time and annealing temperature. The
content of obtained BTFO powder mixture depends on the activation time.

It has been shown that with the increasing of activation time interval, the content of
iron oxides FeO, Fe,O; and Fe;0, significantly changes. The magnetic properties of
investigated samples obtained from pressed powder mixture were in direct coorelation with
the presence of different iron oxides Fe,Oy and their inter-relation.

The XRD analysis of the powder mixture activated for 80 min, 100 min, 120 min and
150 min showed that the increase in activation time interval is followed with the increase of
involved structural defects and mechanical microstrains. Therefore, different magnetic
properties were observed with activated samples. The process of structural relaxation
proceeds during annealing treatment and enhancement of magnetic permeability were attained
with all samples.

It has been shown that the maximum increase in magnetic permeability, at room
temperature, is achieved upon the annealing to the temperatrure of 540 °C, when the structural
relaxation process is finished. The maximum magnetization before and after annealing has the
sample obtained from pressed powder mixture activated for 100 min, being M, =

emu before and M' = 3.57 emu

g g
percentage of Fe*" ions in the powder mixture activated for 100 min. The samples milled for
100 min and 150 min and then sintered at 1200 °C exhibit magnetoelectric properties which
depends on iron oxides content.

3.42

after the annealing. This is probably the result of high
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Caoparcaj: 'Y pady cy ucnumusana ceojcmsea BaTiOz-Fe.O, cmewe npaxosa Oobujene
Mmexanoxemujckom akmusayujom y mpajarey 00 60, 80, 100, 120 u 150 munyma. Y3opyu 3a
ucnumusarbe ¢y 000UjeHu U30CMAmuuKuM npecogarbem. Tokom miesera jeOHakux maca
bapujym mumanama u 260dicha Ha 6a30yxy, oouepasa ce okcudayuja 260dcha u nojaéa oxcuoa
FeO, Fe,O; u Fe;O; wuwuju cadpacaj 3asucu 00 OydcuHe mpajara Miesersd.
Penozenocmyxmypnom ananuzom je noxasan nopacm caopaicaja okcuoa 280dicha u cmarberse
cadpxcaja bapujym mumanama. OOepesarbuma HA GuUUie PAZTUMUMUX MeMRepamypa 00
Makcumanne memnepamype 00 oko 640 °C ocmeapena je penaxcayuja cmpykmype npahena
nogeharbem 6pedHOCMU MaAZHeMu3ayuje MexaHoxeMujcky akmusupame cmewe npaxosa. Haxon
MePMUYKUX — MpemMaHa  pecUCmpo8aHo je  nogefiare  6PEOHOCU  HOPMATU308AHE
nepmeabunnocmi 00 oxko 10 % 0o 22 %. Cunmeposarsem na memnepamypu 00 1200 °C dobuja
ce uspascen MacHemoenekmpuunu egpexam koo yzopaxa miesenux 100 mun. u 150 mun.
Kwyune peuu: BaTliOs;-Fe.O, cmewa npaxosa, mexamoxemujcka — axkmuseayuja,
MepMOMACHEMHA C8OJCMEBA, MACHEMOCIEKMPUYHA CBOjCMEA.
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