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HL A AL B, SR FHMnO, 38 22 Ak e 45 il &, Leon-
tsev Al Eitel” 7£0.1% (T & 1 43 b )MnO, 15 2% #90.75BF-
0.25BTH i Bl % H, % 3] 1K HL % #ds3=116 pCIN,
AL H B e, =557, A LB FE tan6=0.046( T 3CH A E
8 B A TE A AR AE R M 1 kHzI B, Te=619C.
SRNT, B2 A4 RE ) A F 00 FE 25 TR 1 225K (tan o~
0.02) A7 — Bt 2515

AR, FRATIEWFSE BiFeO5 Y A H F5 4 7] B T
IR =00 [ A S W T A Ak o AR TR Bl A Bk
SEMIMIR B SRR TR, et E . E RIS S HIR
FBE I R 95 R A TR gk R s P A REOY.
BF-xBTH N A VA2 A Bi(Zn, 2 Ti ) O3(BZT) F5 4K B 45
¥ S8 AL T B = 00 [ AR B & — MR 4 i S . T
B 2 T T 0.6 % (F 1 4> ) MnO, 5 4k
0.71(BF,_,BZT,)-0.29BT(y=0.005~0.02) & H.AT 4 kK
A FEHL IR R . d33~160 pC/N, {EAIATARZS H T AN
FE A AR FERE . SR A P RGE T 1% (5
JRE 43 MO, 48 4% 11(0.70-y)BF-0.30BT-yBZT /& HL
P&, #Ey=0.050F HAT M K H i i M BB d33=139
pC/N, k,=0.31, £=650, tand=0.043, Tc=529°C. Aif
55 20 13UV 5 T BF-xBT-yBZT = JC B A 1) = 7 - i
S5 GE R AR R, S e BB B A AR R SE X AR A
BRI HL e A W E R, 7E0.27<x<0.31, 0.01<
y<0.05ZH 53vu I, ML B % B ds; =145 pC/N. {ifk
LB A m el T2 44F, 0.22%(H 7 [ 43 H)MnO,
$£2%0.696BF-0.29BT-0.014BZTH] & Wi 2 44 K4 i) J H
PEfE A d33=150 pCIN, k,=0.36, k=0.42, £5;"/€,=660,
tand=0.033, Tc=513°C; 0.17%(FE & 43 L )MnO, 15 ¢
0.69BF-0.27BT-0.04BZTHIL & b % (1) & HL P RE M dsz=
145 pC/N, k,=0.33, k=0.41, &;'/&=570, tan5=0.034,
Te=510°C. "Ef1EA i K &Y )25 4k fpaR i 1 &
bk BE, HEa0.17%(H 5 A 53 [ )MnO, 12 44 0.69BF-
0.27BT-0.04BZTH EHE S, & —F =R EMT, di>
140 pC/N, tan8~0.033, FE-40~100 °C i B i il Ny J=
TR R N4 0] BB A0 R B T R B —0.9%0, 5P
HLELHE B 2 550k, 1 I B R B0 2.3%0. X 28 TAE R,
F5AR A 45 M BE-BT-BZT = JC [ 1 1A & AF 2 i B e 1k
JCA A R L B I A SR &

A& 55 0 3 4 RLAIE 5% 3 T FE B 9% 1 09 304 (trial-
and-error)id #2. K T JE— 25 B A 2 BF-xBT M &
MOBH FE HL PR AR, AR SORE I BT IR & R R RHE B
SRS TR, PR ER AT A R A A ) B 4 i 2 R
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85T, HERIETE =05 -7 7 A5 A SRR A AN [ DT
BN BF-xBT B 5 9 Bk A 722 R v g 1oz P8 R F)

AR

1 54

SR R 7% [ AF B2 1 F, 7 P 2 T 2510 46 Min
182 BF-xBT-yABO; 2 41| = JC [El 3 1 iy B4 iy (ABOs=
Bi(znl/zTi1/2)03, BISCO';, BIAIO';, Ba(Bil/sz1/2)03,

Ba(Zn,;3sNby3)0;, BaZrOs55), it HI RN S 4l B R

Bi,03(99% Alfa Aesar), Fe,03(99.945% Alfa Aesar),
BaC03(99.95% Alfa Aesar), TiO,(99.9% Alfa Aesar),
7Zn0(99.5% Acros), Nb,O5(99.9% Alfa Aesar), ZrO,
(99% Alfa Aesar), Sc,05(99.9% Aladdin), Al,O3(AR,
SCRC)HIMNn0,(99.9% Alfa Aesar). &1 A4 5

A 2g it e AT R R i, AE IS BTk B T
IK CEEREBI S R F TIPS 2 h. BE AR BHZET00C T
TS PRIRS h, TUkE S kR [RIRE 0 0 v TS
2 h, fE780°C FH#EATHE 2R BB RIS h. 2R TKE ),
FOBHR AT AR, IR INER QB EEPVA) B 25 7
WAL, B 7E200 MPa I #878E He il B 4 . 600°C
PRIE2 hHERE XA TRIZH 0 d, 7E900~930°C ¥ Fil i
FEA 0 PR B EAT A T/ NBT R AS, e gl B AR
e P B A ALER I I, JRES IS R BE Y 12 ).

18 XU 2R 007 5 (XRD) 42 A I 12 45 5 119 ot AR &5
4. i B W TR B0CR F 4 R U (SEM) i1 7
FAE. AT EMERRINATT, R4S I AR S T R
POGAL R, TEAE SRR BRI, IR I e S 7
650°C T {RIR10 min/5 Y ¥ A0, HLCRECT HL X
FE S HEAT = IR H R BCR A B RE A RS I &, R AT
e R A HL R RO A H R IR IS DU . RS TE120°C Y
REM Pk, NS kV/mmA LA IR ELS min, FF
O ARG O RE S I 24 b, SR R E B 22 B 7 2 Al oY
JIT ) I 0 A T L R B D AL (Z3-6 A) I A o 1) 1
FHL 2K
2 gifireHEabr

LA, BOE 2 98 75 v A s BB 1E A BB 2
R R ILR ], — T TBEFR Z A B S 2 (material
informatics) F) #1877 ¥ E© FF UG I T & B 6 B 804G
T B R RO F, IR AR AT T T, e L
PR T, A B BR324 ) B30 B Y R DG 4
I £ AT (domain knowledge), 3 a3 A& i L 4 0] 14
W (causal) & R 84 4H T (correlation) % &, # ¥ TAE



T IR S i 7 “He T BT BT A R I BRI AN
Peo AR T RE 2% B S 9% 07 At =X 5 6 R (i AR 41
Tk, MRME R 2 i T ol L AR T S 58
o ST AR B RS, TR — MR R B PE A
P BT AR R AT, 38 T AL 2% 2 2 SRR A2 4 O Tk
S AR SR Z R G OC R, R N /2k
45T B R A7 bR X G R Lk e i U A
e, A A BHEFE (fingerprint) B9 074k 3 i 445 1Y
PEBEAN RN 2 ELHEE AN WM & UL, 5 24 Bh AN [e] 44
R Tl IR AN 22 55, IF HL 5 R O T PR BTk
MG BRI, RS, PLEs ) S g Ab s 45
i 3] 53 #A (overfitting) [n] 2, R L ALY B 4K AT LA
HERPL A Tk AR R | (0 TG TE A B R LG ¢
Z . IS B AR — SR TE A UL R
A RS BB B AR R RN B TR L B S ) 4 BEAR
SEMOBHE B2 m — KPR, FRATAS 8 22 0
PLES = S AT AR P Gt LA L R iR S B
S [ — M T S 5t n] BB AT 2 APy BEAL 2F AL | 22 SR
MOBHEAT 43 110 28 P A TR AR AP e PR R RO R 1Y
B A, S0E 0 kA1 W 3 Y Bk T A
119201

TR G 1) 5 A A 2 LA AR 0 A R S A B
FOCHE. BEREY IS A IRIRAT, AOBHY Z 0 21
T RHERF RFEEMRAEE (emergence) L%, RZ
Ao i JC 1 B R AR IR e —— T Ip 4k . JeE R
W5 B BRSOk AR T HE R R G 4
P B R 56 v o Y. K A 9 B 45 38R 6T 1 (domain
knowledge) i, JFRZ AR SR ZNT . A/B
DEES T2 A2 H S A R 45 4 S AL ) (ABOS) TR I 1Y
B RR A, e LA R ) F IR IE S5
TS, 5PrBrgE R 2E K ——X R Sk
B AR R, IR (G RAIKVE E T E
RO 5 MY S5 0 KNSRI, BB 454 4
e e = SE R RR A . 5 FARE 7 U B T LR K 0% A
R AR AR L A AR MR BT B kMY 2 M Tk
TR BUROR 217 QAL (KSR A /B WV &)k vk T NS
TR P2V (1) Bk AR 0 e BLIRE T S5 TR 2
G Z B EREER: T.(w=a+bu+ci’,
FE(a, bFI)WREE B ICE 425 B (AT A &
BN TCR AT 23 28); (2) GiHAE LA T (n) 72 il
DK BHAE AR 4 B R IR A =1 AR R ST A, > 1
B 2 Az Sr -0 7 BRI A A AR AR, < LI e AR 57 T - =

5 (EAE . PARhER AR . S5H B2 N T BAR S5k H
AHZE BEAT T4 A B, 002 T 00 1 37 1A 6 Ak o )
R LS HA SO B B R R AT 20 (3) HUA Mk
T I 8 O R BRI T A7 AR S - 8 1 i) B (i) i A R
FR) /N [) st 65 30 RE TR AR 30 1) sk )i, Bk el YR
PR B 78 B T C A S0 T 28 I X B e 7 L AT
S B R O B BRI A L S A 7 AR P BT
P i 5 Ko AR v s A B I A2k e 28 P R AR Y
BAFRGARTE, BB AL Tk i = A 1 S RO
PP BRI . A ] DL TGRS R iR
E[ZS%O].

BT LR BRI A R, Xk 25 HBF-xBT
[ V5 PR B e R AT 1 N T) A o0 2R R AR L o 4 Lk A
75 JiE B RIAE 56 4 B T, T R R R T OR[E Y
JRTF R (R A iR . ) MABA E TR
(RN G, BARTER WS, #il S5 B HIBiFeO;
FIBaTiO; & A& 43 5 S 5 Bk 4544 = J5 MU 7 48, &
ITRE A TE Bl i 2 — o B R, 16 & BFAL 7y X I8 A7 7E
— A5 I S A AR RO AR AR S M PZT
FIBF-BZT-PT4 [ Hi P & fY S 56 0F 55 v, & B0 hokr
U A 2 9 45 235 F L 5A7 F R b g o Pk 7 A — A
BRSO Zh A B R R ST AR RS ML, x=
0.275% Wi & W BF-xBTHH § (~1 wm) P & B 25 4 A
FLB 0 x=0.33 MR (~5 wm) P& B 25 F AR L2,

PE$£0.73BF-0.27BTHEAT AL, ScH1Zn,,Ti B\ Fe
LY, #E$E0.69BF-0.31BTi#E1TBi;,Nbys, Zny;sNbys,
ZeE R AR TI S, Rl 64T T S BF i A BF-xBT-
0.04BZTSZHKy. R I ele ki) 1 AH 52 L L 7 B 8 1225,
il 8 T Z SIS [F 4153 Mn O, #5 7% BF-x B TH: 45 £k
W25 A A P 8. SR T XU AT 5 (XRD) I T g
TR AN SRR SE R, LRSS AN 1R . 7EXRDI
BT, 7759 #A 2 04E 39° B3I AT 5 e mT LIAE A IX 43 =
77 5 1% 7 75 A RT3 1N A St 0 ek 1 I ST T R,
X (L1 ) pe il TR 5 110G 24 A3 SR 06 XoF 107 = J7 A, % i
(006)r 5 (202) R ft 1. 7EOrigin & 84k v P47 16 IE
WA, WE TR, BE65-BT32-BZT3HE ] FHl—> %t
FREYVoigtZ g 4Tl &, MIBF74-BT22-BZT4,
BF69-BT27-BZT4, BF69-BT27-BiScO;, BF69-BT27-
BiAlO;#1BF69-BT27-BZT4+0.003ST+0.023PT45:#E i
JE2 X R VoigB I & Ay 25 . 45 4 BF-BT . 0[#
AR K FIXRDINA 25 5, BF65-BT32-BZ T3/ % =&
FEART 45 R % ST 7 A, TR 1L s i HARE S =7 M,
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B 1 AFESCERERBF-xBT M %K M 2 R0 R XU 2 fin 5 7 3%
BZT3-BT32:BF65-BT32-BZT3, BZT4-BT27:BF69-BT27-BZT4, BS4-
BT27:BF69-BT27-BiScO;, BA4-BT27:BF69-BT27-BiAlO;, BT26.3-
BZT3.9-PST:BF69-BT27-BZT4+0.003ST+0.023PT, BZT4-BT22:BF74-
BT22-BZT4. Hirr, JI*PRCHIfTH K 1 28y-Bir0s 4514254, RAlpe
TAFR IR R =TT MRS T, B Voigd BRI G I, £16
LARIGHER

Figure 1 Powder X-ray diffraction patterns recorded at room tempera-
ture for various BF-xBT-based ternary solid solution ceramics: BF65-
BT32-BZT3 (labelled as BZT3-BT32), BF69-BT27-BZT4 (BZT4-
BT27), BF69-BT27-BiScO; (BS4-BT27), BF69-BT27-BiAlO; (BA4-
BT27), BF69-BT27-BZT4+0.003ST+0.023PT (BT26.3-BZT3.9-PST)
and BF74-BT22-BZT4 (BZT4-BT22). The peak marked by star * come
from impurity phase in y-Bi,Os-isostructure. R and pc subscript for
rhombohedral and pseudocubic phase, respectively. Blue and red lines
are fitting results of Voight-shaped peaks and their sum in Origin soft-
ware, respectively

T2 LR IA LS R UL FS 1. (006)5 (202) 47 i 4 B 24
B F W, BF69-BT27-BZT4, BF69-BT27-ABO; Fll
BF69-BT27-BZT4+0.003ST+0.023PT 4f i FE ¥ = J7 -
[ 57 )7 G5 A AR B, T BF74-BT22-BZT4 R4 £H 43 12t 25 4
O EE AR, X T BF69-BT27-BZT4HE by, &
TR N AT SO TR T 28 y-Bi,Os 45 M 55 —AH. X2
K BZTRE5 R0 45 WA AH, B 5 BF-BT HEBTE L
A PR A [ Bi,O5 SR AR U7 A4 7], 4223 588 i
#5195 BR 5 T B B B85 Bk ™ 45 44 38 —AH 245 28 y-Bi,05
(AR SR, 28 PR R e R e iy 1,
BRI 5 (BF)ES KB 45 ) A AL W R R 2 T
BV RE A BHR 2 ) — > BL Y BIF 58 % 4 (play ground).
MAHL 2 PR BE Y B S B0 I R AR N A R R &,
T2 BEL . A L A5 AR (tan O) F SRR B S BEA T REDE
fili . ARAG AT FESCI R AT S, T BiFeOs 58K 45
FFH B 22 RoE TR . Bion &R B9 A PR S5 IR A,
1555 ¥, 1 P % T2 £ R BF-xB T 45 42 iR ik 28 M 3 1)
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A BFEAR LK, L AN SE T iE BF72.5-BT27.5F1
BF70-BT30F % () tan 543 7 70.078%% 5 0.0885; i
i1 B 42 0.1%( & 5 A 45 b )MnO, AL 4k B8 45 4% 14,
BF75-BT25 il BF67-BT33 J& Hi, Fij & fY tan S % X 5
0.046F110.068"). 38 1ot X 5 Wi 42% Fi% s P 25 A1 v $1FE 114
R 22 R A7 B4 12 3 A0 A 0BG 2 G 0 UE, AR R
2 110240 o TRk TR 0 A B 0 45 ) A 1 P T 2 R TR AR
2 T AR, S R E SR E, ML T
BTG EI AR, BiFeOsE5 R0 45 F4 A1 i 14 ) 4 A e
AL SE A B =T B AR AR AR R R = | BilW & s
PP, L Ab2E T e BORE L SR et A [ A S R H
F B 125890 °C 4 45 il £8 1 Big.osLag.02Fe 09 Ti0.0103
P 2 ) tan 6/ F-0.02, 780 °C LA b I BE &5 il & 19
BF-xPT-yBZT P % 75 5 9% 9 4 4 75 Bl N tand~
0.0287%1 X J& 7K S I FE BE-xBT £ 2k H, [ H, Py 2 0T
Y & s AR 2 —.

XA A 96 2 AR BE-xB TR B R S AT T 208
S EUAT I e, 245 T AR B EE AL T 24
MRS LS. X E2AES I W, KRR E e E AR
X R AR A H HFE 19 BE-xB T B & RE 5 A A [ 19 3%
B OWEAFMME 2w, RN, SRS
TBICEME R, TEESERT 2540 Sk h 28 N AGLE
A FAH IR B B O3 v, S 3U R YA L RE; T AS
6] () oG 2R B A Biot Z 58 & Ml ge I AR, #5824
—EEMMnO,, Mn&E T2 H#EBA, SR ES

Bl 2 R[FITHREUBF-xBT R M B4R G B 2 A RS . BF69-
BT27-BZT4+0.003ST+0.003PT (BT27-BZT4-PST), H AR M E 5
P&l 1 AHIF]

Figure 2 Frequency-dependent dielectric constant and loss spectra
recorded at room temperature for various BF-xBT-based ternary solid

solution ceramics: BF69-BT27-BZT4+0.003ST+0.003PT (BT27-BZT4-
PST), other samples same as those in Figure 1



T, KR FEAROZS Ao vk B . HL AR B 44/ # Mn
SHEMAGE 2 AL B, (H i T OZ i Mk FBE ARG, W]
LA % % AR BE-BT 2 K AL B % (A B g RE 1), 5
BF69-BT27-BZT4#{ [t, BF65-BT32-BZT3ABZT &
A BT 380, 1.1% (B8 /R E 43 H) M8 2% i A4
{8 75 tan SF& I ] 0.044; BF69-BT27-BiScO5#54%0.8%
(BEIRE 43 L)Mnd LR FEA BRI 220.087; 1170.6%(JEE
JRKE 43 HOMn#2 2¢ BF69-BT27-BiAlO; B % 1Y tan & [
I %20.045. %F T 0.6%(FE /R & 43 I )Mn 5 2% BF69-
BT27-BaBO;(B=Bi;;sNby, Al;sNbys, Zn,;3Nbys, ZrFl
Sn)FE &, WMFESIFT/R, ARG AN BBFEN
tand=0.056. SBA IR ZFIUAR], D Ph, SrLHR
AT A%, W BF69-BT27-BZT4+0.003ST+0.003PT Fl
BF69-BT27-BZT4+0.003ST+0.023PTFij &, {EA L5
¥ Z5 1495 BB BD 5 0.17% (i H 4 L )MnO, 48 2%
BF69-BT27-BZT4 [ #i #& 7£ [A] — 7K *F (tan5~0.033).
HOINBFRY & &2, Wl FRARA e, 41BF74-BT22-
BZ T4 % ¥)tan 6=0.010.

X HAS 7] 56 28 B ARG AT DL R B 3l o A 4
Mni#5 2% 1 FIbs 4 41, BF-xBT-yBZT = JC[f KR
BTy AHCA L AFE R P AR, Eean: SRR
41" 4% B9 1% (B8 7R H 43 )MnO, 48 24 (0.70-x)BE-
xBZT-0.30BT(x=0.0~0.15) 1 i, Fij & tan 6=0.043; A
R 2 U35V ) o 4% 1 0.22% (TR & E 4) MO, 45 2%
0.696BF-0.29BT-0.014BZT#10.17%(F = H 43 L )MnO,
$£70.69BF-0.27BT-0.04BZT % H, Fij % it /1 v F #E 40
H1°A0.033F10.034. 3Tk, 38 1 I 4% Mn 7 = (F 2),
0.7% (% /R E 43 H )Mn 15 2 BF69-BT27-BZT4 10.8%

Mn(FE /R 43 )48 42 BF74-BT22-BZ T4 B kL i, 7
PR 3RAS T tan5~0.02 K H: AR T N F 75 >R 7K
(Y BF-BT-BZT JC 4T He i i %8 . 32 19 S 56 Fn B0 HE 12
LW, BZT A #4HE 5 BF-xBT £ 55 2k 0 45 F4 AH #4
TR E RS =40, AR A BZTH Xt Bi i) #5
KANHIRE ST AR BZT & mdiss . X Bif%E & A il g
JI R, ELESEAME, LB Mnis 4 Bh B
W AENS AR AT tan 5~0.02 &% FE DL R A A rL L RE 1 J 1).
T HUHS 2 5 Y A P 0 R IR 1Y) B S e o R AT 1y
TRA PR N, 5 AR 25 R WL RT3 (). AN A
JT7R, A B I {1 i P8 X6 0 Ak R - I R A A i
TR Te, XA [H JC 2% B0 BF-xB T & - 75 21 (1) A1
AR T TS TS, 25 2R A P T A [H]
e BF-xBT R %2k fi A AR Jm LR . N 1.0%(BE /R
4 H)Mn#22%0.69BF-0.3 1B T4k Hi P & i) Tc=479°C.,
0.73BF-0.27BTFij & ) Tc=532°C; % BF-xBT _JC [& %
TR R 29 4 o i S R A B VE I, 513 (b) S
LRI, BUA RIS ARG M JE Te(u )=a+bu +cir’
B R, SR, 12 Hb X BF-xB T4k o i % T 1)
AR LM, B A B Z M A i . bedh
A ORI A R EFE AT« AN [R) 1 Pl 8 T 25 4 it
RUSE RN GG L2 PR 5 g 1931734400 b i 3 e L
HEERA L, FFEM SRR A E B (E3(b)), KK
FLAT I E 53 556 14 AH 56 28 U AR AS [R] R 2% s L
T BE ) SRR, I3 () FRATT AT LA 2 0.6 % (BE IR H 43
I )Mn#5 2 BF65-BT32-BZ T34k i, i % i) Tc=463C.,
5 F0.17% (2 7 43 Ht)MnO, 45 2*BF69-BT27-BZ T4
W) % 1) S HLUR JE (Te=510°C), 1Mi0.8% (BE/R [ 73 1)

B3 (M%) A TT R B UBFBT R M Bk i AN, (a) A-r ik, M0 100 kHz; (b) 4 fiAHAR & BLIELRE (To) 5 854K 4544
AAL R4 T ()5 22 . BF-xBT-yBZTHkHL M 28 IO /345 SR UL SCHk[13~15]

Figure 3 (Color online) Measurements of ferroelectric structural phase transition of various BF-xBT-based ternary solid solution ceramics. (a) Tem-
perature-dependent dielectric constant and loss spectra recorded at 100 kHz frequency. (b) Plotting of ferroelectric Curie temperatures (7¢) with respect
to reduced mass of perovskite unit cell (#). Some results for BF-xBT-yBZT ferroelectric ceramics cited from Refs. [13-15]
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Mn+5 2% i) BF74-BT22-BZT4 W % () Tc=630°C. H i
B SLgR g R M, MBZT & 12 y<0.05fF, BF-BT-BZT
= ICE R B X BT & 1 28 (L #4345 BF-xBT
TR B — e BIFRRBT & BINBR S
R B TR (K3(b)). FH AL ScHR AR %5 B IR HE Y
Fe, SCHN150.6%(EE /K H 41 H)Mn12 24 BF69-BT27-
BiAlOs £k Hi M % 1 Te=549°C, 0.6%(FE /R A 4% H)Mn
5 2% BF69-BT27-BiScOs; M % 1) Tc=525C. R ZWIif
TR T (1-x)Biy osFe 1, Sc,05—xBaTiOs i % 1) 2k
AR, SCERa R, My=0.030F, Tchfixh0.2554
JnE0.35, TR [ 5] ~420°C; 24x=0.307, y;h0.01
BN E0.10, Te M 520 °C B H T [ 2= ~460°C; XF T
x=0.30, y=0.03417%, 4 AU AL Scif i HE i B [ A%
~30°C. Reaneyift /i 20 “* %} (0.95-x)BiFeO;-xBaTiO;-
0.05BiScO; = JC [E IF AR BT sT 45 2 1, 24xhh0.25
HETNF]0.400F, JE B B BAHFRAR . 5% S e )
95 T 1.0%(EE /R 43 b )Mn#5 24 0.725BiFe,_,Sc,0;-
0.275BaTiO; M &, WL B T 5 be 45 It B FN Sch) 7 it
FETEMIFINGE . x=0.021 P B AR i, a2 T2 880 C
THE A 1020°C, JiE B B T 660 CREMK1592°C; ik
AEScir i, TR EAT MR ¢ R, T2 Ul
B, 2% NI F Reaney 1 25 20 “2 1l 4% ) BF-BT-
BiScO; B % # i 19 /v HL 351 #E tan 653 ) 4 ~0.12@100
kHzH1~0.10@10 kHz; i % 2 g 28 3 ek v g %
fJtand~0.035@ 100kHz.

FﬁBil/szl/za Zn;3Nbys3, A11/2Nb1/2§4ﬁ%@2%ﬁ
7 Ti, 75 Mn#5 Z¢ BF69-BT27-Ba(Zn,;3Nb,3)05 8k Hi
Ve 5 ) Tc=429°C., BF69-BT27-Ba(Al;,,Nb, )05 Te=
468 °C, BF69-BT27-Ba(Bi;uNb )05 Tc=492C; 5
IR % B 9 42, Min#8 2¢ BF69-BT3 18k H, i % (1) Te=
479°C. Xf LR S1EHE, HE T Hrid X 856K 0™ 45 44 4 fk
WAk F R A i LI R R R P BBCHRE 5 i O R R
I A 4 H A AR S B B %) 2 A 5 A Y T £ R
KN FA BB A FAPE XS R 6 R — 5 T, Xk
RCFEX R BEBEMNZ M GEE T T.(w=a+bu
+ep” T REAS TR R B PP S — T, R AR
R S R Z VAR R 25 S, W 2 43 i B AR
A6 1 L T B 22 45 2 R S i AR Al R A, IR B
FRE it JUT A R S B A ) AT SRR XS SR, AT
AN B T 22 (1) S I HR s ATBTRL R LU B T A BT
BRIEAT I AL 0 B, B BB R R o T i (R AR
FEAG) R AT 1T 5 (0 ST U H,  DAGE HEAT B A I 8
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248 TAE.

J—J7 i, FE3@FiRg Rz, BF-xBTHEEEL
235 ¥4 315 R SR AL TE 2 1R ~ T B 9 AN A7 7 HoAth 2
FFAAS . A FRAE XS AR AT B R4 B R e M Bk R
ERENCRSYYp SE I e § S S E N R R S 2]
Tk BEAE PR AR AR,k F B A AN [R) 2 22 a) B 2 Ak 2
IR AL Ak PRS0 R AR AR S, T B AL 5 ik
RS BB A A S A RE S B IR E R TS A
PRV YR SE IR SR B, R4 Ak I BF-BT-BZTEk
SR = A I W O - 1 I A -
1319200 st A [ 5 AR A 4 ) 1) SR A W R 2Rk L
BT RARIZ I, 25 kM (K,Na)NbO; R £k Hi Fig &
() FL I 7 28 TG R AR, s 2 255 £11490 pC/N; {H T
DU AR i - R L 5 A A AR, HE 4 0.96(Nag 52K 45)
(Nb0A9SSb0A05)O3'O-04BioA5(NaoszKo18)0.SZFO3(TC=227OC)
K R B TE IR B AR A — A =7 -V Ok L A R A
ARSI e [53) T 25 KA AR L BRET 43 9 (Bl s(Na,K ) 5) TiO5-
BaTiO; M % 75 100 °C ~ it [l P AFAE — 1Bk L - S 2k
SEFFAAS ;1 Ba(Zro 2 Tig.5)O5-(Bag ,Cag 3) TiOs M % 1)
=7 - VY Tk L A A R AR R RS T AR R . 5t
T R S B X 0 S, 7 o [] AU 25 R4 AR A D T AR, L
R R E AN BRI R A B PZTE
i) 8 7 28 T~ T T ] P AS A7 AR AT ] 5 K AR AE ),

X A ] o6 2 A X BF-x BTk B i % A1 R B A7 4 Ak
AbEE BERE BB AL A M FE120°CRE I A N8 kV/mm
B B PEELS ming, S LG RESCE 24 h, MR
FE L B dss. 1 KHZIHR M A U B ess ™ e FAY HLAB
Fetans, WALIE B0 AN T A B B4 TR S1. EST1A]
PLE 2], AN A IR AT ZEAS R B be 4 408 LR
BRI B BFE, A G R B AU R I A (7]
BT R AP, e, 920°CHE455 hiY0.8% (B /R 1 4%
F)Mn#5 2 BF69-BT27-BiScO- 8k Hi [ %, v o il #6
tand=0.0878 K, TILIE120C HEM L, ERES
kV/mmiz AL 1S minjG, SCEIA &557/6,=541,
tand=0.142, dy3=39 pC/N; 930°C K455 hir0.6% (FE /R
43 H)Mn#2 24 BE69-BT27-BiAlO; P %, 4 H fil#E
tand= 0.045H SR C 2 KIRFEAR, IR TCEAE120°CH
B, ZIR7.4 kKV/mmIZ iR 2E, W5 ey, 6=
510, tan5=0.049, ds;=28 pC/N; 930°CHE457 h 0.6%(FE/R
3 H)Mn124¢BF69-BT27-Ba(Bi, ,Nby 2) O %, tand=
0.059, 120°CTE iR, 7 kV/mmiziitk k15 min, &s'/&=
477, tand=0.049, d55=32 pC/N; X} T°0.6%(FE/R 43 L)



Mn # Z% BF69-BT27-BaBOs(B=Al,sNb,,», Zn;;;Nbys,
ZeMISn) B e, R AE 2 08t T ik N v S s 2 A T A Ak
Ab RS MR U B R A AR Y
(1-x)Bi, osFe;_,A,05—xBaTiOs(A=Sc, Ga, Al%; 0.20
<x<0.35/y<0.10)ZH M %, 120°CH i, 5 kV/mmiz
558 A AL AL B30 min, WO E B R L I N day < 180
pC/N. % SR UL %t B A 5/ H 0 FE (tan o~
0.035) ) Mn 1% 24 0.725BiFe,_,Sc,05-0.275BaTiOs(x <
0.08) P % R AL FR T /2, 120~150°CH 1620 min,
SRIGTE6 kKV/mmiZni ™ ¥ 2180 25, LI 2] () e H i
MWdy; <129 pC/N. BN HHETHM Ik, 7EC 22l & Fh
55 =200, BE-xBT-yBZT = JC [ 1K M % BAT Fe i
it AR, 120°C =il 22 iR KT8 kV/imm. L
hn, 920°CHEZE10 h, 1.1%(EE /KA 47 H)Mni2 4¢BF65-
BT32-BZT3 Fij % #% b 5 # JE L P BE W &55'/8=650,
tan5=0.048, d33=127 pC/N; 930°C %55 h, 0.8%(JEE /K
43 M2 24 BE74-BT22-BZ T4 Wi M Ak J5 4 7R H
PERE N &5 16=274, tand=0.012, d33=75 pC/N; F Z 4
T ILAR R AL A 0 T AR R A,

Bk R E R BRG],  EL IR R das R B 4 AR
i&Qn N %EFT& 1433%5?133 N ﬁ%ﬁﬁ&ﬂﬁ&dﬁ:
201 P&t WA R FEIEE, i S AL E P,
AL LU L B ey . G, SRR HL e R 56 B
i 1 182 2R 1 2 3 B4 43 A1k (principal  component
analysis) (& 4 AL d, = ae,, —ber, XX, P B R
B a, DYASEH B . 5B B RS Y a M
S8 A Origin A4 Hh Xt 85 Bk ™ 45 25+ 22k H g
B dy S e X RIFAT RN ZTRIEMA, B2
dy, =0.24€,, —0.000018¢;, Fi i1 & RS R HLH HUR
A L H B ) A B AT SE PR IR T, B TR SRR A &
Ak [) — 0 B St %k AS [ A3 1 i) o7 o 3 o A i
ok K AN VA N o A BB I QTP S
ZR 3152037391 2 2 B AR AR AS KA R H i 1 | T R
AR A R 5 B EE A T, R A
B C Z B RE T | R BE SR 15 7 AR 25 48 AR A B
AT AR AR R A LR B H R L) B AR IR PR 2R, T S
FREE R | PR RS (R RO . A
AL /N B HE A ) A5 R PR R A H R O L) SR ) Y
JEARME R 2 F5— 7 et mT DL AR P A Ak
A T2 5 R g ) A 201,

BF-xBT £ 4 H Pl ' s FiL ) 1o, 4 i 15 A8 A B 5
HL RGBT B 5 A0 6. LeontsevFlEitel % FH0.1%

(FE 1 [ 57 MO B A FAR AL R 25 5 4, FERRARA
AL FE I SEA | S2 P T BE-xBT(x=0.25~0.33) %% Fi. I
B AL x=0.250F 4 L FEtan SFEAILZR0.046, 3115
(R 5 I L W I3 d35=116 pC/N. T35 2 P 4 B AR
] £ 43 BF-xB TP % #- A7 O BF 9%, 45 5 1 1.0% (FE /R
43 o )Mni43 28 BF-0.3B T4k Hi, i % EL A 58 K H i
R dyy=177 pCIN, £=740, tand=0.045(M X I B4 Ha,
WA 1T d33=167 pC/N); S5 /R % 40 5 =
07 I 577 SR AR B S U AR 2 R B 4B 2% M,
PSS =2 s M AL be 4 45, (0.70—y)BF-0.30BT-
yBZT(y=0.00~0.15) i % (¥ tan <0.047, 7Ey=0.050] 3K
FH % K LI )V d33=139 pC/N. 20154, Songiftill
ZH 47 18 17 0.97[0.67Bi, ¢sFe05-0.33BaTi0;]-0.03Bi, o
(Zn 5Tig.5) O35k HL P 5 ELA ] L %) R HL i oy 4 BE (ds3=
324 pC/N, Tc=466°C); SR1fI, XF TN 2 X HEE N
A HLUH BRI R T S O A . IR AR
K, ZA UGB FISE LA 3 1T T EH R S, mR
S, T L S AR T Song iR 4 R GE A K. R
F NI 58 T AT 2H 53 (1-y) [(1-X)BF—XBT] -
YyBZT(0.25 <x<0.35/0.01 < y<0.05) i % i) J& 3, P g :
4 y=0.03 5}, JE H M L 7F x=0.285 ) H. A ) KAH dz=
155 pC/N; 4x=0.285HF, J& HLMw [ 7Ey=0.01HF ELAT #
K AH d33=195 pC/N(I X R (14 4 H 5 B e, 11 53 45 3
d3=159 pC/N); *4x=0.33, y=0.03F, Fiji& ) &~710,
tan9~0.122, Tc~420°C, dy3~110 pC/N, i H Wi A% T
AL H B e~ T 10T B AS B o fEL. 5K Uk 3 1 21 )
£ 0.7BiFeq o5(Zng 5 Tig.5)0.0s03-0.3BaTiO3 41 43 3 15 T
B8R TR HL W I dss= 135 pC/N, BT, tand=0.07, Te=
482°C. X WLPZTHk vk Fi B B8 A4 B it 52 g o2, 4R
15 TR I FH 22 SR KT 1 A FE A5 RE M T2 LU 3 FEL T
o7 P4 B P T4 L At

AN TR JG 2 B A BF-xBT £k HL P 28 1) 1 L B B s
A HLH B 55 I LR BE T LA L 249 5 Jo1 2 oAy A2
FRAEE, SRV E4 R TR, T dy, =024e, -
0.000018;, 15545 1) Ay He HL Wi 10 oo {3 T (K14, 45
FRW, BHA A BB FE R BF-BT-BZT — UG [# %
ARk v Bl 8 1 i L T 3, 3 ST 30 1 5 T M e 15 B Y 1
FWNAE. EAFTR, R SRR X B B A
HAL 453 B Y BF-xBT G [ 945 1A 42k Hi Pl 5 1) S B 445 SR Al
FFA I &

X TR DAL 3R A5 590,17 % (& 43 H)MnO,
B 7<BF69-BT27-BZT4%k Hi Fij %%, ds33=145 pC/N,
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B4 (FIBRUR () AN TR T 25 CBF-xB T W 28 (14 e 35 A s A HEL Y
B ey AT B T 545 Bk 4510 AL M M 246 B () I R 2R
BF69-BT27-BaBOs(B=ZrHISn) ¥ %5 iK1 1L % & H1 1 HL 330 % 0 4k 410
53], R T X, BE-xBTCUAIBE-xBT-yBZT4k HL JE A Fy 2 Y 24
UEPEI T —If 4y it T 5S4 5 ISR [13~151, P 2R 2
TIrEAE

Figure 4 (Color online) Plotting of piezoelectric constant ds;, dielectric
constant &;and Curie temperatures 7¢ with respect to reduced mass of
perovskite unit cell (1) for various BF-xBT-based ternary solid solution
ceramics. The values for BF69-BT27-BaBOs; (B=Zr and Sn) ceramics
were obtained through extrapolation of frequency-dependent dielectric
spectrum. For comparison, some results for BE-xBT"!"! and BF-xBT-
yBZT (this work and Refs. [13—15]) ferroelectric piezoceramics were
also presented together. Dashed line is only for view

&3'16=570, tand=0.034. — i i, #t—HEALLMnB
et e 28 4 1F, 0.7%(B /K B 4 th)Mn 12 4% BF69-
BT27-BZT4 £k H, i % 9 i B M fE M d33:=133 pC/N,
&53'16=5501tan6=0.025. X AU EBF-xBT & £ Hi, i
A B PRE PR T B Uk B TR N OKOF, W
BT s B T 1 -5 A B BRE PR S S B0 TR AR A
BB i B A Ak P il B R A B A G

F—Ir i, HIERANE T B, P2 T
2SR (1) 43 n0.3% (B8 /R 43 L) B STTiO;
H10.3%(BE R H 43 kL) B PbTiO;, 910 °C 4E45 10 h,
120°C, 7 kV/mm¥Zi& T, #Ab15 min, 7SR E MR
537 /€)=613, tand=0.033, d3;=144 pC/N; (2) ~Mn
0.3%(FE /K E 43 H) 9 SrTiOs F12.3% (B8 JR 1 43 ) 1Y
PbTiO;, 910°C %4510 h, 120°C, 7 kV/mm, #1k15
min, Y BE K 3"/6,=649, tand=0.035, d33=150 pC/N,
& HL I B R T A HE R B 65 65=649 1T B 15 B Y
di3(148 pC/N)H; 120°C, 8 kV/mm¥Z5i F %4k 15 min,
TERE K £33"/£,=657, tan5=0.035, d33=130 pC/N. 5PZT
B o T H B B AR DL, 24 % BE-xBT £ 4k B B & 47 A
[ IC R BB 22 5 stk 5, 75 22 E 17 AH I i e
P SE I L
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FE TR H R 7 5 A P TR A A R B A S
o T B Ak R R B T A R B R R AR S 5 A G i
B AR R AYAS TR, FRATT AT LA e e 57 4 B 9 B
FEAR R T Ak R X A v P Jo A0 8 2 A0  fL P R 14 56 A
WIS IRk SE . 3 RE AT A S 34N T e (1)
B FAR L0 B Y TR AR A A B T A WAk Ad B
() BRI 5 P e i B BT PR BEL (25 3 % ) AL L B
FE (B i 215 L 32 ) ik 1 -1 I 5 %8 G (3R S D), ik
Ty ) A Ak Ak 35T EEAE B 2% ) B RE S A T2 SRR
AL TAE; (2) XHRLERBAR . RIMA T2 %4515
(A BB FE R K A FE T, FRATTRE 5 A L 1 T Y
-2 A1) A I S g P B KO, B DA SR DAY S 56
ARAG BT A A1 R il 5 B0 BN, R S1FFR0.6%
(BE JR A 4% [t )Mn#2 24 BF69-BT27-BaBO5(B=Zr #1Sn)
B 2 B A FLAR AR A K (tand>1.1), M A AT I 528 Fn
FL A0 3 B 20 BT P60, O P B 3 R A 2 ) R
IR B A A ot $5 79 355 3 ik 0 23 (] R Ay 1) BT R 32
FIXE10 KHzM R AT, DTS % 155 39038 43 nl DA 264
AME 1 kHZ A8k F AR Ak B3Rk 43 B A HL B e 0l oh
536H01544, DI H B A 5300 He FL I B s o3 A
1231125 pC/N. il FHEMniB 4 8 ML T2 %
P, ATGEZE X 22 P 2 200 IR A A i 119 S 6 0 e
{5 MM A R 22<5%; (3) TEPE KB FSER B 4544 45
bWt 40 B2 8], ] DR R AL 2% 2 >0 REs — 1 D
B Ry T i A £ 2 1Y, AN £ o < < 101 B 5
IR SE 60 6 1 TR R, SEEUHT ARG Pk & BB,

FE 7% 7 TR I 2R A0 A F 48 AR T R Ak
ARG T, A SCMWBE-BT-BZT = 7t [# %44 4 2 HY
WA~ 4 0 S B A6 o 2 R s T R L B A R (1)
Mn{324BF74-BT22-BZT4, %4 K MERE N ds3~75
pC/IN, &53'/6~260, tand~0.01, k~0.42, k,~0.29, Tc~
630°C, Pt H Fr i Ak 20k Bk R B R R L B
(K-15: dy3=18 pC/N, &53'/€=140, tand=0.03, k=0.23,
k,=0.025, Tc=600°C); (2) Mn13%4<BF69-BZT4-BT27,
ZE45 TE L P BB N das~145 pCIN, &37/£~570, tand~
0.03, k~0.41, k,~0.33, Tc~510°C, bTF H A8 445
¥4 A 48 1R 5 T FH R L PR B (K-81: d33=85 pC/N,
£33'/6=300, tand=0.01, k=0.33, k,=0.04, Tc=460C).
55w B8 2 A RIEK T ik 2R 1 P B M RMAH B, B KT
RIBF-BT-BZT [ %5 4 s L B 8 b4 LA 465 40 45 1] 57
PR A R RE Y A5 I S, nTBE & AR 2 R R
HL I B A% . T B AR 1Y &, BF69-BZT4-BT27
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Effects of substitution element on physical properties of
BiFeO;-BaTiO; ferroelectric ceramics driven by
data-mining oxide perovskites
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* Corresponding author, E-mail: jyu@dhu.edu.cn

Data-mining from reliable extant data on basis of material informatics can lead to unveil those hidden qualitative and
quantitative rules and make predictions of new materials faster and cheaper, which would reduce human synthesis effort
than traditional trial-and-error way. In contrast to traditional scenario of material research initiated by scientists’ intuition
and in a chain of synthesis-observation-analyses of mechanism, modern material research will change into productions
and applications of data provoked by data science paradigm, while the present bottleneck of material informatics is still
limited by the number of data. In the field of functional materials of ferroelectric piezoceramics, there are two ongoing
trends of developing lead-free piezoceramics with thermal aging stability and high temperature piezoceramics with high-
er response for applications like in Internet-of-Things (IoT) and smart systems. Recent years, data-mining on oxide per-
ovskites and designing new perovskite-type high temperature piezoceramics have been carried out and progresses were
firstly reviewed in a short. Based on those quantitative relationships and rules data-mined out previously, various kinds of
substitution elements for BiFeO3;-BaTiO;(BF-xBT) solid solution ferroelectrics were proposed on basis of the mass and
cation size features of atom and their effects on ferroelectric phase transition temperature, dielectric and piezoelectric
properties observed experimentally. The compositions were tentatively chosen near the rhombohedral-pseudocubic
structural phase boundary in order to check predominant contribution from substitution element. Among those elements
of Al, Sc, Zn,;;Tiy), substitution for Fe and Bi;»,Nby,, AljpNbyp, Zn3Nbys, Zr, Sn for Ti, it was demonstrated experi-
mentally that Bi(Zn,,Ti,;;)O; (BZT) exhibits a very promising effect in the BF-xBT system to obtain piezoceramics pre-
pared using conventional solid state electroceramic processing with robust insulating and low dielectric loss properties
fulfilled for the requirements of engineering applications. For those low dielectric loss BF-xBT-yBZT ternary solid solu-

tion ceramics, their ferroelectric Curie temperature (7¢) follows a quadratic polynomial relation of 7. (u) = a+bu+cu’

and reduced mass of unit cell (1) is a good descriptor to represent BF-xBT and BF-xBT-yBZT solid solution perovskite
numerically. Full poling for piezoelectricity was obtained in Mn-doped BF-xBT-yBZT (x=<0.32, y<0.05) ceramics. So

far, two ferroelectric piezoceramic materials were selected out: one is Mn-doped 0.74BF-0.22BT-0.04BZT exhibiting
piezoelectric constant ds3~75 pC/N, dielectric constant £31/6,~260, dielectric loss tand~0.01, thickness electromechani-
cal coupling factor k~0.42, radial electromechanical coupling factor k,~0.29 and Tc~630°C, four times piezoresponse of
commercial K-15 Aurivillius-structured bismuth titanate ceramics; another is Mn-doped 0.69BF-0.27BT-0.04BZT exhib-
iting d33~145 pC/N, &3'16~570, tand~0.03, k~0.41, k,~0.33, Tc~510°C, 50% beyond K-81 tungsten-bronze-structured
lead metaniobate ceramics. Similar to PbZr,_, Ti,05(PZT) system, BF-BT-BZT system exhibits a structural phase bound-
ary and thus their piezoelectric performance and thermal stability could be modified in a wide range through adjusting
composition and doping. At this point, it is time performing systematical characterizations on BF-BZT-BT perov-
skite-type piezoceramics for high temperature engineering application testing. Based on the correlation between ds; and
&3 for piezoceramics data-mined out previously, how to reduce synthesis effort for designing new materials was also
argued using “bad” dielectric data of those high dielectric loss samples. Our essay demonstrates data-mining driven de-
signing based on material informatics sure able to reduce time-to-insight and human effort on synthesis, accelerating new
materials discovery and deployment.

perovskite-type oxides, data-mining, piezoceramics, ferroelectric phase transition, piezoresponse
doi: 10.1360/N972018-00689
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