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IIpeozosop

YV okxeupy ooxmopcke Ooucepmayuje ucnumueaun je ymuyaj mMexaHuuxe
akmusayuje na cunmesy u ceojcmeéa MQO-TIO, cucmema. Joxkmopcka
oucepmayuja noo Hasueom ‘‘Ymuyaj mexanuuke axkmueayuje Ha c80jcmed
MgO-TiO, erexkmpokepamuke' ocmuwmimbena je u najeehum oderom ypahena y
Hnemumymy mexnuuxkux nayxka CAHY u @akynimemy mexuuukux Hayka y
Yauxy, Ynueepsumema y Kpacyjesyy. Mynmuoucyuniunapnocm
UCMPAadCUBarba 3axmesana je Kopuwiherse pasiuuumux memooa 3a cunmesy u
Kapakmepuzayujy mamepujana na je UCMpPaxcuéarbe pediu3o8aHo y euule
nabopamopuja u y3 nomoh eenuxoe bpoja Koneza.

HUcempaoicusara y oxkeupy oge dokmopcke oucepmayuje ypahena cy noo
HenocpeoHuUM pyKosoocmeom meumopa npog. op Hebojue Mumposuha,
pedosnoz npoghecopa Daxynmema mexnuukux Hayka y Yauxy, op Humne
Obpaodosuh, suwez Hayunoe capaonuka Hncmumyma mexnuukux Hayka CAHY
u npog. 0Op Braoumupa Ilasnoseuha, nayunoe caeemnuxa Hucmumyma
mexnuukux Hayka CAHY, kojuma ce HeuzmepHo 3axeamyjem HA KOPUCHUM
OUCKYCUJaMa U cagemuma moKoM MO2 UCIANCUBAYUKO2 PAOd.

Ilocebny 3axeannocm uspaxcasam axaoemuxy Momuuny M. Pucmuhy na
HeceOuuHoj nomohu u HenpoyerUsUM cagemuma 00 camoz NOYemKd Mo2 Hay4HO
UCPAaXCUB8ayKoe paod.

3axseannocm Oyeyjem u npog. Op Anexcu Mapuuuhy, npogecopy
emepumycy u npogh. op Cnobooany Bykuhy, Daxyrmem mexHUUKUX HAYKA Y
Yauky Yuusepzumema y Kpaeyjesyy, na ucypnHum oucKycujama u cyzecmujama
Koje cy bune 00 genuke nomohu moxkom uzpaoe 0o8e OOKmMopcke oucepmayuje.

3axsamyjem ce na capaorwu Op Maju [llhenanosuh (Mncmumym 3a
Qusuky, beocpad), op Muoopacy Mumpuhy (MHH Buwnua), op Jyeocnasy
Kpcmuhy (UXTM), op Becuu Ilaynosuh (Enexmponcku ®@axyimem y Huwy) u
op Cmuwvu Maprosuhi (UTH CAHY). Benuxo xeana ma ycnewHoj capaorwi.



lpacum xonecunuyama u xonecama u3z HMHcmumyma mexHuukux Hayka
CAHY, op Hebojwu Jlabycy, op Hapxy Kocanosuhy, Aopuanu Ilenews u Jenenu
Kusojunosuh ce 3axseamyjem Ha CMPYYHO] U NPUjAMEBCKO] NOOPUYU MOKOM
paoa Ha OOKMOPCKOj oucepmayuju.

Osa ooxkmopcka oucepmayuja ypaheua je y okeupy npojexama 142011 I’
“IIpoyuasare mehysasucnocmu y mpujaou “‘cunmesa-cmpyKkmypa-ceojcmea’’
3a @yukyuonanne mamepujare” u OH 172057 ““Vemepena cummesa,
CMPYKMYpa u c80jcmea Mynimu@yHKYuoHanHux mamepujana‘, Munucmapcmea
npoceeme, HayKke u mexHoaouwkoe passoja Penyonuke Cpouje.

llocebny 3axeannocm u3zpaxcasam Mojoj NOPOOUYU HA CMPNBERLY U
pazymesary NPUIUKOM HACMOjara 0a 08a oucepmayuja yenedd C8emiocm
oana‘“. Hajuckpenuje ce 3axeamyjem cynpyey 3opany Ha noopuiyu u nomohu
MOKOM u3pade oge Ookmopcke oucepmayuje. I[locebHy uncnupayujy yeex

npeocmaemwa moj cun Muxajno kome noceehyjem o8y oucepmayujy.

Yauax, 2014. Cyzana @ununosuh



Yeo0

YBOJI

WnTeH3uBaH pa3Boj €IEKTpOHUKE HajBehuM JenmoM 3aBUCH O pa3Boja HOBUX
MaTepujaia, KOjH C€ TIOped CTpPOoro ojapeleHOr cacTaBa OJUIMKYjy W TadyHO ojapeheHoM
pacrogenoM aedexata m npumeca. Ca cBe pacmpoCTpamEeHHjOM TNPHUMEHOM TEXHHKE Y
CBAaKOJHEBHOM JbYICKOM JXHBOTY jaBJba ce cBe Beha morpeda 3a HOBUM MaTepHjaIuMa KOjU
3a/I0BOJbABAJy CBE CTPOXKHje 3aXTEBE CAaBPEMEHE TEXHOJOTHje Kako [0 MUTamy
KapaKTepUCTHUKA, TaKO M IO MUTamy (YHKIMOHATHOCTH a Yy HOBHjE BpPEME CBE BHIIE H
MUTalke CEKOHOMUYHOCTH. Martepujaii KOjU UMajy 3HavajHy yJIOTY Yy CaBpPEMEHO]
CNIEKTPOTEXHUIIM CYy KEpaMHUYKM MaTrepujamd 300T CBOjUX H3Y3eTHHX (DYHKIIMOHAIHUX
cBojcraBa. Ilomenyta cBojcTBa y HajBehoj Mepu 3aBuCe O]l HayMHA TpUIpeMe U oOpane
marepHjana. EnexkTpoHcka Kepamuka ce Hajuemhe m00WMja TpPOLECOM CHHTEpoBama. Y
HAJONIITH]EM CMHUCTY, MOXe ce pehu ma cuHTepoBame MpencTaBhba OOJUK KOMIAKTHPAHka
JMCIIEP3HUX CMeIla MaTepHjaia, WIM HCOpecaka JOOMjeHMX HHXOBUM  XJIaJHHM
00JIMKOBamkEM, Ha TEMIIepaTypaMa HIDKUM O]l TEMIIepaType TOIUbEHa jelHe O]l 0a3sMuHuX
KOMIIOHEHATH, Y IWJbY KOHCOJHMJAIMje AUCIEP3HOT cucTteMa u obezbehuBama oxapeheHor
CKyTa (PU3NIKO-XEMH]CKUX, MEXaHHYKHX U €JICKTPUIHUX CBOjCTABa.

AKXTYEJTHOCT ¥ 3Hayaj HCTPAXHBaba y 00JIaCTH MPOyYaBama EIEKTPOHCKUX KepaMuKa
UCKa3yje U HU3 HayYHUX YaCOINCa Y CTPYUYHO] JIUTEPTYPH.

Mebhy wMatepujanuma Koju Cy OJ TOCEOHOT HWHTEpeca 300T CBOje TpPUMEHE Y
€JICKTPOHMIIN Cy CBAKaKO KepaMUKe Ha 0a3u TUTaHaTa. Y Op3aHu pa3Boj MOOWITHE TenedoHHje
Ka0 M JAPYTHX TEJICKOMYHHKAIIMOHMX CHCTEMa 3axXTEBajy YHOTpeOy IHEIeKTpHKa KOju ce
KOpUCTE Yy MHUKpOTaJacHOj obsacTi. 300r CBOjUX J0OpHX €NeKTPUYHHUX CBOjCTaBa
MarHe3WjyM THTaHaTHa KepaMUKa Ce KOPHCTH y H3paad MHUKPOTAJaCHUX (PPEKBEHTHUX
pe3oHaTopa W aHTeHa, y (QuiTepruMa M OCHMIATOpUMA 3a aIlUIMKALHW]y Y KOMYHHUKAIMOHUM
cucteMuMa. Jour ce mpuMerbyje 3a 3pay WHTEIPHCAHUX KOJia M aKTyaTopa, a IPEe/ICTaBiba U
0a3W4YHM MaTepujall MpH M3PaaN BHUIIECIOjHIUX KOHJIEH3aTopa. YCJIOBE KOjU OBH MaTepHjan
Tpeba J1a 3a70BOJbE Cy NMPBEHCTBEHO IITO HMKE BPEIHOCTH JUCICKTPUYHUX ryourtaka (Tj.
TaHreHca yria ryouraka tgo, ogHocHo mrto Behu dakrop noo6pore Q) U BHCOKE BPEIHOCTH
JMENIEKTPUYHEe KOHCTaHTe. HaBenmeHa CBOjcTBa €NEKTPOKEpAaMHUKE 3aBHCE NMPBEHCTBEHO OJ
yCJIOBA M HAYMHA TPHUIIPEME TTOJIA3HUX KOMITOHEHTH.

[TocToju BuUIIE pa3IMYMTHX METOJA 32 CHHTE3Y MAarHe3WjyM THTaHaTa KOju Cy IO

caja mo3HaTH U3 JuTeprype. Mely muma cy Hajuemhe KopuimheHHM COJ-Tel TEXHHKE,



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

KONpenuIuranyja, crupej nupoiusa. Ox peaknuja y 4uBpcToj a3 MOCISAHBUX TOJIUHA
HAJ3aCTYIUbCHH]ja j€ METOJa MEXaHWYKe aKTHBaIMje. MeXaHWuka aKTHBalldja je€ YecTo
KopuirheHa TeXHUKa IpoMeHa (PU3NIKO-XEMHUJCKUX CBOjCTaBa JUCIEp3HUX cucTteMa. Yecto je
KopuirtheHa TeXHOJOrHja 3a A00Mjame mpaxoBa 300T CBOje jeIHOCTAaBHOCTH U MOTYhHOCTH
nobujama Behux KoIMUMHA MaTepHjaja MITO YTUYe Ha HWXKY LIEHYy KOHAYHO MPOU3BEICHUX
KOMIIOHeHTH. OBaKBUM TPETMAaHOM IOJIA3HUX MPaxoBa JOJa3H [0 KOHTPOJMCAHE
JECTPYKIMje MaTepHjaia Kao W JI0 MHTE3MBHOT MPEHOCA MEXaHWYKE SHEPrHje Ha IpaxoBe.
JloOpo je mo3HATO Ja je peaklHMoHa CHOCOOHOCT MaTepujana MOoCiequlla CTPYKTYPHUX
cBojctaBa. CTora MeXaHMYKOM aKTHBAlMjOM HapylleHa NpPBOOMTHA CTPYKTypa cHUCTeMa
JIOBOJIM IO yOp3aBama Ipolieca CHHTE3€¢ W CHHTEpOBama MaTepHjaja y KojuMa c€ KOPUCTH
aKTUBUPAHU Ipax.

VY 0BOM pajay cMella MpaxoBa jé MEXaHHYKH aKTHBHUPAHA y BHCOKO E€HEPreTCKOM
IUTAHETApPHOM MIIMHY ca Kyrjlama y pa3JM4iTUM JayKhHama BpemeHa. Lusb uctpakuBama je
UCTIUTUBAE MHUKPOCTPYKTYPHHX CBOjCTaBa IMOJIA3HUX W Y Pa3IUYUTHM BPEMEHCKHM
HepuouMa MEXaHUYKU aKTUBUPAHUX MPaxoBa, Mpoleca reHepanyje CTpyKTypHuxX redekarta,
dopmupame U eBodyndja (asHOr cacTaBa W MHUKPOCTPYKTYpe y TIpolecy AoOujama
(YHKIMOHAIHUX EJIEKTPOKepaMUUYKUX Marepujaia. 3a ¢opMmMupama AHETICKTpUKa ca
HajOOJBMM EJICKTPUYHUM CBOjCTBMMA M HajBehoM rycTuHOM onpeleHO je OnTHMaIHO Bpeme
MEXaHWYKe aKTHBAIlMje M TEMIIepaTypa CHHTEpOBama. Takohe, UCMIUTAH je YTHIA] pekuMa
MEXaHUUYKE aKTHBAllMje Ha TeMIIepaTypy CHHTEpPOBama M YTBphEeH TOK peakiifje y 4BPCTO]

(a3u y n30TepMCKUM yciaoBuMa cuHTepoBama cuctema MgO-TiOs.



1. TEOPUJCKHA AEO
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1. 1. MexaHn4ka aKTUBaIHja

1. 1. 1. Mexanuuka aKkTUBaUMja Kao meroaa moaudukanuje

CBOjCTaBa NMPaxoBa

CuHTe3a OKCHAHMX TNpaxoBa KOHTPOJIMCAHUX MHUKPOCTPYKTYPHUX HapaMmerapa
Ipe/CTaBba MOCEOHO MYJITHIUCHUIUIMHAPHO TOJbE HAyKe KOje 3aXTeBa IMO3HaBame (Qu3nke
YBPCTOT CTamka, XEMHUje, HAyKe O MaTepHjaiuMa ¥ TEXHWYKHX Hayka. CBaKOJHEBHO ce
UCTpaXUBAYM IMUPOM CBETa TpyJae JAa MobOoseliajy mocrojehe Merome 3a no0ujame
Marepujajga o] KOjuX Cy MOCEOHO WHTEpPECaHTHE TOCIEIHBUX ToArHA (PU3NUKE W XEMHU]JCKE
METOJIe JCTIOHOBamka HaIapaBamkeM, CIpej MHPOJIN3a, Pa3He COJl rell METoAe, Jacepcka
abnanuja,.... O moceOHOT WHTEepeca je W METo/Ja MEXaHWYKE aKTHUBAIUje IUCTIEP3HUX
IpaxoBa Koja Ce 3aCHMBA HAa CTPYKTYPHO] JC3MHTETPALHjH YCIEea TUTACTUIHE HedopMalije
M3a3BaHE MIIEBEHEM y BHCOKO-CHEPIeTCKUM MIIMHOBHMA. OBa METO/1a MMa HU3 MPEAHOCTH Y
OJIHOCY Ha Jpyre Meroje nolOujama MarepHjajia MPBEHCTBEHO 300T pelaTUBHO jedThHE
orpeMe (MJIMHOBH), MPUMEHJBUBOCTH Ha TOTOBO CBE BPCTE MaTepHjaia u jaoOujama Behmx
KOJIMYMHA TPaxoBa 3a Jajba HMCIUTHBAaWKA. [ JIaBM HEJNOCTaTaKk OBE METOJE je Io0Hjame
npaxoBa KOju cy arjomepucanu. I[Ipu Tome ce ariomepanyja ce MOXe KOHTPOJHMCATH WU
noTnyHo u30ehu mpaBHIHMM omabMpOM mMapameTapa CHHTe3e (BpeMe aKTHUBAlHje, OJHOC

KyIJIF ¥ Tipaxa, Op3uHa poTanuje, u300p Marepujaia oJ Kora Cy HalpaBJbeHH JACJIOBU MJIHHA).

1. 1. 2. MexaHn4yKa aKTHMBaIMja U MeXaHOXeMHUjCKA CHHTe3a

Marepujaja

MiieBeme Kako MeToja o0paje Marepujaia y yrmoTpeOH je o1 JaBHUHA alld je TEeK
kpajem XIX Beka 1modyeno /eTaJbHO MCIUTHBAKE yTHIAja MEXaHMYKHX CHJIa Ha TIPOMEHY

1,2 . . .
OBze nounme pa3BHjalbe TEOpHUje Jla €Hepruja yHeTa y CHCTEM

CBOjCTaBa MarepHjaia.
TOKOM MJIEBEHha HE JOBOAM CaMoO [0 HapyllaBamba NPBOOMTHE CTpyKType Beh U 110
MHHUIHPakha XEMH]CKUX PeaKifja ¥ THME C€ IMOCTaBJba TeMEJb HOBOj METOAH, MEXaHOXEMHU]H.
On Tama mounMmkby WHTEH3MBHA HMCIHWTHBAKka y OBOj O0ONAacTH M CBE IIMpa ymoTpeda oBe
METOJIe a CaMUM THM U /10 AepuHICama Mpolleca Ha pa3He HaunHe. Hajonmurujy aeguauimjy

MexaHoxemuje 1ao je Xajauke (Heinicke) koja je u nanac y Hajmupoj ynorpeou. [1o memy je

MEXaHOXeMHja o00JlacT XeMHje Koja ce O0aBM XEMHJCKUM U  (PU3HYKO-XEeMH]jCKUM



Teopujcku oeo

TpaHcopmaljama jeIumbeha Y CBUM arperaTHUM CTamkbUMa HACTAIUM IO JCjCTBOM
MEXaHHUKHX CHIA.

dopmupame HOBHUX jeIUEHha Y CMEIIHM MpaxoBa TOKOM MIIEBEHA OJUTPaBa ce Kpo3
nBa cragujyma. [IpBu cragujym TmpeicTaB/ba MpoIeC Mellamka KOMIIOHeHaTa Ha
MOJICKYJIapHOM HMBOY, JIOK JAPYTH CTaJWjyM MpeacTaBiba (opMupame HOBe ¢a3e, mpoayKaTa
peakuuje. Ha oBaj HauMH mocmaTpaH HpOLEC MIIEBEHA IPHKa3yje BUIIECTPYKH 3HAYA]
MIaCTUYHUX Aedopmalija Ha TeMIEpaTypyd HEAOBOJHHO] 3a AU(Y3UOHE MpOoIece, MEIlame
KOMIIOHEeHaTta je 4yucto Aedopmanuonu mpouec. Ca apyre crpaHe, oOpa3zoBame HpojayKaTa
peakiyje je MEXaHWYKH aKTUBUPAaH TMpOLEC YWjU je TOKpEeTay EHEepruja JernmoHOBaHA Yy
gecTHIaMa TOKOM aedopmanje. >

Toxom MexaHWYKe akTHBaIMje moBehaBa ce peakimoHa CIOCOOHOCT MaTepHjayia alu
ce He gorahajy xemujcke peakimje.’ VKONMKO ce TOKOM MEXaHHUKE aKTHBALMjE 3aIIOUHELE
dopmupame HOBOT jeIUE-CHA U MPOMEHE CTPYKTYpe MOXEMO TOBOPHTH O MEXaHOXEMH]H.
MexaHnuKa aKTHBAINMja je KOMIUIEKCAaH (PU3MIKOXEMH]CKH MPOIIeC, KOjU TOBOJH J0 IOpacTa
XEMH]JCKE aKTUBHOCTH W TMOTEHIIMjaJTHE €HEPruje TPETUPAHUX MaTepujana. TakBUM IpoiecoM
Y3pOKYjy ce MpOMEHe Yy CHelu(UYHO] MOBPIIMHU WU YHYTpauimhoj eHepruju. Taxohe ce
noseliaBajy cnoGoJHA €Hepruja CHCTeMa W Op3MHA CHHTEPOBama. > TOKOM MEXaHHUKE
aKTHBAIMje HEOPraHCKHX MaTepHjajia OJIBHja C€ YCHTHABake MaTepHjajia U CMambeme
BEIMYMHE KpHUCTAIWTa, MpU dYeMy Jo0ja3u 10 JAedopMainyja MIM IPOMEHAa KpHCTaIHE
CTPYKType, Koja je mpalieHa remeprcameM nedexara. © 8 9

MueBewe MaTepujasia ce 00aBJba CYKIECHBHUM JIOMJbEHEM YeCTHIIA MaTepHujaia y
mirHoBMMa. [Iporiec noOujarba HajpUHUjUX TpaxoBa (IHCIEP3HMX MaTepHjajiga) METOI0M
MJIEBEHA HA3MBA CE€ IUCIIEPrOBALE.

OmnmTe je Mo3HATO €MIMPH)CKO MPABUJIO J]a jeé aKTUBHOCT YCUTH-E€HHUX decTHulla Beha
mro je Behu Opoj ynapa u 6p3uHa cyjapa, a mTo je MambHl BpEeMEHCKH WHTepBal u3Mmely iBa
cynapa’®. Y MOMEHTY yapa decThIe BeMKOM OP3HHOM JONasH 10 aKyMyJiaimje eHepruje. Y
KpaTkoOM BpEMEHY HacTajy BHCOKO moOyhena crama (TpuOorutasma), Koje KapaKTepHIIe
paszapame pelieTke 1 u30aluBambe aToMa U eJIeKTpoHa. TakaB BUJI eMHUCH]j€ €JIeKTPOHA Ha3UBa
ce ,,MeXaHWYKH MHIyKOBaHa emucuja“. EnexkTpoHCKa emucHja CTUMYJIHIIE CaBlajaBambe
eHeprujcke Oapujepe moBpmrHE W mpaheHa je MpoOMEHOM (PHU3MYKO-XEeMHjCKHX CBOjCTaBa
cucrema.

VYpehaju koju ce kopucre 3a MiIeBewme cy MiIuMHOBU. IlocToju Bume BpcTa
BUCOKOCHEPIeTCKMX MJIMHOBA. aTPUTOPH (aTPUIIMOHM MIIMHOBH), BHOpAalMOHU MIJIMHOBH,

XOPU30HTAJIHU KYI[JIMYHU MJIMHOBU U muiaHeTapHu miuHoBM, Cnuka 1. 1. Kog ampuyuonux

5
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MIUHOBA KYTIHILIE U MIPAIIKACTH MaTepHjall Cy CMEIITEHN Y HEMOKPETHO] BEPTHKAIIHO] TTOCYAN
U Mellajy ce BEPTUKAaTHOM OCOBHHOM Ca HEKOJHMKO XOPWU3OHTAJIHHUX HacTaBaka. Portupame
OCOBHHE JIOBOJH /IO CIIOKCHOT KpeTama KyIJHLa U mpaxa. Y subpayuonom MiuHy Tpax u
KyTJMIIe Ce Haja3e y IMOCYIH Koja OCIHIyje y TpH IpaBlia HOpMajHa jJeJHH Ha JpyTe.
[Tomepame Kyrnuuma U Ipaxa 3aBUCH O] HEKOJIHMKO YMHHONA: (DpeKBeHIMje, aMIUIUTYIE,
3aKpUBJFEHOCTH H JTUMEH3HMja TMIOCyJAe, TpPajeKTOpHje KpeTama IOCyAe,... Y HEKUM
BapHjaHTaMa OBa BpCTa MIIMHOBA MOXKE KOPUCTHTH JHCKOBE WM TPCTECHOBE YMECTO
kyrauna. Kon xopuszonmannoe xyenuunoe mauna, Op3uHa KOjoM pOTHpa TOCyia Mopa Jia Oye
Mama O]l TpPaHWUYHE BPEeIHOCTH Op3MHE Koja ,,clersbyje” Kyrimie Ha 3ujose nocyne. OBu
MJIIMHOBH WMajy WIMPOKY ymoTrpedy ox mnaboparopujckux, mnpeunuka 10-40 cm, mo
WHIYCTPUJCKUX MIIMHOBA TpedyHuka 1-2 m, 300r Beoma jemHOCTaBHE KOHCTpyKIiuje. Kox
NIAHeMAapHuxX MIUHO8a TIOCYJIe ca KyrJIMilaMa W IPaxoM Cy CMeIlITeHe Ha Hocehu muck xoju
poTHpa JOK ce MOCyJie UCTOBPEMEHO POTHUPAJy U OKO corcTBeHe oce. O03upom na je cmep

poranuje nocyaa u Hoceher mucka cymnporaH, HacTajda IEHTPU(yrajiHa CUiia u3a3uBa Cyaape

KyIJIH M TIpaxa ycjel 4yera Joja3u 10 ApoOsbema YecTulia. VIHTEH3UTET MIICBEHA C& MOXKE
11,12

MEmaTH MPOMEHOM Opoja oOpraja Hoceher nucka. Ha cn. 1. 1.-1. cy mpukazanu

mEMaTCKu TUIIOBU MJIMHOBA.

Cn. 1.1.-1. llemaTcku mprKa3 MJIKMHOBA: a) aTPUIIMOHKU MJIMH, 0) BHOPAIIMOHH MIIKH,

12
B) XOPHU30HTAIHU KYTJIMYHU MJIMH U F) IJIaHETApHU MJIMH
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1. 1. 3. OcHOBHU NMOjMOBH MeXaHUYKe AKTHUBAIUje

VY ycnoBuMa MIeBeHma JEIOBAaKEM MEXaHHMYKHMX CHJIAa Ha MaTepujaie Joja3u 10
CNACTUYHUX M HeenacTHyHux (miactuuHux) aedopmaiyja. TOKOM enacTHYHOT cynapa
€Hepruja CHCTeMa OCTaje y LEeJTWHH HENMpPOMEHmEeHa, Kao W CTpyKTypa matepujana. Kop
HEeIACTHYHHX CyJapa CHEeprija je AeIMMIYHO TpancdopMucana y eHeprujy aedopmarmie. ™
OBuMm nedopmanrjama Mewajy ce GU3NIKO-XEMHjCKa CBOjCTBA MaTepHjaa.

[IpumeHOM MeTOle MEXaHWYKE aKTUBAIMje MOXe ce TmoBehatm peakmuoHa
CIIOCOOHOCT UYBPCTHX MaTepHjajia IITo je TUPEKTHA MOCIEANIa CTPYKTYPHHIX IPOMEHA YHyTap
cucrtema. [IpoMeHe y CTPYyKTypH KpHCTallHE PEUIETKE OJpakaBajy ce IMPEKO TeHepalyje
nedekara Kako TauykacTuxX (BakaHIMje, MHTEPCTUIMjaIHU aTOMH, aTOMH Heuucroha) Tako u
JIMHUJCKHUX Nedekara (arperamuje aroMa Ha TMOBPUIMHU KPUCTaNa), 3aPEMHHCKUX aedekaTa
(ope 1 YKJBbYHIIN) ¥ eIeKTPOHCKHX gedyekara (eeKTpOHH | myrubuae). = M

[lonamame Tema koje je mperpreno aedopmanujy, KapakTepHile Ce MpolecuMa
HacTajarba M pa3BHjaba CTPYKTypa KOjeé HHCY y CTamy paBHOTeXe a Koje o00e30ehyjy
ONITUMAITHU PEKUM pacUIllama eHepruje.

HedexTn HacTaiM Kao MOCJEIUIa TIACTHYHE Aedopmalidje KpUCTaaHe penieTke ce
Mmory kperatd. [lpunmkom murpamnmje nedextu ce cycpehy m moxe na mohe mo mHuxoBe
anuxwianyje. [IpouecoMm anuxmianuje ocimobaha ce eHepruja Koja je KOHIIGHTpHUCAHA Y
nedekTiMa W KOju u3a3uBa moOyhuBame enekTpoHCKkux HuBoa. Omnmuka mnoxyhenux
EIIEKTPOHCKUX CTamha Cy PENaTHBHO Ayradka BPEMEHHWMa KMBOT, 4ak 10 107 cexymmm,
TOKOM KOJHX MOXe€ JohM 10 MHTEpakKIHMje ca OKOJHHUM aTOMHMa. Y3 HacTajame nedexara u
IbUXOBO YMHOXaBambe MOXKe Johu 10 joHHu3auja AedexaTta U MojaBe eNeKTPUYHUX T0Jba, a
CaMHM THM I POMEHA CBOjCTAaBa MaTepHjana. =

MexaHndka Hampe3ama W3a3WMBajy HapylIaBamke aTOMCKE CTPYKTYpe, a Cpelmba
TyCTHHA €HEepruje ejJacTu4He nedopmaridje 3HaTHO j€ Mama O] eHepruje Be3a. 300r Tora cy
BeoMa OUTH TPOLIECH TPYITUCaa CHEPTHje KOja MOXKe Ja HapyLIH CTPYKTYypY. JenHaunHa Koja
nedUHHIITe TAHTEHIM]ATHy KOMITOHEHTY CHIIE yaapa KyTrie je:

F :mi(vt +W, xT,) (1.1.-1)
dt

TZie je: M - Maca KyrJie, Vi - TaHTeHIMjaJlHa KOMITOHEHTa Op3WHE Y TauKH yaapa Kyriie,

W, - peJlaTUBHA YraoHa Op3HHA U [ - TOTYTPEYHUK KYTJIe.



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

MexaHnu3aM MIICBEHa OJWTpaBa C€ KPO3 TPH CTyIma: nedopmaimja, pazapame U

cpacTame yecTria npaxa.’’ [IpuHIu je mpukasas Ha ci. 1.1.-2.

JIacTHYHA

aedopmMannja

F<Fo
A>Ao

V=Vo

MOYETHH CTATHJYM npejom
\ F>Fo
A
2 > A<Ao
V<Vo
Fo,Vo cpacTame

F>Fo
A A~Ao

V>Vo

Cn. 1.1.-2. llemaTcku nprKa3 MEXaHW3Ma Ipolieca MICBEHa Hpaxa16

Hekonuko ¢akropa je OUTHO 3a OTITYHO JehUHUCAEE TIpoIleca MIIEBEeHAa U TO Cy: F -
daktop obnuka, A - myXWHa TJIaBHE oce, V - 3anpeMuHa yectuna, a FoAg Vo cy BpeaHocTr
oBHUX (hakTopa y MOYETHOM cTamujymy. [Ipuiukom IiactuvHe nedopmairje nmapameTpu ce
Memajy Ha cienehm HaumH: F ce cmamyje, A pacte OOK je BpeaHocT mapamerpa V
HerpoMemweHa. Jlpyra ¢a3za ce kapakTepuIlie mopacToM BpeAHOCTH napameTpa F 1 cMamemeM
BpeaHocTH napamerapa A u V. 3a BpeMe (asze cpacrama oia3u 10 pacta Fu V, a A ce He

MCHA.

[lojaBa nedekara kpucTamHe CTPYKTYpe TOKOM MIIEBEHA MPEICTaBIba, OIIITY TEXHY
KpHCTalla Jla CIoJba YHETy eHeprujy (MeXaHW4Ky €HEprujy) TpPaHCPOpMHILE Yy CHEprHjy
nedekata kpuctaiHe pemerke. KonudrHa arcopOoBaHe eHEpryje TOKOM Iporieca JOBOIU 10

-1 2 . .
3arpeBama cuctema y rpanunama 107-10° K, a To je Hajuemrhe HEIOBOJHHO 3a TOILJbEH-E

KOMIIOHCHATa. 18

TOKOM MEXaHWUYKOT TPETMaHA CTamke TPETHPAHOT CHUCTEMa C€ HEMPEKUIHO MEHa O]
¢daze MoYETHOT Mpaxa KOju C€ cacToju o] CKymna MehycoOHO crmabo MmoBe3aHUX YeCTHIA 0
CJIOKEHOT XETEPOTeHOT CHUCTeMa TJie C€ KPYIHHUJjU arperatd cacroje OJl CHTHUjUX YeCTHUIla

YHjH Cy YMHUOLM 3pHa Mel)yCOOHO pa3/iBOjeHHU rpaHUIlaMa 3pHa.

Ha cn. 1.1.-3. npuka3anu Cy IIEMaTCKH THIIOBH W BPCTE Cyjaapa J0 KOJHX JOJIa3d Y

19
BHUCOKO-CHEPIreTCKUM IINIAaHETApHUM MIIMHOBHMA.
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Cn. 1.1.- 3. lllemaTcku npuKa3 cyaapa KOju Ce jaBjbajy TOKOM IPOIieca MIICBEHA Y

IUIaHeTapHUM MJIMHOBUMA: &) YEOHH Cyaap, 0) MHAUPEKTHH Cyap U B) CyIap BHIIC KyTJn

MreBeme MaTepHjaia ce BpIIM CYKIIECHBHUM JIOMJBEHEM YECTHIIA MaTepHjana y
minHOBMMA. [IpHHIIMT paja je jeJHOCTaBaH M CAaCTOjU CE€ Y TOME Jla C€ CHUCTEM IOJBpPraBa
YCUTHABaky N0 TMOCTH3ama BEIHKE ChelupuIHe MOBPIIMHE, CTOra Ce OCHOBa IpoIlieca

' ~ .2
MIIEBEHba MOJXKE ce objacHuTH jenHaunnom (1.1.-2): 2

2
dgzg_bl_f_d_s+(3bﬂli+gjds_%8ds (11'2)
a S a 4a

rae je: dS/S - penatuBHa mpomeHa crenM(UYHE MOBPIIUHE TOKOM MIIECBEHA, 3 -
I'YCTHHA €HEpPruje IUIaCTHYHUX acdopmanija, y — cioboaHa MOBPIIMHA, D - 3ampeMUHCKH
dbaxTop 00smKa, | - 1e6spruHa KehopMUCaHOT CiI0ja KOja HE 3aBUCH O] BEJIMYMHE YECTHIIA, A -
KOHCTaHTa KOja He 3aBHCH O] TMMCH3H]ja TeNa Koje ce paszapa, o - Hampe3amwe u de - yTpoiieHa

. 21
€HEepruja TOKOM MJICBEHA.

[MpBu unan jemnaumue (1.1.-2) mpukasyje cMameme €HEPruje yciea 3almpeMHUHCKE
neopmanje dYecTHlla, NPYTH UiIaH TPEACTaB/ba pEJATUBHY TPOMEHY creruduyuHe
NOBpPIIMHE TOKOM Tipoueca. Tpehu cabupak mpeacraBiba yTpoIlllak eHepryje Ha HeeJacTUYHe
nedopMalje W paj Cuiia Tpema 3a 00pa3oBame HOBUX MOBpIIMHA. UeTBpTH cabupak
MpeACTaB/ba MPOMEHY 3ampeMHHe OOJacTH IUIacTU4YHE aedopmalidje, carjiaCHO MPOMEHU

JTUMEH3H1ja 4eCTUIIa.

Mebhytum, y mpakcu ce 3a mpaheme mpoleca MieBewma Hajuemhe KopHucTe pasHe
(eHOMEHOJIOMIKE jeJHAYMHE KOje IMpare MPOMEHYy CIelu(uyHe MOBpUIMHE Y (YHKIHjU
BpEMEHA IPHMEHBCHOT TPETMaHAa' ', JOK KHHETHKY OBOI IPOLIECA HAjOIIUTHje OIHCYje

jennaunna (1.1.-3): & 2
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S=S,—(Sn—Se ™ (1.1.-3)

rae je: Sp - cnmenuduyHa MOBpPIIMHA TOJA3HOT Mpaxa, Sy - TPaHWYHA crenuduuHa
MOBpIIIMHA TIOJIA3HOT Mpaxa, S - crenu(uYHa NMOBPIIMHA Mpaxa Mocie MJeBewma, t — Bpeme

mieBewma u K - koHcTanTa.

MexaHHYKOM aKTHBAlMjOM JI0JIa3d 10 YCHTHaBamka, Tj. J0 CMarmbeHha BEIHMYHHE
YEeCTHUIIA, JIO0 MPOMEHE CJI000aHE TOBPIIMHE W (HU3UIKO-XEMH]CKUX CBOjCTaBa yCHUTHECHOT
matepujasia. OHa ce BPIIM y IUJbY MOOO0JbIakha PEAKTUBHOCTH CUCTEMA WIIH Y LIUJbY HETOBE
amopduzammje. OBUM TpeTMaHOM ce TMoBehaBa PEaKTUBHOCT MaTepujana, CHIDKaBa Ce
TEMIIepaTypa U BpeMe CHHTEPOBamka, Y IIHJbY MOjeTHIHEHA Ipolieca J00Hujamkba KOMIIOHEHATa

KEJbEHUX CBOjCTaBa y MHAYCTPH)CKO] TPOU3BOIIHH. 23, 24

1. 1. 4. da3e MexaHUYKe aKTUBALUje

[Ipomena eHeprujckor crama TOKOM MIIEBEHA JIOBOJHM [0 TMOpacTa PeakKTUBHOCTH
marepujana. AKO yHOpeIMMO HJeajllaH MOHOKPUCTAl C€a MEXaHWYKH AaKTHMBHPaHUM
npaxoBuMa, younhemo Ja UM ce pa3jHuKyjy BPEIHOCTH 3a IMPOMEHY CTaHAaplHe ClI000aHe

. 0 . 0
e”epruje ¢opmupamwa AG", npoMmeHy craHaapaHe eHtaianuje AH™ u mpomeHy cTaHzapaHe
g0 25

eHTponuje A bpoj aroma (joHa, MosieKy/1a) KOju /071a3e Ha MOBPIIMHY TUCKOHTHHYAITHO

pacre.

Crnenehu mapameTpu cy O BelIMKE BaXXHOCTH 3a ONUCHBAme U Npaheme (U3UUKO-
XEMHJCKHUX TpoIleca: BEIIMYMHA YECTUIA, BbUXOB OpOj y CHUCTEMY, Ka0 M €HEPIHjCKO CTambe

yecTuia (XeMHjCKU TIOTCHIIH]AI ).

Y OTBOpEHOM TEpPMOJMHAMMYKOM CHUCTEMY HpPOMEHE HaBeleHUX (yHKIHMja cTama

cucTeMa MOT'y Jia ce Hamuiny y cienehemM o0nuky:

dU =TdS - PdV + pdn (1.1.-4)
dH =TdS + VdP + pdn (1.1.-5)
dG =-SdT + VdP + pdn (1.1.-6)

rze je: dn - mpomena 6poja MoJIOBa.
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MexaHnuyKka aKTHBAIH]a je CIIOKEH MPOIleC KOju 00yXBaTa BUIIIC CTYIEHCBA y YHjEM Ce
CBAaKOM CTYIbY MEHaj]y €HepreTcky napaMeTpu U KOJUYMHA aKyMmyiupaHe eHepruje. Omrpa
rpanuna usMely CTyNmmbeBa HE MOCTOjJU HEro Ce MPOIEC MOXKE YCIOBHO MOAETUTH Y YETHPHU

dasze. &7

Ilpsu cmynar, axmugayuje — MPETXOAN ACCTPYKIUJU MaTepujaia. TOKOM JaenoBama
CWJIa, YMjH je MHTCH3UTET HWXKU O] BPSIHOCTH 3a AchopMaIijy perieTke, pa3aabuHa uzmehy

aToMa y PeIIeTKH Ce MEHha, TaKohe ce Memajy U OpJeHTAIIMOHHU yTJIOBU y KPHUCTAITY.

Hpyeu cmynar» axmueayuje — JTOBOAM IO CTBapama HOBE MOBpLIMHE. MexaHWUKa
eHepruja ce TpaHchopMmulle y MOBPIIMHCKY eHeprujy koja pacre. lloBehame ykymHe

EHEepruje CUCTeMa, TOKOM pPacTa HOBE IMOBPIIIMHE, MOXKE CE MPEJACTABUTH U3PA30M:

AH=o-TS2 (1.1.-7)
oT

rie je: o — crnenududHa moBpIrMHCKa eHepruja u T - Temmneparypa.

Tpehu cmynar axkmusayuje — ToApasyMeBa (HUHO MIICBEHE. 1epMOAMHAMHYKE
dyHKLIMje cTama ce 3Ha4ajHO Memajy Ha rpaHuuu usMmely nBejy ¢aza, TokoM oOpa3oBama

HoBe noBpimHe. [Ipomena cnoboanHe eHepruje ce onucyje TOMCOHOBOM jeTHAYHHOM

2
AG =29V (1.1.-8)
r
riae je: V - MoapHa 3anpeMHHa U I — MOy IPSYHUK YSCTHIIC.
Yemepmu cmynar» axmueayuje — je 3aBpmHa (aza. IlouetHn wMarepujan je

TpaHC(OPMHUCAH Yy HOBH, Ca MOTIYHO IPOMEHEHOM CTPYKTYPOM M CBOJCTBHMA. Y OKBHPY OBE

¢aze MoTy ce MojaBUTH:
- MPOMEHA KPUCTATHE MOIU(DHUKAIIH]C jeTUHECIHA,
- 3aMe€Ha joHa 0e3 MPOMEHE KPUCTAITHE CTPYKTYPE,
- pazapame KpUCTAITHE PEIIETKE,
- amopdusaiyja KpUCTAJIHOT MaTepujaa,

- TpOMEHa KOOPAWHAIIMOHOT Opoja.

11
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1. 1. 5. Hacrajame nepekaTa KpUCTAJIHE CTPYKTYpe TOKOM MeXaHUYKe

aKTUBaLHje

VY peanHoOM cHUCTEMY YBEK Cy NMPHUCYTHA OACTyNama O[] MPaBUWJIHOT pacropena aroma
KOjU je 3aCTyIUbEH KOJ MJICaJIHOT KpHCTala IMpH 4YeMy IOCTOje JIBa IMPUCTyIAa H3ydyaBarba
CTPYKType: KpucTajorpapcku u TepMoAuMHaMuukd. IIpema kpucraizorpadckoM, OACTyHame
OJl TEePUOJUYHOr pAaCIopera aToMa IMocienuIia je TOIUIOTHOT KpeTama U IPHUCYCTBa
CTaTUCTHYKU pacnpehennx aedekara. [Ipema TepMoaMHAMUYKOM, MEXaHWYKa aKTHBAIIW]a
M3a3MBa HACTaHAaK TEPMOJMHAMUYKM HECTAOMJIHMX CTama ca BUIIKOM eHepruje. CTpykTypa

. . . .26
MaTepHrjajia MOKE CC IIOACIINTU XHUJCPAPXHJCKU HA.

- Maxkpocmpykmypy — TpyOou nedekTH MmarepHjaja Ccy IyKOTHHE, MaKpOYKJbYYILH,

paciiojaBama M Hacjare Koje HacTajy TOKOM MeXaHu4dke oOpaje,

- muxpocmpykmypy (epanuye 3pHa, domeHu) — TOBPIINHE U IPAHULIC 3pHA MIPEACTABIbA]Y
obrmacT y KojUMa ce€ I0jaBJbyje HEXOMOTCHOCT OJHOCHO TMpecTaje MepuoanyHa
cTpykTypa. IloBpmmHa kpucrana je moBpiminHa usMmel)y uBpcre ¢ase U TeUHE WIH
racoBute (pasze ca qpyre cTpaHe, a rpaHMIA 3pHA NIPECTaBJba MOBPIINHY KOja pa3jaBaja
e uBpere dase.”’ OB MOKEMO PA3MKOBATH YHYTPALIbY ¥ CIOJBAIIhY TOBPIIHHY
kpuctanura. Crosballllby MOBPLUIMHY YMHM T€OMETPUjCKA, YKYNHA IOBPIIMHA CBUX
YyecTHUlla KajJa ce He y3MMa y 003Up XpamaBoCT U MOCTOjamke nopa. JlonaTHa moBpinHa
rpaHuIle pa3aBajama TUcIep3He uBpcTe (ase u TeuHe wiu racoBute (aze ykipydyjyhu
U MOPO3HOCT W/MJIM XpamaBoCT IPEICTaBJba YHyTpallkby noBpumHy. [Ipu Tom mope
MOP(OJIOLIKH MOXEMO MOJCIIUTH Ha OTBOPEHE U 3aTBOPEHE. YHYTpallllha U CIIOJbAllha

MOBpIIMHA KpUCTaJa IpuKasaHa je Ha ci.1.1.-4.
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Cin. 1.1.-4. [lpuka3 yHyTpalllibe U CIIOJbAIIE MOBPIIMHA KPUCTAJIA ) CIIOJbHA MOBPIIUHA
MOJMKPHUCTAITHOT Mpaxa CauyubEHOT 01 3aceOHUX 3pHa, 0) crosbHa (1) u yHyTparma (2)

. 28
MOBpIIIHA jeIHOT 3pHA

- amowmcky cmpykmypy (npumece, mauxacmu Oeghexmu, Ouciokayuje) — aTOMCKy

CTPYKTYPY OUIMKY]Yy AMCIOKAIMj€, MOBPIIMHCKA U TAYKACTH Ae(EKTH.

Kapakrepuctuka nuHHMjCKUX nedexara WM JUCIOKaIMja je J1a HUCY PAaBHOTEKHHU.
Jlucnokaiyja je mpoMeHa y CTPYKTYPH KpHUCTala Koje YKJbydyje pelaTHBHO Malu Opoj
atoma. [lox nejcTBOM CHoJbHHX yTHIIaja MOXe Aa ce kpehe yHyTap ypeheHe kpucraiHe
crpyktype. 2° Jluciokarmje HacTajy Ha BWIIC HauWHa a Hajuemhe Kao mMoCIemua
KJIM3ama TMOJeJUHUX O00JacTH KpPHCTalla TOKOM HErOBOT pacTa WM IUIACTUIHOM

nedopmarnmjom. [1ocToje ABa THMa AUCIOKAIMja U TO CY 3aBOjUTE U UBUYHE. 23

Taukacte nedexTe KapakTepuiie mpe cBera MoryhHoct npa ce Hahy vy
TEPMOJMHAMHUYKO] PaBHOTEXKU. TadykacTh ae(eKTH ce MOry IIOjaBUTH Kao pe3yJTar
CIIOJBHOT JICJCTBA, HIMP. Y TOKY MEXaHHYKE 00pajiec M y TOM CIydajy MOCTOj€ OJICTyNama
O]l paBHOTE)XHE KOHIIEHTpaIuje. HajBakHUju TaukacTH NePEKTH KPUCTAIHE PEIICTKE CY:
a) uyBpCcTH pacTBOpH (jeJ]aH O/ aTOMa y KPUCTAIHO] PEIICTKH 3aMEH-EH je IPYTOM BPCTOM
aToma), MpH TOME 300r MNpPOMEHAa Y eJCKTPOHCKOj CTPYKTypH CTpPaHOr aTroma y
HECBOJCTBEHOM OKPYXKEHY MOTY HAaCcTaTU CTPYKTypHE IMPOMEHE KOje 3aXBaTajy BHIIIE O/
jennor mehyaromckor pactojama. [lap koju unHe aToM HeuucTohe U BakaHIUja 00pasyjy
OpenkesbeB Aedekar, JoK MoMepame aToMa U3 YBOPOBa pelieTke mnpenactasiba [lloTkuje
nedexar,®® G) BakaHIUje WIM MPasHHHE HACTAjy YKOIHKO jelaH O YBOPOBA KPHCTAIHE
pelieTke OCTaHe He3ay3eT, B) aKO Y KpPHCTaly MOCTOjU aToM u3Mel)y uBopoBa pemieTke

HacTaje uHTtepctunyja. ci. 1.1.-5. npukasyje Bpcre TauakcTux Aedexara.
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Cn. 1.1.-5. Bpcre taukactux aedekara: 1 — Bakaniuja, 2 — MpUMECHHA aTOM YKJbY4Ka, 3 —
NPUMECHHU aTOM Y HHTEPCTUIjH, 4 —MHTepCTHINja, 5 — HaKynuHA joHa (8 aToMa yMecTo

7), | — ®penkesnes nedekr, || — IloTkujeB nedexr

TokoM MexaHW4Ke 00pajie MaTepHjalia 4ecTo ce n1o0uja amopdHa CTPYKTypa, KOjy ca
TayKe TJICIUINTa aTOMCKE CTPYKTYpe KapaKTepHIle OACYCTBO ypeheHOCTH Ha JaJbUHY H

ryOuTaK NepUOANYHOT pacropea CTPYKTYPHUX JeTUHUIIA.

- KpucmaiHy Ccmpykmypy — OJICTylama aToMa OJ pPaBHOTEXKHHUX IIOJIOKaja ™|
HapylaBambe MelyaTOMCKUX pacTojama M3a3uBajy Hampe3ama U JeeKTe YHyTap
CTPYKType Kpucrana. PeanqHe Kkpucrane YWHU BEIHKH OpOj MOBE3aHMX T'PAHUYHUX
00J1aCTH, T3B. KPUCTAINTA, IPUMAPHUX KPUCTAJIUTA, CyO3pHA, U MO3aUYHUX OJIOKOBA.
OBakBa mojena Ha MNpPUMapHE KpUCTAJIMTE OJpPXKUBA je y TpaHULaMa TeopHje
auciokanyja. Jlucnokanuje popMupajy 3uJ0Be KojuMa ce pas/Bajajy kpucraautu. Ha
ci. 1.1.-6 mpukaszan je yTumaj CTpyKTypHHX jaedekara Ha KPUCTAJIHY CTPYKTYpY.
Hampesama 1 HapymeHOCT YHYTpAalllb€ CTPYKTYype YBPCTOT TeJla YCIOBJBEHA CYy

Opojem, BpcoM U pacrnopenom aedekara.
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a 6

Cir. 1.1.-6. VI3ryes HApyIIEHOCTH CTPYKTYpE a) OKO BaKaHIHje, 6) 0Ko HHTpCTHIMje™

- enekmponcky cmpykmypy — EnexTpoHckn nedexTH HapylaBajy CTPYKTypy Maja He
JIOBOJIE IO IPOMEHE pacnopesia aToma, 0K aTOMCKH JIe(eKTH T0BOJE 0 HapyllaBama
€JIGKTPOHCKE CTPYKTYpe HapylIlaBameM MEPUOJUYHOCTU M y33ajaMHHUM JICJIOBAEM Ca
enlekTpoHnMa nejor kpucrana. [locroju u MmoryhHocT na atomcku aedektu 3axBaTe
eNCKTPOHCKE JiedekTe (SNeKTPOHEe WM LIYIUbMHE) NMPHU YeMy HACTajy Pa3IHIuTO
BAJICHTHA CTama aroma. llap emekTpoH — mymbuHa ¢Gopmupa ce kaaa aohe mo
ancopnuuje ¢GoTroHa 4YMja je eHepruja Beha OJ EHEpreTcKor IMpolena KpucTaia.
Hacranu map Moxe ce c10001HO U HE3aBUCHO KpeTaTH Kpo3 kpucrai. [lap enexTpon —
IIyIUbMHA KOjU Cy BE3aHM YHMHE CEKCHTOH, OH MOXe Ja ce kpehe kpo3 kpucran
npeHocehn eHeprujy eKCuuTalfje ald HE YYECTBYje y IpoBohemy eNeKTpHUIMTETa,

OIHOCHO HC NPCHOCHU HACJIICKTPUCALC.

MexaHMYKOM aKTHUBAIMjOM JI0JIa3U JI0 KOHTPOJIHMCAHOT npeypehema u AecTpyKIuje YnMe
Ce MOXKE€ HapyIIMTH CTPYKTypa Marepujajia Ha CBUM XH]epaxHjCKMM HuBouma. Kako je
peakIMoHa CHOCOOHOCT TOCIEIUIa CTPYKTYPHHX CBOjCTaBa, TO MPOU3WIA3HM Ja IMPOIECH
JIeCTpyKILIMje KOjU ce JIelllaBajy TOKOM aKTHBallMje IpaxoBa, yTUYYy Ha yOp3ame Ipoleca
CHHTE3¢ HOBHX MaTepHujajia y KOjUMa Ce€ KOPHCTH aKTHBHpPAHH Mpax (XeMHjcKa peakiiuja,

CHHTEPOBAILE,...).
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1. 2. CuntepoBame MaTepujaia

1.2. 1. OnmTu npUHITANH

CpennHOM MpoLUIOr BeKa NMOYMbY MHTEH3UBHA U3ydaBama Ipolieca CUHTepoBama. [IpBe
KOpake Ha OBOM I10JbY HampaBHo je PpeHKesb KOjU je MOCTaBUO MPBY TEOPH]Y CHHTEPOBaa
3aCHOBAaHY Ha MOJEJIy TPaHCIOpPTa Mace BUCKO3HMM TeYemeM Ha Mofeny chepe U paBHe
moue. > ¥ Tlo @peHkesby CHHTEpOBalmE Ce MOXKE MOAETUTH y 1Be etane. [IpBa erama je
CTamame YeCTHIa KOje TOBOIM 0 HECTajalba OTBOPEHHX MOpa W (opMHpama 3aTBOPEHUX
nopa oxpehenor obmuka (y mpocToj ampokcumanuju chepHor obmuka). Jpyry eramy 4uHH
CMambee 3allpeMHHE 3aTBOPEHUX IOpa MOJ J€jCTBOM CHiIa MOBPIIMHCKOr HamoHa. ITunec,
MeyTUM CHHTEepOBame IMocMmarpa Kao AU(Y3MOHH MpoLEeC KOjU Cce OJBUja Ha paudyH
murpamdje Bakanmmja.>® Pesynrare CHHTEpPOBaEka METANHHX YECTHIA TPBH j€ MPHKA3a0
quI/IHCKI/I.34 [IpoyuaBame mporieca Ha MojenuMa e chepe O1o je ycMepeH MPBEHCTBEHO Ha
u3BOljerbe OINIITE jeHAUMHE 33 CBE MEXAHM3ME CHHTEpOBAma.> MHOTH ce HAKOH TOra OaBe
u3yudaBameM (U3UKE CHHTEpOBama ajid, 300T CIIOKEHOCTH MPOIeca, Cy €€ YIJIaBHOM CBH
NOKYIIajH CBOJAMJIM Ha HEKe O Mojena (ABe Kyrie, Kyrjie W paBHE IUIOYE,...) H pPEllaBame

npoOjema pacta BpaTa.36’ 37,38, 39

Pa3Boj Teopuje cuHTEpOBama 0 CEAAMICCETUX TOJMHA IMPOIUIOT BEKa KPETao ce y
OKkBUpUMa (YHIAMEHTAIHUX MCTPaXHBama, IJE€ j€é OCHOBA pazyMeBama Ipoleca Ouna
aTOMHUCTHYKA TIpecTaBa o rpahy YBPCTOT Teja M O/BHjame Tporeca y muMma. [locmarpame
€JICKTPOHCKE CTPYKType Kao HajBUIIET HUBOA Y CTPYKTYPHO] XHjepapXju Marepujaja
JIONPUHOCH ca (U3UYKe TAauyKe TVICAUIITA TyMauery IpoLeca CHHTepoBama.’’ CBU mpoLecu
KOjU C€ OJUIPaBajy y CHCTEMY, Ia TaKO U MPOIEC CHUHTEPOBama, MOCIEIUIA Cy TPOMEHA Y
CJIGKTPOHCKO] CTPYKTypu. Maja jom yBeK HE TOCTOjU jeJUHCTBCHA TEOpHja EICKTPOHCKE
CTPYKType MaTepHje y ymoTpeOW je HM3 Mojiejla KOjU ca BHIIEC WM Mame yclexa MOTy
ONHKCATH TMOjeIMHE TPOILEeCe Yy YBPCTOM Teiy. JemaH O] Haj3acTyIUbCHUjUX MoOJena je
KOH(UTYpaIMOHH MOJEN Koju je pa3Buo CaMCOHOB, KOjU Jaje MOTyhHOCT KBaJMTaTUBHOT

. . 41
o0janrmera mporeca Judy3uje TOKOM CHHTEPOBamba.

O063upomM J1a ce TOKOM CHHTEpOBama OJWIpaBa BEIUMKU Opoj clokeHuX U mehycoOHOo
IIOBE3aHUX Mpolieca He MOCTOjU jeIMHCTBEHA Je(UHULIM]a IIpolieca. Y HajoIlITHjeM CMUCIY,
Moxe ce pehm ma cuHTepoBame NpeAcTaB/ba OOJMK KOMIIAKTHpama AWCHEP3HUX CMeIa

MaTtepujajia, WIA HUCIOpecaka JOOMjeHHMX IHUXOBUM  XJIATHUM  OOJIMKOBAameM, Ha
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TeMIIepaTypaMa HUKUM O] TEMITEpaType TOIUbEHha jeIHe 01 0a3WYHUX KOMIIOHEHTH, Y IIHJbY
KOHCOJIM/IaIM]e AUCTIEpP3HOT cucTeMa u obe3oehnBama onpeheHor ckymna pu3ndko-XeMujCKux
cBojcTaBa. TOKOM CHHTEpoOBama J0Ja3d JI0 TpaHCIoOpTa Mace M cpamhuBama dYecTulla
MOJIA3HOT CHCTEMa, Ma U JI0 MOCIeANYHe MpoMeHe O0IMKa M JTUMEH3HMja YecTHla U Iopa, a
Takohe W 10 Mamer wiu Beher cremeHa penakcanuje CTPYKTYpHHX nedekara, MITO CBe
3ajeqHo Mo)ke OuTH mpaheHo MpoMeHaMa y OMEHCKO] CTPYKTYpPH, MOJUMOpGHUM (a3zHUM
npea3uMa, 1MojaBOM pPeKpHCTaIn3aIje, MojaBoM TeuHe ¢aze U MporecuMa pasjiarama Wiu

CHHTC3C. 42

CunTepoBame 3amnounme 00pa3oBamkeM KOHTAKTHE MOBpIIMHE M3Mel)y decTulla mpaxa,
HAKOH dYera ce IMOIMyHaBajy IMope Ha padyH MOKPET/BHMBOCTH HM3rpajuBavkux ejneMeHara
KpUCTaJHE pelleTKe Ha IOBULIEHMM TemIrepaTrypamMa. Y OCHOBH OBHUX IIpoleca je
npuOIMKaBamkbe ENEKTPOHCKOI CHUCTEMa PaBHOTE)KHOM CTamby, YWjU WIEATHO MEPHOAMYHH

TIPOCTOP CaapkH AedEKTHY CTPYKTYpy.

CunTepoBame ce MOXe NePUHHCATH M IMPEKO AMMEH3MOHHMX TPOMEHA Tj. CKyIUbamba
y30pKa. 300r CIIOKEHOCTH TIpolieca OH Ce Hajuemhe mpoydaBa MpeKo Mojena jaBe chepe
npuka3aHor Ha ci. 1.2.-1. Kana ce aBe cdepe, koje mpeacraBibajy 4YeCTULE MCIUTHBAHOT
npaxa, 3arpejy Ha JIOBOJbHO BHCOKY TemIieparypy ycien Behe MOKpeTJbUBOCTH aroma U
BHCOKOT' HaIlOHA Tapa OJIUTpaBa Ce YNTaB HU3 EIIEMEHTAPHHUX MPOIIeca TPAHCIIOPTa Mace KOjH
JOTIPHHOCE TpHpacTamy cdepa. Tom mpuiamkoM Aoia3u a0 GopMHpama M pacTa BpaTa
u3mely decrtuna. Tokom pacta Bpara pacrojame u3Mmely 1meHrtapa cdepa moxe ocraTu
HEMPOMEHEHO WM C€ CMamUBaTH Yy 3aBUCHOCTH OJf MEXaHHM3Ma KOjU je JOMHUHAHTaH Y
npolecy nmpupacrama dectuna. [IpomMeHe BpeaHOCTH MONyNpPEYHUKAa KOHTAKTa M PacTojarmba
u3mely chepa, y3 oapehene anpokcumariije ce MOXe MOBE3aTH Ca PEIATHBHUM CMAmbCHEM

auMeH3mja y3opka Al/ lo.*

Jla 6u ce mpoliec CHHTEPOBamba OJUIPABA0 HEONXO/HA j€ EHEpruja Koja ce Mopa JOBECTH
cucremy. To Moxe OuTH TOIJIOTHA (3arpeBame MaTepHujaia), MeXaHn4Ka (CHHTEPOBAE MO/
BUCOKHM IPUTHCIIMMA) WIM HEKH JPYTH BUJ €Hepruje (CHHTepOBame y MHKPOTATACHUM
nehuma). [Ipouec cuHTEpoBama OIUrpaBa Ce y CHCTEMHMAa KOjH CE KapaKTEpHUILy CTambeM
TEPMOJMHAMHYKE HEpaBHOTEXE, KOj€ je MOCIeANLa MTOCTOjamba BEJIHKe CI000HE MOBPIINHE
CHCTEeMa Kao M TIOCTOjarba PABHOTSKHHUX (Ta4KacTUX) W HEPABHOTSKHUX (JIMHHjCKHUX)
nedexara. Cuna koja mokpehe cuHTEepoBame je ci1000aHA EHEepruja CUCTEMA, KOja C€ TOKOM

. 44
HafpejoBama Ipolieca cMmamyje 300r QopMmupama KOHTakara u3Melhy decTHIa.
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CHHTEpOBame 3alovYhkbe 00pa30BakbEM BpaTa, KOJU YWHUW KOHTAKTHY TMOBPIIMHY u3Mehy
YECTHUIIa, a KOJU Ce ca HalpeaoBameM Ipolieca nmoehaBa y3 cMameme ca10001He TOBPIIUHE
yecTulla. Yciea cMambema clo0o/IHe TOBPIIMHE CMambyje ce€ M YKYMHa CI000JHa eHepruja
CUCTEMa, KOja je MOKpeTauka Cujla CUHTepoBama. [IpobieM 3a mpaBHIIHO CXBaTamke Mpolieca
CHHTEpOBama IMPEJCTaB/ba CBAaKAaKO HEMOTYhHOCT cumynTaHor mpahema enoBama
€JIEMEHTApPHUX IpoIleca KOju JOMPHHOCE, CBAKH TOHAOCOO WM BHUIIEC FHUX HCTOBPEMEHO,

cpacTamy uectuiia. 300r Tora ce y mpakcu Hajuenihe mporiec npoydana (eHOMEHOJIOIKH.

Cn. 1.2.-1. Mogen npupactama aBe chepe: | - pactojame n3mely nenrapa chepa ocraje

KOHCTaHTHO, || - pactojame u3mely nienrapa cdepa ce Mema 3

[poriec cuHTEpOBama ce MOKE YCIOBHO TIOJCIUTH Y TPH CTAJAMjyMa: TIOYETHH, CPEIHU U
sapprum, > 40 47 484950 1o o1 1.2.-2. je mremaTckn nprKasaHo CHHTEPOBamE OOIMKOBAHOT
tena (koje 00uuHO uMa ryctuny 35 10 65 % Teopujcke TyCTHHE) 10 TYCTEe KepaMHKe KpO3 CBE

Tpu ¢aze. Omrpa rpanuna u3mely HaBeseHa TpH CTajyMa CHHTEPOBamka HE TIOCTOjH.

a) Y movetHOj a3y CHMHTEpOBama J0JIa3d 0 MOYeTKa CTBaparma KOHTAKTHHUX BPaTOBa
u3Mel)y yectuna. TokoMm oBe (haze TycTHHA HCIIpecaka ce Majlio Memha U OHa Ha Kpajy dase
nMa BTpeaHocTu oko 60-75% Tteopmjcke rycruHe. OBa ¢asza ce KapakTepHIe MOYCTHUM
pacToM BpaTOBa MPH YEMy YECTHIIC 3aJpKaBajy CBOjy WHIWBHUIyATHOCT. JlOMHHaHTHa je

OTBOpEHA IMOPO3HOCT, ca MOpaMa HEeMpaBHIIHOT 00JIMKa, U IPUCYTaH je JoM u3Mely 3pHa.

0) Hdpyry ¢a3y cunTepoBama (MHTepMeaMjapHa (a3a) oaHKyje Op3 pacT BpaToBa, IpU
YyeMy decTuile Iry0e cBojy HHAWBHIYATHOCT, IOK ce IpocTop m3Mel)y yecTniia 3HauajHO Mema

ob6muk. Ilope nmoOwjajy mpaBUIHUJU OOJHK, 3allOYMIGE FHUXOBO 3aTBapame, pacT 3pHA M
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. 1 . . . ..
MHUTpanyja TPaHHULE. *! EpumentHo je 3HavajHO moBehame rycTuHe, Tj. AEHCHU(HKanHja je

HAJUHTECH3UBHU]jA. 3aCTYIJBEHU Cy KaKO JIOM U3Mel)y 3pHa, TaKo U JIOM KpPO3 3pHO.

B) YV TOKY Kpajier CTaJujymMa CHHTEpOBama 10ja3u 10 pacta 3pHa. Jloraha ce kama
OTBOpEHE MOpe yCle/ CKyIUbalka MOCTajy CyBHIIE yCKe Aa Ou Omie cTaOwiHe U Ipenase y
3aTBOpPCHE, TaJa CUHTEpOBame yia3u y 3aBpiiHy ¢asy. OBa ¢asa ce aemasa mpu
BpeaHocTMa Teopujcke rycture oa 90 1o 93 %. OunanHy ¢a3y KapakTepuIile eTMMHHALN]A
3aTBOPEHUX IOpa U MPUOIIIKABAKE TEOPH]CKO] TYCTHHHU. %2 JloMuHAHTaH j€ JIOM KpoO3 3pHO a

MHUKPOCTPYKTYpa j€ MPUOIMKHO XOMOTEeHa.

.-ru-.-'-"'""-l#."
3. 3aTBOpEHa MOPO3HOCT
€JIMMUHHCA€ 3aTBOPEHUX

2. OTBOpEeHa MOPO3HOCT
3Ha4ajaH pacT BpaToBa
(~90-93% TT)

1. IoyeTHO hopMuUpame
MeljyyecTnuHux BpaToBa
(~75% Tr

0.006uKkoBano
teqio (40- 70% TT)

PesaTuBHA rycTuHa

Temmneparypa

Cn. 1.2.-2. lllemaTcko MpeAcTaBJbakbe MPOMEHE pelIaTHBHE T'yCTHHE Yy (PYHKIIHjH

52
TeMIIepaType CUHTEPOBaba

VY npakTHYHOM pajay BETUKM YTHIA] HA CHHTEPOBAIE MMAjy TEXHOJOMIKH (haKTOPH
Kao IITO Cy. BENMYMHA W OOJIMK YeCTHIa TOJa3HOT Mpaxa, dyrcToha MOoJa3HUX IMpPaxoBa,
IyCTHHA Hchpecka (OJHOCHO TNPHUTHCAK IIPECOBaba), TEMIIEpaTypa CHHTCPOBAMA, PEKHUM
CHHTEpOBama, XeMHUjCKa MPUPOJa TaCHE CPEIHHE Y KOjOj ce€ M3BOJIU CHHTEPOBAIE M JIPYTH

(bakrTopu.
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1. 2. 2. OcHOBHU MeXaHU3MM MPOIECa CHHTEPOBAbHA

OO03upoM Ja y auTepaTypd MOCTOJU YMTaB HHU3 jeJHAUMHA KOje OMKCYjy IpoLecC
CHHTEpOBamka, TO HAM CBAKaKO yKa3yje Ha BEJHKY CII0KEHOCT IpolLieca, jep ce CBaka O] THUX
jeqHaYMHA OJHOCH WJIM Ha TojenuHe ¢aze CHHTEpOBama WM TaK IOjeIUHE MEXaHU3ME.
Crora ce OCHOBHA NMHTama KOja CE OJJHOCE HAa KMHETUKY M MEXaHW3aM pellaBajy kopucrehu
Heku on Mozena (monen aBe chepe, Mozen chepe U paBHE [UI0YE,...), a Hajueurhe MOJeN B
coepe, cn. 1.2.-3. Ilpu mpoydaBamy mpolieca CHHTEPOBamba IMpaTh C€ PACT IOBPLIMHE
KOHTaKTHOT Bpara, OHOCHO pelaTHBHA MPOMEHA JIMHEapHHUX AuMeH3uja Kyrimm. Ha ci. 1.2.-3.
MpUKa3aH je MoJeNl TpHpacTamkba JBE KY€ CHUMJbEH CKEHHPajyhuM eJIeKTPOHCKUM

MHUKPOCKOIIOM.

Cn. 1.2.-3. Monen npupacTama JIB€ peaaHe YeCTUIIE CHUMJBEH EJIEKTPOHCKUM

MHUKPOCKOIIOM

Ha noBumenuM temneparypama, kajaa cy qudy3uoHa MOKPETJHUBOCT aTOMa U HAIIOH Tapa
MaTepujaja JOBOJFHO BEITUKH, PACT MOBPIIMHE KOHTAKTa MOXe Aa Oyj1e mocieuia HeKOJIUKO
MeXaHHu3ama, Mpuka3aHux Ha ci. 1.2.-4. Paznuuute BpcTe nudysuje Marepujana y 4BpcToM

crary omoryhaBajy TpaHCIOpT Marepuje 3axBajbyjyhu pasiauium KOHIEHTpalyje Ha
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KOHBEKCHO] M KOHKABHO] MOBPIIMHK (BpaT UMa KOHKAaBHY TOBPIIMHY, JOK YECTHIIE KOje ce

CHHTEPY]Y MMajy KOHBEKCHY MOBPIIHHY).

o
—

>
"™

-
>

'Ul
-

—
>
]

—

X" =F(t) -t

~t
—
l‘-.l

HC GG GE

>
-

g]

R
= >
x

Cn. 1.2.-4. lllema cuHTEepOBama Mojielia 1Be cdepe : a) BUCKO3HHU TOK, 0) 3anpeMUHCKa
nudysuja, B) 3anipeMHUHCKa qudy3uja, T) MOBpIIMHCKA qudy3Hja, 1) UCIapaBake -

KOHJIEH3aI[1ja, €) CHHTEPOBAHE 0] IPUTHCKOM 23

Buckosnu mox ce cactoju on Jepopmanuje KpHCTalIHE CTPYKType IOJ YTHLAjeM
NOBPIIMHCKOT HamoHa. TpaHCoOpT Mace je TOCIeaulla YCMEpEeHOI KpeTama aTomMa U3
3alpeMHHe YECTHIA Y KOHTAaKTHH BpaT. Y TOKY IpoIeca paj KOju BpIIEe CHIIE TIOBPIIHHCKOT

HaloHA Ce M3je/HavaBa ca paJoM CWIa yHyTpallmber Tpema. [lonasu 1o yBehama KOHTaKTHOT
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BpaTa M CMambeha pacTojama u3Mel)y decTuiia Kao MoClenIe KpeTamba aToMa U3 3alpeMHHE

y mozipydje noaupa cgepa. 3

Ilospuwuncka ougysuja je HajONILITHjU MEXaHU3aM KOjU CE jaBJba y TOKY CHHTEPOBamba
KpUCTATHUX MaTepujana. OBle je JOMHUHAHTaH CIIOHTAHU TPAHCIOPT aTOMa MO MOBPIIUHH
YecTUIla O] KOHBEKCHHMX IIOBpLIMHA Ka KOHKaBHMM. TOKOM pacTa KOHTakTHOI Bparta
pactojame m3Mmely meHtapa cdepa ocraje HEeM3MEHmEHO, Tj. Hema mnoBehama TycTHHE
TPOIMMEH3NOHAIHOT KoMIakTa. Haj3acTyybeHnju je MexaHu3aM Ha HIKHM TeMIepaTypama

H 3a CI/ITHI/IjC YCCTHUIIC.

3anpemuncka ougy3uja je MexaHu3aM KoJ| Kora ce 0CTBapyje MpeHoc Mace Tu(py3HOHIUM
TOKOM aToMa ca MOBPIIMHE YeCTHIa y KOHTakTHH BpaT. Ha Op3uny mudyswuje, y ciydajy
CHHTEpPOBam-a HABEJACHUM MEXaHHU3MOM, 3Ha4YajHy YJIOTYy MMa KOHIIEHTpalyja BakaHuja. OBo
je BeoMa OMTHO 3a JIoNMpaHe MaTepujajie Ie BaKaHIMje JUPEKTHO 3aBUCE O KOHIICHTpAIHje
nonanta. Ha Taj HaumH he KOHIEHTpauMja JOAATOr MaTepHjaja yTHLATH Ha KOePHIIMjEeHT

mudysuje, a MociIeeIMIHO U Ha PEHOC Mace.

Hcnapasarwe — Konoenzayuja — NpeHOC Mace C€ OJUTPaBa ycieJ pa3juKe HalloHa mape
yBpcTe (aze y pa3uuuTHM JeI0OBUMa CUCTeMa. 3axBasbyjyhu mocrojamy Beher HamoHa mape
yBpcTe (paze Ha KOHBEKCHO] MOBPIIMHM, @ MamkeM Ha KOHKAaBHOj, MaTepHjasl McHapaBa ca
KOHBEKCHE MOBPIIMHE W MPEKO racHe ¢a3e ce MPEeHOCH Ha KOHKaBHY, Tlie KOHACH3Yje. Tume
ce moBehaBa KOHTAakT u3Mmelyy yectuna. Pacrojame m3mely uyectunia ce He Mema, Tako Ja

MCXaHHU3aM HCIIapaBaAkC — KOH,Z[CH?»&HI/Ija HC JOIIPUHOCH CKYIUbdalhby CUCTCMA.

Jlughyzuja no cpanuyu 3pna je MexanuszaM y KOMe C€ TPAHCIIOPT Mace BPIIN ca TPAaHHYHE
oOmactu m3Mel)y yecThila Ka MOBPIIMHU BpaTa, Audy3ujoM Ay came rpanuie. JlonmpuHoc
OBOT' ME€XaHH3Ma YKYyITHOM TPaHCIIOPTY Mace HHje BEIUKHU jep j€ MPOCTHPAkE TPaHUIle 3pHa
orpannueHo. O6nacT rpaHuIle 3pHa HE Mpefia3d BPEAHOCT TPU aTOMCKa mpevHuka. ['panuna
3pHa MMa mocebaH 3Hayaj Kaja je ped O HaHOMaTepujajuMa IJie Cy 3pHa pela BEIHYUHEe
HEKOJIMKO HaHOMeTapa. I, TAKO W Mpupoje TrpaHuie 3pHa. Judysuja maTepuje w3 rpaHuie
3pHa y MOBpPHIMHY Bparta o0e30ehyje mpubmmkaBame dYecTHIla, ITO Mpou3BoAM edekar
CKyIJbala MCIIPECKa TOKOM CHHTEpOBama. Takole m3a3uBa M MPOMEHY OOJIMKA W BEJIUYHHE

nopa, OAHOCHO CMambCHha IMMOPO3HOCTH.
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Kuneruky cuHTepoBama Mojena JIBe Kyrje H3J0KEHUM MeXaHM3MuMma oOjalmbaBa

OTIIIITA jeTHAYNHA!
x"=A(T)-t (1.2.-1)

rze je: X - NONyNpPEeYyHHK Kpy>KHe MmoBpiuuHe KoHTakTa e kyrie, A(T) — ¢pyHnkimja
KOja 3aBHCHU O]l TEMIIEPaType, FTeOMETpHje KapaKTePUCTUIHNX TTapaMeTapa TPaHCIopTa Mace,
N — KOHCTAaHTA KOja 3aBHMCH OJ MEXaHHW3Ma TpaHCIOpTa Mace u t — Bpeme. > BpexHocTH
KoeduIjeHTa N cy 2 3a MExaHW3aM TPAHCIIOPTa Mace BUCKO3HUM TOKOM, 5 3a 3alpeMUHCKY

nudy3ujy, 7 3a MOBPIIMHCKY MU(y3Hjy U 5 MEXaHU3aM TPAaHCIIOPTa Mace Kpo3 racHy (¢asy.

[TocmaTpame CHHTEpOBama IMPEKO JENIOBamba CaMO jEAHOT OJ HaBEICHHX MEXaHHW3aMa
TpaHCIIOpTa Mace HHje Jano 3a70BoJbaBajyhe pesynrare. Hajpeanmnuju npuia3 00jeKTUBHOM
TyMaderwy Mpolieca Mopa Ja YKJbYYHM KOMIUICKCHY aHaJM3y CBHX MeXaHH3ama KOjU MOTY

HCTOBPCMCHO ACJIIOBATU TOKOM CHUHTCPOBAm:A.

Jeman on Beoma OMTHHX NMUTama Koje Tpeba pa3yMeTH y OKBUpY IpoydaBama Iporieca
CHHTEpOBama, J€ HauyWH eJIMMHUHAIMje T1opa Tokommpoleca. W3 Bemukor Opoja
CKCIICPUMCHTAIHAX pe3yJiTaTa 3aKJbydeHO je Jia ce CIIOpHje 3TyIImbaBajy Tella Koja Caapike
BEIIMKE TOpe, JIOK CE Mame IMOpe MOTY CJIMMHUHUCATH W3 CHCTeMa Ha 3HATHO HIKUM
temneparypama. OnaBie NpoOW3WIA3M J1a TeMIIEpaTypy CHHTEpPOBama KOHTpoJMIry Hajehe
nmope. Cucrem he yhu y 3aBpmiHy ¢a3zy cHUHTEpOBama KaJa c€ IMOCTHTHE TeMIlepaTypa
JIOBOJBHA Ja 00e30eau MmopacT BEJIMYMHE 3pHA JI0 TOT HUBOA Jla KPUTHYHA BEJIMYUHA TIOpa
JIOCTUTHE BEIMYMHY HajBehux mopa y marepujany. OZHOCHO KaJa ce JOCTUTHE CTaaujyM Y
KOMC Cy CBC IOPC MalbC OO KPUTHYHC BCIMYHUHC, MOXKC I[OhI/I A0 MNOTIIYHOI' 3rylimkbaBamkba
KepaMU4KOT ucrpecka. Ha Taj HaunH ce o0janrmaBa Jjoma CHHTePaOUITHOCT arjJOMEepUCaHIX

npaxoBa.

AryoMepatd Cy CKyI TOBE3aHUX MajMX YECTHIIA Ipaxa KOje MPHIUKOM CHHTEPOBamba
dopmupajy Benumke mope YHyTap kommnakTta. Kako mpomec Hampeayje mnope wusmely
ariiomMeparanocrajy cBe Behe, a mope yHyTap arjiomMepara ce cCMamyjy. AriiomMeparidja wid
JIPYTH TIOCTYIIIIM YHUJUM C€ JeloBameM (OpPMHPAjy pa3IuvUTe BEJIMYMHE TMOopa cy30ujajy
CHHTEPOBAamkE CBE JIOK TIOCTOje T€ JIBE BPCTE Mopa y CTpyKTypH — Behe n3melyy armomepara u
Mame yHyTap ariioMmepata. Ca oIMHUIakEeM Mpolieca BEJIMKE IOpe PacTy a Malie Ce CKyIUbajy.
VY ciydajy mcmpecaka BeNIHMKE IOJIa3HE TYCTHHE, Tope m3Mel)y arjomepara Cy cCMameHe U

HeraTuBaH e(eKaT IoCTojama JIBE BPCTE Mopa je cMamen.”" >

23



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

arjaoMmepartu

arjiomepara |

mope usmely
arjiomepara

Cn. 1.2.-5. lllemaTcku mpHKa3 CHHTEPOBamba arJiOMEpHUCaHUX TIPaxoBa %0

1. 2. 3. CunTepoBame aAKTHBUPAHUX NPaxoBa

AKTUBUPAHO CHUHTEPOBAaEmE CE MOXKE NCPUHHUCATH KAO CHHTEPOBAEC MEXaHUYKU
TPETUPAHUX OJHOCHO  IUCIEP3HHUX IIPAaxoBa €a HAPYIICHOM KPHUCTAaIHOM CTPYKTYPOM.
[Moyerna Heypehena crpykrypa omoryhaBa ia ce CHU3U TeMIiiepaTypa W/WIU CKpaTH BpeMe
CHHTEpOBamka, a Kao TMOCIEIUIly UMa U YIJIaBHOM 00Jba CBOJCTBA JIOOMjEHOT MaTepujaa. 28
Teopujcku ce MOXe MPENBUICTH, a Y TIPAKCU je TIOTBPhEHO, J1a ce ca CMambCHEM BEIIMYMHE
yecrria, nosehapa srymmasame.” > Ca gpyre cTpaHe 3alaXeHo je 1a e HeKH IPaxoBH ca
CUTHHM 4YeCTHIIaMa CcJIad0 CHHTEPY]jy ITO je edeKar CHHTepoBama yHyTap arjomepata. OBaj

edpeKar je moceOGHO H3PaKeH KO CHHTEPOBAmba YITPAAHCICP3HIX IPaxoBa. %6, 57,58

[Ipu copom 3arpeBamy MOXe A0hH 10 peakcalje CTpyKType 4ecTula, Koja je ouna
HapylleHa AaKTHBAllMjOM, HA HHUCKHUM TeMIlepaTypaMma Yycliel aHuXuianuje mocrojehux
nedekara. Y TakBUM CIIy4ajeBHMa 3alaka c€ 3HATHO Mame CKYIUbame y30pka 0e3 003upa
ITO je KOopuitheH mpax BHCOKEe akTUBHOCTH. O03UpOM J1a MHOTO (hakTopa yTHUY Ha MPOIEC
CHHTEpOBama, HEKE 3aKJbyUKe je Moryhe yOommTUTH camo Kao MyToka3 3a oapeheHy BpcTy

MaTeijaJIa " mapaMeTpe MEXaHUYIKOI' TDETMAaHA U CUHTCPOBAbA.

VY3umajyhu y o003up cBOjcTBa mpaxoBa [JOOMjEHHX MEXaHUYKOM aKTUBAIMjOM
(mucniep3HoCT, MpoMemeHa crenupuyHa MOBpIIMHA, MoBehaHa IEePEKTHOCT CTPYKType),

FHUXOBOM YIIOTPEGOM Ce MOTY 3HATHO yOP3aTH TPOLECH TOKOM CHHTEPOBAMbA.
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AKTHBHOCT cHCTEMa ce ca TEPMOJUHAMHUYKOT CTAHOBHUIITA MOKEC Ile(l)I/IHI/IcaTI/I MMpEKO

POMEHE YHYTpalllib€ €HePruje mTo onucyje jeanauynna (1.2.-2):
AU =U, -U (1.2.-2)
rrae cy: Uau U yHyTpaima eHepruja akTUBUPAHOT UM HE aKTUBUPAHOT CUCTEMA.
1. 2. 4. PeakuumoHO CHHTEPOBaH-€

Jlobujame MaTepujana peakiyjama usmely paznuuutux (aza oj Kojux je O6ap jemHa
YBpCTa HA3MBAajy Cce peakiuje y uBpcToj ¢a3zu. O03upoM aa ce ¥ TOKOM CHUHTEPOBaHa MOTY
ONMIpaBaTH XCMHUjCKE pEaKIHje, TAKaB NPOLEC HA3HBAMO PEAKIHOHO CHHTEPOBAHHE.”
VY CI0B/BEHO je IPBEHCTBEHO PEAKIIMOHOM CIIocoOHoIThy MaTepujaia y YBpcToj (as3u, Koja je
pEe3yNTaT CTPYKTYpe U €HEPreTCKOr CTamka YnHHONa. Kao mpoayKT peakimoHOT CHHTEPOBabha

no0Hja ce HOBO XeMH]CKO jeIUbEHE.

XeMujcka peakimja ce OJurpaBa Ha IpaHUYHO]j MOBpIIMHU 3Mely ¢aza. 3amaxkeHo je
Jla oce0Hy aKTUBHOCT IMOKa3yjy MecTa y KpUcCTaly Koja rmocenyjy nedexre, a Takohe u na cy

pCaKTI/IBHI/IjI/I 4TOMHU Ha NOBPINHWHHU O AaTOMA CMCIITCHUX ,I[Y6J'Le Yy 3alpe€MHHU KpUCTaJa.

Kuneruka peakuuje 1 Mopdosuruja npoayKaTa peaklimoOHOT CHHTEpOBama (pyHKIMja
je MHOTO TmapameTapa, Meh)y \mrMa Haj3HaYajHUjU yTHIA] UMajy: BEJIMYWHA 3pHA, pacrojelia
BEJINYMHE 3pHA, MOPO3HOCT, KOHTAKTHE MOBPIIMHE peaKkTaHaTa, BHMXOBH HAIOHU Hapa,... Ja
O0u noOujeHu MPOIYKT peakilhje ca >KeJbeHWM CBOJCTBHMMA MOpa IMOCEIOBAaTHU oJroBapajyhy
CTPYKTYpY, KOja je mocienuia mapamerapa peakije. 300r Tora MOXEMO MPETIOCTaBUTH Ja
j€ jemHavyMHa KOja ONHUCYje KWUHETHKY Ipolleca KOMIDICKCHA W (yHKIHja BEIUKOT Opoja
napamerapa Koje je TeIKO KOHTPOJIUCATH TOKOM PEaKIIMOHOT CHHTEPOBambA. 60, 61 Jaugep (W.
Jander), y3 oapehene mpermocTaBke, Jaje KHHETHYKY jeJHAUYMHY KOja OMKCYje peakiuje y
4yBpcTOj (pa3u. Y jeaHayMHHU ce Moja3u oJ MPETHOCTaBKe Ja je cepa peakTaHTa A CMEIITEHA

y MeaujyMm B u na ce mmpuHa npoaykra peakipje nosehasa 1o moapadoiIMyHOM 3aKOHY, CII.

1.2.-6.:
(R (12.3)

rae je: ra — mpedyHuk chepe A, X — pelaTUBHA KOJMYMHA peakTaHTa A KOju je

u3pearoBao u K — koHcTaHTa Op3uHE peakiyje.
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% 7

I:\ B

Cn. 1.2.-6. IlleMaTcKy npuKa3 peakimje chepHAUX YecTHIA 110 JaHuepy. o

N mopen onmpeheHnx HemocTaTaka Koje OBaj MOJEN IMOKa3yje, WIaK je Hajuemhe

KopuilheH 1 HajIUTHPAHU]U 32 OTIMCHUBAKE PEaKIfja y YBpCTOj (as3u.

EBuzienTHO je na y mpouecuma qo0ujama caBpeMEHHX MaTepHjajia Beoma OUTHY yJIory
UMa CHUHTEPOBAIE BHIICKOMIIOHEHTHHX cHUcTeMa. MelyyTuM, ycien BeTUKe CIOXKEHOCTH
CHCTEMa jOIIl YBEK HE MOCTOjH TeOpHja Koja je y CTamy Ja 00yXBaTu CBE pejieBaHTe (aKTope

63
U nIpeABU AN CBC ITapaMe€Tpe OBAKBOI IIpOLCca.

1. 2. 5. [loBe3aHOCT Mpoeca CHHTEPOBaba U MEXaHUYKe aKTHBALje

VY mpouecy Npou3BOAlmE KEpaMHUUKUX MaTepujaja jelaH of HajOMTHUjuX (aza je
cuHTepoBame. [Ipu TomMe ce o]l OBUX KepaMuKa 3aXTeBajy MoceOHa yHarpes 3aj1ata CBOjCTBa

% Jla 6u ce moGmim Marepujau

¥ HApaBHO Ja TIPOLIEC MPOU3BOMIE OyJae €KOHOMHYAH.
3aJlaTUX CBOjCTaBa NPWJIMKOM CHHTEpOBama Tpeba BOAWTH padyHa O BHUIIE (akTopa
ucroBpeMeHo. OBJie MoceOHO 3HauajHy YJOry MMajy BelIMYMHA M OOJMK YeCTHlla, yucToha
NOJIa3HUX MpaxoBa, T'YCTHHA HCIPECKa, PEXHUM CHHTEpOBama (TemIepaTypa U Iy)KHHA

CHHTEpOBama), arTMocdepa y K0joj ce 00aBsba MpoILec, MOCTOjambe MPUMECA,....

Emmnupujcku je yTBpheHo nga cMamemhe BEIMYMHE 3pHA pPeakTaHaTa y CMEIId OKCHIIA
IoBOAM 10 ToBehama KOHCTaHTe Op3WMHE HM30TEPMCKOT Iporeca 0e3 MpoMeHa CHepruje
akTuBayje npoueca.”® OBxe 3HAauYajHY yJIOry MMa MeXaHMYKAa aKTHUBALMjA TOKOM KOje ce

3Ha4yajHO noBehasa crienr(UYHa NOBPIIMHA YECTULIA.

[IpeBume wmasie yecTuile 3axTeBajy NMpHMeHY Beher npuTHCKa TpU IpEcoBamy,
HCIIPECIIM C€ paciiojaBajy 300T HEXOMOTEHOT TMaKOBama W 3ajpiKaBama raca, rma TOKOM

CUHTCpOBama A0J1a3u 10 nojaBe IMYKOTHHA.
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[IpucycTBO KpyNmHHX YeCTHIA YCIIOBJ/haBa MPEKOMEPHU PAcT 3pHA MPH CHHTEPOBAY.
3aBuCcHO 011 TOTpeda, MOJIEIIaBak-EM YCIIOBA MPEATPETMAaHa, TIOJa3HH MPax ce MPHUITpeMa TaKo

Ja UMa yHanpe 1Mo3HaTy pacruoacily BEJIMUrMHa YeCTUla.

2. 3. EnexkTpokepamuka

1. 3. 1. EnexkTpokepaMMUYKu MaTepHjain

Kepamuka je mo aegUHMIMjU HEOPraHCKO, HEMETAHO, HEPacTBOPJbUBO Y BOIHU
JeIMmBbEHhEe KOje TOoKa3yje jOHCKH KapaKTep Be3e. 3ajeIHO ca PEeBOIYLHMOHAPHUM pa3BojeM
€JICKTPOHHKE Yy JIPYroj MoJoBHHU XX BEKa, OTKPUBEH j& BEIHMKH MOTCHIH]ja]l KEPAMUYKUX
Marepyjaia, KOjU Cy HalUIM NPUMEHYy Y IIUPOKOM CIEKTPY eJNEeKTPUYHUX U
MHKPOENEKTPOHCKHX ypehaja.®®

EnextpokepaMuka ykJbydyje BHUIIE BpCTa KepaMuka mel)y KojuMa U TUENEKTPUKE U
NpOBO/HE KepamuKe. /lMeneKkTpuiy ce nene Ha JUHEAapHE M HEJIMHEapHE TUENICKTPHKE, a
CBaka KaTeropuja ykjbydyje Beluku Opoj Marepujana. ['pyna kojy yMHe MPOBOAHE KepaMHUKe
Cy jom OpOjHHJE W YHMHE HX CYNEPHPOBOAHMULM, MPOBOJHUIM M TOJXYHNPOBOJHHIHM, &
YKJbY4yjy EIEKTPOHCKY H jOHCKY TpoBOAHOCT. °' Ilopex HaBeIEHHX Ipyma Ty Cy jouI W
MarHeTHE W ONTHYKE KepaMuKe.

EnexTpokepamMuke ce KOPHCTE 3a MHUKPOCJICKTPOHCKE KOMIIOHEHTE Kao IITO CYy
WHTETPUCAHU KOHJICH3aTOPH, EIEKTPOKEPAMUYKE MEMOpH]e Koje cy Beh 0aBHO Ha TPXKHUIITY,
JIOK je ycaBpllaBame (hepoeleKTPHYHUX TPaH3UCTOpa jour y pa3Bojy. [lapamenmHo, Benmuka
00J1acT eJEeKTPOKepaMHUKHUX CEH30pa M akTyaropa y 00JacTh MHUKPOCHUCTEMa C€ pa3BHja:
BUIIe(YHKIIMOHATHA MUKPOCEH30PH U MUKPOAKTYaTOpH Ha 0a3M eNeKTpOKepaMuKke, y Kojuma
ce KOMOMHY]y KepaMHuKH (UIMOBU U MUKPOTEXHOJIOTH]jA J1a ce 1o0ujy ypehaju 3a KOHTpOITy
poM3BOIbE, pahierhe JKHBOTHE CPEMHE H IPUMEHe y GroMeuiumiy, cy Beh y ynorpeon.®’

HoBu TpeHn y Hayny ¥ WHIYyCTPHjU j€ CBAKAKO CMameHE JTUMEH3Hja KOMIIOHCHTH U
ypehaja Ha 6a3u enekrpokepamuke. Ctora, eheKTH KOjU Cy OJITOBOPHU 3a IMOHAIIAKkE CUCTEMA
HAHO JMMEH3Hja, MPOLIECH BE3aHU 32 HAHOTEXHOJIOTHje Kao U Kopuihemhe HOBUX TEXHUKA 32
KapakTepu3alujy cy oJ moceOHor 3Hauaja. [lopea KOHBEHLIMOHATHOT Ha4yMHA J00OHWjama
KepaMHKa Yy BHIy I[Ipaxa, IMOCIeIBUX TOIMHA je& BeoMa 3acTyIUbCHO J00Hjarbe
eNIEKTPOKEPaMUKa y BUAY TaHKUX W AeOennx (UIMOBA pa3HUM TEXHHKaMa ACTO3HIHje Kao
IITO Cy paclpIIMBame, IyJICHA JlacepcKa IEMO3MIMja, XeMHUjCKa JCNO3UIja U3 pacTBOpa U

XeMHU]jCKa Aerno3ulrja u3 racHe (asze. OBUM TEeXHHMKaMa CHHTETHCaHA EJIEKTPOKEpaMHuKa je

27



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

MHUKPOCKOIICKHX JHMEH3Wja 0e3 mpolecupama Ipaxa, Kao HHTEPMEAMjepHOT Kopaka y
o0paay, OOMYHO Ha TemIleparypama 3HaTHO HIDKUM O]l TEMIIepaTypa CHHTEpPOBama 3a JaTH
MaTepI/IjaJ'I.66

JenqHa oj1 3HaYajHUjUX MPUMEHA EJIEKTPOKEepaMHKa je 3a MeMopuje y HH)OpMaIIHOHUM
cucremuma, DRAM (dynamic random access memory), jep HyAe HEPKOJIUKO MPEJHOCTH:
noBehame T'yCTHHE MEMOpHje Kao W HHCKE HAllOHE W BENHKE Op3MHE 3a HEMPOMEHJbHUBE
memopuje. DRAM je Haj3HayajHUja MeMOpHja y YBPCTOM CTamy 300T JeTHOCTAaBHOCTH,
BeJIMKe Op3uHE Mucama U Opucama U Maje MOTPOIlke cTpyje. Moaudukaiuja reoMeTpuje
KOHJICH3aTOpa y by mnoBehama, Wi Makap OAp)Kama HCTe BPEIHOCTH KalaluTeTa, YIpKoC
cMamewy mnoBpmmHe henmuje cy crurie go rpanune 3a SIO/SIN muenekrtpuke ma oTynaa
norpeba J1a ce OHM 3aMEHe ca MaTepujaiMa BHCOKE MEPMHUTUBHOCTH. Y Ty CBPXY CE 3a OBE
ypehaje xopucre Hajuernthe y mnocieame Bpeme (Ba,Sr)TiOz (BST) ca auenekTpuvHoM
xoHcTanToM 1pexo 200, %

IMoceban wampemak ja HanpaBibeH y 1T (1 Tpansuctop) Memopujama Ha 0a3u
dbepoenektpuka. Memopuja je TpaH3UCTOp KOJjU paad Ha NOpuHOMIY edexTa
depoenextpuunor mosba (FeFET-ferroelectric field effect tranzistor) y xome je
(DepoeIeKTPIYHN CII0j AermoHOBaH mpeko rejra.’’ HakoH mpHMeHe IMyJICHOT HANOHA Ha TejT,
depoenekTpuK je mojapu3oBaH y jgarom mpaBily. CTpyja HOpejH eJeKTpoae je Tana
KOHTPOJIMCaHa HUBOOM TToJIapu3aliyje hepoesieKTpuuHux ciojeBa. [Ipemnoct ypehaja ca oBum
TUIIOM MEMOpHje je HEISCTPYKTHBHH MOJI OYMTaBarka, MaJIHX Cy IUMCH3Hja, MMajy CaMo
jelaH TPaH3UCTOP U HEMAjy KOHJIEH3aTOp, CTA0WIHU Cy U Op3U U CTOTa BEOMa MHTEPECAHTHU
3a MEMOpHje BeNWKe TYCTHHE. 3a caja IMoCTOoje JBa MpaBla pa3Boja. jedaH Tje ce
dbepoenekTpuyHK CII0j HaHOCH aupekTHO Ha Si (amp. BaTiOs3), u apyru ciaydaj aa je cioj
dbepoenekTpruka pas3aBOjeH O CHIHMIKjyMa ciiojeM 3a pasnBajame (Hmp. SisNg 3a SBT-
SrBi,Ta,0q).%

Excnan3mja y pa3Bojy KOMYHHKAIIMOHMX CHUCTEMa KOjH paJie Y MHKpPOTaJIacHO]
00J1acTH TMapajeHO ca HaNpeIOBalkbeM y TEXHOJOTHJU TAaHKUX W Jebenux (uiaMoBa BOIU
yOp3aHOM pPa3Bojy y oOnacTu MHTErpucaHux ypehaja ¥ BUIIEKOMIIOHEHTHHX MOJYyJa KOjU
calupe eIeKTPOKepaMUUYKE IaCHBHE KOMIIOHEHTE. Y TMOCIEIhe BpPEME HCTPaKUBamba
JTUCIICKTPUIHUX PE30HATOPA CY M3Y3€THO aTpaKTHBHA 300T Op30r pa3Boja TEICKOMYHHUKAIM]a
U caTeluTa 32 EMUTOBamkE KOjU pane y o0jacTu MUKpoTanaca. J[MelneKTpuuHU pe30HATOPH
MMajy M3y3€THO BEJIHKY YJIOTY Y CMamkEeHhy BEIMUMHE KOMIIOHCHATA Kao IITO CYy OCLUIATOPH,

nojaynBaud, QuiaTepy,.. MuUHHjaTypu3alKja MHUKPOTAJaCHUX KoOJja 3axTeBa YHoTpely
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MaTepHujajia ca BHCOKOM BpenHOWINy JWEeNeKTpHYHEe KOHCTaHTe, HHUCKOM BpeaHOIIhy
JTUETICKTPUIHUX TyOHuTaka u 100pe TeMIepaTypcke CTaOMIIHOCTH. ATpaKTUBaH MaTepujal 3a
NpUMEHEe Ha BHUCOKMM (pEKBEHIMjaMa je MarHe3ujyM THUTaHaT 300T CBOjUX JOOpHX
JTUENEKTPUYHUX CBOJCTaBa Y MUKPOTAIACHOj 00JIaCTH, YMEPEHO BUCOKHX BPEIHOCTH (hakTopa
no0poTe, TeMIepaTypcKor KoeuilujeHTa pe3oHaHTHE (PpeKBeHIMje OMCKOT HYJIH U HUCKE
nene cuposrnna.®® Kepamuka Ha 6a3i MarHe3njyM THTAHATA HMa BEOMA IIHPOKY TIPHMEHY Kao
JMENeKTPUYHNA MaTepujasl y pe3oHaTopuMa, (guirepuMa M aHTEHaMa 3a KOMYHHKAI[HOHE
CHCTEME Kao IITO Cy MOOWIHU TenedOoHH, pamapy U riodanHu mo3unuonu cuctemu (GPS)
3axBajbyjyhu cBOjUM J00pHUM JUENEKTPUYHMM CBOjCTBMMAa Y OOJAacTH MHKpoTaiaca Ha
KojuMa pane oBu ypehaju a m 300r cBoje moOpe Temmerapypcke cradmiHocTd. Takohe ce
KOPHCTH U 32 M3pajly MHTETPUCAHHUX KOJIa M aKTyaTopa, a IPe/CTaB/ba U 0a3MuHN MaTepujal
32 M3pajly BHIICCIOJHAX KOHeH3aTopa, o ' 72 13

CynepnpoBoaHH KBaHTHU MHTepdepeHTHH ypehaju Ha 6a3u TaHkux ¢unmoBa HTSC
(high Tc ceramic superconductor-cymeprnpoBoaHe KepaMHUKE ca BHCOKOM T¢), M CIHYHHU
ypehaju, ce pa3Bujajy 3a NpUMEHY y MarHeTOKapIMOJIOTHjU U MarHeToeHuedanorpaduju, 3a
HEJECTPYKTHUBHO UCIIUTHBAaKE MaTepujaia, MUKpockonujy u reodusuky. HTSC kepamuka je
U3y3€THO OCETJbHBA HA YCJIOBE J100Mjama 1 HUje XEMHUjCKU U CTPYKTYpHO cTabmiHa. Ca npyre
CTpaHe, MUKPOCTPYKTypa u JepeKTHa CTPYKTypa OBUX MaTepujaia UMa KPYLHUjasIHU YTHUIA]
Ha TPAHCIIOPT | IIIyM TakBUX ypehaja. Bennunna mryma, 0THOCHO TpaHHUIIE IETEKIH]e, 3aBUCE
noceOHO Ol KPUCTAJIMYHOCTH CYNEpPHpPOBOJHMX TaHKMX ¢(uiMoBa W Ha Mebhycmoj ca
nzonmanuoHuM  ciojeM. Crora, mnoBpmmHCkH —¢QuiMoBn  YBayCuzO;x Hanetn Ha

. . 74
MOHOKPHCTAIIHU CYIICTPAT MOy TAPHUX PEIIETKH MMoKa3yjy Hajehy CeH3UTHBHOCT. o0

1. 3. 2. Iluenexkrpunu

Huenextpuiu ce Mory neduHICcaTH Kao MaTepHjaau KOJ KOJUX je MUpHHa 3a0pameHe
30He Beha o 3 eV. OuuKyjy ce MajoM eJeKTPUYHOM MPOBOAJBUBOIINY jep KOA HBUX HeMa
cI00OIHUX EJIEKTPOHA, MOIUTO Cy CBM BE3aHM 3a TO3UTHUBHO HAaeNEeKTpUCaHa je3rpa u
npunanajy oapeheHuM aromMmuma Wim M0neI<meMa.23 3a pasnuKy O] MPOBOJHHKA 33 KOje je
KapaKTEepPUCTHYHO IIOCTOjalb€ METAJIHE Be3€, JAHCIICKTPHUIIM C€ OJUIMKY]y JOHCKOM,
KOBaJICHTHOM, MOJICKYJICKOM HJIH CEKyHIApHOM (IHCIEP3UOHOM) BE30OM.

[IpoyyaBame nueNEeKTpHKa je MOKa3alo Ja CHOJbAllkhe EICKTPUYHO MOJbE H3a3HMBa
M0JIApU30Bambe AUEICKTPUKA YHja je TIOCIIeIUIA TIOCTOjambe MoJIapu3auoHOr (MHIYKOBAHOT)
10Jba, AHTHIIAPAJIEITHOT CIOJbAllllbeM MoJby. [lomapuszanmoHo mosbe je yBeK ciabuje of
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CTIOJBALILET, YHME j€ M YCIOBJBEHO IMOCTOjabeé IIOMEHYTOI YHYTPAlIker IoJba Y
JIMEEKTPHKY.

Ha monamame nuenexTpuka 3Ha4yajaH yTHUIA] UMa jadMHA CIIOJbAIIET EIEKTPUYHOT
noJba. [locTojame oBe 3aBUCHOCTH, OTHOCHO OOJIACTH TOJba y KOjOj OHA JOJa3M 0 U3paxkaja,

oMoryhaBa z1a ce HanpaBu MojeNa TUEeNIEKTPUKA HE IMHEapHe U HeTMHEapHe.

1. 3. 3. /InenexkTpu4Ha CBOjCTBA MaTepujaja

1. 3. 3. 1. [loapu3anuja queieKTPUKA

VY eJeKTpUYHOM TOJby AMEICKTPUYHM MaTEpUjaid C€ TOHAIlajy Apyraduje Hero
CI000JaH TPOCTOP YCJIEN TOCTOjarka JUIOJIA KOjU CE TOJ JICjCTBOM EIICKTPUYHOT I10Jha
OpjeHTHIIY IIa TaKBO IOMepame HaeJeKTpHcama JOBOAM 10 HEyTpajHcama jeIHOT Jela
PUMEHEHOT 0Jba.

[Monapuzanuja je crame JUETCKTPUKA KOje Ce KapaKTEepHIIE TUME IITO €JIEKTPHYHHU
MOMEHAT HEKEe FEerOBE€ MAaKPOCKOIICKE 3allpEMHHE MMa BPEIHOCT KOja Ce pa3jHKyje Of HyJe.
Crenen noyiapuzanuje oapelyje ce mopacToM KaramureTa KOHASH3aTopa Kajia ce Ba3ayX Wiu
BaKyyM u3Mel)y BeroBux Iuioda 3aMEHH JaTHM MaTepHjajioM, a BEIWYHMHA KOja OIHUCYje OBaj
MPOILIEC je JMeTeKTPHYHA KOHCTAHTA WM JUCIEKTPHYIHA IePMUTHBHOCT.

[Tomapu3zanuja AMETSKTPUIHOT MaTepHjaia MOXe OUTH: e

a) eJIEKTPOHCKA MOJapu3alyja - JeJOBamke CICKTPUYHOI I10JbA M3a3HMBA IIOMEPAHE
SJIEKTPOHCKOT OMOTaya y OJHOCY Ha aTOMCKO je3rpo. IlocTtoju y CBUM JHEIEKTPHYHUM
MaTepujasinma, 0e3 o03upa ha Ju y BUMa HbHMa jaBjba JOII HEKHM BHJ Tojapu3aiuje. 3a
NOJIapHE JMEJIEKTPUKE j€ KapaKTePUCTUYHO Ja JI0JIa3W JI0 Maje ali KOHa4yHe nedopmarmje
€JICKTPOHCKOT 00JIaKa, JOK je KOJ HEMOJIAPHUX NPHUCYTHO (HOpMHUpAEmE JMIOIA OJHOCHO
paslBajame eHTapa NO3UTHUBHOT M HETaTHBHOT HACIICKTPUCAbA.

0) joHCKa moJjapH3alyja — je MPUCYTHA KOJ IUEICKTPHKA YUjy KPHCTAIHY PEIICTKY
o0pasyjy jouu. Kaga criospamime enekTpuyHO MM0Jbe M3a3uBa MPOMEHE BUXOBOT MelycoOHOT
M0JIOXKAja HACTaje JOHCKA Mojapu3aliyja.

B) OpHjCHTALMOHA MOJIAPH3allKja — CE jaBJba KOJ| MOJIAPHHUX JUCICKTPHUKA. YBohemeM
JUENEeKTPUKAa Ca CTAJIHUM EJCKTPUYHUM JUIOIMMA y EJIEKTPUYHO IOJbE JEAHUM JEIIOM
JIIONIA C€ OpjeHTHIIy. YpeleHOCT HHje MOTIyHa 300T HEMPEeKHIHOT TOIUIOTHOT KpeTarmba

JTATIONIA KOJU CAMUM THM HHUCY Y MOTYhHOCTH Ja Ja ce OCTaBe CaCBUM Y MpaBIly MoJka. bpoj

30



Teopujcku oeo

OpjEHTHCAHUX TUIOJa PAcTe€ Cca TOPACTOM jauyWHE EJIEKTPHUYHOT TMO0Jba M Ca CHIKABAEHEM
TeMIIepaType.

r) MelyciojHa monapusanuja — je mocieuia KOHIEHTPpUCamka CII000HUX HOCHIIAIa
HaeJleKTpucamba Ha MecTuMa Jedekata KOju ce IOJ JEjCTBOM CIIOJbAIIEer IO0Jb MOTY
nomeparn.

YKynHa monapu3abMIIHOCT MaTepHjajia je cyMa JONPUHOCAa CBUX HABEACHUX BpPCTa
noJiapu3ariyje.

[Tonapu3anuja TUeNeKTprKa HE JelIaBa C€ Y MOMEHTY NPHMEHE eIeKTPUYHOT MOJba
HEro HaKoH ojpel)eHor BpeMeHa, MO3HATOT Kao AUENEKTPUYHA peaKcalyja, Koje jeé CBOjCTBO
KapakTepUCTUYHO 32 BPCTY IMOJIapu3anuje. YKOJIHMKO je (peKBeHIINja MPUMEHEHOT 1MoJba Beha
o1 (peKBeHIIHje Tpolieca mojapu3alrje, TUMOoIN HUCY Y MOTYNHOCTH J1a c€ JIOBOJbHO Op30
OopjeHTHIly W Tnojapu3anuja mnpecraje. OO3MpoM Ja CBakM THUIl [oJapu3aldje HMa
KapakTepUCTUYHY (PEKBEHLU]Y MOXKE c€ JOOUTH 3aBUCHOCT JUENIEKTPUYHE NMEPMUTHBHOCTH
o1l (hpeKBEHIIH]E TI0JbA.

Mebhycnojua monapuzaija je CBOJCTBEHA YBPCTHM JUEICKTpUIIMMA JepeKTHe
CTpyKType. VY ciydajeBUMa KOHLEHTpPHCAmba CIO0OJHUX HaeleKTpUcamka Ha MeCcTHMa
nedekara (BakaHIMje, HEYMCTOhe, MMCIOKAILMje), TaKo JOOWjeHH TUIOJIHA MOMEHTH
pOy3poKyjy MehycnojHy nonapuzanmjy.

OpujenTannona nojapusaidja (00yxBata IUMOIHY W TOJapH3alM]y YCIea IPECKOKa
jOHA) KapaKTepHUCTHUYHA je 3a racoOBUTA U TCYHA jeIUICHa U HEKEe aMOphHE IHEICKTPHIHE
matepujane. Hajuenthe ce koj 4BpcTH JUENEKTpUKA HE jaBjba OBaj THI NOJapU3alyje jep Ha
TeMIepaTypaMa HIDKUM O] TaYKe TOIUbEHA JHUIIOJIM HE MOTJIY Ja C€ OPjeHTHIILY IO JI€jCTBOM
1oJba.

JoHCKa moONapu3anyja JONPHHECH PENAaTUBHO] THEJICKTPHUYHO] NEPMHUTHUBHOCT Ha
BUCOKHM (hpeKBeHIIMjaMa, 10 HH(paLpBeHe 00IaCTH CIIEKTPA.

Enextponcka momapusanuja o0yxsarta Hajpehu n1eo GppekBeHTHOT MOpydja, U jeIUHU
je Tmporec J0BOJbHO Op3 Ja MpaTd NMPOMEHJbHMBA 10Jba Y BHIJBMBOM Jeily cnekrpa. Ha ci.

1.3.-1. 3aBUCHOCT JUEIEKTPUYHE IEPMUTUBHOCTU 01 (PPEKBEHIIN]j€ TPUMEHEHOT M0Jba.
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E TpecKORa JOHA
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.77
Cn. 1.3.-1. 3aBUCHOCT pejaTUBHE TUEIEKTPUYHE IEPMUTHUBHOCTHU O] GPEKBEHIIH]E

1. 3.3.2. IuenekTpuyHu ryounu

Kana ce nuenekTpuk Halla3u y TPOMEHJbUBOM EJICKTPUYHOM TI0JbY Y HbEMY J10J1a3H JI0
ryoutaka eHepruje 300r mocTojama cTpyje mypema. Ilopen tora rybuiu HacTajy u ycnienq
HEXOMOT€HOCTH MaTepujaia Kao W TMPH TOJapU3alMjH AWUEIEKTPHKA, Ha Y4eCTaHOCTHMA
penaKcalMoOHUX U PE30HAHTHUX MojaBa. [locnenuiia cy Kammema moiapusaiuje Koja 3aBUCH
O]l BpEMEHa peJaKcalMje TOJapHUX MOJICKYJia WM BpPEMEHa TpAHCIOpTa joHA MpH
TOIJIOTHOM KpeTamy a Takole U jOHU3aIHje Ba3IyIHIUX YKJbyJaKa.

Kon naeannor konaensaropa (asau yrao usMel)y ¢aszopa nanona u crpyje je 90°, mok
KOJI pealHuX KOHJIEH3aTopa TMOCTOJH YBEK OJCTYName OJl T€ BPETHOCTH. TaHTEeHC yria

ryOuTaka npeJcTaBjba TO OJCTYNamke peaTHuX KoHJAeH3aTopa, c¢i. 1.3.-2.
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Ci. 1.3.-2. a) lllema peaHOT KOHJIEH3aTOpa MPEACTaB/bEHA MOJIYJIOM ITapajieiiHe Be3e

enekTpuuHor otrnopa R u uaeannor konaensatopa C, 6) ledunuimja TanreHe yria ryouraka

Peannu KOHIACH3aTOp CC 4YCCTO Mozlenyje MMapeJICJIHOM BE30M HACAIHOI' CIICKTPUYHOI

ornopa Ry n uneannor xonaensaropa Cp, rae je uMienanca gaTa u3pa3om:

z-2
-1
llep +lcp
U U .
== = U
—Cp Qp 1 Ja)CP_
jaCy
LY
1Ry Rp
,__ R J @R;C,
= 1+ 0’R2C? "1+ w’RIC’
|
tgé‘: —Re = 1
Ie, @R.Cp

(1.3.-1)

(1.3.-2)

(1.3.-3)

(1.3.-4)

(1.3.-5)

(1.3.-6)

rac je:;- KOMINIJICKCHa HMMIICJaHCa KOHACH3AaTOpa, Q — KOMIIJICKCHHW HAIIOH Ha

KpajeBUMa KOHJIEH3aTopa, lcp — KOMIUIEKCHA KOMIIOHEHTA CTPYj€ pealHoI KOHAeH3aTopa Koja

nporude Kpo3 uaeanHu KoHaeHszatop Cp, Irp - KOMIIEKCHA KOMIIOHEHTa CTpYjeé peaaHor

KOHJICH3aTOpa KOja MpoTH4e Kpo3 HACATHU OTHOPHUK Ry.
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Tanrenc yrima IHENEKTPUYHHX TyOWTaka H3pakaBa C€ PEIMIIPOYHOM BpenHoIhy
(daktopa goopote Q. TanreHc yriia ryouTaka onucyje ryOuTaK eJIeKTpHIHEe CHEepruje Koja ce
y JeIMHHULIM BpeMeHa TpaHC(OpMHUILIe Y HEKHU JIpyTd BUJ €Hepruje, Hajuemhe TOmIoTHY.

1
tgd = DF = = (1.3.-7)
Q

1. 4. Cucrem MgO-TiO,
1.4.1. ®daza MgO

Marne3ujym okcua ce Hajuemthe 1o0uja OKCHAALN]OM MeTalla WK 3arpeBambeM OKCHIHUX
jelHIbeBa Kao IITO Cy XUAPOKCHA 1 KapGonar.” YKapemem Ha 800 xo 900 °C mactaje
kayctnayan MQO koju ce KOpucCTH 3a A00Mjarbe MarHe3WjyMOBOT LIEMEHTa W MpH H3PaaH
obuyHOr nemMenra. 3arpesamem 10 1600-1700 °C nacraje okcuj Koju ce ynorpebsbaBa ce 3a
U3pajy BaTPOCTAIHUX OIEKa.

CunrepoBanu MO y o6nuky ¢uHoOr npaxa ce noaaje BehMHU OKCUAHUX KEPaMHUKa, KOje
UMajy MPUMEHY y €IeKTPOTEXHHUIH, jep UMa J00py TOIUIOTHY HMPOBOJJEUBOCT U M3Y3ETHO je
106ap eNEeKTPUUHE H3071aTop. 0 Y Mpolecy CHHTEpOBaEba MOCIENIyje W KOHTPOIMIIE PacT
KpHCTaJla i CaM MPOLEC CHHTEPOBAbA.

Marse3ujym okcHJ iMa KyOHY KPHCTAJIHY CTPYKTYpy Hatpujym-xiopuna (ci. 1.4.-1.), 1j.
HMa joHCKY Be3y. Momnekyicka maca MgO je 40,304 g/mol a teopujcka rycruna 3,6 glem’.

Temmneparypa Torubema My je 2830 °C.

Ca. 1.4.-1. ITpuka3 ctpykrype MgO 81
34



Teopujcku oeo

1.4.2. ®a3a TiO,

TuTaHujyM OHOKCHA Ce y NPHPOIHU jaBjba y TPU OCHOBHE MOAU(HKAIMje. aHATac,
pyrtun u opykut. [To3Hate cy cTpykrype jomr net ¢asa oBor jeaumema: 110, — B, TiO; — R,

TiO,—H, TiO2 = 1 u TiO, — I11.

VYnorpebspaBa y uHIyCTpUju 00ja 300T BenMKe Mohu MOKpHBama, kao Oema 6o0ja, y
KO3METHIIM, Y KePaMHYKO] WHIYCTPHjH Kao cacTaB eMajia. 300T OTHOPHOCTH Ha MOPCKY
BOJly, THTAHWjyMCKa aHOJla IPEKPUBEHA IIATHHOM OMOryhaBa KaToJHY 3alUTHTY O KOPO3Hje
Ia ce KOPHUCTH 3a M3pady JeI0Ba OPOLOBA KOjU Cy M3IOKEHH ACjCTBY MOpCKe Boxe. Y
KpUCTaTHOM OOJUKY ymoTpeOJbaBa Ce Kao Mame BpedaH Japarysb jep uma Behu uHIeKc

npesjaMama Off MjaMaHTa U BUILIE CHja O Hera ajld UMa Mamy TBpJohy .

Mounekysicka Maca my je 79,890 g/mol, a remmnieparypa Tormberma 1800 °C.

Ta6. 1.4.-1. CTpyKTypHH TapaMeTpH Mo3HATHX MoupuKarmja Ti0,% & 84 85, 86

Crpykrypa | [Ipocropra rpyna | ['ycruna (g/cm®) Jenuanuna hemuja (Nm)
Amnarac 14,/amd 3,79 a=0,379;c=0,951
PyTun P4,/mnm 413 a=0,459; ¢=0,296
BpykuT Pbca 3,99 a=0,917; b=0,546; c=0,514
TiO,-B C2/m 3,64 a=1,217; b=0,374; ¢=0,651; p=107,29
TiO,-R Pbnm 3,87 a=0,49; b=0,946; c=0,296
TiO;-H 14/m 3,46 a=0,464; c=0,297
TiO, -1l Pbcn 4,33 a=0,452; b=0,550; c=0,494
TiO, - 11 P2i/c 5,09 a=0,464; b=0,476; c=0,481; p=99,2

Cun. 1.4.-2. npukasyje cTpyKTypy KpucTaaaux momudukammja TiO;.
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Pyrua

Bpykut TiO, 11

TIO; R TiO, H
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TiO, 1

Cn. 1.4.-2. Ipuka3 kpuctaine ctpykrype TiO; 8

1.4. 3. ®a3ze MgTiO; u Mg, TiO,

[locroju BuIIe HaumHa noOWjama MarHe3WjyM THUTaHATa IMO3HATUX U3 JIUTEpaType.
Mehy muMa cy MeTo/a peakiiyje y YBpCTOM CTamby, TEPMaJHA JICKOMIIO3UIIA]ja IEPOKCUIHUX
IpeKypcopa, XUApPOTEpMalHa MEXaHO XEMHJCKa KOMIUIEKCOMETpHja, COJI-Ted  METOJe,
XeMHjCKa KOTPEIMITUTAIMja, METOJa TaJlOKeHha W3 METal-OpraHCKHX pacTBopa, ... CBaka
METOJIa UMa CBOj€ MPEAHOCTH M HEJIOCTaTKe. Peakiuja y YBpCTOM CTamy je MeToza Koja ce
BEOMa 4YECTO KOPUCTHU 300T CBOj€ j€HOCTABHOCTH, PEIATHBHO je)THHE OmMpeme, To0ujama
BehMX KONMYMHA Marepujajia, ajd ce Ha OBaj HAUMH YBEK I10jaBJbyj€ HM3BECHA KOJIMYMHA
meractabunnor MgTi,Os u TemnepaTypa cuHTepoBama je oko 1400 °C. Yak u MeTomom
XUJIPOTEPMATHE MEXaHO-XEMHU]CKE KOMITJICKCOMETPH]je ce Y (UHAITHOM MaTepHjary 10jaBJbyje
u3BecHa koimunHa MQTi,Os. Con- rem Meroma je KOpuCHa M aTpakTHBHA METOAa 3a
OpUIIPEMY YECTHLIa HAHO JUMEH3Mja 300r CBOjUX OpOjHMX HpPEeAHOCTU: J0o0pe
CTEeXHOMETPHUjCKE KOHTPOJIC U J00Hjama yATpapUHUX YeCTUIa Ca BEOMa YCKOM PacloJesIoM
BEIMYMHA YECTUIA y pENaTUBHO KPAaTKOM BpPEMEHYy W HHCKHM Temiieparypama. bben
HEJIOCTATAaK je IITO j& KOMIUIEKCHAa METO/a, CKyIa U 001jajy ce peJlaTUBHO Majle KOJIOYHMHE
MaTepI/IjaJ'Ia.73 MgTiO; cniana y nepoBckutHe Marepujaie. Ci. 1.4.-3. mpuka3syje IpoCTOpHY

CTPYKTYpy MarHe3ujyM THTaHaTa.
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Cn. 1.4.-3. TIpocropHa ctpykTypa Kpuctaza MgTiO;®

Kpucranna crpykrypa MgTiOs je pomboenapcka, mpocTopHa rpyma R3. Jumensuje

jenuunue hemuje cy: a=0,5086 nm u ¢=1,4093 nm a Z=6. *

CacraB MQTiOg je cienchu: O — 39,94%, Ti — 39,84 % i Mg — 20,22%. MgTiO3 criaga
y rpymy nepoBckuta onmTte hopmyne ABOs, rae je A jenHo-, 1BO- MM TPOBAJICHTHH METAN a
B oxarosarajyhu Tpo-, 4eTBOpO- MM NETOBAJICHTHH elleMeHT. [la Ou mepoBCKUTHA CTPYKTypa
Moria Outu (opmupaHa, mpema reoMeTpujckuMm 3axteBuma B. M. Tompmmvwura, msmely
JOHCKHX pajifijyca Mopa IoCcTOjaTh Be3a 00JIuKa:

fat o=t /2 (Ip+ o) (1.4.-1)

T Cy: I, I, b - OATOBapajyhu joHckH paaujycu at - pakTop Tosepaniyje. %0

@dakTop ToNepaHIMje MOXe MMaTH BpeaHocTn y uHTepBanmy 0,85< t < 1,05 ma 6m
JIOIII0 /10 (hopMHpara IMePOBCKUTA.

MgTiOs (geikielit) cmama y TrTpymy pyTWIHMX KepaMHKa ca BpPEIHOCTHMA
JMeNeKTpuyHe KoHcTante € ~ 17, dakropa nmodpore m3nan 20 000 na 8 GHz u HeraTuBHe
BPEIHOCTH TEMIIEPaTypCKor Koe(HIjeHTa pesonanTHe (ppeksenimje. - 2> %

NnmenutHa cTpykTypa moOyhyje BenuKy Naxmy 300T CBOJUX AUCICKTPHUYHHUX

cBojctaBa 3axBasbyjyhm wmsomammju TiOs okraemapckor cioja ciojem MOg okraemapa u
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KaTjOHCKHX BakaHIMja y mopehemy ca MepOBCKUTHMA TUTaHaTa. Y WIMEHHTHO] CTPYKTYpH
cBaku TiOg okTaemapcku cioj je cmemTeH usMmely mBa cimoja MOg OkTaemapa, KOju Cy

moaudukosanu o-Al,Os. 9

®opmupa ce Ha Temmeparypu usHan 600 °C u crabuina je Ha TemiepaTypama oj
94 . .. .
coOHe 10 TeMIreparype Tolbemwa.  HajctaOmiHuja je a3a MarHe3ujyM TUTaHATa, 3ajpiKaBa

NOTIYHH pen y auctpubymmjn Mg - Ti go 1400 °C.%8

Mg, TiO, (quandilite) nma mam KyOHY CTpYKTYypy ca mapamerpom permetke a=0,840
nm na 700 °C (mpocropua rpyma Fd3m, crmHen) wiv TeTparoHajiHy CTPYKTypy ca

napamerpuma a=0,594 nm u ¢=0,842 nm (upocropua rpymna P4,22, ciunen) na 500 °C.

Mg, TiO4 kpucranume y kyoHy peurerky, ca [Mg(MgTi)O4] uHBEp3HOM CTPYKTYpOM,

rae Mg?* saysumajy zeo Ti** mecra y pemerkn.

Cunrernuku Mg, TiO4 je MHBep3HH CIIUHEN y KOMe ciiydajHu pacropen Mg u Ti y
OKTaeJapCKUM IMO3HuIlMjaMa Jiaje BpeAHOCT KoHpurypammone enrpomnuje ox 11,5 J/K/mol.

[Mpocropna crpykrypa Mg, TiO, npukasana je va ci. 1.4.-4.

Cn. 1.4.-4. Tlpocropha ctpyktypa Mg, TiO,

Wma dasau mpenas u3 KyOHe y TETparoHajaHy CTPyKTypy Ha Temmeparypu 660+20 °C

yKJbyuyjyhu nojaBu ypehemwa ayror qomeTa Ha OKTae1apCKUM n03HquaMa.88
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WuBep3nn cnimHen je moceOHO WHTepecaHTaH 300T CBOjUX ONTHUYKHX CBOjCTaBa Koja ce
KOPHCT€ Yy HWHTEIPHCAHUM ONTHYKMM KOJIMMAa M Kao JHEICKTPHYHM Marepjail ca

88, 92, 95
JTUETICKTPUIHOM KOHCTaHTOM € ~ 14,

1. 4. 4. ®a3uu qujarpam MgO-TiO,

Y cucremy MgO-TiO, mo3naro je Hekonuko jemumema: MQTi,Os (nuTuranar),
Mg, TiO4 (oproTuranar) u MgTiO3 (MeTaTuTaHar).

Ha ocHOBy Mepema Tmapamerapa pemieTKe pPeHATCHCKOM —IU(PPAKIHjOM U
PutBennmoBor yraumaBama IMojaTaka 00MjeHUX AudpakuujoM HEyTpoHa ojapeheHa je
TUCTpUOYILIMja KaTjoHA Yy pElIeTKH WU HUXOBE Bapujallije ca HpoMeHOM Op3uHe Op3or
xnahemwa. Ha Taj HauMH ce 3ajpxkaBa CTPYKTypa cucTeMa Koja je ¢opMHpaHa Ha BUCOKHM
TEMIIepaTypaMa, a YjeIHO Ce CIpeuaBa OIWIPaBam-e IMpolieca Koje ce JeNIaBajy MPHINKOM
nocTerneHor xjahemwa, Kao WTo cy pasHe TpaHchopMmalyje.

MgTiOs3 je HajcTabuinHuja (a3a Koja 3aapkaBa MOTIYHO ypeheHy CTPYKTYpY y OJHOCY
na pacropen Mg — Ti katjona o 1400 °C . CtpykTypa My je U3BeJeHa U3 CTPYKType KOpyHIa
pacniopehuBambeM KaTjoHAa y JIBE CYNPOTHE OKTaeAapCcKe IMO3uIdje. Y TeMIIepaTypcKoM
unrepsaiy oz 700 - 1400 °C  marses3ujyM TUTAHAT je TMOTIIYHO CTaOUIIaH.

MgTi,Os (Karrooite) uma nceynoOpykuTHY cTpykTypy. KatjoHu cy pacnopeljenu Ha
JIBa pazIUuMTa OKTaeaapcka mecra. JucTpuOynuja kaTjoHa My je BeoMa 3HadajHa jep
MIOCTOjU BepoBaTHONhA KOMIUIETHE Tpepacioelie u3mMel)y HopMaaTHOT ¥ HHBEP3HOT TOJI0Kaja.
Kondurypammona eHtponuja kKao W IUCTpUOyIMja KaTjoHA My j€ BeOMa 3aBHCHA O]

Temrieparype. JaBiba ce Ha Temneparypama ucro 450 °C.
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Ci. 1.4.-5. da3uu aujarpam cucrema MgO-TiO,™
Mg,TiOs uMa CTPyKTYpy HMHBEP3HOI CIIMHENA, MajJa C€ HE MOXKE arcCoJyTHO

UCKJBbYUYUTH MOTYNHOCT O/ICTyMama O] MOTYHO WHBEP3HOT Kapaktepa. FA3m rpyma cumerpuje

ykasyje aa je auctpudyija Mg u Ti y okTaciapckuM mo3uiidjaMa ciydajHa.
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Excnepumenmannu deo

2. 1. MexaHu4Ka akTHBaIHja MPaxoBa

2.1. 1. MueBemwe

3a ucTpakuBama y OKBHPY OBE JIOKTOPCKe aucepTanuje kopuihenu cy npaxosu MgO
(99% p. a. Sigma - Aldrich) u TiO, (99,8% p.a. Sigma - Aldrich). Cmemie nosa3Hux mpaxosa
mace 25,00 g y moackom omumocy MQO:TIiO, = 2:1 cy MeXaHWYKH aKTHBUpPAHE Y
BHCOKOCHEPIeTCKOM ILIaHETAPHOM MIIMHY ca Kyriama. Ilocyna, 3anpemuse 500 cm?®, kao u
Kyrie npeunuka 10 mm cy ox uupkonujym okcuaa. OHOC Mace KyIiM U Mace mpaxa TOKOM
MieBema je ouo 20:1.

VYpehaj Ha KoMe je BpIlleHa MEXaHWUYKa aKTHBAIM]ja j€ BUCOKOCHEPTETCKU TIAHETapHU
miauH tuna RETSCH TYPE PM100. IlpaxoBu cy MOTBPrHYTH MJIEBEHY Yy BPEMEHCKHM
untepBanuma of 0, 5, 10, 20, 40, 80 u 120 munyTa y atmMmocdepu Bazayxa.

VY3opuu cy oO3HaueHM NpeMa Iy>KUHH MEXaHHYKOI TpeTMaHa M TeMIeparype

CHHTEpOBama, a 03HaKe cy nare y tab.2.1.-1.

Ta6. 2.1.-1. O3Hake mpaxoBa U CHHTEPOBAHUX y30paka KopuIillheHe y JuceTpanuju

Bpeme
O3nake CuHTEepOBaHHU y30puUH
aKTHBaUMje
npaxa
(vn) 1100°C 1200°C 1300°C 1400°C
0 MTO MTO0-1100 MTO0-1200 MTO0-1300 MTO0-1400
5 MT5 MT5-1100 MT5-1200 MT5-1300 MT5-1400
10 MT10 MT10- 1100 MT10- 1200 MT10- 1300 MT10- 1400
20 MT?20 MT?20- 1100 MT?20- 1200 MT?20- 1300 MT?20- 1400
40 MT40 MT40- 1100 MT40- 1200 MT40- 1300 MT40- 1400
80 MT80 MT80- 1100 MT80- 1200 MT80- 1300 MT80- 1400
120 MT120 | MT120- 1100 | MT120- 1200 | MT120- 1300 | MT120- 1400
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2.1.2. SEM anaau3za

HcnutuBame MOpQoIIoruje U MUKPOCTPYKTYPHHUX CBOjCTaBa MOYETHUX MPAxXoBa Kao U
CMellla MEXaHWYKH aKTUBUpaHMX mpaxoBa cucrema MQO-TiO, BpumieHa je MeToa0M
ckaHupajyhe enekTpoHCke Mukpockoruje. OBoM MeToaoM wuchpaheH je Kako YTHIA]
MEXaHUYKE aKTUBAIMje HA €PO3Hjy IOBPIIMHE YECTUIA, TAKO W HAa CUTHCHE YeCTHIA
MOJIA3HOT Mpaxa, MMojaBy arjioMepara,...

EBonynmja MUKpPOCTPYKTYpE TMOJAa3HUX MPaxoBa, KA0 U MEXaHUYKU AKTUBHPAHUX U
KaCHH]je CHHTEPOBAaHUX y30paka npaheHa je Ha ypehajy SEM, JISM-6390 LV JEOL.

3a CEM aHanu3y y30pIiy Cy NMPUIPEMAHH TaKO MITO CYy UCIIUTHBAHU MPAXOBH HAHETH
y TaHKOM CJIOjy Ha €JEKTPOIPOBOIHY TPaKy Koja je Ciy)XKuia Kao Hocad. Ta moBpuimHa je
HamapaBaHa TaHKHM cliojeM 3nata Ha ypehajy Sputter Coater BALTEC SCD 005, na 6u ce
SIIMMUHICATI0 HAarOMHWJIaBame HETaTUBHOT HAeNeKTpHcama Ha HWCIUTHBAHO] TOBPIIMHU
y30pKa KOje CKpPEeTameM MPUMApHUX U EMHUTOBAHUX €JIEKTPOHA MOKE JOBECTH IO TyOJhermba
CIIUKE.

Ckenupajyhe enekrponcke mukporpaduje mouetux (MgO u TiO;) u MexaHWYKH
aktuBUpanux mpaxosa (MTO, MT5, MT10, MT20, MT40, MT80 u MT120) npu pazauautum
yBehamuma cy npukasade Ha ci. 2.1.-1. a), 06) u 2.1.-2. a), 6), B), 1), 1), ) u ¢).

Ckenupajyhe enexTpoHcke MUKporpaduje mojaasHor MarHe3ujyM OKcuza Mokasyjy Aa
Ce Tpax CacTOjH OJf CATHHjHX YeCTHIIA MPUOIMKHO chepHor obuka BenuanHe oko 500 nm u

KPYIHHjHX arjioMepaTa HEelPaBWIHOT 00JIMKa JUMEH3uja 2-3 pm.
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10kV.  X2,500 10pm . 0000 40 04 SEI 10kV.. © X5,000 5pm 0000 _ 10 04 SEI

10kV  X7,500 2um - 0000 10 04 SEI

10kV.  X10,000 1pm 0000 10 04 SEI

Cn. 2.1.-1. a) Ckenupajyhe enextponcke mukporpaduje mouernor MgO npu

paznuuntuM yBehamuma (2 500-10 000 myTa)
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10kV- - X5,000 S5pm,. . 0000 . 1004 SEI

10V X7,600~ 2 . 0000" 1004 SEN o

ol
i

10kV  'X10,000 1i,i_m 0000 1004 SEl

Cn. 2.1.-1. 6) Cxenupajyhe enekrporcke Mukporpaduje nouernor TiO; npu pa3muuuTuM
ysehamuma (2 500-10 000 myTa)
Y mnopehewy ca uectuiiama MgO mukporpaduje momnassor TiO, mokasyjy mga cy
YECTHUIIE J0CTa yjeIHAYCHH]E TIO0 BEJIMYMHU W OOJMKY. YouaBamo Ja Cy JIOCTa CHUTHH]E O]l

yectua MgO. YecTuue TuTaHujyM JUokcuaa ¢y chepHor obarka NpoceyHUX TUMEH3Hja OKO
200 nm.
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10kV .- X5000 " 5um: 0000 10 04 SEI 10kV X7,500 2pm 0000 10:04 SEI

10kV  X10,000 1pm 0000 - 10 04 SEI

10kV X17,000 1pm 0000 10 04 SEI

Cn. 2.1.-2. a) Ckenupajyhe enekrporcke mukporpaduje nouernor MTO rmpu paznuautum

yeehamuma (5 000-17 000 myra)

Mukporpaduje npaxa MTO moka3zyjy mpucyctBo ase ¢aze MgO u TiO,. JacHo ce

youaBajy KpyIHHj€ YEeCTHUIIE MarHE3UjyM OKCHJIa U CUTHH]j€ YECTULIC TUTAHU]YM JHUOKCUJIA.
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10kV ) X7,500 2pm’ - 00004714 04 SEI

10kV . X10,000 © 1pm 0000 11 04 SEl

10kV ~ X17,000 ~1pm = 0000 11 04 SEI

Cn. 2.1.-2. 6) Ckenupajyhe enekrponcke mukporpaduje nmpaxa MT5 npu paznuaurum

yeehamuma (5 000-17 000 myra)

Hakon ner MHHYTa MCXAaHUYKC aKTI/IBaI_[I/Ije MOKC C€ YOUUTH IMOYCTHO YCUTHABAILC
yectuna mpaxa. [Ipoceuna Bemuumna vectuna 110, je oko 150 nm, mok cy auMeH3Hje

armomepata MgO oko 1,5 um.
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15kV  X17,0000 1pm 0000 11 04 SEI

Cn. 2.1.-2. B) Ckenupajyhe enexrporcke mukporpaduje npaxa MT10 npu paznudautum

ysehamuma (5 000-17 000 myTa)

[IpumeTHO je najbe ycuTHaBambe MOJIa3HUX MPpaxoBa Kao U noyeTak Gpopmupama HOBE

(1)2136 M MCKHUX arjomMepara.
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15KV X5,000 5um 0000 1204 SEI 15KV X7,500., 2um 0000 12 04 SEI

15kV  X10,000 1uym 0000 11 04 SEI

15kV  X17,000 1pm 0000 12 04 SEI
Cn. 2.1.-2. r) Ckenupajyhe enexrporcke Mmukporpaduje mpaxa MT20 npu pazauauTum

yeehamuma (5 000-17 000 myra)

Ha mukporpadujama nmpaxa MT20 mory ce BUIeTH JaraHo yKpyIHbaBambe 4YecTUIA
ycien Behe akTHBHOCTH M CJIETIJbHBaha CHTHHJUX YECTHIA. Y 04UaBa ce a Cy CUTHHjE YECTHIIe

HaroMHJIaHe Ha KPyITHHJUM MEKHM arjioMepatuMa Koju cy cana numensuja 1,5-3um.
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10kV. X5,000  5um 0000 10 04 SEl 10kV.  X7,500  2um 0000 1004 SEI

10kV - X10,000 1pm 0000 1004 SEI

10kV.  X17,000 1pm 0000 1004 SEI

Cn. 2.1.-2. n) Cxenupajyhe enekrponcke Mukporpaduje npaxa MT40 npu pazauauTiM
ysehamuma (5 000-17 000 myTa)

Ha Mukporpadwujama npaxa akruBupasor 40 MUHYTa yOUJEHBO j€ Jajbe YKPYIHhaBamhe

arjoMepara Koju caja JIOCTHXKY auMeHsuje u jo 10 pum, u cuTHHje dYecTule Koje HuX

NpeKkpuBajy. Buasbupa je epo3uja yecTulla Kao nocieanlia MeXaHuuke aKTHBaluje.
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10kV.  X5,000 5pm 0000 1004 SEI 10kV. X7,500  2um 0000 10 04 SEI

10kV. X10,000 1pm _ 0000 10 04 SEI

10kV X17,000 1pm 0000 10 04 SEI

Cin. 2.1.-2. 1j) Ckenupajyhe enexrponcke mukporpaduje npaxa MT80 npu paznuuautum
ysehamuma (5 000-17 000 myTa)
Hakon 80 MuHyTa MexaHMUYKOr TpeTMaHa 3amaxka ce TIoyeTak (parMeHTaiuje

KpYIHUX arjioMepara Koju cajia uMajy IuMeH3uje oko 3,5-5 um.
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"
-
-

.

10kV  X5,000  5pm 0000 1004 SEI 4 40K

X17,0008 _1pm 0000 10 05 SEI

Cin. 2.1.-2. e) Cxenupajyhe enekrponcke Mukporpaduje npaxa MT120 npu paznuuutum

ysehamuma (5 000-17 000 myTa)

CEM ¢otorpaduje yzopka MT120 jacHo moka3yjy npucCycTBO HOBHUX (aza y dpopmu

arjioMepara NpeKpuBCHUX CI/ITHI/IjI/IM YCCTHllaMa IMOYCTHOT IIpaxa.

53



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

2. 1. 3. OnpehuBame cpeame BeTUUHHE YeCTUIIA M PACTO/I€/Ia BeJIUYNHE

qgecTuma

Beoma OuTHa CBOjCTBa mMpaxoBa Cy CBAaKaKO pacrojieia BeIMYWHA YECTHIIA, KOoja ce
onpehyje mo Opojy yecTula WM 10 BUXOBO] 3alPEMHUHM, KA0 U HHXO0BA CPemha BEJIUYNHA.
O063upoM n1a yecTulle UMajy TEHICHLIM]Y Aa ce Jene jeJHe 3a Apyre u o0pasyjy paziuuuTe
BpCTE ariiomMepaTa, HapOYHTO IMPAXOBU KOJU Cy MEXaHMYKM AaKTHBHUPAHHU, O] HHTEpeca je
WCTIIMTHBAKE CPEhEe BEMUMHE arjoMepara ¥ HHXOBa MPUPOJA, Aa JIU Ce Paad O YBPCTHM
WM MEKUM arjoMmepatuma. To je moceOHO OMTHO jep je yTBpheHo na arioMepaTd HUMajy
BEJIMKM YTHIA] HA TOK CUHTEpOBamka Kao U Ha Kpajikha CBOJCTBA TAKO J0OMJEHUX KepaMHKa.
Meke arjomepare je Moryhe yCUTHUTH JelIOBambEeM YITpa3ByKa Majle CHare y KpaTKOM
BPEMEHCKOM TEPHOIY. YKOIUKO Ce MOpa KOPUCTHTH YJITPa3BYK BEJIMKE CHAre y QyraukuM
BPEMEHCKHM TIEPHOJIIMA PAM CE O YBPCTHM ariioMepaTnma. o

Cpenmwa BenMUYMHA YeCTUIA U BUXOBA pacnozena oapehene cy Ha JacepckoM ypehajy
3a oxpehuBame pacrnozgene BennmunHa yectuna Mastersizer 2000, Malvern Instruments Ltd,
UK. MHCTpyMeHT JaeTeKTyje decTuie y MHTepBaiy BenuuuHa of 20 nm go 2 mm. Tokom
NpUTIpeMe y30paKa 3a CHUMAame MPaxoBU Cy MEIIaH! ca JACCTUIOBAHOM BOJIOM H IOJIBPTHYTH
YITPa3ByKy y Tpajarby O[] JeTHOT MUHYTA.

Cn. 2.1.-3. mpuxkasyje pacmnojaeny BeJIMYMHA YecTHla MO 3ampeMuHu. Moxe ce
3aMa3uTH J1a y TIOYEeTHOM Ipaxy IOCTOje TPH BPCTE YECTHIA CUTHHUje BenuunHe oko 0,5 um,
npyra ¢paknmja JuMeH3rja oko 2 um u tpeha xoja je 3HaTHO KpynHHja BeauanHe oko 70 um.
HaBenene ¢pakuuje oaroeapajy uectunama T110,, MgO u ariomepatuma MarHes3ujym
OKCHJIa, UCTUM pEAOCIIeOM. YTHUIla] MEXaHUYKE aKTHBAllMje Ce yoyaBa Yy CMHCIY MOYETHOT
YCHTH-ABamba YECTHUIla, Koje ce Moke 3ama3utu Ha mpaxoBuma MT5-MT20 rme ce moxe
NPUMETUTH Ja je JOIUI0 J0 pa30ujama arjioMepara MarHeswjym okcuyaa. Ha rpaduxy
pacnozene BennunHe vectuna 3a MT20 tpeha dpakuuja Huje youwbHBa, 3amaxajy ce camo
yectuile AuMensuja oko 0,4 um u 5 um. %

Ha pacnogenu Benmmumna yectuna 3a MT40 youaBa ce moHOBO ¢opmupame Tpehe
dpakumje KpyImHUJUX 4YECTHIA, OIHOCHO arjoMepara, KOju Cy BEPOBAaTHO IMOCJEAMIA
yYKpylbaBamka ycies Behe akTUBHOCTH Kao IMOCIENUIEe MEXaHHMUYKOI TpeTMaHa. Pesynratn
Koju cy BuasbuBH 3a M T80 yka3yjy /ia 1071a31 10 CUTHEHha KPYIHHUjUX arioMepaTta, IITo je y
carjacHocTu ca pesyiararuma nooujeanm CEM anammzom. Pacnonena 3a MT120 yka3yje Ha

MMOHOBHO YKPYITHhaBamkEe YeCcTHIla BeToBaTHO Beh hopmupane HoBe dase.
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Cn. 2.1.-3. Pacnoaena BeanunHe yecTuiia HCAKTUBHUPAHOT a) U MCXaHUYKHU aKTUBUPAHUX

npaxoBa 0) MT5, B) MT10, r) MT20, n) MT40, ) MT80 u ¢) MT120.
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2.1.4. AncopnumoHo JecOpNIlHOHA aHAJIN3A

[Momamy o MOBPUIMHCKMM KapaKTepUCTHKaMa Marepujajia ce 1o0ujajy M Ha OCHOBY
onpehuBama crienuuIHe NOBPIIMHE MaTepHjalia, YKyITHE 3aIPeMUHE U TUCTPUOYIIHje Mmopa
y Mukpo u me30 oosactu. [lo IUPAC Homenknatypu kiacuuKammja mopa je u3BpIlicHa Ha
OCHOBY JIMMEH3Hja HHXOBOT MPEYHHMKA.  I10CTOje TpU IpyIie opa; MUKPOIIOPE — IPEYHHK
UM je MamHU 0J1 2 NM, Me301ope - npevyHrka nu3Mehy 2 nm u 50 NM u Makpornope - NpeyHrKa
Beher ox 50 nm.

CrnenuduryHa MOBpIIMHA c€ NePUHHUIIE KA0 YKYITHA MOBPIIMHA IO jeAMHHUIM Mace,
KOja Tope]] CIOJbAlllbe MOBPIIMHE 00yXBaTa M MOBPIIUHY YHYTpalImkocTd mnopa. [locroju
BUILIE METOJa Koje ce Kopucte 3a oapehuBame cnenmdpuuHe moBpuimHe (aICOpIIIHOHA,
MHKpOCKOIICKa, JAU(pPaKIMOHa) W CBE I0Jla3e OJ pe3ysitara Mepema aJCOPIIMOHO-
JIECOPIIIIMOHUX N30TEPMH CHUMAHHUX Ha TIOCMaTpaHUM MaTepHjainma.

AJICOPIIIIMOHO-ICCOPIIIIMOHE H30TepMe Cy cHuMmaHe Ha ypehajy Sorptomatic 1990
Thermo Finningan wa -196 °C mocne merasupama, Kao mnpunpeme ysopaka, Ha 110 °C y
Tpajamy ox 18 caru. [Ipahena je ancopmimja Na.

Ha ci. 2.1.-4. a) — €) npuka3zaHe Cy aJCOPIIIMOHO-ICCOPIIINOHE U30TEPME 3a MPAX0BE

MTO - MT120.

40
a) ® desorpcija 5 ] 6)

Je ® desorpcija
O adsorpcija

O adsorpcija

Vads(cmslg)
N
o
1

10

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10
p/pg

Cun. 2.1.-4. AncopnumoHo-aecopniuoHa n3orepma yzopka a) MTO u 6) MTS
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50+

w
[43]
]

w
o
1

® desorpcija 404 L desorpcij_a
QO adsorpcija ¢ Q adsorpcija

N N
o (6]
1 L 1 L

[y
6]
1 L

3
Vads(cm™/g)

50
40
40 H) ® desorpcija 1 1 l))

o ® desorpcija
O adsorpcija ¢ 30-

QO adsorpcija

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/pg p/pg
70 e)

60 - ® desorpcija
1 O adsorpcija

0.0 02 0.4 0.6 0.8 1.0
PPy
Cn. 2.1.-4. AfcopIIMoHO0-AeCOpIIIHOHa H3oTepMa y3opaka B) MT10, r) MT20 x) MT40,
H) MT80 u €) MT120
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AncopnioHa u30TepMa IprKa3yje KOJIHMIUHY ajicopOeHca Ha afcopoary y QyHKIUjU
PaBHOTE)KHOT MPHUTHCKAa P/Pp mpu KoHcTaHTHO] Temmeparypu. Ilpema IUPAC-0Boj
HOMEHKIIATYPH H30TepMe DH3HUKE a/ICOPIILIHje TacOBa CE MOTY MOJEIATH Ha [ICCT THIIOBA.
Ha ocHoBy oBe knacu¢ukanyje, nzorepme mnpukazane Ha ci. 2.1.-4. mpumnazxajy |l tumy
M30TEPMH KOja je peBep3uOmIHA U NTOKa3yje BUIIECIOjHY aJCOPIIIH]Y.

Ha ocHoBy mogaraka 100HMjeHUX U3 aJCOPIIIMOHO-IECOPIIIMOHNX U30TEPMH HAL[pTaHE
cy BET mnpase mpukasane Ha ci. 2.1.-5. a) — ¢) . 13 Haru0a mpaBux cy n00HjeHe BPEIHOCTH
3alpeMHHEe MOHOCJIOja Ha OCHOBY KOJHUX CYy M3pauyHaBajy BPEIHOCTH CIIELU(pHUHE TOBPIINHE
y m?/g. Ha ocroBy jeamaumne (2.1.-1) u3padyHate Cy BPEIHOCTH 3aIPEeMHHE aICOPOOBAHOT

raca y MOHOCNOjy Vi, Koja Cy Jlajbe KOpHITheHe 3a M3padyyHaBame BPEIHOCTH CHCIUPUIHE

noBpIIMHe npeMa jexHaunau (2.1.-2) ; 1

p _ 1 +C—1£
(po_ p)\/ VmC VmC Po

(2.1.-1)

rae je: V — 3ampeMuHa aacopOOBaHOI raca Ha MPUTUCKY P, Po — MPUTHCAK 3acuheHe

nape azacopbara, P/p, — peNaTHBHH NPUTHCAK ajgcopbara, Vy — 3ampeMuHa raca Koja je

E,-E,
azcopOoBaHa Ha y30pky y MoHocinojy uC =e RT | rne je: E; - Tormora agcopnmmje mpeor

cinoja a E; - Tonnmora konaeH3amuje aacopOara.
V,,N_A

SBET :V— (21-2)

e

rae je: Vi — 3ampeMuHa MoOHocJoja afcopbara, Ve — 3anpemuna 1 mola agcopb6ara,

Nz;— ABoragpoB Opoj 1 A — MOBPIIMHA KOjy 3ay3UMa MOJICKYJ ajicopOara.
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Cn. 2.1.-5. a) - €) BET mpaBa 3a npaxose MTO - MT120
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Ha ocHoBy mogartaka mo0OujeHux ca rpaduka npukasaHux Ha ci. 2.1.-5. a) — ¢e) u
jennaunne (2.1.-2) uzpauyHaTe Cy BPEIHOCTH CIICHU(pHYHE MOBPIIMHE, 3a CBE MPaxoBe, Koje
Cy mpukasase y tab. 2.1.-2.

Ta6. 2.1.-2. Bpeanoctu cneunguune nospiuHe 3a npaxose MT0-MT120

Y3opak MTO MT5 MT10 MT20 MT40 MT80 MT120

Seer(M?/g) | 158 10,4 7,7 6,4 5,5 7.8 9,2

Kana je ¢usucoprniuja y Me3onopama U Makporopama BUIIECIOjHA MPHU ojapeleHuM
BPETHOCTUMA PABHOTEKHOT IMPHUTUCKA JI0JIa3W [0 KallWIapHe KOHJEH3alMje Taca Koju ce
KOpUCTH 3a ancopriujy. [lpaxmeme mopa mpu Jecopriuju oaurpaBahe ce Ha MameM
PaBHOTEKHOM TPHUTUCKY OJf HHXOBOT IMyHEHha NPU AJCOPHIHMjH, INTO JOBOAU 10 IIOjaBe
XUCTEPE3UCHE TMeT/he Ha wu3orepmMu. OONMK TeT/he yKaszyje Ha OOJNMK Topa IMOPO3HOT
matepujana. [lo IUPAC-y mocroje 4eTMpu THNAa XHCTEPE3WCHUX METJbH, a H30TEpME Ha

1.2 Tun H1 yune aZICOPMIIMOHA U

cn1.2.1.-4. mpema OBOj HOMEHKJIATYpH Npumnanajy tany H
JICCOPIILIMOHA TpaHa H30TepME Koje Cy CKOpo BepTuKanHe u MelycoOHo mapaneinne,
KapaKTepUCTUYaH je 3a mopo3ne marepujaie. Ha ci. 2.1.-6. a) — e) npukaszana je pacrojena
BEJIMUYWHE TIOpa 3a CBE MEXaHHUYKHM aKTHBHpaHe npaxose oxapehena meromom BJH (Barrett,

Joyner, Halenda).*®*

0.05 0.0020
0.04— B
_ 0.03+ —0.0015 _IC.E”
> <
5 5
o
> i 5
| o
0.02 S
©
—0.0010
0.01
000 T T T T T T T T | T T T A T T T T
1 10 100
D, nm

Cn. 2.1.-6. a) Pacnogena BenuunHa mopa 3a npax MTO
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1-Br-wugwo/ Bp/Ap

1-Bewd /04N

0.00

100

g/nm

Cn. 2.1.-6. 6) Pacniogena BeauunHa rmopa 3a npax MT5

1-Br-wiugwo ‘ap/Ap

100

0.00

nm

Cn. 2.1.-6. B) Pacnonena BenuunHa mopa 3a npax MT10
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t-Br-wugwo ‘ap/Ap

0.04

0.00

100

D, nm

Cn. 2.1.-6. ) Pacnioiena BeauuuHa mopa 3a npax MT20

-Br-wugwo ‘ap/ap

0.00

100

, nm

D

.-6. 1) Pacniosiena Benmuuna mopa 3a npax MT40

Cn 21
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1-Br-wugwo ‘ap/ap

001+ -
0.00

100

b) Pacnonena Bennunna mopa 3a npax MT80

Cn. 2.1.-6.

1-Br-wugwo ‘ap/Ap

D, nm

Cn. 2.1.-6. e) Pacnogena BennunHa mopa 3a npax MT120

Ca cn. 2.1.-6. ce moxe Buzetu na 3a npaxose MTO, MTS5 u MT10 nomunmpajy maie

nope auMmeHsdja ox 2 o 5 nm. Y ysopuuma MT20 u MT40 npeosnalyyjy Bemuke mope
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BeimanHe 10-50 nm. MT80 noka3yje paBHOMEpHY pacroieily ¥ MaJIUX U BEIMKHX ITOpPa, TOK
y y3opky MT120 nmonoBo nmomuHHpajy Benrke mope. Ha ocHOBY pacriojiernie BerurHa 1opa u
npomMeHe crenuduuHe nospuiune (tad. 2.1.-2.) Moxxe ce npermnoctpaBuTh aa ce 10 40 muHyTa
akTuBanuje ¢popmupa HoBa (aza U Ja HEHE YECTHUIle PacTy 10 TOT MOMEHTA, a OH/Ja MOYUHE
npobsseme Te HoBe (haze. OBaj mpoliec je ucnpaheH APaCTHUYHOM MPOMEHOM PACIoeNie mopa
y y30pky MT80, rie ce youaBa u3jefHauaBame pacioelie BEINKUX U MAJIUX TOpa.

Ca rpaduka je Ttakohe wmoryhe ouuTatd BPEAHOCTH KyMYJIATUBHE 3alpeMHHE
Me3oropa koje cy gate y tab. 2.1.-3. V tabenu cy Takohe mare u BpeIHOCTH MHKPOIOpa

102

nodujene merogom Dubinin — Raduskevi¢c.”™ Ha ocHOBY OBHX TabenapHHX BPEIHOCTH MOXKE

ce pChI/I Aa Cy UCIIMTUBAHU ITPaxoOBU ME30IIOPO3HH.

Tab. 2.1.-3. Bpenqnoctu MUKpoOIopa U Me3010pa 32 MEXaHUYKU aKTUBHUPAHE MPaxoBe

Y3opak MTO MT5 MT10 MT20 MT40 MT80 MT120

V,.(cm®/g) | 0047 | 0033 | 0024 | 0037 | 0031 | 0034 | 0054

Voulem*/g) | 0006 | 0004 | 0003 | 0002 | 0002 | 0003 | 0,004

2. 1. 5. PeHAreHCKO-IM(pPaKIMOHA aHAJIU3A

Pagun npahema mpomena y ¢(a3HOM cactaBy W MHUKPOCTPYKTYPHHX Mapamerapa
MOJIa3HUX MPaxoBa, MEXaHWYKW aKTHBUPAHUX U CHHTEPOBAaHUX y30paka paljeHa peHIIreHCKO-
nudpakimona ananusa. Jludpakrorpamu cy caumanu Ha ypehajy Philips PW 1050 ca ACuKa
3paucmeM. MepeHo je Ha coOHoj TemiiepaTypu y bpar-Bpenrano reometpuju (pediiekcrona
Mmerona, pokycupajyha reomerpuja). Judpakrorpamu cy cHUMaHu y ocery yriosa 20 ox 15-
70°, ,,step scan“ moxy ca kopakom oz 0,05°. 3aapkaBame IeTEKTOpA 110 jEJHOM KOpPaKy OMIIO
je 1s. UnenTudukanyja 3anaxeHux pediiekcuja u3BpiieHa je momohy oarorapajyhux JCPDS
(Joint Committee on Powder Diffraction Standards) xapruiia.

PenareHcku nujarpamm KpucTajga Koju Ccy wusrpaleHH Ol JOBOJBHO BEIIMKUX
KpHUCTAINTa UMajy THKOBE YHja je IIMpUHA MOCIEANa CaMO MHCTPYMEHTATHHUX (akTopa, U
nuKoBH cy omrTpu. OmTpe NMHKOBE Aajy W KPHUCTAIUTH Y OJICYCTBY MHKpPOHAIpE3amha
pemetke. [Tpumukom oOpane MaTepujana HacTajy MUKpPOHANPE3ama, Koja YTHUY Ha IIUPCHE
auHUja. Y Ccly4ajeBMMa H3y3€THO BEJIMKHMX Hampe3ama W MalluX KpPUCTAIWTa, ciiade
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pedekcuje MOTy U Jia HeCTaHy, Tj. MOTY Jia IIOCTaHy TOJUKO IUPOKE J1a CE HE MOTY OJIBOJUTH

o1 0asHe JuHH]e. 103
Benuunba kpucranuTa, OJHOCHO BEJIMYHMHA JOMEHa KoxepeHTHOr pacejama (Dny)
oapehyje ce momohy mosnare Illepepose popmymne:
k-4 180

:ﬂcmeﬂ (@1-3)

hkl

rae je: K - pakrop obiuka (3aBHCH O] TUIIA KPUCTAIHE pelIeTke U y3uma ce jaa je 0,9),
B - mupuHa Ha MoyyBUCHHU AudpakioHe auHuje, 0 - bparos yrao u A - TamacHa ayXuHa
yrnoTpeOsbeHOT PEHAreHCKOT 3pauckha, 3a CuKa je 0,1542 nm).

MuHHManHa TYCTHHA TUCIOKAaIMja ce MOYKE M3pauyyHaTH U3 BEIMYMHE KPHCTAIUTA
cienehom jeqHauyMHOM:

_3-n
D r?kl

o (2.1.-4)

rze je: N — 6poj AuciIoKalyja Mo jeHOj NJbOCHU KpHUCTalla U 32 MaTepujase Koa KOJUX
Cy AMCIIOKallMje XaoTU4YHO pacnopehene uzHocu n=1.

Benuunna MukpoHanpesama MoXe ce 1e(pUHUCaTH U3pa30oM:

p
e, =——— 2.1.-5
hkl 4'[949 ( )

Ha cxn. 2.1.-7. a) u 0) natu cy nudpakrorpamu nonasuux kommonenara (TiO; u MgO),

aHa cn. 2.1.-8. a) - ) nudpakrorpamu HEAKTUBUPAHOT M CBUX aKTHBUPAHUX MPAX0OBa.

200
&(101)

= 150

100

Intenzitet, (rel. jed

20 30 40 50 60 70

Cn. 2.1.-7. a) Iudpakrorpam nouetHor T10,

65



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

250 -
g (200)
_200- Q MgO
3 O Mg(OH),
T 150+
]
N
< 100+ O(011
£ | ooy
(111)
50 |
O T T T
20 30 40
20, )

Cn. 2.1.-7. 6) udpaxrorpam nmouetaor MgO

WUnentudpukammja pedrexcuja mnpukazaHux Ha AudpakTorpamMuma U3BpIIEHA je
nomohy JCPDS kaptunia 6poj 65-5714 3a TiO, anatac, 71-1176 3a MgO, 77-0443 3a TiO,
pytua, 84-1750 3a TiO, 11, 82-2453 3a Mg(OH), u 76-2373 3a MgTi,0s. Jdudpaxrorpam
MOYETHOT TUTAHHjyM JIMOKCHJA IT0Ka3yje MPUCYCTBO CaMO aHaTac MoJau(UKaIHje, Ipu Yemy
Cy MUKOBH YCKH U OLITPH IITO TOBOPH O jaKO J0OPOj KPUCTATMYHOCTH IIpaxa.

Ha ocHoBy uaentudukaiyje cBUX NMHUKOBAa KOJU C€ 3alaxkajy Ha AuQpakTorpamy

nojasHor MgO moske ce yountu u pucyctso Mg(OH)s,.

200+
2 1501 g o
. _
5 150 & TiOpanatas -5 1201 @ TiOy anatas
()
2 QMgO = 0O Mgo
® 100 OMgOHR & % Q Mg(OH)2
8 Z 60
= N
N 504 c 1 V'S
3 !E ‘n * 4 2 30 Hal e
O_ T T T T T T T T T T 1 O' ‘
20 30 40 5 60 70 20 30 40 50 60 70
20,0, 20, )

Cn. 2.1.-8. Iudpakrorpam a) HeakTHBUPAHOT Tpaxa, 0) mpaxa MT5
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400 - 100
B) r)
~ . [ .
Egoo_ ® TiOp anatas 5 80 @ TiOy anatas
5 & Tioo Il 2 50 % TiOo I
_% g(OH)2 g 40-
c N
© 100 * o & LA
1= 8 20- *e 0¢
£ .:.é)OD * So, £ 201 > ole o
0- O_MWJJ
20 30 40 50 60 70 50 30 40 50 60 70
20, %) 20, O
Cn. 2.1.-8. Iudpakrorpam B) mpaxa MT10, r) npaxa MT20
180'_ 1) 301 b) . ® TiO7 anatas
~150{ |® # TiOp anatas  ~ 2 TiOy Il
1) ] . °
= 1204 % TiO2 Il 2 50 Q
= ] T Q MgO
§ 90__ Q MgOo .
£ 60 0 T 101 - % »
(O] .
= )
E 301 so] T et £ .“ M
OM T T T T 1 O

20 30 40 50 60 70 20 30 40 50 60 70
20, 9 20, ©)

Cn. 2.1.-8. udpakrorpam x) npaxa MT40, §)) npaxa MT80

100+ € TiO» anatas
— c) & S TiO2 I
o 80+
Q
D 60- Q MgO
~ ® MgTioOg
o
N
c
ot
=

20 30 40 50 60 70
26, )

Cn. 2.1.-8. e) Iudpaxrorpam npaxa MT120
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Ha cn. 2.1.-8. a) - e) npukaszanu cy audpakTOrpamMud TMpaxoBa MEXaHHYKU
aKTUBUPAHUX y PA3IUYUTUM BPMEHCKUM HHTepBajiuMa. M3 acurxanuje CBUX JE€TEKTOBAHUX
nukoBa Buau ce ja yzopuu MTO u MTS caapxe camo nonasHe KOMIIOHEHTE, ¢ TUM LITO ce
HAaKOH IeT MHUHyTa aKkTHBAlljeé yoyaBa CMAambeHE HMHTEH3UTETa M IIUPEHE IMUKOBA ILITO
yKa3yje Ha ImodeTak JApoOsbemha MaTepHjaia 1 yHOIIeHke 1edekara.

HakoH JeceT MUHYTa aKTHBALIMje youaBajy ce IpBH TparoB Hose (aze, TiOy 1110+
15 Ha nudpakrorpamy npaxa MT20 He Moke ce JETEKTOBAaTH MPUCYCTBO MAarHe3ujym
XUJIPOKCUAA KOjU je HajBEpOBaTHUjE€ TOKOM aKTHBAlM]je, YCIIe/ JOKAIHOT 3arpeBama Mperao
y MarHe3ujyMm okcuj. [locie yerpaecer MuHyTa MEXaHHMUKOT TPETMaHa 3amaka ce IpUCyCTBO
pyTuiHe ¢a3e TUTAaHUjyM TUOKCH]IA Y TParoBUMa.

Hudpakrorpam MT80 mokasyje MHKOBE jakKo MaJOT MHTEH3UTETA W BEJIHMKE IUPUHE
IITO TIOKa3yje Ja je OBaj y30paK ca IMOTIYHO HapyIIEHOM CTPYKTYpOM, Ca BEIMKOM
KOHIIeHTpauujoM Jedekata. Takohe Tpeba ucrahu na je uaeHtudukanuja cBux peduexcuja
3HAa4YajHO OTEXKaHa ycjel MpeKianama MUKOBa TUTAHUjyM OKCHJA M MarHe3wjyM TUTaHaTa.

MT120 audpakrorpam mokasyje npucyctBo meractraduasor MgTizOs.

JleTaisbHMja aHanu3a je nata y onesbky 3.1.2.
2. 1. 6. PamaHcKa CIEKTPOCKONHUja aKTUBUPAHUX MPaxoBa

[IpumeHoM BHOpaIMOHE CIIEKTPOCKOIH]e MOTY ce JOOUTH 3HadajHe WH(pOpMAaIUje O
CTPYKTYpH KpHcTaja, riao0aqHoj TeOMETPHjH, Kao U IeTaJbe O HAUMHY BE3HBarmba aTOMa.

PamanoBu criekTpu CHEUMaHU cy Ha ypehajy TriVista TR557 ca tpu MoHOXpomaropa.
Hetextopcku cucteM ynnu CCD kamepa koja ce xiaau Te4HUM a30ToM. M3BOp CBETIIOCTH je
nacep Ar'/Kr* mixed, kopumihena je 3enena nunuja Tanacue ayxune 514,5 nm. Chara nacepa
je omma 30 mW.

CBa Mepema cy BpimeHa y reoMmerpuju ,yHazan” (backscattering) ma coOHOj
TeMIepaTypu y atMochepu Basayxa.

Tpeba momMeHyTH Ja ce TUKOBU y PamMaHOBUM criekTpuMa oOM9YHO QUTYjy GYHKIHjOM
Jlopeni-oBor obsuka garor jeqHadyrnaoM (2.1.-6):

2A w

l=1,+— W 2.1.-6
T x 4(a)—a)c)2+a)vzv ( )

rae je: | - PamaHoB nHTEH3UTET, ® - PpekBeHIMja, OAHOCHO PamaHOB momepaj, a lg, A,

¢ | ®y - yetupu ¢uryjyha napamerpa. [Ipu Tome lp onrosapa momepenoctu (T3B. odeery)
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nuKa TyXK Y-Oce, A - HBEroBoj MOBPIIUHH, ¢ - [EHTPAIIHO] YUYECTAaHOCTH, & Oy - IIHPUHU
NMKa Ha TI0JIOBUHU HETOBE BUCHHE.

Pesynrati cHumama PaMaHOBHMX CIeKTapa MEXaHHYKH aKpUBHPAHUX IPaxoBa y
omcery 100-800 cm™ ca 3amprkaBamem o 30S 110 Kopaky, Cy IpHKa3aHy Ha cir. 2.1.-9.

[To3naTo je na TUTaHWjyM AMOKCUI MMa TpH cTabuiHe MoauduKaiyje: aHatac Koju
YMa 3alpeMHUHCKH LEHTPUpPAHy TETparoHalIHy CTpyKTypy (rpyma cumepwujel4,/amd ),
OpYKUT KOju HWMa oOpTOopoMOMuHy pemieTky (rpyma cumerpuje Pbca) wu pyrun ca
TETParoHATHOM cTpykTypoMm (rpymaP4,/mnm). Ha ocHOBy anamm3e rpyne CHMETpHje

aHaTac uMa mecT Paman aktuBHEHX MomoBa (Alg + 2Blg + 3Eg) %

7

, pyTii1 yetupu Paman

akTuBHa Moga (Ayy + Big + By + Eg) °
08

, JIOK je TpymoMm cumeTpHje 3a a3y Opykwura
npeauheHo 36 BHOpaMOHUX MOI[OBal . Ocum oBux (a3a, KOJa TUTAHUJYM IUOKCHIA
no3Hate ¢y u jaBe ¢ase Bucokux npurucaka T10; Il ¢a3a koja uMa opTOPOMOHUYHY CTPYKTYPY

(rpyma cumerpuje Pben) u monokimanunu mwpunankur (P2, / ¢)'®. Ca gpyre crpane MgO

KOjU je KyOHHM KpHCTal ca MHBEP3HOM CHMETPHjOM HeMma akTHBHUX PamaH MojoBa mpBor

pena.

Intenzitet

MT120

v I v I v I v I v I v I v !
100 200 300 400 500 600 700 800
Ramanov pomeraj (cm'l)
Ca. 2.1.-9. PamaHOBU CHIEKTPH MEXaHWYKH aKTUBUpaHUX mpaxosa MTO-MT120

CBM 3ama)keHH MOJIOBM Yy CIEKTPY HEAaKTHBHPAHOI Yy30pKa MOTY C€ IpUIUCATH

aKTMBHMM MOJIOBHMMa aHaTaca u 10 143 cm™ (Eyq), 196 cm™ (Eg), 396 cm™ (Bigwy), 515
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cm ™ (komGuHaLmja Aigu Big) K0ja HE MOXe Aa ce pa3ABOju Ha COOHO] Temmeparypu’ )

u
637 cm™" (Eg). Ca criekTpa ce MOXe YOUHTH Jia Cy MOJOBH aHATAca IOMHHAHTHH KaKo 3a
HEaKTUBHUPAH TaKo ¥ 3a CBE aKTUBHpaHe npaxose. Takole ce 3amaxa j1a BUXOBU HHTCH3UTETH
orajajy a HMpUHe MMKOBa ce oBehaBajy ca mopacToM BpeMeHa MeXaHHUKe aKTUBAIHje.
[Topen monoBa anataca, Ha PaMaHOBMM CIeKTpHMa aKTHBHPAHUX y30paKa MOXKE ce
YOUMTH T0jaBa HOBHX MomoBa y mHTepBamy 300-400 cm™ koju morplyjy moderak
dbopmupama HOBe (ha3e BHCOKHMX IPHUTHCAKa TUTaHHjyM auokcuia, 110, 1.2V Paman
cniektpuMa npaxosa aktuBupanux 80 u 120 muHyTa, youaBa ce MpHCYCTBO HEKOJIMKO paMeHa

. . 112,
cy1abor MHTEH3UTEeTa, KOjU MOTYy OMTH MpPUIIMCAaHM BHOpauujama pyTWiIa U IIPUIAHKHTA.

13 Panum Gosbe MIPETJICIHOCTH OBAj PETHOH je mpuka3aH Ha ci. 2.1.-10.

MTO

MTS

MT10

MT20

MT40

Intenzitet

MT80

MT120
. . ; . .

300 350 400 450
Ramanov pomeraj (cm'l)

Cn. 2.1.-10. PamanoBu cniekTpu npaxoBa MexaHnyku aktuBupanux 0-120 muHyTa y peruony
300-450 cm™.
[losunmje cBUX OHaXeHUX MOJOBAa JOOMjeHHX JIEKOHBOJIMYLMjoM PamaHOBHX

criektapa Ha cymy JlopeHIoBuX (QyHKIHja, Ka0 M HKHUXOBA acWTHAIMja je MpuKa3aHa y Tao.
2.1.-4.
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Ta6. 2.1.-4. [lo3unuja u acUTrHaINKja CBUX YOUEHUX MOJI0Ba y PaMaHOBUM crieKTprMa

o3unuja mogoBa u acurHaumja

¥Y3opak
143 196 396 515 637
MEO gl - im | e ] el ,
142 196 314 361 | 397 515 638
MIS gl " |m| || ||| |al.| || |w| | | | |m
142 1 170 | 196 314 | 338 360 | 396 425 | 447 | 514 637
MEO | g A m| | | |AlaA Alm| |AlAalm| | ] | |n
142 | 170 | 197 315 | 338 359 | 396 425 | 448 | 518 637
MI-20 | ol alm| || |A|la]l |alm| |alal;a| | | | |=
142 | 170 | 197 | 267 | 287 | 310 | 315 | 339 357 | 397 425 | 448 | 514 | 525 576 637
MI-40 | g | A | m|A|A|A|A|A Alm| |AlA|m|Aa|l |Aa| |m
142 | 174 | 198 | 270 | 287 | 312 | 315 | 339 | 355 | 359 | 397 | 414 | 426 | 446 522 574 | 606 | 637
MT80 | ol A | m|A|A|A|A|A|O|A|m|O|A|A] |A]l |alr»|n
142 | 174 | 199 | 271 | 287 | 312 | 315 | 338 | 356 | 362 | 398 | 415 | 428 | 448 523 | 568 | 574 | 605 | 637
ME20 | ol A m |A|A| A A|A|O|A|m| 0| A|A| |A|lA|A|»| =

m-anarac, A-TiO; I, O- mpunankut, P - pyTun

2.1. 7. JudepeHunjaTHO TEPMHUjCKA aHAJIM3A

Apnu onpehrBama KapaKTEpUCTHYHUX TEMIIEpaTypa Ha KOjUMa ce JIelIaBajy Mpoiecu
y cuctemy MgO-TiO,, HeakTUBUpaHa Ka0 M CBE MEXaHUYKH aKTUBUPAHE CMEIIIC MpaxoBa Cy
noasprayre audepennujanno repmujckoj anamusu (JITA). Mepema cy ypahena Ha ypehajy
SHIMADZU DTA 50, y temneparypckoMm uHTepBaiy oz cobue no 1100 °C, y atmochepu
asora, npu npotoky ox 20 ml/min. Kopumiheno je mo 10,00 mg mpaxa, a kao pedepeHTHH
y3opak kopumthena je amymmuHa Al,Os. 3a cBe mpaxose je ypahena JATA npu Op3unu
sarpesama on 10 °C/min. Pesynratu cy mpukaszasu Ha ci. 2.1.-11. a) - e), a nobujene

KapaKTepUCTHYHE TeMIepaType W TOIUIOTE 3a HCIMTHUBAHE IpaxoBe Cy IpHKa3aHe Yy

Tab 2.1.-5.
50+ 50-
40 40,
30+
>; < 30+
= 20+
< if 201
10+
= K 101
0
0
'10 T T T T T 1
0O 200 400 600 800 1000 1200 -10 T - T T y -
T, 0¢) 0O 200 400 600 800 1000 1200
’ T, ©C)
Cin. 2.1.-11. a) Tepmorpam npaxa MTO Cin. 2.1.-11. 6) Tepmorpam npaxa MT5
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30-
30+
201
20 ~
s =
2 - 10+
< 104 <
= (a)
= 0
o ]
0 200 400 600 800 1000 1200

0 200 400 600 800 1000 1200
T, 0

Cn. 2.1.-11. B) TepMorBa(;Cr)lpaxa MT10 Cn. 2.1.-11. r) Tepmorpam mmpaxa MT20
40, 40,
30+ 30+
3 201 Z 20
E 10+ E 10+
0+ 0-

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

T, °C) T, °C)

Cn. 2.1.-11. n) Tepmorpam npaxa MT40 Cn. 2.1.-11. h) Tepmorpam npaxa MT80

0 200 400 600 800 1000 1200
T, OC)
Cn. 2.1.-11. e) Tepmorpam mpaxa MT120

Ca Tepmorpama npukazanux Ha cii. 2.1.-11. Moxe ce younTH BeoMa U3pakeH UK Ha
356 °C 3a xoju cy oapeheHe m KommumHa Toriore W eHTtammuja (tad. 2.1.-5.). Taxobe,
npyuMeTHaA je u mmpoku npesoj Ha oko 830 °C. O63upom na ypehaj Ha Kojem je pahena
aHaJM3a HeMa MOTPEeOHY MPEIM3HOCT U OCET/BMBOCT, K0 M YME-CHUIIA Ja je 300T (pu3nukux

KapaKTepUCTUKAa MHCTPyMEHTa KopuinheHa Mayia KOJIMYMHA Tpaxa, oOaBjbeHa Cy J0JaTHa
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CHHMama Ha Npenu3HujeM ypehajy paau moTBpje NMOCTOjama HaBEACHWX NHKOoBA. JomaTHa
CHHMama cy obaBsbeHa Ha ypehajy TA SDT 2960 Thermobalance y untepBany temmeparype
ox cobne o 1100 °C, npu Gp3unm 3arpeama on 10 °C/min y armocdepu Basayxa, mpu
nporoky ox 50 ml/min. Cuumama cy ypahena 3a y3opke MTO u MT120, a pesynratu cy

npukasanu Ha cit. 2.1.-12. a) - 6). [lopen ATA ypalena je u TepMorpaBUMETHjCKa aHAIM3a 32

OBE Y30pKe.

Tab6. 2.1.-5. Temneparype MUHIMYMa, KOJIMYWHE TOTUIOTE M CHTAJINH]E 3a TIPAXOBE PA3TUINTO

AKTUBUPAHE 3a HAjU3PaKEHU]H MUK

Cn. 2.1.-12. a) ITA u TT A npaxa MTO

73

Y3opak T (°C) Q (kJ/g) H (kJ/mol)
MTO 356,36 -0,24 -37,61
MT5 354,56 -0,26 -41,21

MT10 356,03 -0,24 -38,09
MT20 356,10 -0,21 -33,70
MT40 346,39 -0,15 -23,27
MT80 330,28 -0,085 -13,63
MT120 311,11 -0,057 -9,13
102 ———— : . ———t
100 12
] a) -
984 *——vH L 0.8
. 96- -
S o] L 0.4
- 944 —_—
@ | - o
g 92 0.0 ¥
g 907 --0.42
2 88- i
© 86 ] --0.8
84‘: 12
82 T T T T T T T T T T T T
0 200 400 600 800 1000 1200
T, (°C)




Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe

T T T T T T 1.5
100 -
6) 10
So5{ =
< 05
@ — =
g >
L0.0o
% 90 =
2 0.5
O - - .
85 - 10
T v T v T v T v T v T v -1.5
0 200 400 600 800 1000 1200
T, (°0)

Cn. 2.1.-12. 6) ATA u TT'A npaxa MT120

Ca TepMorpaMa MpHKa3aHUX Ha CIUIK YOUEHH CY €HIOTEPMHHU MHUKOBU Ha 0ko 43 °C
u 106 °C koju ce MOry MpUIKCATH OTHApaBamy ajcopOoBaHe Boje U npaheHu Cy ryOUTKOM
Mace o1 oko 4%. Beoma uspaxen nuk Ha 380 °C npema auTepaTypHUM HOAALMMA MOXKE OUTH
npumucan gexommosuiujun Mg(OH), y Maruesnjym okenn y3 ocnobahame Boxe. ™ ° Opaj
nporiec je npahen ryoutkom mace ox oko 7/ %. Kox mpaxa xoju je aktuBupan 120 munyTta
0OBaj NMK Ce MMOMepa Ka HMXKO] TeMIEparypu U jaBba ce Ha 344 °C mro je mocieauia
MEXaHWYKOT TpEeTMaHa Ipaxa, a ryouTak mMace y oBoM mporiiecy je 5 %. Y temmneparypckom
untepsany o 500 °C go 900 °C sanmouume popmupame MgTi,Os u MgTiO3 116 1a ce HIpU
npeBoj Ha 835 °C MoOke MPUMUCATH OBOM TpOIECy a yjemHo u (a3Hoj TpaHchopmaruju

117 .
aHaraca y pyTwi. Ha OCHOBYy JOCTYyNHUX MOJaTaka MOKE C€ IPETIOCTaBUTH Ja je

MexaHu3aM (hOpPMHUpara MarHe3ujyM TuTanara ciexehm: o
MgO +TiO, — MgTiO,
MgTiO, +TiO, — MgTi,O,
MgTi,O, + MgO — 2MgTiO,

Peaxnuja mokasyje na Bumak MgO mosxe onakmiatu peakuujy popmupama MgTiO; u3
MgTi,0s ¢ase. YtBpheno je ma momarak 2 mol% MgO y Bumky yoOp3aBa dopmuparme
MgTiOs. *°

Ca rpaduka ce moxe Bujetr 1a Hakod 500 °C Hema 3HaYajHUX POMEHA Y MACH ILITO
TrOBOpU JIa CE HAaKOH OBE TEeMIIEpaType MOIy YOUuTH camo (azHe TpaHchopMmaluje H

dhopmupame HOBUX (pa3a Koje HUCY nmpaheHe HUKaKBUM OTIIapaBambeM KOMITOHEHATA.
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2. 2. lIpecoBame aKTUBHPAHUX NPAXoBa

Hcnpecak je Teno OOIMKOBAHO TPETMAHOM IIpaxa Ha TOBUIICHOM IPUTHCKY.
[MpunukoM mpecoBama YECTHIIE HUKaAa HE TMOMyHaBajy HpocTtop mnortmyHo. I[Topo3HocT
y30pKa Cy Mpa3HuHE 3a0cTajie u3Melhy decTuia koje cy yBeK NMpUCyTHE 0e3 003upa Ha HaYWH
TpeTupama M O0JMUK 4vecTia. [Ipu ToMe, rycTHHA HMCIpecka MpeicTaBiba MO ACHUHUIU]H
OJTHOC Mace U 3alpeMHHE.

OcHoBa MexaHW3Ma »3TyNIkbaBakba y CBUM CTagdjymuMma je, 1o bapmmuny,
YPaBHOTEKEHE MPUTUCKA IIPECOBakba Yy KPUTUYHOM MpeceKy Koju je popMHpaH Ha KOHTAKTY
gecrura. 2

O063upoM J1a ce ycaoBHMa IPEecoBama MOXKE MEHaTH npolec (opMupama KOHaTakaTa
melhy uecTuniama, Koju uMajy rnocebaH yTHIIa] HA TOK CHHTEPOBama, MPECOBAmbEe NMa Moce0aH
3Hayaj Kao TEXHOJIOMIKK IIOCTyNakK y mpumnpeMu wmarepujana. Crora Tpeba MOMEHYTH
HEKOJIMKO OCHOBHHX (haKTOpa KOjU YTHUY Ha IPOIIEC MPECOBamka mpaxa.

JluMeH3uje yecTHLla WIpajy 3HAuajHy YJIOTY Y MpOLECy IMpecoBama MpPalIKacTUX
MaTepujana.3a decture ca nuMmeHsujama MamuM on 100 pum Tpeme um3mel)y dectuia ce
noBehaBa W 707a3M 70 T0jaBe CTBapama KOHTAaKTHHX MocToBa. Ca CMamemeM BeJHMYnHE
yectuna Jonasu o nobechama MehydecTHYHHMX KOXE3MOHHMX CHWIIa, WITO Y3pOKyje
arjoMepanyja Koja oMeTa MakoBame decTura. Crora je eBUACHTaH edekaT Ja TyCTHHE
CUTHHjHUX YECTHUIIE MaFhE.

Melhyuectnuno Ttpeme Takohe urpa OutHy yinory. Hacraje ycrnen HeyjeqHa4eHOCTH
MOBPIIMHE YECTHIIA, OJHOCHO XPAalaBOCTH TOBPIIWHE, jep C€ TaKBE YECTHUIIC TEXKE MaKyjy.
Cmameme oBor e(eKTa ce MOCTIKE JI0AaBamkeM oJiroBapajyhux ysba Wiu BOJE KOJU CMamby]y
Tpewe u3mely yectuna.

[MpunukoM mpecoBama CMeIe IpaxoBa, MoOXe JohM 10 TIojaBe cerperaiuje.
Cerperamnuja je pa3aBajarbe KOMIIOHCHTH TTpaxoBa y cMmemd. Hajuerthu y3porm oBor edekra
Cy BEJMYMHA YECTHIA, TYCTHHA Pa3IMUUTHX MPaxoBa U Pas3liMKe y OOJHMKY YECTHIA KOje ce
nakyjy. HajuspaxeHnuja je cerperammja ycien BenuuuHe dectuna. [locneauue cy
HEpaBHOMEpHA I'YCTHHE TTAKOBamha YECTHIIA U KPUBJbEHHE HCITPECKA.

[MpecoBame mpaxa y OBOM pajy je M3BpIIEHO Ha jaBocTpanoj mpecu Hidraulic press
RING 14, VEB THURINGER, nox nputuckom ox 392 MPa (4 tlcmz). [Ipeunuk amarta 3a
npecoBame je 6uo 8 mm, a oqmepanano je no 0,30 g npaxa. ¥ tad. 2.2.-1. a) — r) npukazaHu

Cy pe3yiTaTd Mepema JMMEH3Wja U Mace HCIpecaka Ipe CHUHTepoBama. Ha OCHOBY oBHX
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BPEHOCTH U3pauyyHaTe Cy TYCTHUHE, M3 OJHOCAa Mace M 3alpeMUHE MCIpecKa, Kao U

BpPEAHOCTH pelaTUBHE I'YCTHHE KOja MpeACTaBba OAHOC U3MEPEHE U TEOPHU)CKE I'YCTHHE.

Ta6. 2.2.-1. a) BpenHocTr peieBaHTHUX NapaMeTapa 3a ucrpecake y QyHKIHjU BpeMeHa

aKkTUBaIMje npe cuHTepoBama Ha 1100 °C

Vsopak | m(g) | h(mm) | D (mm) p(%ngj P (%) | TI (%)
MTO | 0,3038 | 3,02 8,07 1,967 527 473
mT5 | 02981 | 2,69 8,05 2,177 58,3 41,7
MT10 | 03003 | 2,65 8,07 2,216 59,4 40,6
MT120 | 02986 | 2,53 8,05 2,319 62,1 37,9
MT40 | 02987 | 2,52 8,04 2,335 62,5 375
mrg0 | 03010 | 2,59 8,04 2,289 61,3 38,7

MT120 | 0.2972 ) 2,57 8,04 2,278 61,0 39,0

M- mMaca ucrnpecka, h- Bucuna ucrnpecka, D- mpedHuK nucnpecka, p- 'yCTUHA HCIPECKA, Prel-
penartuBHa rycTuHa, I1- mopozHocr

Tab. 2.2.-1. 6) Bpeanoctu pejeBaHTHUX MapamMeTapa 3a ucnpecake y GyHKIHjH BpeMeHa

aKTuBaImje npe cuarepoBama Ha 1200 °C

Yiopak | m(g) | h (mm) | D (mm) p[%msj P (%) | I (%)

MTO | 03004 | 296 | 804 1,999 535 | 465

MT5 | 02984 | 2,68 | 8,05 2,188 586 | 414
MT10 | 02998 | 2,61 | 8,04 2,263 606 | 394
MT20 | 03005 | 251 | 803 2,364 633 | 367
mT40 | 0,3037 2,52 8,04 2,374 63,5 36,5
MT80 | 02994 | 2,50 | 8,05 2,353 630 | 37.0
MT120 | 03051 | 2,55 | 8,04 2,357 631 | 369
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akTuBanuje npe cuareposarma Ha 1300 °C

Tab. 2.2.-1. B) BpeaHocTu peieBaHTHHUX MapaMeTapa 3a ucrpecake y GyHKIMjH BpeMeHa

Ysopak | m(g) | h(mm) | D (mm) p(%mg) Pra (%) | TI (%)
MTO | 0,3050 | 3,04 8,06 1,966 52.7 473
MT5 | 03079 | 2,78 8,05 2,176 58.3 41,7
MT10 | 0,3079 2,72 8,05 2,204 59,0 41,0
MT20 | 0,3085 | 2,67 8,05 2,270 60.8 39,2
MT40 | 0,3087 | 2,62 8,04 2,321 62,2 37.8
MTS80 | 0,3094 | 2,63 8,04 2,317 62.1 37.9

MT120 | 0,3042 2,59 8,04 2,314 62,0 38,0

aKTHBaNyje npe cuHTepoBama Ha 1400 °C

Tab. 2.2.-1. r) BpenHocTu perieBaHTHUX apameTapa 3a Ucrpecake y QyHKIIUjU BpeMeHa

vsopax | ™ @ | h(mm) | D (mm) p(%ms) P (%) | T (%)
MTO |03031| 297 | 806 2,000 53.6 46.4
MT5 |03036| 274 | 805 2,177 58.3 417
MT10 | 02988 | 2,63 | 8,04 2,238 59.9 401
MT20 | 03014 | 255 | 8,04 2,328 62.4 376
MT40 | 02980 | 250 | 8,04 2,348 62.9 371
MTS0 | 02973 | 255 | 8,04 2,296 615 385
MT120 | 02997 | 256 | 8,05 2,300 616 38.4

Ha ocHoBy pe3synrata 100HMjeHHX 3a TYCTHHE MCIpecaka yodyaBa ce Ja Cy BPEIHOCTH
penatuBHe TycTHHEe 0KO 60 % Teopmjcke BpeaHocTu. Takohe je 3amakeHO Ja 3a UCHpEcKe
npaxoBa akTuBHpaHux 40 MUHYTa BpeTHOCTH pacTy A0k ox 80 MuHyTa ryctuse omnanajy. OBo
je HajBepoBaTHHje TNoOcCiequna QGopMHpama arjiomepara W ycClel Tora HEepaBHOMEPHOT
nakoBama decturia. Kao pesynrar tora opmupajy ce mykoTHHE yHyTap UCIpecka Koje aajy

INPUBHUIHO Behy 3anpeMHHy OJJHOCHO Mamy I'YCTUHY y30pKa.
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2. 3. N30TepMCKO CHHTEPOBaH-€

3a TepMUUYKHM TpPETMaH, OJHOCHO CHHTEPOBam€ KOpPHUIITNEHU Cy HCIpecHd 4uje Ccy
NoJIa3He TyCTHHE npuukaszaHe y 1ad. 2.1.-6. a) - r). CuHTepoBame je BPIICHO Y 1IEBHOj rehu
Lenton Thermal Design Type 1600, ox co6ue temmeparype mxo 1100, 1200, 1300, 1400 °C y
armoc(epu Basayxa. [IpumemeHa OpsuHa 3arpesama je 10 °C/min ca 3aapkaBameM 071 1Ba
cata Kajia rneh JocTUrHe noTpedHy TeMuepaTypy.

I'ycTuHe cHHTEpOBaHHMX y30paka HM3padyHaTe Cy M3 OJHOCA Mace W 3alpeMHUHe, Ha

OCHOBY Mepema Mace U JJUMEH3Hja y3opaka. Pesynratu cy npukazanu y tad. 2.2.-2. a) - r).

Tab. 2.2.-2. a) BpenHocTu peneBaHTHUX NapaMmeTapa y (QyHKIMjU BpeMeHa aKTUBAIIMje HAKOH

cunTepoBama Ha 1100 °C

m(@ |hmm) |0 mm) | oY) | 2u®) | 1

¥Y3opak

MTO0-1100 |0,2614 | 2,77 | 7,42 2,182 584 | 416

MT5-1100 | 0,2571 | 2,49 7,29 2,474 66,3 33,7

MT10-1100 | 0,2632 | 2,41 7,29 2,587 69,3 30,7

MT20-1100 | 0,2608 | 2,31 | 7,28 2,712 726 | 274
MT40-1100 |0,2651 | 225 | 7,27 2,838 760 | 240
MT80-1100 | 0,2695 | 2,29 | 7,25 2,851 764 | 236

MT120-1100 | 0,2658 | 2,27 7,26 2,829 75,8 242
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Tab. 2.2.-2. 6) BpenHoctu peneBaHTHHX MapameTapa y GYHKIUjH BpeMeHa aKTHBAI[Hje HAKOH

cunTepoBama Ha 1200 °C

m(@ | hmm) [0 mm) | oY) | 2u®) | 1

¥Y3opak

MTO0-1200 | 0,2580 | 2,60 6,94 2,623 70,3 29,7

MT5-1200 | 0,2568 | 2,36 6,91 2,902 77,7 22.3

MT10-1200 | 0,2598 | 2,31 6,97 2,948 79,0 21,0

MT20-1200 | 0,2629 | 2,27 7,03 2,959 79,3 20,7

MT40-1200 | 0,2687 | 2,26 7,05 3,046 81,6 18,4
MT80-1200 | 0,2667 | 2,21 7,00 3,136 84,0 16,0

MT120-1200 | 0,2728 | 2,27 6,98 3,141 84,1 15,9

Tab. 2.2.-2. B) BpeaHocTH peneBaHTHHX Mapamerapa y QyHKIHMjU BpeMEeHa aKTUBAIIH]je HAKOH

cunTepoBama Ha 1300 °C

g 0 00
Vaopae | @ | P {mm) ) D(mm) P(%msj P (%) | T (%)

MTO0-1300 | 0,2500 | 2,45 6,49 2,699 72.3 27,7

MT5-1300 | 0,2602 | 2,35 6,64 3,199 85,7 14,3

MT10-1300 |0,2614 | 2,33 6,74 3,146 84,3 15,7

MT20-1300 | 0,2660 | 2,30 6,81 3,177 85,1 14,9

MT40-1300 | 0,2705 | 2,27 6,84 3,244 86,9 13,1

MT80-1300 | 0,2741 | 2,25 6,77 3,386 90,7 9,3

MT120-1300 | 0,2721 | 2,22 6,77 3,407 91,3 8,7
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Ta6. 2.2.-2. ) BpenHoctu peneBaHTHUX MapaMeTapa y GYHKIUjH BpeMeHa aKTHBAIN]e HAKOH

cunTepoBama Ha 1400 °C

Vaopax m(g) | h (mm) | D (mm) P[%msj Pra(%) | 11 (%)
MTO0-1400 | 0,2600 | 2,36 6,46 3,390 90,8 9,2
MT5-1400 | 0,2614 | 2,27 6,57 3,397 91,0 9,0
MT10-1400 | 0,2601 | 2,21 6,68 3,358 89,9 10,1
MT20-1400 | 0,2642 | 2,18 6,75 3,387 90,7 9,3
MT40-1400 | 0,2644 | 2,14 6,79 3,412 91,4 8,6
MT80-1400 | 0,2659 | 2,15 6,77 3,436 92.0 8,0

MT120-1400 | 0,2683 | 2,19 6,79 3,383 90,6 9,4

Bpennoctn ryctmHa y (QYyHKUMjE BpeMeHa aKkTHBAaIMje 3a CBE TeMIepaTrype
CHUHTEpOBama MpHKa3aHe cy Ha cil. 2.3.-1.

Mosxe ce youutn ma ce rycruHe mnosehaBajy ca TemmepaTypoM CHHTEpPOBamba.
MaxkcuMmaiHe TYCTHHE JOCTHKY y3opuu cuHtepoBanu Ha 1400 °C mpexo 90% Tteopujcke
TYCTHHE, C TUM INTO KOJ OBUX y30paka HemMa OuTHe pas3iuke u3Mel)y akTHBHpaHUX H

HEAaKTUBUPAHUX [IPaxoBa.

3.6

('V)A
g ——
S —a
s 2.7 o
B 1100°C
® 1200°C
2.4 A 1300°C
V¥ 1400°C
21 T T T T T T T

T T T T T T !
0 20 40 60 80 100 120
Vreme aktivacije, (min)

Cin. 2.3.-1. 'yctuHe HAaKOH CHHTEpPOBam-a Ha Temmeparypama 1100 °C, 1200 °C,

1300 °C 1 1400 °C y ¢hyHKIMj1 BpeMEeHa aKTHBALIH]E.
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2. 3. 1. MUKpOCTPYKTYpHA aHAJIN3a CHHTEPOBAHOT CHCTEMA

MgO-TIOZ

Ckenmpajyha eJeKTpoHCKa MHKpOCKOINHMja CHHTEPOBAaHUX y3opaka ypaheHa je Ha
ypehejy SEM, JSM-6390 LV JEOL. CaumaHo je Ha MOBPIIMHHA TIpejoMa Tadiere, Koja je
MPETXOTHO HallapeHa 37aTOM.

Mukporpaduje ysopaka MTO0-1100 cunrepoBanux Hemsorepmcku 1m0 1100 °C,
1200°C, 1300 °C u 1400 °C u u30TEepMCKH 3a/KaBaHO JiBa caTa Ha TOj TEMIEPATYpPH, MPU

paznmuuntuM yBehamnMa npukazane cy Ha ci. 2.3.-2., ci. 2.3.-3., ci. 2.3.-4. u cu. 2.3.-5,

HCTUM PEIOCIIEIOM.

&

| C13kv *n_cwagﬁo;--.-_.fﬁrm 20000 16 3DSEl

'2°0000 { 16 30 SEI
Cin. 2.3.-2. a) Ckenupajyhe enekrponcke Mukporpaduje yzopaka MT0-1100 cunrepoBaHux

Ha 1100 °C 2h npu pasnuuntum ysehamuma (5 000 u 10 000 myra)

Cun. 2.3.-2. 6) Ckenupajyhe enekrponcke Mukporpaduje yzopaka MT5-1100 cunTepoBaHux

na 1100 °C 2h npu paznuuutm ysehamuma (5 000 u 10 000 myTa)
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El

C 3KV | X5,000  Spmib M3kv  X10:000. 1fim

Cn. 2.3.-2. B) Ckenupajyhe enexrponcke Mukporpaduje yzopaka MT10 u 1100
cuntepoBanux Ha 1100 °C 2h npu pasnmuuntum yehamuma (5 000-10 000 myra)

]

“ S

_ satior Px7 6005 2pm 13KV “%f0,0005 Tam... 0000% 16-90SE

- e i

Cun. 2.3.-2. r) Cxenupajyhe enekrponcke Mukporpaduje yzopaka MT20-1100 cunrepoBaHux
Ha 1100 °C 2h npu pasnuuutem yBehamuma (5 000 u 10 000 myra)

f/ , R

X1l§i€l 1y

Cn. 2.3.-2. n) Ckenupajyhe enexrporcke mukporpaduje yzopaka MT40-1100 cuntepoBanux
Ha 1100 °C 2h npu pasnuuutum yeehamuma (5 000 u 10 000 myTa)
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Cn. 2.3.-2. 1)) Cxenupajyhe enekrponcke Mmukporpaduje yzopaka MT80-1100

cuntepoBanux Ha 1100 °C 2h npu pasnuuntum ysehamuma (5 000 u 10 000 myra)

Wit WA = , o
P A Yr SV X,
.&;'_.\\:;: . m‘ ,

#0000 A5 ::S,SEJ_

Cun. 2.3.-2. e) Ckenupajyhe enekrporcke Mukporpaduje yzopaka MT120-1100 cuHTepOBaHUX
Ha 1100 °C 2h npu pasnuuntum yeehamuma (5 000 u 10 000 myra)

Ha ocroBy mukporpaduja y3opaka cunreposanux Ha 1100 °C 2h koncrarosano je na
je cucTeM y mo4etHoj (ha3u CHHTEpOBama U Aa ce popMHUpajy KOHTAKTHHA BPAaTOBHU. 3amaxa ce
U T0jaBa BEJIMKHUX MYKOTHHA KOja je BEPOBATHO IMOCJTENUIAa CHHTEpPOBama MpPaxoBa KOJjU Cy

OWJIM JOMHUHAHTHO arjioMepruacaHu, KOJ| Iy’Ke aKTHBHPAHUX y30paKa.
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13KV . X10,000% “Apm

Cn. 2.3.-3. a) Ckenupajyhe enextponcke mukporpaduje yzopaka MT0-1200 cunTepoBanux
na 1200 °C 2h npu paznuuntm yeehamuma (5 000 u 10 000 myTa)

= )
o A3V X5000° Spm @ -

Cn. 2.3.-3. 6) Ckenupajyhe enexkrponcke mukporpaduje yzopaka MT5-1200 cunTepoBaHux
Ha 1200 °C 2h npu pasnmumuntum yBehamuma (5 000 u 10 000 myra)

o

) |I‘ _. _ g‘ﬁ' ‘q 3 ilI

2R 5 £

_ 43kV D X5,000 _5pm 4 . 13KV X10,000 J 1pm

Cn. 2.3.-3. B) Ckenupajyhe enekrporcke mukporpaduje yzopaka MT10-1200 cuHTepoBaHUX
Ha 1200 °C 2h npu pasmuuntum ysehamuma (5000 u 10 000 myTa)
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Cn. 2.3.-3. 1) Cxenupajyhe enexrponcke Mukporpaduje yzopaka MT20-1200 cuaTepoBaHux

Ha 1200 °C 2h npu pasmuuntm yBehamuma (5 000 u 10 000 myra)

Ci. 2.3.-3. 1) Cxenupajyhe enekrponcke mukporpaduje yzopaka MT40-1200 cunrepoBaHux
Ha 1200 °C 2h npu pasnuuntum yeehamuma (5 000 u 10 000 myTa)

R

A B : > -
s Py A —
'ﬁk\’f"'xﬁab Mum

Cin. 2.3.-3. 1)) Cxennpajyhe enexrponcke mukporpaduje yzopaka MT80-1200 cunTepoBanux
na 1200 °C 2h npu pasnuuutum yeehamuma (5 000 u 10 000 myTa)
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Y

R

Ca. 2.3.-3. ¢) Ckenupajyhe enekrponcke mukporpaduje yzopaka MT120-1200 cunrepoBaHux
Ha 1200 °C 2h npu pasnuuutum yeehamuma (5 000 u 10 000 myTa)

Haj3znauajuuja xapakrepuctuka CEM MHKPOCTPYKTypa y30paka CHHTEPOBAHUX Ha
1200 °C 2h jecte mojaBa mopa HENPAaBUIHOI OOJMKA, INTO j€ OMIMKA IOYETHOr CTaaujyma
CHUHTEpOBama. 3arnaxa ce U rojaBa HOBUX (haza MMOJUTOHAIHOI 00JIMKA Kao M 3HaYajHHUjHU pacT
BUXOBHX 3pHA.

KoncraroBano je ma npu BehuMm BpeMeHMMa akTHBAlMje JOMHHHPA CHHTEPOBAHE
YHyTap arjiomMepara IOYEeTHOT Tpaxa Koje ce orjieJla y II0jaBH BEIIMKHX OO0JIACTH HOBO

¢dopmupane dase.
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Ca. 2.3.-4. a) Ckenupajyhe enekrponcke mukporpaduje yzopaka MT0-1300 cuntepoBaHux

Ha 1300 °C 2h npu pasnumuntem ysehamuma (5 000 u 10 000 myTa)

\ g

13kv \ X5000 S5pm 13KV, X10,800,

Cun. 2.3.-4. 6) Cxenupajyhe enekrponcke mukporpaduje yzopaka MT5-1300 cuaTepoBaHmX
Ha 1300 °C 2h npu pasnuuntem yehamuma (5 000 u 10 000 myTa)

#kV' X10,000 1um

Cin. 2.3.-4. B) Cxennpajyhe enexrponcke mukporpaduje yzopaka MT10-1300 cunrepoBanux
Ha 1300 °C 2h nipu paznuuutum yeehamuma (5 000 u 10 000 myTa)
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i 18kv  X5,000 |

13kV "X10,000 1pm ¥

Cn. 2.3.-4. n) Cxenupajyhe enexkrponcke mukporpaduje yzopaka MT40-1300 cunrepoBaHux
Ha 1300 °C 2h npu pasnuuntum ysehamuma (5 000 u 10 000 myra)

15kV  X§,000

Cin. 2.3.-4. 1)) Cxennpajyhe enekrponcke mukporpaduje yzopaka MT80-1300 cunTepoBanux
ra 1300 °C 2h nipu paznuuutum ysehamuma (5 000 u 10 000 myTa)
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Cn. 2.3.-4. e) Ckenupajyhe enextponcke mukporpaduje yzopaka MT120-1300 cuaTepoBaHUX
na 1300 °C 2h npu paznuuntm yeehamuma (5 000 u 10 000 myTa)

Kox y3opaka cunrepoBanux #a 1300 °C 2h, youasajy ce 3aTBOpeHeE IOpE LITO yKasyje
Ha CpeIbH CTaJnjyM cuHTepoBama. Ha mukporpadujama y3opka axtuBupanor 120 munyTa
MOIKE C€ yOuuTH cepouauzanmja mopa mro yKasyje Ha IMpena3ak U3 CPeImer y 3aBpIIHU
CTeInjyM CI/IHTepOBaH,a.lZl ITopen Tora u gabe je MPUCYTHO IOCTOjame MyKOTHHA U3Mehy

KOMITAaKTHUX 00JIaCTH HOBOHACTaIUX (asa.
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13kVv. X5,000 5um 13kV  X10,000 1pm

Cn. 2.3.-5. a) Ckenupajyhe enexrponcke mukporpaduje yzopaka MT0-1400 cunTepoBanux

Ha 1400 °C 2h npu pasmuuntum yBehamuma (5 000 u 10 000 myra)

~" 13kv  X5,000 S5pm

Cun. 2.3.-5. 6) Cxenupajyhe enekrponcke mukporpaduje yzopaka MT5-1400 cuHTepOBaHNX
Ha 1400 °C 2h npu pasnuuntum yehamuma (5 000 u 10 000 myTa)

Cin. 2.3.-5. B) Ckennpajyhe enexrponcke mukporpaduje yzopaka MT10-1400 cunarepoBanux

na 1400 °C 2h npu paznuuntum ysehamuma (5 000 u 10 000 myra)
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Cn. 2.3.-5. r) Ckennpajyhe enexrponcke mukporpaduje yzopaka MT20-1400 cuaTepoBaHux
Ha 1400 °C 2h npu pasnmuuntem ysehamuma (5 000 u 10 000 myra)

Cn. 2.3.-5. 1) Cxenupajyhe enekrponcke mukporpaduje yzopaka MT40-1400 cunrepoBaHux
Ha 1400 °C 2h npu pasnuuutem yBehamuma (5 000 u 10 000 myra)

13kV X10,000 1pm

Cin. 2.3.-5. 1)) Cxennpajyhe enexrponcke mukporpaduje yzopaka MT80-1400 cunTepoBaHux
na 1400 °C 2h npu pasnuuutum yeehamuma (5 000 u 10 000 myTa)
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X10,000 /f1pm

Cn. 2.3.-5. e) Ckenunpajyhe enekrporcke mukporpaduje yzopaka MT120-1400 cuarepoBanux
Ha 1400 °C 2h nipu paznuuutum ysehamuma (5 000 u 10 000 myTa)

MukpocTpykrype y3opaka cuaTepoBanux Ha 1400 °C 2h ykasyje Ha 3aBpIIHH

CTaJujyM CHHTEepoBama. Jlomuio je g0 chepouauszanuje mopa. CTpykTypa jeé KOMITAKTHA IIITO

noTBplyjy ¥ BpeIHOCTH peslaTUBHE IyCTUHE Koje cy npeko 90%.
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2. 3. 2. Penarencko-auppaknmuona aHajIu3a CHAHTEPOBAHUX y30paKa

MAarHe3ujyM TUTAHATA

JludpakrorpaMu CHHTEpPOBaHUX y30paka cy Takohe cHuManu Ha ypehajy Philips PW
1050 ca ACuKa 3pauemem. Mepema cy paliena Ha coOHOj TemmepaTypu y bpar-Bpenrano
reomerpuju  (pediekcuona Metoaa, (okycupajyha reomerpuja). dudpakrorpamu cy
cHUMaHU y ocery yriosa 20 on 15-70° ca kopakom ox 0,05° u 3axpxkaBameM JETEKTOpa MO
Kopaky of 1s. nentudukanuja 3anaxkeHux pediaexcuja u3BpiieHa je momohy oarosapajyhux
JCPDS (Joint Committee on Powder Diffraction Standards) kaprwuiia.

Ha cn. 2.3.-6. - cn. 2.3.-9. mpuka3zanu cy audpakrorpamu y3opaka MeXaHHUKH
aKTUBHPAHUX M CHHTEpOBaHW Ha Temmeparypama 1100, 1200, 1300 u 1400 °C nBa cara,

UCTHUM PEIOCIEI0M.

I #- MgTiOg

* < ‘
| 2
\ At domdlo MT0-1100
TIELNISEFEN
500 - \/ A - MT5-1100
4004 _,1 A L.J L-L.J Lh-a-\hMTlO—llOO
©
%300_ 1 _JLJ “ ) L.. L.JLLL-MTzo-noo
5] U
é 200 - A - meo-noo
c
ElOO— ,JLLJ LJLNLMI\/ITSO—MOO
ol -JLIJ M_J..J U oW — ’ beachara 1 T120-1100
0 20 30 40 50 6 70

20,(%

Ci. 2.3.-6. ludppaxrorpamu y3opaka cunrepoarux ua 1100 °C nBa cara

AHanumza audpakrorpama NpUKa3aHUX Ha CIUIM H3BpIIeHa je Ha ocHoBy JCPDS
Kaptuia Opoj 71-1176 3a MgO, 73-1723 3a MQg,TiOs u 79-0831 3a MgTIOs.
WnentudukanyjoM nmukoBa yTBpheHO je Ja ce He aKTMBUPAHU y30paK cacToju U3 ABa Qasze

MgO u MgTiOs. Tudpaxrorpam y3opka MT5-1100 nokasyje mouerak GopMHUpama CIIHHETHE
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¢daze Mg,TiO4. Octanu y3opuu Cy Takohe cmelna MEpOBCKUTAa M CIIMHENIA Y Pa3IHYUuTHM

OJHOCHMA.
a 0 a
a a #- MgTiOg
Q- Mg-TiO
* . * ) l\/lgcz) !
ot L el b

4 A \eoned MT0-1200
800 - 1 l
700 L | Mt MT5-1200
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|
o
2007 J . JULLJ ¢ MT80-1200
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0. L J l l J U MT120-1200
T T

10 20 30 40 50 60 70
20,(%

Intenzitet, (rel. jed.)

Cu. 2.3.-7. Iudpakrorpamu y3opaka cunteposanux Ha 1200 °C gsa cara

Q a
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800+ = n .
* Q Q
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Jm._lh.. - .‘1 L ouuw MTO-1300
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P | J l A A { AA MT5-1300
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o | A A AN
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100, 1 " ‘_L._M., S - MT80-1300
0 endeke ) L...JUL.L.JLJL-I-J LM-“_| MT120-1300

10 20 30 40 50 60 70

Intenzitet, (rel. jed.)

Ci. 2.3.-8. [Tudpakrorpamu y3opaka cunreposanux Ha 1300 °C gsa cara
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Ci. 2.3.-9. [Tludppakrorpamu y3opaka cunteposanux Ha 1400 °C gBa cara

WNnentudukanujom cBux [100MjeHMX TNHKOBa Ha audpakrorpamuma moMohy
oarosapajyhux JCPDS (Joint Committee on Powder Diffraction Standards) kapruia moxxemo
YOUHTH Jia C€ y Ciy4ajy CBHX y30paka jaBibajy jaBe nomuHantHe ¢asze Mg,TiO4 u MgTiOs.
ITopen oBux (asa, Ha temmeparypama 1200 u 1400°C youeHO je ¥ NPUCYCTBO MarHe3ujym
okcuIa, 3a Bpemena akrtusaiuje o1 80 munyta ua 1200 °C oxnocuo 20 munyta Ha 1400 °C.
OBo je HajBepoBaTHMje mocieauLa pasiaramwa Mg,TiO, Ha MgTiO; u MgO. 2 123 124, 125
V3opuu curreposanu Ha 1300 °C 2h moka3syjy nmpucycTBO UCK/bYYHBO MAarHE3UjyM TUTAHATHE

KEpaMHUKe, I1a Cy JaJba UCTPAKUBAKA CbOKYCPIpaHa Ha UCIIMTUBAKBLC UCTHUX.

2. 3. 3. PamaHcKa CIEKTPOCKONUja CHHTEPOBAHUX y30paKa

PamanoBu crnektpu y3opaka cunrepoBanux Ha 1300 °C 2h palena je wa wmcrom
ypehajy kao u akTuBupaHu npaxosu, TriVista TR557 ca tpu MmoHoxpomaTopa. JleTeKTopcKu
cucteM uynHn CCD kamepa koja koja ce xjaaM TEUYHUM a30ToM. Kao W3BOp CBETIOCTH
yrnoTpe6spaBaH je kombuHOBaHHM nacepa Ar'/Kr', mpu demy je xopumheHa 3eneHa TMHHja
tasnacHe nyxkuHe 514,5 nm. Cuara nacepa je 6mia 60 mW.

Pesyarati cHuMama PamanoBHX crekrapa y omcery 100-800 cm™ ca saxpkasamem
ox 200s mo kopaky, cy npukazanu Ha ci. 2.3.-10.

95



Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO: erexmpoxepamuxe
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Cu. 2.3.-10. PamanoBu criektpu y3opaka cuarepoBanux Ha 1300 °C 2h

Ha ocHOBY peHIreHOCTpYKTypHE aHanm3e yTBpheHO je 1a ce CHHTepOBameM Ha
1300°C nBa cara gobuja asodasuu cucreM, mnpucytHe cy ¢aze MgTiO; u Mg,TiO,.
[Tocmatpajyhu PamaHoBe cnekTpe CHHTEPOBAaHUX Yy30paka IMpuka3aHux Ha ci. 2.3.-10.
MOYKEMO YOUHUTH JIa Cy OHH FOTOBO MIEHTHYHH YKOJIMKO ce€ Topee Opoj  MoJI0Kaju MOJIOBA.

IMomrryjyhn mnpaBuna ananuse ¢akropa rpyme, MQTiO; mma ngecer Pamancku
aKTUBHUX MozoBa 5Ag + 5Eg, nox MQ,TiOs nma ner Ajg + Eg + 3Fy. CBux necer momosa
MgTiOs cy onaxeHH y CIEKTpy CHHTEPOBAHKX y30paka Ha cieaehuM mooxkajuma: 225 cm™
(Ag), 282 cm™ (Eg), 307 cm™ (Ag), 328 cm™ (Eg), 353 cm™ (Eg), 398 cm™ (Ag), 485 cm™
(Eg), 504 cm™ (Ag), 638 cm™ (Eg), ~725 cm™ (Ag). ** **" Takohe, Beoma je Tewko
pazasojuti MogoBe MgTiO; u Mg, TiO4 jep cy Ha jako OIMCKUM MO3HIIHjaMa ¥ MIPAKTHYHO CE
npeknanajy. ITosummje mMomosa Mg,TiO4 cy mpema murepatypuuM mogamuma Ha 211 cm™,
325 Cm'l, 477 Cm'l, 608 Cm'l, 698 cm™.1%8 [Topen oBuX 3amakeH je W jeaH JOAATHH MOJ| Ha
596 cm™ koju je mpunmcan ¢asu Bucokux npurrcaka, MgTiOs Il. TpeGa HaroMeHyTH 12 Ta

¢aaza HacTaje Op3uM XJahemeM NepoBCKUTA.
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2. 3. 4. EfeKTpU4YHAa CBOjCTBAa CHHTEPOBAHUX y30paKa

Panu onpehuBama enekrpuunux cBojctaBa y3opaka MTO — MT120 cuntepoBanux Ha
1300 °C MepeHH Cy KamamUTHBHOCT, €NEKTPUYHH OTIIOP, (GaKTop a00poTe Yy (HPEKBEHTHOM
orcery 10 kHz no 1 MHz na ypehajy LCR meter Agilent 4284A. Cuumarma Cy BpilieHa Ha
COOHOj TemIiepatypu. Y OKBHPY MPHIIPEME y30paKa 3a MEPEHE CIICKTPUYHUX CBOjCTaBa HAHET
je cnoj cpebpHe macTe Ha o0e€ CTpaHe CHUHTEpOBaHE TadlieTe Koje Cy MOTOM TePMUYKHU
tpetupane Ha 120 °C aBa cara paau cyllema nacre u noGosblama MPOBOJIHOCTH.

Ha ci. 2.3.-11. — 2. 3.-13. cy npuka3anu pe3yiaTaTi J00HjeHUX Mepemba.

5.20E-012
5.00E-012 MT80-1300
MT40-1300
— 4.80E-012 T120-1300
S5 MT5-1300
o T10-1300
o MT20-1300
4.60E-012
4.40E-012 +
\. MTO-1300
4.20E-012 . ; . ; . ; . ; . X
0 200 400 600 800 1000
v, (kHz)

Cn. 2.3.-11. 3aBUCHOCT KananMTUBHOCTHU 0J] ppekBeHImje 3a y3opke MTO, MT5,
MT10, MT20, MT40, MT80 u MT120 cunreposane Ha 1300 °C apa cara.

PesynTatu npukazanu Ha ci. 2.3.-11. npukasyjy 3aBUCHOCT KalallMTUBHOCTH Y30paKa
cunrepoBanux Ha 1300 °C ox ¢dpeksennmje. Ca rpaduka ce MOXKe OYMTATH Ja HAjHIKE
BPEITHOCTH KaNallUTUBHOCTH MMa HEaKTUBUPAHU y30paK, 0K HajBehe nma y30pak aKTHBHpaH
80 mmuyTa. Pesynratm mepema npukaszaHu Ha ci. 2.3.-11.moka3yjy ga ce JueIeKTpHYHA
HPOMYCTJBUBOCT, CBUX Y30paka, HE3HATHO Memwa y (pekBeHTHOM ormcery on 10 kHz no

1MHz.
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Cn. 2.3.-12. 3aBUCHOCT eIeKTPUIHOT OTHOpa 011 (pekBeHnuje 3a y3opke MTO, MTS5,

MT10, MT20, MT40, MT80 u MT120 cunreposane na 1300 °C apsa cara.

Enextpuunu oTmop je BeomMa OCET/bMBAa KaKo Ha IMOCTOjame JedeKkata y KpUCTaIHO]
CTPYKTYPH TaKO M Ha MPOMEHE y CTEXHOMETPHjH, Tj. PACIIOJIEIH KaTjoHA Y CHHTCTUCAHHM

Kepamukama. Pesynratu npukazanu Ha cil. 2.3.-12. mokasyjy NpoMeHY eJIeKTPHYHOT OTHOpa
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Excnepumenmannu deo

ca ¢pekBeHIjoM 3a cBe y30pke. ['paduim ykasyjy Ha eKCIIOHSHIIH]aJTHO O akhe BPEAHOCTH
oTropa ca mopactoM (ppeKBeHIH]e, a lUXOBE BPEIHOCTH Cy OKO 10°-10% Q IpU HaBEJCHUM

yCJI0OBUMA MCPCH-A.
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Cn. 2.3.-13. 3aBucHoct tan ¢ ox ¢ppexBenmyje 3a yzopke MTO0, MT5, MT10, MT20,
MT40, MT80 u MT120 cunreposare Ha 1300 °C apa cara.

Amnanuza pesynrata Mepema npukazaHux Ha ci. 2.3.-13 nokasyje na y ¢ppexBeHTHOM
orncery ox 10 kHz no 110 kHz nocroju Op3 (HenmHeapaH) MOpacT TUEICKTPHYHHUX TyOUTaKa.
VY ¢pexsentaom omcery oa 110 kHz g0 1 MHz ersuctupa Gnar mopact AMEIEKTPUIHUX
ryouraka ca mnoBehameMm ¢pekBeHnuje. To je HajBepoBaTHHjE Y3POKOBAHO MaJloM
neGopMannjoM KpHUCTalHE pelleTKe MpU MOoJapu3alMjd JUEeNeKTpUKa NpU  BHIIUM

dbpexBeHIjama.

99



3. AMCKYCHUJA PE3VYJITATA
NCTPAKUBAIHA
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HucKycuja pesynmama ucmpasxcusaroa

3.1. 1. YTuunaj MexanHu4ke akTuBanuje Ha MopgoJiolike mpoMeHe
THTAHATHOT Mpaxa

3. 1. 1. 1. Ananu3a npoMeHe BeJIMYHHE YECTHIIA CA MEXAHUYKOM
AKTUBAIUjOM

[Ipomene koje ce AemaBajy y MaTrepHjaly Ha IMOjeIUHHM CTPYKTPYPHHUM HUBOHMMA,
Kao MITO Cy Ae(EKTH KPUCTAIHE PEIICTKE U 3a0CTalla Halpe3ama, Cy MOCIEANIE MEXaHUIKOT
TperMaHa. Jluciokamuje Koje ce pa3BHjajy HapyllaBameM OJIMKET MOpeTKa Cy OCHOBHH H3BOP
JIOKaJTHUX HaIlpe3ama Koja HacTajy Kao mocieania aedopmanuje matepujana. EHepruja koja
Ce YHOCH y CHCTEM MEXaHWYKHM ITyTeM H3a3MBa HENOBpaTHE, IUIACTHYHE aedopMariuje
KPHCTATHE CTPYKType TOJIa3HUX KOMIIOHEHTH, KOje c€ MaHU(ecTyjy 3Ha4ajHUM YHOCOM
nedekara y pelieTky U CUTHCHEM BUXOBHX KPUCTAIUTA.

[IpocevHa BeTMUYMHA YECTUIA Y MEXaHHMUYKH aKTUBUPAHHUM MPAxXOBHMa U pPacrojierna
BennuuHa ojapeleHe cy moMohy JiacepcKor aHaiau3aropa BenuwduHe dectuia. Ha ci. 3.1.-1.
NpUKa3aHa je pacnojesia BEJIMYMHE YECTHIA, NP YeMy je pacrojena 3acHOBaHa Ha Opojy
YeCTHIIA M 3aIIPEMHHU HAKOH YJITPa3BY4YHOT TPETMaHa.

Panonena BenmnumHe yecTHma Mo 3ampeMuHH 3a y3opak MTO mokasyje mocrojame
tpu ¢pakuuje u o Ha 0,4 pum (TiOy), 3 um (MgO)u 17 pum (armomepatu MgO). Axo
ocMaTpaMo pacrhozeny mo 0pojy YecTHlia MOKeMO BUAETHU Ja je HajBehu Opoj HajCUTHUJUX,
JIOK Cy KpymHHje 1o Opojy CKOpO 3aHeMapshbhBe. YTHIIA] aKTHBAIM]je CC HAKOH 5 MUHYTa
TpeTMaHa OTJie/ia y CMarmbermhy BEJIMIHHE ariiomepara. MiteBewme y Tpajamy o 10 omrocHO 20
MUHYTa je J0BEJO 0 MOTHYHOT pa3dujama moctojehux ariomepara v MoCTOjamba caMmo JBE
¢pakuuje. O 40 MuHyTa ma Ha BHILIE, yO4aBa CE€ IOCTOjalkbeé HOBOHACTAINUX KPYIHHUJUX
YeCTHIa, arjoMepara HOBe (a3e, KOju HACTajy Kao TOCIeAHIla CEKyHIapHE arjoMeparlidje.
CexkynaapHa arjomeparuja je mporec (GopMupama UYBPCTUX arjioMerapa Kao MOCIEIUIe
JaKuX yjaapa 4ecTHIla TOKOM MEXaHW4YKe akThBaiuje. Jlumensuje opux ariomepara cy 30 um
3a MT40, 47 um 3a MT80 u 50 um u 3a MT120. Ha ocHOBY pacmiojiesie BeTUYHHA YE€CTHIIA 110

6p0]y MOKE CC U3BCCTH 3aKiby4daK [a CYy y CBUM y30plilMMa JOMHWHAHTAHC CI/ITHI/Ije YCCTUIIC.
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe
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HucKycuja pesynmama ucmpasxcusaroa

Ta6. 3.1.-1. Pacriogena BenmmurHA YeCTHUIIA 110 3aIIPSMIHH 32 MarHee3ujyM TUTaHATHE

MpaxoBe
¥Y3opak dio (um) dso (um) dgo (um) span
MTO 0,286 0,993 7,362 7.128
MT5 0,284 1,654 11,732 6,922
MT10 0,308 1,965 7,058 3,434
MT20 0,324 2,584 8,605 3,205
MT40 0,330 2,215 9,464 4,124
MT80 0,344 2,146 8,889 3,983
MT120 0,326 1,788 9,384 5,066

VY 1a6. 3.1.-1. mpukaszane cy BpeaHoctu BenuunHe dectuna Ha 10, 50 u 90 % ox
KyMmyJatuBHe BpeaHocTu (0o, dsg, dgo) m mpuHa pacmosene (Span). Moxe ce youuTH aa je
npoceyHa BenuunHa dectuiia Osp HajBeha koa y3opka MT20 u usHocu 2,5 um, 10K je Koa
ocranux npaxosa y uateppany 0,99 < dsp< 2,21 pum.

[To3Haro je na MEXaHWYKH aKTHBHUPAHH MPAXOBU HMMajy U3PAKEHY TEXbY lla ce
rpynuiry u ¢GopMHUpajy arperare u ariomepare Kako CMambWINM CBOjY CIOOOAHY MOBPIIMHY.
Takohe je yrBpheHO a TpeTMaH yITpa3ByKOM MOXKe Ja pa3Ouje MEeKIle ariioMepare, JJOK OHU
TBPAM OCTaJy HENPOMEHEHU OBUM mocTynkoM. CTora je HWHTEpEeCaHTHO YIOPEAUTU
pacriozielly BEJIMYMHE YECTHIIA MEXaHWYKH aKTHBHPAaHMX TIpaxoBa Mpe © HAKOH
nearnomepanuje yntpassykom. Ha ci. 3.1.-2. npuka3ana je pacnojiena BeJIMYMHE YECTHIIA 10
3alpeMUHU TIPE U MOCTE YITPAa3BYYHOT TPETMAHA.

Ha ocHoBy pacrnionene npukaszane Ha ci. 3.1.-2. moxkemo pehu na y nmpaxosuma MTO
u MT5 nocroje armomepatu numensuja oko /0 um omnocHo 110 um, mctum pemocienaom,
KOjU Ce HAaKOH MOJBpraBama yNTpa3ByKy pa3zOujajy Ha 3HaTHO cutHHje (17 um omHocHo 11
um), a Takohe ce m pacmojena moMepa Ka 4ecTHlaMa MamuX JAUMeH3Hja. To HacC HaBOJIM Ha
3aKJbYYaK J1a Ce paJd O MEKHM ariioMepaTuMa KOju ce KpPaTKUM JIeIIOBAheM YITPa3ByKa MOTY
pa3OuTH Ha CUTHHU]E LIEJIUHE.

[TpaxoBu MT10 u MT20 Hemajy neTeKTOBaHUX arjioMepara M pacrojiene ce

MOTIYHO nokiamnajy. [IppooutHu arnomeparu cy pa3oujeHN MEXaHUYKOM aKTHBAIIU]OM.
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe
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Cn. 3.1.-2. Pacniosiena BeMUYHHE YECTHIIA TI0 3aPEMUHU TIPE U MOCIIE YITPA3BYIHOT
TpeTMaHa
Pacnonene Benuunna yectuna 3a yzopke MT80 u MT120 yka3yjy Ha nmocTojame Tpu

BpCTE YECTHLA KOj€ OCTajy U Mpe U HAKOH YJITpPa3BydHOT TpeTMaHa. Pa3nukyjy ce jeaAuHo 1o
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HucKycuja pesynmama ucmpasxcusaroa

MPOIEHTYATHO] 3acTYIUbEHOCTH (QpaKiyja Tpe W Tocie JejcTBa yiTpa3Byka. Hawnwme,
YOUJBHBO j€ Jla C€ HAKOH JIeJIOBamka yATpa3BykKa nmosehaBa gpakiyja CHTHUJUX YECTHIA, Ak j&
€BUJICHTHO U IOCTOjalbe€ YBPCTHX ariiomepara quMmeH3uja oko 50 pum koju cy mocienuua

MEXaHUYKe aKTUBAIHje U Koje HUje Omi1o Moryhe yCUTHUTH OBUM HAaYMHOM JiearjoMeparyje.

3.1.1. 2. YTunaj MexanHnuke aKkTUBalHje HA MPOMEHY MUKPOCTPYKTYPHHUX

KOHCTHUTYECHATA

[Ipomene y w™opdonoruju Kao TMOCIeIUlle MEXaHWYKe aKTHUBalluje TIpaxa,

npoydyaBaHe Cy MpUMEHOM ckaHupajyhe enekTpoHcke mukpockonuje. Ha ci. 3.1.-3. a) u 0)

npuKazaHe cy Mukporpaduje nodetux npaxosa MgO u TiO;.

10kV  X17,000 1pm 0000 1004 SEl 10kV  X20,000 1pm 0000 1004 SEI

Cn. 3.1.-3. a) Ckenupajyhe enekrporcke Mukporpaduje mogersor MgO mpu pasnuuutum

yBehamuma (17 000-20 000 myTa)

10kV (X17,000. 1um 0000 10,04 SE! 10kV  X20,000 1pm 0000 1004 SEI

Cn. 3.1.-3. 6) Cxenupajyhe enekrponcke mukporpaduje nouernor TiO; mpu
pasnmmuntiM yBehawuma (17 000-20 000 myTa)
Mukporpaduje MONa3HUX NpaxoBa IMOKa3yjy 3Ha4ajHy pa3IuKy y Mopdosoruju

MOJIa3HUX KOMIIOHEHTH. MarHe3njyMm OKCHJI C€ CacTOju OJ CHUTHHUJHX YECTHIAa TUMEH3H]a
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe

npubmwkHOo 500 NM ¥ KpyMHUjUX arjoMeparta HEMPaBHIHOT OOJMKa AUMEH3uja 2-3 UM, J0K

yecture T10; umajy chepuu oomuk aumensuja oko 200 nm.

10kV  X20,000 1pm 0000 1004 SEI 10KV X20,000  1pm 0000 1104 SEl

15kV ~ X20,000 1pm 0000 11 04 SEI 15kVv  X20,000 1pm 0000 1204 SE|

10kv  X20,000 1pm 0000 1004 SEI 10kv  X20,000 1pm 0000 10 04 SEI

10kV  X20,000 1pm 0000 1005 SEI

Ci. 3.1.-4. Cxenupajyhe enexkrporcke Mukporpaduje nmpaxosa MTO-MT120 npu
yBehamwy on 20 000 myTa
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HucKycuja pesynmama ucmpasxcusaroa

MHUKpPOCTPYKTYpe HE aKTUBHUPAHOT M aKTUBHUPAHUX NpPaxoBa MpHUKa3aHE Cy Ha CII.
3.1.-4. a) — e). AHanm3oM MHKpOCTpykType mpaxa MTO Moxke ce yOUHTH IOCTOjambe
kpynaujux vectuna MgO, kao u mocrojame arjoMepaTa MarHe3WjyM OKCHAa, a Takohe u
CUTHUJUX YECTHIa TUTAaHMJyM IHOKCHAA Koje ce rpynumry. HakoH 5 MuHyTa akTuBanuje
3amaka ce pasdujame rpyrnanyja TUTaHHjyM JHOKCHAA U yCUTHaBamwe decTuia. [locrojame
MEKHX arjioMepara jeé EBUICHTHO, IITO jeé Yy CarIaCHOCTH ca pe3yjTatiMa JI00WjeHUM
aHaJM30M pacrojielie BeIMYMHA YECTHUIIa, KOjU Cy OBIe auMeH3uja oko 1,5 um. OBne ce mopa
HAarJIaCUTH Ja ce rnopelerme BPIM ca pacioenoM Mpe YATPa3BY4HOT JeJI0Bamba jep Cy TaKBU
IPaxOBU CHUMaHHU CKaHUPAjJyhoM eJIeKTPOHCKOM MUKPOCKOIIH]OM.

Mukporpaduje npaxoa aktuBupanux 10 m 20 mMuHYyTa Moka3yjy HaromujiaBambe
CUTHHJUX YE€CTHIIA HA KPYITHHUjE arjoMepare Koju cy TuMeH3uja oko 1,5-3 um.

Ca mpomyXeTKOM BpeMEHa akTHBallMje [0Ja3u [0 CBE WHTCH3UBHH]jET
HaroMuJiaBamba CUTHUJUX YECTUIIA HA arioMepaTtiMa U GopMupame KoHTakaTa u3Mely mux
Kao ¥ noBehaHor TpaHcmopTa Mace u3Mel)y KOHTaKkTHUX MOBpuIMHA. OBU KOHTakTH he OuTH
MOTEHIIMjajTHA MeCTa OJUIpaBama XEMHjCKe peakuuje u3Mel)ly MarHesmjym OKcuaa u
TUTaHUjyM Jauokcuaa. Beha Hampesama u Beha NOBpPUIMHCKAa AaKTUBHOCT YeCTHUIA YCIeN
YHOILICEha MEXaHMYKe EHEepPruje y CHCTeM HHUIMPAjy IHHXOBY TEXKIbY Ka TIpylnucamy Y
arjoMepare Kao ¥ 0jauaBame UCTHUX.

MukpocTpykrypa npaxa aktuupasor 120 MmuHyTa nokasyje npucycTBo HOBe (ase y
¢dbopmu ariomepaTa NMPEKPUBEHUX CUTHHUJUM YECTHIIAMa TMOJa3HUX mpaxoBa. OBH pe3ynTaTtu
Cy y 10o0poj Kopenaiuju ca pe3yiTaTiMa pacrojieiie BeJuYrnHa YeCTHIa PUKAa3aHuX Ha ClI.

3.1.-2.
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe

3.1.1. 3. Anaau3a npomeHe cneurpuyHe NOBPIIMHE AKTHBHUPAHUX

npaxosa

Bpennoctu crnenuduune noBpuinHe aodujeHe cy pauyHawmeM no BET meroau ca

JIBOMIApaMeTapCKOM jemHaunHOM, jernH. (2.1.-2). Pesynratu cy npukas3anu Ha ci. 3.1.-5.

16 g

A\ _—

4 T T T T T T T T T T T T T
0 20 40 60 80 100 120

Vreme aktivacije, (min)

Ca. 3.1.-5. Crenuduuna nopuraa npaxosa MT0-MT120 y ¢yHkuuju BpeMeHa akTuBaIyje

[Ipomena crnennpuvHe TMOBPIIMHE Ca BPEMEHOM MJICBEHA YyKa3yje Ha HEOOWYHe
pesynrare. 3ampaBo g0 40 MuHyTa akTHBanMje criel(UYHA MOBPIINHA OMaja, a HAaKOH TOra
nounme fa pacre. OBo MOKe OMTH MOCIEIHIIAa HEKOJIUKO eeKaTa.

Onaname y BpEIHOCTH Sger MOXE OWUTH IOBE3aHO Ca arjioMepalyjoM CUTHHjUX,
necraGuaaux gectuna Ti02. "2 ¥*° Vrspheno je na ce Mopdomnoruja 4ecTrna HEmpaBHIHOT
ob6mika MgO u Mg(OH), napymaBa 003upoM Ja ce JICIIOBH YeCTHIA KOjU Cy OJJIOMJBCHH
TOKOM TpPETMaHa IMaKyjy y HOpe U THME CMambyjy YKYIHY clieliu(UYHy MMOBPIINHY, MEeHbajyhu
TUME U pacnojeny nopa. Ha ocHoBy Mukporpaduja npukazanux Ha ci. 3.1.-4., youeHo je na
ce cutHuje vectuue 110, rpynumry Ha kpymnHuje ariomepate MgO uymja je mnoBpiirHa
epoaypaHa ycie[ akTHBaIyje. Y Ciel Tora JojasH JI0 CMamemhe crenu(uyHe MOBPIINHE ca
BPEMEHOM MJICBEHA.

ITopen Tora, pa3nor 3a HEOOMYHO MOHAIIAKE CHEIU(PUYHE TOBPILIMHE MOXE /1a Oy/e
IIOBE3aH M Ca HECTAaHKOM aHarac ¢aze THTaHUjyM TUOKCHIA ¥ mojaBoM HOBe ¢asze TiO, 11,
KOja MMa Mamy clelu(UYHy MOBPIIMHY HEro IOJIa3HH OKCHIHM. YcJeld IyKer BpeMeHa

MIICBCHA, YCCTULIC OBC (1)2136 oYy Ja ce HOHaI_Hajy Kao a Cy Ha IOYCTKY aKTI/IBaHI/Ije u
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HucKycuja pesynmama ucmpasxcusaroa

OTIIOYHIHE FHUXOB JIOM. [IpeTrmocTaBka O OBOM MEXaHH3MY j€ y CKIaay ca pe3yiraThMa
aHaym3e PamaHOBHX criekTapa Koju ciezie y noriasipy 3.1.2.2., cir. 3.1.-11.

AKO ce JeTajpHHje YIOpeae pacrojielie BEeIWYHHA [Mopa MpHUKa3aHe Ha CIHMLU CII.
2.1.-6. a) — ) MOXKEeMO 3ala3uTH Jla Ce OHa 3Ha4YajHO IOMepa ca BPeMEHOM MileBewma. CBU
y30pIHM TOKa3yjy MHUPOKY AMCTPUOYIHjy y O0JacTH ME30mOopa, C TUM IITO C€ MaKCHMyM
3alpeMrHe TIopa moMepa Ka rnopama Behux mpevHnrka ca nosehamem BpeMeHa akTHBAIMjE 10
40 muayTta. OBO yKa3yje Ha Joia3u 10 TyOWTKa Majux Iopa, INTO je Y CarJIaCHOCTH ca
YUILCHUIIOM J1a JI0JIa3u Jla CMamema crenuduyHe moBpumMHE ca mnoBehameM BpeMeHa

MJ'IGBeH)a.lzg

3.1. 2. YTuuaj MexanHu4ke aKTHBaNUje HA KPUCTAJIHY CTPYKTYPY
AKTMBUTAHHUX MPaxoBa

3.1.2.1. AHaM3a NpoMeHe KPUCTAJIHE CTPYKTYpe

VYBoheme MeXaHHUKEe €HEPryje y CHCTEM TOKOM MEXaHWYKe aKTHBAIlMje JOBOJIM IO
NPOMEHA y KPUCTAJIHO] CTPYKTYPH y30paKa Koje y3poKyjy MpoMeHaMme Ha JudpakTorpaMuma.
Martepujana y3poKyje mopact cio00He eHepruje CucTeMa, yClie JIejCTBa CIIOJballlbUX CHIIA.
Takohe, akTuBauja J0BOAM 10 MOBehama MOBPIIMHCKE EHEpruje, eHepruje nedopmaruje,
Kao u nedopmarje U pazapama KpHCTAIIHE pemeTKe.131 AHanu3a mpoMeHa y KPHCTaIHO]
PEIIETKH yCIIe]l aKTUBAIM]e MOXKE Ce UCIIUTATH NpahemeM mupema TUPPaKIIUOHUX JIHHU]A.

Ha ocHoBy audpakrorpama npaxoBa mnpukasanux Ha ci. 2.1.-8. a) - €) nobujene cy
BpeaHoctu peduekcuja bpraBux yrinosa nudpakuuje (260), uarensureru nunuja (1), mmpune
nudpakuronux JuHUja Ha nonyBucuHu (), a lllepepoBa MeToa 3a N3padyHaBamke BEITUUUHE
JoMeHa KoxepeHTHOr pacejama (Dpy), MUHHMaIHE T'yCTHHE AMCiIOKandja (pp) M BETHUUHE
MHKpOHarpe3ama (en), 1o jenHaunnama (2.1.-3 — 2.1.-5).

[Ipu u3pauynaBamy cy kopuuiheHe Hajjaye peduiekcuje ca audpaxTorpama, Kao u
peduiekcuje Koje HeMajy Mmpekaname ca HekoM apyrom. Tako je 3a TiO, aHarac kopuiiheHa
pedutekcuja (101), 3a MgO pediexcuja (200). Onrosapajyhe mapamerpe Mg(OH), uuje 6mno
Mmoryhe ucmparuTu 300r TOra MmTO Ce JMHHjEe Npekianajy ca pediekcujama TiO,, g0k
pedrnekcuja koja je moOpo pas3iBojeHa O APYTHUX je€ CYBHWIIE MaJloT MHTEH3HWTETa Ja Ou ce
MOTJIa KOPUCTHTH 3a TpopadyHe. Tpeba HANMOMEHYTH Ja, yCJe JIOIIHje pPe30iayluje U
BEJIMKOT IIUPEHa, Y HEKUM JIudpakTorpamMuMa JuHUje HHje Owio Moryhe aHamusupartd y

by ozpehuBama mupuHe Ha MoyyBUCHHU. Takohe, u3 uctor pasiora, 100UjeHH pe3yNTaTu
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HHUCY TIOTIIYHO PETPE3EHTATUBHU Y CMUCIY MPENHU3HOCTH JOOHMjeHUX BpEAHOCTH Beh ce mpe
MOTY TOCMaTpaTd WIyCTPaTUBHO Kao TPEHJ NpPOMEHE IMMEH3HMja JOMEHa KOXEPEHTHOT
pacejama.

Ha cn. 3.1.-6. nata je 3aBHCHOCT IPOMEHE BEIMYMHE KpHUCTalIMTa 3a oAronapajyhe

nunuje nudpaxiuje 3a TiO, anarac (101), MgO (200) u TiO- 11 (111).

80 -
B TiO5 (anatas)
® MgO
%01 ¥ TiO, i
— 4
£ 40-
—} n
D.l:
204 -
/\ [ ) _r/o
[] v v
O T T T T T T T T T T T T T
0 20 40 60 80 100 120

Vreme aktivacije, (min)

Cn. 3.1.-6. 3aBucHocT BenmuunHe kpuctanuta Dpy o1 Bpemena aktuBanuje 3a 110, anarac,

MgO u TiO; I

AHanu3oMm pesyiraTta mpukazaHux Ha cil. 3.1.-6. MOXe ce 3aKJbYYUTH Ja C€ TOKOM
npBux 10 MuHyTa aKTHBaIMje Haj3HAYajHUjE MpoMeHe aemaBajy y cucremy MgO/ Mg(OH),.
Taunuje, y TOM HMHTEpBaly JO0JIa3W JI0 PEaKIMje pasjiaramka MarHe3mjyM XHIPOKCHAA IO
peakuuju

Mg(OH); — MgO + H,0

Tom mnpuiaMKOM HacTaje MarHe3MjyM OKCHJl JpyrauMjuX MHKpPOCTPYKTYpPHHUX
napamerapa. Moxke ce MpeTIOCTaBUTH J1a j€ TO y3pOK MoBephama BETHMYMHE KPHCTAINTA Y
TOM TIOYETHOM HWHTepBasy. HakoH Tor meproga Hema 3HavajHUje MPOMEHE Yy JUMEH3Hjama
JIOMEHa KOXEPEHTHOT pacejama 3a OBaj OKcuA. Hacympor Tome, MoOHamIame THTAHHjyM
JUoKcuaa uMa apyrauvju TpeHn. OH ce He Mema 3HauyajHHje y MOYEeTKY aKTHUBalUje alu
HakoH 10 MHHYTa MOYHMIbE MHTEH3UBHUJHU JIOM KPUCTAJIUTAa U YCUTHaBamke uyecTnna. Takohe,
J0JIa3u 70 3HA4yajHUje€ NECTPYKIMje KPUCTAIHE pemieTke Tj. HacTtaHka Beher Opoja

JMCTIOKaIMja U moBehamke MHUKpOHAIpes3ama, mTo nmoTBphyjy ci. 3.1.-7. u cn. 3.1.-8. Ha
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KOjUMa je TpUKa3aHa I[POMEHA MHUHUMAJIHE TYCTHHE JIUCIOKAIMja W BEIHYUHE
MUKpOHaIpe3ama y GYHKIM]H BpeMeHa MEXaHUYKE aKTUBAIIH]e.

Ha ocHoOBy pesynrata J0OMjEeHUX W3pavyyHABAaKkEM T'YCTHHA JTUCIIOKAIMja MOXE CE
3aKbyuuTH Ja Hajehum Opoj aucnokamuja mma Qasa BHCOKHMX NPUTHCAKa TUTAHUJYM
JUOKCHZAa KOja HacTaje y TOKY akTHBallMjeé W TpemMa JUTEepaTypHUM Iojanuma je

104, 113, 132

uHTepMenujapHa ¢asza y npenasy anarac — 110, 11 — pytum. Taxohe najBeha

Harnpesama pemerke Tpru daza TiO; 1.
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Ci. 3.1.-7. 3aBHCHOCT MHHUMAJIHE TYCTHHE JUCIIOKAIMja pp O/ BpeMeHa akTuBanuje 3a T10;

anarac (101), MgO (200) u TiO, Il (111)
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Vreme aktivacije, (min)
Ci. 3.1.-8. 3aBHCHOCT MUKpOHAIpe3amba €y 0 BpeMeHa akTuBanuje 3a T10; anartac (101),

MgO (200) u TiO, 11 (111)
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe

3.1. 2. 2. YTunaj MexaHnuke akTuBaluje Ha JUHAMHKY pelieTKe

JleraspHMja aHanmu3a PaMaHoBHX criekpTapa M3BpIIEHA j€ JIEKOHBOJIYLHMjOM Ha CyMy
JlopennoBux ¢ynknuja. Ha 0CHOBY Tora acCHTHUpaHU Cy CBU MOJIOBH M FbUXOBH TIOJIOXKAJH Cy

npuka3anu y tad. 2.1.-4. Ilonoxaju 3Ha4ajHUjUX MOJIOBA NIPHUKa3aHu cy rpaduyky Ha cit. 3.1.-

9.

280
o 260 - ) i

E -1 .
s ] B TiO5 (anatas) Eg(l)
g 240+ ® TiO, (anatas) Eg(z)
< VYV TiOo Il
2004 . . o . . —o
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©
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Vreme aktivacije, (min)

Cn. 3.1.-9. [Tonoxxaju PamanoBux MojioBa y (pyHKIHMjU BpeMEHA aKTHBAIIH]C

Ha ocHoBy mnoparaka u3 tab6. 2.1.-4. BUOM ce Ja HeMa 3HAYajHUJUX MPOMEHA y
nonoxajuma PamanoBux mopoBa. HajunrensuBHuju mox aHataca Egqy Ha 142 cm™ mema
IpoMEeHa TIOJIbKaja ca TPOAY)KETKOM BpEMEHa MIIeBeHa. Mann IUlaBH  [TOMepaj
(xurcoxpoMHH edexar) 3amnaxkeH je kog Mozuoa Eg) Ha oko 196 cm™ u mogosuma TiO, Il Ha
~170 u ~267 cm™. Edexar je HajBepoBaTHHMje MOCIEANIA BapHjalja y TOTOKAjUMA aTOMA
KHCEOHUKa, KA0 W IopacTa HECTeXMOMETPHje M Hampe3ama pelIeTKe YCiell MEeXaHHYKOT
TpeTMaHa.

CTpyKTypHE TIpOMEHE Kao IMOCIeANIIa MIeBEeHa Cy J0JaTHO ucnurane. [locebHO cy
aHajau3MpaHe npahemeM NPoMEHa y HNONyIIUpUHN MoaoBa Eg) Ha 142 cm™ anaraca u TiO- 11
na ~338 cm™. ™3 M2 Ha cn. 3.1.-11. npukasane cy mmpune na nomysucuan (FWHM) 3a

HaBeJIeHE MO/IOBE Y (DYHKIIMjU BpEMEHa aKTHUBAIH]e.
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—— Cyma JlopeHuoBux pyHKuuja
2000
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Cn. 3.1.-10. PamanoB cnekrap npaxa MT80 ¢utoBan Ha cymy JlopeHnoBux ¢yHkiuja
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Cn. 3.1.-11. Illupuna Ha noxyBucuau mona (FWHM) 3a a) Eq(1y a 142 cm™ anarac u

6) Mozta Ha 338 cm™ TiO;, |1, y yHKIHMj1 BpeMeHa aKTHBAIIHjC.

Pact mmmpune Ha nomyBucuHu mona Egqy Ha 142 cm™ koju mpumazga aHatacy 3a
nepuojie MieBewma nyxke oa 5 muuyta (cn. 3.1.-11. a)), Ka0 U CMameHe MHTCH3UTETA U
HIMpee CBUX mMuKoBa aHartaca (ci. 2.1.-5.) ce moxe oOjacHUTH (pparMeHTAIMjOM YeCTHIIA
aHaraca W yHoIIemeM aedekara TokoM TperMaHa. OBnie Tpeba HAIIOMEHYTH J1a HaCTaHaK JIBE
HoBe ¢aze TiO,, pyTuia u MIPUIAHKKUTA, KOjH ITPeMa JUTEPATYPHUM MOJAIIMMA HMajy MOJIOBE
na ~143 cm™ 1% i ~151 cm™ ', ucrum penocnenom, mory yrunary Ha mmpermse PamamnoBor

moza Ha 142 cm™ y NIpaxoBHMa aKTUBHpPAHUM Jyxe o 40 MuHyTa.
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Ymuuaj mexanuuke akxmuesayuje na céojcmea MgO-TiO2 erekmpokepamuxe

Mox TiO; Il ma 338 cm™ (ci. 3.1.-11. 6)), moka3syje MOTIYHO APYradmju TPEHI.
[IupuHa Ha MOJYBUCHHH OBOT MOJIa OIajia ca BpeMeHOM akTuBanuje 10 80 MuHyTa, a HOTOM
noyrme¢ Ja pacre. TakBO MOHAIIamke yKasyje ga ce oBa (asa y MOYeTKy (opMmupa u

nocteneHo ypehyje, mok mocie 80 MuHyTa MIEBeHma 3amodynmke (parMeHTanuja u

npeypeleme crpykrype. >

3. 1. 3. Tepmujcka aHaIu3a aAKTUBUPAHUX NPaxoBa

VY onemky 2. 1. 7. npukazanu cy tepmorpamu npaxosa MTO — MT120, npu uemy cy
CBU JICTEKTOBAaHU NMUKOBU AeuHUCAHU. Y UIbY oJpehrBama eHepruje akTUBaluje 3a Iporec
paznarama Mg(OH); 3a mpax MT20 cHUMJbEHH Cy TepMOrpamMH ca Tpu Op3HMHE 3arcBama.
Mepema cy ypahena Ha ypehajy SHIMADZU DTA 50, y TemneparypckoM HHTEPBAIY O
coGre 10 1100 °C, y atmocdepu azota, npu npotoky oa 20 ml/min. Kopumurhero je mo 10,00
mg mpaxa, a kKao pedepeHTHH y3opak kopumiheHa je amymuna Al,Oz. Tepmorpamu cy
cHUMaHu ca Op3uHama 3arpesama o 10, 15 u 20 °C/min. Pe3ynratu cy mpHKasaHud Ha CIIL

3.1.-12.

KucunyepoBoM jennaumHoMm ojpeheHa je eHepruja axkTUBaAIUje MOCMATPaHOT

|n[ﬁ2J _c-Ea. (iJ (3.1.-1)
T R (T,

rae je: B — Opsuna 3arpeBama y ‘C/min, T, — TemmepaTypa MakCHMyMa HIIH

134,
nporeca

MHHUMYyMa nrka u3paxena y K, R — uneanna racna koncranra 8,314 J/mol K, E; — enepruja
akTuBaiyje uzpaxena y J/mol u C — koncranra.
VY ta6. 3.1.-2. gare Ccy BpeTHOCTH TeMIlepaTypa peakilfje, KOJWMYHUHA TOILIOTE W

eHTaJIHI/Ije 34 HaBCJICHU IIpOLCC.
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DTA, (V)
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Cn. 3.1.-12. ITA Tepmorpamu MT20 nobujenu npu Op3uHama 3arpeBama
10, 15 u 20 °C/min

ITporiec pasiarama MarHe3ujyM XHAPOKCH/A Ce OBHja 110 PEaKIUjH:

Mg(OH); — MgO + H,0

35

Tab. 3.1.-2. Bpennoctu Temneparypa peakiiyje, KoJo4rnHa TOIUIOTe U EHTAIH]jE 3a MPOLEeC

paznarama Mg(OH), 3a nmpax MT20 npu paznuuntiM Op3uHaMa 3arpeBarma

B (°C/min) T (C) Q (kJ/g) H (kJ/mol)
10 356,10 20,21 -33,70
15 365,00 20,21 -33,41
20 372,00 0,22 -34,81

Ha ocnoBy Bpemnoctn u3 1ab. 3.1.-2. Hamnpran je rpaduk 3aBucnoctu In(B/T,) y

¢ynxuju 1/T,. V3 naru6a nobGujeHe npase u3padyHaTa je CHEpruja akTHBAIKje IOCMAaTPaHOT

nporeca, ci. 3.1.-13.
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-9.9 1
-10.0
-10.1 1

Nf\ ‘102 -1 u

-10.3 1

In(p/T,

-10.4 S
-10.5

-10.6

! T ! T ! T ! T ! !
0.00155 0.00156 0.00157 0.00158 0.00159
l/Tp

Cu. 3.1.-13. 3aBucnocr In(B/Tp) y dyuxuuju 1/T,

JloObujeHa BpeAHOCT CHEpruje akTHBanuje 3a mporiec pasaararba Mg(OH), usHocu

36

E.=133,585 kJ/mol. Tlo nmutepaTypauM moganuma 136 1a BpeaHocT je oko 139 kd/mol.

3. 2. 1. MuKpOCTPYKTYpa CHHTEPOBAHUX y30paKa

MexaHWUKH aKTHBHPAHM IPAXOBH Cy CHHTEPOBAHM J[BAa caTa Ha TeMIlepaTrypama
1100, 1200, 1300 u 1400 °C. Ha ocHOBY peHAreHorpama npukasanux Ha ci. 2.3.-6. — 2.3.-9.,
3a jajby aHanu3y u3abpanu cy ysopuu cuHrepoBanu Ha 1300 °C 2h, 36or mocrojama
UCKJBYYHBO (ha3a MarHe3ujyM TUTaHATa, MITO j& IPEeIMET OBE JOKTOPCKE IUCEPTAIIH]eC.

O03upoM /1a MIIEBEHC JOBOJM IO Pa3HUX MPOMEHA Y MHUKPOCTPYKTYPH IOJA3HUX
npaxoBa Kao INTO Cy JIOM YECTHIA, €po3Wja IOBPIIMHE, TEHICIHMje YecTHIa Ja ce
arJIOMepUIIy, MOKe C€ OUEKHBATH JIa TAKBH MPAXOBH MMOKA3Y]y Pa3IMUUTy CUHTEPAOUITHOCT a

CaMUM THUM U Pa3jIM4UTy KOHAYHY CTPYKTYpY.
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Ha cn. 3.2.-1. npukasane cy MHKpPOCTPYKType mpaxoBa cuHTepoBanux Ha 1300 °C
2h.

Ha ocHoBy mukporpacduja npuka3zanux Ha ci. 3.2.-1. BUau ce Ja je CUCTEM JIOCTHTao
CpelbH CTalijyM CHHTEPOBama Ha 0BOj Temneparypu. 3a y3zopak MT0-1300 (ci. 3.2.-1. a))
yodaBaMoO TMPHUCYCTBO JBe (asze, MpH yeMmy jeAHy (a3y UYMHE CUTHHjE YECTHIC a ApPYTy
KOMITaKTHHU]e obOacTu. JIoMUHAHTHA j€ OTBOpPEHA ITOPO3HOCT.

CEM wmuxkporpaduje yzopaka MT5-1300, MT10-1300 1 MT20-1300 (ci. 3.2.-1. 6)
— I)) KapakTepHuile MojaBa 3aTBOPCHUX MOpa M KBHUXOBa chepouansanmuja Koja je mocieanma
IpeATpeTMaHa IpaxoBa KOjU je MOJpa3syMeBa0 MEXaHHUYKy aKTHUBalLUjy, IpPEcOBame H
cuHTepoBame. Takole cy mpucyTHe nBe ¢ase, a 3amaxa ce ¥ JOM Kpo3 3pHO Y KOMITAKTHHM
obyacTiMa T je JOIUIO 10 OjavyaBama TpaHHIE 3pHA yClel M0jaqaHor TPaHCIIOpTa Mace.
Kox cutHujux yecTuiia npucyras je 1om usmely 3pHa.

Ha cn. 3.2.-1. n) mpukaszana je mukporpaduja yzopka MT40-1300. IIpucyTHo je
MOCTOjabe BehMX MyKOTHHA KOjeé MOTY OMTH Y3pPOK JIOIIWjUX €IEKTPUUYHUX KapaKTepUCTHKA
ycIesI IIOCTOjama Ba3IyIIHNX [IeTIOBa.

V3opak aktuBupan 80 MHHYTa MOKa3yje 3HATHO KOMIIAKTHH]Y MHKPOCTPYKTYPY.
JloMuHaHTaH je JOM Kpo3 3pHO, aJli je MPHUCYTaH U JIoM u3Mel)y 3pHa KOjH je HajBepOBaTHH]je
MocJeIuIla CHHTEPOBamka Mpaxa KOjH Ce cacTojao U3 arjioMepara.

VY y3opky MT120-1300 youaBajy ce 3HATHO MHTEH3UBHHjH KOHTaKTH m3Mmel)y 3pHa

nBe ¢aze, MITO yKa3yje 1a je peakiiija BEpOBaTHO jOUI Y TOKY.
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—

13kV  X7,500 %~ 2um

13kv  X7,500

13KV X7,500

15kV  X7,500 2um

Cn. 3.2.-1. CEM wmukporpaduje y3opaka MT0-1300 a) — MT120-1300 e)
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3. 2. 2. CTpyKTypHe IpOMeHe MarHe3ujyM TUTAHATHE KepaMHKe TOKOM

CHHTEPOBaKA

3. 2. 2. 1. AHa;au3a KpUCTajlHe CTPYKTYpe CHHTEPOBAHMX y30paKa

Jludpakrorpamu akTHBUpaHux npaxosa cuarepoBanux Ha 1300 °C 2h npukasanu cy
Ha ci. 2.3.-8. [edunucamem pediiekcuja Ha ocHoBy JCPDS kapruma Opoj 73-1723 3a
Mg,TiO4 u 79-0831 3a MgTiO;3 ytBpheHo je nocrojame oBe aBe dasze. O63upoM na cy Ha
JU(paKkTorpaMuMa jaCHO M3paKeHU OIITPH MUKOBH HABEJCHUX KOMIIOHEHTH, MOXe ce pehu
Jla je JIOILIO JI0 PeKpHCTAu3allije Kao MOoCIeIuIe poleca CHHTepoBama. CHHTEPOBAKE e
IPOIIEC TOKOM KOT JI0JIa3H JI0 OIOpaBKa KPUCTAIHE CTPYKType, HeCTaHaka Jaedekara u pacTa
3pHa. Takole MOke ce KOHCTAaTOBATH J1a CE PAIH O PEAKIIMOHOM CHHTEPOBamYy 003UPOM Ja ce
kpajibu npoaykta (Mg2TiOs u MQTiO3) jaBibajy HakoH pealyje y 4BPCTOM CTalby TOKOM
3arpeBama.

N3 nobujenux mudpakrorpama ojpeheHn Cy MHKPOCTPYKTYpHH TapaMeTpu 3a
Hajjadye peduekcuje q0oujeHnx KommoneHara cuctema (104) 3a MgTiO; u (111) 3a Mg, TiO4.

Pesynratu cy npukazanu y tab. 3.2.-1.

Ta6. 3.2.-1. [TapameTpu MUKPOCTPYKTYpE TOOHjEHN METOIOM alPOKCUMAIIH]E 3a

HajunTeH3uBHUje pediekcuje Mg, TiOsu MgTiO;

Dhii (Nm) ppo (10 cm?) €k
Yyaopax Paa 04 | 111 | 104 | 111 | 104 | i1l
MTO MgTiO; | 5590 9,60 0,1253
Mg, TiO, 61,78 7,86 0,2059
MT5 MgTiO; | 5522 9,84 0,1267
Mg, TiO, 44,81 14,90 0,2790
MgTiO; | 4954 12,22 0,1413
MT10 Mg, TiO, 49,99 12,00 0,2502
MgTiO3 45,29 14,63 0,1542
MT20 Mg, TiO, 49,39 12,30 0,2520
MgTiO3 46,75 13,72 0,1496
MT40 Mg, TiO, 53,78 10,37 0,2325
MgTiO; | 50,09 11,96 0,1396
MT80 Mg, TiO, 47,96 13,04 0,2599
MgTiO; | 5893 8,64 0,1192
MT120 Mg, TiO, 54,87 9,96 0,2293
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Kao mTo ce u3 Tabene MoXe yOUHTH, BETMUYMHA KPUCTAIUTA omnaza ca nosehamem
BpeMeHa aktuBandje no 40 mMuHyTa, Ja OM HAKOH TOra BHHXOBa BpeAHOCT pacia. OBo je
HOCJIeIMIA CMAabEeHha BEJTMYNHE KPUCTANNTA 1/1in oBehama Hanpe3ama KPUCTATHE PeIIeTKEe
TOKOM aKTHBalldje U CHHTEpOBama M3 Tako J00MjeHHX mpaxoBa. To ce oriega u y
BpeHOCTUMA TyCTHHE JAMCIIOKAaIlje M MUKpOHampe3ama Koja pacty. IloBehame nakon 40
MHUHyTa aKTHBallMje je HajBepOBaTHHU]je YCIOBJBEHO CHHTEPOBAEM M3 arjiomepara.
MexaHWYKH aKTUBUPAH CUCTEM Tocenyje Behu caaprkaj MexaHWuKe eHepruje, yciaoBibaBajyhu
Behy akTUBHOCT cucrtema, W THMe JaoBoaehm 10 moBehaHOr TpaHCmopTa Mace W HAacTaHKa
BehMX KPUCTATHTA HAKOH TEPMUUKOT TpeT™MaHa. >’

O3nauaBameM AU(PPaKIIMOHUX JIMHKIja YOUEHO j€ J1a Cy MUKOBH 00¢ (a3ze moMepeHu
Ka BehuM yriioBUMa, C TUM INTO j€ TIOMEpame H3paKeHHUje y CIydajy MEepoBCKUTHE (asze
(MgTiOg). Ilpumep nmudpakrorpama ysopka MT20-1300 mnpukazan je nHa ci. 3.2.-2.
dopmupame YBPCTOT PACTBOpAa MHTEPCTULMJAIHOT THUIA H3a3MBa IPOMEHE Yy BPEAHOCTHU
napamerapa KpuctanHe pemietke. [lopehame wim cMameme BpPEIHOCTH Iapamerapa
KpUCTAJHE pEeIIeTKe pe3yiaTyje y nmomepamy pediekcuja y oaHocy Ha pedieKcuje OCHOBHOT

138

jenmbeH,a Yy cCarilaCHOCTH Ca Bel"ap,Z[OBI/IM 3aKOHOM. BeraszOB 3daKOH MpcacTaBJba

aNpPOKCMMATUBHO €MITMPUJCKO MPAaBUIIO IO KOME MOCTOjU JIMHEeapHa Be3a u3Mmel)y mapamerapa

KPHUCTAJIHC pCHICTKE U CaCTaBa YBPCTOI paCTBOpaA.
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Ca. 3.2.-2. [Ipumep acurnupanor augpaxkrorpama yzopka MT20-1300
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3.2.2. 2. luckycuja BUOPAIIMOHUX CIIEKTAPA CHHTEPOBaHe

KepaMuKe

VY ogpesmky 2.3.3. je mpHKa3zaHa acurHaiuja CBUX ONaXeHWX MojaoBa y PamaHoBuM
cektpuma. Ceux nmecet momoBa MQTiOs, koje mpeaBuba Teopuja rpyma, Cy OMaXeHH y
CIIEKTPY CHHTEpOBAaHHX y3opaka Ha ciexehuM monmoxajuma: 225 cm™ (Ag), 282 cm™ (Eg),
307 cm™ (Ag), 328 cm™ (Eg), 353 cm™ (Eg), 398 cm™ (Ag), 485 cm™ (Eg), 504 cm™ (Aqg),
638 cm™ (Eg), ~725 cm™ (Ag). Ag monoBu Ha nosurmjama 228 u 307 cm™ nponsmnase u3
BuOpanuja Mg u Ti atoma ayx z-0ce. Ocranu Ag Mo10BH omaxkeHn Ha 398 Cm'l, 504 cm™ u
713 cm™ ¢y mocneauua Bubpammja atoma kuceonnka. Ilperusuuje, 3a Mogose Ha 504 cm™ u
713 cm™ mect aToMa KHCEOHHMKA OCIMITY]y CHMETPHYHO OKO IEHTPa CHMETPHje, C THM IITO
CBaKH OCLIUIYje y JPYroM IpaBLy y OKBUPY okTaenpa. Murensusan EQ mox Ha 282 cm™ je
NOBE3aH Ca AacMMETPUYHMM BHOpalMjamMa KHCEOHHWKa Yy OKraeapuMa. EQ MoaoBu
nosumuonmpany Ha 328 cm™ u 353 cm™ ce Mory nmpumHcaTH yBHjarby OKTaeapa KHCCOHHKA
3ajenHo ca BuGpaumjama Mg u Ti aToma napaiento paBau Xy. Eg Moxosu Ha 485 cm™ u 638
cm™ cy moBesaHHM ca acHMETPUYHHM BHOpAIjaM OKO LEHTpa cHMeTpuje U yBujajyhum
BuOpanujama O okraefapa ca BuOpalyjama KaTjoHa rapajiesiHo paBHH XY. 3a moa Ha 485 cm’
' Mg u Ti atomu cy ykbydenn y BuGparimje, 10K je Mo Ha 638 Cm™ moBesan ca ncresameM
ese Ti-0."%¥

[Mocmatpajyhu Pamanose crektpe y3opaka cunreposanux Ha 1300 °C gBa cata (ci.
2.3.-10.) MOXe ce KOHCTATOBAaTH Ja Cy OHU FOTOBO MICHTHYHH YKOJIHMKO C€ y3Me Y 003up Opoj
U TI0JIOKa] MOJOBa. JenuHa pa3iMka ce orjiea y OOJMKY W pPETaTUBHOM HHTEH3UTETY
IMKOBa, I je CTora moceOHa maxima mocehena moxy Ha 720 cm™. JlekoHBonyimja
MMOMEHYTOI MOJia Ha JBe oaBojeHe JlopeHioBe ¢GyHKIMjE, KOPUIThEHEM METOJIe HajMambHuX

KBaJipaTa MpHuKasana je Ha ci. 3.2.-3.
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= Cywma JlopeH1oBux QyHKLHja

eeeccee FKCIIEPUMEHTAIHE BPEAHOCTU

Intenzitet

= —

680 700 720 740 760 780
. -1
Ramanov pomeraj (cm")

Cn. 3.2.-3. lexonBonyuuja Paman mona na 720 cm™,

TTo3uIje OBHX MHKOBA y CBHM CIIeKTpuMa cy Ha ~ 713 u ~730 cm™, ¢ tum mrro ce

OIHOC BUXOBHX HHTCH3UTETA MEHa Ca BpeMEHOM aktuBaumje. [Ink Ha ~713 cm™ ce moxe
npunucaTi BuOpanujama artoma kuceoHuka y TiOg OkTaeapuma, ypeheHe CTpyKType

MgTiOs " ITojasa Mona Ha 730 cm™ HarosemTaBa mprCyCTBO pe-HEPE CTPYKTYpa KPATKOT

HaBojehn Ha 3ak/by4ak O T[OCTOjaby KHceoHMYHuX BakaHiuja u [TiOs]

KOMIUIEKCHHX KJIaCT€Ppa HACTAIMX MEXaHMYKAM TPETMaHOM M HAaKHAIHUM IIPOIIECOM
cuHTepoBama. OBze Tpeba momenyTr aa ce [TiOg] u [TiOs] KOMIUIEKCHU KiIacTepH, KOjU ce

opne npare, Mory npunucatd MgTiOs ctpykrypu. CxonHo ToMe, 0HOC WHTEeH3uTeTa Paman
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MoaoBa Ha ~ 713 u ~730 Cm'l, npuKaszaH Ha cil. 3.2.-4., MOXKe MOCITY)KHTH Ka0 WHIUKATOP
CTPYKTYpHOT ypehema W KOHIIEHTpalHje KUCEOHHMYHUX BakaHiuja. OBO yka3yje Ha TO Ja
MEeXaHUYKa aKTHBallMja MPEe CHHTEPOBama MOXKE Jia CMambd KOHIICHTPALW]y KHCCOHUYHHUX
BaKaHIMja y pelIeTKy, pe3ynTyjyhu ¢popmupamy 3HaTHO ypeheHuje CTpyKType CHHTEpOBaHUX
y30paka. MokeMO MPETHOCTABUTH Ja C€ KHUCEOHHYHE BaKaHIIMje HACTalle TOKOM MEXaHUYKe
aKTUBAIlMje HAKOH CHHTEpOBama aHUXWINpAJy Ha TMOBHIIEHHMM Temmeparypama. Ca
noBehameM BpeMeHa aKTHBAIMj€ OBaj MPOIEC j& M3PAKCHUJH U JOCTHIKE CBOj] MAKCHMyM
HakoH 80 MuUHYyTa aKTHBaIMje. Y CBAKOM CIIyd4ajy c€ MOKE 3aKJbYUHTH Jia Ce CTereH ypehema
KpHUCTaJIHE pelIeTKe CHHTEPOBAaHUX y30paka moBehaBa 3a y30pke Koju cy akTuBupanu 10 80
muHyTa. [Ipoaykeme mpoieca akTUBAIMje je TIoBe3aH ca mopemMehajeM KpHucTaiHe CTPYKType
CHHTepOBaHHX y30paxa. Hanme, nHTeH3uTeT Mo Ha ~730 cm™, Koju yKa3yje Ha IPHCYCTBO
KACECOHOYHUX BaKaHIMja M peA-Hepel CTPYKTypa KpaTrKor JIOMeTa, C€ KOJ Y30pKa
aktuBupaHor 120 muHyTa ApacTuyHO moBehaBa u JOCTHKE BPEIHOCTH CIMYHE BPEIHOCTHMA
KOJI y30paka Ha ModveTKy akTuBanvje. OBO HaABOIM Ha 3aKJby4ak Ja MOPOYKETaK TPEeTMaHa,
nyxe on 80 MuHYTa, JOBOAM 1O HapyllaBamka KPHUCTATHE CTPYKTYpE CHHTEPOBAHOT

MaTepujana u popmupama Beher 6poja KICEOHUYHUX BaKaHIIH]a.

0.8+

0.6 (* )
0.54

0.4 Q

0.34

Odnos intenziteta modova

0.2-5 T T T T T T T T T T T T
0 20 40 60 80 100 120

Vreme aktivacije, (min)

Ci. 3.2.-4. OnHoc unrensurera Paman moxosa Ha ~ 713 u ~730 cm?
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3. 2. 3. IIpoyuaBame yTulaja MexaHu4YKe aKTUBAIMje HA eJIeKTPUYHA

CBOjCTBAa MAarHe3WjyM TUTAHATA

ITo3Haro je na Ha eJEeKTpUYHA CBOJCTBA KEpPaMHUKa BEJUKU yTHULA] MUMAjy HauuH
OpUIpeMe KOju y MCIUTHBAHOM CUCTEMY IOApa3yMeBa MEXaHUUKY aKTHBAaLU]y H

CUHTCPOBAKLC.

Ha cn. 3.2.-5. mpuka3ane cy mpoMeHe peJaThBHE AMEICKTPUYHE MPOIYCT/HHBOCTH
y3opaka MTO0-1300 — MT120-1300 y dpexBenTaom ornicery 10 kHz no 1 MHz, pagynare o

jennaunnu (3.2.-1):

£ =— (3.2.-1)

rae je: C—kxamauuTuBHOCT, O-1e0JbMHA CHHTEPOBAHUX Yy30paka, S—IOBpIIMHA

MOIPEYHOT [IpeceKa Y30PKa U £—eJIeKTPUYHA IePMUTHBHOCT BakyMa (8,8547-10™% Fm™).

35-
34-
_ MT120-1300
33
32 “"-\\ MT80-1300
& . % MT5-1300
314 MT10-1300
' E"‘\ MT40-1300
301 \‘-\\
TS MTO0-1300
29-
MT20-1300
28 T T T T T T T T T 1
0 200 400 600 800 1000

v, (kHz)

Cn. 3.2.-5. 3aBUCHOCT peJaTUBHE TUCICKTPUIHE MPOITYCTIHUBOCTH 01 (PPEKBEHIIN]E

3a y3opke MT0-1300 — MT120-1300

[Ipuka3aHna 3aBUCHOCT TIOKa3yje Ja BPEIHOCT pelaTHBHE JUEJIEKTPUYHE
MPOIMYCTJEUBOCTH 32 MarHe3WjyM THTaHATHE KepaMHKe, JOOUjeHe MEXaHHYKOM aKTHBAIIH]OM
MgO-TiO, cucrema ¥ HaKHAJHUM CHHTEpOBambeM, uMa Omaru max BpeaHoctd g0 200 KHz.
Hakon tora Hema mpomeHna ca mopactoM (pekBeHIuje. JoOujeHn miato ykasyje Jia OBako

no0MjeHa KepaMHiKa UMa CTa0MIIHE BPETHOCTH Y UCIIUTUBAHOM (DPEKBEHTHOM OIICETY, ILITO je
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n00po CBOJCTBO 3a TOTEHIMjATHY NPUMEHY OBHX MaTepujaia y pa3UuuTHM BpcTama

MMaCMBHUX WU aKTUBHHUX CJICKTPOHCKHNX KOMIIOHCHATA.

92 T T T T T T T T T T T T i 34
—
1 (=
88+ -—
]
- .\ /./ EE— 32
84 - (m]
g 1R _
- o o
o 804
& | - 30
76 / |
72 J‘! T T T T T T T T T T T T 28
0 20 40 60 80 100 120

Vreme aktivacije, (min)

Cn. 3.2.-6. Ynopeanu qujarpam pejaTHBHE JTUSICKTPUIHE IMPOITYCT/BUBOCTH U TYCTHHE OJ1

BpeMeHa akTuBaluje Ha ¢ppexBenuuju ox 1 MHz.

PenatuBHa nuenekrpuuHa npomyctjbuBocT MepeHa Ha 1 MHz y 3aBuchHocTn on
BpEMEHA aKTHUBallMje YIOPEIO ca PelaTUBHOM I'yCTUHOM CHHTEPOBAHUX y30paka, IIpHUKa3aHa
je Ha ci. 3.2.-6. [To3HaToO je 1a BpeIHOCTH pelaTUBHE AUEIEKTPHUYHE MPOITYCTIHUBOCTH BEOMA

140, 73, 141
3aBUCC O T'YCTUHC HUCHHUTHBAHUX Y30pdKa, Kao U O (1)3.3H01" cacTraBa.

JlomaTak
aautuBa kKoju uma Behy BpenHocT g ycioBuhe mnoBehame penaTHBHE IHETCKTPUYHE
NPOMYCTJ/BMBOCTH MAarHe3WjyM THTaHaTa, aid he HMCTOBPEMEHO JOBECTH [0 CMambemha
BpeAHOCTH (akTopa n06pore Q, KOju je BeoMa GHTHO CBOjCTBO oBOr Marepujana.’” %
MoskeMo 3aKJby4YHTH, Ha OCHOBY CJl. 3.2.-6. Ja BpEJHOCTH pEIaTHBHE IHCICKTPHUYHE
IPOITYyCT/BMBOCTH MOTIYHO IpaTe MPOMEHE y T'yCTHMHaMa CHHTEPOBAHUX y30paka. Y30puu
Behe rycrtuHe mnokasyjy Behe BpegHocTH € 3axBasbyjyhu Mamoj mnopos3HocTtu. Takole,
BPEIHOCTH pPEJaTHBHE JIHEICKTPUYHE MPOIYCTIHMBOCTU 3aBUCE O oaHoca ¢aza Mg, TiO4 n
MgTiOs. O63upom na cnimHenHa (aza ¥Ma HIXKY BPEIHOCT € OJ NEPOBCKUTA, Pa3iHKa y
olHOCY HaBeAeHUX (aza pgosemhe 10 MPOMEHE BPEIHOCTH pEJIATHBHE JHEICKTPUYHE
IPOMYCTJBHBOCTH y 3aBUCHOCTH OJ1 B-HXOBOT onHoca. Behu yzneo cnunenne ¢ase moBoau 10
CMarberba peNaTHBHE AueTekTprudne npomyctssusocta. 0 14

[To3HaTo je, na 3Ha4ajHy yJIOTy y KOHTPOJUCAY JAUCIEKTPUYHUX I'yOUTaKa, mopes
TYCTHHE, UMajy U BHOPAaLlMOHM MOJIOBH KPHCTAJIHE peLIeTKe, Mope, MPUCYCTBO Apyre ¢ase,
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HeuncTohe, 1eeKTH KpUCTAIHE pelIeTKe, KpUCTaIu3alrja M Halpe3ama YHYTap pelleTKe.

[Topexkno Bucoke Bpeanoctu Q MQTiO3 Hacraje yenen nesbema Besa m3meh)y MgOg u TiOg

. . 140
OKTaeJapa kao u oacycTa 3d eNeKTpOHa KOjU N3a3UBajy CNICKTPUYHY MPOBOTHOCT.

990 B 10kHz
® 100kHz
. A 400kHz
200 ¥ 1MHz
180
0160— \
140—/’/ A
——
120f£ ' —v
100 T T T T I T I

I T T I T I
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Vreme aktivacije, (min)

Cn. 3.2.-7. Bpeanoctu Q y GyHKIMjU BpeMeHa akTHBaluje Ha ppeksenuujama ox 10 kHz,
100 kHz, 400 kHz u 1 MHz.

[Tocmatpajyhu mpomene ¢akropa m006poTe y GYHKIHjH BpeMeHa AaKTHBAIH]E,
MepeHe Ha Pa3NuuuTUM (peKBeHIMjaMa, 3alaxa ce Ja HajBehly BpPeIHOCT JOCTHXKE y30paK
aktuBupaH 80 muuyTta. TakaB Tpena mpomeHe (akropa H0OpoTe yKasyje Ja Cy MpaxoBH
aktuBupanu 80 MuHyTa M HakoH Tora cuHTepoBanu Ha 1300 °C aBa cara, nocturiu Hajsehn
crerneH ypehema kpuctaiaHe cTpykrype. HaBenaeHu pesynrar je y MOTIYHO] CarjlaCHOCTH ca
pesynratuma Pamancke criektpockomnuje (ci1. 3.2.-4.). O03upoM J1a je moKa3aHo Jia MeXaHW4Ka
aktuBanmja 1o 80 MuHyTa MOXE YTHLATH Ha CTAaOMIU3aIM]y CTPYKTYpe CHUHTEPOBAHHUX
y30paka, TO yjeaHO oOjalrmaBa MpUKa3aHW TPEHJ MpoMeHe ¢akropa aoopote. BpemHnoctu
¢dakxTopa 100poTe OBOT y30pKa ¢y ppekBeHTHO 3aBucHe U n3Hoce oko 200 na 10 kHz u oxo

120 ma 1 MHz.
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Ha cn. 3.2.-8. mpukazaHe cy BpeIHOCTH TaHTeHca yria ryOuTtaka y (yHKIuju
BpEMEHA aKTHBAlMje Ha pPa3IMUYUTUM (PpeKBeHnHjama. Moke ce€ KOHCTaTOBaTH Jia
MHUHHAMAJIHY BPEIHOCT MOCTHXKY y30pLHM Koju cy akTuBHpanu 80 MUHyTa HITO je CBaKako
nocjenuua cTabWwin3alygje KpUCTalIHE CTPYKType yciel aHuxXuiauuje aedexara TOKOM
CHUHTepoBama. Takole, mpukazanu rpaduiy Cy joIl jeHa MOTBpAA Ja je 3a HCIUTHBAHU
CHUCTEM ONTHMAaJHO BpeMe MexaHunuke aktuBanuje 80 MuHyTa. YKOIHMKO ce yropenae
BPEJHOCTH TaHTEHCAa YyIjla IWEIeKTPUYHMX TyOWTaka 3a HEaKTHBUPAH Yy30paK U OHAj
aktuBupad 80 MHUHYTa, 3amaxka ce Ja ce ryOoulu cMamyjy u To 3a 22% Ha ¢pexBeHimju 10
kHz, oko 18% na ¢pexBenuuju ox 100 kHz, 16% na 400 KHz u oxo 15% Ha ¢dpexBeHIHjU Of
1 MHz. ¥V norneny nmoTeHIMjajiHe NMPUMEHE KOHAEH3aTopa Ha 0a3W MarHe3wjyM TUTaHATHE

KepaMUKe HaBeJICHH MPOLIEHTU CMambemha ryOuTaka CBaKako HUCY 3aHEMapJbUBH.

10- B 10kHz
| ® 100kHz
9. A 400kHz
V¥V 1MHz
_ v
8 v
% \‘—*\F E— _———
0 7
E | /
6 4
5
4

T ! T !
20 40 60 80 100 120
Vreme aktivacije, (min)

o_

Cn. 3.2.-8. BpenHocTH TaHTeHca ryOuTaka y (GyHKIHjA BpeMEeHA aKTHBAIIH]j€ Ha

dpexsennujama o 10 kHz, 100 kHz, 400 kHz u 1 MHz.

Ha cn. 3.2.-9. cy cymupane BpeIHOCTH €IEKTPHUYHOT OTIOpA 32 CBE MEXaHHUYKH
axTuBupane y3opke cunreposane Ha 1300 °C ngBa cara ma ¢pexsenujama ox 10 kHz, 100
kHz, 400 kHz u 1 MHz. 3anaxeno je ma ce ca moBehameMm (PEKBEHLHUje BPEIHOCTH

EJIEKTPUYHOT OTIIOpa CMambyjy ca OKO 6-10° Q na 10 kHz 0 4-10° Q Ha 1 MHz.
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Cx. 3.2.-9. BpenHocTu eneKTpUYHOT OTIIOpa Y GYHKIMjU BpeMeHa aKTUBaIje Ha

¢bpexsennujama ox 10 kHz, 100 kHz, 400 kHz u 1 MHz.

Crienu¢uvHa eneKTpUYHa OTIIOPHOCT J1aTa je H3Pa3oM:
S
R
PR (3.2-2)

rae je: p - cnenuuyHa eJIeKTpHYHa OTHOPHOCT, d — 1e0J/bMHA CHHTEPOBAHOT Y30pKa

U S — MOBpIIMHA MTOTIPEYHOT TpeceKa y30pKa.

10°

10° 4
£ oo o — — e
G 4
Q'd A A A A A
107 Jach4 —h
: v v v
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Cn. 3.2.-10. Bpennoctu crienupuvHe eJICKTPUIHE OTHOPHOCTH Y (PYHKIIHjH BpeMeHa

akTuBaije Ha ppexsenijama ox 10 kHz, 100 kHz, 400 kHz u 1 MHz.
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Ca mnosehameM BpeMeHa akTUBAIMje [0Ja3d JO OJjaror mopacrta BpeIHOCTH
crienduuHe eNeKTpUYHE OTIIOPHOCTH MpU dYemy je HajBehe mnoBehame mnpu BpeMeHy
aktuBaije on 40 muHyta M usHocu oko 43% Ha ¢pekBennuju ox 10 kHz, 32% wna
¢dpexsenumju on 100 kHz, 28% na 400 kHz u oxo 25% wa 1 MHz. Hajseha Bpemnoct
cneur(uyHe eNeKTpUYHE OTIOPHOCTH 3a y30pak akTuBupaH 40 MHUHYyTa je HajBepOBaTHHjE
ToCIIeANIIAa MUKPOCTPYKType. Ha Mukporpadujama oBux Tadiera youeHo je mocTojame Behnx
MyKOTHHA W Ba3AyIIHUX I[IeTIOBa KOJU Y3pOKyJy ToBehame crnenupuyHe eIeKTpUIHe

OTIIOPHOCTH.
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3akmwyuax

YOp3anu pa3Boj TEIECKOMYHHKAIMOHUX yphaja ycioBibaBa cBe Behy morpely 3a
nobujameM W ycaBpimaBambeM TmephopMaHCH MaTepHjajia KOju C€ KOPUCTE 3a H3pady
onrorapajyhux KOMIIOHEHTH. Y TOM TOIJIEJY, MHUKPOTAIACHU JUCIICKTPULIU 3ay3UMajy
3HauajHo MecTo. [ToceOHo je OMTHO nMoOMjame MaTepujaia ca yHAmpesd 3a1aTUM CBOjCTBHME,
IITO je jeJJaH OJ] INIABHHX IPeIMeTa HayKe 0 MaTepujainma.

[Ipenmer oBe MOKTOpPCKE mucepralndje OHO je WCIHTHBAKE YHUIaja MEXaHUYKE
akTuBanmje Ha cBojcTBa cuctema MgO — TiO,. TTonazehu ox xumoTese 1a ce MIEBEHEM MOXKE
JNOOWTH JUCIIE3HM Mpax Koju he MmorogHuM oJabupoM yclioBa TEPMHUYKOT TPETMaHa JaTH
npou3BoJl oapeheHe cTpykrype, nepuHHMCaHA je Be3a u3Mel)y CTpyKType M CHHTE3e, Kao W
Be€3a CTPYKType AOOMjeHOT MaTepHjaja ca CBOjCTBUMA.

Cmemra momasaux okcuma MO u  TiO,, je MeXaHWYKM aKTHBHpaHa Yy
BHCOKOCHEPIreTCKOM IUIaHeTapHOM MIMHY y Tpajamy oxa 5, 10, 20, 40, 80 u 120 munyra.
Mopdonuruja dYecTHna MOJAa3HUX OKCHAAa W AKTUBHPAHHUX IIpaxoBa, aHAIM3MpaHa je
CKeHHUpajyhoM eJIeKTPOHCKOM MHUKPOCKOIIHjOM, aHAJIM30M PAcIo/ielie BEIMYMHA YECTUIIA, Kao
U aJICOPIIIMOHO JEeCOpPIMOHOM aHanmu3oM. Da3Hu cactaB, Ka0o W CTPYKTYpHE HpPOMEHE
npaheHn Ccy METOJOM peHAreHcke audpakiuje W PaMaHCKOM — CIIEKTPOCKOIIH]jOM.
JudepeHnujaiHo TepMIjcKa aHaIu3a CIIPOBECHA je Y by onpehrBamba KapaKTepUCTUIHUX
TeMIlepaTypa Tpolleca KOju Ce JellaBajy y CMEIIn TOKOM 3arpeBama jgo 1100 °C.
Enextpokepamuka Ha 6a3u MarHe3njyM TUTaHaTa I0OMjeHa jeé HAKOH TEPMHUUYKOT TpeTMaHa Ha
1300 °C y tpajamy ox 2h. Kapakrepusanuja go0ujeHe kepaMuKe U3BpILIECHA je CKeHupajyhom
€JIGKTPOHCKOM MMKPOCKOIIHjOM, PEHAreHO JIU(PAKIMOHOM aHAIU30M KAa0 U CHUMAameM
Paman criekrapa. Ha kxpajy je ycmocraBibeHa Be3a u3Mel)y CTpyKType, Koja je Tocieauiia
MIpUIIPEME y30paKa, ¥ SJIEKTPUYHHUX CBOjCTaBa JOOHJEHOT MaTepujasia y (PPEKBEHTHOM OTICETY
20 kHz no 1 MHz.

MukpocTpykTypHa aHanm3a nonasHux mnpaxoBa MgO u TiO; ykasyje nma mocroju
3HaYajHa pa3liMKa Kako0 y XOMOTEHOCTH, Tako M y OOJMKYy M BEJIMYMHAMA YECTHIA.
MHEKpPOCTPYKType MIIEBEHHX IpaxoBa yKa3yjy Ha yCHTH-ABAhC IMOJIA3HUX YECTHIIA Kao M Ha
dbopmupame armomepata. Hakon 10 MuHyTa akTHBaIyje Mouumy Aa ce GOpMHUPa]y MEKU
arJaoMepard, Kao TeKHha YCHTI-CHOT MaTepujayia Ja CMamU CBOjy TOBPIIMHCKY €HEpIHjy.
Haxon 40 MuHyTa MiieBeHa y BUCOKOSHEPT€TCKOM MIIMHY MPUCYTHU CYy YBPCTH ariioMepaTH
Koje HHje Ouyo Moryhe pa3ouTu TpeTMaHOM y YJATPa3BYyYHOM KyHaTHITY.

Pesyntati ancopmiMoHO IECOPIIMOHE aHaliM3e IOKa3ald Cy Ja chenuduyHa
NOBpIIMHA MMa TPEH]] ONajiamba Npu MMOYETHUM BpEeMEHUMa akThBanuje a HakoH 40 MuHyTa

nounme moBehame, MmMTO je y3pOKOBaHO (OPMHUpPAKEM MEKHX arjoMepara Ha IMOYETKY
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mporeca, Kao ¥ HapyIliaBameM MOpQOIIoTHje yeieq Apo0Jhemha YeCTUIla U PEOPraHu30Bamba
YCHTHEHHX JICTIOBA.

Pacnionena BenmurHe nopa rnokasania je Ja cy OHe JJOMUHAHTHE y 00JIacTH Me301opa 1
Ja ce ca TPOJYKETKOM TpeTMaHa mMoMepa ka BehnMm BpeaHOCTMMA, HITO je IOCIeIula
3aTBapama CUTHUjUX TIOpa.

Ha xpajy ce moma3su 10 HHBOa CTPYKType KOjU j€ VYCIOBJbEH aTOMCKOM U
€JIEKTPOHCKOM, a YCJIOBJbaBA MHUKPO M MaKPOCTPYKTYpPY, & TO je KpHUCTallHA CTYKTypa Koja
pazjanimana mpo0iIeM yThllaja MEXaHWMYKE aKTHBAIIM]jE HA CUCTEM J[Ba OKCUJA, U J1aje OATrOBOP
Ha MMUTakE [ITa Ce CYIITHHCKY JIeIIaBa YHyTap cUCTeMa.

AHamm3oMm audpakTorpama yTBpheHo je ma ce mosiasHm cuctem cactoju ox MgO,
TiO,, u mane kommuude MQ(OH),. ¥V camoM mo4eTKy mpoleca CYIITHHCE MPOMEHE Ce
JielllaBajy Ha MarHe3ujyM XHUAPOKCHIY KOjU c€ pa3liake Ha OKCUiA W Boxy. HakoH Tora
JTOMHHHUpaA pa3apambe KPHUCTaJHEe CTPYKType THTaHHMjyM Auokcuia. [Ipomec medopmmucama
YEeCTHIIA KAo MOCIIETUIE MIICBEeHha TpaheH je HaCTaHKOM BEJIMKOT Opoja aedopmariija yHyTap
KpuctamHe pemierke. OmnaxeHo je 3HATHO ToBehame TYCTHHE JUCIOKaIdja |
MUKpOHAIpe3ama.

Jloka3zaHo je MpUCYCTBO (a3e BUCOKUX MPUTHCAKa TUTaHUjyM auokcuaa, 110, I1. Ha
OCHOBY pe3yJiTaTra JOOHjeHUX U3padyyHaBamkEM T'YCTHHA JUCIOKAIM]ja MOXKE C€ 3aKJBYUHUTH Ja
HajBehu Opoj muciokaiyja uMa oBa ¢asa Koja HacTaje y TOKY aKTHBallMj€ U UHTEpMEIrjapHa
je daza y npenasy aHaTac — pyTHIL.

PamaHcka CIeKTpOCKOIHja je MOTBpIWIa MOocTojambe (haze BUCOKUX mpuTHcaka 110,
Il. [lerasoHujom aHanmm3oM oxaroBapajyhmx MojaoBa, OJHOCHO mpahemeM mmmMpHHE Ha
MOJIYBUCHHHM 3a HajuHTeH3uBHUjU Mox T10, anaraca u TiO; Il gobujene cy nndpopmanmje o
pOMEHaMa y CTPYKTYPH OBHX OKCHJIa TOKOM TpeTMaHa. Kao mro je OWio M OYeKHBaHO,
aHatacy ce TOKOM IIpolieca MIIeBeHha HapyllaBa CTPYKTypa y3 YHOILICH:E BEJIHKOI Opoja
nedexara. JlomrHaHTaH je mpoiec GopMHupama KUCCOHNYHUX BaKaHIIN]a.

JudepennyjarHoM TEPMHJCKOM aHAJIU30M KOHCTATOBAaHE Cy TeMIIEpaType peakiivja
KOje ce JemiaBajy y mocmarpaHom cucremy okcuma. Ha 380 °C ce nemasa pasiarame
Mg(OH), nma wmarnesujym okcug u BOmy, AOK mmmpoku mpeBoj Ha 835 °C Hactaje on
dopmupama MgTi,Os 1 MgTiO3 a yjenHo u (dasHe tpanchopmanuje aHaraca y pytwi. Ha
OCHOBY THIX TOJlaTaKka Kao M pe3yJiTaTa T0OMjeHuX peHAreHCKoM audpakirujoM u Pamanckom
CHEKTPOCKOIMjOM YCTAaHOBHMJIM CMO MeXaHu3aM (opMHpama MarHe3WjyM THTaHaTa U3

IIOMCHYTHUX OKCHA.
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MgO +TiO, — MgTIO,
MgTiO, +TiO, — MgTi,0O,
MgTi,O. + MgO — 2MgTiO,

PeaknimoHo CHHTEpOBame aKTUBUPAHUX CMeEIIa je TpaheHo y M30TEePMCKOM pPEXHMY
na temneparypama 1100, 1200, 1300 u 1400 °C y Toky aBa carta. ['yCTMHE CHHTEPOBAHHMX
y30paka mnokasyjy na ce Ha temneparypama ox 1300 u 1400 °C mocTuKy BpeIHOCTH MPEKO
90% ox TeopHjcke T'YCTHHE, IITO yKasyje Jla ce J00ujajy rycTe, KOMIIAKTHE KepaMHuKe, ca
noposHoihy ucroxa 10%.

MHUKpOCTPYKType CHHTEPOBAHUX y30paKa cy Mmokasaine faa cy temmeparype ox 1100 u
1200 °C, HucKe 1a ce TOCTHIHE CPEI-U WM 3aBPIIHK CTaaujyM cuHTepoBama. Ha 1300 °C,
CHCTEM j€ Y CpellbeM, U MOJaKOo ce MPUOIKaBa 3aBpPIIHOM CTaIUjyMy CUHTEPOBamba, JI0K je
temneparypa og 1400 °C Guia noBOJbHA 3a 3aBPIIETAK MPOLECa U (POPMHUPAHE KOMIIAKTHE
cTpykType. Mopdosoruje cHHTEpOBaHUX y30paka JOOWJEeHHX O]l aKTHBHUPAHHUX IpaxoBa Cy
NOKazaje KOMITAKTHH]y CTPYKTYpY OX y30paka MOOHMjeHHUX CHHTEPOBAHmEM HEaKTUBHPAHOT
npaxa, IITO je CBOJeBPCTaH JIOKa3 Ja je MEeXaHW4Ka aKTHBallKja JloBesa 10 0OJbEr MakoBamba
NOJIa3HUX YECTHIla paxa u OpiKer TpaHcmopTta Mace. /lakie, akyMmynupaHa eHepruja y mpaxy
TOKOM MEXaHUYKE aKTHBAIM]€ y3POKYje OpKHU TPAHCIIOPT Mace TOKOM IMPOIeca CHHTEPOBAmkA.

PennrenorpamMu CHHTEpPOBAHMX CMEIIA TOKA3aIM Cy MPUCYCTBO JIBE TOMUHAHTHE (haze
Mg,TiO4 u M@TiO3 u y mojenquuauM y3opimMma mpucyctBo MgO, koje je objaiimeHo Win
HE/I0BOJHHO BHCOKOM TEMEIEpaTypoOM CHHTEpOBama fa Ou ce popMUpao CIUHEN, UM MaK Yy
HEKMM Y30pIlMMa MPOIIeCOM paszjiarama JoOuWjeHor cruHena. M3 tor pasmora je 3a naba
UCTpakKuBama onadpana cepyja mpaxosa koja je cunreposana Ha 1300 °C 2h. Taxohe osue
Tpeba ucrahu nga ce MOrogHMM OJa0MpOM YyCIOBa MIIEBEHAa W CHHTEPOBama H30€rio
dopmupame ¢aze MgTi,Os koja BeomMa HENOBOJBHO yTHUE Ha CIEKPUYHA CBOjCTBA
MarHe3ujyM TUTaHATHE KepaMHUKe.

JleraspHa aHann3a PaMaHOBHX cHieKTapa CHHTEPOBAaHUX TalseTa rmokasaja je ce TOKOM
MEXaHWYKE aKTUBAIMje TPe CHHTEPOBAEa MOXKE CMAIbHTH KOHICHTpPAIMja KHUCEOHMYHHX
BaKaHIMja y peUIeTKH, pe3yaryjyhu ¢opMupame 3HaTHO ypeleHuje CTpyKType CHHTEpOBAHUX
y3opaka. [IpermocraBka je ma ce KHCEOHHMYHE BaKaHIMje HacTale TOKOM MEXaHHYKe
aKTHBAIlMj€é HAKOH CHHTEpOBaba AaHUXWIMPAJy Ha TOBUIICHUM TeMmiiepaTtypama. OBH
pe3yiTaTH Cy y MOTIYHOCTH y KOpENalMju ca BPeIHOCTHMA NpoMeHe (akTopa moOpoTe y
(GyHKIMjU BpeMEHa aKTUBAlMje, TIe je YOueHo Ja je Hajeeha BpeIHOCT TOCTUTHYTA 3a Y30paK
aktuBupad 80 munyTa. TakaB TpeH nmpoMeHe (akropa 100poTe yKasyje Aa c€ MEXaHHYKOM

aktuBanujom ox 80 MuHyTa npu cuHTepoBamy Ha Temneparypu 1300 °C moctxke HajBehun
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crerieH ypehema kpuctanHe crpykrype. Ilopehemem BpenHocTH TaHreHca yriia ryOuTaxa
HCAaKTHBHMpAHOI y30pKa W Yy30pka ca Hajypehenujom crpykrypom (MT801300) nHa
pasnnuutuM (ppexBeHIMjaMa yTBphEeHO je Ja cy TIyOMLM yMameHU. 3alpaBo, CMambEHE
u3paxeHo y npoueHtuMma je 22% na ¢pexsentmju 10 kHz, oko 18% na ¢pexBentmju ox 100
kHz, 16% na 400 kHz u oko 15% na ¢pexksennuju oq 1 MHz.

Mepema IUENEeKTPUYHHX KapaKTepUCTHKA Cy YyKaszaja Ja MaTepujaid KOju Cy
aKTUBHPAaHU y UCOUTHBaHUM BpeMeHcKnM nHTepBainMa (0-120 MunyTa) 1mokasyjy craOuiHe
BPEJHOCTH pENIaTHBHE IHEJCKTPHUYHE MNPOIYCT/BHMBOCTH M (akTopa 1o0poTe y (QyHKIHMjU
¢dpeksenuyje. OBaj 3aKjbyyak je HAPOUUTO 3HAUYajaH 3a MPOJEKTOBAH-€ MaTepHujajia KOju ce
KOpUCTE 3a EJIEKTPOHCKE KOMIOHeHTe. Takohe je yTBpheHo na TpoMeHe pellaTHBHE
JHMEIEeKTPUYHE TPOIMYCTJBUBOCTH Ca BPEMEHOM AaKTHBAILlMje CHHTEPOBAHMX Yy30paka Yy
NOTIYHOCTH TIpaTte TPeHJ NPOMEHE T'yCTHHE ca BPEMEHOM aKTHBalWje, IITO JOKasyje Ia
HajBehM yTuIa) Ha BEJIMUMHY pEJIATUBHE JUETICKTPUYHE IPOITYCTIHUBOCTH UMa I'yCTHHA.

Ca nmoBehamem (pexBeHnmje crennpuyHa eIeKTPUIHA OTIOPHOCT CE€ CMamyje U TO ca
oko 6-10% Qcm ma 10 kHz ma oko bi (o) 4.10° Qcm ma 1 MHz. Ca nosehamem BpeMeHa
aKTHBAaIMje J0JIa3U JI0 MOPAcTa BPEJHOCTHU ClielM(PUUHE eIEKTPHYHE OTIHOPHOCTH MPU YeMy
je 3anakeHo HajBehe moBehame KOJ y30paka akTUBUpaHUX TOKOM 40 MHHYTa U M3HOCH OKO
43 % na 10 kHz, 1ok Ha ppexBeniuju ox 1 MHz nosehame nsnocu oxo 25%.

Ha ocHOBy mpukazaHHX pe3yiTaTa HCTPaXHMBAaka MOXE CE€ 3aKJbyUUTH Ja Cy
ONITHMAJIHU YCJIOBH TIPHIIPEME, BpeMe MexaHuuke akTuBanuje 80 MuUHyTa M TemIepaTypa
cunarepoBama 1300 °C y toky 2h. Ilox oBuM ycnoBuma jgobuja ce KepamuKa ca
HajypeheHnjoM KpHUCTAIHOM CTPYKTYpOM U HajONTHMAIHHjUM BpeIHOCTUMA (aKTopa
J0OpOTE 1 peslaTHBHE TUENICKTPUYHE MTPOITY CTIJEUBOCTH.

Ha ocHOBY cBera M3J10)KEHOT MOKE C€ M3BECTH 3aKJbydak Ja je JoOMjeHa CTPYKTypa
CHHTEPOBAaHUX y30paka TUPEKTHA Mocjenuia yTBphHeHUX CTPYKTYpHHX MPOMEHAa Ha CBUM
XHMjepapXMjCKUM HUBOMMA, KOj€é Cy HacTalle TOKOM MEXaHWYKEe AaKTHUBallMje TIOJNa3HUX
npaxoBa. Ha Taj HaumH, yCcIOBM MEXaHMYKE AaKTHUBANWje IMOCPEIHO YTUUy Ha €JIEKTpHYHA
CBOjCTBAa CHMHTETHCAHOTI MaTepHjaia. [IpaBMiHMM M300pOM BpeMeHa aKTHBAIMje TOJAa3HUX
[PaxoBa, MOXKE C€ YTULATH HA Pa3B0Oj MUKPOCTPYKTYpe A00UjeHe KepaMHUKe U TUME MOCTUhH
JKeJbeHa CBOjCTBA (PMHAIHOT MaTepHjaa.

Kao HacraBak mnCTpakmBama MPUKA3aHUX Yy OKBHPY OBE JOKTOPCKE AMCEpTanuje
IUIAaHUPA]y CY €JIEKTPUYHA MEpema y MIHpeM omncery (hpeKkBeHIHja, 10 001acTH MUKpOTaiaca

(GHz). Takohe y mmaHy cy ucnuTHBama YTHIdja JOMaHaTa Ha CTPYKTYpy M CBOjcTaBa
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MarHe3ujyM TUTaHATHE KEpaMUKe, Ka0 M YTHIA] Pa3IMYUTOr CTEXHOMETPHUJCKOT CacTaBa
nmoJia3HuX KoMrmoHeHTH. On moceOHOr je HHTepeca HCHUTHBAKE PANTHUUTUX METOJa
CHHTEpOBama (IBOCTENICHO CHHTEPOBAE, JIACEPCKO CHHTEPOBAbE, CHHTEPOBAME IO

MPUTHCKOM,...) Ha Kpajha eJIEKTPUYHA CBOjCTBA OBE KEPAMUKE.
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Abstract

Mixtures of MgO-TiO, were mechanically activated using high-energy planetary ball
mill during 5, 10, 20, 40, 80 and 120 minutes. Sintering process was preformed in air at
1100°-1400°C for 2h. The decrease in powder’s particle size was noticed as the time of
mechanical activation increased and confirmed by particle size analyzer. XRD analyses were
performed in order to acquire the information about phase composition. Different ratio
mixtures of MgTiOz; and Mg,TiO, are present within all sintered samples. The effect of
tribophysical activation on microstructure was investigated by scanning electron microscopy.
The differential thermal gravimetric analysis has been performed in order to investigate
thermal behaviour of the mixtures.
Keywords: Ceramics, Mechanochemical processing, Sintering, X-ray diffraction.

Introduction

Development of dielectric materials is increasing with a rapid progress in mobile and
satellite communications systems, where magnesium titanates find their place owing to good
dielectric properties. Recently it has been established that, these materials, which are based on
binary magnesium titanates (MgTiO; and Mg,TiO,4) can be applied in MW engineering.
These materials differ extremely low dielectric loss in the microwave range and high
dielectric constant [1-3]. Therefore, MgO-TiO, system has been studied extensively and the
existence of three stabile phases (MgTiO;, Mg,TiO, and MgTi,Os) has been reported in
literature. It has been established that MgTiO; posses an ilmenite structure, MgTi,Os
pseudobrookite structure and Mg, TiO, inverse spinel structure [1]. The magnesium titanates
are normally synthesized at relatively high temperatures of 1400°C by solid-state reactions
between MgO and TiO,.

For many solid-state reactions, the limiting stage is diffusion in the solid state.
Extensive research revealed that mechanical activation could simplify or accelerate solid-state
reaction, which normally occurs at high temperature and/or high pressure [4]. High-energy
ball milling as method to synthesize nano size materials has many advantages, such as
simplicity, relatively inexpensive to produce, applicable to any class of materials, etc [5].
Mechanical treatment can change the thermodynamic potentials, intensifying transport of
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reagents, and reducing temperatures of chemical reactions [6]. During mechanical activation,
powder particles are subjected to severe plastic deformation resulting the formation of high
defects concentration. This induces enhanced atomic mobility; promote different phenomena
depending on the materials being milled.

Taking all this into account, in this article, the influence of mechanical activation of
the MgO-TiO, system on phase composition, crystal structure, microstructure, as well as on
thermodynamics of MgO-TiO, system before and after sintering process, has been reported.

Experimental procedure

Mixtures of MgO (99% Sigma-Aldrich) and TiO, powders (99.8% Sigma-Aldrich) at
a molar ratio MgO:TiO, = 2:1 were mechanically activated by grinding in a high energy
planetary ball mill device (Retsch type PH 100). The milling process was performed in air for
5, 10, 20, 40, 80 and 120 minutes at a basic disc rotation speed of 400 rpm. Ball to powder
mixture mass ratio was 20:1. Samples were denoted as MTO to MT120 according to the
milling time.

The morphology of obtained powders before and after heating was characterized by
scanning electron microscopy (JEOL JSM-6390 LV). The pallets were cracked and covered
with gold in order to perform these measurements.

The average particle size, their distribution, and the nature of agglomerates were
determined by particle size analyzer (PSA) and mastersizer (Malvern Instruments Ltd., UK).
Particle size analyzer, which is based on laser diffraction, covers the particle size range of
0.02-2000 um. For the PSA measurements, the powders were dispersed in distilled water, in
ultrasonic bath (low-intensity ultrasound, at a frequency of 40 kHz and power of 50 W), for 5
min.

X-ray powder diffraction patterns after milling and thermal treatment were obtained
using a Philips PW-1050 diffractometer with ACu-K, radiation and a step/time scan mode of
0.05%1s.

Differential thermal gravimetric analyses were performed in air, during non-
isothermal heating from 25°C to 1100°C, with a constant heating rate of 10°C/min. For those
analyses the analyzer SHIMADZU DTA-50 has been used.

The binder-free powders were compacted using the uniaxial double action pressing
process in an 8 mm diameter tool (Hydraulic press RING, P-14, VEB THURINGER).
Compacts were placed in an alumna boat and heated in a tube furnace (Lenton Thermal
Design Typ 1600). Compacts were sintered isothermally at 1100, 1200, 1300 and 1400°C in
air atmosphere for 120 minutes. The heating rate was 10°C/min. The density of specimens
was calculated from precise measurements of specimen’s diameter, thickness and mass.

Results and Discussion

In order to investigate the effect of mechanical activation on system’s microstructure,
the scanning electron microscopy has been performed. Micrographs of non-activated as well
as activated mixtures are presented in Fig. 1. It is well known that during mechanical attrition
by ball milling, the evolution of materials phases is coupled to the mechanical properties of
the powders and therefore to their microstructures [7]. It has been established that the
microstructure evolution is controlled by the temperature, milling intensity and composition.
The grain size, internal lattice root mean square strain and stored enthalpy are parameters
characterized by the most authors [8].

Our microstructure analyses of MgO-TiO, system showed that the initial MgO
powder consisted of spherical particles with a size of 500 nm and irregularly shaped
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agglomerates with a size of 2 microns approximately. Compared to MgO particles, TiO,
spherical particles were smaller with the particles with a size of 150 nm. It has been observed
that the grain size of the starting powder mixture decreased with milling time, as observed
from Fig. 1. (b).For the samples activated 20 min (MT20), as a result of mechanically induced
particles deformation, formation of soft agglomerates has been noticed. SEM micrographs of
MT120 clearly indicated the presence of new phases in shape of agglomerates covered with
smaller particles of starting powders.

10kV ~ X5,000 S5uym 0000 10.04 SEI

16kV ~ X5,000 5um 0000 1204 SEI C) 10kv  X5,000 S5pm 0000 1104 SEI

Fig. 1. Scanning electron micrographs of (a) MTO, (b) MT10, (c) MT20 and (d) MT120.

This is in accordance with the X-ray analysis, which pointed out that mechanical
activation of MgO-TiO, system is not only characterized by crystallite size reduction and
increase in dislocation density and lattice strain [9], but also by formation of new magnesium-
titanate phases. Fig. 2. shows frequency distribution and cumulative distribution curves of
MTO, MT20, MT40 and MT120 samples.

Particle size distribution of MTO shows that the powder consisted of three kinds of
particles. The first one were about 0.5 micrometers, the second about 2 micrometers and the
third about 70 microns, representing small particles of TiO,, spherical particles of MgO and
MgO agglomerates, respectively (Fig. 1. (a)). For the samples activated 20 min due to
mechanically activated particle reduction, the presence of starting MgO agglomerates was not
detected. Only the particles with the average size of about 0.4 micrometers and the second
ones with the average size around 5 micrometers were noticed.
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Fig. 2. Cumulative and frequency distribution curves for (a) MTO, (b) MT20,
(c) MT40 and (d) MT120.

According to microstructure analysis we suppose that the MT40 and MT120 particle
size distributions belong to the three differently sized agglomerates — about 0.5, 4 and 35
microns within MT40 and 0.4, 2.5 and, finally, 50 microns within MT120, representing the
agglomerates of some new phases covered with smaller ones of starting powders. This is in a
great accordance with the results obtained by XRD analysis. X-ray diffraction patterns of non-
milled and ball-milled MgO and TiO, powders are given in Fig. 3. and reveal the phase
composition and changes within powder during milling process.

MTO is the X-ray pattern of the non-milled starting mixture containing MgO,
Mg(OH), and TiO, (anatase and rutile modification). The identification of all obtained
reflections has been accomplished using the JCPDS cards (65-5714 for TiO, anatase, 77-0443
for TiO; rutile, 72-0021 for TiO, Il (brookite), 71-1176 for MgO, 82-2453 for Mg(OH),, 79-
0831 for MgTiOzand 76-2373 for MgTi,0s).
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Fig. 3. XRD patterns of non-activated and activated mixtures.

After 5 minutes of mechanical treatment, intensities of some anatase and magnesium-
oxide peaks are lowered and the phase transition of some anatase into high pressure form
TiO, Il has been observed.

After 20 minutes, due to diminution of crystallite size, defect formation and
amorphisation, intensities of all starting phases were significantly lowered and smoothly
broadening of magnesium-oxide peaks was noticed. Furthermore, the very first traces of
metastable compound MgTi,Os became detectable.

Moreover, as the time of activation is prolonged, further broadening and lowering of
intensities of all peaks has been observed. Due to phase transition from anatase over TiO; Il to
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the most stabile form of TiO,-rutile decrease of anatase phase concentration has been also
noticed [10, 11]. In the MT40 pattern, we have noticed the simultaneous decrease of TiO,
anatase along with the first traces of perovskite phase MgTiOs. No spinel phase Mg, TiO,4 has
been detected. After 80 minutes of activation, all phases mentioned above were still present
except for the strongest anatase reflection. This reflection is drastically lowered and
broadened, because of overlapping with the most intensive MgTi,Os peak and the peak of
TiO, Il [12]. Finally a mixture of MgTi,Os, MgTiO; and MgO along with very small
concentration of TiO, phases is observed for the samples activated 120 min.

In order to determine characteristic temperatures at which solid-state processes are
taking place, DTA and TGA analyses have been performed. DTA and TGA curves of the
non-activated sample and sample activated for 120 minutes are presented in Fig. 4.
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Fig. 4. DTG curves of (a) non-activated MTO mixture and (b) MT120.

First weight loss of 4% was assigned to some humidity evaporation during powder’s
preparation route. Our DTA curves showed three endothermal and one exothermal peak. The
first and the second ones, around 400°C, are very sublime and are assigned to the formation of
MgTi,Os phase [13] and transition of some TiO, anatase into rutile modification. This is
accompanied with a weight loss of 8% (see Fig. 4.). The endothermic peak at 800°C,
represents the beggining of MgTiO; formation. The fourth, exo-peak which occurs around
1000°C can be assigned to reaction completing and high temperature crystal growth [14].

DTA curve for MT120 shows no endo-peak of TiO, transition, which is in
accordance with the X-ray diffraction data (phase transition is observed within MT5 pattern
and transition of anatase into rutile is finished until 120 minutes). Also, since the formation of
MgTi,Os phase occurs after 20 min of mechanical activation, the weight loss is less than
within MTO.

Compact densities of the ball-milled powder after its sintering at 1100, 1200, 1300
and 1400°C for 2h are shown on Fig. 5. The maximum change in densification rate is
observed within powders activated 40 minutes, and the greatest values are obtained at 1400°C,
as expected. Regarding previous analysis based on SEM and XRD measurements, it is clear
why prolonged milling time inhibits densification. Namely, it is known that a high content of
hard agglomerates is not suitable for good sinterability.
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Fig. 5. Compacts densities of the samples isothermally sintered at various temperatures for
2h.

Micrographs of some sintered samples are given in Fig. 6. Formation of contact necks
at the beginning stadium of sintering process is clearly visible at Fig. 6. (a). Grains still own
their starting shape, no relevant mass transport has been observed. Due to activation process,
particles between agglomerates were more active, so the greater conglomeration is present.

13kV XZ,SUD 10pm - - C) < W25 T oy, Y
Fig. 6. SEM micrographs of (a) MTO and (b) MT120 sintered at 1100°C for 2h and (c) MTO
and (d) MT120 sintered at 1400°C for 2h.

Spherical pores and very porous microstructure were the main characteristics for
sample MTO sintered at 1400°C for 2h. For the activated samples (especially for the samples
activated 120 min) due to sintering of hard agglomerates, anisotropic distribution of phase
particles and irregularly shaped closed pores has been observed.
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Fig. 7. XRD patterns of (a) MTO and (b) MT120 sintered at 1100°C for 2h and (c) MTO and
(d) MT120 sintered at 1400°C for 2h (M-MgTiOs3, <-Mg,TiO,).

XRD patterns of sintered samples are presented in Fig. 7. All sintered samples consist
of two phases: perovskite phase MgTiO; and spinel phase Mg, TiO,. Some reflections of these
two compounds are overlapped. With the increasing sintering temperature, intensities are
sharper and the ratio between two phases is changing. Based on the analysis of peak’s
intensities, one can notice that spinel phase concentration is more dominant within samples
activated at 1400°C for 2h. The pure Mg, TiO4 phase was not obtained with the milling and
sintering conditions we used.

Conclusion

In this paper, the influence of mechanical activation on microstructure and crystal
structure, as well as the isothermal sintering of MgO-TiO, system, was studied. Scanning
electron micrographs indicate a difference between the starting and activated powders
morphology confirming the changes taking place during the mechanical activation. Based on
XRD results, the phase transition of TiO, anatase — TiO, Il brookite — TiO, rutile is
observed after 5 minutes of mechanical treatment; the first appearance of the magnesium-
titanate phase MgTi,Os was found to occur after 20 minutes of mechanical treatment; the
MgTiO; perovskite phase was noticed after 40 minutes. Spinel Mg,TiO, phase is not possible
to obtain using these milling conditions (times of activation and balls to powder mass ratio).

Also, it has been found that mechanical activation leads to particle size reduction.
Differential thermal gravimetric analyses established the temperatures at which the solid state
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reactions begin and showed no phase transition from TiO, anatase — TiO, Il — TiO, rutile
for non-activated heated sample.

XRD data of sintered samples gave information on their phase composition. After
sintering, we obtained two-phase system consisted of MgTiO; and Mg, TiO, phases. The ratio
between these two compounds varied and with the increase in sintering temperature, the
concentration of spinel phase, Mg, TiOy, is increasing. The pure spinel phase is not possible to
obtain using these conditions, as a consequence of the thermodynamic instability of spinel
phase [4].
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Caopacaj:  Cmewe MQO-TIiO, cy mexanuuxu axmusupame y SUCOKO-EHEePemCKOM
nianemaprnom mauny moxom 5, 10, 20, 40, 80 u 120 munyma. @aszuu cacmas je oopehen
penoeenckom ougppaxyujom. Ca nopacmom 6pemena Mieserbd, npumeheHno je cmarberbe
senuyune yecmuya npaxa. Taxohe, ucnuman je u egexam mpubogusuuke axmusayuje Ha
MUKDOCIMPYKIMYPY —npaxa Mmemooom ckenupajyhie enekmponcke mukpockonuje. Paou
UCNUMUBAFA MEPMUYKUX C80jcmasa npaxa, ypahena je Ou@epeHyujaina mepmujcKa
ananusa. Ilpoyec cunmeposarsa uzeéeden je y 6azoyxy y memnepamypnom oncezy 00 1100°-
1400°C moxom 2 cama. Y céum cummeposanum y30pyuma youeHo je npucycmeo ose gasze
MgTiO; u Mg,TiO, anu mwuxos mehycobuu 00HOC KOHYyewmpayuja eéapupa y 00HOCY Ha
memnepamypy CUHmMeposara.

Kuyune peuu: Kepamuxa, MexaHuuka akmueayuja, CUHMeposare, peHO2eHCKA Oudparyuja.
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Abstract:

In this article the influence of mechanical activation on sintering process of
magnesium-titanate and barium-zinc-titanate ceramics has been investigated. Both non-
activated and mixtures treated in planetary ball mill for 80 minutes were sintered at 1100°C
and 1300°C. The influence of mechanical activation on phase composition and crystal
structure has been analyzed by XRD, while the effect of activation and sintering process on
microstructure was investigated by scanning electron microscopy. It has been established that
temperature of 1100°C was to low to induce final sintering stage for both systems. Moreover,
we concluded that barium-zinc-titanate ceramics exhibited better sinterability than
magnesium-titanate ceramics.

Keywords: Ceramics; Mechanochemical processing; Sintering; SEM.

1. Introduction

Development of dielectric binary and ternary materials based on TiO, such as barium,
strontium and magnesium-titanates, as well as barium-strontium and barium-zinc-titanates is
increasing with a rapid progress in mobile and satellite communications systems. These
materials can difer extremely low dielectric loss in the microwave range and high dielectric
constant [1-3]. Recently barium-zinc-titanate compounds and magnesium-titanate based
materials (MgTiOs; and Mg,TiO,) have attracted great attention for their specific microwave
properties. As a result they can be used as parts of resonators, filters and multilayer ceramic
capacitors [4].

These materials are often synthesized by solid state reaction between MgO, TiO, and
BaCOs;, ZnO, TiO, at relatively high temperatures [5,6]. It has been established that sintering
temperature can be lowered down owing to magnesium-titanate and barium-zinc-titanate
preparation in nanocrystalline form. In order to produce nanocrystalline powders and improve
the final properties of advanced ceramics, among the other methods, high energy mechanical

“) Corresponding author: obradovic.nina@yahoo.com
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activation can be employed. High-energy ball milling as method for nano size materials
synthesis has many advantages, such as simplicity, relatively inexpensive production,
applicability to any class of materials, etc [7]. Tribophysical activation is characterized by
crystallite size reduction and increase of dislocation density and lattice strain [8-10].
Moreover, as a result of the reduction in cohesive dispersion domains during activation, the
number of defects within the material rises, thus increasing diffusion of oxide’s atoms and
favoring a solid-state reaction.

Taking all this into account, the influence of mechanical activation of the MgO-TiO,
and BaCO3-ZnO-TiO, systems on phase composition, crystal structure and microstructure
after sintering process has been reported in this article.

2. Experimental procedure

Mixtures of MgO and TiO, powders at a molar ratio MgO:TiO, = 2:1 were
mechanically activated in a high energy planetary ball mill (Retsch type PH 100). Mixtures of
BaCOs;, ZnO and TiO, powders at a molar ratio BaCO3:Zn0:TiO, = 1:2:4 were mechanically
activated, also. The milling process of MT and BZT systems was performed in air for 0 and
80 minutes. Ball to powder mixture mass ratio was 20:1. Samples were denoted as MT-0 to
MT-80 and BZT-0 to BZT-80, according to the milling time.

The binder-free powders were compacted in an 8 mm diameter tool under 392 MPa
pressure. Compacts were placed in an alumna boat and heated in a tube furnace (Lenton
Thermal Design Type 1600). MT and BZT compacts were sintered isothermally at 1100 to
1300°C for 2h. The heating rate was 10°C/min. The morphology of obtained powders before
and after heating was characterized by scanning electron microscopy (JEOL JSM-6390 LV).
The pallets were cracked and covered with gold in order to perform these measurements. X-
ray powder diffraction patterns after milling and thermal treatment were obtained using a
Philips PW-1050 diffractometer with ACu-K, radiation and a step/time scan mode of 0.05°/1s.

3. Results and Discussion

The influence of mechanical activation of the MgO-TiO, and BaCO3-ZnO-TiO,
systems on phase composition, crystal structure and microstructure has been described
previously [11,12]. Main conclusions based upon those investigations are: a mixture of
MgTi,Os, MgTiO3z and MgO along with very small concentration of TiO, phases is observed
for the samples activated 80 min, mechanical activation led to particle size reduction and the
ratio between final sintering products (MgTiO; and Mg,TiO4) varied with sintering
temperature. Simultaneous decrease of TiO, anatase, ZnO and BaCOs; with an increase of
BaTiOs, ZnTiO;3 and Zn,TisOg phases are noticed after 80 min of activation although the
dominant phase is a phase of BaTiOs. 1100°C is the temperature where one can notice the
existence of several phases, such as BaTiOz, ZnTiO3, Ba;ZnTi;;0,7 and BaZn, TisOy;.

Tab. I Densities of MT-0, MT-80, BZT-0 and BZT-80 before and after sintering process,

p(glem®).
T/milling time non sintered 1100°C 1300°C
p (Yopr) 0 80 0 80 0 80
MT 1.95 2.36 2.18 2.86 3.15 3.43
(50.15) | (60.70) | (56.10) | (73.51) |(80.99) | (88.30)
BZT 2.70 3.35 3.11 3.81 3.40 4.56
(55.82) | (69.26) | (64.21) | (78.77) |(70.25) | (93.61)
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The density of specimens was calculated from precise measurements of specimen’s
diameter, thickness and mass. Tab. | show densities before and after sintering process. Having
in mind greater hardness of MgO, it is clear why the same applied pressure for MT and BZT
samples resulted in different pre-sintered densities. Besides, it is obvious that mechanical
activation led to better compactness of non sintered samples. Comparing density’s values for
sintered one, it can be noticed greatest densification for MT-80 and BZT-80 sintered at
1300°C. Also, the greatest density liken theoretical density show specimen BZT-80. It is in
accordance with SEM analyses, where we established better sinterability of BZT than MT
ceramics.
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Fig. 1. XRD patterns of (a) MT-0 and MT-80 ,(b) BZT-0 and BZT-80 sintered at 1300°C for
2h.

Fig. 1. (a) presents X-ray diffraction patterns for MT-0 and MT-80 sintered at 1300°C
for 2h. The identification of all obtained reflections has been accomplished using the JCPDS
card (73-1723 for Mg,TiO, and 79-0831 for MgTiO3). As we can see, both samples consist of
two phases, small amount of MgTiO; perovskite phase, together with the dominant Mg,TiO4
spinel phase. X-ray diffraction patterns of sintered BZT-0 and BZT-80 samples are given in
Fig. 1. (b). The identification of all obtained reflections has been accomplished using the
JCPDS card (81-2380 for BaZn,Ti4O4;). Only a pure barium-zinc—titanate phase is obtained
within both samples and the obtained reflections are sharp and intensive, revealing their
crystal structure.

Microstructure parameter, average particle size (Dyng), calculated from an
approximation method [13] applied on sintered powder mixtures, are given in Tab. Il. These
calculations have been conducted for the most intensive reflections of Mg, TiO4, MgTiO; and
Bazn,Ti,O1;. Some of the calculations were not possible to conduct due to great peak
broadening and overlapping with some reflections of the final products. It is well known that
processes of grain growth, defect disappearance and recrystallization occurred during
sintering. Analyses of microstructure parameters calculated from the XRD data indicate that
the grain growth with the increasing sintering temperature is present for BZT samples. In the
case of MT-80, mechanical activation resulted in non-linear grain growth at higher sintering
temperature, which is a desirable property for electrical measurements.
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Tab. 11 Microstructure parameters revealed from an approximation method,

D (nm)
sample phase 1100°C 1300°C
411) | (232) | (223) | (411) | (232) | (223)

BZT-0 BazZn,Ti O 19.07 | 46.53 | 46.73 | 75.23 | 84.87 | 60.37
BZT-80 Bazn,Ti O 11.16 | 35.10 | 48.29 | 142.98 | 89.94 | 120.80
sample phase 1100°C 1300°C

(111) [ (220) [ (400) | (111) | (220) | (400)
MT-0 Mg,TiO,4 75.30 | 90.69 | 92.69 | 113.47
MT-80 Mg,TiO,4 84.10 | 123.85 | 76.80 | 72.09 | 104.87 | 76.49
sample phase 1100°C 1300°C

(012) [ (104) [ (024) | (012) [ (104) | (024)
MT-0 MgTiO; 93.30 | 86.10 | 83.40 | 90.96 | 86.67 | 128.29
MT-80 MgTiO; 92.10 | 112.20 | 90.80 | 90.98 | 92.79 | 78.30

Micrograph of MT-0 sintered at 1100°C for 2h is given in Fig. 2. (a).

formation of contact necks at the beginning stadium of sintering process.
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Fig. 2. SEM micrographs of (a) MT-0 ,(b) BZT-0, (c) MT-80 and (d) BZT-80 sintered at

1100°C for 2h.

Grains possess their starting shape and no relevant mass transport has been observed.
Fig. 2. (b) shows BZT-0 sintered at 1100°C for 2h. Insufficiently sintered sample and
formation of contact necks are the main characteristics for BZT-0, along with small particles
of various compounds within the starting sintering phase. At Fig. 2. (c) is clearly visible a
formation of new phases along with densification of that segment. It can be also distincted
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appearance of large pores between these grains of new phases and smaller grains of MgO and
TiO,. Micrograph of sample BZT-80 sintered at same condition is presented at Fig. 2. (d). The
initial stage of sintering is still present and grains have polygonal shape. Formation of
enclosed pores and presence of two different phases (ZnTiO; and BaZn,Ti,O,; that are
confirmed by X-ray analyses [9]) are almost homogenous arranged. In addition, it can be
noticed much denser sample, so it was assumed that dominated process is densification
against reaction sintering.
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Fig. 3. SEM micrographs of (a) MT-0 ,(b) BZT-0, (c) MT-80 and (d) BZT-80 sintered at
1300°C for 2h.

Fig. 3. shows micrographs of samples sintered at 1300°C for 2h. Medium sintering
stages along with enclosed pores are visible for sample MT-0. Presence of two different
phases MgTiO3z and Mg, TiO, is observed. Smaller grains with polygonal shape (MgTiOs),
qualify fracture between the grains, while more compact area of Mg, TiO, qualifies fracture
through the grains. Microstructural analysis for BZT-0 sample (Fig. 3. (b)) showed non-
uniformed grain growth along with grains greater than 20 microns. As a result of reaction
sintering process, existence of large pores has been noticed as well.

Formation of enclosed not spherical pores for sample MT-80 (Fig. 3. (c)), is
indication of medium sintering phase. More compact sample and presence of fracture between
grains, which is probably due to presence of agglomerates in starting powders [11], were
essential features of this sample. Two different phases were present, also. Fig. 3. (d) shows
micrographs of BZT-80 sintered at 1300°C for 2h. The most homogenous microstructure was
obtained. Namely, pure barium-zinc-titanate phase is obtained as well as spherical and
enclosed pores, 2 microns in size approximately, which is a sign of final stadium of sintering
process.
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4. Conclusion

In this paper influence of mechanical activation on sintering of MgO-TiO, and
BaCO;-ZnO-TiO, systems were investigated. Comparing density’s values, it was found that
the greatest densification has been achieved after milling process at highest sintering
temperatures. It was concluded that temperature of 1100°C was to low to induce final
sintering stage for both systems. Several different phases were noticed along with large pores
and small grains.

Formation of various magnesium-titanate phases and pure barium-zinc-titanate phase
along with densification process is observed during micrographs analysis for samples sintered
at 1300°C. The pure spinel phase Mg,TiO, is not possible to obtain using these conditions, as
a consequence of the thermodynamic instability of spinel phase [6]. One can notice that MT
samples activated 80 minutes have lower density than BZT samples which were activated for
the same time, also microstructural analyses indicated it is a medium sintering stage for MT-
80 and final stadium for BZT-80. As we know, MgO is very rigid and sTab. oxide and
therefore obstructs mechanical treatment, mechanochemical reaction and sintering process
[14]. Finally, presented SEM and X-ray analyses of these samples showed advantageous
microstructures, with the appropriate pores/materials ratio and good candidates for application
in electronic industry.
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Caoporcaj: 'V o0som pady npoyuwagan je ymuyaj Mexanuuke axKmueayuje MacHe3ujym-
MUMAHaAma u 6apujym-yuHK-mumanama Ha wuxo8o cunmepogarse. M neaxmusupana cmeula
u cmewe akmusupane 80 murnyma y nianemaprom mauny cunmeposane cy na 1100 u 1300°C.
Ymuyaj mexanuuxe axmusayuje na (asnu cacmas u KPUCMAIny CMpyKmypy npoyuasaw je
PEHO2eHCKOM — Ouppakyujom, 0ok jJe eghekam akmusayuje, 3ajeOHO ca HPOYECoM
cunmeposarea, npaher ckeHUpajyiom eneKmpoHCKoM MUKPOCKONUjoM. Yemanoemeno je 0a je
memnepamypa 00 1100°C nucka oa 6u dosena oba cucmema 00 3a6pwiHo2 CMAOUjyMa
cunmeposara. Jame, 3akmyyuiu cmMo 0a 0apujyM-yuHK-mumaHamua Kepamuxa noxasyje
006y CUHMEPAOUTHOCI Y OOHOCY HA MASHE3UJYM MUMAHAMHY.

Kuwyune peuu: Kepamukxa, Mmexamuuka axmueayuja, cunmeposaie, ckenupajyha
€NIeKMPOHCKA MUKPOCKONU]A.
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Mixtures of MgO-TiO, powders were mechanically activated in a planetary ball mill for a time interval from 0 to 120 minutes.
The influence of the mechanical activation on the phase composition and crystal structure have been analyzed by X-ray
diffraction (XRD), while the effect of the activation and sintering process on the microstructure was investigated by scanning
electron microscopy (SEM). Using the data obtained from XRD microstructural parameters, the volume averaged crystallite
size (D), the density of dislocations (pp) and the lattice strain (ey,) values were calculated. Dielectric measurements were
performed in order to show the variations in the dielectric constant as a function of the time of mechanical activation.

Key words: Magnesium-titanate, Mechanical activation, XRD, Electrical properties.

Introduction Experimental

Much researche in the last decade has studied Mixtures of MgO (99% Sigma-Aldrich) and TiO,
dielectric materials, mainly because of the rapid progress powders (99.8% Sigma-Aldrich) at a molar ratio
in communication systems, such as cellular phones, MgO:TiO, =2:1 were mechanically activated by grinding
satellites and global positioning systems. Usage of in a high energy planetary ball mill (Retsch type PH
materials for these purposes requires ceramics with a 100). The milling process was performed in air for 5,
dielectric constant of 10-20, an extremely low dielectric 10, 20, 40, 80 and 120 minutes at a basic disc rotation
loss, and a low-cost [1, 2]. Materials that meet appropriate speed of 400 rpm. The ball-to-powder mixture mass

properties for these applications are certainly the binary ratio was 20:1. Samples were denoted as MT0 to MT120
magnesium titanates, MgTiO; and Mg, TiOy [3, 4]. These according to the milling time. The binder-free powders

compounds have dielectric constants of 16 and 14, were compacted using a uniaxial double action pressing
respectively. Moreover, the molar ratio of these phases process in an 8 mm diameter tool (hydraulic press RING,
has an influence on dielectric constant [5]. The P-14, VEB THURINGER). Compacts were placed in an
conditions and synthesis method greatly affects the alumna boat and heated in a tube furnace (Lenton
dielectric properties [6]. Extensive research revealed that Thermal Design Typ 1600). Compacts were sintered
mechanical activation could simplify or accelerate the isothermally at 1300 °C in an air atmosphere for 2 hours
solid-state reaction, which normally occurs at high and a heating rate of 10 Kminute™.
temperature and/or high pressure. High-energy ball X-ray powder diffraction patterns after milling and
milling has many advantages, such as simplicity, a the thermal treatment were obtained using a Philips
relatively inexpensive production of nano-sized powders, PW-1050 diffractometer with ACu-Ko radiation and a
applicability to any class of materials, etc. During step/time scan mode of 0.05° s,
mechanical activation, powder particles are subjected to The morphology of the powders obtained after heating
severe plastic deformation that results in the formation of was characterized by scanning electron microscopy (JEOL
a high concentration of defects. This induces enhanced JSM-6390 LV). The pellets were cracked and covered
atomic mobility; promotes different phenomena depending with gold in order to perform these measurements.
on the materials being milled [7]. Measurement of the dielectric properties was performed
In this study, the effects of mechanical activation on on a network analyzer Agilent ES062A in the range 50-
the phase composition, microstructure and dielectric 500 MHz, on sintered specimens coated with silver
constant of a sintered MgO-TiO, system were investigated. electrodes.

Results and Discussion

*g"lrfefgg‘;dli?gz ?)‘5%120533 It is well known that a mechanical treatment leads to
szg +381:11:21 85263 a decrease in crystal size, introduction of structural
E-mail: nina.obradovic@jtn.sanu.ac.rs defects, amorphisation, chemical reactions, etc [8]. X-
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Fig. 1. XRD patterns of mixtures sintered at 1300 °C for 2 h.
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Table 1. Comparison of Dy values calculated in different ways.

S. Filipovic, N. Obradovic, D. Kosanovic, V. Paviovic, A. Djordjevic

ray analysis of all the samples indicates the presence of
two phases, MgTiO; and Mg,TiO,, that were confirmed
by JCPDS cards (79-0831 for MgTiO; and 79-0829 for
Mg, TiO,), Fig. 1. Diffraction patterns showed very sharp
and intensive reflections. This suggests that the processes
of recrystallization and annihilation of structural defects
during the sintering process were taking place.

Analysis of the broadening of Bragg reflections is a
very convenient way to determine the size of crystalline
domains from powder diffraction data [9]. The size of
crystallites has been determined by application of
Scherrer’s equation:

DhH:kﬂ/,BCOSQ (1)

where: D- crystallite size, k- Scherrer constant, A-
wavelength, B- integral breadth, and 0- angular peak
position. Usually, a full width at half maximum
(FWHM) instead of integral breadth is used, which
brings mistakes in determining the size of crystalline
domains. Taking all of this into consideration, we used
the integral breadth in our calculation of microstructural
parameters. First, peaks were fitted to a Lorenz function
and the FWHM s obtained were used for the determination
of a true value of B, as shown in Fig. 2 [9].

In Table 1 are given values of crystalline domain sizes
calculated in two different ways, using the full width at
half maximum (FWHM) and using the integral breadth
(B). It can be noticed that values are significantly lower
when using integral breadth.

Microstructural parameters obtained from Scherrer’s
method [10]: crystallite size (D), density of dislocations
(pp) and lattice strain (ey) are given in Table 2.

These calculations have been conducted for the most

Dy (nm), using

Dy (nm), using FWHM

Sample Phase
104 113 012 111 220 400 104 113 012 111 220 400
MgTiO, 62 49 71 97 77 111
MTO
Mg, TiO4 70 69 61 110 108 95
MgTiO, 61 48 66 95 76 104
MT5

Mg, TiO4 50 53 49 78 83 77
MgTiO; 55 60 70 86 93 111

MTI10
Mg, TiO4 55 60 56 87 94 88
MgTiO; 50 49 56 79 77 87

MT20
Mg, TiO4 55 58 54 86 91 86
MgTiO; 52 35 48 82 54 76

MT40
Mg, TiO4 60 53 53 94 87 83
MgTiOs 56 43 56 87 68 87

MTS80 -
Mg, TiO,4 53 64 55 84 101 86
MgTiO; 65 57 57 103 89 90

MT120
Mg, TiO,4 61 56 52 96 88 82
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Table 2. Microstructural parameters obtained from Scherrer’s method [10]:

D (nm) b (10" cm®) Chki
Sample Phase
104 113 012 111 220 400 104 113 012 111 220 400 104 113 012 111 220 400
MgTiO; 62 49 71 8 12 6 02 02 02
MTO -
Mg, TiO,4 70 69 61 6 6 8 03 02 0.1
MTS MgTiO; 61 48 66 8 13 7 02 02 02
Mg, TiO4 50 53 49 12 11 12 04 02 0.2
MgTiO; 55 60 70 10 8 6 02 02 02
MTI10
Mg, TiO4 55 60 56 0 8 9 04 02 0.2
MgTiO; 50 49 56 12 12 10 02 02 03
MT20
Mg, TiO4 55 58 54 100 9 10 04 02 0.2
MgTiO; 52 35 48 11 20 13 02 03 03
MT40
Mg, TiO4 60 53 53 g 11 11 04 02 0.2
MgTiO; 56 43 56 10 16 10 02 02 03
MT80
Mg, TiO4 53 64 55 0 7 10 04 02 0.2
MgTiO; 65 57 57 7 10 10 02 02 03
MTI120 -
Mg, TiO, 61 56 52 g8 10 11 04 02 0.2
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Fig. 3. SEM micrographs of samples MT-0 (a), MT-5 (b), MT-10
(c), MT-20 (d), MT-40 (e), MT-80 (f), MT-120 (g)

intensive reflection, and a reflection with no overlapping.
As can be noticed, the crystallite size decreases until an
activation time of 40 minutes, after that an increase is
observed. At the beginning of the milling process the
dominant effect is grain fragmentation, which leads to
a decrease in crystallite size even after sintering.
Samples activated for a longer time, start to form
agglomerates, as a tendency to reduce the surface free
energy, and an amorphous phase during the mechanical
treatment. This system has a greater amount of
mechanical energy, inducing a greater system activity,
increased mass transport and a larger crystal size after
the thermal treatment. Beside this effect, greater
changes in the microstructural parameters for MgTiO;
phase can be observed.

Fig. 3. presents micrographs of samples sintered at
1300°C for 2 h. All the micrographs shown indicate a
medium sintering stage along with enclosed but not
spherical pores. There is a noticeable presence of two
different phases in all samples, one with smaller
polygonal shape grains (MgTiOj3), and more compact
areas of Mg,TiO,. With a longer activation time, an
increase in the amount of the spinel phase (Mg,TiO,),
along with more compact samples can be seen. The
presence of fractures between grains, which is probably
due to the presence of agglomerates in the starting
powders, was observed. At Fig. 3 (d), for sample MT-
20, we can observe the presence of large crack between
areas, which cause lower values of the electrical
characteristic, as seen in Table 3.

Table 3. shows values of the dielectric constant,
calculated from capacitance measurements. The evaluation
of & was performed in two ways: the first was using the
classical equation that relates the geometrical dimensions
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Table 3. Dielectric constant of sintered samples.

Sample € (classical) €; (numerical)
MT-0 14.6 12.5
MT-5 17.1 15.5

MT-10 17.2 15.5

MT-20 17.0 153

MT-40 17.6 15.9

MT-80 18.6 16.9

MT-120 18.4 16.6

of a sample and its capacitance; the second one was
numerical, using a program that simulates electrostatic
systems [11]. The program takes into account the edge
effects and stray capacitance. Hence, it yields lover
values for €.

The electrical measurements showed that the dielectric
permittivity of these specimens increase with the
activation time, reaching a maximum value for the
sample activated for 80 minutes. As can be seen, there
is no significant difference between samples MT-80
and MT-120, which confirms that we reached the
optimal time of mechanical activation for this system.
It is known that a greater density results in a higher
dielectric permittivity owing to a lower porosity.
Results presented in Table 3. are in accordance with the
evaluated densities [7]. Also it is known from the
literature data [5] that different ratio between the
phases has an influence on g, values. Since our samples
consist of two different phases and there is a difference
in densities, changes in dielectric constant must be
contributed to both factors.

Conclusions

In this paper, we investigated changes in the micro-
structural, phase composition and dielectric properties
of MgO-TiO, system sintered at 1300 °C for 2 hours.
XRD analyses confirmed the presence of two phases, a
dominant spinel Mg,TiO4 and ilmenite MgTiO;, also
used for the calculation of the microstructural parameters.
These data show greater changes for the MgTiO; phase.

S. Filipovic, N. Obradovic, D. Kosanovic, V. Paviovic, A. Djordjevic

Comparing results for Dy calculated using full width
at half maximum (FWHM) instead of integral breadth,
we noticed differences in values of about 35%. It was
shown that the dielectric permittivity of this material
increases with activation time in accordance with
changes in the densities and phase compositions of
sintered samples. Maximum values of both the density
(about 94% p,) and the dielectric constant were reached
for the MT-80 sample. SEM analyses confirmed the
presence of two phases, along with more compact
samples for longer activation times.
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In this article the influence of ball miling process on structure of MgO-TiO, system, as well as the elec-
trical properties of samples after sintering, was investigated. The mixtures of MgO-TiO, powders were
mechanically activated in a planetary ball mill for the time period from 0 to 120 min. The influence of
mechanical activation and sintering on the lattice vibrational spectra was studied by Raman spectroscopy
at room temperature. Structural investigations have been performed on produced powders. Nitrogen
adsorption method was used to determine the BET specific surface area and pore size distribution. Unu-

Iézﬁwrzirﬁis; sual results have been obtained: specific surface area continuosly decreased up to 40 min of activation
SEM & and increased after that, reaching its minimun value of 5.5 m?/g. The Raman spectra of activated powders
Raman spectroscopy hgve shown that anatase moglgs have been decr_easing in iqtensity a.nd b_roadening as the time of activa-
Sintering tion extended. Also, the additional modes attributed to TiO, II, srilankite and rutile phases started to
Titanates appear as a consequence of activation. The small differences noticed in the Raman spectra of sintered

samples have been explained by structural modification of MgTiO5; phase due to the presence of defects.
The effects of activation and sintering process on microstructure were investigated by scanning elec-
tron microscopy (SEM). The electrical measurements showed difference in dielectric constant (&,), loss

tangent (tgs) and specific resistance (p) as a function of time of mechanical treatment.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Many recent investigations were based on development of
materials with low dielectric loss in microwave range, because of
their wide usage in modern communication devices, such as cellu-
lar telephones, antennas, and global positioning systems [1-4].
From this point of view, low-cost dielectric materials with dielec-
tric constant of 10-20 and low dielectric losses are required. In
the binary system of MgO-TiO,, two magnesium-titanates are
known, MgTiO3; and Mg,TiO4, both good for applications men-
tioned above. These compounds have dielectric constant ¢=16
and ¢ = 14, respectively [5]. Moreover, the influence of the molar
ratio of these phases on dielectric constant is registered [6]. The
MgTiOs, geikiete (rhombohedra of ilmenite structure with space
group R3), is formed above 600 °C and it is stable in the range from
room temperature to its melting point [7,8]. The Mg,TiO4 (cubic of
inverse spinel type with space group Fd3 m) is formed at temper-
atures above 1150 °C and undergo a phase transition in the process

* Corresponding author. Tel./fax: +381 11 2185 263.
E-mail address: obradovic.nina@yahoo.com (N. Obradovic).

0925-8388/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jallcom.2012.12.040

of cooling at ~1000 °C to a tetragonal modification (space group
P4,22) [9].

So far, many methods for the preparation of MgTiO3; and Mg,.
TiO4 were reported in literature, such as thermal decomposition
of peroxide precursors, hydrothermal mechano-chemical complex-
ation routes, sol-gel routes, auto-ignited method, chemical copre-
cipitation and metalorganic solution deposition technique [4,10].
The solid-state reaction by grinding in mill is often used method,
due to its simplicity, inexpensiveness, applicability, etc. In addi-
tion, it is well known that mechanical activation could simplify
or accelerate solid-state reaction, reducing temperatures of chem-
ical reaction or sintering temperature [11]. The intention of this
work was to determine influence of mechanical treatment on
structure of milling mixtures and changes in electrical properties
of sintered samples.

2. Experimental procedure

Starting components were MgO (99% Sigma-Aldrich) and TiO, powders (99.8%
Sigma-Aldrich). Mixtures at a molar ratio MgO:TiO, = 2:1 and ball to powder mix-
ture mass ratio 20:1 were mechanically activated in a high energy planetary ball
mill device (Retsch type PH 100), with zirconia-oxide vials and balls. Milled pow-
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Fig. 1. Raman spectra of non-milled and ball milled powders. Some spectra are up-
shifted for clarity.

ders have been labeled as MT-t, where t denoted the time of milling, and MTS-t, for
sintered samples. The morphology of obtained powders have been investigated by
scanning electron microscopy (JEOL JSM-6390 LV). Textural characteristics of start-
ing MgO:TiO, mixture and milled powder, were determined by N, physisoprtion
method. Measurements were carried out using a Sorptomatic 1990 Thermo Finnin-
gan at —196 °C temperature after outgassing pretreatment of the samples at 110 °C
for 18 h.

The binder-free powders were compacted using the uniaxial double action
pressing process under pressure of 392 MPa in an 8 mm diameter tool (Hydraulic
press Ring, P-14, Veb Thuringer). The compacts were placed in an alumna boat
and heated in a tube furnace (Lenton Thermal Design Type 1600) and sintered iso-
thermally at 1300 °C in air atmosphere for 2 h and the heating rate of 10 °C min~".
The density of specimens was calculated from the measurements of their diameter,
thickness and mass.

The Raman scattering measurements of powders and sintered pellets were per-
formed by a TriVista TR557 triple spectrometer equipped with a nitrogen-cooled
CCD detector. The spectra were collected in backscattering micro-Raman configura-
tion using 514 nm line of a mixed Ar*/Kr* laser with output power 30 mW. Mea-
surements were carried out in the range of 100-1500 cm ™! at room temperature.

The measurements of specific electrical resististance, capacitance and loss tan-
gent of samples were performed in the frequency range from 20 Hz to 1 MHz with a
LCR meter Agilent 4284A, on sintered specimens coated with silver electrodes.

3. Results and discussion

There are three different polymorphs of TiO, at ambient condi-
tions: body-centered tetragonal structure of anatase (space group

134
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Fig. 2. (a) FWHM for anatase Eg;y Raman mode at ~142 cm™' as a function of

milling time. (b) FWHM for TiO, Il mode at ~338 cm™! as a function of milling time.

14,/amd), orthorhombic brookite (Pbca), and tetragonal rutile (P4,/
mnm). According to the factor group analyses there are six Raman
active modes in anatase (A;g + 2B1g + 3E;) [12], four Raman active
modes in rutile (Ajg + Big + Byg + Eg) [13], whereas 36 vibrational
bands are predicted in brookite phase [14]. Besides, TiO, has two

Table 1
Position and assignments of all observed bends.
Sample Position and assignments
143 196 396 515 637
M m| (w0 e e e
142 196 314 361 | 397 515 638
i | " i T AT T A | m i i ) [ ] i i i i [ ]
142 | 170 | 196 314 | 338 360 | 396 425 | 447 | 514 637
MT-10 | A m| | | |A|A| |a|m| |&Alal;w| | | | |m
i 142 | 170 | 197 ) ) | 315338 |359 396 | 425 | 448 518 ] ] ) ] 637
H | A= A | A A | = A A= O
p—— 142 | 170 | 197 | 267 | 287 | 310 | 315 | 339 | 357 397 | 425 | 448 514 | 525 | 576 637
H | A m | A|A A | A A | = A A = | A A |
142 | 174 | 198 | 270 | 287 | 312 | 315 | 339 | 355 | 359 | 397 | 414 | 426 | 446 522 574 | 606 | 637
ME-80 | g A | m|A|A|A|A|[A|O|A|m|[O|A|A| |A] |A|>»|n
142 | 174 | 199 | 271 | 287 | 312 | 315 | 338 | 356 | 362 | 398 | 415 | 428 | 448 523 | 568 | 574 | 605 | 637
MI-I20 |yl A m | A | A A|A|A|O|A|m|O0|A|A] |A|A|A|l>|=

m-anatase, A-Ti0; II, ¢- srilankite, P - rutil
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Fig. 3. Nitrogen adsorption/desorption isotherms for the samples MT-0 and MT-
120.

Table 2
Results obtained by N, sorption.

Sample Sger (mM?/g) Viot (cm?/g) Vines (cm?[g)
MT-0 15.8 0.051 0.047
MT-5 104 0.038 0.033
MT-10 7.7 0.026 0.024
MT-20 6.4 0.034 0.037
MT-40 55 0.029 0.031
MT-80 78 0.033 0.034
MT-120 9.2 0.048 0.054

10:04 SEI

10kV ' X7,500 _2pm 0000

10kV  X7,500 2um 0000 1004 SEI

high-pressure phases: TiO, II with orthorhombic structure (space
groupPbcn), and monoclinic srilankite (P2, /c) [15]. At the pressure
higher than 2.56 GPa, TiO; II is irreversibly formed from anatase
and rutile [16]. On the other side, MgO, as a cubic crystal with
inversion symmetry, has no first-order Raman active modes [17].

The Raman spectra of non-milled powders and those milled for
different time intervals in the range of 100-800 cm™! are shown in
Fig. 1. All Raman modes in the spectra of non-milled powder can be
assigned to the Raman active modes of anatase crystal [12] as
follows: ~143 cm™! (Egqy), 196 cm™" (Egeay), 396 cm™! (Big)
515cm™~' (combination of Aig and Big»y that cannot be resolved
at room temperature [18]) and 637 cm ™! (Egs)). The anatase modes
are dominant in Raman spectra of all activated powders, although
their intensities decrease and widths increase as the time of activa-
tion extended.

In addition to anatase modes, barely noticeable a few new
bands between 300 and 400 cm™~! in Raman spectra of MT-5 quite
visible in MT-10 spectra, can be assigned to TiO, II phase [16]. In
the Raman spectra of the powders activated for more than
80 min, the weak shoulders, which can be assigned to srilankite
and rutile phases [16,19], are also present. The position of all ob-
served Raman modes obtained by deconvolution of the Raman
spectra into a series of separated Lorentzian shape peaks using
last-squares optimization method, as well as their assignations,
are summarized in the Table 1. As it can be seen, there are no sig-
nificant shifts in the bend positions. Small blue shifts with ex-
tended activation time, noticed for the E,) anatase mode at
~196 cm~! and TiO, Il modes at ~170 and ~267 cm™!, most prob-
ably are the consequence of the variation in crystal position of oxy-
gen atoms, as well as increased nonstoichiometry and lattice strain
introduced by mechanical treatment.

10kV. X7,600 2um 0000 1004 SEI

Fig. 4. Scanning electron micrographs of the samples (a) MT-0, (b) MT-10, (c) MT-40 and (d) MT-80.
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Table 3

Electrical properties of sintered samples at 1 MHz frequency.
Sample & tgo- 1073 p - 10%(Qcm) d(%d)
MT-0-1300 293 9.37 3.43 84.17
MT-5-1300 31.2 8.54 3.90 87.76
MT-10-1300 30.7 8.40 3.99 88.45
MT-20-1300 29.0 8.43 4.24 88.35
MT-40-1300 30.0 8.24 4.28 89.79
MT-80-1300 31.6 8.04 437 92.02
MT-120-1300 334 8.29 3.73 90.99

For more detailed investigation of the structural changes due to
mechanical activation, Raman mode of anatase at ~142 (Eg)) and
TiO, Il mode at ~338 cm™! are particularly analized [19]. In the
Fig. 2 full width at half maximum (FWHM) is shown for modes
mentioned above as a function of milling time. A growth of Eg
linewidth for the period of activation longer then 5 min
(Fig. 2(a)), together with the decrease in the intensity and broaden-
ing of all anatase modes (Fig. 1) can be explained by fragmentation
of anatase grains and introducing defects during treatments. Note
also that the appearance of new TiO, phases, srilankite and rutile
(wich acording to the literature have Raman modes at about
151 cm™! [15] and ~143 cm™' [13], respectively), can influences
the broadening of the Raman feature at ~142 in the powders
activated for more than 40 min. On the other hand, mode of TiO,
Il (Fig. 2(b)) exhibits completely different trend: FWHM of this
mode decreases with activation time for the treatment shorter
than 80 min, but starts to increase for longer activation time. Such
behavior points out not only to formation and gradual ordering of
TiO, II phase at the beginning of activation, but also to the frag-
mentation and disorder of this phase that begins after 80 min of
milling.

The nitrogen sorption isotherms are very similar shape for all
samples. According to the IUPAC recommendation for classification
of adsorption isotherms, obtained isotherms are corresponding to
Type II isotherms, whereas the hysteresis loops can be classified
as Type H1 [20]. Nitrogen adsorption/desorption isotherms for
sample MT-0 and MT-120 are presented in Fig. 3.

The results obtained by N, sorption measurements are summa-
rized in Table 2. An unusual behavior may be noticed: specific sur-
face area, as well as total pore volume, decreases with milling time,
reaching minimum values of 5.5 m?/g and 0.029 cm®/g respec-
tively, and after 80 min starts to increase. There are few possible
reasons which can contribute to the reduce of specific surface area
(SSA) for approximately 65%. An irregular morphology of MgO can
be observed in SEM micrograph of MT-0, whereas TiO, has smaller
spherical particles (Fig. 4). The decrease in BET surface area may be
associated to the agglomeration of small unstable TiO, particles.
The irregular morphology of MgO was broken during the milling
process and the pore structure destructed [21,22], which could also
lead to decrease in SSA owing to cold welding of MgO attired par-
ticles. Furthermore, the reason for unexpected behavior of SSA can
be related to the disappearance of anatase and appearance of new
phase of TiO, II (Fig. 2(b)), having lower SSA than starting oxides.
After 40 min of activation, the new phase starts to create in the
form of larger particles produces greater SSA. Due to longer time
of milling treatment these particle start to behave like the mechan-
ical activation and fragmentation is at the beginning.

The microstructure analyses of MgO-TiO, system have showed
that the initial MgO powder consisted of irregularly shaped
agglomerates with a size of 2 microns approximately and spherical
particles TiO, with size of 150 nm. For the activated samples, for-
mation of soft agglomerates has been noticed as a formation of
new phase, because of mechanically induced particles deforma-
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Fig. 6. SEM micrographs of samples (a) MT-0-1300, (b) MT-20-1300, (c) MT-80-1300 and (d) MT-120-1300.

tion, which is in agreement with Raman spectroscopy. The micro-
graph of the sample MT-80 indicates particle fragmentation.

The Raman spectra of the samples obtained by sintering non-
milled and milled powders at 1300 °C are shown in Fig. 5. During
the treatment at a higher temperature, two phased sistem (MgTiO3
and Mg,TiO,) is formed [23]. According to the factor group analy-
ses, MgTiOs5 there are ten Raman active modes 5Ag + 5E;, whereas
spinel Mg,TiO4 has five ones (A;g + Eg + 3Fy). All ten bends corre-
sponding to MgTiO3; were observed in the Raman spectra of sintered
samples at the following position: 225 cm™' (Ag), 282 cm™" (Ey),
307 cm™! (Ag), 353cm™' (Eg), 398cm™' (Ag), 485cm~! (Ey),
504 cm™' (Ag), 638 cm ™" (Eg), ~725 cm ™! (Ag) [24,25]. On the other
hand, it is hard to resolve the Raman modes that originated from
Mg,TiO,4 phase, as they are at the similar positions as the modes
of MgTiO3 and partially overlapped with them [26]. Besides, an
additional Raman feature, noticed at 596 cm™', is assigned to
MgTiOs II. These high-pressure MgTiO3 phase with the lithium-neo-
nate structure may be metastable quench phase of perovskite [8].

As it can be seen from Fig. 5(a), all Raman spectra of sintered
samples are almost identical, considering the number and position
of the main features. The only difference observed is in the reala-
tive intensity and shape of some features, and special attention is
dedicated to the analysis of the Raman feature at about
720 cm~'. Deconvolution of this feature by two separated Lorentz-
ian shape peaks using last-squares optimization method for sin-
tered samples is shown in Fig. 5(b). The positions of these peaks
in all spectra are at ~713 and ~730 cm™ !, but their intensity ratio
varies. First of these peaks at ~713 cm™! can be Raman mode as-
cribed to the vibrations of O atoms in TiOg octahedrons of ordered
MgTiO; structure [27]. The appearance of the mode at ~730 cm™!
indicates the presence of structural order-disorder at short-range,
suggesting the presence of [TiOs] complex clusters and defects

(oxygen vacancies) introduced by mechanical activation and sub-
sequent sintering [27]. Note that [TiOg] and [TiOs] complex clusters
in the sintered samples studied here can also belong to the Mg,.
TiO4 structure. So, the intensity ratio of the Raman features at
~713 and ~730 cm™}, presented in Fig. 5(c), can be use as an indi-
cator of structural ordering and concentration of oxygen vacancies.
This indicates that mechanical activation before sintering can de-
crease the concentration of oxygen vacancies into the lattice,
resulting in a more ordered structure of sintered samples. How-
ever, the activation is able to increase the degree of structural order
into the lattice just for shorter activation time (up to 80 min),
whereas extension of this process is associated with structural
disorder.

Values of electrical measurements, dielectric permittivity (&),
loss tangent (tgé) and specific resistance (p, given in Qcm) as well
as densities obtained after sintering (d, given in percents of theo-
retical density) as a function of time of mechanical treatment are
given in Table 3. The resultes pointed out that the dielectric per-
mittivity of these specimens increase with activation time. Also it
is known from the literature data that different ratio between
phases has influence in ¢, values [6]. It is believed that the densities
play an important role in controlling dielectric loss. The tgs value is
generally affected not only by the lattice vibration modes, but also
by the pores, the second phases, the impurities, the lattice defect,
crystallizability and inner stress [28]. The increase in activation
time is beneficial to the densification after sintering and crystalliz-
ability until the loss tangent value reaches the minimum. The fur-
ther increase in activation time is result in the appearance of
abnormal grains and pores after sintering process and conse-
quently leads to the increase of the tgd value [29]. Specific resis-
tance increase with milling time until 80 min is probably
induced with existence large crack between areas. Sample MT-
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120-1300 has more compact structure and consequently lower
values of specific resistance.

Micrographs of samples sintered at 1300 °C for 2 h indicate
medium sintering stage along with enclosed but not spherical
pores and two different phases, Fig. 6, which is in accordance with
results obtained with Raman spectroscopy. Presence of fracture be-
tween grains, which is due to presence of agglomerates in starting
powders, was noticed. Observing morphology of MT-120-1300,
may be noted that it is the most homogeneous structure, which
cause the higher values of dielectric constant.

4. Conclusion

In this article the influence of ball miling process on the struc-
ture of MgO-TiO, system, along with its influence on electrical
properties of post-sintering samples was investigated. The Raman
spectroscopy of activated powers pointed out phase transition of
anatase, through high pressure TiO, Il and srilankite, to the most
stabile rutile phase. In addition, the mechanical strain have led to
the small blue shift of low-frequency modes of anatase and TiO,
I, whereas the intensity decrease and broadening of anatase bands
have been the consequences of grain fragmentation and introduc-
ing defects during the mechanical activation. The results obtained
by nitrogen adsorption are in agreement with those obtained by
Raman, as well as SEM measurements.

The Raman spectroscopy, like as scanning electron microscopy of
sintered samples, points out to structural modifications depending
on duration of mechanical activation before sintering process. The
variation in the Raman spectra of the sintered samples indicates that
mechanical treatment decreases concentration of oxygen vacancies
and increases the degree of structural order for activation time up to
80 min. Moreover, the structural ordering is followed by increasing
density and reducing dielectric loss tangent of sintered samples. The
most ordered sample MTS-80 with maximal density has minimal va-
lue of dielectric loss tangent, which makes it a good candidate for
application in electronic industry.

This study has shown that mechanical activation and subse-
quent sintering, with proper choice of processing parameters, can
improve the structural and electrical properties of sintered magne-
sium-titanate ceramics.
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