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Abstract

The BaTiOs-based PTCR (positive temperature coefficient of resistance) is a kind of
useful electrical functional ceramics. The high Tc (Curie temperature) PTCR is widely used
as heating units and current limiters and so on, because of the low cost and high reliability.
But lead element in the materials is harmful to human health and environment due to the
vaporation of lead in the process of preparation and end product use. The rules and
regulations have been instituted by developed countries such as Europe and America and so
on, in which the lead material will be forbidden all-around after June 2006. So it is an
urgent and important research on high Tc lead-free BaTiO;-based PTCR. The item was
supported by the postgraduate innovation fund of HUST. In order to prepare the lead-free-
BaTiOs-based PTCR, the research focused on reducing the room-temperature resistance,
increasing the Curie point and so on, the main contents are as following:

Nay sBigsTiO0s is a kind of perovskite type structure material with compound ions at A
site, and its Curie temperature is at 320°C. The Nay sBiysTiO; powders were acted as the
accelerator of Curie temperature in the experiments. The NagsBigsTiO; powders were
prepared with de-ionized water and absolute alcohol respectively by solid state reaction.
The reasonable wet-grinding medium and preparation technology were confirmed. The
analytically pure Y303 and Nb,Os were used as donors respectively. The BaTiOs-based
PTCR ceramics were prepared by solid state reaction, the typical U curves of resistance
were obtained, and the semiconducting mechanism was studied in detail and the best
doping contents of donors were obtained by mathematical analysis. The solid state reaction
temperature of NagsBigsTiO; and BaTiO; was set above 1300C by the differential
thermography and thermogravimetic analysis (TGA) of NagsBigsTiO; and BaTiOs,
Alternating Current Impedance (AC Impedance) and its application in PTCR research were

studied. The different equivalent circuits based on the brick model were obtained by using
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the different response time between the bulk and boundary responsing to the différent
frequencies. The experiments of doping the Ba; x(NaBi)x,TiO3 with Nb,Os, Y,03, La,0;3
were investigated respectively. The properties of ceramics were tested, such as the tests and
measurements of capacitance and disspation to temperature, ferroelectric performance, AC.
Impedance, XRD, SEM, energy spectrum analysis and resistance to temperature etc. It was
analysed that sodium in Nag sBigsTiO; by solid phase reaction was the active element and

harmed to ceramics’ performance. Nay sBiy sTiO3; depressed the grain growth.

Keywords: Positive Temperature Coefficient of Resistance Effect Sodium-bismuth

Titanate Alternating Current Impedance Lead-free
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1.1 PTCR R H 4%

PTC BJl positive temperature coefficient, & IFifE REMI4E . PTC BN EIBER

BR UL E, SR s PG RE R T BT S RIS IS . 1T PTCR 233 positive
temperature coefficient of resistance K% 5, BB L EMBEERERE, 0¥HARKEZHE
BAFREREMS MR, g ATEFIA BaTios F&EHI& K EH PIC MM f
BETTA, BIIEGERE RECH e 221,
BaTiO; #1 K # PTC BNEM ZFEFE AT HEE (Heyman) T 1950 FE LK
#IBL, MAIT4E BaTios MEMHBAR L RHT R SELRE, RIXFLFEMEH
B PH AR K IERE REL, BIFERTE PTC N . AL Z G5 T 2t 7%t PTCR
HoE, AOERRBHFEAINAX PTCR MR, 7 BFHERHERTE, HEKL
B LR 3RS T R R I3

BEE PTC HARABIANIEN, HIT AmE LB A M PTC #44l, 3 H PTC &
WM F 25, HEAMIRR, RAK PTC RN N 3 M. B—HEEK
AEME, ENBEEERMEFEARERN: FMEUFI &S FHE PTCR,
SRR B A S U R AR R SRR, R S MHE, Bk
R, EMAZFENDPRFRBRZB=4EER, NIYIKSEE, EHERE
FEREH K. A PTC BRI F A4 RS RERRTERME, M aFEER.
B, Btk E=F2 BaTiO; RME PTC, ZFIFMHEZ (RAHZ) LI PTC K
M.

1.2 BaTiO; & PTCR By$HXTHiE

PTC N2 H M AMEE L SRSk R AR G RN = SRR AT RCR -
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BT RILE B NS BN, FIEMIM PTC RN ALY BB TS HEbaR,
FEHUT /LA EISEE,

1.2.1 Heywang SR SR 35 288!

60 XA, Heywang AR T REHLER, 4718 PTC JNRERAALE
PREHBEREK. EMEROEENRR: b TERMRZ BRI, £RALK
Bi— AR 32 LS SR FFERR, RESAREX SRR SR T, ERERFL™
AR, TIEANKHLFAEERTR, AERRRETERSEZR KRR
K HR RS2, REBRTHES, WA 11w,

Ns---’.-_.
grain |boundary

B 1.1 EAHL2EEE

1.2.2 Jonke #k EBMEIRR

ERERUT, BERNKENAMEEENRAEEATE. Jonker F AR
Heywang HEAI 32 t T %t & S8 4k s A= EAT B IE, BIE PTC SR R #5251k
HIgk B RER, W 1.2 iR,

£ fBaTIO 2k AT R FRpL b RAFFE900 1 180°B5EE, (B2 B Bl R BRIl 2
PIA GRS , Bl AL R A e VI & AT REMER D, HARMABERET
FRALRER T F A — MR B, E1257R . KRR AL R 5 SRR T B A
M2, BERR LR ESARRREERE. AERAAMIREA, RREHIE
7, DRER S EM AR TR K, XMEFRA L EFLEIRS0%ESR. ES
SREJ B KON ERA, EREERKSL. AR EAERRREUT
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Bl 1.2 5T AL Bk B ARG
SEEPRAERFTAME, REHLHK; E£EEBEL L, BaTiOs ik AR IR
BAE, BRBANEE, TARROSEEEE, B2, GERIREA. #E3m
HOE® Y, PR i SR IR AR A —E AR Y, R REHIT R AL
HIfER o

1.2.3 Daniels flZ= {i {55!

Heywang [ i 4 2081 5 Jonker UK FAMEAR RIS &, (IR —LLERHE,
ISk LA T =I5 T ¢ e A,

@ PTC HM R HIMEMESB N n RSP, TMAEREHIEH n BEFHE
MEAFETE PTC M.

® PTC BRMZWH 5 R EWRK .

® SHESHEBFEN U B & X RNIEMER.

Daniels %4t % UL L 8, 24 TSR0, o8 7 F - gREAT B
=R, BRERREASEE, ANARRIBAFERE Ba Z6, GNABHTH
+BF (X)X B I E#, B nB¥3E, ERARETRHE, HEAHHNTHE
T4 Ba TAUFR, ZRAA —RAGZHNAAE, BRZEFKT n-in 5. 7
BEAUT, FEBHRARED, BLRKEETE: EEEAULE, RasMEEE,
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1.2.4 BFIaHHER

19854F, Kutty Tm44R% “HFHBHE "™, AAPEPTCH N # EE RS AER .
52 15 & ST B B T B B R O ZE BaTiOs AR 2R IS IR Bt BT o

1.2.5 Desu B SR EHT H1EEY

Desu %58 SLRAEH 5 R R EO, TIAREEKN, FEEKBMFEENS
RSN (7). TESCIMEERE L, Desu REMFEITHBR B, BIBRYINTRIS)
A AEMEK, REAHR Vu M ARE), BRATEZRNTERZMMEE 52604 E
FARE, HERSSRBEMTEREK, BES5EMN4a BT ELFPERmM Vy
—REMIRABE, TR AR LR AE & 5P BT 0 T Mk e B,

R ERTiE, BN PTC M AIEKR, AMIBECL THASKER, FHCLRE
TRKERI. BT U ERREJUBRRLS,, BREHLEMREEE WD T & B
RUSRAERE PTC MM XUERIAEMRRE PTC RN A HEA M2, BE4 K iHE
BE—MEBNERT XA LR . — T H2HTRERN PTC BEL &
MR, BHRATCENER, B TERHTERNLEFER. B2 PTC BREHFF
FiE— S s,

1.3 s BAEREARE

REUR R ARB LAY REERE, RTUAEEEREF P REEENER. &
PORHGIREL, & AR EIREER SRANLIES, HETEEHERENTR
RBRIR, BB BRI, V54t ARERII A, EEkRIEE
TR R E, BRCATEMR, BIAESAEMEAEREME, FRREAE
R R R & BR . FREMRLR IR RA RIFHER RSN aE, FFXRIFRGER
HRAD . WESSHEER/N BENARRRT EREANR, £H&. R, &
FHEFEEAFANBNIET, BEREHRAFH—REME. B 1992 F 6
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ABEERBERBRS UG, FREEMRL R 5 2 A8 5K PR 55 0 1 7745 MLCA (Materials
Life Cycle Assessment) ELZEH 575 B P9 51 T AT #9962,

ABCEAE BEEEMR, ERAGTHNEERG T4, aTRFEERR
F60E. SRBRIPTIRE. BRERKEMEME, SHEE. TEH. THA. 22
ARE-RFIREMATEZFR, RAEMNERKELANEERT ZNATI
WHRARFRERFARIZETE. £FEKERPTCR P&H4, 76 PTCR #l&.
FEERES, HLAREMALHERRE. B2 PTCR PREEHBRTE, W
ERGHFEEFE, EMEMEERR, 5T, 327CRARBE, 400°CH TG
KEHER, ZARERBAKRR S, BRES. BEXREELRMOHRME, SASK
MES KA EYHRIKRY 20 Z 50 M, —BRARRBERSHS, BH)
MNMEREHIREERE RIER 5 15. IR —MTENARENHEE. BEALRNKK
R, A TR ARKTRERRE, GOAFHERKESM0ER. 7%
0o i AR B VT B B L SRE T A s I TE M, BRESRIEE K HIEE 2006 4 6
AFFRAER LSS E0 AR, Fik, E4AEMIRBEHAY PTCR MRS E I
R BAFERLARNRE, RE+4EENMRNE, REMENNANE,
3 ELFC4% PTCR MRFFURIT & BIHE A 2487 PTCR MRMIUR IR Rz —, Ak
WA RER T HPRBRFEHRER KB E ST E M58 .

1.4 EBRMIRIVKINI AL RiEHE

14.1 BSMARMIKB A RER

PR ARBRENESE, RN 6 ZUTILENRERAEECEIEE™ERN
b, SR ERE AR R T SRR T TS S R, JFAR T X TR
FFRFIBF, Bl LFSP(EAREHLTE) M CPIP(RERESYERKTZ), JFHIRHT
T TRE. HESMEN AT E BT oS T APPSR, A4 PTCR
KRR ERMENEE, BE 2005 4 9 AE—HXT NBT $% BaTio; HF
BEEEAT 130CHREDY, KERBERE, FAMERE, EXFAREMRTA
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FIRGFRIEENE. R, T8k MR RIHT 508 T4 PTCR BT R B AH —E fth
EME. '

142 EAMRMRAE LRSS

X R4 ek B R AR BB AR B FIIR B, T8 PTCR MEHIEFI MR R
T4 PTCR MBI 2 A RIED), 1 ZnO-TiO-NiO % PTCR HiEUMHEH B
XA R —FEER PTCR #E, BAER/PMEERY, BREWHHNEER
o [FFE, SHTEHH V,0; R PTC M th B8 ABHT THIRD, H/EEEEHENEE,
HeeAEDEEXERSE. BREZEMRA Y S5 BE ST 4 K(KNa)NbO;
Rk RET R, (KNa)NbO; B Bk 284748, JE BB Tc=435C,
AR AR, BEFEFR. BUEHE, FHEEERSRE, EFPESR
JKT7KA#, T BaTiO; %*ﬁﬁﬁﬁﬁﬂ‘]?ﬁﬁ&%@ﬂi; ANGWK. K LWEIEER, ENHH
i, (KNa)NbOs K c/a LBBEK, 5B r=AekiE, FIHSWm%E, FUER
FRAMEEE —ERER. REREHREMAYN T4 PTCR I REA.
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1.5.1 ARFE

BT HRERB SR EBREBIFIN PTCR MNEAH W KL 552
BA NbyOs+ Y203+ LayOs AT . NBT AE BEEBIF, PHHEEN ST
MBI PTCR, BeMAifa®E. RAMMEE% NBT #8, Nb0sAl NBT
AHERMA, XRIZHEEZH, BERE. FREFMFEERENLREREE
EERENEA, Fik, SRAFROBIHEEXEE, AEBNSH EEXAE RS,
HAERFER:

(1) %64 NBT 5 BaTiOs #I& B4 F, WRKEREEBIHNERLRER
Y, BHIGHERE NBT 7E BaTio; ¥ IIBRER E, KIEBF Nb0s K Y,0; ) BaTiOs ¥
FULRFELIRE, AR DRBHEG &R BaTioy ¥ R4ME, BdMEmMZE
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$B2%, B0 Mn R4 PICR ¥EEE, MR MR FEEETH 5 0 fk et .

() KIEBZ Nb,Os B Y,0; ¥ FULRHFERLSE, B BaTios Mk,
BMA—ERK NBT #l% BaTiO; lg5, WABHLEAFH, S NBT SnfS &
BREBINE, EhER RN KNZ ETERFE PTCR #as.

(3) # % NBT ¥PRHK FRL . 2 1) NbyOs 5L Y,03 B A BaTio; ¥kl —iaiizfl
FHEHWREREHE BaTio; &, WARMEHERENEY, REETHRNM
BHZERTR PTCR Mg,

(4) % NBT K& 2B %, #idBZERE NbOs 5 Y,0; K14 &#1%& BaTio; W&,
SURBRRAE, BRI NBT MBI MM E M £ A0 NbOs MR AL & &, TEILEERY
EAIRE KR FEZ AR PTCR &S, MR M AT H 6 xRS

(5) #i% NBT Mt REHZBUAETBHEE AR, BEIL5E Nb0s
Y>0; 1 BaTiOs Bl —i R & HI& & h, MRBLESS M, B9 NBT MB 3 E <
JEEZR R NbyOs BR Y205 IR A &, AR MRt VR NN E 1052 24 32 3 PTCR A%
PR R REAT R S

ATWOERIEIRSE. BRE. AR TEXCRERKEWN, Fik, RHEEA4
TERMESHREE. YPERAEMRMSE, LB TEREN D BRSTF ik
—BREE —~ TR (fRIB) ~ KK} (IB2%) — ZIRBREE — I T — ki~ K H —~ 4545 (Fa8)
—~ e AR — 1 RETR

1.52 AIRHNA

(1) MHEBIR

AR BIH PTCR # *Jrﬁﬁb}?nigxs?:“t BaTiO; JFBHH 2R bR AT n £ IR
IR, UAENESRRBEMEPNARN ZHAETESEAT BRI
(NaBi)i, TiOs MEHEN B BB EBEIF, HEREEN 320C. MTXMHEKHH,
ARERAEAERAREETE, SHUEERMEEFKAINRE 860CHE 2h
HERE, 46 XRD WADHHAR, HeBErHErE.
() HRERIER BT
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FRECRERERER. FHHELMBEEMRN EEBER, RAZ S
E, MARBREBHIE. BWEKLZHRM BHMEHRIEMEYIEA S
ENABROARRR, Hik, FEFAMEEREMEHURENS T EMMEL
Z ISR TR o SF F B Rk A B 2 WL B SR ) P BE BEAT RSH U 4} 4T, 120 XRD. C 70 tgd
5 THRR. Yratkas ChuEILA 1V f148) . ZC/BYTHE . PTCR MRS S pE L
WK BAFRBRREE RN, REMFINHMELTHERTRBRXI RN LS
KW, MEEREERBREHZRIMXR, WRRS . 41, R T ZRKMX
&, FFIK PTCR RFHIREER M, SEBUMRHHI R A PERE.
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2 BaTiO; EZENEEL
2.1 BaTiO; ¥ #3189 &

BaTiO; ¥ £l & %% BaTiO; B} BB TREN FERR, ERLHNE /M. 13945
. difER. L, FAXSEEYLRERE R EREN AR ZEREERE, BT
HEOFERAEER. BEENS%. Hl& BaTiOs BrebiTH MM e R EF &
Fotbfn 2.1 KPR
% 2.1 % BaTiO; Mt A AL AR B8R LR

- N, @ F it
BaCO; 99.8% 1.00
TiO, 99.5% 1.02

B TiO, EER A XMCMRE: M FEE Tio, HLEWH MRS
BagTi;700 REMBIEH BRAK, REHEIFE, HREANEKNRERBDEEFE PTCR
MBS, RERGEEAENE RN To, B RA RN L & BaTios k. XtF
B BaO ML &Y, TEREE M BayTiO,, FHASRRIAK . RAME TIO, EEMIE
it B HRL S WA IR 47 A0 PTCR #hg8. RIL7ERE L% A BaCOs: TiO,=
1.00: 1.02.

SERTEH: BREHZBAETEILRE, BEHBRRFNSE EF-HNESH
QM-SB AT EAXIRENF, PLEETAKANG, BREE sh, HiEA 350 ¥/5, BB
FHER BT MR, BAE WK1 BHERMA P T, & 60 HIRT, R
KRR R E R A RS, AR mE 2.1 FiR. SRE4RRRME R TE
RRE T RREK, KARE, 785, EEREREFRRE, 58NS
W
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2.1 #1%& BaTiOs BHRHHIBEL: 14
RiiE T4 A BaTiOs MPRHROAL22 J7 R 01,

BaCO0,+TiO, - BaTi0,+CO, 1 (g) @.1)

2.2 BaTiO; # PTCR B EW ¥ S AL

FIGREREENTEBNLGEZ RN —HME, ERHIHENEZ HHTE
BB RE. METEHETFEEAARKE, B/HR. &, MEREEHMEE
ERA RS HPE. RELSUK BaTio; ARG SR, ¥ETRE%
%4k, WHEKRT 1070Q-cm, T HE R 564 BaTiOs RA T 54k, HiHEZ—
7 T FER R PTCR MIEMEW EERE. % BaTio; AN ZEBEHEAZEM 10%Q-cm
AR 10°Qem AR, MELAA 3 SRR RERR h 2 4L, BI7E BaTi0, MBE%
B ERER R K.+ FUHT T BaTiO; HMI A B Z B A 2%H PTC
BRFERRMEH. WENFSUNTERSH, BiREENEFUITERME
B, BEBIBEEYWRAN PTCR AN, BaTios WL SUFEFE
BUTHR:

(1) HEBR

WA BTN, REARNZHESAFE. BEXAER4BaTOs

FBABTFEREBHEM BN LB EHNEBEETF WH L TERT
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La",Ce’™" Sm™Y*", St MIBi*4%), HEHEHHLFHBLHT, RBAETFEBETY
MEETTRM LTIV BN & BB T (NG, T W), FHEHRE TSP
BaTiO; Mg 8¢ R4k, ERKI¥ B ANELSH. HESAMBBRERNER DT

(Me* Rr&RET) :
BaTiO,+xMe’* — Ba*,_ Me™ (Ti*_ Ti* )O,+xBa® (2.2).
17 BaTiO;+xMe™ — Ba™ (Ti*_, Ti>" Me*, )O,+xTi* (2.3)

RQ2)TEMN: M HAFIB RIKAL, BB WEHHEK, M I
Ba*Z—AHTF, MXANERKMATFEUEETRE, RAFREOTY, EREE
HEERAT, T RSBBET, FERRT. RQIHBBEFELED.

B4 REBaTIOs i 4% T 43 5 H I Me™ M1 Me™ , i s MM E R, BaTiOs
SR BEHHTI—BHBATE, B(Ti*%e), ERTHMZRNETRTFTRE, 75
RZE A B REBRIN, WL AR EER BB THER, MiT#BaTio;
(2) BEHIE R

EEZ. BHESAEE TSRS NHBaTiOs, KkEEFBEBaTIONE =4
SUREL, ATRERFHESE, BT ERATRAT, B(Ti%e), AIHEMEY.
{£BaTiO; % ABaO+TiO,, HIRIEL T, REH, EFERREETION, REHHEML
FPRFREAEBBYEERM, HNETIHRE, EFFEIESLBNE
T T RERTRNT, WTTHRANEFRIRE, EBaTiORWEFITH, &
EFROEHRBRTHEN, HUEBTIOMN RRLAH ¥ S,

BEBRNOTREEFRTHESBR. WOl EBANBEAHEEBL =M. A
FEXA BT B X BaTiOsZEPTCRIGE K SAL AT LR AT STMB IS 4T, B
KEHAUEEPTCREEZRBHAENEEBASE. BB IR B3+
AREHEHRIEM . AAAEHRULY, XURB13MHEB AR BREEE
EM. RIEEFRELEBREEBENNBRE, EHANESTEALa, Sb. Y. Nb
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B b HHKXKEMRETF LB

%, EEFIUHMFELALGEEEBUT LAER:

O FREMERER, LUFTH S EHEENPTCH & K

Q@ FEBHRRAF FUDRKIREAMN 5 —L8, DRI T4 =

® 5RIEBRURIIEMED, HMELZHEBEEREN KL%, URTFRH
BB BRI BRI, /R H R R

@ WEBRITENALIG, EEREEA, RERINE;

Fril, SEHFFURFHER: HIEPTCRMT<120CH, —BRAY,05. Sb,03
AMEBZEN; Tc>120CH, ZHHILTRANDOsEE A LB I,

2.3 BaTiO; & PTCR [ &80 S 5018

231 ERAR

AL FABEMERMTAREB AR, HARAELSENEIZBAMROEW, HE
BEBEYEE. BHEEBREBRNETBILRE, EREGTBARENF, HE
AR SEGLRRE 3, HFE—~RE BT~ —~ E R RE 54—~ Lo~
PEREINR. AR T

() FRRETHSEHBEARL AR, EHTEER9~12MPalf)769YP-24BH!
MAERFHERLR

() W H A _ B LR BdP A FEKSY-12- 16 B BB e b F st . 600CES
TRIRO.ShHEI K 53, D88 v R TEA0 Y R <AL, 38 hn L 30 B - ARIEFHR 1330°C, |
RELS8r, ETRAMBANEK, R, BMEESYRNERE, BLRSH
T EHRERIEMFEE L,

(3) ARYE EARAT L6 SR L BE AR SE IR RAF I BRSB ek . R R SR, Sl
H—BUIN IR R B K& RIF iR PESR, DUBME N AR . B ER
WRE R REITELE, R BT ARG R A 747 WKQ-S0ER /it
FEVE BT REUERE, BRET LEBZRAPT EF-MKSW-4D-11 8 diR g
Hifk, 7E640°CIRIE1045H;
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(4) RPAFIuk4SECFTT IR AN 2, (A Rk 2 o TR SRR BT
HIEKIZWX-BEY BRI 5 14 U O P R R A 1

2.3.2 2% Y,0; B BaTiO; B E £ S R R 454K

(1) $BZ Y,0; I BaTiO; 2 & 54k

PTCR P& FURMAFHER AL DAY, ALi L B MR EES. 25
BaTiO; &AM T F ERZ T BHHm., LiEEBRER/IE, BA
RS FRIMEBRROME, BABETFRRUERRRE S, B
i, HEAPRI AR K. LEEBRRERN, BRAMEEARE, BRI,
Ti—O AT Ti'PHRET, HTASNEHETE S, NTTLHEREL S,
ElF Tie REEAL, HMAEEREES, BHEERK. LHEBA0 BT/,
RAGBRRAEV, , RRESURETIR, HE2RNe, hEs
K. REHEBRETRERBMAEZ MMERTUMBET SR 5 SR ER0ER
B, Y,0;KiBESHEAEEKEREWE 2.2 Fix.
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01 02 O
Y,0,content{mal %)
B22 Y.0:BREEFRBHERNXRE
Y,0; KBREESZREEFHXRREMRN U BH%, EHEBESER/IM
X, BRTHERD, TRHMERK. MEBIBAS BN, SEAHEZM
PLEREMR, IHBRERMB|—ENBEN, TREMREIRME, HNKBAS
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ERBESE. YHIBAEEIRESE, AMEREBASBNEM, SEHAH
R M.

HREERERMT, ERAEEBRXEM RGN EFER A,

1,0, > 2Y; +20;, +%02(g)+2e’ (2.4)
ERBEXE, Y HABBaTiOs h B> L, FE—ANERNATF, HBEFRFERD
MF, AHRIWE, BRERT. HEHESRBOMM, R OKER,
R RN, EBZEBHERED. MENEFULENEESESEEEFMNX
R, WREDEBD, BT REQADHT, EERSEMEM, Y03 A REER
%, BH—ENEAY,, .

MR B 3% o=nep, RHcRBIE, BIFRRE R AOBISL nh BHETFHRIRE, p
RETEBE, dEPEEGTE: [1]=[e]

FRAMREER TS EMNMNTRD, SEESENNE—eEN, METs
MEAMEREE, MR AISREEL TR

Y,0, > 2Y; +30;+ Vg, (2.5)

HF B FREnEM, REY #AZIB M, Y B —A BT, Eha
XERMETF, WERKB HHET, 5V, ¥, BRRTHRE, EEgd
TWREnD, MK ESRHEK, ER AR M.

i F B 4BaTiOsMI &S, PTCRAUPCRET BAMM, SAHMIU ZER, #
BRETERBIEY. WHBTLTELNREARLER, Ridk:
_ &N}
_8eoswn
A, eaIMBRBEG TRAERNBREG o EENBRRE: NsHRESFEE; n
AE B ERE

HRA R B e TR B-SMERE, H:

0]

(2.6)
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Bh A H KX F AT HEERX

87 = @.7)

HARQ.6)FQ.7)B3.

2
N(T-T)
n

RUBEE T IR, BN T REZES, A T SRR L, HEPTCRUSHAL,
HTRALESNRE, ARGE, BHELOEREM, o REARWRIEEZ
RS . BaTiO MR EETSTCRY, Ry Ve, BLE B VI, A M PTCRIKRA

0] (2.8)

TUER, T Vg, MIXPTCRIEH TTRR, XRE K Vy, BV, ET>TCH A MZIRE T, TV,
WAgE, WA AT R 7R

Vi +e = Vg, 2.9)

V,, +e > Vg, (2.10)
19 Vi +2e¢ >V, @.11)

Kutty4% AWEPRSEK 4 R R W), RAEREREUE, ARIERBHNE
hifES, XRHERQRI5IEN. FHEKNRE V, FERETF, TV, MV, PEEE

BET, FEFE4EEPRES, Hik, MFRAFMHFITNE, PTCREMRETHEFE
MrfEERBREU LB,

/N BaTiOs#PTCRE AR EH, PTCREMKIFEANHE FiHRkBHREN &
MERERERE TR RREU LHBREERTRRET, REEERNKSGR. B
WEREAMRH YRR, BLASUEEIZ RS AR LR, BT R R NYIRE,
REPTCRAMM, KR A HRN,

(2) BREFFHENNR

PR RPTCRIS KBFIEY —, ERUI T RHEMRENEL. FHEAEE
BESSE, WAPTCREHRALRBEEMNARIAT, B U LRERESE
fER, HmPERRME L RS0 H B2 3/E2. 257w

15



|

-----

FE2.3 FERRRRIR R dhek
£22 BRY,OHERNAS R

FamiR g a b ¢ d e f g
Y05 B (mol%) 0.1 0.15 0.2 0251 03 0.4 0.5

i HBER(Q) 3254 {9730 | 69 | 2.805 | 2.280 | 7.970 299.7
B/ EME
Rmin(2)
RREEE
Rmax(Q))
ﬁdﬂ‘ﬁ.{(ﬁéﬁ)l‘ﬁﬁ}ﬁ 819 | 729 { 794 | 766 | 66.5 | 929 101.0

BAE R |
B {(E,g BT | p0s | 2209 | 2209 | 2209 | 2209 | 2209 | 2209

27.62 | 8.349 | 5.895 | 2.867 | 2.138 | 6610 2454

266300 | 32600 | 6762 | 2730 | 544.3 | 191900 | 35430000

BREET(C) 136 | 130.7 | 137.9 | 142.4 | 143.6 | 137.8 1320
AHRMERL(Q) | 5524 |16.70 | 11.79 | 5.13 | 428 | 1322 | 490.77
FEALL B 9640 | 3904 | 1147 | 1063 { 254.6 | 29030 | 144400

AOHEEEHERERIEFN43.6TC, BELI30.7C, HETBaTiO:MHEEL. F
FHE, HH254.6F 53144400, F ARREEHMER22.8Q. NESHEEE, M
EY.0:. 85 20 B 5 E £0.3mol%.

16



B b A K KA E R L B L

233 $82% Nb,Os f BaTiO, l &L Sk

BaTiOs i 23 S LI T 7 LS 1 B A MR AR = A B T LT A AO % S
th, FREATLURAIBO G, IS0 B FHATBRIUA R BIE B4k, AR RA
R HIND, O35 7 S TL BE 1 HUND® B85 M E BUACBaTIOS BRI T . SR 14 Y205 152
BaTiO;E:PTCH & IR I 7 VAR 5T 8 25NbyOs IBaTiOs i &2 4k, Nb,OsHIB I E S
FEE AR RRWME2.45T7R .

8
74

th
PR PO |

lglp/(R.cm)]

= N W
I WU R |

U T T ¥ 1 T T L L} 1
0.07 0.080.090.100.110.120.130.140.150.16
Nb, O content(mol%])

E2.4 Nb,OsHBRELZEBEENRRE
NbOsHIBRE S ZH RN X R TR RAMUE L, HENDOESHHB
RUHLERE, BREIFUNEEY,0,BBaTiONAFMFEI T4, HAMIUE H
Nb* BURBaTiO; I Ti* (E g % 2 4 SR MR, HRMEAWTF:
2Ba0 +Nb,0; — 2Ba,, +2Nb, "+ 60, +%02< g) +2¢ (2.12)

$7Nb,051BaTiOsZEPTCHI B f RELIEARG 1 Hh 2k e LB 55 I 2. SRIZR2. 3BT o

HAKERRERKE131.8C, BFE1442°C, X TBaTiO:NMZE AH RS, .
BETEEREFEMBR. R HHMEH3.2407 F112.88Q, FHELELH31.18FEE
459.5, (B HEAEBRE EAZ@N, FELESLED, PTCREMFRNRIRLT,
REABLAF. HIVTHENDOsMB L E #0.12mol%.




"0 20 40 60 80 100 120 140 160 180 ’EF’P‘ 22

EI2.5 1575Nb; 058 BaTIOEPTCH RELy BIIR A M2t
23 BRANGOMRERIRSLE

BEains a b c d
Nb,OsE B (mol%) 0.08 0.1 0.12 0.14
FRABEHER(Q) 12.88 3.540 3.240 12.52
B /)1 BE R min(2) 12.64 3.100 2.783 12.11
B & H [ fHRmax(Q) 3941 1331 1279 954.1
B/NEAERMRRE(C) 88.9 - 81.3 86.4 89.4
B AR MR E(C) 2200 - 220.0 220.0 220.0
ERBETC(C) 136.2 1327 131.8 1442
J& B P B R () 25.28 6.20 5.57 2422
FHEHLL B 311.8 429.4 459.5 78.79

18




b AR A EALE L AKX

2.4 KEING

HEBREXAEH IR, FE-NESRKOBRT, HTRERIELE, B
PIFAME T R B FAMERIGAIAME . I FAMEME R E ARSI BT, R
Zifrd, RILSWRAMTREERY, ZRFRBARET, HHEER, N
REIRE) 2T, FERERT. SOAMEMIERERERBE THA (BaM), 4%
ROZEFAMZET, REERERTHERD. EERESRIMN, HETiMER
BONGRALAME, FEAEREE M X SR A KB E A g, SRR TR, ZEAEE
TR Y038INb, 0553 5 5 74 BaTiO; EPTCHI &3 F4b, MBI BEBLEES
1 20.3mol%F10.12mol%.
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A SN L EEEE RS

3 NBT(NagsBiy sTiOs)#1 % Bt &

3.1 NBT(Nag sBio s TiO; ) ¥ #8948

AN, REEREEEREEFLUT LM Balios £EHEHEEE.
NaysBiosTIOs(NBT) L4 EHEE. BREARTHELRE. MEREHWTHES
Mg A M TAE &Y, Bl NBT ZEHEHBEARFEEEUTIL
%: NBT-ATiO; (A=Ca, Sr, Ba) . NBT-BNbO;(B=Na. K)FI NBT-Ln B4 %R, &
NBT, KosBigsTiO3» NBT-1/2(Bir03Se;05)% 81,

EKRR B BN ay sBio sTIOs (T FRNBT) & — AL & F U B & 45 4k0 Bk B4,
Hekmt T19614F HiSmolensky™ & B, T EE AT LM, RAosA'0sTIOBkERE:
FEMBEAEDY, EHNTIHHIAM ERSED 4HH, NBTRASAZHRER
ST 25K 2 —PY, NBTHRALEHmE3.15R.

B3.1 KBRS RS
FIRTR A (ARD) M —E PN BT 5, B—FEB BT HE. 41 L, NaO),
ZHEAEMBIOZHAERFGHRERL, —EFEMNRTALSERANER, BRAVHES
B F(NaosBios)™"
NBTEH B E A ZFFIS, 7£ 5/ T & =778k (a=0.386nm,a=89.6°), 7
230°C it NSRBI 28 Rk FBAE, 7E320°CHE3R R A IR LA, 520°C A L#45 45
FrHPY, NagsBio sTIOSXFEEARL HIF BRIV A BB T B0 E M T2, JARAS

20



BF AR K ¥R E &R X

SRR E328 7R
.3
b ] BHE
.7 ] Qe 23T @
(RE)
Gt |2~ 7
F@) =
[T \w|[T| =
=z =r
E 23

E3.2 SRRRMBIIARR LR

NBT&A7E200C T A=k, fBREER320C, 7E320°C LA EHZ AN
#, {B7E200~320'CZBIEAFLEE — A%, AI7ZESk BN A R 2 [RIEAF1E
EH-AHRX. OHHOFREREAR, EXMEREEEEE RN, Nao sBis) TIOs£=
FARFIDU T ML, —EZ AR R — MRS 2R, B, XA
AR AR = AN 7 AR Bt R A A A AR B EE R RN, FiRME
MEERRKHEMRTEXMNERFE.

NBTHITcA320°C, kAl 5 REKBARKIHE R MTp=200C, REAEEK, EHREM
RE®KESE, FERLERENEE. RN, HeREREREPY, NaoRK
HEKES ERY, ¥EETENY, BRESEED, HRERMEERETEREE,
MR ERERENE, UETFABIRONBTH & UL RS R, FIRRH,
NBTH TR B EARE A8 T NagsBigs)™, REEBREMEKALRNEE
BH. AMBFHEREMEENERBE. NERBERE. NUMARES. BRBWL
B RFGREGEEREEEEREW. Bil, ERS%EE ERRMBIRNU
NBThZ, BiTA. BAL, RrAlRARHBIER L SEBINBTEM & HI LR o

3.2 NBT ##} Bo#l &

£ NBT BiROBRE. &BEHI&LEY, HEE-RINDE, LENYERL
2. WENGZEHRE SN EARMEE TEAMEEFEENXRR, THE
TEEHREWMEMLEHRSS . YREHMERHNERERR, ReaBNT
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A N Y L EE LR R

ESHR UM EERAL R R EE AT IR A
32,1 IRNESEEREH

(1) LA

FRE SR B A0S T A P71 TG328A. KSR 0.0001g, B KEFH 200g ]
BT RT: REMURRI RS K241 QM-SB FERIEN, REHENE
FEMR, RENTOABEMR: TERE&LBHINAXREY, BARTEERE
i) WK891 BUERBAE: Ferti R ZRIEM R
) EER¥

AHAFTRANERE MTE=EMN . DL E AR, SRR . &
BFKMEKZE. BERMELE 3.1,

%31 EMMLR

SRk 4 8 R
Bi,0s3 AR | >99.93% LEEEHFAAERAE
FK NayCOs | AR | >99.8% BT
TiO, AR | >99.5% HAbALsth ERTFHMEER AT
TAKZE | AR | >99.7% R T T
£EFK | AR B

322 LBTEREA

AICRAHI & EARE AR NBT $irk, ETEHBEN: SRR SRR E LY,
BRFREL) — BREE —~ Bt T3 7 —~ & A (850~950°C, 2h)— Bkl i 1% — 7E TR BE L BR BE —~ Jit
Fitds. ’

K P E A% NBT Mk e & & 3.3 Bim
(NaBi),,TiOs ¥ AT B LECA 4y, HBECLLWR 3.2 iR,
% 3.2 % NBT MR RARC LR
[kt Na,CO; Bi,03 TiO,
JE/R L 1. 00 1.00 4.00

22



G B K E AL F AR L

A

860 2h

300C/h

600C

250C/h

Bl 3.3 4% NBT ¥YEH B sk
3.2.3 LRI RFNAERE

SRR EBFRMEAERNTKZEAREN FERERT, £/ 60 BHHT
S HIABER: UEBTFARANRERE R EAD R, KoK 22 8 7
BRI, FREEEA SR ABR v . TR KA PR B AR Z P
T RTH A F SER B B N IR AT 1R LT RO

DAERBE TR RERE R RHERE ST, BTEHESORE. TR XH
FROBBEARERERE, UBTHRTREMADHR2E, THEEEEE NayCo,
REHEEETKEERN, ERAERTEE FKNEBETENER NaOH, HJ7
BATRRA:

REE
Na,CO, + H,0 = 2NaOH { +C0, 1 3.1
2 W T, NaOH KA —EM R B REME RN, HTBRATRRHR:
) iR
2NaOH = Na,0+H,0" (32)
211
Na,0+ Bi,0,+4Ti0, = 4(NaBi), TiO, (3.3)

R F TN A SRR RS BRI, S AR R A4 I A AR NBT,
ERH &R B ARRR. Hl& NBT KUEHTERTRRAN:

i
Na,CO,+ Bi,0,+4Ti0, };&4(NaBi)05 7io, +Co, t (3.4)

23



St L EE L

3.2.4 NBT #HI Bt BERAE 75 % -- IR LA 3 1

X575 (X-ray diffraction, XRD)E AR L €Y A AR St mE
BT A EERAXRDAHTHEME R SIS . PR
F& B RERBR MR AT HOBATXRDA T, B XS A5 OO BT 2 i ghkl
A F|PANalytical B.V.(JR CFIHE MRS =1, A5 &y Pert PROK!, LI 54 K-
CuKa$&4t, BH1K1.54060A, FHEREES, 40kV, 40mA, HFHER10%/min, WAKEE:
0/05520/04% . /1 FE EHLME£0.0001°. L5 R A3 AFT7R

(102)
cun‘t

1200} __ @m

oo} 5 EBIXK

v Bl 14T1206 624
800

(1a1)

600¢

1001

(110) (-242)

2001

)
10.0 . . . . . 70.0 2Theta

E3.4  860°CTkeH|%NBTHHEIXRD AL B
PIFRIR BB A B & NBTREHES2 68 LB R B H RN E A AR, BRUXE
FIKERBE MR EL XS AT 5T RS E R RIS E K B L TR B R 2008, KRR,
Bi; 4Tix066240 MEEARKIBEIE B ST T BRI MNBT IR A KSR MR, BEAL
W G UEBEFKAEENRIKINBTAYE &8 R RN END R H A/
ALY, EANBTRRIRIZBERAR. DAERE AR E N B % HINBTA R L% 5 71

SR, BRWMITIEGIEKINBTRE I R 45500 4, EE, MmEAnrgst
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ok A H X 2R FE A # X

M EHYWER RN R, Fit, WEHENBTEE R RS EIRE K.
EfESERHE NBT MR T ZHEREENRKART, AT REDEH

AR5, BERERR T RIS RAS E—HT0E . TR AERERER

BHELE 950°CTgE 4h, EREEMCTIIME, JEEXHM XRD 4. REFpH % NBT K

e 2 F1 XRD RE 1% Bl 43730 a0 3.5 F1 3.6 Biow.
mn‘ &

00T/

600C

TA

|-
»

K 3.5 RETE NBT KT L

Cont -102)
10000 -
(101)
003) @20
2500 (-123)
0 ““rrrrrrrer | RARARARAL | RARAARARLE T AR BAAALARL T T T
20 30 0 80 aa 10 80 o2

Pos. [* 2Thetal
E3.6 950°CTpeHl & NBTHBHHIXRDAEE B
WYX ST AT S e B (A 55860 CHUS I & NBTHIAB R, & HU4 il by
BE, =EEHERE. XEHTES0T kB FRHI & KINBTH R G4 41,
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£ P HBRKEHA LT LB X

BEMAR RIS, RNLEES, SR,
33 KB

NBTR —FAM S TR E S50 BBk bR, JL/ERREH320C. 4351
A BT AR 0 IR TR & FINBTA K, XRDAMTR P& 46 LA EHRE
PSEKT G54, HEMEARSENEETRE-RIINLERL, EREEMREAY
S, FtHE g RENEENR. $HREHEIS0C HRT4h, XRDAHTRHZ
KINGEHI & R R N LB e 2, AR
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ok A H K F AT S HE B X

4 FPEIo i REE PTCR AKX B RIN B

4.1 31F

B Ak 22 B 33 (electrochemical impedance spectroscopy, 45 5 A EIS) 7E -5 A AL
IR R A AT BE L (AC impedance) , JR A& F 2 FATF T 2k M L e 0 48 A3 R e S A
PR —Fh i, R—FpLLNRIB R IE SRR AL BRER) AN E S 1 B E 5
B3, mn, BXER—MARRONER S, FIA/MEEEZLRE S agh, 3
MRt RIERRAR X R ERRERE oL, U BARA T, TR RS AREA
B HRIE. SRS . FREXEMRAS, A, RAERGRI®IIN, &
PR MRS S B RO IR BAR  — R+ EE MR EC. B
AITERRME BB KRR 3 o MIBHERE o, BEAmBMERTRE 7B IME &
BERTS 5 BRAEERE, MrENEGEAEETmER Z4EH.

4.2 ﬁ/}lupﬂﬁi%:m“ﬁgztﬁﬂ

RHETIERARAT L BB TRITARRBRE AN EL . L3tk
ol RN — S AR B /N R B IE SR AT F R B (5 S 1

V=V_sin2nft (4.1)_
TERE R P RS — & B IE 5L 3T I R M Y
=1 sinrft+6) 4.2)

Rep v, B ERERESHIRIE V), 1 4B iRIE A, 8% Hz, Bsh).,

IR LS 2nf=0, o A AHE. RERIBEB D, BROMESTRBERRER
HER, B, EMN8HEL—BRTAR, MuZRABEARRR. BESBRERNIE
VIREFR A BESZ, WAV, /1 RRR|Z], HEEI,/V Y],
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R N Y EEE L R

FHMZENES, hTHZEE PHERTEIERE —ZR, WRAS5BEITEARRE
MRRFTE, WX @4 3) iR,
7=7'-7" 4.3)
HApzZ Mz 3R R EHZE L HFER, M2 2B, EH2"EEH. XN TAR
e, BEZ AT BER I A BRI .

&7 =|Z|cos®, Z =|Z|sind, NF

Z =| Z | (cosO-isin0 ) 4.9
FHZE R FHRKNZ REWE41 7R,
: A
Z "
1
0
»Z'

B4.1 RRAHZHE FHERE
EAZHIERT, ERZRINBFOEE, SHEMERILEL.
_ 1
2nfC

KNP RIE, CREE. BEHEMRMEMRENZRUTRILK, HItRMENH
. ERRSE FRER RS, BRI RRRR TR
Stmntiae, XHMARALREEE. SHEGERT TRz MERZ 25, &0
PR AR S AR

"

(4.5)

Z = Z|(cosB-isind) (4.6)
R |Z| REGIHE, OXAEMA. BMRRTELZERRRE:
|ZI=N@Z) + (2" @7
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£ bk B B K FHL: FEE B X

tgh =" 4.8
g=— (» )

4.3 FRBIER -FEHRIEE

LTI BAR R AT T IR AR IE R EEF B, BT EAMUAT A5
PR ETRERNSHER, XomA. &ALk BERAETESEENAFEE,
T EL AT DUKHE @A, & 5 & H iR 5 A e SR e RE Y B A Tk AT & BT . X
FHERP, REEEYTR b SR RRE R RE, A THRAMEREEE
AR TEERE, B, SRAEKEEETRE. ERES N AT ETE R —/K
RS B4 27

| paoiaErs |

}

[ mausasmm zo) |

/\

I EHHER | } Ty
I —— :
| swwmml o sy | mase |

H5r. BRAH
A 2

SRR R

[ Y

B4.2 —BHEFTERAREREE
BT P R TO A — A P R BB AR B, T M R R A R BB R 2,
K5 REDEEWMEIM. BaTiOsEPTCH AN & —RAF AR IR ERIMT, &
REEMEE RSN GN BRAEET S, WE43FR.
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£d BB K FE R F A # X

7 SR
/ 17

El4.3 PIAHM R R AR AL
ZHEERT, AR AHENRAZRIT. —REN T &AM EHERTE X
FRPLEEEE, Blpg>>pou, BRE BIICE D SRR BRI AR, DAERES
T 5 S AT ATE P BAR AL PR A . ISR R AR TE B R P E, RS SR AL ) SR
MEAX R B, HEFRRmE44PTR.

Regb
Regb Rb
o= |
Cgb
row— s ] -
Rb
Cegb Cb i
El4.4 droRLA &5 5 52 X P PR 4.5 dRRLA AR I L

R SR TR A T B SR M, Wppac>pg, MR EEE L 53
PR, AT SRR R SRR B, PR MR SRR A, RSNk
nE4.557 7

R R () B S R R ST B SN PR LA T LM B, gy ppunfI2E
Rl bR, PTCRAMBEEIMIKRL, FHRA AT RaBLRATE, ET A%
B, IR AR RS

4.4 ZRBEMAER B

FaEAE A 0 0 S R e B R SR R BRI AR S5 8 0 T A i R = A0
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b H B XF AL FHE AKX

A, SR @A HARR TR A 3 HERRCEIB A SRR, REBFAT

FAR 75 1) () e 5056, PTCRF &2 B Bk 1 1 4.6 FT 7
ST RN — RS 6(a), HEESHBEETA

- L * *
mel = Zl +Z2 + Z3
c Electrode
. interface
Bulk
G R t ( in)
Grain
Co Ry Co boundary

---------------------------------------------------

(b) @

Kl4.6 PTCREVERFHH#E
(PTCREGE—MRERHRE  (b)HEfl ffE /M PTCREE R B % ]
(c)PTCRH 4655 24 i B

1 R, 1

Z; =R, |- = - =
1 = joCy 1+ joC,R, __1__+jwcgb
gb
. 1 R 1
ZZ=Rb” (l)C =1 .bC,R=1
JO% + ol L, —+ jwC,
Rb
. 1 R, 1
2R, " v jucer,~ T
JoL, + Jwlen, —+ joC,
Re
ZAN@.9)-(4.12)5:
* 1 1
Z!alal= + 1 + 1 1
—+ jwC —+jwC, —+jwC
" J gb Rb J b Re J e

4.9)

(4.10)

(4.11)

(4.12)

(4.13)
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£ F AR K FRE B R X

AHP: R, R, R FHFRMEF BT SRAFHARKREE, C,. C, M

C, SRR S SRR AR A R A {E .
Bo—0RF, GRL. & A5 AR SRk B A T A A S 2 R BELx LA G PR
BRERBR, WM ES A LR R UZRE, BREE AN, fl4.13)

B HATRES MR EERAE. BARAEAMAEIELEA, 2, =R, +R +R,.

Moo, /MOABAE MR P BB E R BIRARA, EE AT LR R,
WA E R AT, SRR RERZ, =0, MERSANR, BE
SHER.

FESR 1 N B I ARe, AT AT HBES 45 SR, S0 T b Hi 2
MBI R RE o ZEITE NSRS, L 5T S0 0 BEL RS BR B (4K,
SRR A B R R AR . B UR B KRS B R, 52
R PR A0SR R B IRBEAT RN, BRI F A SRR . [, 7
EENE, BRMGEEIER, mkR AR, SRR E RN

2 R I 30 P R 5 M AT O, T e R 4 P BEL A
AR T MR B AR BT DL 2R, T RARIMEL 6O RN BN . 47
8

i—’la)—>0|ﬁ: %ﬁ %%E‘]E’J‘ﬂﬁ Zt:)tal = Rgb +Rb ; %m_’wﬂq" Zr:ual =0.

FES B BRI B EE AT B RN, Fr, REARSEHTRR
P BTN i, Bl S/ T SR 5 S DI S KL 5 R BV JRE, 0
REERE, Bld<<d<<dy, din dpe dPBIRREAM. BRAABRIEE. BRIEH
RIS BEMERRN RO A T, ERRHEARC = e, 4/d VA1 : B
SRR AR N T B, AR EAEEEAT REERNSAE, B
C>>C>>Cyr Crv Co CyABIR AT AN, RAMEBRM B, B{EAEpE. nFRIF
WE A BRI BRI, SR AN T AR A |
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b A H K F AL E B R X

4.5 ZRMAMILAIFTRE-Nyquist B

LR M RAEEEE NyquistFl. EHESHE. ZEHEER. BodeE M
Warburg® T, F A Nyquistl &2 LA BT R 3(-2)* L 3R(Z), R KB HIE R
HERRER, HRHEERRANZ=2'5Z", FENyquistE bR RBRHAZ"~Z'E, X.
T E g R A Cole-Cole . EFHHTFHEIE . & #PH A 2 Argand - 1 & (Argand space
plot).

AR SEH BENARBRRSESEH, BRTHRERMENYEEREHRS
PR —FhE B A . % & B AR Ny quist B 5t R34 Bt 7 B 8] AR [R] (it 72 (34
EH) o PIRCEIESELT S, E RSP RHG F FHE Nt 3 MK K HES | 3 B #
F X =AM B M ZE B AU R T L & SR R AR LU SR . 4 P B L
o T A0 ELAR KT MR Btk R M R A AN T s i, HLSE AR R W E14.6(a), Nyquist IR I
HEAT(a); LRSS BT RS AR, BARMERZRAT, HERmEmE
4.6(b), NyquistBElRI A E4.7(b); LRbIHHEAERN, HEPMER BRI, K
LR BN E4.6(c), NyquistERIL A E4.7(c).

z° /0

~ O\

7/0
(a) PTCR Mg % — Mt S5 35 B % B {9 Nyquist ]
wrp~l
g o
& Ny X
= 2/ S ¢ R zfe Ry,

(b) 3k H /N PTCRE AL FEBR Ny quist B (c) PTCRA 444528 i % ANy quist B
Kl4.7 PTCRMGESE3 L B Nyquist &
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o A KK ZTHAEE L #® X

AR R PG B N R AR RN, BT, BTFESEEATEMEIEN
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