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Abstract

In the present work, (BasPhy 15) TiOs-based positive temperature coefficient resistors (PTCRs) with low room-temperature resistivities were
produced, and the effects of composition and processing conditions on materials electrical properties were investigated. For {Ba&g) TiO
ceramics, it was noted that an addition of double donog®©%h Nb,Os led to a lower room-temperature resistivity than that of single donor

Nb,Os. The resistivity followed to reduce when properly increasing the donor concentration and decreasing the accepjaofMe@tration.

The correlation of sintering temperature with ceramic parameters, namely, density, grain size, room-temperature resistivity, resistivity jump,
and room-temperature breakdown strength, was discussed. Metal Cr was added to ceramic matrix to further reduce the resistivity. A reducing
sintering and a subsequent oxidation treatment processes were employed, and the influences of metallic content and processing conditions ol
composite density, room-temperature resistivity, and room-temperature breakdown strength were analyzed. Low room-temperature resistivity
PTCRs were produced by controlling both Cr content and the processes.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Barium titanate and its related compounds are ideal can-
didates for producing various PTC components due to their

In ferroelectric materials, positive temperature coefficient high temperature coefficient of resistaric&he addition of
(PTC) effect is a phenomenon related to ferroelectric phasethe trivalent (L&, SB**, Y3+)>1 or pentavalent (N&',

transformation, grain-boundary barrier, and semiconducting Ta>+)12-14 donor dopants increases the room-temperature
grain! Compared with the lower resistance in ferroelectric conductivity!> On the other hand, as acceptor dopants,
state at room temperature, several orders of magnitude ofvin2+ or Mn*+ ions>1° are also usually added in PTC
resistance jump is exhibited when the material is heated materials. The acceptors are expected to locate at the grain
through its Curie point.Positive temperature coefficient re-  poundaries to enhance PTC effé®t?

sistors (PTCRs) have been extensively used as over-current For the ultimate goal of fabricating low room-temperature
limiters, self-regulating heaters, and temperature serisors. resistivity PTC device to meet the requirement of over-
The over-current limiter has attracted more attention be- current limiter at low voltage, in the present work, the studies
cause it can provide the protection, and hence the improve-of compositional and processing effects on electrical proper-
ment on safety and reliability of the products. However, a ties of the (Ba.gsPhy.15)TiO3-based materials are reported.
challenge is faced for this application, especially in micro- Sh,03 + Nb,Os double donors were added, and the con-
electronic circuits work at low voltage, due to the relatively centrations of donor and acceptor were also adjusted. The
high room-temperature resistivityTherefore, an effort to  correlation of composition and sintering temperature with
reduce the room-temperature resistivity of PTC materials is materials density, grain size, room-temperature resistivity,

indispensable. resistivity jump, and room-temperature breakdown strength
is discussed. To further reduce the room-temperature resis-
* Corresponding author. Tekt65-67904590; fax:+65-67909081. tivity, metal Cr was added to a selected low resistivity ce-
E-mail address zmhe@ntu.edu.sg (Z. He). ramic matrix. A sintering in a reducing atmosphere and a
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subsequent oxidation treatment processes were used to fornra JEOL scanning electron microscope were used to reveal
composites. The influence of Cr content and processing con-the phases and the microstructures of the samples. The
ditions on composite density, room-temperature resistivity, average grain size of the sample was estimated from the
and room-temperature breakdown strength is presented. SEM image. For the characterization of the electrical prop-
erties, both ends of the sample were applied with the silver
pastes to form the Ohmic contact. A KATO X-Y multi-

2. Experimental procedure functional electrical testing apparatus was used to measure
room-temperature (2%C) resistivity, room-temperature
2.1. Raw materials breakdown strength, and resistivity—temperature curve.

Commercially available reagent-grade powders were used
as the starting materials. Bag@®Ix04, and TiQ were used 3. Results and discussion
to form (Ba,Pb)TiQ. SkhO3, Nb,Os, MnO,, BN, Al»03,
SiOy, TiO2, and Cr were added for property modification.  3.1. Dopant

2.2. Processing Fig. 1shows the variations of room-temperature resistiv-
ity as a function of sintering temperature for Samples 1-3. In
Table 1 shows the designed materials compositions, the investigated sintering temperature range, it can be seen
where AST indicates a mixture of D3, SiO;, and TiG. that, at a fixed sintering temperature, the room-temperature
Throughout the present work, the materials prepared arefesistivity of Sample 1 is the highest, next that of Sample
termed as Samples 1-8 based on the Compositions Showrz, and that of Sample 3 is the lowest. The reSiStiVity differ-
in the table. The powders and dopants for each composition€nce in samples at a given sintering temperature is mainly
were mixed for 24 h in a Restch planetary ball mill. The attributed to the doping effect. In general, eithepGp or
resultant slurry was dried in an oven and then the powdersNb20s added could lead to semiconducting grains. When
were calcined at 1000 for 2 h in a Carbolite high temper-  the two dopants were added simultaneously;Band T
ature furnace. Other additives were mixed with the powders Were substituted by Sty and NE*, respectively, based on
which were ball milled and dried again. The dried powders their ionic radii. The defect reactions are:
were pressed at 180 MPa to form pellets. The compacts
(Samples 1-3) were sintered in air at different temperatures*St03 + 2BaTiOs
(1170-1200C) for 20 min. The Cr-containing compacts = 2(Ba;_,2*Sb.3)[Ti1_,*" (Ti*" - ©),]03

(Samples 4-8) were first sintered at 1280for 20 min X
; ; ; + =02 4+ 2xBaO Q)
in a carbon reducing atmosphere, which was created by 2
covering the compacts with graphite powders. They were
then oxidized in air at 606C for 20 min. The heating and "
cooling rates for all the samples were 10 and®@hnin, b 5 ,
respectively. YNb2Os + 2BaTiOs
= 2B [Ti1_2,* Nb, >+ (Ti* . ©),]03
. y .
2.3. Characterization + E02 +2yTiO, )
The densities of the samples were measured using

Archimedes method. A Regaku X-ray diffractometer and 120
Table 1 100 |
Designed materials compositions:  &8Ply15)TiO3 + 0.04BN —~ 8ot
+ 0.1wt.% AST with different contents of dopants and metal g L “\ﬂ\_ﬁ/ﬂ
Number  Additive g 60r

SkpO3 (mol)  NbOs (mol)  MnO; (mol)  Cr (wt.%) S ao0f
1 0 0.0013 0.0004 0 2l o Samee?
2 0.0002 0.0011 0.0004 0 I amp'e

—&— Sample 3

3 0.0004 0.0011 0.0003 0 ol v =
4 0.0004 0.0011 0.0003 5 1160 1170 1180 1190 1200 1210
5 0.0004 0.0011 0.0003 10 0
6 0.0004 0.0011 0.0003 15 Ts(C)
7 0.0004 0.0011 0.0003 20 Fio. 1 Variat ‘ L th sinteri
8 0.0004 0.0011 0.0003 o5 ig. 1. Variations of room-temperature resistivityg,£) with sintering

temperature Ts) of Samples 1-3.
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Therefore, for SpO3 + NbpyOs doping material system, higher resistivity jump, while for Sample 3, lower acceptor
both reactions contributed to the semiconducting processand higher donor concentrations resulted in lower resistiv-
simultaneously, which led to a higher entropy of the lattice ity jump. With respect td=ig. 2, the Curie temperature for
system and hence a higher reaction activity of grains. In all the samples was determined as 180The higher Curie
addition, donor energy levels were created at both Ba andtemperature, compared with 120 of pure BaTiQ, is at-

Ti sites, which resulted in a higher effective donor con- tributed to the addition of Pb ions to form (Ba,Pb)%i€blid
centration compared with the single donor doping, though solution?!

the added donor concentrations were same for the two

compositions. Furthermore, based Bgs. (1) and (2)the 3.2. Sintering temperature

resultant BaO and Ti©could react to form BaTi@ and

continue to be involved in the semiconducting reactions,  From compositional design, Sample 3 has achieved low
which made a complete and thorough substitutive reaction. room-temperature resistivity. In addition to composition, sin-
A lower room-temperature reSiStiVity is achieved by double tering is the key process to determine PTC materials prop-
donors doping due to a better grain semiconducting pro- erties, and the selection of sintering temperature, sintering
cess occurred. In both of Samples 2 and 3, double donorsatmosphere, and cooling rate is important. It is well known
StpO3 + NbOs were added. However, compared with that the PTC effect could exhibit when sintering in air, but it
Sample 2, more donor and less acceptor were doped incould diminish when sintering in a reducing ambiéhThe
Sample 3, which led to a lower room-temperature resistiv- processes of a reducing or neutral atmosphere sintering, fol-
ity. It is noted that the adjustment of the amounts of donor |owed by an oxidation treatment were also reported to fab-
and acceptor should be appropriate, because the resistivityjcate PTC ceramid$2223, Fast cooling rate is required for
would increase if large amount of donors are adtfediith achieving low room-temperature resistivityln the present
respect toFig. 1, the room-temperature resistivity values \york, the sintering process was actually designed from these

of Samples 1-3 in the investigated sintering temperature hasic concepts to achieve low room-temperature resistivity
range are less than 100.0&m, and the one of Sample 3 pPTC materials.

sintered at 1180C is 28.00c2 cm. The achieved values are The SEM image of Samp|e 3 sintered at 1280s shown
relatively low for BaTiG-based PTC ceramics, as reported in Fig. 3 which is an illustration to show the microstructure
in the literature:19 of the sintered PTC ceramic, and, as mentioned, the grain
The resistivity-temperature curves of Samples 1-3 sin- sjze can be estimated from Eig. 4 shows the variations of
tered at 1180C are shown irFig. 2 It can be seen that all  density and grain size with sintering temperature of Sample
the samples exhibit PTC effect. Samples 1 and 3, respec-3. |t can be seen that the most suitable sintering temperature
tively, have the largest and the smallest resistivity jumps. js 1180°C at which highest density and moderate grain size
For PTC materials, the resistivity jump near the Curie tem- js obtainedt! 1190°C is also appropriate just a slight de-
perature is related to the grain-boundary barrier, and highercrease of the density_ At117Q, the Samp|e could be some-
grain-boundary barrier leads to larger resistivity jufifhe  \what under-sintered due to low density and small grain size.
value of the grain-boundary barrier is in direct proportion At 1200°C, on the contrary, the sample could be somewhat
to the acceptor state density and in inverse proportion to thegyer-sintered due to low density caused by lead volatiliza-
square of the effective donor concentratfdzor Sample 1, tion and large grain size related to abnormal growth.
higher acceptor and lower donor concentrations resulted in
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Fig. 2. Resistivity [gp)-temperatureT) curves of Samples 1-3 sintered
at 1180°C. Fig. 3. SEM image of Sample 3 sintered at 1180
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Fig. 6. XRD traces of Sample 5 after reducing sintering and oxidation

Fig. 4. Variations of densit and grain sizel{) with sintering tem-
9 vl 9 0 9 treatment.

perature {s) of Sample 3.

attributed to higher density, moderate grain size, and higher
Fig. 5 shows the variations of the resistivity jump and room-temperature resistivity.
the room-temperature breakdown strength with sintering In general, the temperature reported for sintering PTC ce-
temperature of Sample 3. The resistivity jump and the ramics was above 130€."1° In the present work, the sin-
room-temperature breakdown strength all increase with thetering temperature range is 1170-12Q0 Therefore, PTC
sintering temperature up to maxima at 12@0and then materials were obtained at lower sintering temperatures,
decrease. With respect f6ig. 1, 1180°C is the temper-  which is mainly attributed to the addition of Bh®26
ature for achieving resistivity minimum. It is noted that
the components sintered at these two temperatures posses$3. Cr addition
high density and moderate grain size, as showrkiq 4.
Low room-temperature resistivity and high resistivity jump,  As discussed iSection 3.1Sample 3 sintered at 118G
however, are difficult to obtain at one fixed sintering tem- achieved relatively low room-temperature resistivity. To fur-
perature for a PTC ceramic. This phenomenon is consistentther reduce the resistivity, metal Cr was added in the ceramic
with that reported by Zhao et &% when they sintered  matrix of Sample 3. A reducing sintering at 118D and
(Sr,Pb)TiQ-based ceramics. The mechanisms for reducing a subsequent oxidation at 600 (to enhance PTC effect)
room-temperature resistivity and for enhancing PTC effect were used to form composites (Samples 4-8). As an illus-
are antagonistic, and improving one parameter leads totration, the XRD traces of Sample 5 are showrfig. 6. In
sacrificing another one. The effect of sintering temperature addition to the detected (Ba,Pb)H@nd Cr, a peak of GC
on the room-temperature breakdown strength of Sample 3was found after reducing sintering. The formation ofCis
is actually the combining results of materials density, grain attributed to the reaction between Cr and graphite when the
size, and resistivity. The maximum of strength at 11G0s compact was covered with graphite powders during reduc-
tion sintering. After oxidation treatment, a {03 peak was
identified due to the oxidation of some amount of metal Cr.

10 200 Fig. 7shows the variations of density with Cr content after
L reducing sintering and oxidation treatment. Among the com-
st N posites, Sample 6 achieves the highest density after reduc-
- 110 ing sintering, which indicates a good densification behavior
E 6 E of this sample when compared with others. After oxidation
\,§ {100 S treatment, the density decreases with the increase of Cr con-
35_ 4t E tent. If the density values after reducing sintering and oxida-
=2 VK—\ w tion treatment of the same sample are compared, it is shown
2 L __x 150 that the density after oxidation is less than the one before
—o— Resistivity jump . . . . .
L o Breakdown strength oxidation, except that of Sample 4. From reduction sintering
0 P S S S S E— 0 to oxidation treatment, the density change of the compos-
1160 1170 1180 1190 1200 1210 ite is related to two processes. One is the density-increasing

T tendency, which is caused by the weight increase resulting
s (1€ from the absorbed oxygen when forming>,Og on some

Fig. 5. Variations of resistivity jumpl§(pmax/omin)) and room-temperature  @mount of Cr surfaces, as detectedrig. 6. Another is the

breakdown strengthEbs) with sintering temperatureTg) of Sample 3. density-decreasing tendency, that is, a compressive stress is
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8 our previous work’ an Ohmic contact between ceramic

L o Reducing sintering (Ba,Pb)TiGy and metal Cr was reported. As metallic content
2L —o— Oxidation treatment increases, the resistance contribution of metal to composite
4 Ceramic increases and leads to the decreased resistivity. One issue

mg should be pointed out that the resistivities of Samples 4
=) 61 and 5 after reduction sintering are very high, even higher
a r &QQ than that of Sample 3 (its value alsohiig. 8). This could
5+ be attributed to the Cr ions in &€, as identified inFig.
6. The Cr ions diffused into ceramic grains and compen-
4 . . . . . sated some donors, and as a result the grain semiconducting
0 5 1 15 20 25 30 behavior was weakened remarkably. After oxidation treat-
Cr (wt%) ment, the trend of resistivity changing with Cr content is
same as that of reducing sintering. However, the value is
higher than that of reducing sintering for a fixed compos-
ite. This is attributed to some amount oxidation of Cr, for
the resistivity of Cr is lower than that of e€Ds3. From
acted on ceramics, which is caused by the volume expan-Fig. 8 the room-temperature resistivities of Samples 6-8
sion of Cr during oxidation. Near the stress zone, crack and prepared from the entire processes are 1.76-1B48.
pores could be formed, which leads to a loose structure, thusTherefore, in the present work, more relatively low resis-
lowering materials density. The density change, therefore, tivities have been achieved by adjusting Cr content from

is the result of the interaction between the abovementioned15 to 25wt.% and the processes of reducing sintering and
two processes. In our earlier wotkthe microstructures of  oxidation treatmert:29 In addition, it was reported in our

the sample before and after oxidation were shown. As a re-earlier work’ that PTC effect was also shown for Sam-

sult, for Sample 4, the first process would take main effect, ples 6-8 after oxidation treatment, compared with negative
so that its density turns higher after oxidation. For the other temperature coefficient (NTC) effect of Samples 4 and 5.
samples, the second process would dominate gradually as Cr  Fig. 9 shows the variations of room-temperature break-
content increases, and therefore lower density occurs aftergown strength with Cr content of the composites. For
oxidation treatment. lirig. 7, the density of Sample 3 (zero  comparison, the breakdown strength of ceramic Sample 3
Cr content) sintered at 118C is also shown for compari- s also included. In composites, a nearly flat variation of
son. It should be noted that the composite density, whetherthe reducing sintered breakdown strength with Cr content
before oxidation or after oxidation, is less than that of the covering Samples 4-6 is seen, and then it decreases with
ceramic. This is mainly attributed to the densification retar- the increase of Cr content. It is noted that the compos-
dation OCCUBWGd during sintering of composite when Cr was jte room-temperature breakdown strength investigated is
mtroduced_z. . o _ related to the density and the room-temperature resistiv-
The variations of room-temperature resistivity with Cr jty. High density and high resistivity could lead to high
content of the composites are showrrig. 8. The resistivity breakdown strength. With respectfigs. 7 and 8the oc-
measured after reducing sintering decreases with increasingurrence of the flat line is attributed to the compromise of
Cr content. In general, the resistivity of the composite is the changes of both density and resistivity with Cr con-

the total sum of ceramic resistivity, metal resistivity, and tent, because density increases and resistivity decreases
the resistivity of interface between ceramic and metal. In

Fig. 7. Variations of density[§) with Cr content after reducing sintering
and oxidation treatment.

250
100000 g
i —o—Reducing sintering | —o—Reducing sintering
10000 ¢ —o— Oxidation treatment 200 —&—Oxidation treatment
L A Ceramic = A Ceramic
’E‘ 1000; E 150 F
[&] o =
c 100k 2
o b3 ¢ 100 -
9 3
a 10k w
3 50 F
e
01 L 1 1 1 1 1 O 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Cr (wt%) Cr (Wt%)
Fig. 8. Variations of room-temperature resistivity,£) with Cr content Fig. 9. Variations of room-temperature breakdown strengts)(with Cr

after reducing sintering and oxidation treatment. content after reducing sintering and oxidation treatment.
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with the increase of Cr. As metallic content continues to 7.
increase (from Samples 7 to 8), both density and resistivity
decrease, as a result, breakdown strength also decreases,
After oxidation treatment, the breakdown strength of the
composite decreases with the increase of Cr content. This is
explained that both lower and lower density and resistivity
are obtained as Cr content increases. For all the investigated °-
samples, the room-temperature breakdown strength of Sam-
ple 4 after oxidation is the highest, and this is resulted from
its highest resistivity and highest density in the composites.
The breakdown strength of ceramic Sample 3 ranks next to11.
that of Sample 4, which is mainly attributed to its highest
density in all the samples.

12.

4. Conclusions
13.

This paper reports the effects of composition and process-
ing on the electrical properties of (BgsPly.15)TiO3-based
PTCR. The materials parameters investigated include den-
sity, grain size, resistivity jump, room-temperature break-
down strength, and room-temperature resistivity.

Compared with single donor NBs, lower room-temper-
ature resistivity is achieved by the addition of double donors 44
ShyO3 + Nb2Os. The resistivity continues to reduce when
trace concentrations of donor and acceptor are, respectivelyl7.
increased and decreased.

The SkO3 4+ NbyOs doped (Ba,Pb)Ti@ PTC ceramic
sintered at 1180C achieves the lowest room-temperature
resistivity of 28.002 cm.

For (Ba,Pb)Ti@—Cr composites, the material with both
low room-temperature resistivity and PTC effect was ob-
tained by adjusting the added Cr content and the processe§
of reducing sintering at 118 and oxidation treatment at
600°C. The PTC composite with 25 wt.% Cr has the lowest 21.
room-temperature resistivity of 1.T6cm.

14.

15.
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