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Abstract

In this work, the multiferroic ceramics in the BaTiO,-CoFe,0, 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 effect of nickel concentration affects to the
properties of ceramics in the BaTiO,-Co, ,Ni, Fe,O, system at various compositions was also
studied. The two-stage sintering technique was chosen to reduce the grain size and improve the
densification of all ceramics in the BaTiO,-Co,Ni,Fe,0, system. 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). The two-stage sintering was proposed to fabricate nanograin ceramics in BaTiO;-

Coy sNiy ;Fe,O, system and study the effect of small grains to the properties. Grain size of all

I



ceramics is around 90-200 nanometers and relative density is ~85% compared with theoretical
density. After investigated the dielectric properties, it was found that the dielectric constant

significantly decreased due to low densification of sintered ceramics.

Keywords : multiferroic, nanocomposite, mixed oxide method, two-stage sintering
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M54 2.3 Mrethassiini 1¥nszuIumsSumes uuumaueauran

U WBnumsie (wi%) mstihhlszandlfau
ALO,(talc) ~35 Electrical insulators
MgO(Ca0-Si0,) <5 Refractories
MgO(LiF) =3 Refractories
ZnO(Bi,0,) 2-3 Electrical varistors
BaTiO,(TiO,) <1 Dielectrics
BaTiO,(LiF) <3 Dielectrics
UO,(TiO,) =] Nuclear ceramics
Zr0,(Ca0-Si0,) <1 Ionic conductors
Si,N,(Mg0) 5-10 Structural ceramics
Si,N,(Y,0.-A1,0,) 5-10 Structural ceramics
SiC(Y,0,-AL0O,) 5-10 Structural ceramics
WC(Ni) ~10 Cutting tools
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Q

SawamAsuinuiminmihnsduneidumaiamsdumesivuaeuneuud
wuhaammuugsgaveurinuuioy Inmumiuegh 08 Wedifudiianiizatsin
Sumeigungituusndi 950 % uavgungisuiiaesii 0o % Haivinansuiildonms
%umeﬁ’ﬁﬁmazﬁaéﬁ 34 unTuwas ’c’i”mL“]I'i‘lfﬁﬂiw’E]g"l‘a'ﬁ“quﬁJ’i'lfJﬂﬂ‘lJﬁum.ﬁugflﬁﬂ 100

y

¢ 3 oA a ¢ ad A o awd oA ) o
L‘]meuw'qusmwummqtuwgmumﬂ‘n 890 < UASYUUINUUNTDIN 825 & YUIA

v H ¥ v H
wnsuh IdenmsGumeshan1izilogh 400 ui Tuwas (Fanmi 2.13)

v 1Y
a a o T =
ﬂ'liNﬁ 2.4 VUADUMTVUADT AITNAUILUY Lmz‘ll‘L!'IﬂLﬂ3u"'IJ'B»iL“]f‘i'l'iJﬂLL‘lJGEIiJ]'h’IWlmﬂlmg

=y o o
wrsiinwles 159 [24]
After first-step sintering After secand-siep sintering
Saniple i (%) Y ] fy {lsp P %) Oy () Ts (0) 131h) Py (%) & (thm)
BaTiO;-17 61 950 ) 86 33 900 5 98.0 35
BaTiOs-2" 46 980 0 78 68 900 4 Y7.0 70
BaTiOs3 46 1100 0 73 148 900 20 96.2 150
BaTiOs4 46 1100 0 73 148 950 20 97.1 150
BaTiOs-5 46 1150 0 78 200 900 20 96.3 200
BuTiO5-6 46 1150 0 78 200 1000 20 97.2 200
BaTiOy-7 46 {180 0 83 200 950 20 97.0 300
BaTiOs-8 46 1180 0 83 290 1000 20 97.2 300
BaTiO4-9 46 1200 ¢ 87 495 850 20 96.0 500
BaTiOs-10 46 1200 ) g7 495 900 20 96.3 500
BaTiO11 46 1200 0 $7 495 1000 26 97.2 300
BaTiOs-12 46 1200 0 8 495 1100 10 97.0 500
BaTiO+13 46 1230 0 90 795 850 20 97.5 800
BaTiOs-14 46 1230 0 90 795 1000 20 98.0 800
Sorrite-17 46 850 0 76 198 760 8 96.2 200
Ferrite-2° 46 850 0 76 198 00 6 97.1 200
Ferrite-3° 46 850 0 76 198 800 12 99.0 200
Ferrite-4" 46 890 0 §1 397 750 6 97.2 400
Ferrite-§F 46 890 0 81 397 825 6 98.3 400
Ferrite-6' 46 890 0 81 397 825 8 100 400
Ferrite-7' 46 910 0 87 495 750 8 97.0 500
Ferrite-8" 46 910 0 87 495 800 6 98.1 500
Ferrite-0" 46 910 0 87 493 850 4 99.0 500
Ferrite-10° 46 930 0 91 792 800 4 99.2 $00
Ferrite-11° 46 930 0 91 792 830 4 99.3 800
Ferrite-12° 46 930 0 91 792 870 4 99.2 800

"Ten nanometer powders.
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= 200nm" K

A(35nm) By ¢(i50nm)

D(800nm) B{2000nm) ' “ Fﬁf}ﬁﬁnm} -

y a = o ot a L4
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A9 o [24]

d
2.5.4 N5TUUMITwAesuuUl¥A 11U (pressure-assisted sintering)
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Y s { T = 4 ar
ms1eh 2.5 Tagimnzunmsgumesuuyldanuay

gL qmﬁgﬁgeqﬂfﬂ%’ () smﬁ’ugaqﬂfﬂ% (MPa)
Nimonic alloys 1100 high
Mo 1100 20
W 1500 25
ALO, 1400 200
BeO 1000 100
SiC 1500 275
TaC 1700 55
WC, TiC 1400 70
TiB, 1200 100
Graphite (standard) 2500 40
Graphite (special) 2500 100

2.6 AIATALVDINVY

] . 2 - a
15022190 (solid  solution)  HU1EH MsNezAoNKWs 0 losounagnsly
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a [}
ooy 2 Uszian 1dun
P = N s y ¢
2.6.1 @IASMAUVIIUVILVUUNHN (substitutional solid solution)
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by 1A
1) vwiadururuinassIszreunadsszaaiu Ly 15 %
F 4 = £l 9 - .
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1T a qq.j 1 o 13 o
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)
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Y =t & 1 o
4) ATIUATUAUSNIAY

S

UBSTITUTIONAL SOLID SOLUTION

i ; a o i il . .
.ﬂ'l'“ﬁ 2.15 HAUMNLARIN1TINAAITas aeua LSl Lmuﬁ (substitutional solid solution)
[25]
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2.6.2 AT YBIUTIUYAAUNTA (interstitial solid solution)
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A A d a o A d
2.7 1A99UANTHINM AU UHUDITITIONY
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o 4 s 1 a 1 4
1oAY (x-ray diffractometer; XRD ) tilasarananluiaquanzsfiazfvuiaveanioeaaa
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@ ] =) 9 = :g o n’dy ar d 5
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S 2.2
nA = 2d sin @ (2.2)

Taof  d A S2UEHI9IEHINTTUIVVOINGN (d-spacing)
@ A ot
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14 da o 1
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9/ da g 1 . 5
NABIYANITAUDANATOULUVUADING 1A (scanning  electron microscope; SEM)
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o 1

s [] § [ s 1 =1 3‘; [ o {
AvmsaledlsndesmstaautiAudimanivezgnitlnd B luauiuwingn @ fifle

u

< o A as

T QI { =y 4 g’) ) =y s a‘l
WU 8 kOe Ngmngiveuiieldiimaunimaniaioedalulufiema@eadu siminens
Y ' ° < a { ° a 1 g @ ' < Y
metazgnilda uaziBamamilenhldifeauusiminsey q madretedy 1y

L.

a o YY) a o
masiudyanazimasniudyanaudumladygasaasmaseninluglveaiiuag
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BaTiO, nanopowders
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CoFe,O, nanopowders
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BaTiO, nanopowders
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Co, :Ni, ;Fe,O, nanopowders
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3.3 ASSUIUNTIASHUAIHTY

3.3.1 wuiFsunmun-Tnueadivle$1sM (BaTio,-CoFe,0,; BT-CFO)
= o s oy 3 2 s -
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3.3.2 wuiFealnmua-Tnveaaiifamles]si (BaTio -Co, Ni, Fe,0,; BT-CNFO)
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3.4.1 matiam3sFuneiuuudufin (ormal sintering)
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3 Aq o YN a d a Aad o o 9} = a o
pafdsznouhldauild ladiannsniidigauvinsdiudsedematiamsfumesuuyaes
4 KR an 3 o o g a d o ] = o a = 4 35 a
Tupeu BTN IVUUMRau ImTudas aniusuReInumalan s Fume S UAURY
g o & A w 9 ' 3 a oA o a ar a Y 2 o Y &
nntwhdanda lanldludreagsdaneinezaliuidinini 3.9 udRuhunduneide
= = d %’; 5 a 4 o ar = = g
maAMIBumeuLYTesTuneu Funaiail lavhmsUSulyannamadiansFumesuuy
g = =) a E’;’; a A = 4
auduTageunsnangangilumsdumeiacld Snvuasini ldnnasdunesuuuees
?; gd A g aw A1 v
Tupsuiifivnamsunianadnae Tasluras q auddefduw [15-19] 18n1e0unvina
~ 9/ a o 9 = gt‘.‘l T a = 3 a ¥ [
nsui ldanmsdumeidromaiiniifivuaegluszauunTuwas Snvsdarediinlsanny
' o = 1 2 X ' aw - a da
nuturesyuu A Nur RN 9luanenuidse [17] ewnsoes suasanig
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. v oo oo A =R w4 & a g a = o 2 2
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3.5 MIATIVABVANVANMEIMEMWUD U IHN
3.5.1 MIKIANURUIMUY (density)
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W,

= —t—x 3.3
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8aNATBUULTVTBINTIA (scanning electron microscope; SEM)
o & = a i = ¥ o
hyuauesiinu lusey Indafiduaszuiunsdume inauauyiiniIas sy
w 3 = o 1 9 ]
anvas laswainganadiondesganssemisianaseunyudenain (SEM) (1w 3.16) tie
.9 iy ¥ a P ‘ 7 ¥
deyai lAnldlsznsulumssiuwanuduiusszniesdlszney Tassafregania
sy sy 1 =3 H -! o g L
aviiane uaz aniifwimanve usriinfiwou 18 TasFuoianiniyusiuniia
& & g 3 . o = 9 q 9 ) 9
ssntluduan o ninunhiuhanuazeteaiamii il sennduazestla 9 uazvhulau
I - a ¢ = O | a A o
UnNevanGEeIn1sAAAT1ueeN leduurminilsinassiiniiailss neuysaumnan (Fe)
al’ 3 g g Ag = L4 ar
vimivdairunuwassu lddnuuwiuneanies (sb) Momlmiveudesmi Taedald
= 3/ a 1 : T - -~ a’i e 1
Aaviln (surface) 128G lutUARIMINz AuABMIsIAsIsHAIomATiA SEM 1At UL UMY
' - w - ¥ g9 ° = - ¥ g B g/ =
neunasniidlesdaegauuu lilhmaedeufiamidronesd (Au coat) Taoldinaiin
2 v ar : < ar =, 3 4 g £
ailameTe (sputtering) AINIMA 3.14 Fananmsveumailailfe tisdlmesdignyudae
symanlindsnuezihliesneufidiusmesdivgasen Taveznauyssnesmiingasenin
4 ) - n’ = g g o =
fioz Whafeveguuitmiwesiusiuaslin veisimaadaviaminihunaou 9
= E o o a g
i ninlusahlihinsesndeu Tassafugamasisndssganssmisianrssuiuude
& o 5/ & 1 3 g/
aanefneidneas Inssadnganinvesyuaiuae 11l Taoununimainiueesnded

yanssmiBianaseumudasnsia lauaas 1 luami 3.15 uda

AN 3,14 LRumnugaInannsveanatiadilamess (sputtering)



49

MNA 3.15 wunmMmsiaurasvanAIsYeIndessanssiBidnaseuuuudeIns A
(SEM)
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mouenasauilugud sxfiauwnil lawdumioogludwasiiin Foni anwnil laduns
.. = v 4 :
14 (remanent magnetization; M,) av1l&vingadauuunu y e x = 0 (30 B) uaziile1d
I o 1 a = w I | ar
auudinannisuenid llunywssiin lufianisassnudivaunsensauunil lawwu
@ =] 4 =1 [ 1 =1 .:31.‘| 4 ] o ) -
amoludagilugud 3a C) xS onarauuuimaniNmauuitanavas (coercivity; Hy)

aavaaa luueunnlunini 3.17

T

§ 1 a @ ' =]
mwﬁ 3.17 UAUMWUTAITANT € ‘Uu’JﬂﬁﬂﬁﬁLWﬂﬁ%Cﬁﬁﬁlﬂﬂ’Jﬁﬂme'ﬂﬂ



52

§ 4 @ A ™ ) }
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M9 4.1 AANUHUIUYBUET 1IN lUTE Y (1-X)BaTiO,-(x)CoFe,0, lauii x =0 0.10
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Abstract. Multiferroics, which display simultaneous ferrimagnetic and ferroelectric properties,
have been interesting recently because of their potentially significant applications in multifunctional
devices such as magnetic resonance, drug delivery, high-density data storage, ferrofluid technology,
etc. Composites combining BaTiO; with CogsNigsFe;O4 have influenced the interest of many
researchers, due to their outstanding and distinguished character called magnetoelectric (ME). In
this work, ferrimagnetic-ferroelectric composites of BaTiOs; nanopowder and CogsNigsFe,Oy
nanopowders were prepared by a conventional mixed oxide method. The multiferroic ceramics
were compounded with the formula, (1-x)BaTiO;3-(x)Cog sNigsFe;Oq, in which x = 0, 0.05, 0.10,
0.20 and 0.35. All of the compositions were analyzed by an X-ray diffractometer (XRD) in order to
reveal the phase of perovskite and spinal structure. Scanning electron microscopy (SEM) was used
to examine the variation of morphology and grain size of the composited ceramics. The magnetism
of all the ceramics was measured using a vibrating sample magnetometer (VSM). The results
showed that microstructure and the amount of ferrite are related strongly with magnetization.

Introduction

Interest in multiferroic materials (or magnetoelectric material), which are a combination of at
least two ferroic orders (ferroelectric, ferromagnetic or ferroelastic), is increasing due to the
advantage they have in their applications as multifunctional devices. Interaction of electric and
magnetic subsystems in magnetoelectric (ME) materials can demonstrate itself as a giant ME effect
[1-3] that mutually influences polarization and magnetization [4]. The factors that affect the ME
effect are piezoelectric and piezomagnetic coefficients, elastic properties, magnetic and dielectric
properties, and volume fraction of composite components [5]. Magnetization (or polarization) of
this material can be controlled by applying an external electric field (or external magnetic field).
The advantage gained by the coexistence of magnetic and electric subsystems is a new property of
the material called “product property”, which increases efficiency of design development for
electronic products such as actuators, transducers and storage devices [6]. It is known that CoFe;O4
has the highest magnetostriction coefficient, which is an important factor for ferroelectric-
ferromagnetic composites [6], but it still has some limitations such as dielectric loss and Curie
temperature [7]. This work prepared multiferroic material by combining ferroelectric (BaTiOs) and
ferromagnetic material (CogsNigsFe;04) with the formula, (1-x)BaTiO;-(x)CogsNigsFes0s, in
which x = 0, 0.05, 0.1, 0.2 and 0.35 via the conventional solid state reaction method. The
relationships were studied between phase formation, grain morphology and magnetic properties that
are affected by the change of various compositions.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www Ho.net (ID: 161.246.94.165-28/08/13 06:25:17)
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Experimental Procedure

Compositions between ferroelectric-ferromagnetic materials were prepared by the conventional
solid state reaction method. Barium titanate (BaTiOs) and cobalt nickel ferrite (CogsNigsFea0s)
nanoparticles were mixed with the formula, (1-x)BaTiO; — (x)Cog sNig sFez04, in which x = 0, 0.05,
0.10, 0.20 and 0.35 mol%. The mixed powder was ball-milled for 24 h in ethanol. The composite
powders were pressed into disk shape and sintered in air for 2 h at temperatures of 1,150, 1,200,
1,250 and 1,300°C. Phase formation and structural analysis of the samples were analyzed by an X-
ray diffractometer (XRD). Grain size and morphology of the sintered ceramics were characterized
by scanning electron microscopy (SEM). Magnetization and magnetic properties of BaTiOs-
Cog sNigsFea0: composites were measured with a vibrating sample magnetometer (VSM) at a
maximum applied field of 8 kOe at room temperature.

Result and discussion

X-ray diffraction result

The phase formation of (1-x)BaTiO;-(x)Coq sNig sFe;04 composite, in which x =0, 0.05, 0.1, 0.2
and 0.35, is shown in Figure 1. The XRD pattern obtained for sintered ceramic at x = 0 exhibits a
phase pure perovskite structure that is confirmed by JCPDS file no. 5-0626 [9]. A pyrochlore or
unknown phase was not detected. Splitting of (002)/(200) peaks was observed clearly, which can
indicate a tetragonal structure. When ferrite was added into the system (at the composition, x = 0.05,
0.10, 0.20 and 0.35), the cubic spinel of CogsNigsFe04 peaks was observed clearly. In addition,
diffraction peak intensity of the ferrite phase increased accordingly in composites with increased
content. No extra phase was observed in the diffraction patterns, indicating that interface reaction
between the ferroelectric and ferrite phase is unnoticeable. The broadened diffraction peaks confirm
the decrease in particle size, which is consistent with results in Figure 1.
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Fig.1. XRD patterns of (1-x)BaTiO;3-(x)Coq sNig sFe;04, in which x = 0, 0.05, 0.10, 0.20 and 0.35

The XRD results confirm that the BaTiOs and Cog sNig sFe;O4 form mechanical mixture and not
binary solid solution. The SEM micrograph supports this assumption. Furthermore, when the ferrite
phase increases, the splitting (002)/(200) peaks merge slightly into one peak, thus suggesting phase
transition in the ferroelectric phase. In general, XRD patterns of the tetragonal BaTiOs show split
peaks at 45°, corresponding to the (hkl) Miller index (002) and (200), whereas cubic BaTiO3
(JCPDS data No. 31-0174) has a single peak at 45° corresponding to (002). The absence of splitting
in the (002)/(200) doublet indicates that the c/a ratio of the lattice parameters is much lower in the
samples of this work than in macroscopic single crystals and coarse-grained ceramics (¢/a = 1.01).
This is a typical feature of nanocrystalline BaTiO; particles and ceramics. Values of the average
crystallite sizes for ferrite ceramic in the form of mechanical mixture are larger than those obtained
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for BaTiO; ceramics. During sintering, the average crystallite size of the ferrite phase increases,
while that for the ferroelectric phase decreases. It is believed that the crystallite size is a main
factor affecting the crystal structure. It is known that in ferroelectric-ferrimagnetic composite, the
stability of tetragonal structure strongly depends on mechanical boundary conditions, due to the
relationship between cubic-tetragonal and interphase stress. Therefore, it can be concluded that
firing temperature in the sintering process and microstructural characteristics play an important role
in stabilizing the tetragonal cell in composite structure [9, 10].

Scanning electron microscope results

Figure 2(a-c) illustrate the grain morphology of all compositions of (1-x)BaTiOs-
(x)Coo sNip sFe;04 composites, in which x =0.05, 0.20 and 0.35 in secondary and backscatter mode.
The average grain size and density are presented in Table |. Pure BaTiO; samples were seen to have
irregular shape with a small degree of porosity on the surface. The average grain size was about
1.35 pm with 95% of density. It was revealed that samples for the composition, 0.05 <x < 0.35,
maintain a homogeneous microstructure, with the two phases mixing better, because the grain
growth is suppressed by phases of very low mutual solid solubility. Images with back-scattered
electrons clearly present separation of the ferroelectric (white phase) and ferrite phase (black
phase). Good distribution of the ferrite phase was seen clearly as it increased. The average
crystallite size of the ferrite phase increases, while that for the ferroelectric phase decreases.

Fig.2. (a-c) Grain morphology of BaTiO3-Cog sNig sFe204 composites; 2(a) x= 0.05, 2(b) x = 0.20
and 2(c) x = 0.35 captured with normal and backscatter mode.



Advanced Materials Research Vol. 802 25

Table 1. Optimized sintering temperature, density (p), average grain size and magnetic properties of
BaTi03;-Cog 5Nig sFe;O4 composites

. vera Magnetic propertie
Composition Temperature Theore‘t kel Agraif ) = s .
®) C] Density e Mmax M, Hc [Oe]
[Y%] [emu/g] [emu/g]
[pm]
0.00 1150 95.3£2.0 1.3540.5 - - -
0.05 1250 93.9+4.3 1.83+0.6 0.14 0.03 -380.58
0.10 1200 90.6+0.9 1.44+0.5 2.39 1.24 -426.13
0.20 1150 94.1£1.7 09903 8.71 379 -495.35
0.35 1200 072635 07002 19.56 9.24 -512.65

Magnetic measurement

The magnetic properties of BaTiO3-Cog sNip sFe;04 composites, characterized by the vibrating
sample magnetometer (VSM) at a maximum applied field of 8 kOe at room temperature, are shown
in Figure 3. The remanent magnetization (M,) and coercive field (H) are summarized in Table 1.
The magnetization and corresponding coercivity increase with addition of the ferrite phase. The
composites reach their maximum saturated magnetization of 9.2emu/g at 35% of the ferrite phase.
By increasing the ferrite fraction, magnetization is increased because each ferrite grain connects
with each other, causing increasing magnetic moment per unit volume.
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Fig.3. Magnetic Hysteresis Loop of (1-x)BaTiO3-(x)Coq sNig sFe;04, where x = 0, 0.05, 0.10, 0.20
and 0.35

Conclusion

The fabrication of multiferroic composite was prepared by a conventional solid state reaction
method and studied in this work with the system, (1-x)BaTiO3-(x)Cog sNisFe;Oq, in which x =0,
0.05, 0.10, 0.20 and 0.35. Phase formation of all the samples was analyzed by an X-ray
diffractometer (XRD). The XRD results show existence of a ferrite and ferroelectric phase when
ferrite is added into the system (the ferrite phase can be seen clearly at the composition, x = 0.20
and 0.35). When the amount of ferrite is increased, the magnetic contact between grains is increased
as well, which leads to higher magnetization (both maximum and remanent magnetization) of the

composite samples. Grain size of the ferroelectric phase decreased with increasing ferrite phase in
composite ceramics.
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Abstract

This work investigated the improvement of density and controllable grain size of multiferroic
ceramics by using the system of (0.8)BaTiO3-(0.2)Coq sNiosFe204 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 composite 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.
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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
nanograins have increased since the remarkable improvement in their properties when
compared with coarse grain ceramics. The sintering technique has been reported to reach
nanostructure bulk materials. Weibel et al. [1]. studied the microstructure of nanocrystalline

TiO, prepared by the hot pressing technique, resulting in the motivation of nanostructure

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,0; ceramics reached full density. This technique
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 Tz
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], ALOs [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
composite 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 prepared by the

conventional solid state method. The results showed better electrical properties 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)BaTiOs-
(0.2)Co.sNio sFe;04 were prepared by standard solid-state ceramic processing and sintered
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)Coq.sNig sFe:04 formula. The mixed powders were ball-milled in ethanol
media for 24 hours, dried, ground and then sieved to avoid agglomeration of the composite

powders before pressing into disk shape.

2.2 Sintering Process

Pure barium titanate and pure cobalt ferrite were fired by normal sintering to obtain a
density 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 sintered by
normal sintering. Barium titanate and cobalt nickel ferrite samples were fired in a temperature
range from 650-1,500 € 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 material. After all the
samples had been heated to 850 C or more, densities increased significantly 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 density 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 Tz and held there for
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 samples
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 Achemedes’ method and the following equation:

poL (1)

W W3 XPwater

where p;and pyger are density of the sample and water, respectively. Wi, Wz 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)BaTiO3-(0.2)CoosNigsFe;Os4 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 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 transition in barium titanate is its size and influence that determines the height of
temperature. 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 titanate 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®* jons
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
temperature 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 focusing 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 sFexO4 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 Figure 4. This figure exhibits the
diffusion of large and small grains along the surface. After measuring the average grain size,
as shown in Table 1 and Figure 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 Figure 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 addition, 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 constant 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.

3.3 Dielectric Properties

The density of dielectric properties in all samples sintered by two-stage sintering
techniques is shown in Figure 7 and Table 2. The value of dielectric permittivity at various
holding 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 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 permittivity. 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 (T¢) of dielectric permittivity results was considered, Tc shifted from 130 Ctoa
temperature of around 20 C. The shift of Tc 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 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.
Magnetic properties of composite samples were characterized by a vibrating sample
magnetometer, and magnetic hysteresis loops are illustrated in Figure 8. When the holding
time was changed, the maximum magnetization or Mmax did not change significantly.
Magnetic 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 Am’kg™!
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 Am21<g'1 to around 8 Amzkg'l.
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 considering 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 spinel 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) temperature, and 4) the orbital preference for
specific coordination, which leads to the change of magnetic properties. Cobalt nickel ferrite
consists of NiZ*, 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
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B sites is that of the ionic radius of two ions. The ionic radius of Ni%" and Fe’* ions are
similar to Ti*‘ions, 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, 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
sintering technique, using the system of (0.8)BaTiO3-(0.2)Coo sNiosFe;04. The phase
formation, 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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Table Headings

Table 1

The average grain size of samples sintered by two-stage sintering at various

holding times

Table 2 Densities of all samples sintered by two-stage sintering

Figure Legends

Figure 1 Temperature for two-stage sintering collected from barium titanate and cobalt
nickel ferrite density.

Figure 2 Two-stage sintering process.

Figure 3 X-ray diffraction pattern of (0.8)BaTi03-(0.2)Coq sNig sFe>O4 sintered by two-
stage sintering at various holding times.

Figure 4 SEM micrographs of sintered ceramics at various holding times with the same
magnification of 50k.

Figure 5 The average grain size of samples sintered by two-stage sintering at various
holding times.

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.

Figure 7 Electrical properties of all samples at a frequency of 100 kHz.

Figure 8 Magnetic hysteresis loop of composite samples sintered by two-stage

sintering.
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Table 1

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
Table 2
Soaking Time (h.) Relative Density

2 89.19+0.03

4 86.86+2.47

8 83.39+1.72

12

89.09+1.81
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Figure 7

Dielectric properties @ 100 kHz
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