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HACTABHO - HAYYHOM BERY ®AKYJITETA TEXHUYKHX HAVKA V
KOCOBCKOJ MUTPOBHIIH

IIpeamer: Hssemraj Komucuje 3a npernes, OUeHYy W oAOpaHy HOKTOpPCKe AWcepTaluje
KaHaunata Anekcanzapa Bophesuha

Ha ocHoBy unana 55. cras 1. Tauka 16) Craryra ®@axynrera TexHHUKHX Hayka y KocoBckoj
Mutposuum, a y cknany ca onpen6ama ITpasuinuka o JAOKTOPCKHM CTyaMjama, HactaBHO-Hay4HO Behe
DaKynTeTa TEXHHYKHX Hayka y KocoBcKoj MuTtposuny, Ha ceqHULM oApxaHoj Aana 09.12.2019. roguse,
AoHeno je ommyky mox Gpojem 1394/3-2 o uMeHoBawy Komucuje 3a nucame u3BewTaja 3a mperyes,
OLeHy  of0paHy ypaljeHe JOKTOPCKe AMCEepTalHMje 01 HACIOBOM » | epPMOTHHAMHYKH NPOPAYYH H
KapakTepu3anuja Jerypa TpPOjHHX cucTemMa Ha (a3h repMaHMjyma® kaHauata Anekcannpa
‘Bopheruha, y cacrasy:

% np Jlparan Manacujesuh, pen. npod., T® Bop — npeacenuk,
¥ Ap lymko Munuh, pen. npog., ®TH Kocoscka Mutpoeuua — MEHTOp,
3 ApAnexcaunap Toauh, Banp. npod., ®TH Kocoscka MurtpoBuua — ynaH.

Ha ocHoBy yBupia u aHamse npeanoxene f0KymeHTauuje, Komucuja nogHocu Hacrasro

— HayuHoMm Behy Qakynrera TexHHYKHX Hayka y KocoBckoj Murpoeuim crieznehu:

HU3BEILOITAJ

Hacnoe u o6um oucepmayuje

Hacnos nokropcxe nuceprauyj je: “TepMoaAMHAMHYKH NPOpavyH H KapaKTepH3aluja
Jierypa TPOjHHX cHCTeMa Ha 6a3u repmaHnjyma”, Koja je HanucaHa Ha 105 ctpaHa u cacToju
ce oz 8 mornassba.



MecTo gucepTauuje y ogrosapajyhoj Hay4yHoj obnacTw

MpeameT UCTpaXKMBara JOKTOPCKE AncepTauumje npunaga Hay4dHoj 06nact TeXHUUKUX
HayKa, O[JHOCHO Y>O0j Hay4HOj 061acT TexXHOMOLIKO WHXKEeHEePCTBO, 3a KOjy je dakynTeT
TEXHUYKMNX HayKa Yy KOCOBCKOj MUTPOBULIM aKPeaNTOBaH.

Buorpadcky nogaum o KaHaMaaTy

THophesuh (JoBnua) AnekcaHgap, poheH je 14.08.1990. rogmHe y KOCOBCKO]j
MwuTposuun. OCHOBHY M Cpeawy LKoY je 3aBpluimno y 3eeyaHy 2009. roguHe. Vcte rogmHe
ynucyje ®PakynTeT TeXHWYKUX Hayka y KOCOBCKOj MuTpoBMUM Ha CTYAMCKOM nporpamy
3aluTuTa XMBOTHE CpeamHe 1 3aWwTuTa Ha pagy, Mogyn OnwTu. AmnioMupao je y centembpy
2012. rogmHe, ca npoceyHoM oueHom 8,07. MacTep cTyaunje Ha PakynTeTy TEXHUUYKMUX HayKa Y
Kocosckoj Mutposuum ynucyje 2012. roguHe Ha CTyAMjCKOM nporpamy 3alituTa >XMBOTHE
CpeAuHe W 3alITUTa Ha pagy, moayn: 3awTuta Ha pagy. Mactep ctyauje je 3aspwmo 2014,
roguHe ca npoce4yHoM oueHoMm 9,14. [loKTopcke CTyfunje je ynucao Ha dDakynety TeXHUUKUX
Hayka Yy KocoBckoj Mwutposuuym 2015. rogmHe Ha CTyAMjCKOM nporpamy TexXHO/OLKO
NHXerepcTBo, Mogyn Onwtn. Ca NoNoXKeHNM CBUM UCMUTUMA Ha JOKTOPCKUM CTyAuMjamMa nmao
je npoceyHy oueHy 9,75.

JoL TOKOM CTyfuja je aKTUBHO YYeCTBOBAO Y Hay4YHO-UCTpaXKmnsBaukom pagy. [aHac nma
o6jaB/beHa 10 pagay MehHapogHUM YaconucrmMaca MMnakT gaktopom (1 pag kateropuje M21, 4
paga kKateropuje M22 u5 paga kateropuje M23), 3 pafa y HaUMOHaNIHUM 4aconucuma
mehyHapo4HOr 3Ha4yaja Kateropuje M24, 15 caonwTewa Ha MehyHapoAHWM CKyrnoBMMa
LUTamnaHa y LenocTu Kareropuje M33, 7 caoniiterwa Ha MehyHapogHUM CKyMoBMMa LUTamnaHa
y un3Bofy Kateropuje M34 un 1lpaga Npe3eHTOBaHWX Ha WMHTEPHAUMOHAIHUM CTYAEHTCKUM
CYMNO3WjyMUMa LUTamMaHa y n3sogy.

HayuyHa 001acT MHTepecoBaha: BWLLUEKOMMOHEHTHU METa/IHU CUCTeMM, [edunHuCaHe
Anjarpama ctaka, CALPHAD wmetof, Kapaktepusauumja nerypa(SEM-EDS, DTA, TGA,XRD,
MexaHM4YKe 0COOMHe,eleKTPMYHA NPOBOA/LUBOCT M ONTUYKA MUKPOCKONMja), KpucTasorpahuja
1 TepMOJMHaMMKA MaTepujana.

TpeHyTHO XvBU U paan y KococBCKOj MuTpoBuuM Kao ACUCTEHT Ha Pakyntety
TEXHUYKNX HayKa Yy KocoBckoj MuTtpoBuum Ha Kateapu 3a TeXHOMOLLKO MHXeHepcTBO. M0BOpU
eHINIECKN Je3MK.



MNPEAMET W L/b JUCEPTALIMIE

Besa n3mehy CTpyKType mMaTtepujana, heroBmx 0cobmHa 1 npumMeHe je fo6po nosHata u
npesAcTaB/ba OCHOB CaBpeEMeHe Hayke.

JefjaH of HajOCHOBHUJUX N HAJBXXHMUJUX MOKasaTe/ba CTPYKType Martepujasia je Heros
PaBHOTEXHW Aujarpam CTakba M TepMOAMHAMUYKM MpopadyH. TepMOAMHAMUYKK MpopavyH U
KapakTepu3aymja nerypa TpojHUX cucteMa Ha 6asn repmaHujyma, Koju cy Tema OBe [OKTOPCKe
JmcepTauuje jow yBek Cy, HajsehuM [efioM, Hero3HaTu, Tako Aa je OCHOBHO WCTPaXXMBAYKO
niTawe [OKTOPCKe AMcepTauvje Be3aHO 3a [Ae(MHMCabe PaBHOTEXHMX [Aujarpama CTaka
NCMUTUBAHNX TPOjJHUX cucTemMa Ha 6asu repmaHujyma: Bi-Ge-In, Bi-Ge-Sn, Bi-Ge-Ga, Bi-Ge-
Zn, Ge-Zn-In n Ge-Zn-Ga.

Mo3HaBare paBHOTEXHOI Aujarpama ctawa he omoryhutu yBug y MUKPOCTPYKTYPHE 1
TepMUUKe KapaKTepucTUKe UCNUTUBAHNX CUCTEMA Kao M oapehuBare HixoBe Mefy3aBUCHOCTHU.
OBo he, pabe, NPYXUTU MOryhHOCT jacHWjer carfnefasarba MOTEHUWMjaIHE MPUMEHE
NCNUTUBAHNX Nlerypa y npakcu.

Kako je nOTMyHO eKCnepuMeHTaIHO ofpefMBatbe PaBHOTEXHOr AujarpaMa Crara
BULLEKOMIMOHEHTHUX Jlerypa Yy LefoM Orcery cactaBa W TemrepaType W3Yy3eTHO CJ/IOXEH,
[yroTpajaH 1 CKyn NpoLUec, y npakcu ce ofpehuBare pPaBHOTEXHOI Aujarpama Crakba BpLuu
yropesHOM NMPUMEHOM Pa3INUUTUX EKCEPUMEHTATHUX U aHAIMTUYKUX TEXHUKA.

CALPHAD wmeToga je cemu-eMnupujcka metoga Koja omoryhyje npopadvyH asHux
paBHOTEXa UCMUTUBAHOI CUCTeMa Ha 6a3n AeMHUCAHUX TePMOAMHAMUYKMX KapaKTepucTuka
nojeanHNX hasa Koje ce y hemy jaB/bajy 1 Koja ce KOpUCTuIa 'y 0BOM paay.

["NaBHY 1 OCHOBHW L/bEBM [OKTOPCKE AncepTaumje Cy MCnMTuBare PasHmuxX paBHOTEXa,
feurHucarbe PaBHOTEXHUX [ujarpama crtakba U TePMOAUHAMUYKM MPOpavyH rope HaBefeHUX
TPOjHUX cUCTeMa Ha 6asu repmaHmjyma.

OcHoBHe xunoTese

MonasHa xmMnoTe3a, Ha KO0joj ce 6a3npa JOKTOPCKa AucepTauuja je aa he KoM6UHOBaHa
npUMeHa n3abpaHnx eKCNePUMEHTATHUX U aHA/IMTUYKMX METoAa OMOryRnTN TEPMOAMHAMUYKO
MoAenoBare 1 ogpehunsarbe paBHOTEXHUX AujarpaMa CTawa TpojHuX: Bi-Ge-In, Bi-Ge-Sn, Bi-
Ge-Ga, Bi-Ge-Zn, Ge-Zn-In n Ge-Zn-Ga cucrema.

OCHOBHY XMnNoTe3y [OKTOPCKe AucepTaumje npeactaBmba MoOryhHocT ofpefvBara
PaBHOTEXHWX [ujarpaMa cTakba Yy WCMUTUBAHUM TPOJHUM CUCTEMUMA, KOMOMHaLMjoM
afleKBaTHUX EKCNEPUMEHTATHUX Y aHAJIMTUYKMX TEXHUKA.



ornmc anCepTALUMIE

Cagp>kaj gucepTaumje

[uncepTtaumja je HanmcaHa Ha 105 cTpaHa 1cacToju ce of 8 nornas/ba:
1.YBog,
2.MNpernep focafallbnx NCTPaXKMBaba Ha OCHOBY pefieBaHTHUX B1MBAMorpagckuxm3eopa,
3.LnmbeBun nctpaxnsama,
4. EKCnepuMeHTaIHN Jeo,
5.TepMoguHaMMUKKM NpopayvyH paBHOTEXHUX Aujarpama ctaa CALPHAD meTtogom,
6.Pe3yntatu n anckycuja,
7.3aK/byyaK U
Jlntepatypa.

[unceptaumja je unyctposaHa ca 61 camkoM m uma 30 Tabena, a NMMTepPaTypHU Npernes
cafpXun noparkel7s peepeHum, nNpu Yemy je Hajsehu 6poj HUX HOBUjEr AaTtyma, LTO yKasyje
Ha aKTYeNIHOCT UCTPaXKnBaka.

KpaTak npukas nojegMHau4Hux rornaemba

Y npBOM MOrnas/by W3M0XeHa Cy YBOAHA pa3MaTparba O MNpegMmeTy W LW/beBUMA
NCTPaXXMBaka Y OKBUPY LOKTOPCKE AucepTtauuije.

KaHamaat y 0BOM MOrias/by Hajrpe yKasyje Ha BXXHOCT UCTpaXKmBarba 1 NMOoTeHUUjaIHY
NPUMeHy ferypa TPOjHMX cucTeMa Ha 6a3n repmaHujyma. [obpoonucaHu asHu Agujarpamu
[OHOCe 3HayajHe Kopuctu byayhuM UCTpaxxmBaryMa M Onakllaeajy pag WHAYCTPUjU Ha HAuWH
Tpaxera Hajoo/bUX MNPaKTUYHO NPUMEH/bUBUX ferypa. [locebHO ce UCTMYe BaXKHOCT
martepujana Ha 6a3n 6usamyTa M repmaHujyma.Jlerype Ha 6asu repmaHvjyma umajy LUNPOKY
NPUMEHY Yy WHAYCTPUjU 3a uM3pafy PasIMuUMTUX ONTUYKUX W eNeKTPOHCKUX Yypehaja,
TpaH3ucTopa, NoMynpoBOAHUKA, WHTErpucaHnx Kona uth. 360r HKUX0Be LUMPOKe YrnoTpebe y
WHOYCTPUjKU, BeOMa je BaKHO MNPOy4nuTn (hasHe OAHOCe Yy JferypamMa 3acHOBaHMM Ha
repmaHmjymy.rosHato je ga fgopasare Bi y Ge 6asvpaHMm MaTepujasiMMa MOXe 3Ha4ajHo
MN3MEHUTM HUXO0Be MOJYNPOBOAHMYKE O0COOMHE M Takohe JOBECTM A0 pa3Boja MOTMYHO HOBUX
BpCTa MOMYNPOBOAHWYKMX MaTepujana. Y [LOLATKY Ha OBe MPUMEHe, CrieuujasiHa naxmwa ce
npugaje matepujanuma Koju cafpxxe repmaHujym, 360r HUX0BE LLUMPOKE NMPUMEHE Y MOAEPHO]
TEXHO/IOMNju n3page onTnUYkKMx auckoea, DVD-a, Blue-Ray anckosa, flash memopuja u ch.

Y HacTaBKy nornae/ba KaHAMAAT YKasyje Ha 3Hadaj oppehuBarma pPaBHOTEXHUX
AnjarpaMa ctarba TPOjHUX CUCTEMa Ha 6as3n repmaHujyma, Koju cy npeaMeT UCTpaXKuBarba OBe
[IOKTOpPCKe AucepTaumje. PaBHOTEXHW [umjarpaM CTaka NnocMartpaHor MartepujanHor cucrema
npukasyje asHe oOfHOCE Y TEPMOAMHAMWYKOj PABHOTEXWU LUTO ra YWHW jeAWHCTBEHUM W
HeNnpOMeH/bMBUM 3a AaTn martepujas. V3 Tor pasnora, TayHo JerHMCaH PaBHOTEXHU Aujarpam
cTarba NpefcTaB/ba MOMasHy Tauyky Yy MpoLecy [Au3ajHuparba marepujaia M onTumusalunju



npoueca rfe ce MaHWMynauujom cactaBa CUCTeMa W OCT/IMX MNPOMEH/BUBMX MOCTUXY
ofrosapajyha MMKpPOCTPYKTYpa 1 CBOjCTBa MaTepujana.

3a 0BO UCTpaxuBarbe KaHAMAAT je KOPCTUO EeKCNepuMeHTa/IHe TEXHWKe Kao LUTO
Cy:.CKeHupajyha eneKTpOHCKa MUKPOCKOMNWja ca eHepPreTcKo AMCMep3viBHOM CMEKTPOMETPUjOM
(SEM-EDS), andepeHumjanHo  Tepmujcka aHanmsa (DTA),peHAreHo AudpakToMeTpujcka
aHanunsa (XRD),mepere 1BpAche no Brinell meToam n mMeperbe enekTpuyHe MPOBOL/bMBOCTU,
Koje cy KombuHoBaHe ca Calphad meTogoM Ha HauvH ga ce AeuHuMLy (a3HWM Aujarpamm
NCNUTMBAHNX TPOjHUX CMCTEMA Ha 6a3n repmaHunjyma.

HakoH eKkcnepumeHTaIHOT UMCMUTMBakba KaHAMZAT je Yy OBOM pafy W3BPLUMO
TEPMOAVHAMUYKN NPOpaYyH PaBHOTEXHUX Aujarpama CTakba UCMUTUBAHMX TPOJHUX CUCTEMA.
TepMoguHaMMUKKM NpopadvyH je u3splueH npumeHom Calphad (Calculation of Phase Diagrams)
MeTofe. Y CBakOM WMCMMUTMBAHOM CUCTEMY 3a CBaKy a3y Koja je y wuMMa 6una npucyTHa
ofpeheHe cy Bpe4HOCTM TEPMOANHAMUYKMX NapameTapa Koje Ce Y heMy jaB/bajy.

Y [pyrom nornae/by KaHAVMART faje AeTasbaH Mpernef focafalltbUX UCTpaxXuBarba U3
Hay4yHe 00611acTV [JOKTOPCKe Auceprauuje. Ty Cy W3NOXKEHW MTepaTypHU pe3ynTatu Koju ce
0fjHOCe Ha cacTaBHe ABojHe cucteme:Bi-Ge, Bi-In, Bi-Sn Bi-Ga, Bi-Zn, Ge-In, Ge-Sn, Ga-Ge,
Ge-Zn, In-Zn wn Ga-Zn. HaeefeHn 6ubnmorpadickM m3BOpW MpefcTaB/bajy MNPETX0oAHa
NCTPaXMBatba TEPMOAUHAMUYUKMX KapaKTEPUCTMKA W PaBHOTEXHWX [ujarpama CTawa
HaBeleHNX [BOJHUX CUCTeMA. Y OBOM fefy KaHAMAAT Aaje npurkas ekCcrnepuMeHTaIHO oapeheHnx
PaBHOTEXHUX [Aujarpama ctawa [BOjHUX cuctema. MoToOM Cy U3HETe peepeHLe Koje ce 0AHOoCce
Ha TepPMOANHAMUYKO MOAEN0Bake CaCTaBHMX [ABOjHUX CUCTEMA M MpPUKa3aHU TepMOAMHAMUYKN
npopayyHaT paBHOTEXHM Anjarpama CTarwa CacTaBHUX [ABOjHUX CUCTEMA.

Y HacTaBKy je pgar npernef focafallbUX UCTpaXyBaka TPOJHUX cucTeMa Ha 6asu
repmaHunjyma:Bi-Ge-ln, Bi-Ge-Sn, Bi-GaGe, Bi-Ge-Zn, Ge-In-Zn un GaGe-Znkoju
npeLcTaB/bajy NpegMeT UCTpaXuBarba 0Be AOKTOPCKe AucepTaumje. lMpeTparom peneBaHTHUX
onbnmorpathckmx m3Bopa yTBPHEHO je fa 3a OBUXLUECT TPOjHUX cUCTeMa [0 caja Hema
06jaB/beHNX pe3ynTata W3M3eB MofaTaka MNPeACTaB/bEHNX Yy OBOM TeKCy a TO Cy CBe
NCTPaXMBakba y OKBUPY OBe AucepTauuje.

Y Tpehem nornasmby CYy W3/I0XKEHN OCHOBHW LM/bEBUM [OKTOPCKE Auceprtauuje. a
OCHOBHM UW/b je 6MO fa ce MU3BPLUM TEPMOAMHAMUYKN NPOopaYyH, AeUHMCae PaBHOTEXHMX
Amnjarpama CTakba W KapakTepusauuja nerypa MUCNUTUBAHWUX TPOJHUX cucTeMa. Y Ty CBpPXY
KopuwheHa je KOMOMHOBaHa nMpMMeHa EeKCMEepUMEHTAIHUX TEXHWKA UCMUTUBaHkba MU
TepMmogMHamuukor npopadyyHa no CALPHAD wmetogu. OBa meTofosiornja paga je faHac
onwTenpuxsaheHa 1 NpeAcTas/ba CTaHAAPAHW HAYMH UCTPaXKMBaHba Y 0BOj Hay4HOj 06/1acTu.

Y 4eTBPTOM MNOrNas/by Aat je Mperfief U Kpartak onuc eKCrnepuMeHTa/IHUX TEXHUKA Koje
Cy KopuwheHe y LOKTOPCKOj AucepTaumju. Takohe, onucaH je nocTynak npunpemMe ysopaka u
NPUMeEHNX pexnma Tepmuyke o6page Yy3opaka. 3a ofpehuBare Temnepatypa (asHUX
TpaHcgopmaumja kopuiheHa je gudepeHumjanHo Tepmnjcka aHanmsa (DTA). OBOM TeEXHUKOM
moryhe je opgpegutu Temnepatype (asHUX TpaHcopmaumja L0 KOjUX [0/1a3n TOKOM
3arpeBarba/xnafnera y3opka nonyT AMKBUAYC TemnepaType, COMIBYC Temrneparype, Temneparype



NHBapUjaHTHUX peakumnja n Ap.PeHareHo andpakTomeTpujcka aHanmsa (XRD) je cnposefeHa y
UWbY UAEHTUDMKaLMje MPUCYTHUX (ha3a Y ucnutusaHum ysopumma. CkeHmpajyha enekTpoHcKa
MMKpockonunja (SEM) ca eHepreTcko aucnep3voHom cnekTpomeTtpujom (EDS) je kopuwwheHa 3a
ofpehuBarke  XemMujCKOr  cacTaBa WCMMTUBAHWX  Yy30paka, Kao W  MOjeAuHA4YHUX
(haza.KombUHaLmjom BpeaHOCTU A06MjeHMX ynoTpebom ose ase metode (SEM-EDS n XRD)
fednHMLLeMO NpUCYCTBO oArosapajyhnx (pasa y CBaKOM Of pasmarpaHux TPOjHUX CUCTeMma.
KcTo Tako, onucaHe Cy 1 TeXHWKe KojuMma Cy ce Bpivna ogpehumsarba TBpAche no Brinellu un
efleKTPUYHe NPOBOA/bMBOCTU UCMIUTUBAHWX JIErYpa.

Y neTrom norfaeby Cy  WU3/IOKEHE  OCHOBHE  Teopujcke  MOCTaBKe
CALPHAD(cal culationof phasediagrams) MeTo/ie Koja je NprmMerbeHa 3a npopayvyH paBHOTEXHUX
AnjarpaMa ctawba TpojHuX:Bi-Ge-In, Bi-Ge-Sn, Bi-Ga-Ge, Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn
cuctema. CALPHAD wmeTofa je 6a3upaHa Ha oapehmBary 3aBUCHOCTU Gibbsove eHepruje o
cacTaBa M TemnepaType 3a cBe (pase y npoyyaBaHOM CUCTEMY. Y TOM LW/by NPBO je NOTpeGHO
oapeantn mogen Gibbsove eHepruje 3a cBaky a3y nojeguHaqyHo, Bogehu padvyHa o
Kpuctanorpa)ckum  KapakTepuctukama ase. 3aTUM Ce, Ha OCHOBY PacrofioKUBUX
eKCMePMMEHTAIHUX W aHaIMTUYKMX MofaTaka O (ha3HOj pPaBHOTEXM W TepMOLMHAMULU
NcnuTMBaHOr cuctema, ofpefyjy BpefHOCTM MapameTapa KOju ce jaB/bajy Yy jeAHaudnHama
mogena HamMBuayanHux gasa. Cnefehn Kopak je hopmupare TepMOAMHaMUYKe 6ase nogaraka
Y K0joj ce aethmHuMwy (hase, TepMOANHAMUYKIA MOAeNN hasa 1 napameTpyu mogena. MpopayyH
PaBHOTEXHOI AMjarpama CTara ce BpLUM MUHMMM3aUmMjoM yKynHe Gibbsove eHepruje cucrema,
Kopuwherwem cneyunjanHux nporpama Ha 6asm CALPHAD wmeToge.

Y HacTaBKy NeTor norfae/ba AaT je NpuKas aHanmsnpaHmx gasa y TpojHUM UCMUTUBAHUM
cucTeMmma Ha 6asM  repMaHujyma. 3aTum  Cy MpuKasaHW  KpucTanorpackum nogaum,
TEPMOAMHAMMYKN  Mofenm  (haza M napameTpy  Mogena KopuwheHW 3a  Kpevparbe
TepMOAMHAMMYKMX 6a3a nojaraka M npopavyH paBHOTEXHUX AujarpaMa CTawa UCMUTUBAHUX
TPOjHMX cucTema. MNpopadyyHn y LOKTOPCKOj AucepTaumju ypaheHn cy NpuMeHOM COTBEPCKOT
naketa Pandat.

Y LWecTOM MOornae/by Cy U3MI0XKEHW TN1aBHWN Pe3ynTaTy LOKTOPCKe AucepTauuje.

Y cegMOM Nornas/by Aar je cakeT NPUKas rnaBHUX pesyntata UCTpaxmBara. HaBefeHu
CYy €KCNepUMEHTa/IHO UCMUTMBAHN U30TEPMA/IHU U BEPTUKaIHW Mpeceun y TpojHuM:Bi-Ge-In,
Bi-Ge-Sn, Bi-Ga-Ge, Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn cuctemMmma, cacTaBu fierypa 4yuvja je
MUKPOCTPYKTYpa WUCNUTMBAHA, WAEHTU(MKOBaHE WHBapWjaHTHE peakuuje W HUXOBE
TemnepaType, IMKBUAYC MPOjeKLMje U KOHLEHTpauujcKa nogpydja npMmapHe KpucTaamsaumje
(hasa. N3n0XeHN Cy rNaBHU pesynTaTy TEpPMOAMHAMUYKOT MOZe/oBaka 1 pe3ynrtatu npopadvyHa
PaBHOTEXHUX AujarpamaTpojHUX cucTemMa Ha 6asu repMaHujyma. Takohe, HaBefeHM cy
pe3ynTaTy Kapaktepusaumje ferypa msabpaHux cactaBa Koju YK/bydyjy Mepere TBpAoherno
Brinellu n enekTpnyHe NpoBOA/LUBOCTN.

Y nornasmwynuTepaTypaje Aat cnvcak KopuwheHnx pegepeHUmM Yy 0BOM pagy.



OLEHA AVICEPTALJIE
C&BpEMeHOCT N OPUTNHAJTHOCT

MpernegoM focajallrbe iMTepaType MOXKE Ce 3aK/byuyuTu [a PaBHOTEXHW Aujarpamu
CTarwa TpojHuX:Bi-Ge-In, Bi-Ge-Sn, Bi-Ga-Ge, Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn cuctema, Koju
npeacTaB/bajy NpPeamMeT UCTPaxuBaka Y 0BOj LOKTOPCKO) AucepTaumju, HUCY AeUHUCAHW.
Pesyntaty 13 OKBUpa OBe [OKTOPCKe AucepTauuje npeAcTas/bajy MpBO  Ny6/MKOBAHO
NCTPaXMBatbe PaBHOTEXHMX [ujarpama CTawa OnucaHuWX TPOjHUX CcucTeMa Ha 6asu
repMaHunjyma.

Ha OCHOBY MpeTXO4HO HaBefeHOr MOXe Ce 3aK/byuMTu fa AOKTOpCKa Auceprauumja
npesAcTas/ba OpUrnHaiaH Hay4yHu LONPUHOC.

3a oapehmBarbe PaBHOTEXHUX [AMjarpama CTakba TPOjJHUX cuCTeMa Ha 6a3n repmaHujyma
NPUMetbeH je caBpeMeHW MeToAOMoWKK npuctyn. OBaj Npuctyn je 6asnpaH Ha KOMOMHOBAHO]
NMPUMEHU BUCOKO COPUCTULIMPAHUX eKCcnepuMeHTaNHNX TexHuka nonyT:SEM-EDS, XRD, DTA
N TePMOAMHAMNYKOr MOAeNIoBaka Avjarpama ctawa npema CHALPAD meTtogonorumju.

Mmajyhun y BUay BaXXHOCT MO3HaBara PaBHOTEXXHUX AMjarpama cTara y 061acTu passoja
HOBUX Martepujasia M TEXHO/OLIKMX MpOLeca HeocrnopaH je HayyHW W TEXHOJOWKW 3Hauyaj
MCNUTKBAKA KOja Cy NMpeLMeT LOKTOPCKe AucepTauumje.

Onunc 1 aieKBaTHOCT MpUMeteHeX HayYHMUX MeToga

MeTofe npuMerbeHe 3a ofpehmnBarbe PaBHOTEXHUX AMjarpama CTawa TPOjHUX cucTemMa
Ha 6a3n repmaHujyma M KapakTepusauujy nojegumHaqyHux ferypa y MoTNyHOCTU OArosapajy
npeaMeTy 1 METOAOOTUJU NCTPaXKMNBaHA.

Y eKkcnepvMeHTa/IHOM feny paja KopulheHe cy cnefehe metofe:

1. MNpunpema y3opKa 3a NCNUTuBarke

Y30pum cy NpUNpem/beHN TOM/bEHEM OLMEPEHMX Maca efleMeHaTa BUCOKE 4YucTohe y
NHAYKUMOHO] nehn y atmociepy WHepTHOr raca. [punpem/beHu Y30puM CY >KapeHn Ha
pas3IMunTUM TemnepatypaMa W y pasIMunMTMM BPEMEHCKMM MWHTEpBaIMMa a 3aTuMm 6p30
xnaheHn-Ka/beHN y BOAM Ca NlefloM Kako 6u ce ofarosapajyha BMCOKOTEMMepaTypHa CTPYKTypa
y30paka cayyBasia 3a MUKPOCTPYKTYpHA UCMIUTMBAHbA.

2. MeTanorpadcka ncnuTueamwa

MeTanorpagcka NCNUTKBara Y30pKa Cy M3BpLUEHA MPUMEHOM CKEHMpPajyhe eNeKTPoHCKe
MMKPOCKOIKje ca eHepreTcko Ancrnep3noHom cnektpometpujom(SEM-EDS). OBom aHanM3om cy
NOEHTU(NKOBaHE (hase NPUCYTHE Y MUKPOCTPYKTYPU y30paka.

3. Tepmmjcka aHanmsa

OndepeHunjanHa tepmunjcka aHanmsa (DTA) je cnposefieHa Yy UwWby ofpehmBara
Temneparypa asHux TpaHcopmauuja (NMKBUAYC, COMBYC, WHBapWjaHTHe peakuuje)
NCMUTUBAHNX Y30paKa.



4. CTpyKTYypHa aHamsa

NpeHTndmkaymja asa u ogpehvBarbe napametapa KpucTasiHe peLleTKe je u3BedeHa
npumeHom XRD aHanuse.

5. MexaHu4Ka 1 enekTpuyHa NcnnuTuearba

3a nojegmHe cucteme opapehmeaHa je TBpaocha no Brinell metogn, kao v BpeAHOCTU
eN1IeKTPUYHe NPOBOL/LUBOCTHN.

Y aHa/IMTUYKOM fJeny Auceprauunje 3a npopadyH pPaBHOTEXHUX Aujarpama CTaka
KopuwheHa je CALPHAD wmetoga. [deuHucaHW cy TepMOAMHAMUYKU MOZeNn U oapeheHn
napaMmeTpu y jegHauvHama mMofena pasa. PopmupaHe Cy TepMogMHammnuke 6ase rnofartaka Ha
OCHOBY KOjuX je npumeHom codrBepckor naketa PANDATM3BpLUEH NpopadyH pPaBHOTEXHUX
Amjarpama crarba UCMUTUBAHUX TPOJHUX CUCTEMA.

MPUMEH/LUBOCT OCTBAPEHMX pe3ynTaTa

Nako oppehuBare paBHOTEXHMX [Aujarpama CTawa MPBEHCTBEHO craga y obnact
(pyHOAMEHTATHUX Hay4YHUX WUCTpaXuBarba, pes3yntatu [0 KOjux je ayTop [Aowao cy Bp/o
3HaYajHN 3a MPaKTUYHY MPUMEHY WCMUTMBAHWX MaTtepujana. JeuHucare pPaBHOTEXHUX
AnjarpaMa ctawa TpojHUX:Bi-Ge-In, Bi-Ge-Sn, Bi-Ga-Ge, Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn
cucTema Ha 6asv repmaHmjyma omoryhyje fetasbaH YBUA Y CTPYKTYPHE U TEPMUYKE OCOOMHe
NCNUTMBaHNX MaTtepujana. [obujeHn pe3yntatu npyxajy 6uTHe WH(opMmaumje O MPOMeHM
CTPYKTYpe WCNUTMBAHMX MaTepujaia ca cacTaBOM W TemnepaTypoM. Takofe, Ha OCHOBY
[o6ujeHnx pesyntata moryhe je o4peAuTU NPOMEHY BP0 BXKHUX TEPMUUYKUX OCOOMHA nerypa
nonyT JIMKBUAYC W COMBYC TemnepaTtype, TeMMnepaTypHOr MHTepBasia TOM/bera, TemrnepaType
(hasHMX peakumja y 3aBMCHOCTM 0f cacTaBa. Ha OCHOBY AeMHMCAHUX PaBHOTEXHUX Aujarpama
cTakba Moryhe je oapeauMtn mMefyCOo6HY TepMMUUKY CTaGWIHOCT U PacTBOP/bMBOCT MOjeAMHUX
NHTEPMETA/IHUX jeAutbera, pacTtorna W 4YMCTMX efleMeHarta LUTO je Of BenMKOr 3Havaja 3a
oApehuBare MOryhHOCTY NpakTUYHe NPUMEHE faTX MaTepujana.

OugeHa JOCTUIHY TUX CNOCOBHOCTU KaHAMAaTa 3a caMoCTanaH HayYyHu paj

YpaheHa OOKTOpcKa AucepTauuvja, aHanusa Ao6WjeHMX pe3ynTtaTa, Kao M MPOUCTEKN
nyb/IMKOBaHW Hay4YHW PajoBX Be3aHW 3a TeMaTWKy 0bpafe eKCrepuMeHTaIHUX pesynTata y
camoj AucepTauumju, ykasyjy Ha CrnocobHOCT KaHAupaata AsekcaHgpa Tophesuha, Kako 3a
CaMOCTa/IHN HayyHW pag (o4 Mo4YeTHe maeje A0 3aBPLUETKA AMcepTaumje), Tako U 3a aKTUBHO
yyewhe y TUMCKOM pagy. KaHampaTt je TOKOM m3pafe avcepTaumje y MOTNYHOCTV OBNagao
METOAO/MOrNMjOM  Hay4YHO-UCTPaXmBaykor  paga. KeaimMTeT  paga,  OpraHM30BaHOCT,
CUCTEMATUYHOCT, Kao W HaTNpoce4yHa MOTMBMUCAHOCT, KOjY je MoKa3ao TOKOM 13paje LOKTOPCKe
aucepTaumje cy eneMeHTU Koju Keanudukyjy AnekcaHgpa hophesuha, 3a 6ygyhu ycneluaH,
CaMOCTa/THN N TUMCKM Hay4YHO-UCTPaXKMBaukn paf. CaBpeMeHOCT Y OPUrMHATHOCT NPUKas3aHnX



pe3ynTaTa MoKasyjy BMCOK HMBO CMPeMHOCTU KaHAuaTa 3a KOMMETEHTHO GaB/betse Hay4HO-
NCTPAKMBAYKNM PALIOM.

OCTBAPEHW HAYYHWM AOTMNMPNHOC
MpuKas oCTBAPEHNX HayUHUX AONPUHMOCA

Y OKBMpY OBe [OKTOPCKe AucepTauvje KaHAWZatT je NpUMeHOM ofrosapajyhux
eKCMepPMEHTAIHUX TeXHUKA W TepMOAMHAMWYKOr MOJeNoBara Ae(UHNCA0 PaBHOTEXHE
AnjarpaMe CTaka LLEeCT TPOjHMX cucTema Ha 6a3mn repmaHujyma (Bi-Ge-In, Bi-Ge-Sn, Bi-Ga-Ge,
Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn).

OBw pe3ynTatn NpeAcTas/bajy OpUrMHaiaH 1 3HayajaH HayyHW LONPUHOC jep ce paau o
CUCTEMMMA KOjW Y NPOLLIOCTU HUCY YONLITe 61N U3yYaBaHM.

3a 0Be TPOjHe CUCTeMe M3BPLUEHO je eKCrepuMeHTaNHO oApefhuBarbe N30TepMaIHKX
nmpecekasa CBWX LIECT TPOJHUX CUCTEMA HA pasMuMTMM Temnepatypama. Takohe,
KOM6uHoBaHOM npumeHom DTA, SEM-EDS n XRD TexHuKa ofpefeHe Cy KapakTepucTuyHe
TemnepaType (hasHMX TpaHc(opmaLmja 3a UCMMTMBaHe Y30pKe cacTaBa LY TPW BepTUKa/IHA
rnpeceka 3a CBa LUECT TPOjHa CUCTeMA W3 yr/ia CBAKOT e/leMeHTa ca jeiHaKuM MOJICKUM yhenmma
npeocTtasa [iBa eNeMeHTa.

KpvTuruka aHanusa pesynTaTa UcTparkuBarba

Nerype TpojHnx:Bi-Ge-In, Bi-Ge-Sn, Bi-Ga-Ge, Bi-Ge-Zn, Ge-In-Zn n Ga-Ge-Zn
cucTemaHa 6asv repMaHmjymacy nocebHo 3HayajHe 3a pas3BOj HOBUX OA/IMYHWUX TOMIOTHUX W
eNleKTPUYHNX NPOBOAHUKA. Takohe, nerype Ha 6asv repmMaHunjyma Cy MHTEH3VMBHO Npoy4yaBaHe
360r HMXOBUX MOMY-NPOBOAHWUYKUX CBOjCTaBa W MPUMEHE Y E€NIeKTPOHCKO] WHAyCTpuju. Y
[OAaTKy Ha OBe MpUMEHe, CrieuujasiHa Maxwa Cce Mpujaje martepujannmma Koju cafpke
repmaHmjym, 360 HUXOBE LUMPOKE MNPUMeEHE Y MOLEPHOj TEXHONMOrnjU un3page ONTUUKMUX
auckosa, DVD-a, Blue-Ray auckosa, flash memopuja uta.

Y TOM nornegy, pesynrtaTn 0Be AOKTOPCKE AMCepTaumje, KOjuU YK/bY4yjy UCNUTMBaHA
MUKPOCTPYKTYPHUX, TEPMOAMHAMUYKMX W TEPMUYKMX OCOOMHA, WUMajy BeNMKW 3Hauyaj.
Pe3ynTaTty Npe3eHTOBaHW Y LJOKTOPCKOj AucepTaumjn gemHUy ¢asHe 04HOCE Y UCMIUTUBAHUM
TPOjHMM CUCTEMMMA Yy YC/MI0BUMA TEPMOAUHAMUYKE paBHOTEXe. [MpakTMYHO CBe (U3NUKe U
XeMUjCKe 0COBMHe HeKOr MaTepujasia 3aBuce Of, KapakTepuCTMKa (hasa y heroBoj CTPYKTYpy Kao
N 0f, HUXOBOI KOMYMHCKOr OfHOca. 360r Tora ofpehmBare paBHOTEXHOr AujarpaMa CTaka
npesAcTas/ba 3HaYajaH HayyYHU AONPUHOC.
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3AKJfeYHAK H nPEMNJIOf

/],oxxopcxa AHcepTauHja xaHAHAaxa AjiexcaHApa T>opl)eBnha, noA HacjiOBOM:
»TepiviOAHHaivinHKH npopanyH h KapaKxepH3aunja jierypa TpojHHx CHCTeivia Ha 6a3H
repiviaHnjyivia“, npeAexaBlba caBpeMeH, opHTHHa/iaH h 3HanajaH HaynHH AonpHHOC.
~HcepTaunja je y camacHOCTH ca o6pa3licsxeFteM y npnjaBH TeMe h caAp>Kn CBe ejieMeHxe Koje
npeABHI)a FlpaBHIIHHK o AOXxopcxHM CTyAHjaMa YHMBep3Hxexa y npmnxHHH - Oaxyjixexa
TexHHHKHx Hayxa y KocoBCKoj M htpobhuh. KoMHcnja noTBpl)yje Aa Aoxxopcxa AHcepxau,nja
HMa opHTHHajiaH h caBpeMeH HaynHM AonpHHOC y oOjiacxn TexHOliouiKor nH>xeH,epcxBa. Ha
ocHOBy npenieAaHe Aoxxopcxe AHcepxaunje, xao h yBHAa y BepHcj)nxoBaH HayHHH AonpHHOC
Kpo3 oSjaBjbeHe paAOBe y Mel)yHapoAHHM HayHHHM nacoriHCHMa (ABa nySjiHxoBaHa paAa y
MaconHCHMa ca SCI jiHcxe xao npBonoTnHcaHH ayTop), xoMHcnja 3a oueHy h oAOpaHy ypal)eHe
AOKTopcxe AncepTaidnje 3axjtyHyje Aa xaHAHAax AjiexcaHAap T>opl)eBHh, ncnyn>aBa CBe
3aKOHCKe h ocTajie ycnoBe 3a o0ASpaHy AOKTopcxe AncepxauHje. CTora KoMucnja ca
3aA0BOICTBOM npeAlia>xe HacxaBHO-HaynHOM Behy Oaxyjxxexa xcxhhhxhx Hayxa y KocoBexoj
M htpobhuh Aa npHXBaTH no3HTHBaH H3BeiuTaj o ypaljeHoj Aoxxopcxoj AHcepTauHjH xaHAHAaxa
AnexcaHApa T)opl)eBnfia, noA Ha3HBOM:

~TePMOAHHaMHHKH npopanyH h KapaKTepmamija Jierypa TpojHiix CHCTeivia Ha
6a3H repiviaHHjyMa"“,

h Aa hcxh ynyxH y Aajty npoueAypy.

y KocoBCKoj MHXpOBHUH
20.01.2020. roAMHe KOMHCHIJA:

YHHBep3Hxex y B

YHHBep3Hxex y npMLLiXMHH, OaxynxeX xcxhhhkhx Ha/xa, KocoBcxa MnxpoBHua, MeHxop

YHHBep3Hxex y npHtuxHH



