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Abstract Positive temperature coefficient of resistivity (PTCR) characteristics of (1-x)BaTiOs-x(Big 5Kg5)TiOs3
ceramics doped with NboOs were investigated in order to develop the Pb-free PT'C thermistor available at high
temperatures of > 120°C. The PTCR characteristics appearing in the (Bjy5Kio5TiOs (<5 mol%) incorporated
BaTiO; ceramics, which might be mainly due to Bi*® jons substituting for Ba*? sites. The 0.99BaTiO;-
0.01(Big 5Ko5)TiO3 ceramics showed good PTCR characteristics of a low resistivity at room temperature (p,) of
31 Q- cm, a high pu./pmn ratio of 5.38 x 10°, and a high resistivity temperature factor (o)) of 17.8%/°C. The
addition of NbyOj5 to 0.99BaTiO3-0.01(Biy 5K 5)TiO3 ceramics further improved the PTCR characteristics.
Especially, 0.025 mol% Nb2Os doped 0.99BaTiO;-0.01(Big 5K 5)TiOs ceramics exhibited a significantly increased
Pmax/Pmin Tatio of 8.7 x 10° and a high o of 18.6%/°C, along with a high T, of 148°C despite a slightly increased

pr of 39 Q - cm.

Key words PTCR, BaTiO;, Lead-free, (BisKo5)TiOs, NbsOs.
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Raw Materials First Ball-milling Drying
(BaTiO;, Bi,0s, K,COj;, TiO,, Nb,05) 9 (24 h) 9 (120°C)
Calcination Second Ball-milling Drying
9 (1000C) 9 (24 h) 9 (120°C)
) Sieving ) Pressing ) Sintering
(200 mesh) (1ton/cm?) (1350°C 4h)
Electroding
9 (Ag-Zn) 9 Measurement
Fig. 1. The flow chart of the experiment.
T AHE AAS BT O A2l A 38 pClem’) 3 A EE 120°Co4 AN F, el Yo &
=2 I B 73 kvieme] 78 F71F 545 4, SFEY 2R ¥ 1000°coﬂ 1 2A17F dkanst
MEE BS T, (20002 7KE BINT AREE AT ad ERe T 2447 F9 FUH o
120°C °]’3¢] T.E 7HA= FAA PTC AMvI&H &4 2 B9k 12 & 249 Aaie 958 29
o] EAS EAZA BINTE H7H] teksiAl 7 (@: 10mm)oll 1ton/em® ¢ tEo 2 T]A3 FE o A
7b = o] o3 YUk HE 4= st AP E AlEES 1350°ColA 4
BiIKT= BiNT9} tlEo] tiEA] vlgA b &4 & AlZE B9t 2233 AlgE Al 24+ 9 mA
ShUEA BIKT2 T BINT Rt} 2 380°CE 71 +&2 E4S 989 Z2 XRD (Mac Science KFX-
o}, ot olug} BiKT-BINT Z&49 9A 2 oA & 987228-SE), SEM (Topcon SM-300), HRTEM (JEOL

dell Bgt 7129 Barel| mEW, 7144 FAAT (Qu)
£ ARl ANNAEDZAT (ko ke k31), T (e5'/

g)), YHAF (ds)) ol BiKT7} BiNT Bt} =gtV
webA, BIKTS BTo] 283 Ala}y e 79 BT-BNT
IEART =2 TS 7Hd ¥ olvg} BT-BiKT A2}
B oAl =Y =REL] H7HE Fete] PTICR 545 9
T AS Aotk A EHE FHrtste] Ti AHE 2%

gk BT-BiKT Wt/ Alztee] 7724 54 3 PTCR 5
gl tig A= 7] o] FoiRX] FodTh wE £ A
TAME 120°C o9 LEolN &8 7t 3

Aes 7HE AEE 7 PTC AV|=E 2 7Y
at7] fl8ted Nb,Os H7HdS ¥sHA171 BT-BIKT A2}
9o A2 PTCR 548 A3l

2. ¥ ¥

Il

H A¥o)He Fig 13 22 Lubz<l
ANHE AZelRom, 99.9%] I<4% BaTiO;, BiOs,
K,CO;, TIO, &8-S AHEStY B-we 3¢S H4s)
3tk (1-x)BT-xBIiKT (x<0.05) A&} =oE 232
2 Nb,Os (99. 9%)E e 3 2, Nb,Ose 0.02 mol%
MR H7Ve &, QB ETS AAAES AFEsle] 107
7HA] Zé%lo}ﬂl Jé 3 & Eu-S HDPE (High Density

R Rl

¢

Polyethylene) jardll ¥ol SHTE TR dke] 244
7k & A2FYot 5 o] &dte] EUHE FHsIUT

JEM-4010)—% o] &3t EDS (JEOL JSM-6700F)%
o]g&ate] s EASITE g A% A|He] PTCR
7] $18t9 Ag-Zn H=E tl=3e] e
F&AAA T, 2ol A EE 300°C7HA] 2
TE %37}/\171‘?3*1 5°C 7¥ALo 2 AHe] Ags 745}
Atk AgS 2743171 Y58k Digital Multimeter (Agilent,
34410A)2 o] &3l o 2 (2-1)& o]&

st HIAT p
£ AXtstsir
p = Rx‘s Q- cm) @-1)
4714 RE AF, d= A8 T, 4= AW WA
ojt}. Egt &% W3} 1 g A 71&715 UEil=
A 2= A o 2 (2-2)ZFH At
RZ
logR—
a = 2303 x L (% -°C) (2-2)

71, T, T, T, T,+40°C, R;& T,ollA1¢e] A3,
Ry= T,ollAle] A goln},

=}

3. Zz ¢ 3

b=}

Fig. 2= 1350°ColA 4A7F 243 (1-x)BT-xBIiKT
(0=<x=<0.05) Metee] XM 3HEA AxE HofFErh B



4 BaTiOs-(BigsKos)TiO; PTCR A2k} PTCR £4

E ARE A§2TllE A TEE YHHROH 4L
N AWYde LeRhIth. B3 BIKTS] sl ue

=
= %*é—% %‘o}iﬂ 213t
BiKTS Z&%S WAzl & 2= Wslo] mE v
& (S 54 F Fig. 39 ‘/]'EPH t}. H]E Fig. 3]
E UJEA ZA N BIKTS &84 e A|H
5mol%%] BIKTE &3 AlH (Fig. 3(c) #x)9 F
A9 BF pol 10° Q- cm o1l AAAE =
om PTCR 54 YehA] Ut SHAIRE Fig. 3(a)
oA HEo] 1 mol%e BKTZS &3 0.99BT-0.01BiKT
(BaBiKT01) A=tH 9] A$- pol 31 Q- ecmZ ¢ v
*kom, 135°Ce] T, 2A oA HIA o] 543] S7tske
PTCR 57| Yetyth Hud @¢e 5=31& 7=
Bi,0; (~824°C), K,CO; (~891°C) & BiKT (1070°C)Z
Qlated, 1350°ColM 24L dh= 59 BT Algtel9] Ba”
siteS | 3hslE Bit9} KT o] dR7t g o
ANETH Zhao 5 Ho| wEW (1-x)BINT-XBIiKT
Algtele] FHHE54 2 4d 540 33 AFelA
1130°CAIA 223 BIKT Al2k4 o] 735, Bi 94:9] 4
dhof 9ate] K, Ti;Op Aol AZEHUTE? A 2 A7
NH= Fig. 20014 olm] BR1EF3Ize] KyTisOg o] ¥
92 &gkom @38 (1-x)BINT-XBIKT A2t ] A&
.5'__/\4',] 7:1‘,,} K OJ)\7]. )\]—EHXA oz ‘:'}_6‘1-0 01— _/':
Atk (Table 2 #=) AAZ 0.98BT-0.02BiKT A2}z e
EDSE ©]&3 AZF4 4 A3}E HoFT= Table 19
ME & F %ol Bi Btk K A9 3dE Fol &
2 ¢ & ANk 1350°CY] 1 AF FAS AR=
&<t Bigk Ko 3 &= zpo]R Ity HFTolE
T%9] BT AAIA Ba”? #AHg S X8t F3 o] Lo]
Bi"? o]l Ao Ay} uwlebr, BaBiKT0l Az}
Jo] 7 e p& o) A(3-1)F zFo] Ba? A
A 33he o]0 F=2 U 3719] Bi? o]0 ¢
ZAAFE ¥ (electron compensation)>2 WEH YA}
71918 Zoz wetHn

2 1o o ¢

>~I

o

ol

2

BnOs—> 2Big,"+20,+ %Oz(g) +2¢ G-1)

S, BIKTS] 88 o] 2molib Z71ate) wiet
g2 HIARE S7F8AL PTC jump 5492 23] a
e, = H%ol AskE PTCR 54o] vehyttt, PTC
jump 581, pudoninS AT T, G F-2oAe] A
"ﬂ‘ﬂlxﬁ} ([»&mx)ﬁr FH A 3 (onn)@t el FHZRL HIE 9
ujsit}, ol g3 af EESH PTC APH|2HE A&
S Frhsle £23% 245 F9 shyolt}h. dutxgog
BTAl PTC AW]&=H &A]¢] PTCR 542 Y=ke] 4%

lm _l[

o] HXIE Nb,0s2] &3} 477

(L]

E R D B R W
Sl
A L ﬂ L A ®

20

Fig. 2. XRD patterns of (1-x)BaTiO;—x(BiysKg5)TiO3 ceramics
sintered at 1350°C for 4h. (a) x=0, (b) x=0.01, (c) x=0.02
and (d) x=0.05.
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Fig.3. ii-T curve of (1-x)BaTiO;—x(BisK5)TiO; ceramics
sintered at 1350°C for 4h. (a) x=10.01, (b) x=0.02 and (c)
x =0.05.

Table 1. The quantitative atomic ratio of 0.98BaTiO;—
0.02(Big 5K 5)TiO; ceramics sintered at 1350°C for 4h, analyzed
using EDS

Atomic%
Element
13] 23] 33]
Ba 23.05 23.56 20.49
Bi 0.45 0.42 0.42
K 0.21 0.12 -
Ti 16.97 17.72 19.32
o 59.32 58.18 59.77
Total 100 100 100
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Table 2. PTCR characteristics of (1-x)BaTiO;—x(BiysKgs)TiO; ceramics sintered at 1350°C for 4h

Sintering temperature

Resistivity at room

Magnitude of PTCR  Resistivity temperature

©C) x (mol) temp.(Q - cm) effect (Pma Pmin)(x 10%) factor (%/°C)
0 - - -
1350 0.01 31 5.38 17.8
0.02 186 0.45 10
0.05 - - -

5.8rm 1241

20kV 2kx

Fig. 4. SEM images of (1-x)BaTiOs—x(BisK5)TiO; ceramics sintered at 1350°C for 4h. (a) x=0, (b) x=0.01, (¢c) x=0.02 and

(d) x=0.05.
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Fig. 5. XRD patterns of 0.99BaTiO;-0.01(Bi( 5K 5)TiOs—x
mol% Nb,Os ceramics sintered at 1350°C for 4h.
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Fig. 6. p-T curve of 0.99BaTiO;—0.01(BijsK¢5)TiO;—x mol%
Nb,Os ceramics sintered at 1350°C for 4h.
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NbsOs— 2Nbry "+ 40, + %Oz(g) +2¢ (3-2)

Fig. 72 21338l FabdArdnd o= #2493k BaBiKT01-

Fig. 7. A HRTEM image of 0.99BaTiO;—0.01(BijsKgs)TiO3—
0.05 mol% Nb,Os ceramics sintered at 1350°C for 4h. The inset
shows the electron diffraction pattern of grain boundary in this
specimen.
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Table 3. PTCR characteristics of 0.99BaTiO;—0.01(BiysK.5)TiOs—x mol% Nb,Os ceramics sintered at 1350°C for 4h

Sintering temperature Resistivity@room

Magnitude of PTCR Resistivity temperature

°0) X (mol) temp.(Q*cm) effect (DmaxOmin)(x 10°) factor (%/°C) T0)
0.025 39 8.70 18.6 148
1350 0.05 30 6.68 18.0 148
0.1 35 3.15 16.7 148

0.2 -
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Fig. 8. SEM images of .99BaTiO;—0.01(Bip 5K 5)TiOs—x mol%
Nb,Os ceramics sintered at 1350°C for 4h. (a) x =0.05, (b)
x=0.1 and (c) x=0.2.
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