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Abstract The crystal structure, grain growth behavior, and dielectric properties of BaTiO; have been studied with the
addition of Dy,0;. The powders were synthesized at ratios of (100-x)BaTiO;xDy,0; (mol%, x=0, 0.5, 1.0, 2.0) by a
conventional solid-state synthesis, and the powder compacts were sintered at 1250°C for 2 hours in air. As the amount of
added Dy,0O, was increased, the crystal structure of the sintered samples changed from a tetragonal to a pseudo-cubic structure,
and the tetragonality decreased. In addition, a secondary phase of Ba,,Dy,,Ti;O;s appeared when Dy,0; was added. The
average grain size after sintering decreased and abnormal grains appeared as the amount of Dy,0O, increased. It can be
explained that the grain growth behavior of the Dy,0,; added-BaTiO; occurs due to the two-dimensional nucleation and
growth, and is governed by the interface reaction. Further, the correlation between crystal structure, microstructure, and
dielectric properties was discussed.

Key words BaTiO,, Perovskite, Crystal structure, Microstructure, Grain growth

BaTiO°4 Dy,0, 7P} ZAF=x, A3 2 FASA vix= 9F

okely|, ZEsl*, Zuy|™, 2E'
7= sk YAl gk ek, 15, 52828
At 7] ARG WAl -3 ALE], 215, 52851
**(ﬂ”ﬂ*ﬂm*‘ﬁ MLCCAHE/MEE, 891, 17118

(202219 749 14¥ HF)

(2022 7¢ 18YU AAISER)

(2022 79 262 AAEA)

2 % Dy,O; A7t wWE BaTio,o] AA 7%, ARG A B Fd5d00 tiall Astdth g H =2 (100-x)
BaTiO;-xDy,04(mol%, x=0, 0.5, 1.0, 2.0) HI&=2 FA4313, F7] F 1250°CellA 2A17F B 24Tt DyzO 7} F7 e

A A e ARFxe AWEA TN ABAA FEE Aol o] tetragonality(c/a)t HAdFATE B, Dy,07F F7F Al
Ba,,Dy, (;TiOs> 1ol SERIE ATt Dy,0,9] 71l S7H845 24 & BaYAe] 2717F 4 o}l H % A
d AsE B ol& %H Dy,0,7} H7He BaTiO,o] YA 42 olxbd A 9 Aol oJs) YA dol dojupar
A whgo] AujARl Zow At 4= vk 3, AR Fx B vAFxe %{E*uﬂ daAAlel dafA L EeAT

LM =2 848 & dEA A1) 53], BaTioe =2 34
T, e HABA, AR AE ress B4 5o

ZutEZERE AFH, A7 ARV 32WA = 2 MLCCY AEE g ARE AL ATH1].
3|27} ZEsle AR E = AR TE5e BaTiO;= ABO, Perovskite 725 7FA|H, Curie &%
AoJsk= MLCC(Multi-layer Ceramic Capacitor)f’/] = olte] A0 A T Ti' o] eo] F4lolA |
oh/]_ 0101 oﬂ?_xqo] X} 1—_1\:&__' 7]_;q ] th 7]_0 424]_4
EA4S 2 "d2]. A BRE ofdEl, IR,

*Corresponding author 58=
E-mail: ksky.moon@gnu.ac.kr A 7C]—§]., v WE §AS WHI A 5 #VF E




The effect of Dy,O; addition on crystal structure, grain growth, and dielectric properties in BaTiO, 137

e 23] Slel vest 9As Hrlskal 9lom, 53]
e YAEo] UEAd E-o|th3]. BaTiO= A A
2o Ba®, B Ael Ti'7F EAlshH, s sER
A La 940l 7S4S o] 24K o] =7] wli] Ba
o X3=7] Hi FHNTFE Aojshs 50l ATH4I
WA, Lu 940 7PRESE o] 2WAEe] 2] el
Ti Afglell 18=]7] 43 2= S FIAE 5 2
ol dEA YoH5]. S Tk YX$ Dy ¥ Ho
o] A%l Bas} Ti AlE] & tF 23 71eAol
U AES BF Uehle 548 2t6]. Ba’ o]
2 9F 135pm, Ti'" ©o]2& <F 60.5pm, Dy’ o] oF
91.2 pm2] °| WA E-E 7HITHT].

Dy,0, &7} A AA7-Z%= H3le 4= )9, Perovskite
TFZolA zZhzke] Aol h4vh X3HE ) ARG
H3lS Goldschmidt’s tolerance factor(/)2! Eq. (1)2F
o] BHEHE 28 o83l ST = AUrh8].

__RatRo
J2(Rg + Ro)

o]7]4, R Ba’' o] wgoZ oF 135pm, Rye Ti'
olgHkdo g °F 60.5pm, LI R,E 140 pmo|t}.
La’ o] &2] wix]2e oF 103.2 pm= Ba Aol X3
= Ao] tolerance factord] W37} #-& Aolal, Lu’'e
& M ELS ¢k 86.1 pmE EEHT Aol X|EEA
WH3sle] Zo] & Zlolt}, BaTiO,2] tolerance factor
12 7W7h9] AWM A8F27 AR A 7200 717k
A3, tetragonality®] 7HAE 2Jv|git}. Tetragonality”F
SPAA G A=A BHIER Q13 2pdHETo] Zof
AAA Tzl visl A =0l TPk o)
Fr7F DaEeE 4 oln BarE vl UTH9].

Y2271 ®¥= BaTioy®] dA=7]ol wt frd54
o] Woh= BH=E, FAIYAZL7I7F oF Llum & o
HA&o] 7P =0d AaAF7E H3Y= AT 10]. BaTio,
o] E=rQl =)o) whet o] RE=9] HETF GEbA| L, o]
2 Q8 A+t JAETe wet Ho) fdEo] gEiA)Y]
ujFoll Jxte] =7] T3k vEs| okt vk S Q4
2 LA UATH10,11]. 3, Dy7F 7K BaTioe
core-shell 325 FAJ3IHA core?} shell 22t thE
HAEALS 2 Frh coredl= Ba, TiE ©]Foixl AW
4A7Y, shellel= Ba, Ti, DyZ ©]Fox JgA= &
gl wel F7EA9] TCC(Temperature Coefficient of
Capacitance) 57d°] §HA 2= WE Capacitance®]
Hsls Fole WEFoR A e o). Bk o]
gt core-shell 725 olF= £22 F4€ BaTio,
T2l Dy,0; ¥% o2t Mn 5 27 H7HI7}
7 Solztell wet 548 2EITH12-14].

2 AT e dESla 2 942 Dyt Ba, Ti

)

o

Jo M o do N o
s

2y
~

2] ol offel] X3hE=R] GRS BAsl] &
sla27t Dy,0.5 ©5o® Hrlste] A3t Dy,0,
= ok AF3 E core-shell +% Aoz zF Ud

Z Qo) B Ao = core-shell 7+X7F FAE R
22 27194 Dy,0, H7F] AFAR 23E X sh]
#13ll Dy,0s5 BaTiO; S TAINAMTE T=so= 7t
stal @AsE & dste, A8 B A8 AsH
TS sl A-FstaAT.

2. & YUY

oA ZUAEZ BaC04(99.98 %, SIGMA-
ALDRICH, USA), TiO,99.7 %, SIGMA-ALDRICH,
Anatase, China), Dy,05(99.99 %, SIGMA-ALDRICH,
Chinays ARE-3IATE. (100-x)BaTiO;-xDy,05(mol%, x =0,
0.5, 1.0, 2.0) Hl-&& AFsto, ZrO, £ 3 2477+
F4 B9 Az 5 900°CA 4A7E F7] FollA
skaskdct. ekadt B2 A4 8mm, 7 2mm=E
d&st F, CIP(Cold Isostatic Pressure)Z 1527+ 180
MPaZ 45 st AYE AHS 247 £
£ 5°C/minZ 38}l 1250°CollA] 2A17F &9t 7] S
A skt

sk Hdt A & ESE ] A A
X-ray Diffraction(XRD, BRUKER, D8 Advance A25)
< o831tk XRD ¥4 24 F B BT 2theta
= 20°~80°% =430, step 0.01°2 Pk T3
243 AJe] siehA mHERE ER1E] S8 AR
Ar) 7 (Field Emission Scanning Electron Microscope,
FE-SEM JEOL, JSM-7610F)°.2 Z}tiS a5t
vl 4RA7]= Matrox inspector(4.1, Canada)E
olgst] ATt e FHA5ES E4980AL LCR
Meter(KEYSIGHT, USA)YS ©|&34 =43om, AC
Ak 1V, F9E 100 Hz~1 MHz H91E2 =43t
o] w, AJ¥H <FHo| silver paste(HAN TECH, Korea)=
Ex3te] 700°CelA 10 B9t EXEste] A5s 34
ST

3. 48 & nE

Figure 19] Dy,0, &S Eelate] 1250°Col|Al 2A17F
248 AJEEe] XRD #HElS YeRITE Dy,07F A7}
HA] gk Al A ddde 2 yedtt Dy,0,
7} 0.5mol% ©1’d 7k AlHS 45° FZof|A] Splitting
o] 7HAdbaA Peako] SR FHAI= o] LER
t}. Dy,0y7F 37k=o] Ap vol] a-gdo=2) Hat 9



138

Bay;,Dy, 67TigO0ss '

—— BaTiO, + 1.0 mol% Dy,O
—— BaTiO, + 0.5 mol% Dy,O,
—— BaTiO,

Won-Gi Ahn, Moonhee Choi, Minkee Kim and Kyoung-Seok Moon

BaTiO, + 2.0 mol% Dy,0,

3

| h | n A A
.—)\M | Joa——
E}
©
= Meon A A R, S
g 96-150-7758 BaTiO, (Cubic)
L
£ v | v v v
| v
J— - A 4 —
96-151-3253 BaTiO, (Tetragonal)
g t § 8§ § 8 <
v - Y v M v g
_ M 4 B
T g T T T T T 1 N T T T T T T T
20 30 40 50 60 70 40 42 44 46 48 50
2-theta(®) 2-theta(°)

Fig. 1. XRD patterns of Dy,0,-added BaTiO; samples sintered at 1250°C for 2 hours.
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Fig. 2. Lattice parameter changes with Dy,O; contents in the BaTiO; system sintered at 1250°C for 2 hours.
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Fig. 4. Normalized grain size distributions and average grain sizes of Dy,0;-added BaTiO; samples sintered at 1250°C for 2 hours.
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Fig. 5. Schematic representation showing the grain growth rate as a function of the driving force for diffusion (dashed blue line),
interface reaction control (dashed black line) and mixed control (solid red lines) mechanisms. For mixed control, two curves are plot-
ted for undoped and Dy,0O;-added BaTiO,.
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Fig. 6. Frequency-dependent (a) dielectric constant and (b) loss
value of Dy,0;-added BaTiO; sintered at 1250°C for 2 hours.

Figure. 62| (by= T3¢} Dy,0; ol W /4
=4 agjzolrt. 2 A3l W= Dy,0; 0.5 mol% ©]
AelA FREH] S/t H7bge] SUHdes o
Al Zadhe A4S BT ©)& Dy’ 7F Ba® Aot
2|gho] ArhA H71A F/do] A o WAllske A
ARE Q8 o] S7kshes 2oz Add &+ 9
o} &3, Dy’ gl Eold4= Ba’ At ohy
2t Ti'" Aoz X$E 5= 93, Ba’ Aol 8=
A ANE AR TiT ARl BES Az o}
Eod F 7] w2l T fHEde] Aad AU
d 7oz dAdEn Bk, fAEde] Fukeo] wet |
31Zo] AR, E3] 10kHz VW] AFuol| A $2l0]
A= 7= 714 /8o A oM FZk Mk &
= 710 AujAoel7] wiiel Yehe @R B F
AT

4.2 E

Dy7]' 7@7]’% BaTiO3§ @'}\51:5]'7] -?4‘3}] BaCO;, TiO,

o} B g2 t=2A ALK Dy,0,2 TR
o

733 Tha 900°CellA 4x7k ekt H, 53 olst
2591 1250°ColA 2A17F FRF BI04 24
2183t XRD #4143 w2, Dy,07F A7t
HAl %S BaTiOp= AW ©@d/do] ebstA|Rt
Dy,0; F7FesA Aol 77k deE Hol=<3]
t}. &3k, Dy,0, F71go] S7FFS tetragonality(c/a)
7} #2EPAA Dy’ 7F Ti ARlel X@Ee A B
AL, AEHE oxMdo] ®okdth. SEM EAolM=
Dy,0, F7Fo] F7ketiA v JA=717F 1Hastar,
BE AJHolA BUYAEe] EAlsks AL SRl
AATE. ol YAMIES AHshks oAk AT
Mg Aol dAREGTEE Dy Hrrel w2
ZAHA Dy7t H7FESE QA TEE] EobA,
A 7 e RS HoA7] el dFe 3%
sHAl =l ¥1787d AP F(Non-stationary grain growth)
ol A4 4 vk A% + vk E=§ Dy,0, H7HF
o] F7Hte wel F3/d e Fothy o] HelAl=
RS BT, 84S Dy, F7EE 70 =
oAttt 10kHz ol dellA oA Holrle Asg B3
t}. ol Dy’ 7 Mg Aol wet A7l TR
of wE} 7= WstE ddEn

PRI AFo] AT Pr} grbe] AAR AHE
SHEsh] falA, A A 4R AME A8
f18l TEM 4 5 F7H< A7) xd=jojor & A
o2 et

to o

HAlel 2

B ATe SRR AR 71N E 7170
ALl e] 29 (Grant No. 20010938) 1o}l S=3iE
T AHZ2 old] TAL=HYL

References

[1] K. Hong, T.H. Lee, J.JM. Suh, S.-H. Yoon and H.W.
Jang, “Perspectives and challenges in multilayer ceramic
capacitors for next generation electronics”, J. Mater.
Chem. C 7(32) (2019) 9782.

[2] B. Luo, X. Wang, E. Tian, G. Li and L. Li, “Electronic
structure, optical and dielectric properties of BaTiO,/
CaTiO,/SrTiO; ferroelectric superlattices from first-prin-
ciples calculations”, J. Mater. Chem. C 3(33) (2015)
8625.

[3] Y.-X. Li, X. Yao, X.-S. Wang and Y.-B. Hao, “Studies
of dielectric properties of rare earth (Dy, Tb, Eu) doped
barium titanate sintered in pure nitrogen”, Ceram. Int.
38 (2012) S29.



142 Won-Gi Ahn, Moonhee Choi, Minkee Kim and Kyoung-Seok Moon

[4] F.D. Morrison, D.C. Sinclair and A.R. West, “Doping
mechanisms and electrical properties of La-doped BaTiO,
ceramics”, Int. J. Inorg. Mater. 3(8) (2001) 1205.

[5] Y.-S. Jung, E.-S. Na, U. Paik, J. Lee and J. Kim, “A
study on the phase transition and characteristics of rare
earth elements doped BaTiO,”, Mater. Res. Bull. 37(9)
(2002) 1633.

[6] Q. Sun, Q. Gu, K. Zhu, J. Wang and J. Qiu, “Stabilized
temperature-dependent dielectric properties of Dy-doped
BaTiO; ceramics derived from sol-hydrothermally syn-
thesized nanopowders”, Ceram. Int. 42(2, Part B) (2016)
3170.

[ 71 R. Shannon, “Revised effective ionic radii and system-
atic studies of interatomic distances in halides and chal-
cogenides”, Acta Crystallogr. A. 32(5) (1976) 751.

[8] VM. Goldschmidt, “Geochemische verteilungsgesetze
der elemente”, In Kommission bei J. Dybwad (1923).

[9] W. Zhu, S.A. Akbar, R. Asiaie and P.K. Dutta, “Sinter-
ing and dielectric properties of hydrothermally synthe-
sized cubic and tetragonal BaTiO; powders”, Jpn. J.
Appl. Phys. 36(Part 1, No. 1A) (1997) 214.

[10] T. Hoshina, “Size effect of barium titanate: fine parti-
cles and ceramics”, J. Ceram. Soc. Japan 121(1410)
(2013) 156.

[11] T. Hoshina, K. Takizawa, J. Li, T. Kasama, H. Kakemoto
and T. Tsurumi, “Domain size effect on dielectric prop-
erties of barium titanate ceramics”, Jpn. J. Appl. Phys.

47(9S) (2008) 7607.

[12] K.-J. Park, C.-H. Kim, Y.-J. Yoon, S.-M. Song, Y.-T.
Kim and K.-H. Hur, “Doping behaviors of dysprosium,
yttrium and holmium in BaTiO; ceramics”, J. Eur
Ceram. Soc. 29(9) (2009) 1735.

[13] S.-C. Jeon and S.-J.L. Kang, “Coherency strain enhanced
dielectric-temperature property of rare-earth doped
BaTiO;”, Appl. Phys. Lett. 102(11) (2013) 112915.

[14] V. Paunovic, V. Mitic, Z. Prijic and L. Zivkovic, “Micro-
structure and dielectric properties of Dy/Mn doped
BaTiO; ceramics”, Ceram. Int. 40(3) (2014) 4277.

[15] S.-J.L. Kang, “Sintering: densification, grain growth and
microstructure”, Elsevier2004.

[16] K.S. Moon and S.-J.L. Kang, “Coarsening behavior of
round-edged cubic grains in the Na,,Bi,,TiO;-BaTiO,
system”, J. Am. Ceram. Soc. 91(10) (2008) 3191.

[17] Y.-I. Jung, D.Y. Yoon and S.-J.L. Kang, “Coarsening of
polyhedral grains in a liquid matrix”, J. Mater. Res.
24(9) (2009) 2949.

[18] W.-J. Choi and K.-S. Moon, “Microstructure and dielec-
tric properties in the La,O;-doped BaTiO; system”, J.
Korean Cryst. Growth Cryst. Technol. 30(3) (2020) 103.

[19] W.-J. Choi, D. Yang, S.-C. Jeon and K.-S. Moon, “Effect
of charge compensation change on the crystal structure,
grain growth behavior, and dielectric properties in the
La,0;-doped BaTiO; system with MnCO; addition”, J.
Alloys Compd. (2022) 165388.



