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Abstract: We investigated the microstructure, crystal structure, dielectric, and elecromechanical strain properties of lead-free
BaTiOs (BT)-modified (Bii2Nai2)TiO3-SrTiO3 (BNT-ST) piezoelectric ceramics. Samples were prepared by a conventional
ceramic processing route. Temperature dependent dielectric properties confirmed that a phase transition from a nonergodic
relaxor to an ergodic relaxor was induced when the BT concentration reached 1.5 mol%, interestingly, where the average grain
size reached a maximum value of 4.5 pm. At the same time, enhanced electromechanical strain (Smax/Emax = 600 pm/V) was
obtained. It is suggested that the induced ferroelectric-relaxor phase transition by the BT modification is responsible for the
enhancement of electromechanical strain in 1.5 mol% BT-modified BNT-ST ceramics.
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= Al2tei2=  (BiyaNai/2)TiOs(BNT)A]
Ko.sNagsNbOs(KNN)Z|,  BiFeOs-BaTiOs(BF-BT)A %
BaTiOs(BT)7]%} (Ba, Ca)TiOs-Ba(Zr, Ti)Og(BCT—BZT)
A o= g2y 7R 2 TR 4 Qlek[11,12]. 2

qA

(Bi1/2Nai1/2)TiOs(BNT):= H 2B A7I0|EF xS 7W
0 v 2 A =2 AXEM} xtg BL(A) EAL 7R

AoIA g 7]8ke] A M2t AS OiAE &~ A= tHEA
A =24 & StH=Z o AKX L Qlet [13]. &8t PZTA 44
A2t A= 2 kV/mm o]ghe} e AAoA tf2f 500
pm/V ol el Hold AP E %%(S‘nax/Emax)% dS
4 Q= 7o ylsto] BNTA £ 4A Aztajao] 4&
PZT71] U Alep Aok FAFH %* = 47] st a5
+ AAI7F6 kV/mm o]/4o] B astth= ©7do] Qltt[14].
ol2fgt A E sliast7] Y15t BNTA A2t Aof A-
sﬁeQ}B site?] o] 2=9] & % AASH 25U &
= =50 o5} FRAAE FFL ASHASE IR A
%7} dhs] Alsg o]t} [15-18]. 53], Krauss w420 9]
sff 7HErE BiioNaiTiOs-SrTiOs(BNST) Al2tal A= 6
kV/mme] A oA 0.29%2] =2 2|t HYP 5= UErd
Ol & x 2 B s Qo [19]. ® ek, o)A 59 A+tof 9
5HH 0.76Bi;2Nai /2 TiO3-0.02BiAl03-0.22SrTiO3(BNT-
2BA-22ST) M2t A= ¥l A W2 4 kV/mm 57| o] A
& 592 pm/VY Snax/Fnax W2 B2 5 AL, 2FE 5
Q ﬂ:r'- 7‘:1111‘01] Qal‘@ O.76B11/2N81/2TIO3—0.228FT103—
0.02LiINbO3(BNST-2LN) A2} A= 616 pm/V(4 kKV/mm
RAANAM)Y] =2 Sna/ Fnax 5782 BT [20,21]. EFF
(1-x)(KosNao 5)0.95Li0.0sNBO3-xBio 5(Ko.15Nao.g5)0.5 TiO3((1-x)
KNLN-xBKNT) Ml2talA0A x=0.01¥ o, 4 kV/mm
AAONA 0.14%2]  Smax W2 UERUIIAL  [23],
0.715BipsNagsTi03-0.065BaTiO3-0.22SrTiO3(BNBST0.22)
A2t A= 4 kV/mm A4 0.2%2] Spax 3= WEHU
it [24]. EST BigsNagsTiO3-0.01CaTiO3-0.28SrTiO3
(BNT-CT-28ST) M2t A= 4 kV/mm AN A Spax %k
o] 0.25%Z UERRT [25], 0.765BiisNay,TiOs-
0.01KTa03-0.225SrTiOs(BNT-KT-22.5ST) A|2t2l A 9]
3% 3 kV/mm AAZ A7F5HH Shax 701 0.235%01 =
st [26]. o] st B 158 1 2{5tH BNT-ST-ABO;
O] ASEA Mt A0] A FollA Aol &
otz 45 AAGE 71 4 Aot HEET o]
25t A2 &all A-siteo] 014 Sro] |t &+
=2 ®+ AI39] ABOs gthE 7S &oll BNTA +
A ANt Ao Abs AAE R
g 4 Aot
mata], 2 AFLoA= BiizNai,TiOs-SrTiOs(BNT-
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ST) A2t 20 BaTiOs(BT)E Al 39] d&o2 41
Al 25 ARSI AL BT 7ol T2 v+ 2 2 4
£ AHEolT 1o e F7] 71 AA W 54
ZAFshaCt,

271 99% O]’EJH‘)_]. Biy03, NayCOs3, SrC0O3, BaCO52t
TiOz(high purity chemical, Japan) 242 S8 2 2 0]
|t} & AFollA= x=7do] (0.78-x)Bii2Nai2TiOs-
0.22SrTi03-xBaTiO3(BNST22-100xBT)Q1 A|2&5& A
Ashed a1, EJeRAEEEQ] §hkel x71 0, 0.01, 0.015, 0.02
ol Ul x| &4 WAl S Wetsitt Warst 9w P
7Zr0, B} 99.5%9] &%= 71Xl o|Ek2-S 1:3: 49 ¥]&
2 Bgsto] 24417 5 BUYL FYstoict. Byl &
P B0 AFRH ZrO; B9 A172- 3 m
1, &9 A4 == 400 rpmo] Tt
=014l &2f2]= 100°C= fA|gt A&7
Azxstch. Axd Y2 850°CoA] 24
g 7l kAl 24t 2T A5 S sheict. o
A 2 PVA (polyvinylalcohol)E A 7tstA
of 200 MPa®] s}&52 Q17tsto] & 2
Rt AdF T AlHS 1,175°Cof| A 24|17t 5-9F
i’éi AlHe] Yeet 2553 X5t 4
sttt A7IA 542 B4st7] Hsl Alae] F717t 1
mm7} & &5 AJH O] JHZ Autst th3of silver paste
2 ofvio] iz @ A7) 2olA Alalstoct YmEAR
A7](Impedance/Gain Analyzer, HP 4194A, Hewlett
Packard, USA)E ©o]&sto] {Al&A(tand)at A&
(Cp)2 B7stL, ot} AlZ o]&5tof {7 &(er)= Al4tst
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=(t*Cp)/ (me(d/2)* * £0) (1)

[t: Ao S|, Cp: AA L, d:
m—8%¢dOHWAM€H}%€%]

+ AlEZ 4 kV/mme] A stollA 2023 2=
22 3 chgol 718 S SPstent X 8
7](X-ray diffractometry, RAD 1II, Rigaku, Japan)=S
ol gslo] AW TAES BASIAL, AALEY AR
0] 7(field emission scanning electron microscopy,
JSM-650FF, JEOL, Japan)C 2 O|A| x2S TAarstIict.
MAFAD] 7 APRIE e o 2 R1M wARH(linear intercept
method)S o]&35to] = AUAF 7|2 AAtstgct. k=4
HE g1 =24 Hle-& A1 ¥hA7|(function generator,

\_. L =2 O
AFG310, Tektronix, USA)Q} 144 ZZ7](high voltage
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function generator, model 615-3, Trek, USA), A3 7}
¥ ¥ 2] ¥3h7|(linear variable displacement transducer,

LVDT, model M921565A709, Mitutoyo, Japan)2t @A
2]AF 1 (Oscilloscope, TDS 3014, Tektronix, USA)S
o]&35to] A5ttt LCR 0]E(LCR meter, E4980AL,

KEYSIGHT, USA)Qt 112X AEHA] A]| AEl(high temperature
electronic prober system, HTEP-8000, NEXTRON,

Republic of Korea)& o] g83sto] SXMEAS & W &u}
2 0] &S 2A5IAT)

BNSTZZ 100xBT A2t A 1,175°Cof| A} 247t 5-9F
225 5 Y 258 ¢ *W Negg 4ot 24 1
o qauﬂo%q DEABEQ £2%50] o 15%2 E4
Qo ol 7|& RUE A9} 7ol MAY L2EFQl
14~16% 9 oto] FAS QIS 4 QIr} [20-22]. AFTh

Y B D= RAF0IA 97% o]4te] 32 UERUgl o,
o= BT &30l #Aglo] L= Algrt A730] & Z138=| 9
== UERdT

BTE 0, 1, 1.5 mol%2} 2 mol%E ZA7tsto] A xst
BNST22-100xBT AMgt2lA9] N+ A2S I8 20 LEr
Uit BT A7F2Fo] 0 mol%Q} 1 mol%©] 2., B
EE09F3.8 ym=2 8|5 P 1 1.5 mol%S A7t 74 oF
45um=z 7MY 2 F+t YEE ES 4 AU 2 mol%]
BTE 7eh Alao] 4% °F 2.4 um 2 71 A2 Bt

= ololt} o]=2 =35} BT a+afo] 1.5 mol% Y of H7 <l
AP 2717t 7V 3 YEHGAL o] & ThA] ZAaste 4=
A1 4~ ot 3t BE AJHO] UL RO A 7]5-0olut
APF2 W= A AU
BT d7tsF ¥sto] b2 BNST22-100xBT Af2t2] A 9]
X-A 248 A duE 29 30 eI & Al =0
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Fig. 1. Linear shrinkage and relative density values for BNST22-
100xBT ceramics as a function of BT content after sintering at 1,175°C
for 2 hours.
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A7} BEglon, (111)2} (200) % 139} Kay 125
Alelstie Z7AQ WAt BAEA] e Jog wol
BNST22-100xBT Al2te] AL o]} QU AFS 7HA] = A
& G213 4 ek olelat 2k BT gol Boltol
AREA 250 Wabt gle g oustt. (200)%
Nstol Wlsto] eJsto] 1 Aa)e] 20014 45.5-47.5°

S edlisted 2 AakE 23 3(b)ofl UERHIH. o] 4
S & w37} BT 3ol 71l wet 297} 7“6}% Y
3F =

o|g{st m] 3.0 Lre 7tz 2 o] &2 Haf 9] qu1(B1"agg s
law)ol| oA sto] AA} AF7F A0 jujojtt. ol2f gt
¥ 5H= A 715t Ba® o] 0] 2817(1.35 A)o] @& /491 BNST

mz&oi x_—LMl 0]5 ]—L 7=]o]:°

Fig. 2. Microstructures of BNST22-100xBT ceramics as a function of
BT content, (a) x =0, (b) x = 0.01, (c) x = 0.015, and (d) x = 0.02.
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Fig. 3. X-ray diffraction patterns of BNST22-100xBT ceramics as a
function of BT content, (a) 25~80° and (b) 46~47°.
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Alefal A0] A-site Y40 o] 2uF7(Bi*, Sr**e} Na'9] o]
972 717 1.03 A, 1.18 AR} 1.02 A)Bch Sches ARA

A WSS Ao A BRI A - st
Aol Z&=(7rr)oll SEsHE vl A45HS U
Efti= o 271 BT &0 0 mol% Q1 Al &= 68°CollA &
A=11 1 mol% Q1 Al &+= 40°Cof|A] WA= It BT &&F
o] 37t 5 =280t FobA Trpol § ol #AEA]
oforth BT &gol 571842 42 3A 87 &) 7512
L ¢ (temperature for maximum dielectric constant;
Tw)ollM ] §3& ol S7tstetrE BT &0] 1.5 mol%
Ao, M =2 fAlE

o

o ol A9l ALolA] = 1S &elat 4 9lc}. 3t L& wig}

1 mol% A| 2904
57 227} of 200°C olfold RAaAo] g45H &
7tohe AEe & 2 Ao ol AbA 350 ot 1
2 A7 e® B2 AltE 4 oy Fe gAlRE 24
= &oll B&s] & ofgoltt. BT &2 9% 57HA719
F7ht 1 fAEA 50l dstElL Ze BT 4
olck. ol2ist ATSRRE AN Pt A
1o 2o] o)7L BT Wil o3 =E|98e BT
2 9lck. ol2 g gole] UL ¥ AP0l ALgE B

o

=
w
¥

‘4?1 BNT-ST A2t} A9] AXI2| o] 252 o] 28H3(Bi™,
Sr**9} Na'o] o] 2vt74-2 7171 1.03 A, 1.18 Az} 1.02 A)o]
v|5ll A 78715 BTO] Axte] o], & Ba™'9] o] 28H7(1.35
A)o] i o2 A7) tfFof] BNT-ST A2t A o] &7
2] AE= 7+9 A B d(long-range ordered ferroelectric
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Fig. 4. Temperature and frequency dependence of the poled (top) and
unpoled (bottom) dielectric properties for BNST22-100xBT ceramics
as a function of BT content (a) and (e) x = 0, (b) and (f) x = 0.01, (c)
and (g) x=10.015, (d) and (h) x = 0.02, respectively. All samples were
poled under an electric field of 4 kV/mm for 20 min.
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domain)o] £ A{(disordered)siA| AY T2} =
= e XMEBA(short-range ordered ferroelectric
domain)C &2 W o] A7 Bo2 BT F7Igo] 5714
5 FaAolA gety ARades Aol et
o ARt 4~ Qe [27.28].

BNST22-100xBT M2t A0 4 kV/mm2] AAE <l
7tsto] E7Jst =7 WP E(bipolar strain) 545 1
o 50 HEFUiItt. 0 mol%2] BTE 2715t Al 82 42,
U] @ofo]] 77he 18 FAdo] Uepton] o] = Mg A
A AR/ 240 WAE = Aafoltt [20,21,24].

o] Al 52| Z| TP E(Snax)> 25 0.03% A 1L BT A7
o] Z-7}&ho]| w2t BNST22-1.5BT Aj2tal Aof|A 2F0.19%
TR Z71she A& &g & oo, 2 S BT A7 S ¢
2 =71A)7]H BNST22-2BT Aj2}el Aof|A] oF 0.14%77}A|
TAastth. SHPE(Swe)2] d0l+= &4 BNST22
At} A= oF 0.03% S YEFU 20, 1 mol%e] BT7t A
7 A& oA oF 0.04% = 71 =7 5716t ekt BT &
20| 57t 4 F dasts 42 7. olggt But=
WM AR RS 25 W Fupa oJEA] SO
258 BT A7t sl aAA -2t A4 dxiol
7F =52 1.5 mol%e] BT H7HA] a7 A -
A Z73A siEdste] 7MY =2 HEE

=
2 Ut} A 7 1R =4 BNT-ST Aj2te

il

ro
_E_IL

o X 1 2 alo o

o 71 (o] \j.

4 HYEUHAIT A oldez St o F A
7HAL BI7H ARl E S8 FRAld ez dAot ke
Y AFAA FRAA £ ] B F=4
& E4o] Yeh A =1 BTS A71sHA g9 vl 21
A Q1 BNT-ST ANj2h 2} 27} ehebd A (FAIsHA
coleny M) GRot R s, o] o 2aH
Ao o AVFE A7 =9 7t A dRlolE
ol =7 HPEY 4 2ol A AU HFE 5

o LtehA Sk 2eiA 9k [11,20,24]1
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Fig. 5. Bi-polar strain curves (at 4 kV/mm) of BNST22-100xBT
ceramics as a function of BT content, (a) x = 0, (b) x = 0.01, (¢) x =
0.015, and (d) x = 0.02.
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BNST22-100xBT A2t 29] = ¥1§ S (unipolar
strain) £/ 11 60] BT}, =4 BNST22 A2}
A0 B APAQ G or QU= A7l

tiste] S/dAl UollA Aol B= §1g S40f UEr
T} [29]. =2 ¥ E EXT}t EI]—K]'7]-7<]§_ BT &&o] &

3ol ofsh
| Z7tstet7 BNST22-1.5BT A2t A0 Shas
S 4 AU o1& BT A7t 57HA1719H B4astich
= A= S 29 452 Bt Ysto
et U E(Smax/ Lmax) 58S 248 2 H]alsto] 13
70] UERUIQITE o2 U oh 2 W5 EA o] A &It v}
o} o] BT F7to] 71245 Snax/ Fmax®] S7FsHEH7F
1.5 mol%9] BTZ &3t AlgolA 7MY 4 kV/mm
S 71EC R °F 600 pm/VE 7P =2 32 EAH. ol

e AR -2ekd Al Aol

Sﬂa){

;O O[){

Ol'

et Adte MEREAM dEstdxol 71E BNTA 74
A Mt 22 FAE 5 sty /= w2 A
SAA(~ 6 kV/mm)Z 4 kV/mm &0 2 A7} A|7|H
ME 22 HYE 542 4= A%l ey, &e et
028 : ﬁig.m
0.20 | === x=0.015

e x = (.02

0 1 2 3 4
Electric field (kV/mm)

Fig. 6. Uni-polar strain curves (at 4 kV/mm) of BNST22-100xBT

ceramics as a function of BT content.
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Fig. 7. Normalized strain (Smax/Emax) properties of BNST22-100xBT
ceramics as a function of BT content.
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S8 ofoll Q5 7148 75 71Hist

E 7ol 4= BNST22-100xBT T 474 Al2te] 29|
BT 77t 23t 4ol A& U A7]1A 5§74 §isto] oigt
AE 3510 BT A7H Hsto] g 579 2
T 9l Fupp OEY B4 3 AAR HEE 54
= &5t0] BNST22 Nj2tej~0] -ty A
AFA0]= 1.5 mol%2] BT2 A7}st e i S el 7S
sHoIstgth 1 A} BNST22-1.5BT Alata] AoA] 71t
=2 9 600 pm/VO| S/ Fnaxtd & B2 5 AN 2H 0]
23t Aibs &9 2A A Algul A g o] &5 st &
giopo 71 4 g Ao = ot
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