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Research Title: Fabrication, ... Microstructure _and___ Property _of _Multiferroic

ABSTRACT

In this work, the multiferroic ceramics in the BaTiOs-CoFe,O, system at various
compositions were fabricated via the conventional mixed oxide method and
followed by sintering in air. Phase formation was studied via X-ray diffractometer
(XRD). Scanning electron microscope (SEM) was selected to investigate the
microstructure of the sintered ceramics. The electrical and magnetic properties were
investigated by LCR meter and vibrating sample magnetometer (VSM), respectively.
Moreover, the two-stage sintering technique was chosen to reduce the grain size and
improve the densification of all ceramics. From the results, the XRD patterns
revealed the coexistence of ferroelectric phase and magnetic phase which confirmed
that all ceramics are composites. However, the occurrence of dissolution between
two different phases was detected by the merging of (002)/(200) peaks in XRD
patterns and shifting of Curie temperature in dielectric results. The increasing of
magnetic phase affected to the magnetic behavior with the ‘increasing of
magnetization and coercive field. Moreover, Ni concentration also improved dielectric

properties with higher dielectric constant (€,) and lower dielectric loss (tan 8).

Keywords : Multiferroic ; Nanocomposite ; Barium Titanate ; Cobalt Ferrite
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Unmiynsvislusazanslsene daztempunsniuidoeanludlusassinssvine
d‘ 123 l:'] s 1 1 U a o e =,
WeusdlenilunisasianueulesivausiuilesevirslnidelussAuanfvag

UIUUIRA

1.3 9aUlYAa4lATINISITY

sitedyatilufinisusshviunlureulndnluszuy BaTiOs-CoFe,0, lneviinis
WasuwUasdadiussAusznauliuandeiu eldlfesdnidaumuiniugeuazd
Tnssadsogluszduulumms lnewadaillilunisndouasiauaazadovdnmsiugu
yoen1anToudEIBuLuURNAL (conventional method) Liu MsuUAgaLsBgNUea (ball-
milling) uazn1sENTumailuuTIeINIAUNG (sintering in air) Lﬁaaﬂﬂfnuﬁjamﬂmx%’uﬁau
yostunsumsWieuas snviletisanalddefiorafiatuld wieuduiasnisineina
yosuvslussinnszumaassuansiiiliiednunzlassaisuazaudivesulunoulnn

YUV BaTiOs-CoFe,0, Miniaula saulufs@numnuduiusseninadndiussalsenau
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wiadAnTsiAeIUUYesssdond (XRD) ndesgansimiBianasounuudensia (SEM) uazis

215ALAE (Archimedes’ method) AmuaAu

1.4 wrun1sanduunaanlasin1sIde

= Wwoudn
WRUIUITY
1] 2 5(6 (7|89 |10]|11]12
1.AnwAuAITIUTIMTRYa
Nendos e )
2. Faw3ouansiniiuazgunsal <

3mssnunlupeulndnluszuu
BaTiOs-CoFe,0, MEnALANIT
UALREMIERNUDATINAUNISIH
FuwosluussenAung wiou
vaAnwBvisnavasiaLysly
SEInensEUIUNISIENaNS el
I Jeulaiiafianluntsiedouans

¥

4. ¥nswldsuuUasdnday
aeAUTENauTeILTluAulngn
BaTiOs-CoFe,0, Iiuannaie
WEeuTam5I9 dUWRNANISTBY
e Msiasuiasdnuuslass
a5193amA andAnien i aud
T wazanURudvan

F 3

5 yhmsEenasiiemioanzay
wandeasluluszuu BaTiOs-
CoFe,0, Mmumalinn1suntas
AILENUBATINAUNSITUMEDS
Tuussemeaund nsageuans
wavun wisufuieeionina
oIFUTIINATEUBA

6.AUMEHaNMSANYIWAZATY
NANNSIRY AABAIUTDLEUAULY
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7 agUanuduiusveatadsngg 7
\Aeades wisuduatuiiiods
ARuNluNIENsanalazi ey
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1.5 Usglowiiianadnaglésu

1.5.1 Ifuyueuiuszanudrlafiugudedunsedsnesiinulurouindn wieu
Feamnsoaundnsnmesamaianaudssasuuuiiiliausowieuesdn
L‘Naﬂ'ﬁ%mﬂm“‘%ﬂuﬂuﬂaﬂwﬁmwmmwwmuuuqq wazdlauRaia

1.5.2 lé’l,ﬁ'uwum'mil,l,asamuL%"}T%Lﬁ'mﬁuﬁwﬁwa%ﬁa w5199 Tusgninensy vauns
wisuiiinemaiiintu Snuuzlassainnania uasnginssunisutufvoses,
Snunlureulndnsyuu BaTiOs-CoFe,0, %ﬂm@'i'l%'ayaLwdwﬁ%ﬁvmmwﬁwﬁmiu
msiirlafeuduiusvesiadumaininadeanfivesuluneulndniosiintu
wavanusauansUsansameenuildognadui Gsanmnsadludsegndldauls
otamnyay Snvedidietuuzuuanddunmsinfouasiaudeludnde

1.5.3 iinesdmmudlmitadiudselondluddunms Safsdsliuumamsusyivgiosiin
uluroulnAniifiaunmgsiismaiaiinuianinadesaduddailffiunse
Anldieligetu Samnzdmiulssgnildlugnavnssuduinvesgnaivnssy
Sdnvselindiieanduyunisianuazanisidaneese e

1.5.4 lFasuosdaruiugulifumbsnuuasyaansvasmhonuilfendos sy
Winsuenundouuazimuisyaainsuasninsnuliduneuasdlanuidol
wazdsusuannmiiduiivensuilussiumiuasnuild e uussTomd
AansauINIsInemansuasmalulal saen AWM saRamnssululseme
Tifiaunmuiviaiguununyseme

1.5.5 annsninauenayideluiivssgafsnnms uavinuimeunsuaeuliuaisaismg
FymsszAvTAlaruIuR Huiinisesdnites wedunsdfnwuazdeya

dgwsutiniseu dnfnw) yaainsului waegiaulalunisfinumAuaindely

1.6 HadFauazANALAYBINNTITETIANA Il dEY

1.6.1 lasuwsiinunlupeulndnssuu BaTiOs-CoFe,Qq ﬁﬁamquq ATUSOUARY
audRlviuazwinantdd

1.6.2 N3 UANMUFLRUSUINIEUINNISAS B dediupdiuszneu laseainnania uay
auvivosunluneulndnssuy BaTiOs-CoFe,0, Niauin1siasyiuazaiuie
ANUFURUGAINE

1.6.3 wouninaauidouazesdanuialasulunuduiuinaznsussyuivinig
sefumRLazUILIE THudTnSey dnfAnw {iaule uasningmamnssalsl

awsahluyszendldlaassioly
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Ve AULAFIV NTOULUIAINANYDILATINITIY

LAZNISNUNIUITSUNTSUMNLIVD

luunilazndnfmguiifiisadedutewewuealnnun (8aTios) Fadutan
waslsdiannin Taveanineslsyi (CoFe,0,) %dL%ui’aaLn‘ajLwﬁﬂ Taqladineaslsdnuuniled
Wdnnsn wavulurenlndalussuvuuSsnlnniunlaveaviineslsy (BaTio,-CoFe,0,)
AUYAFIULALNTOULLIANAAYELATINITIY mnﬁ‘:uluahuqmﬁwwLﬂumiwummﬁm
nssufiiendes Inefisoaidonsail

2.1 N8 FUYAFIU LATNTOULUIAINAAYLIATINTITY

wuSedlnniun (BaTio,) WuanweslsBidnyiniiduisinesisnernaiosnind
autimalwihfilaasudailiinsiliussgndlivulugramnssudidansednduiiy
nawuudlihenduifviszaeniinuuunatedu viuaiawesieledidnnsn way
gunsallniin-uas (electro-optic devices) laausingmsalivesisdianyian (ferroelectricity)
TunuBoulnumgndunulasnduisvves Wul wag Goldman lusnd aa. 1945 [7] 3
wuilgamgige BaTiO; aeillassadhadutuumesevalndiugiu ABO; (il 2.1) Tae
Tooou Ba”* 9zagiifiumua A daulesau T egiiduvs B uasiliulassadisudnuuudadn
fiflauunsuuuihugaguina (centrosymmetric) Insshumiswes A szagilyumisutavos
Tasead1edatin B aganslunsinats uagoeandiau (O)  pyngananasuLAaziuas
Tassasemadn LLﬁSLﬁaﬁﬂqmﬁQﬁﬁﬂ BaTiOs sziinnsdsuall dumaneslssidnnsnd
uandnaiy 3 wuudatfusauminnistndevedasaismdntues Ineflgaumai 130 oy
BaTiOs Izl uaannnisndidnnsn (paraelectric) U duainaslsdidnnsn
(ferroelectric) Fa3unqniidtanmyiiad #3e es (Curie temperature; T) lneiflassains
waniduuuunsslnueannduidvuduselssendnlutisgamglszwing 5 s -90 °% way
degamalianawiind 90 °w favdsulassaandnlufusenludaseaniudiu Tny

v W fw

guUReslsdidnninues BaTiO, fAvzdutusiudnunslassadrndniiudoundasluss

a

ANINgUnQIATLANLALMIL (Wnu O) vBq

] Y

wanslunwil 2.3 %wmmwamﬁuﬂﬂﬁqmm
Tassad1efrdnasineen luvasifoniuunudy q wnu A waz 8) awnadilvnanadu
Tnssadamnsyinuoatiutes slunsdives BaTio, dlessu Ti lunBnifnnisiudsuiumia
Tulanlnanlsiwdutulaealnanlswduiineduldodaglldasdaunulnimioussiu
PIneusnanIziiadenit “Inanlsieduludaies” (spontaneous polarization) iaiins
Sassadnvednanlsiduiifiannsadsuwasiiamsldmeauslniiainaieuen Tasiden

a ¥ l:’lll i € a o C-gigY 94 &
NOANTIUWEIEIN “UsingnisaiaslsBiann3n” (ferroelectricity) tulas



BaZt

A 2.1 Taseasiunasanalndinugiu ABO;

Cubic

)
et N
:
]
i

2
g
<

R -

t=c

af 130" ty= 0,™ o,l&@ﬁﬂi

o 0y =0 of cubic form

g =0, of cubic form
¢=0y of cubic form

i
; o1’ ﬁ:g g, = 40034
i

- *®

=0p=3992  (Escept that 0y= )

8, = 4, of leiraconal form
¢ = 0 of ¥hragonal fom

o = 1 ¢ . =
AN 2.2 LEUATWULERAINISIUA UMW LAZVUIRNUILLTE AV BaTiOs

(8]

a'=20 sin{ 872
b=20c0s gﬁ!ﬁ!

% o'= 5667,
o {b‘-sﬂn
V4 c=3969
/ . , [o'=5668
of-90" §b'= 5683

= 3976

¥ o

T o
a-so’{“
KL=

ic form
03 of orthoshombic form
oy=0y= 3998k
gt ey

YY) as

FUNUSH



F{hombohedraisystein P Qrthorhombic system e Tetragonal system Cubicsystem
000 -~ Cae

W
A

Relative permittivity €4

1000

-150 100 50 0 50 100 150
Temperature { °C ]

=

AW 2.3 Aan measladidnvinues BaTios Aduiusfugama [9)
weslsvidillassadrsuvvativa (spinel) Saduianusimandidomiludseyndldony
sunniigaliiiazidugunsaiussgdeyarnuvuiiiugs fiseufiseuuuiiswug gunsaidld
pAumufig1lilasion seuududseer wasweananadls udu ddlunduueaiofls
sanluddulavearinaslsv (cobalt  ferrite; CoFe,0,) L%uaﬁiﬁ‘lﬁ%’ummﬁaumnﬁqm
dorniaudfuhndnillanidu Tng Core,0, d¥mbuTanulminuiauis (hard magnetic
material) SAnawulmdnaudng (coercivity) waviidnuunilaiwdy (magnetization) g98n

Y woa wa 1 2 Y95, 1) . -1 i I
nedsllauUAuliannIuRuRANIL (anisotropy) ustnsuinaag [10]

et

_-©

@ Fe" Tetrahedral (p-site)
@ Fe"/Co™ Octahedral (g-site)

A i 2.4 Tassasnawanues CoFe,0,




CoFe,0, flasadendndunuvaliuadeundu (nverse spinel) Felassadamdnad
lUALUUSTSNAT (normal spinel) 5uﬁ]5ﬁqmmﬁﬁ"ﬂﬂlﬂu AB,O, Inglosau A” azitlvegly
Fumiiansydasoarnmundiulessy B asdnluagludumiseannzinseatianunves
laseaseatiua Tummzﬁiﬂiaa%mwuaﬂLuaﬁaunﬁu%QﬁqmigﬂﬁLﬂu AB,O, LU UAILYU
nsdlves CoFe,0, tilopau Co %L?’IﬂﬂagﬂuﬁﬂLmu'aaanma%'mamﬁmm%wﬁa drulonau
Fe’ asiiluaglusiumiseannydnseanimiluasiumiannsslnusadnasmiafauandly

A 2.4 wenandl  CoFe,0, Sumdutanuiiindniviudiilavainuasluduisien

o

(multifunction) Mddydeuanannisthaudiuimvdnludssyndldnululssaniingaly
traduugrdaiinain Wldnulumsdnmsummeuasnsissufisondne faudivesnns
ﬁﬂlmﬂ“’ﬁmuﬂduf}/%mﬁaé’m&mzé’mgw%wm (morphology) LLazLﬁai’ﬁﬂ (texture) 1Uundn
druaudAuivanuagananlagtuvewan CoFe,O ThuagduRusiuiamauaznsinSos
fvewdnilundnlnefianveswnilawtuduarduiudsudmandudwanidurasn
Funsisenisianiudsudienn (superexchange interaction) Wiuetaunnuaglineialufiay
aenAdnsuTirvaannuNaniTuLes dlannvran (poly-crystalline) thiazRansanAuuni
InadulagAnainaiadvesrdnianun venanidaudfived CoFe,0, Suudpuulanu
gﬂﬁ'ﬂamauaﬂmaq%ui’aqﬁnﬁwlﬂiwzLﬂuﬁau (bulk) He0YNIA (particles) WToBYNATUIN
Ensesuualuns (nano-particles) Tnglanizvae 198 wandnuiludsdedadauiiuiane
U311m3 (surface/ volume  ratio) guaswalviautailaticnsrsantanluzuuuuieuduagi
110 FandayamadhWiinidodwauan [11-13] ¥iinsvnaes ns19aeuatA uasm
AesunmmduiusvosandRunnmisiufudnvaesusanld hu manmessumuunile
\guBus (saturation magnetization) LAZAAUINAUAN  (coercivity) ﬁqmﬂgﬁﬁaﬂﬁ'
Fuiusfuvunandn Tevuiruundlaedudusniiiiedlurie 30 83 80 emu ¢ wagzen
auauadianeglutiin 0.5 89 5.4 kOe Fwiurdniifvwianus 4 §1 50 uiluiuas Tnowa

] [

gaan1sdunismndousrdaaintuaynirvuiadnlasanisluiasifiandfvuiuiianig

i |

s 1

. & ¢« | = = v o« o
(anisotropy) Yoy uenaniiluwududindniioangivesezdndesdwuvduluayniaid
gundnseuuluunsliaufetng 4 - 10 wiluwes dealiifangiinssufiFeniigles

WITWUNLUFAN (superparamagnetic) Yu
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Saturation flux
density (T}

3
L Y

\

© Magnetic
field intensity
H (Afm)

nh 2.5 WFamesTaLlinanvesiaquilinanyiianig 4

He

4

Single domain Multidomain
B S o

iy

210nm D Particie Size

= Ferromagnetisme
= Paramagnetisme

weeses SUperparamagnetism

A 2.6 aulifuimanvesianniilasiaiegluszduunlulues [14]
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nellutsdulnrusniandafme (multiphase) vsedanniinatewaludumaalasy
= ' o = o 1 el ey 2 Y
ruaulatuegrannitorninidunisihiagwasis o Allaudivainnansansiulegluiu
al ) a ) o i) wa o v |
weniuluzUvesmeulndn (composite) e lvianunsanansaudfiniunsenisiagldainse
mlaluanuaisrssny Jeilidaniafwaluduidonifdmdunsiiluldauwuy
wanuatentiNtuTusen (multifunction) waziduguniainniausumaluladl q Aoz
WnAudnaly laan1sun BaTios Nlaseas1auvuinesenalnAunsiuiu CoFe,0, 71l
lassainwuvalivaliiinduianpeulndatulasuaruaulanniniddesiuauuin [15] W
o v oA wa ol A a ooy aY a B g .
Wuszeznauuudilienaudanlaasuniendn “wuniladidnnin” (magnetoelectrics

'
@

#30 ME) YuLaq

o

andlafiaslsdnuuniladidnnin (multiferrcic - magnetoelectric material) Ao
Yagiannsouansdsngnisalineslsddnvinuazmasisuanuinlaluluiion Tnaailnanls
waunslwihannsame i lifeduldasauinuaingn Tunendu duauunilaudud
- o v v = a X e dvd o e P 2 a v
anunsawmilelaseauinli Famgfns suuiidudndAguandesainidugaisudu
ld Qs s 1 ey 1 U Qs 1 1 s v
Yo siaulesruduiussenianTALimanuasautiliily fhoehedu nsteduaud®
1 =3 s o/ o & (] as 5 1 =3 s
wiwanvesianmeauiuludi visinnsegsiuiuvesesnusenaunimanuaginihnieluiae
udswaliinaui@iidu “wandn” (product) vespeulndatiug Jusndeaudfiagliaunsa
wuldlussdussnauifienlag Fsnmnefernudasglunsuszyadldauiivainvansuindadu
Tules uonInisunsisensenIteenlsznouneliiuasutdiwdndaun sonansauda
fmvesnudielugdvesusngnisallanewiuandladiinyin (giant magnetoelectric) uaz
€1 =i ) & ¢ A e A ° u
Umngmsalsmvessanilaeduiasinanlsedu dausingmsalmardilunaulauindmiy
nsilddszgnaldavlungululasdidnnsetind wispanudwaiman aluvsednd uaz
CAVE T
Usingnisaluunilladiannin (magnetoelectric effect; ME) Aa msiialnanlsiadu

malih (P) disldsuaumutmdn (H) sazBonitusingnisainse (direct ME effect) Tng
Weugeain ME, Iagn P = aH Tuvhuesdainunsiiawunilawdu (v) Wislasuauiulnd

(E) Ni3an31UsIngn1saindu (converse ME effect) Inewdisutadn ME; laei M = QF ¥
Usingnisal ME lussulndnduisenlaindumuisesveawanda (product tensor) Faiifie
nadnsINdunsAsensEranaasuanwanaanuluraulndntues feluladuandRves
= a2 = = ] & ] P 1 1 & LY = 3

wiaiisladidnrsnvsamawdmanagrmiliagralanailuaulifvesraulndnvasiaaaaa
L7 5 1 2/ L8 -:l & L) = = =i .

adustananlidivsingnisal ME  Wunadlaanaud@uunilaansniin (magnetic/
mechanical effect) Tuausivan wavaudffislediannsn (mechanical/electrical effect)

Tumaieledidnnsniuies Invanuisa@uunnuduiuslanei
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magnetic  mechanical
ME, effect= g —— :
mechanical electric

ME, eifect= So0e  mechnnied

mechanical magnetic

Tagaunsisassiiuansfeusngnisaiguasantalviuasuimdndudunsisodangu
(elastic interaction) HufonsaiusIngnisaings ME, Weldauuudmdnidilulunesindn
whwawsimdnaziudsuzuilumuvdnnisvesunilnaniniv annueden (strain)
Anduazdsihuluduraioleddavindunalmaalnalasdunisihfudues dumneg
avarinUsingmsal ME dferdniudtudnurlasaainganinuasaoulnn uardunsiten
Aszrinsessefivewawdvdnuazaieledidnvindneiy

=] ' ¢ a 2 a o o e & a & 1 < A
AN 2.7 awmsunngnisaluunilladidnvinvesiatuiinlueiafaiwiman Taedled
aunulviy £ Whlvasilimifnluaudwimanuualug  Amye Juluuiudandmaliaau

I o [ 1 = n' dy = 1 I3 & 1 1 1
nudundngulman (B) ugstunasiinauuudivannannaelutoing (gap) seninm
FNEMANTY FIAUIUNAIUNADTENTNYDITIULDIMINIS@eudn (bit)  WMEnasuUINUY
wilvan (Memauss 1) [16]
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v a

uluranlndalussuunuSsulnnun-laveanineslsy (BaTiOs-CoFe,0,) Wuiiad

= = -ai ] dl = wn.nlI 1 = = = =
weslsBnmeulndnmhaulannillesnnlaud@nlaasy lauaiesmaniias wasdeynia

=3 = wa 1 I3 e va = =4 a & o
uaLan BeaudRudvan antRlnih wazaudfidnanuluianinuuniladidnninvasn
lupoulndnsguy BaTiO;-CoFe,0,  HuatusausuUselanienisideuuasdadiu
asAUsznoumnall fuuslussnitanssuiuniswion wavdnvarlasiadiegania visil
TAs9ad1eunluvedasseuu BaTiOs-CoFe,0, Amaitnideiausnoniiagavainvaly 1w

TAssasiawuunansdu Wduuna way  core-shell [17, 18] uanaindadsiinisiimedanis

wigumainvateutlunisuseAvguiluneslnds BaTiOs-CoFe,0, UBnaae wu alawe

34 (sputtering) [9a-19a n13MNAzNaUIIN UaY pulse laser deposition [19, 20] dmsy

s

AUALRUSTEMIAILUS IS ENININS B UL SIS sunTnadalassas 1aLazau R Uy

al ar

poulndnszuuiinualiunidelinnuauladnwaginnune 21, - 22] sdslsfnnulunis

9
LY [

Uszivgurluretlndadunisnergiudnwan e induunluwasield luvaziaig

1 o~ = 2/ & 2w [ Ao w e = & = av &
‘Pﬁ.l’]LLUU‘U@Q%UG’]UHMF\’]&QG}’]EJ‘Ll‘LlﬂEI@ﬂﬁLﬂu%iy}ﬁﬂ“ﬂﬂﬂﬂiy} ALY ﬁ]ﬁLﬂUI@ﬂ'\ﬁﬂVld'mrJﬁ]Eluﬂz

1]
= =l

nsnwLazAumisnanaalunsusyivgunlunaulndalussuunuSeulniviua-lavean

9

<

] L3

w3l (BaTiOs-CoFe,0,) NdndawUsznausde Wlllassadtetluszauunluunsuazd
1 v Y 14 = Qs L L7 dw = v aa I
ANuILtugnIy lnewadandenldlunuideiazerfenugiunisiniaudigisuates
3 = o o _- £ d 1 1 2 o
LUUALANLAININAENTSIITULABTLUUSTEINIAUN ALY I8aAA UL I NFUTD UV
= 1 7 -:4' -:l 3 ng( d’ v ars o
ATLUIUNISLASEY wagaarlgdrenldlunssuiunisiasey Netmelvnuizausiunisiily

Uszgnduazsoganinuiddedmsvaaavnssululsamalvenviauwnauiniasiislunsinisy

9

b4 1
as s

TUFIUEY  UNIINUNUIIBUTWIININTIVFULAEIATIERANENRUEIZN I dna Y
29AUTENAY NSTUILNSIATEN LazauURvasulunaulndnseuy BaTiOs-CoFe,0, Hanmae
wazanvngAanivianaflasuanneuItelazdisiiayuanuiliuinues dndAnw uag

o o e

mMdaiauls suluiinipgeamnssuiisiilusesealugaamvnssuiiedewmaly

2.2 ANSNUNIUITIUNTI/A1TEUINA (information) TiAeatas

nswsnanslusEuy BaTiOs-CoFe,0, Tillassadneunlu (nanostructures) il
dausaglunuideduiuunn fsduudidoidnvaslasadreiiunndeiuayliaudad
wanesfusagmngafunnihlvdonuiunnseiude fagdunuideves Zheng wavamy
[17] #lvnswIouuilupeulndnmeslsdidninsiuniuin s2UU CoFe,0,-BaTiO; Tugy
vasilduuefiunn (epitaxy) Tneldmaiiansuseneutudiedies (self-assembly) o
$18 TaoiFuaniinswuas Ba-Ti-Co-Fe-oxide ASUULAUSTUNENAEIY8Y SITIO; SEUU
(001) #rewnAila pulsed laser deposition Fea1nHanITMAaBIWUINTIdLRWNNTTTATY

welusyunuuazuensyurvtusteniadnemgiduuvsunlu (nanopillars) 489 CoFe,0, #il
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Tnssasaduenaslnueailadnegluuming BaTio, Insuvieunlu CoFe,0, Ullaund

E
=l o & e L&l

Al LELaLAardSYEEYI9TENTINaNUS1Y 20 D9 30 wluwns wenaniunidenauildalanaaay

9

wa ' < = a v = v v v o 1o = 1
audAwdiranidsuudasluaugungioe Jwanlawandiiuindnisiisundasan

=

LL:JﬂﬁlmL%“ﬁuﬁu'%L?tuqmwgﬁ@imaﬁawaLwaﬁiﬁLﬁﬂﬁﬂ UBNNUIUNTANHINIIAINUS DUEN
wudUgsengaruudindn-lni  (magnetoelectric  coupling) mMelulassadneunluiiiu
annsnedunelddendnnisiugiuvesdunsizauuuBanguindauswnsznitaviaseus
™ o ) a R . @Y ¥ o = a
HuULes d115Uuideves Raidongia Wazamy [18] Alavinnismseuunlupeulndnves
CoFe,0,-BaTiO; Ivaglusuvaseuniauilu (nanoparticle) wagviauilu (nanotube) 9l
1ASIA319UUU core-shell MEmMATANSZUIUNNSIASEUAILATAZANULAINNA8NITILAE L1l
o a = P 7] 1 P Y,
figaungiags Fsannuanisnaaesfitannuitiveyniaunlutasieunlufifilaseadrauuy core-
& = aa il I a = Py a v o
shell duatunsauandameidaudivanuavisdameizaluildnaamgives uasds
& = a e = &y b2 ] [ 1 a‘ a & =
aunsauansusIngnsaluuniiladidnnsnlaene dmivainsnladidnninvesuiluasuln
= gfv n’:: L L dI =l ] 3 17 [ = = &
dnnsdoanuudunundalanadioiauiusidaniantl lagarwundlaa1urdunug
) d ey o & o
(magnetocapacitance) 1938uNAUILUNILATIAT MUY core-shell Waguulas 1.7% #
= = Py 2 o i o
gaUMNNTN 134 inadumeainuuiman 1 waad luragivieuilundlassadiauwuy core-
shell Wasuulas 4.5% Mgungisnn 310 MAIUAILAUIMLIMAN 2 naan
o [¥] =Y — a e S oo
dusuinafafldlunisinTeuurlupeulndnszuy BaTiO,-CoFe,0, UATITNITe
YNANDDANLITUIULINWUAY AUTUINUII9UDY Dix wazane [19] Blasigaunisidimaiia
AnsUgnuHLilaNuTuADINGR 0.35CoFe,0,-0.65BaTiO; ULUNUEIY SITIOs (STO) 531U
(001) waw (111) semsalnness wiaunmsegaulassadnmdn dnvasduguingves
At uavanURudmdnvesunluneulndnszuuiisnee  wenainliinddunguildanudi
ﬂl 4 Q v a Q. LT 3 1 1 =
nsyuunsadameSeiniiliiiansduiuuudgdussdivaugudisgamgiilunisuening
166 (Wisnaa) vinlvianansaenuaiwwinveananinlulade 8y §591nuan135Mnaesvianun
= 1 s = s =Y s .7} as dl I o) 6
ﬁmagﬂmame}mzm'imﬂLWﬁLLazamgwmwmmaaaﬁ%awuﬁ‘ﬂuNauhﬁ‘bﬁumiﬂgﬂmuL‘fJu
281911N UBNANUTIHIUIIBee Fina wazAmy [20] Alaviniswsouiauunluasulnds
¥99 BaTiOs-CoFe,0, Mmuiuiulagldmalinalnmasauuy if T991nNNanIsNnaasnuINega-
wo3Tamlaslabidnvinuazaslsuunufinanunsaintulifonngiines wSeuvsdwaliin
=Y v & a a v a:il/v € =4 a a’d' = Y
woAnssulaiineslsBndniiy wendniidawuunngmssiuunilnauBunudnaamaivios
= o 1 o a
511 2% dleliauiuudivin 8 ndan SINNEINIaRII9ERUNG AN TULLNGNA-LINUBS
(Maxwell-Wagner) laanme
Yana1nd NSAENIAIUAURNUSTLHINIAILUT IS EWINNNTEUIUN RS LN HAsD
lnssadrauazanifivedansseuu CoFe,0,-BaTiO; AElHAmawlafinweylides Mgy

AT8U0Y Hrib way Caltun [21] AlefnwxaveIenlsEnaunaaiivadnagLunilaansn
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fviisidemniAladidnydnuasuunilndidnvinvesreulndnszuulavearineslsi-wuideyln
witun Tngldvinnisiessuneulndnvesas CoFe,0,~BaTiOs Wag CoMng,Fe; §04-BaTiO;
fremnaliaufitenanuzvasuds andunseseuiaifindusemaiin XRD Fawuidivla
mauwaﬁa‘*ﬁﬁiﬂﬁnasaﬂLuafgﬁaﬁ@ag}%auﬁ’uimalﬁﬁLWaLLUanﬂaaﬂmﬂuLiau Bnmadmuin
wavaSunamaiilrornaiiladidnndn Ansaydenidladidnvin undlowdu wundls
an3ndu uay uundladidnvinasduiusiudnvuslaniaiaganiauasUunaoslsvily
svuutiues Tasmisnginssunuuuanilladidnvinvesreulndntunansliifuiinisumd
laaaumfﬁ"ﬂaﬂuiaaauLmeﬁaﬁguﬁﬂﬁﬁhmiqmlﬁamﬂﬂﬁLﬁﬂﬂ%ﬂaﬁad Turauzifgatuily
Lﬁmﬁ'ﬁgﬁyﬂmumﬁ‘[m§L§ﬂ'ﬂ?ﬂ=uaaﬂauiwﬁmlﬁﬁﬁﬂzjﬁyu dmiunisnsiasulaseainuay
anwazn1snszIeivadlasafiamemeaiin Mossbauer wasraulndnszuunuiuulnn
wa-laveaiedlsidufineinisAnwindduiulaendiidoves  Leonel [22] fildvianns
wisunwasnasindnuuSes s lavsavivlaslsiifdnuuslasaiinaniauandieiy
1';1”]Elf‘l’]‘iﬁ’]?ﬂ’]iﬁgﬁﬁuﬁL‘Tjuaﬁmﬁg’mu"INI’IUﬂ'iSU’J‘LJﬂﬂi%ﬂ&ﬂ?ﬂﬂ%@ﬁiuﬁﬂdi‘lmwﬁﬁ 500-1100 °«
Fanamsvnasailiuandliiiuiimenoureulaslsinse meiegluvania BaTio; vilsiia
wqﬁﬂﬁmgl,ﬂa%wwnmnmﬁm%uma:é’aﬁﬂﬁaumLLﬂLﬁﬁﬂﬁaqﬁu (local magnetic field) ¥4
UYL [B] anqese

MAMTNUmMUAssRkunziulfedsiniauin audivesunlunoundnsyuy
BaTiO;-CoFe,0; dunusiivssiusznaumaaliuazansuzlassaiganindusgiann R
Snwnrlasaiisganiadanuisomuaulddedudslussninmnszuiunnasoutues
pglsfinunsiuindlifnuidelafifnsenuduwiustesiadomeandodaluszuu was

as

galdimslmmgniddnswluiinsmmgevionalnuiefuredeiiintuegisaieds dady
MmAyiRwianuaulalunsfinwmeny duiusseninadndinesdussnau nszuiuns
w3eu 1039851998010 wagauUAvesu lupeulndnea1sss Uy BaTiOs-CoFe,0p Wiaume

wiAasSurunalniinuu




Una 3
A5AHUNISIY

= a= o

Tuunilagnandeisnisdniiun1side wazanunviinisvaass arswadl Jae uas

2
o/

gunsaifldlunisvinide dunsunsiniouns wagnszuunERIBeTRinvesaimeslsan
ulupeulndsluszvuwuiseulnmun-laveanwasisy ulldunadanldlunisasiagau
e | £ 1 oty d' = »g U s LPN
audfdng 9 louna audiinianienin ianiindu lassadrsgania audAnielwi wavaudd
1 I q’j 3 8 v s o o ar
Nusivan lagtunaunisneaasavualdranalidunnudslunind 3.1 wag 3.2 augisu

FETALL DRI

3.1 BBmsaiiun1s3de uazaauivinseaesviiudeya

uATeiiusznoumessdouisive 3 daundn Ao dauusn sndunsmiteuled
wingaslunamsvnnluaeulndnluszuu BaTiOsCoFe0, Meinafianisundasugn
veasmfiumsnduaesluusssimanalifinunmaaiian Tasisuninnasanssiudad
Aonasusaulnviug (BaTiOs) Laznswaslavoanmaslsy (CoFe,0,) ﬁﬁagmﬂmumé‘ﬂ
sgluszivulunsumaniusieisuadesdiugnuoauud it lfansiaemauagn
wdrfuduetneg antuivimssadetuguudailuwnsundnfemaianisdumesly
ussemAdni wiowvinnsAinwdvinavesiandsluseninenszuiunmswaaishavguaae
alaun gaunginaznarfilélunisumes ifuademaiiin Aruvuiuty wazlnseEdns
anafile Sudelesuteulaiinfigalumawisuissiinuilureulndnssuuiudiasindoya
wianiduwamaitednudvwasy q solu

drufiaes andumsnwiauduiusssnindndiussdussneu Tassadegania
wavautRvesurlunoulndnlussuy BaTiO-CoFe,0; InsazyinisiUasunlasdndiu
asdUsznavvesulunenlndslvivatnvats lasldReulaluniswioudldandruiindadu
W9 AntuSeihnsasedeuiaInIsTe L nsasuLUasdnuurlasiadagania
autAinienm audiliih uarauTRudndnvesansiussuviindonmeanuduiusianiu

warludruiiann Juudrugavneezidunsideyaiiidnduiinduardiuiiaos
unld Tngazvhmsinunaeseuniedodosfifntulussniinssuiumsusyivsiesinunly
ApUlWERTZUU BaTiOs-CoFe,0q ﬁé’ﬂﬁ’mmﬁﬂizﬂauﬁwq Lanee1uLndynIaaenns
Wasuwashudsmelusewinenszuiuniswisiundu wieufuhnsinwdviswavesin
wsanmeuendeiifeaside (dopant) fe Tasasvinnsasadeumaiiiniu weinssuns
wiui audAnienin audAlni wazauiPudwdnvenssiinuluneulndnssuuilions

PMnusimansnaassleusuiisunsaysdumaLaziasiginanaly Meiluszning




driinvnauanaly wizanundiammisih

7

ASYUIUNITIASIENA N ASIAS 19098 AR5 SUUTY A8MINNSAIUIUAINISIALRDS YD
uan?ia (lattice parameters) ANARSZINUDAR (tetragonality) ArAuIASEATBINEN (lattice
; A o % o A e - w a = )
strain)  LazANBUNLAETDINY WWaAnwITauinsreuanivvasndnlurasinnyslu
s¥IansTUIUNSssuLUaeuly
= e gj -] = £ -Jq s =
1AYUITENINUATLYINNTNARDILALIASIERa T INe1a U lumaluladwszaou

naaInnszus aavuwalulagnszasuinaiinammsalansy

3.2 dsAfifildg

3.2.1 wewuiSoulyiviun (8aTiOs)  AI1MUTAME 99.95%  wAnlnuu3¥m Advanced
Material Juu1aoynIAUszI 50 WIlwuns

3.2.2 salaueaineslsv (CoFe,0,) nanlabUSE¥N Advanced Material Hvwinaynin
Uszunad 30 wiluluns

3.2.3 aalavaaviiiiamasisn (CoysNigsFe,0,) Hanlnausen Advanced Material
TUNABUNIAUTZU 150 uiluns

3.2.4 Twdlllaweanagea (poly(vinyl alcohol)) HARlALUTEN Siema Aldrich

3.2.5 lamusa (GHO) mmu%sjwé 95%

3.2.6 NMNU

3.2.7 Hndu

3.2.8 oydlau

3.3 Yauazaunsaiild

331 |ASeInsIadeUNIsAIuYTessalend (X-ray diffractometer) o Phillips $u
X’Pert MPD HaalaguS®n Philips UseinAgoalaun

3.3.2 NADIYANTIALUBIANATDUMUUARINGIA (scanning electron microscope) FUJSM-
6335F wARlABUSEYM JEOL Usvmadiu

333 1A309 LCR Meter u HP-4284 wanlauu3ti Hewlette Packard Ussinauniaide

3.3.4 |pTewmTadouanTRuingn (vibrating sample magnetometer)

335 \AseddeRineanuagidun 00001 n3uju GR200 HARlAgU3EM A&D
Company U‘ssmﬂmﬂﬂu

3.3.6 wnlwihamsumnasnanlasusemlsiussinelng

3.3.7 gouansguugil 200 °4 Ju RE 53 NanlAgUTEM Binder Useinawasiiy

538 Lﬂ%ﬂquméaawauaﬁﬁ’sagﬂuaa (ball-milling)

a as < v = . . . .
3.3.9 lAspsaLuULnUREInszuulensedn (hydraulic uniaxial pressing)

1423903
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3.3.10 neiideiaidies (electronic digital calipers)

3.3.11 ManatdanniounUn

3.3.12 URuvieth

3.3.13 gnuavhanniwesiaile (Zr0,) SduruAudnatawingy 10 fadwns
3.3.14 YouAndns

3.3.15 AUAY (forceps)

3.3.16 Wi

3.3.17 Uninasuuna 1000 600 250 wag 50 aaans

3.3.18 HINF94 (sieve) M NazLBBA 325 mesh (44 lulasiuns)
3.3.19 AZLNTITOU

3.3.20 nsgawegdvinanazaiiiliow (foil)

3.3.21 AsNRUNEINSUUAENS (motar)

3.3.22 LL:jﬁuthamﬁm%’ﬁTugU%/umu iushAudnans 12 fadiums
3.3.23 mwazaiiund miuias (alumina crucible)

3.3.24 NSLAENILLULS 600 1000 Wag 1200

3.3.25 viaanvignds (dropper)

3.3.26 NTEAWAYY

3.3.27 910@ M3 U2AONTUDA

3.3.28 gedvdondmsuliuTunL

3.3.29 WHNIAULIAaN
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BaTiO, nanopowders

CoFe, 0, nanopowders

uadasArsgnuaadiy
a4 ¥l

ar = -5
( CLIERE 1 l

o o ?f = 3
FURDFULUAUAUA T
d! ¥ 3
oy lughay

BaTiO,-CoFe,0, nanocomposite }

/Vmaw@né’ﬂﬁmmﬁmg ‘\
* AWMLY
ety

o Tassrdregania

o gutanma i

¢ maldwivan
A &

AT 3.1 wuranseseasinunlupesdlndnlusyuy BaTiOs-CoFe,0,
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BaTiO, nanopowders | Co, ;Ni, [Fe,O, nanopowders

T 7 =)
vagesdugnueaiiu
A 24 93119

I
aadatugl ]

= 7 L a 9

FUABSHUUIA UAUR
& +
(qouludan

[ BaTiO,-Co, Ni, .Fe,O, nanocomposites ]

7~ m*;%zfauéfﬂymmmw\
* AWMU MUY
) g
¢ wlofidaun
*  Tasswiisgania
o malamsliih

% Fninnian o

2N 3.2 wauRansiassuesdnunlupeulndslussuu BaTiOs-Cog sNigsFe,0q
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3.4 NTZUIUNITIATYUNINEN

3.4.1 uuiSeulmmun-lavaavitneslsy (BaTiOs-CoFe,0, BT-CFO)
TumswIsunauSoalnmun - laveavieslsvdusuanmsihrauEedlnmun

(BaTiOs) wazkalauaaniwasisn (CoFe,Oy) ﬁﬁmmﬂaumaaq‘lussﬁuuﬂumm5LLasﬁm"m

Ulavisgenmauiumiauns (3.1) il

BaTiO, + CoFe,0, » (1 —x)BaTi0; — (x)CoFe,0, (3.1)

ilo x = 00,10 0.20 0.30 0.40 uaz 0.50 Ady TngrasTiRIuATSTIdILIAS0ITIRInea
mmam?ﬁ&m@amaﬂu‘mmwmaaﬂﬁms%nmwaﬁﬂLﬁ&l 20y ¥ mnthudinieniusaasly
iafuddaslunisnaeiu TJﬂr;JW’m“LﬁaﬁmLtﬁaﬁﬁlﬂumﬂaaﬁaalﬁ‘%mum&iaﬂﬁqunuaa
(ball-milling) muanit 3.3 Wunatuau 24 4l sazndsanuagesasumiuandisvun
waiuhvesmaniifdntsenavrauuSeulnmun lavearineslsy lomuea Lazgnua
woslalaunduileynmswenansideniseani wavienendisiaaseusasudaiaians
lalavlugausanini 3.4 fgumai 80 °s Wunamnu 24 Faluatilevinisssimeian-
weasonlUlindeusideasuasitelfansuialsiaananutiu leansusisiudrinosnan
gouudriunuadasasnuads (wdl 3.5) 9rnduiiluieusiudingesun 325 mesh il
annsduiiuiunduiouvesans WeseuasauasurunyndndoussiUsenoundalviinans

¥ @ 1 - o/ &
1711@ wuldnuginaUasnuamnuduainnigusn

AN 3.3 1ASasuAgasseanuea (ball-milling)
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< v
AN 3.4 AaUEIS

AN 3.5 ASNUAENS
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3.4.2 wuiSeulmmun-lpveavidinaiwas!syi (BaTiOs-CoysNigsFe,04; BT-CNFO)
TunsanwravesarsiielusnudsodaosyhnsAnunavosvesiiia (N) Aildeans
y03a751usEUU BaTiOs-CoFe,0, delauidanldansdeiuiiu BaTio, uay CoysNipsFe,Oq 10
wanfuielminduesnuTureulndnlussuy BaTiOs-CogsNigsFe,04 (BT-CNFO) @say
FuanmansuuSedlnuatasnslavearifamaslsiffvuinoynnoglussduunlu

lRsHazHANUTEVDgINENTUAINEaNNTT (3.2) Aall
BaTiO; + Cog Nigc Fe,0, = (1 — x)BaTi0O; — (x)}CoycNig Fe,0, (3.2)

ilo x = 00,05 0.10 0.20 wAz 0.35 Audsy TnethasTidmumstideniostianeanny
a%LaEJfﬂdeL‘ﬂﬁxﬂu‘mﬂwmﬁaﬂﬁU‘i‘iﬁgQﬂUﬂL“ﬂ@ﬂﬂLﬁE} Zr0,) 13 anduduemueaadluite
\Jughanelunswaeau ?Jﬂmmﬂiﬁﬂﬁmé’aﬁﬂﬂumEiaaﬁ'aﬂm’éawm&iaﬂﬁwauﬂuaa (ball-
milling) Wunawin 24 alus  wdwinuadesasununafitmuaudithveamad il
druusznevvesiuisEalvviun-laveaviliiameslsn lemusa wazanuageslaideudng
Wavhnsugnansiisesnisosn LﬁaLLﬁJﬂLa%aL'%'EJU%’@Jaﬁﬂﬁﬂsﬁlﬁlﬂaﬂuﬁauﬁqquﬁ 80 o
Wunawnu 24 dalue wevhnsssmoemusasenilfivaeusiedsuasiieliasuis
Usananudy iemswisiudathesnandaundninnuaseasnuamsnntuiilien
Wufnsaswn 325 mesh Liteaanistudiudiundurouesans oseuasunsuvin

o 1 (3 1% v o n\Lw =3 1 < s d’l’
ﬂﬂﬁﬂﬁ’luax‘]ﬂﬂ‘iﬁﬂﬂ‘uLLarJSL“ViU'la']‘TVI ﬂLﬂUiﬁﬂ’]'ﬁUSLWEJ{jENﬂ‘lJﬂTlll“U‘l.ﬁ]’lﬂﬂ’lEJUE]ﬂ

3.5 N3ZUUNNTIRNIBNY I TALIlUABUINER
Lf‘jaﬁ’]ﬂ’]'iUmEiEJEJNﬁﬁJﬁTiL?EJU%’E)EJLLﬁQﬁQﬁTNQNﬂMﬁlﬁM’]ﬁ@%ugﬂﬁiEJLﬂ%@x‘]ﬁ@]&ﬂﬁ
e (uniaxial pressing) szuvlensedndan i 3.6 Lagaziduainnstansnauy3uia 0.5
nunraniuindlifaueanased (PVA) iefiunsians tnsauildldlunlfuisnans
yonlanedianndl 3.7 meouse 2 dudunau 1 uii ﬁ%lélﬁmé’mﬁugﬂutiunam (disk)

o 1 5 a a a a s = O = o N Y
ﬁJLﬁuNWUf}uaﬂa’N 13 daawns wundseunnd 1.5 HadUas AYN1n9 3.8 31nuuinldnngn

ado

Igusunszuaunsume fuuudafs (normal  sintering) auideulauazammgiiitivun
Tnaisuanmiginss (green body) v89ansluszuy BaTiOs-CoFe,0, 1ndnisadlufisavaiiun
uaznaviunuisrisrgiuinaumsuiFolnnualavaariveslsvidaduasdlsynou
g 9 Weausseniavesanslusdazdndiussdusznavsardeafunisseinessning
nszvrunsBumesiuunlunmd 3.9 s lusndumesiuusaduilgamginng

< <& v oW X a _0 o & w a
Wukaiuu 2 ‘U”JI&NWJﬂﬂﬁl‘i’lm‘i‘ﬂu—awma‘m%ﬂvu 5 ®/UmM IﬂU%Uﬁ@Uﬂﬁilﬁqmwﬂuuﬂx
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Dulumuununnd 3.10 vailaginiswuefigamad 500 “o Wuaiuiu 1 Falusiae e

wnlaansduniduasndliila-weanesead (PVA) Miduadllussninenisdaduglans

:l 1a § s o
AN 3.7 WRUNDRASIININlany
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i 3.8 Windh (green body)

P

FRafIE

&
FHEITE

= @ qy & = o s = s
AWK 3.9 ﬂ']i‘ﬂﬂLSEN‘H‘LN']u‘L‘I.Jﬂ'JEJFJSQNU']&’]W?UHW?‘*UHLG]E]'i

- e ar
gmﬁqwnmasmqrﬁ F3T9

o
5 Ut

.- 5% 39
500 4/1 ¥ 1384

5yAni

1381

AN 3.10 LAUNNHARINTSUIUNSTURDTWUUR AL
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3.6 N13ATIEBUANUANNNIATNVULIIN
3.6.1 AUNUIMYY (density)
vwsdnunlumeulndaisun i deuldunmennamuindulag e fendnnnsunud
vosthmung a0 $atiag (Archimedes’ method) Buaniasifindidesmsvsiumaiig
wunutundulutndudunau 2 Hluadleasumunaitinusuddesliesingy
fraseduihivinsfuduainiuiwhwsinfiunisdutazudesliiusasndslut
wy) ediluinateliiodimnduihduiusendensearsiivgilionmnag wiihly
Faeinteedidnats duindlFagSonindvtinanmstadenviedmnn (W,) oy
msdaassduneuiudlidesinluoviugoulfuiedn o dsnruis (W,) 91nduii

AT LALNAIUIUMIAI LN U UUANUALNITFIEUN1TT 3.3
s ppma R &3] £ (3.3)

el p.  Ae enuvwILUuYesRuY (M50/gnuiAniaufuns)

Pmo o mammuniuvesiigamgiivugiinsvaass (n3/gnuirdigufiuns)
= g a ay =.i' o 14 .

w; A dhwilnvesiunundaluoinavusing (N5u)

W, - fe dminvesuauivddui ()

W A diinvewuanunteennaunsen (nsy)

3.6.2 N15UARINAIINAITING (shrinkage)
ANNISUARIVBTTIRNTLNATUNAIRINNTITNTLUIUNTTURBS LA av a8
TavunadurugudnaneLrTnioukaynd N ITUA SNt UT B AT AN Auandy

Wasidudnsvafveagsfindeaunisn (3.4) fil
) = dy—dy 2
Yo shrinkage = [d—} x 100 (3.4)
1

Pu] P [ ] & a 1 a &€ ,a a
ool d; Ao Wuugudnansaassilinnounsndunes Hadwns)

d; Ao durugudnawauesiinrdinsndumes Hadluns)

3.6.3 Wminiigeuaelunasainnmsi (weight loss)
dmiinveswsinigapdelunmevdninnssuiunmsndunesaunsadivanlaan

HS ar a o a ) Py v &
‘Li’muﬂ‘tlmL‘U‘i’luﬂﬂE]‘LJLLﬂzwa\‘iﬂ’liLN’l%ULG\B%ﬂ’JUauﬂ’IiV] (3.5) Aau
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@1 ~W,

% weightloss = [— } x 100 (3.5)

Taa?l W A9 U MUnUeussI3nnounSENTumes (nSY)

W, #o dminvauasiinvdsnsenduwmes (nSy)

3.7 nsasadauanewmalianisiaeuuYesiidiand (X-ray diffractometer; XRD)
n1sasrvdsuavesesiinuiluasulndniavunaiunsavirlalaneldmaiianig
WWenuuvessdiend (X-ray diffraction) (Aaw 3.11) Fadwmeiianldlunisnsivaeumvila

ar

karUSunaUaanNaN eI ULAY 9 FBUANNISHNNTENUYDISIAD NTAIVURITAALAUAANTS

q

nse1de (scattering) waztdgvulasiualunisidsnuuuanmasiulufueg fulassaiawdn
wazszuny (hkd) ifsdnnnszmumeluiasinefisuuuuresnmsidsnvuvesdsdionduesTanus
amﬁmﬁ'uﬁwﬁmmLawwmwmﬁw%’ﬁ'ﬁ@ﬁu q defuiletnieiosiiodauiunsiata
(detector) nsae3USsd ondiinsgidenaninann anlusiuissng 4 Azamnsansanaeuld
IanilFilutanvialalasfinnsanandeyatesanuduiusssnitaduueosuusnd
(Bragg’s angle) uazarsiduvasiinisiiondvossunuumaaauuiivangdafingls
‘ﬂ'ﬂqﬁudwammawﬁmﬁ]sﬁgﬂLLUW@GmiLﬁVmLuu“?igﬂuﬁﬂwmmawwwaqé\"JLaaLLmﬂshaﬁ'ulﬂ%‘s
aunsmigUiuuresmsidguwresiidlendinnameuliuiiouiisuiuteyavesasuie
seqiistedlugnudioyainsgiu (JCPDS files) iilansrvmourdaeuraifinduldlneEuain
msthiunuendnfiedesldlunsdiuinadesdmiunsdumilueies XRD il 3.12
MniuiuRuedadaalditmectng (Cuky) AWissondamueneaudssnnn 1.56 A
PONUFEIEAUYSELRL 0.02°/417 anA 26091 10° luaudsiirum 26 7 60° Tnengves

wusnAluluanuauns (3.6) dai
Z2dsing =ni (3.6)

flD TEHEUNTEMINITTUIUTIEABY

=
SH
b

g

D>
3

AB YURNNIENU

3

n A9 LA IUIULRY

= dl'
AB ATTHETIAAU

>
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AN 3.11 wﬁﬂﬂ’l‘im‘i’lﬁ]ﬁaULWﬂIﬂHﬂaﬂmLL‘Uiﬂﬂ‘ (Brage’s law)

AN 3.12 LASDIASIVABUNISIRYUUVDITIFDNDG (XRD)




29

3.8 n15nsIdsudnuLlaTai19ganIAvauYIlindIendeganssAuBLaNATaULUY
d04n51A (scanning electron microscope; SEM)

Brfuruesiinuluneundafiiiunsruiunssune stamnuyn1sasadou
é’nwmﬂmqa%’wa;amﬂﬁaaﬂé’aaﬁ;amiﬁﬁﬁLﬁnmauLLUUﬁmﬂﬁﬂ (SEM) (1l 3.13) il
ihdeyaildunldusenaulunisefurgenuduiudsewinesdusznoulassairnaninauda
mslihuazautfudindnveseiniiwiouldlaeGuannsirdunuunesnduudng
’iﬂﬂ‘ljjuﬂ’mﬂﬁ’lﬂﬁ'mﬁzﬁﬂﬂﬁﬁﬂﬁﬂﬁﬂiﬁﬁﬁﬂﬂﬁquaBﬂﬂﬂﬂ q wasalauditenandoenis
Aansueenlesuuimidndeneniniduusynevreandn (Fe) arntufuidumuud
axdulURnuuLiuneanaes (stub) fremumsusudasiilaedaliianih (surface) 119
sglununfmnsaudensitaseimemata SEM ﬁmﬂ‘lfuﬁ'mﬁuwmmﬁaaﬁﬁéffmsjwﬁﬂag
suuuluvinisindauiantindenesd (Au coat) Taeldinadnaliamess (sputtering) ia
awidl 3.14 Ssmdnnsveanedaifedieimesignrudisayniailindsnuaziliezaey
fRnvemasfmanaen Tmaazmamawaqﬁwﬁmmaﬂmﬁﬂﬂﬂmﬁauaijuﬁmﬁwaﬁumu
wsriinaidazshnasiadeuiamiluaauny 90 3urit nduinildiinisnsiedeu
Tassaiisganiasiendewantsaldidnasaunuvdesniaiednuanuuslaaiisgania
yosdunudely Tnsununmmsvinnurendeansinsidnaseunuudenelduand iy
AN 3.15

ANl 3.13 ndpsganssAUBEnAsaULUUEARINT A (SEM)
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AR 3.14 uHuAWLAMIUaNN5VaIWATlnalnina3e (sputtering)

AH 3.15 WHUNINNISIIULAZNANNTURINEBIganIsAldidnnsouluudensIa (SEM)




gl

3.9 N15AsIFRUANUANI IWANveLYs1ENn
TuauideiagidanyinnisasivdavauviladiannInveaasiinias sulavianund
UsgnaumeAnnladiannsn (s) LLazm@hUisﬂE}Uﬂﬁgjmul,ﬁamqlﬂél,ﬁﬂm%ﬂ (tand) lneay
= v W & w 2 o o = o 'Y
AnwAruduiusivnsivasuulaswesgamgivaganudnudeuld dmsunismsoues
Inielsounon sinaudRlaBENSNTY 215011 8nAfadn1Nada UL TARINA
TFsuazvuununsaesnulagldipiestnans (grinder — polisher) dannansea1unsie
[ o (%) b7 =) 4 =Y = 5 o
Was 600 800 way 1000 arudrsulvlaws I dnfdaunuiuszunad 1.0 Jaduns 91nTuvin
Avwareamsesedansledndiduiaiuiu 30 il duneuiislanuduludevannai
100 °% (W 24 il Famnunu (@) dusiuguinans (0) uasiuiiviinga (4) vos
a a @ ¥ = o agil? o a P o o
S ITIATINIUNSTARAIFENNIIUINHT  (electrode) TaglaintaRustiakinifiIntnves
wsniinnsdesiuuazthlunigumall 750 9 Wunainu 30 Ui MednsInsiu/awes
a - oA v a o a w oa a Py 4 - w1
gauniilu 5 ca/uni ielinnRuuwiazinfuaveiinlaatue 1nuudiluinaianug
W (C) wagAndusznaunsgademialadidnnin (tand) #aeLA3es LCR meter 19
gl 25 - 300 °% YiANA 1 10 kag 100 kHz i ndwdaanuglii (O) #ilsun

AuUMAIAIRLABLANY3N (2,) Tngadeaunisy 3.7 il

dC
(N LA, (3.7)
4 A
€y
e &, Ao Arsilndidnysn (dielectric constant) ¥asa156aEn4
d AR AFIUVUIVEIANSAE1Y (Hadluns)
= | o w A ) -12 -1
€, Aa Aranmeeuduimslugyaina @Ay 8.854x 10 Fm )
A An WUt I wesansinedd Gladung)
C  fe Armnuliia (capacitance) Yede5aegns (Wh3n)

3.10 N1sAsREaVaNUALIIMANvaLTIdin
F¥msesadevauTRudmanveasinnauagieedesinanuduudimndnvesans

Fevdnnisdu (vibrating sample magnetometer; VSM) (Al 3.16) Fenmlaseasnanis

waznsldfaguansiannd 3.17 Tnawdeslatiimdnnsvinauie asdegnsiidenisia

audRudmaniuazgniiluneliluauuwivin @  WeldamalivdndaZoialdly

o

fAniafgiu antuansitegavgnyinlvidusasifan sl niliAsauiuwivanseug

o o [

A13079819dU NUUAINTINTUFYYIUILYININMTRTITUF Y audLUady g MR INE

Ly

sonulugUraaduiudaveidaniudvian (magnetic hysteresis loop) Tngaususiinan
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meuenitlidluiiduiiiu 8 kOe figaumgives Fwauifmuivaniisulaninudame
FFamsudivaniulszneulumeauunilaiedududa (saturate magnetization; Ms) @4
Wedwilsuunillawdunsluilledanres q dai3esialiluiianafisafvauiuutdivan
lﬁl 1 2/ QIJ L D =i U d’ g
meuaniildidrluaunssnstimuunilawtugeiian lnedunaaingagegauuniin (3a A)
Aouiilavinisandiaunumiivinaieuenasaudugud sxfiduundlawdumdesyluiu
o= = I 1 = at 2 3 o = 4 L2
windin 5end1 Auunilawdunsing (remanent magnetization; M,) wnldaingasinuu
d‘ -ﬂl L4 1 @ 2/ IQ‘J = = s
WNu y e x = 0 (30 B) wasilieliauuudwdnatsusnidrluundumsfinlufienianseiu
o/ & =) ar o = L4 = 1 1 <z & '
ruunsgneaunillawduaeludagduaud (3a O wlunArauinuiindniling

AunLLMANauans (coercivity; H,) fauandluusmninlunind 3.18

AN 3.16 wTarinAnuduntivanuesansaiigndnn1sau (VSM)
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1 Sample Halder

Pickup

Vibrathor

along
2-Axis

Electromagnet

=] 1 as a ar 1 EY ) o
AINN 3.17 a’Ju’lJigﬂE]UViaﬂ’uﬂﬁLﬂ'ﬁ@ﬁ’}ﬂﬂ'}']llLﬂULEuLﬂaﬂmaﬂaqiﬁn&l‘lﬁaﬂﬂ’]sau (VSM)

o)
-
(g»]
Jaw

AR 3.18 UHUALEAIYAAT & UWINUBANe3TauosTanulnan




UNN 4

NANISI8

9/
a = o

luunilagnantaanisnsiaeuinaiiindu dnvaelasadngania audfinig
nenw audanialiih wazaudfinisduninveslagdadiesistnunlureulndalusyuy
wusedlniniunlavearinesls (BaTios-CoFe,0,) nseueimalinnsuntosimugnuea
! o a # a = A da 2
Pufunsidueesluvsseimaund Mulviwmavesansiieninelassadegania uay

auURvosulunaulndnlusyuu BaTiOs-CoFe,0, ilneilsruasidanndl

4.1 AsATIRRRVANBzIANIZYRsIInu lusaulwdn lussuukuBsulniniun-Tauean
woaslsn (BaTiOs-CoFe,0,; BT-CFO)

4.1.1 gUUANINIENTIN

wanymMstumesesiinlusevukuSoulnun-Tavaaineslsyt (1-0BaTioOs-
(x)CoFe,0q) Tnefl x =0 0,10 0.20 030 0.40 wag 0.50 remadansTumasuuUUs LR
gamad 1050 1100 1150 wag 1200 °9 a2 $2lus rednsrtu/asmesgamgd 5
o/l LadaSeusoaudatuhtunuildmanuaniulasendendnnisunuiive s
UNfVeenIANnE (Archimedes’s method) lagAaumuuiuwgeivesaifiniuisey
InnueiiAwihiu 6.018  n3w/gnuiadieuiians  [23] Lagauvuiudumamgsivedla
voaviaslsvitldviniu 529 nsu/gnuiadlauiing (241 Tagarmuvunuiufidiuale
wanslilumaned 4.1

RNAT5I9N 4.1 WU’SWmmwmLLﬁumaq‘?}/mmL%’]ﬁﬂﬁﬁhum'ﬁ%uma%ﬁqmmﬁ 1050
°y fidneglutag 60-70% Fefiadliinntindmiuiagimnwniinuaiogumailunisdy
ma%Lﬁu‘ﬁuwudwmmwmu‘u'wuaaLﬁmﬁﬂLﬁuﬁuﬁaawiuﬁ’u‘llwmzﬁﬁhmﬂwumﬂuqﬁqm (90-
95%) \orumafigauugi 1150 °¥ Fanaiinduvesnrumvuuiuiifunauiainnis
nszuIuMsuUuilusenineansTunes uasieviniswasanamanuduiusseninanay
wuuluduinsfvgamalidumesnuildunadanmi 4.1 Judlefiansundnunraaansmi
[Antunuindenadesiunsriueansduneuuuanus et (solid-state sintering) 914
A 4.2 TagRiansanandnuaizvendunsmiiianududes g Wintuies 9 anue
oIl fiutuotiedn 9 lutrsusndadunamanmsitoyniades 9 indeudaidiuneg
Tn&Infuuasiinsidoudefuiindu dealdidenumnuiuiiatuios 9 aunseiied
gumgiviivinlioynineglnddafuuiniigaudarimmmuiuiozasi uidndnasld

- A‘q' = ] 2/ 1 1 dl s 2
gaumgiidumesnguiulufeailidemumuiuivanadilesinnisnanieda (coarsening)
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Y8383AUsENaULRBLIUN NN SIARU RS TTUTENINNTZUIUMITURD S LU VAR UL YD

Tananaldlunnd 4.3

A15197 4.1 ALY sssEnlusyuy (1-x)BaTiOs-(x)CoFe,0, Taefix = 0 0.10
0.20 030 0.40 uas 0.50 MHUNITUMDSVIgaMA 1050 1100 1150 way 1200 ° (v
naw 2 Hilusiheinnntwawesgamgiidu 5 cw/auni lnsitusinulauvearies

Tsvimng 9 fu

A1 x aauniiuines (°w) AUNUIMUUFUNNS (%)
1050 7531
1100 8137
0
1150 94.76
1200 85.85
1050 1655
1100 69.19
0.10
1150 90.23
1200 76.82
1050 61.35
1100 78.90
0.20
1150 94.62
1200 7389
1050 67.05
1100 62.74
0.30
1150 92.62
1200 88.70
1050 60.70
1100 80.01
0.40
1150 94.30
1200 81.96
1050 71.96
1100 50.41
0.50
1150 91.79

1200 75.67
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100
- y .__'::
80 ~ = & g
- | = |
& \ 25T . *
280 - & ¥
o
5
o
2
= e--x=010
- Ax=020
20 - -°x'=0.30
| < x5'0.40
- »--x=0.50
0 T2 B b A T Bl \ " e B e L
1040 1060 1080 1100 1120 1140 1160 1180 1200 1220

Temperature ("C)

AN 4.1 p3mlau@usTEuINA IR LAV T wea TURAY TN (1-X)BaTiOs

(x)CoFe,0q NdnEM X A4 9

vzm{m

199 «

“-
5

Z 8ok
=
it~

o

e
i Y i A
_ Faed— S —— dugmim
68 i i 3 “““&‘ i i peo o i

1000 1200 1400 1600
LR i)

A 4.2 nywlianipnuduiusseninsAruuwiuivgumiTunesreInsTumes

wuvanuzuauds (solid state sintering) fnuvigui] [25]
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i Neck

R e

!

a®,
o't
ol

A

: g oo

oo
poOQL

on
pun

sintecad
product

N

-

o u
oo
oy
.'O%Og;.o
a0 @
200000"90
o 000 o0@

colnpacted
procduct

&
o
2]

= = aaa ' . ¢ < .
AN 4.3 LLNUﬂ'WWﬂTiLﬂﬂﬂﬂﬂ'ﬁﬂqlu‘ia‘ﬁﬁﬂqﬁﬂﬁﬁU’]‘U,ﬂ'li‘ﬁuLG]@?LLU‘UHQ']U%“U@QLL“N (solid
state sintering) [25]

5 e o A i = ar = | 1 = a‘a} 1 ar -:I! =
niillagmivansisneiinduag gz auranisdune siaeny Bwgungl

d' 3 1 v n\" = i o b 78 = dl sl = 1
nnvaniinadnienidhogamaiinenansaiiivitneuniaianshusa \inrepenszning

o e =1

sunAndulaiu niniu ansunsidniunaneilunsy wassiilinneluidowsiiinds
D | g e . & o a5 i
wyutlosign [26] dmTuaislussuy BaTiOs-CoFe,0, uandliiumfaamaiisinnii 1150
°g elviAinumuILtuiAsutt dazilen s umaRat R uLE I sdutivguladn
= 1Sy =~ o § v a o o o ' a
gaumgiiludrildliunnweiagvilvimeaumafian siwesimviiulazlagngutneaniuain
Wewsndnld willevhnnswnfigamgiiduines 1150 °4 wuiamsandaasfinliialim
MLUugEalagdAunuIkLLINNNd 90% Tunn o dndinesddssneu deludauiadng
gaungiilagilugamgifiminguinisfumesiendnluszuvsuidoulnniua-lavearines

Qs 1 & dl v =Y a’nl 1 2 L2 = sd'
Ioiluyn q dndruesAuseneuielnladuirsfnniienuvuiudugaenndasiunuyiden
NN [27]

412 Mﬂﬁdﬁng

Wews1dnluseuy (1-x)BaTiOs-(x)CoFe,0, tna#l x = 0 0.10 0.20 0.30 0.40 uay

1 a a o 1% o a a da ' = 1
0.50 WIUAISTUMBSLTBUTouAILINIT RN ENNTANUNUILINEIdAvaLAas
29AUTENBUNIATIVERUINENIARTUAIBINATANSIABIUNYD IS S8Lond (X-ray  diffracto-
:} d'c’i’ =) s 1 13 = 1 dl 1 = A’-‘-'l
meter; XRD) Fsluiiliwsfinyndndiuasdusznauinnuvuiiiugegaidlodunsgunasi
gamqll 1150 °% Wunaiu 2 $ilus Mednsnsiw/awesgamaiiidu 5 °w/und lae

1 L
1 =l o a

AnauNvzdnFunuluinnisinagdainauazondunulidyeinnigiAriadsansilain
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(ultrasonic) Lievdndsanysnuuiiavdheenlsivun arndudnandaimidenseame
1wes 600 wag 1000 muddy ehindsanysniidsnamdoitunuluovldmmudulugou
gouvindl 80 °w Wuauu 1 9alus udniunnsaasumasewndos XRD Taenwd 4.4
uansguiuuMIAsUTessdiondvesainlussuy (1-0BaTiOs-(X)CoFe,0, ila x = 0
0.10 0.20 0.30 0.40 wag 0.50 MHIUMIFUMDIFEWATanTIURE VA LAY Tnelo
forsananamnuind x = 0 (BaTios Uiawd) tuiiwunmnisifenvuresisdiand
donAdesiudoyauinsgiu JCPDS file winsiaw 5-0626 Alassasiadunuvuiansyinuea
(tetragonal) i space group Wu Pamm (99) uasiiAuanfionisnines a = 3.994 A wag ¢
= 4,038 A [28] uenanil leRansanusunin XRD lngazdsanuiiiavesaudanUaon
Lﬁm‘ﬁuﬁu%nmw 260 V52104 29.7-29.8 891 FaiileviimsnuvauanuiteiiAsademuin

] o

wawlanUaay Miiafutinininurasidum@ves Ba,Tio; 30 BaTigOs [29] Fuduwans

= I

EDESNINNBFAITU TagtdunauIaInnIsnInLN999dnd1unInUseNaussning Ba:Ti 994
a15Usenav BaTio, nelinsiieansusenavluszuuiussulnmuniyy 26 a1 9 duld
wanslinamIs1en 4.2

i a | 1% =l = ]
A1919% 4.2 mainarsusznsuidulildvesuealuuaiiye 20 s 9 Tunkunmns

WEEUUYeeSsdland

d13Usznav yu 20 (°)
BaTiO; (nmsylnuaa) 31.5
BaTiO; (tanvslnuoa) 41.3
Ba,TiO, 29.3
BaTisO; 28.4
BaTi;Oq 302
TiO, (3Ind) o5

BaCO, 23.9
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9000 48T
¢ #CFO
Y L @ ¢ L ’g e ¢ x = 0.50] ¥ unwanted phase
% <_’~ s - 5§ SRS U § S . - - e
v, e ¢ o ¢ s % e & x=040
6000 - + ;
— ¢
g . ° * . 0 o A o ¢ x=030]
z ¢ ¢ "
5 vy ¢ . ¢ o o & x=020
et by i J J A (O TP 1)
== 3000 1
v ® ¢ ’ ¢ . ¢ x=010
o SR I A‘w’; - m:’:\ .‘...«w:._m.,...‘. e = e m...J::.... : A Nssessosassonssssssssesd’
= re 2 ‘ o ¢ . ; x={
0 YMJ i ‘ "#z 2 A ‘“\ o ol
i : 1
v 20 (degree) )L

Al 4.4 sUkuuMsasUUTasdlong o eslinlussuy (1-x)BaTiOs-(x)CoFe,0, e x
=0 0.10 0.20 0.30 0.40 waz 0.50

ndlenTLEY CoFe,0, aslulussuuiidndiu x = 010 Anuirdfirvesla
Uaam‘Lwaﬁsﬁﬂsmﬁumﬁyu 26 Ussunnd 35 99 lagauduveein CoFe,O, oz
qq%umuﬂ%mm CoFe,04 Ainduluszuu Tnsftavos CoFe,0, ﬁﬂinngﬁuuﬂﬁ WU
denmdesiudoyainagiu JCPDS file muteiav 22-1086 flassaradunuudin (cubic) @
space group LU Fd3m (227) uasiidtuanfignisidfines a = 8.3919 [30] “gﬁﬂ’l‘iﬂ‘i’]ﬂ{]ma
BaTiO; aziwa CoFe,Oy ‘J’Nﬁ]@gi‘ﬁl’mﬁuiuzﬂLLU‘Uﬂ'ﬁLgﬁnLUu%adgﬁﬁLﬂﬂ‘ﬁﬁiquﬁ'ﬁL‘Zﬁﬂflﬂ
TussuuuuBenlniniun TaveavislaslsiwdenlFduaglugiuuuvesfanuan (composite)
lunndrdiuaadsznay

yanandiiiefiansanns i XRD lunwit 4.4 TnvaziBeanuinesiiniidndiu x = 0
(esdnuudsulnmuafiusiainaisudinanidovy) ﬁqm 20 Uszanm 45 a3 Tuiinns
wenfu  (splitting)  ¥@5EUNU (002)/(200) Fensueniuvessyuu (002)/(200) Hasdu
SnwazianizvesuSoulnmusfidlasadadunvuensglnuea wazilavhnisAiuame
uanfiswsfines ¢ uaz ¢ vouwlindyn o Andrussduszneunda wuildmsauandl i
a15197 4.3 TaA a uaz ¢ vouesfinuuSeulnmun (x = 0) SAuiifu 4.003 uas 4.041
A auaey uasfidnanudumnselnues (tetragonality) w3e ¢/a WAy 1.009 udiilonay
Tavaaieslsvideillassadrndunuuiadnasiuluszuy nudid a wae ¢ Wasuwlasly

1 1= A=y e ' Sd s | (= o & ¢
ag1lufinunTgundaiau wavietilasiuiaa o/a Anuniaanasaulsunulaveanies
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sy uazilidndlng 1 unddudensimenudunnstlnusaanasiununeeniy
AINENIVBILNY ¢ (SuanatauLiiauIsfufuLAY ¢ SsdwaliflasadmEnvauuteln
uasuUaBanlassaEianasslnuea (Mmeunu a = b = o) lWdumdn (e
Wua=>b=c) %q‘lmaﬁiswﬁmaﬁaawauﬁ%xﬁaqLl,amé’wmmaaLLsiazLWaaauiImalzjﬁm'ﬁ
Wasuulaswedlpsead1asoaudd urainna XRD Aildwuinuseulnmuaiivualdunis
Wasuwadasadenmnselinuealdidulasaduuuininainnisasianunissuiues
s¥UU (002)/200) FetuSsanainfamsazansvaslavearineslsidnlululassadauuidey

inuausdlasinnudeuluszninnssuiunBumesidudisainisiiaufjize

A15197 4.3 Auasfiansidiees a ¢ uazarruluanselnuea (tetragonality) vad1wsn

finluszuu (1-BaTiOsx)CoFe,0; 418 x = 0 0.10 0.20 0.30 0.40 uae 0.50

Auanfians1Tines
Al x - .

a (A) c(A) c/a

0 4.00 4.04 1.01
0.1 4.01 4,02 1.00
0.2 4.01 4.02 1.00
A3 4.01 4.02 1.00
0.4 4.00 4.01 1.00
0.5 ' 4.00 4.01 1.00

4.1.3 anwalznNaUgIUIMYuazlATITTIN980A
doin1sdumesiasfinsruunuidenlmniun lausarinaslsy (10BaTiOs-
(x)CoFe,0) laefix = 0 0.10 020 030 040 waz 0.50 l@SaBaudasuds Jeiun
AsradeudnuuEn i Ineuarianaianafmendeganssaldianasounuudes
n31@ (scanning electron microscope; SEM) IﬂEJLﬁ’e‘]ﬂ%ud’luﬁﬁm']m‘lmLLiiuq\i‘ﬁlzjﬂm
ns19aou lagAesufieztiiarsiedandronindustdudeswiauageniusnudie

o ar - { @ - da ' a o oy D) E '
waesdansleinierdndsanusnifineguuiimiinvestunusanlivua antutlleuls
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Aurulugougnmgl 80 °% Wunan 1 lus iduruilalundaumevas (Au) ielinin
nsinlidgiBalnmessudidnihluamvgevdnvuglasadnganiauazdugiuine
MEN&eIganIsAIBIanAIeULUUEBINIA (scanning electron microscope; SEM) ag
i 2 v v o = o w & ' i
amdnglassaiieganianlauanalinen i 4.5  (AD)  AINEIRNU T MNINUAGIET
o 1 A A o 4 =3 1 =l s
idsveny 10,000 wilaeilafiarsananwulaswainnanialaesiuasiiuinnsulidnyay
o a _a '3 . 2 ¥ Aa o o v & d a
Wunuudaiuend (equiaxed grain) uazillassadwiiidnwuziuidy q Unaquagnitiuid
- a A a & 1 o oo X o a '
Yo9FUNUlAEAzUTINURLINATUAINAT x MALTY Taendndiu x = 0 (WA 4.5 A) wui
anwazlasiainganialinsdnEemveunTuAs UL LINU FWTUULRURIVEITUIUTY
ganransnuAIANURLILLUARWIaLE (Anusuiwdurestunufidangiu x = 0 fauseuna
95%) flvwiainsuinduegivszann 134 lulasiuns uanilefiviunnvedlaveainaslsn
Wadulu 10 30 wag 40 % laglua wudnvwmnsuadeiladandy 1.30 1.50 wag 1.40
o al Q’j 7 lg 1 - ¥ gj ] ¥ o
llaswasauainu veadluilasnunuinnisuan CoFe,0, adlulutesin BaTio, dulailévin
£ ! { (| v ' =
Tvuininsunasasuwtadly uwindudamalusiavelassaiganialdeundasiuun
= a g %) < = a o v o o o o
@anduiduian 9 Unaaw) Baumsiviilvdnvaslasiainsnaniavesesiindainy
3 = s 1 8/ =f -J 1 s
nanvargduidunainngiinuesas dadiussrusenau tavlassaiamaniunnaiatu

OTON [31]

Al 4.5 é’mﬂmﬂﬂiqa%ﬁmamﬂwmLsd‘mﬁﬂ'lui::w (1-x)BaTiOs-(x)CoFe,0q4 Tnei (A) x =
0 (B) x = 0.10 (C) x = 0.30 way (D) x = 0.40 AUAAU
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a o a

4.1.4 gulaladiannsn

P o a = I3 L3 .

WeavwsdnlussuukuiSsunmiua-laveayinestsy (1-x)BaTiOs-(x)CoFe,0,) Lag
fix=0 0.10 0.20 0.30 0.40 waz 0.50 LUVNISTURBIAYWMATANISTULNBSLUUA LAY
wa1 ethansaeg e lauyina i (electrode) watlunsaasvautinislndn fsn1svia
T dusulasuidngsfnnludsesunndnluviiauazenasisipdessansiladin
(ultrasonic) AR lmssulfszuIUMmEnsEATENIIEUs 600 Lag 1200 ANEIRU W9V

o = ¥ 2/ YV == ] [ = d; i d‘i’ 24 = [

mstaRmtiseuiesudrdaidaesiinunauielaauiuludgeugumgil 80 ° Wuiian 1
Falue nduin1Ru Gilver paste) sflanumdiawtivesdagsfindaesdiu dild
wnfigeungil 700 o Wunanu 30 wit Wekaiaduiidawsdnildudannuneuld
BeusasiataaiunsausanuYaIll WA IR Ee antutnansAnag1sinnu
nsvihtaluasiaasvandinedni@siderailadidnnin (¢,) wagainisgadenislad-
=3 = o a & h it = o = = a o a
Lann3n (rand) medlnes LCR Ndwaamgiviesdia 200 °% lagazfnwidvisnavesgnngil
warALDMUREULUAY

A 4.6 (a-f) wananuduiussznIAaladiannin (s,) uazAINIsaqLdEg
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= aa 1 =] h : v A s wa 1 @ v Y
gavoSTanaulvian (magnetic hysteresis loop) lngldiniosinaudfudivanaianannis
QI" . . ‘;l A L2 1 )
du (vibrating sample magnetometer; VSM) Bunnsiansdiegeazgninlunedily
a Ao 1 & ala o P Y = v ' < o ay v
UShanlauuudivaniien 8 kOe Maamgiviod antudslvauuwiwdndnlulaguanls
s = = i I 1 = Qs = a ﬂgfl a
WAPIAININT 4.8 Feannmasiiuinawunilladuasan (Ms) sesesdnifindiuniuy3un
Tavsavimlasls () Mindy duffonisiiuaves CoFe,0, Fulutanuimaniidwaliainy

1 1 a g o = 1 1 1 = 2 o a‘
WU UULLN LW%ﬂLWHNWﬂ‘UUUULB\‘] wazillpanumtegvazdunausallsulananslunisian




52
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a1519% 4.6 wunillowedugean (Ms) wagArauuwiwinavdng (Heo) veawsniinlussuu
(1-x)BaTiOs-(x)CoFe,04

. Auuniilawdugegn (Ms) Arduuudmanaude (He)
A1 x
(emu/g) (kOe)
0.1 4.2 0.31
0.2 11.5 0.41
0.3 20.66 0.49
0.4 2R9 0.50

0.5 0“3 0.55
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4.2 msasndevanwazianIzva s linuluaeulndslussuuuuBeulnmua-laveaa
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a15197 4.7 Arenuruiiuveassfinlusyuy (150BaTiOs()Coq sNipsFe,0, 1087 x = 0
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A X UNNTWADS (°0) ANUVULLUEUTINS (%)
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X)BaTIOs(X)Coq sNigsFes0q tila x = 00,05 0,10 0.2 wag 0.35 FHIunsTumpLUUALAL
TneilofiansanannnImnuing x = 0 (BaTiOs u%ajw‘é) Fufluwunmnisidsauuresdiond
aonAdesiuteyaunsg i JCPDS file vunaiay 5-0626 flawasrulunvunszlnuea &
space group 10U P4mm (99) uagirmuanfianisdmes a = 3.994 A wag ¢ = 4.038 A [25]
Aounieviinisiin CopsNigsFe,0; aslulussuufidnau x = 0.05 wag 0.10 szl
WURAVDY CogsNigsFesOq USINGUULKUATN XRD LeLLaU318 CogsNigsFe,0q Tu
ssuuifis®udu 20 uag 35% lnoluarwuindiinves Coy.sNigsFe,04 ﬂiﬂﬂgﬁuuﬂﬁgu 20
Uszuey 35° LaeauiiNveIieA CogsNipsFe,0y ﬁamﬁugaﬁummﬂ%mm C0o.sNip sFe,0q 71
dduluszuy Tasfiaves Cog sNigsFe;04 ﬁﬂ'ﬂﬂgﬁumﬁ (unueie ® lunsam) 11967eg
Sufufuaeed BaTio; - Fawnsaszyladnwsdnlussuuiussulnnus-lausadidiia

waslsiegluzuuuuresiaamanlaendddnwunsiiadualmiviomailanvasuln 9 Tu

M13197 4.8 gaumiidunesnvinliesndinluszuy (1-x)BaTiOs-(x)Cog sNig sFe,0, Tudndau x

#1199 HAAULILYYENER

A1 x UUYNTUIADT ()  AUNUIUUUETNINS (%)
0 1150 95.28

0.05 1250 98.21

0.10 1200 90.57

0.20 1150 94.14

0.35 1200 92.20
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A 4.10 sPluunsiaBluuTdlendveussinTusEu (1-x)BaTiOs(x)Cog sNigsFe,0q 7

dnduasrlsynau x = 0 0.05 0.10 0.20 wag 0.35

dlafia1sansan XRD TnvasiBoanuinesifinfidndu x = 0 (@sifinuueulnm
wanAnaswivanideuy) ﬁqm 26 Uszanas 85° Huinisuenitu (splitting) UBI5EUY
(002)/(200) e seniuwaIsEUIY (002)/(200) Hifludnvaziannzasautonlnmiundia
Tnssa$radunuumassinuea wazilavhmsfunwanfion1fwmes « way ¢ veuwsiin
fnn 9 dndrusaduszneund wuiildedauansliRimsed 4.9 o ¢ wag ¢ voawsiin

wulSeulvmiug (x = 0) dAwWiAU 3.992 waz 4.028 A aud1au wazliarAnudumnse

1

Inuea (tetragonality) w38 ¢/a Wiy 1.01 uadlenaulaveandinameslsvasluluszuy
WUAn @ uas ¢ WasuwlasdlegreldiiuunTiuidany willaveariifameslsvimiunls
Tunsnmassiinassaiaduwuudidn wazainnsmuarmeulunnsylnueailduuas
AranasmuUSinaedlausaidiiamedlsvinfiuiulaeiandilng 1 Fenisanaswesd
Fandninuneanuilasadwe S sdlnmundilndanuduiidnunutiuesdain

AINNSNANULTIVANY ¢ BRaIIULNALABINUANUENILAY a
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A1519% 4.9 Aanfignsidiees ¢ ¢ wazArmluenselnuea (tetragonality) ves
L5 3nlusEUU (1-x)BaTiOs(x)Coq sNig sFe,04

Aanfignisiines
A1 x
a (A) ¢ (A) c/a (A)

0 3.99 4.03 1:01
0.05 4.00 4.04 1.01
0.10 4.01 4.04 1.01
0.20 4.01 4.04 1.01
0.35 4.01 4.01 1.00

4.2.3 anvpsnNaUgIINYgUazlaTIEII99an 1A

dotesinszuunuSenlnvun lausavidiiameslsr (150BaTiOsx)CoqsNiy s
Fe,0, 1987 x = 00,05 0.10 0.20 Wag 0.35 uimsdunediasasoviosudi Saun
ATIADUANWUEIATIATHYANIAIINAITAEAINEIYNADIRANITAUDIANATO UL UABINT A
(scanning electron microscope; SEM) IﬂﬁJLﬁaﬂ%m’mﬁﬁm'm%mLLﬂuQGﬁqmmmwaaU
FenoudlaziarsiegamnsonmdusidudosiruarentunuaRIsesans leiin
ilovindsanusniifneguuiimiiivestunuosnliivun anntuilusulaaiuiulugey

aauvindl 80 °¢ 1unan 1 dhlus thavnunldlliedausenes (Au) WelwAnnisuilndn

9 U

2

eisatnnesse udiailuasmeudnunglasaiieganiauasduguinediendos
ﬁ;amimﬁ%ﬁmmamwua‘a&mm (scanning electron microscope; SEM) lagatnang
Tassa$reqaniaiilduandidanmil 4.11 (AD)  awdrdu Fsnmitanuadiediddsuene
20,000 wh laewdlefinnsandnuaslassainamealaesasiuinnsuiiiadulusdas
dndunsAvsznoufivuinldaihiauouasiisusdliutuou Medunauainwgdinssunis
dulmveansuresarisassiaduuandsiutagiilovhnismauansunudunsuilad
vnafiananuUinalaveavidiamesleiiuiu nmsanasasuiainsuiaeinduns
wannalnmsdesiunalussrinanszuumstuees [32] Tneiuiadadulaueayidiia
woslsiluszuutien 4 tunsuvedlaveaviiifaiesloiasgniieudoudeinsurasuuSeyly

o = fa a ¢ Y] v a =g v Vo
LLUA WQUUﬂq3%Lﬂ3U°U@ﬁIﬂUQaV]ULﬂaLW@ﬂiVW&’TﬁJﬂULﬂ'ﬁu‘iﬂﬂLﬂﬂ\'j"ﬂ\“ﬂﬂlﬂiﬂﬁnﬂ LLEILA®
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Usinuvedlaveavidifameslaidistuilinndeudesniransulavearivteslsidnaies
ity wafilddeinsuresuuFeylnmunazgninsuvesiaveavidiiameslsviduavhlvua
insulassuiivunnanas TnsvuiainsuledsuasmanuvLiugegaveasiniiduald
wanslissmnsnad 4.10 Tnsandeyadildwuindadiuilimeamuiwiulosfignegi x =

d
0.10 (~91%) Fuflofimsandnuaslasiaiiaganiaanaind 4.11 faufuaziiildidizngu
nsz1gagmuiantivesiunusiuiumndnduamgyiiauuiuduanas Tuvaed
dndhuiilirnumuudugaignegiiuiina x = 0.20 (~94%) Fandnuazlassaiiagania
sgiuldiunsuiidnwasmsuduiiiia Fadesundudinsiivgumglidunesuisniida

Lﬁummm'\LL‘liuIﬁLsaj'i']ﬁﬂLL@iﬁ&ﬁﬂﬂi%uLma%ﬁammﬁqaE)'mfiaiﬁl,ﬁmmamzmumaatha L

L] U
[ 2

WAelduasazanaveandsszrnaaniananaiunaaasile

A1519% 4.10  AanuvLUudNInSuazIuansuRdsvaues1n lusEUU (1-x)BaTiOs-
(x)Coq 5NigsFe;04

dndIUneAUsENaY (X)  AIUNUILUUENANS (%)  vuiawnsueds (lulaswns)

0.00 94.76 1.35
0.05 9p.20 1.83
0.10 Y & ¢ 1.44
0.20 94.14 0.99

0.35 8220 0.70
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AT 4.11 anvauglassaiieranirvengsiinluszuy (1-0BaTiOs(x)CogsNysFe,0q Tnei
(A) x = 0.05 (B) x = 0.10 (C) x = 0.20 wag (D) x = 0.35 MIUaIAU

4.2.4 audaladidnnsn

Wovwsfinluszuuiussdlnmiualaveaniinamestsn (1-xBaTiOs-(x)CogsNigs
Fe,0, 1ng9l x = 0 0.05 0.10 0.20 way 0.35 lWynsfumesmamatan1sdunasiuu
:’/ = Y =t =1 s 1 d'el 1 o g dll ]
AudLLSITdenansfetamiiauvuutugaauyi il (electrode) ot lunaaay
audimsliih dansvidalniindusdlesihdisesdnilidisesuandnluvinmuazeingae

= ) a ) v a v g v o o P
WW3a99ans ledin (ultrasonic) TARAIVTN IS BULASLUIUMIBNSEANYNIIBLUBS 600 WAy
o as di ] A L7 | o i o [ =Y di 1 dilf o
1200 sudRu Wevihnstedmduseuiesua dndawsdnuneuiiieldausulugau
= o <! ) & o o . = da v [
9aundl 80 ° 1uian 1 alue antuin1Eu (silver paste) FllAwNImMITRMTIva RN
= g' W o al = { = o

wsniinvisaossu drluwnfigaugll 700 g Wunamiu 30 wiil Wewnaiaaindeisn-
AndlaundannumavauliissusesiiatasnunisWeaunanuyesa minsErinaflmtedns
INTULIAIAI08197IHUNST IR @ vaNT AN TN TsnRernslaBLEnnsn (¢,)
wavAINsaaden1alaBldnyin (tand) melwes LCR Ndwgumgivesd 200 °y lagay
= o = = A:i:i d' a s‘d' v d‘
AnwBnnaveun)iiuasaudnUasuwlas wasnaansnlauandlilunmn 4.12 110
AN 4.12 (a-d) wanspuduiussevinmnsiladidnnin (&) waganisgaydemslag-

@nvsn (tand) Ausamgliveasslnluszuy (1-x0BaTiOs(x)Coy sNigsFe,0q - nnelimud
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]
=1

f1e q Fsanamesfiuieudidasuuladaildddvinadeaui@ladidnvinfigamgiicng
q ae9NtydAy fndunisfinsansavesdndiussiussneufivauTiladidnninvesansiu
szuuilBsldidendnieniudl 1 khz infinsaniesnnifumuiiliigeian laensmuans
PwduiugsEniAnsiiladidnyin (¢) uazAmsgudomaladidnyn (tand) fugamai
Y0ULIWIN (1-)BaTIOs-(x)C0gsNipsFe,0; 11D x = 0.05 0.10 0.20 ua 0.35 AWAIFU

NRUD 1 kHz wanalinan i 4.13

4000 e = { kHz |
1N - f=10kHz |
3004 N toooof= 100 kHz,

e B rosas

3000

2500 -

“ 2000

1500 ~

-+

1000

500 —

e eV 1 AP 4'a 26 SCR\VE Al Arers b L
20 40 60 80 100 120 140 160 180 200 220
Temperature { 'C)

=1 kHz |
F-e-f=10kHz |
------ f=100 kHz,

20 40 60 80 100 120 140 160 180 200 220
Temperature ("C}
(a)
Al 4.12 mnduiusseninsasiiladidnnan (&) uazAnisgademladidnyin (and)
NUUN BTN (1-X)BaTiOs-(x)CoysNigsFe;0, o x = (@) 0.05 (b) 0.10 (c) 0.20

uay (d) 0.35 pudau ﬁmmﬁ 1 10 way 100 kHz
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1000 ——f=1kHz
{1 ----f=10kHz
0004 Lo = 100 kHz

800 -
700 -

w 600 -

500 -
400 Vo

300 T e

-
e -

200 F T e e [ i, T TN T 7
20 40 60 80 100 120 140 160 180 200 220
Temperature ( )

1.4

—¥=1kHz |
129 e f=10kHz |
1 f-e =100 kKHz
1.0 4

0.8 4

tan &

0.6 -

0.4

0.2 1

0.0 -

I % 4 i i ‘ I : i i T H
20 40 80 80 100 120 140 160 180 200 220
Temperature { C)

T 1 ¥ T T 3 T L]

(b)

AT 4.12 audusiusseninernniladidnvan () wazAnsgedevneladidnyin (tand)
g ivaues1iin (1-x)BaTiOs-(x)CoysNigsFe,04 e x = (a) 0.05 (b) 0.10 (c) 0.20

ay (d) 0.35 Auaau flenwd 110 way 100 kHz )
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6000

: i Pl KHZ: |
. £ -~ --f=10 kHz |
I : . f =100 kHz

4000

w 3000 -

2000 -

1000 S

H ! I - { B I i 1 > 1 ¥ ¥ : I N i . i K
20 40 60 80 100 120 ol 40 160 180 200 220
Temperature { C)

0.7

G
bl etk f-‘leHzé
1 e 75 = 100 kHz

0.5

0.4

tan &

0.3 4

0.2 4

0.1 5

0.04 T e B L o

i i i ¥ 1 ¥ T L i 3 T iy T i I s T % I L
20 40 60 80 100 120 140 160 180 200 220
Temperature (°C)

()
AN 4.12 mnuduiusseninsenasiladidnnidn (&) uazansgaydensladidnvidn (rand)
ﬁUQﬁUWQﬁ"U@x‘IL"ﬂ‘ﬂﬁﬂ (1-x)BaTiOs-(x)Coq 5Nig sFe,04 o x = (@) 0.05 (b) 0.10 (c) 0.20
wag (d) 0.35 AUy firud 1 10 uag 100 kHz
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2200 - oo «Ame?w;w?\ai]:i%«u «ﬂg

20004 & - - f=10KHz |
TN Soeo-f= 100 kHz
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i
é____.f: 10 kHz g
085 [ ITF=100kHy

0.6

tan &

0.4 -

0.2

0.0 4

¥ ¥ —F v T I F T T T 1 7
20 40 60 80 100 120 " 140 160 180 200 220
Temperature ( C)

(d)

=1 v o § | ' M a o a ' = a g a
AN 4.12 muFunussenInealadidnvsn (g) LLasmmsqﬁgLaamalmmaﬂwm (tano)

@/

vgaunnilueags1in (1-x)BaTiOs-(x)Cog sNig sFe;0q idlo x = (a) 0.05 (b) 0.10 (c) 0.20

wag (d) 0.35 AuddU firnud 1 10 uay 100 kHz (fa)
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6000 -
5500 ‘: "
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] - 16
4500 - |
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500 - e T Y. . - A TS 12
-,._._..I e ———— %E—é“"" T ot e RS
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20 40 60 80 100 1120 140 160 180 200 220
Temperature (°C)

d L L 1 U dl = B 1 =l =
AuA 413 nsmluanseuduiussenineiaenleBildnydn () waganisagdenisled
@3N (fand) nuguuivassiin (1-x)BaTiOs-(x)CogsNigsFe,0q x = 0.05 0.10 0.20

way 0.35 MIuaaU Neud 1 kHz

RINNINN 4.13 NUIWLBYINISIAL CoysNigsFe,0,4 athUlu BaTios Tudadau x =

0.05 uag 0.10 uaImsusngueseamgiiaslidaiau luvazidamuliuulaveaniiia

=

weslsvitwdu x = 020 wulgamagiasunngiudnasiigamgiivseuin 40 °y laad

Y] = v by e R = v = A a
ANBULEAANANINN (broad) 31NUULLDINLUSHI Xlﬂmqﬂ%ugﬂﬁﬂu X =10:35 ﬁW'U'}']WﬂVLﬂE]

a I ' a et = i o ;s
dnnindidnvaruvusulivnngaumadiaituas dspinindunauainnisiviunues
CogsNigsFe,0, Tusruuiindwiliautaladidnvinlagsiuivanas Jaunfudrasuaude

nseauiuseningdan 2 viledululneildifanmsavaredmniuiasiiaunsouansauifve

s ' a

Taousagvlala Weinsanwaladidnyinveseninlussuvinuieamnlinsdadudnuuey

'
=

WUYDs BaTiO; wusiUasulumiudsunaues CogsNigsFe,0, tudnuwagitdidunulldus

1 o 1

Paau lngnsiiafiandaiauignegindadiulaveavilifameslsyi x = 020 Yigaungdl

u 9
s =

Ussana 40 °% uwagdnvauzeanfinning Falatinssenuliinsideuresgumgiaiands

= ar =

aamgiinsniuaziidnvareesiinladidnnininieduiunaunainnisiinnisazatsves

E]ﬁ‘F‘I‘l_J‘iSﬂEJUUN?‘hULﬁﬂL‘IIjUﬂ"IiaSa'lEJ‘U@\i LL%Q [33]




66

ludanuauvianeulnds Aetaniliavarenseluilafeatuusaziiunavosansd
o @ o Vot v v = fa a
duwauniukeniueg 3a3nua XRD  Aildagnuinavesiuseulniniunuaglaveaiiliia-
waslsitusdrdniaudaunseudumnudutaguan usidlafinsaniiszunu (002) was
(200) veauuSeulnmuANGUNUIILARNNSELIU (002) way (200) wenfuagsusiuiudu
= = P [ < 1 = = 5 i o = .
fARed wazilotunAuinAwaniisnisdmesnuindioUsun CogsNigsFe,0, Tussuy
uTuALanfignsflwesiuuildunanastedonnasenunaninainlussuy  BaTiOs
1 = = 3 3 o a
CoFe,0, lmenisanasvesauanfisnisfiimesiiiunasinlonsu Fe™ lulavoadiiiia-
2 a 4 o g o o a ¢ @
waslsviiillumud T Tulassadieves BaTio; lnserfvgamaiinnnnisdunesidudus

'
d =

a aaa a1 < a oo = = A o = 2 1 P a o« = T
ﬂ’ﬁLﬂﬂﬂaﬂ‘ifﬂ IﬂEJE‘T(?'IHQUVIﬂ?ﬂﬁﬂlﬂamﬂ“ﬂ‘iﬂﬁ\i%fjﬂﬂﬂﬂ x = 0.20 %ﬂl‘lﬁﬂ’lﬂ\‘l“ﬂiﬂ@ﬁﬂﬂiﬂﬂq

|

sz 5500 NigaumgiiaFuseanas 40 °% walllaUSunamnswiwin (CogsNigsFe;Oq) Tu

Y
l:l g " [} v ﬂl a o = o 1 7 1 =Y = 1
sruuiindundudaluanpsiledidnninnaulididuwuiliuuaz linvaumvginiusingeens
™ Y VYL — - o S v | ) 2
Fau amvaniaiibinalagidnvinveassintusyuviilidunualdn dundriadndu
1 1 — = o v o i = % ow =
HANIINANAIINUIMILTOITUIUTAkan el nn5747 4.10 Ssandeyassiituindndiud

TiFAunuILiugeNanizeg x = 0.20 Fadenndasiuaaiiladidnm3nils uazdndou

U

=)

(5
=

IAasiiladtann3nsasasufaidnddu x = 0.05 0.35 lag 0.10 fuaIfyU §9n157ATuau

s}

TR i S ) = & 1 ° o &
mmwmLmummuuuuuu”lammﬁflu%m’mﬁgwquagL“ﬂummumn Liasﬁwag"l,ugwa;uuu
= o =) a & a & a 1 P = ar 1 = a
ADBDINTA IﬂEJ‘V]ﬂ']F’]\‘i‘lﬂlﬂaLaﬂﬂiﬂﬂ]ﬂﬂa’]ﬂﬁﬁuuuﬂﬂﬂQVT‘U‘SSM"IEL! 1 LiJE]L‘Y!EJUﬂUﬂ']ﬂﬁWiﬂE]Lﬂﬂ-

8

'vﬁﬂmaﬁa@hﬁlﬁﬂw%ﬂLLé’qﬁaiwﬁﬁhﬁaamn Frumaissdnalianmlasianninuetuau

-
a o

fAanas u.asLuaﬁmimﬁwmiqﬁyﬁamﬂﬂﬁLﬁnvﬁn (tand) ALNUINAIGWUDL1UINT
gaungiige) Fsarnindunanivintwalsgduresyszglugesing (space charge
4 i = i n\:!l’u') 5 Aziill = = a v o (%)
polarization) [31] MUUNAIMIWIUKRAIUUULDL YHUAT fand NHTIINUVRUNUNDIEINIU
598N (1-x)BaTiO-(})Co sNo sFe,04 BUNUIIHWUATUNLTUANUSL 8 x NNTUlagzdian
9g/lue24 0.03-0.08 1l x = 0.20 A1 rand osiign (~0.01) FannindunanIannnis

azauNUIN UYL aETIED

A15197 4.11 dasiilaBiinydn () wagAnisgadenialediannin (and) veaesiinly

38UV (1-x)BaTiOs- (x)Coq sNigsFe,04 ﬁqmmﬁﬁaq (35 °=%)

A1 X £, tand
0.05 3412 0.03
0.10 671 0.05
0.20 5564 0.01

0.35 1759 0.08
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4.2.5 auliusiman
lums@nwaudRndwanvestuaulussvunuseulnmus-laveanifameslsv
((1-)BaTiOs(x) CogsNigsFe,0) lae# x = 0 0.05 0.10 0.20 wag 0.35 duavidanesiin
| 1 & dl -:t v 1 o s - = e 1
neunseseuneRaulenliAAruLluEsgeuinnsinaTuBamesganiwudivan
(magnetic hysteresis loop) lagldinTesinaudfudimaniendnnsdu (vibrating sample
ﬁl dl o 1 o = | ] A
magnetometer; VSM) 3ua1nn1siansiegeazgniilunsliluuinaifiauuwdmaniil
1 -=| = Y 5 = ¥/ 1 o Y ¥ st al d"
A1 8 kOe Migaungivias Mntusliauulmandilulnenailiuansianini 4.14 §sain
=4 ol . = £ i s = e 1 =3 v oo =]
ANALLAUTIM x = 0 (BaTiOs U3and) llanunsainiviudaesdaniswimanlaiiowinlad
o [ 1 =3 Pl @ ar 1 = e 1
wanuananululdwianeanyn walle x = 0.05 ngelinaniraudaneivdsanuiagig
FARULaEALUTING TARUNINTUA LA x MUY UaziloNarsaaauundlndugagn (Ms)
yaagsfinnundaintuauUsinalaveaniiamesisn (x) Miuau duifenisiwauss
. = = LY 1 [ 1 2 1 ] [ P c’f @ A i
CoqsNigsFe,0q FuluTanualivandaralyien uvuuiuLManRNINTUNNeY kastilaa
1 1 = = [ A -ttt o = LY
Aragvazidunanunsadgulanauandluniined 4.12 Insgwiunluviueudeituaiauiyay
2 aal ) E)I é’ = Ell al E%’ 2/ Q.IJ =t 1 [ i L =
419 (Ho) MAARIUAUUSEIM X IALTIUn8 tunungdsduisudani lalunisnduia
Towuwsdivan (@1 H il M 1w 0) fianunnTudanidunainaining CogsNigsFe,0, #

WinulusEuUTiuLeS

x =035
\f e S
R
o
‘ ”"{r
/_/
CURERT 5 S
g if oty i W -\ STV 7 8
i i Lo
: | ool % =0.10
o S A
.O... 0 ;,,:.'wf" dr
S ] AR "y
S e~ e MR
: " ——rt
gﬁ ...... P 1 ‘f "
c- -----------
s 10 ;.
!’/
2
] 1
/J"
————""““M
-20 - L s
] T T T i T i T T - . ; l

. H I I i ¥
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Applied Magnetic field {Oe)

AN 4.14 1 UBAWITAILNWANTB WY ENIUIEUU (1-X)BaTiO5-(x)C0q sNig sFe,04 7

as

AdIueIAYIzNOU X = 0 0.05 0.10 0.20 Wag 0.35
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A15199 4.12 Awunilowdugean My wagAauuaudne (He) veaasiinlussuy (1x)

BaTiOs-(x)C0q sNig sFe,04 na x 519 J

dndaussdusznau () | dAuanilawdugan (My) | Arausaud (He
0 - -
0.05 - =
0.10 2.60 0.41
0.20 8.70 0.49
0.35 19.60 0.49

MawanuideluduiiamnseaguldiinmsfnsneminluszouuFesdlnnue-la
vearidiiameslsv (1-x)BaTIOs(x)Coq:NigsFe;0q) 1aafi x = 0 0.05 0.10 0.20 uaz 0.35
frunsgumesuvusaAniunuinesinilfeglusuiuuvesiaanas (composite) g
Funaldarnguuuunndeavuivdianduewsdaiusngnavesianisaessines us
desnnsussasgiwniinlidusalitusiudeddnszuiumsdunesdaiunsyuiunmsd
T¥nnufougedsanunsamdoanhlfiianisasarsidamiuvensdvss novundruandy
asavasvesudsremineTagiinunnausuiaaasyia fansifinansevanevesudeiannso
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This work investigated the improvement of density and controllable grain size of
multiferroic ceramics by using the system of (0.8)BaTiO3-(0.2)CogsNigsFe-0y
nanocomposites via the two-stage sintering technique. The sintering process was
divided into two steps. Firstly, samples were fired at the optimized temperature of T,
to activate grain boundary migration in order to obtain an initial high density.
Secondly, the samples were cooled immediately to the temperature of T, and soaked at
various times to enable dense ceramics without grain growth. All of the samples were
characterized by an X-ray diffractometer, and the results confirmed that all samples
were compaosite ceramics, Scanning electron microscopy showed the grain size of all
the samples and proved that the two-stage sintering technique achieved fine grain
ceramics when compared with traditional sintering. Electrical properties of all the
samples were investigated using an LCR meter at room temperature to 200°C with
various frequencies, and magnetic properties were characterized by a vibrating
sample magnetometer.

Keywords Multiferroics ceramics; two-stage sintering; traditional sintering

1. Introduction

Nowadays, electronics technology has been developed for smaller devices with multiple
functions. The reduction of particle or grain size to nanoscale enables electronic devices
to be smaller with improved properties, resulting in better mechanical properties such as
hardness, strength and toughness in ceramics. It is interesting that ceramics with nano-
grains have increased since the remarkable improvement in their properties when
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compared with coarse grain ceramics. The sintering technique has been reported to reach
nanostructure bulk materials. Weibel et al. [1] studied the microstructure of nanocrystal-
line TiO, prepared by the hot pressing technique, resulting in the motivation of nanostruc-
ture ceramic production.

Diphankar Khosh et al. [2] later studied the effect of the sintering technique to obtain
grain size, and the spark plasma sintering technique for acquiring dense composite and
comparing with pressure less sintering. Composite samples were fired rapidly with the
pressure factor during the spark plasma sintering process, and the results yielded a nano
grain ceramic with high density. Although hot pressing and spark plasma sintering are
good methods for ceramic preparation, based on production of nanoparticles and fine
grain ceramics in nano-scale, the production cost and complex shape are limitations for
these techniques.

Recently, a new sintering technique called two-stage sintering was developed by
Chen and Wang [3], in which nano-grain Y,O5 ceramics reached full density. This tech-
nique divided the sintering process into two steps. Firstly, green bodies were fired at an
optimum T, temperature to achieve a critical density, and then cooled immediately to a
lower T, temperature. In the second step, the green bodies were sintered in air without
pressure during the process. The rapidly cooling temperature in the second step caused
the grain boundary migration to freeze while being maintained [4]. This led to a fine grain
nano-size of the final product. Chen and Wang also applied two-step sintering to other
materials such as, BaTiO3 [5-6], Ni-Cu-Zn ferrite [5], ZnO [7], ZtO, [8-9], Al,05 [10]
and SiC [11].

Two-stage sintering is a successful technique for decreasing grain size to nano-scale
in not only ferroelectric materials, but also ferrites, and it has never been applied for com-
posite like multiferroic materials, despite its unique properties that may be adaptable for
future development. Many studies have deemed compound materials corresponding to
biferroic properties, non-lead ferroelectric materials, like barium titanate, and ferrite
materials such as cobalt ferrite as being the most popular systems. Previous work [12]
studied cobalt nickel ferrite concentration in the barium titanate system, which was pre-
pared by the conventional solid state method. The results showed better electrical proper-
ties such as higher dielectric permittivity and lower dielectric loss, and when composite
nickel substituted cobalt ferrite with barium titanate, electrical properties of the ferrite
system improved by 20%.

In this study, the magnetostrictive-piezoelectric nanocomposites of (0.8)BaTiO3-
(0.2)Coyq sNip sFe,O, were prepared by standard solid-state ceramic processing and sin-
tered by the two-stage sintering method. The phase formation, morphology, and electrical
and magnetic properties of the samples were investigated.

2. Experimental Procedure

2.1. Green Body Preparation

Multiferroic ceramics were prepared by the conventional mixed oxide method. Firstly,
barium titanate and cobalt nickel ferrite nanoparticles were mixed together, using the
(0.8)BaTi03-(0.2)Cog sNig sFe,O4 formula. The mixed powders were ball-milled in etha-
nol media for 24 hours, dried, ground and then sieved to avoid agglomeration of the com-
posite powders before pressing into disk shape.
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Figure 1. Temperature for two-stage sintering collected from barium titanate and cobalt nickel
ferrite density.

2.2. Sintering Process

Pure barium titanate and pure cobalt ferrite were fired by normal sintering to obtain a den-
sity curve that leads to finding the optimum temperature for two-stage sintering. Figure 1
exhibits the density curve of pure barium titanate and cobalt nickel ferrite samples sin-
tered by normal sintering. Barium titanate and cobalt nickel ferrite samples were fired in
a temperature range from 650-1,500°C and 700-1,300°C, respectively, with a heating-
cooling rate of 5°C/min. Densities below 850°C did not change promptly in either mate-
rial. After all the samples had been heated to 850°C or more, densities increased signifi-
cantly and became constant at 1,250°C. The immediate change of density after 850°C
indicated that grain boundary migration is active at this and higher temperatures, which
leads to decreasing porosity. Furthermore, Figure 1 shows that the highest value of den-
sity was given when both materials became constant at 1,250°C. Temperature T; in two-
stage sintering must be high enough for grain activation and use for the diffusion of atom
at T,. Therefore, T, in this work was set at 1,250°C and T, at 850°C.

Figure 2 shows the process of two-stage sintering. Firstly, samples were heated to
temperature T, with a heating-cooling rate of 5°C/min in order to activate grain boundary
migration, and then they were cooled immediately to temperature T, and held there for

2,4,8, 124

3 time

Figure 2. Two-stage sintering process.
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various periods of time (2, 4, 8 and 12 hours, consecutively). The grain size should remain
constant at this stage, while density continues to increase. After holding the sintered sam-
ples for various periods of time, and cooling them to room temperature with a heating-
cooling rate of 5°C/min, their density was measured by Archimedes’ method and the fol-
lowing equation:

P (D
C= [Wz‘ill‘%] X Pwater

where p. and Py are density of the sample and water, respectively. W, W, and W3 are
weight of the sample when measured in air, wet and water, respectively. After the firing
process, every sample was characterized and all results are discussed in the next part of
this paper.

3. Results and Discussion

3.1. X-ray Diffractometer

Figure 3 shows the phase formation of (0.8)BaTiO5-(0.2)Cog sNigy sFe,O, composite
samples sintered by two-stage sintering at various holding times (2, 4, 8 and 12 hours,
consecutively). This figure illustrates the X-ray patterns of both the ferroelectric and
ferrite phases, in which no pyrochlore or unknown phase was detected. When the
holding time for two-step sintering is increased, it does not affect the structure of
composite samples. Normally, X-ray diffraction patterns of tetragonal barium titanate,
which was used as starting material in this research, exhibit splitting of the (002)/
(200) peaks at 45°, but when barium titanate was mixed with cubic spinel structured
ferrite, this characteristic changed. This effect was observed clearly in previous work
[12], when the variation in ferrite concentration, which was added into the composite
system, is capable of changing the tetragonality in barium titanate. When the amount
of ferrite increased, the split (002)/(200) peaks merged slightly into one peak. The
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Figure 3. X-ray diffraction pattern of (0.8)BaTi05-(0.2)Coy sNigy sFe,0, sintered by two-stage sin-
tering at various holding times.
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absence of (002)/(200) peaks might attribute to the symmetry of cubic barium titanate,
which matched JCPDS file no. 31-0174 [12]. The important factor for the phase tran-
sition in barium titanate is its size and influence that determines the height of tempera-
ture. Composite materials must consist of two or more components that have different
physical or chemical properties, and when they combine, each one clearly should
remain separate. In this study, X-ray patterns apparently exhibit both the barium tita-
nate and cobalt nickel ferrite phase in each holding time, which confirms that they
coexisted to form composite materials. Nevertheless, when considering the (002)/
(200) peaks of barium titanate, their separation merges slightly into one peak, which
is characteristic of the cubic structure of barium titanate. This result is not consistent
with the composite characteristic in a previous line. Generally, the barium titanate
unit cell in a perovskite structure is a form of oxygen octahedra cage, with Ti*" ions
occupying sites (B sites) inside, while the Ba’" ions occupy A sites [13]. The cobalt
nickel ferrite, with a spinel structure, consists of Ni?™ ions that occupy B sites, while
Fe™ and Co”" ions occupy both A and B sites in the unit cell [14]. To obtain bulk
ceramics, composite materials require the sintering technique, which is a high temper-
ature process that may apply more than 1,000°C with ion replacement of two different
materials occurring during the firing process. The ability of ion replacement can be
considered from the ionic radius of each material, which must be similar. When focus-
ing on the ionic radius of 0.605 for titanium, and 0.745, 0.69, 0.645 for cobalt, nickel
and iron, respectively [15], it is possible that nickel or iron is capable of substituting
titanium at the B-site, which aids the temperature in the sintering process. Therefore,
the transition of barium titanate from tetragonal to cubic structure may be caused in
some regions by substitutional solid solution between tetragonal perovskite barium
titanate and cubic spinel cobalt nickel ferrite during the sintering process, which leads
to lower ferrite intensity in the X-ray pattern.

3.2. Scanning Electron Microscope

The morphology of BaTiO3-Cog sNig sFe,O4 ceramics, sintered by two-stage sintering,
had a first and second temperature of 1,250°C and 850°C, respectively, at various holding
times with the same magnification of 50k, as shown in Fig. 4. This figure exhibits the dif-
fusion of large and small grains along the surface. After measuring the average grain size,
as shown in Table 1 and Fig. 5, large and small grains were found to have an average
size of around 200 £ 0.13 nm and 90 £ 0.02 nm, respectively. Despite soaking at various
times, the grain size did not increase. Normally, in composites like multiferroic ceramics,
there are two different ferroic orders, which require a different sintering temperature for
grain growth. It is well known that increasing sintering temperature can produce high
density ceramics, but sintering at high temperature may cause some effects such as solid
solution between two different phases and/or heterogeneous microstructure that consists
of large and small grains. To clarify these assumptions, all samples were analyzed using
energy dispersive spectroscopy (EDS), and the results shown in Fig. 6 relate to previous
assumptions that coexistence of different grain size is possibly due to high temperature in
the sintering process, which causes the agglomeration or merging of small grains. In addi-
tion, solid solution was formed in some regions. These results corresponded to those from
the X-ray diffractometer, in that merging of (002)/(200) peaks is caused by solid solution
in the ceramics. During successful two-step sintering, the grain size should remain con-
stant in the second step, unlike in conventional sintering, in which final stage densification
is invariably accompanied by rapid grain growth. Therefore, the two-step technique was
successful in reducing grain size in this research.
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Table 1
The average grain size of samples sintered by two-stage sintering at various holding times

Average grain size (um)

Soaking time (h) Large grain Small grain
2 0.26 £0.13 0.09 £ 0.02
4 0.21 £0.05 0.09 £0.02
8 0.23 £ 0.07 0.09 £0.02
12 0.24 £ 0.09 0.09 £0.02

Figure 4. SEM micrographs of sintered ceramics at various holding times with the same magnifica-
tion of 50 k.
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Figure 5. The average grain size of samples sintered by two-stage sintering at various holding
times.
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Figure 6. EDS analysis of samples sintered by two-stage sintering (a) SEM image of the BT-CNFO

surface sintered by two-stage sintering (b) EDS for the BT-rich area (c) EDS for the CNFO-rich
area.

3.3. Dielectric Properties

The density of dielectric properties in all samples sintered by two-stage sintering techni-
ques is shown in Fig. 7 and Table 2. The value of dielectric permittivity at various hold-
ing times was plotted with the function of temperature. When the holding time was
changed, the dielectric permittivity did not change significantly or was not proportional
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Figure 7. Electrical properties of all samples at a frequency of 100 kHz.

to the change of time. This may be caused by the effect of density. In general, the sample
with high density gives a high value of dielectric permittivity. In contrast, if the sample
has low density, there is much porosity that can cause a decrease of dielectric permittiv-
ity. Therefore, these results can give the assumption that porosity in ceramics is the factor
which affects the dielectric properties of samples. The improvement of barium titanate
has been reported in many researches in order to obtain good electrical properties such as
high dielectric permittivity with low dielectric loss. Barium titanate with a tetragonal
structure has been studied widely, due to its ferroelectric and piezoelectric properties.
Normally, the phase transition in barium titanate occurs at the temperature of 130°C.
Then, the barium titanate changes from tetragonal to cubic structure, which leads to a
change from ferroelectric to paraelectric property. Also, barium titanate with a cubic
structure can be found in very fine particles at room temperature [16]. Furthermore, the
properties of barium titanate can be improved by the volume fraction of the dopant or
composite materials [17]. When the Curie temperature (Tc) of dielectric permittivity
results was considered, T¢ shifted from 130°C to a temperature of around 20°C. The shift
of T¢ can be caused by many reasons. As mentioned in previous results, each composite
material should exhibit its characteristic. In this case, due to the composite system being
between two different materials, the sintering process was used at high temperature in
order to obtain the final products. It is possible that some of the ferrites were diffused into
barium titanate, which caused the solid solution in this system and led the shift of T¢ in

Table 2
Densities of all samples sintered by two-stage sintering
Soaking time (h) Relative density
2 89.19 & 0.03
4 86.86 4 2.47
8 83.39+1.72

12 89.09+1.81
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dielectric results to a lower temperature. For this reason, dielectric results can confirm the
occurrence of solid solution in the barium titanate-cobalt nickel ferrite system, which was
caused by the phase shift of Curie temperature from 130°C to 20°C in barium titanate,
and this finding supports the X-ray results.

3.4. Magnetic Properties

Multiferroic materials not only have electrical properties, but also magnetic ones. Mag-
netic properties of composite samples were characterized by a vibrating sample magne-
tometer, and magnetic hysteresis loops are illustrated in Fig. 8. When the holding time
was changed, the maximum magnetization or M., did not change significantly. Mag-
netic properties of cobalt nickel ferrite nanopowders have been reported in other
researches, which observed that the value of coercivity is around 5,000 A/m and
30 A1112kg_1 for saturate magnetization [18]. In this study, the coercivity value of saturate
magnetization decreased from 5,000 A/m to around 2,000 A/m and from 30 Amzkg*1 to
around 8 Am°kg™". The decrease in magnetic properties was caused by the proportion of
ferrite concentration in the composite. In this system, 20% of ferrite was added into the
barium titanate system, which caused less magnetic contact between grains. When con-
sidering the difference between sintering times in this study, the magnetization of every
one changed, but not for the coercive field. It is known that in ferrite materials with a spi-
nel structure, the ions that occupy the tetrahedral (A site) and octahedral (B site) depend
on 4 factors; 1) the ionic radii of specific ions, 2) the size of the interstices, 3) tempera-
ture, and 4) the orbital preference for specific coordination, which leads to the change of
magnetic properties. Cobalt nickel ferrite consists of Ni**, Co”" and Fe*" ions, and the
former occupies B sites, while the latter occupies both A and B sites. As seen in the X-ray
results, the possibility of ion exchange in octahedral B sites is that of the ionic radius of
two ions. The ionic radius of Ni*™ and Fe’" ions are similar to Ti4+i0ns, which means
that Ni*" and Fe®" can be substituted by Ti*™ at the octahedral B sites. From this result,
the Co”™" ions concentrated at tetrahedral B sites are decreased, which leads to a change
in saturate magnetization. When the saturate magnetization in this work is considered,
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Figure 8. Magnetic hysteresis loop of composite samples sintered by two-stage sintering.
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the values did not change as a trend. This may be caused by the migration of some Co™"
ions in A and B sites, which had temperature and sintering time as an aid.

4. Conclusion

This work studied the fabrication of multiferroic composite prepared by the two-stage sin-
tering technique, using the system of (0.8)BaTiO5s-(0.2)Cog 5Nig sFe,0,4. The phase for-
mation, microstructure, and electric and magnetic properties were characterized. Results
from the X-ray diffractometer confirmed that all samples were composite and had some
solid solution, as observed by the merging of (002)/(200) peaks. A scanning electron
microscope (SEM) illustrated grain morphology, and the result from EDS supports the
assumptions that solid solution was formed. Both electric and magnetic properties are
shown, which confirms that they are a multiferroic composite.
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