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Abstract

The dielectric properties and microstructure of magnesium-doped B8&_,Ca,)Osz_,., ceramics have been investigated. When,Ba
(Ti;_Ca)Os_,4« ceramics, O< x < 0.02, 0< k£ < 0.01, sintered in pure nitrogen, it behaves as undoped barium titanate. In this study, mi-
crostructure, electrical resistivity and dielectric characteristics of magnesium-dope{Ba ,Ca,)Os_,.; ceramics with varioukandxvalue
and magnesium concentration are studied systematically. Moreover, the effects of Ba/Ti ratio on microstructure and dielectric properties were
studied. The results show that Magnesium-doped &&i;_,Ca,)Os_,, was more difficult to sinter than ceramic Ba(Ti;_,Ca)Os_, 4.

Ca and Mg co-doped BaTihas the poorest electrical resistivity properties compared to Ca- or Mg-doped BaVi@n temperature is

higher than 100C, the curve of temperature dependence of dielectric loss warps upwards markedly, which is caused by migration of oxygen
vacancies. Ba/Ti ratio had an important impact on the Curie temperature.

© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords:B. Microstructure; C. Dielectric properties; D. Barium titanate; Electrical resistivity; Base metal electrode

1. Introduction which can be compensated by incorporating a small amount
of trivalent or divalent dopant on titanium sitfkl,12]
Since the discovery of barium titanate (Ba)dn the According to the study on defect chemistry of barium ti-
early 1940s, there has been a continuous development oftanate[9,11,13—15] A/B ratio has an important influence on
using it in new industrial and commercial applicatidt$. sites-occupancy for the dopant ions. When A/B ratidl,

With the tendency towards miniaturization of electronic the dopant ions tend to be on the B-sifésl2,14]
devices, multilayer ceramic capacitors (MLCCs) require  One of the principal problems of variable valence ac-
higher volume efficiency2—-4]. This means that the dielec- ceptors is the valence instability at a change of the oxygen
tric becomes thinner and the number of internal electrode partial pressure during heat treatment of MLCCs. For this
layer increases. Recently MLCCs with internal electrodes reason manufactures of BME-MLCCs make use of calcium
made of a base metal such as Ni have been developed in alr magnesium ions on Ti-sites, which have been reported as
effort to reduce costfs—9]. being strong acceptof$2]. Chan et al. found that G4-ions

A Ni internal electrode is easily oxidized during firing which are well known as A-sites substituents may also enter
under ambient conditions. Therefore, dielectric and inter- the B-sites of BaTi@. In the case of BaO-excess, a certain
nal electrode cofiring should be carried out in a reducing number of C&t-ions is shifted from the Ba- to the Ti-sites
atmosphere. However, barium titanate ceramics tend to be-[15]. Zhuang et al. observed a lowering of the Curie point,
come semiconducting after being heated in atmosphere ofT, at the incorporation of [C?ﬁif]” in BaTiOs [14]. Zhang
low Oz content[5-7,10] The increase in conductivity has et. al. reported a maximum solubility 6£5% [Céiﬂ“ in
been explained by the formation of oxygen vacancies and BaTiO; [13]. Kishi et al.[16] and Nagai et al[17] reported
the accompanying reduction of titanium to trivalent state, that Mg ions incorporated into Ti sites, and the solubility

limit for [Mg 271" is about 2.0 mol%.
* Corresponding author. Fax:86-21-6598-5179. In this paper, with control of A/B ratig= 1, samples with
E-mail addressiiyanxia@fmrl.ac.cn (Y. Li). dopant calcium, magnesium, combination of calcium and
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magnesium on Ti-sites were prepared. Sintering atmosphereTable 1
was pure nitrogen. The microstructure, dielectric properties Compositions and densities of samples

and insulation performance were studied. Sample Composition Density
BTCal Ba.005(Ti0.99C2.01)O2.995 5.807
BTCa2 Ba.01(Tio.99Ca,01)O03 5.953
2. Experimental procedure BTCa3 Ba.005(Ti0.98Ca0.02) Oz 985 5.592
BTCa4 Ba.01(Ti0.98C2.02)02.99 5.793
. . BTCa5 Ba(Tb.99C2.01)O2.99 5.721
Formulations of sample_:s were prepared according t0 grcae Ba(Th.08Ca0.02)02.98 5.343
Table 1 Sample preparation was performed by conven- BTMg1 Bay 005(Ti0.09MJ0.01)O02.995
tional powder processing method, including ball-milling, BTMg2 Bay 01(Tio.09Mgo.01)O3
drying, uniaxially pressing, and sintering in pure nitro- gmgi gai~005g'0-9;'\/"\"90-022)02-985
gen. The starting materials were hydrothermally synthe- BCM% BZﬁ;ﬁ&?‘(,gsgsg%ﬁ?lMzggfoos)oz99 5.684
sized BaTiQ and highly pure oxides (Reage;nt grgde), BCM2 Bay 01(Tio.035C2.0:Mdo.005) Oz.995 5.604
CaCQ;, (MgCQ3)4-Mg(OH)2-5H20. Before mixing with BCM3 Bay 005(Ti0.98Ca0.00MJ0,01)O2.985 5.510
the dopants, the hydrothermal BagiWas calcinated at  BCM4 Bay.01(Ti0.98C20.01MJ0.01)O2.99 5.311

1000°C to remove water and defects within it. The oxides

dopants and the calcined hydrothermal Bagl@®re mixed thickness. And then sintered in pure nitrogen at various
by wet ball milling using deionized water and Zr®alls temperatures. After sintering, silver electrode was coated
(@ 3mm), then fired at 950C for 2 h to promote the diffu- on both sides of specimens for electrical measurements.
sion of dopants. The calcined powders were then uniaxially Then, the samples with silver electrode were calcined at
pressed into disks with 10mm in diameter and 1 mm in 520°C in air. Microstructures of ceramics were studied on

Fig. 1. SEM morphology of as-fired ceramics sintered at TZ5With a soak time 2 h in pure nitrogen: (a) BTCal; (b) BTCal; (c) BTCa3; (d) BTCa4;
(e) BTCab5; (f) BTCa6.
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the as-fired surfaces of the sintered ceramics using SEM 104F " —a—Ca(l atm %) inTi site
(JEOL 5510LV) with an accelerating voltage of 10kV. £ T Mot am o0 m i s

Dielectric properties of sintered disk were measured from & 107F T Cots atm % (0 atm % in Ti s
—60 to 160°C with an impedance analyzer LCR (HP 4284A) > T Ceam g am ) inTiste
at frequency of 1kHz and oscillation level of 1V rms. The g 107 x .
heating rate was ZC/min and the accuracy was OQ. D 10" -

After sintering, the apparent densities of samples were §> ° \
determined by the Archimedes method. Insulation resistivi- - 10 A/\
ties were investigated by means of a high resistance meter . . .
(Keithley 6517A) using alternating polarity resistance test 1.000 1.005 1.010
method. The alternating polarity resistance was designed to Ba/Ti ratio

|mpr_0ve high resistance measurements and it was possible t%i . 2. Influence of Ba/Ti ratio and additive concentration on resistivity
eliminate the effects of background currents. The test Volt- o ca- and Mg-doped BaTip
age was 100 V.

(e), (f), Ba/Ti ratio was fixed, as can be seen, with dop-

3. Results and discussion ing concentration increasing, the holes and fissures become
larger and more, and the ceramic become less dense. This
3.1. Theoretical analysis is in agreement with the result of density measurement.

The incorporation reaction of excess Ba and divalent 3.4. Resistivity properties of as-fired ceramics
cation in BaTiQ is:
Electrical resistivity properties of as-fired ceramics
BaO+ RO = Bag, + Ry, +205 + Vo** 1) Bay«(Ti1_Ca,)Os_,4« solid solutions measured at room
temperature are shownlifig. 2. Electrical resistivities of Ca
substituted samples increased with Ba/Ti ratio increasing.
However, electrical resistivities of Mg substituted samples

Using the kréger—Vink notation for point defects and R rep-
resents a2 cation. Combine the corresponding mass action
relation gives:

[RY] x [Vo**] =Ks (2)
10000+
With doping concentration increasirigg. (1)reacts towards £
right, which would produce more oxygen vacancies and en- % 8000}
large electrical conductivity. These were reflectedrig. 3. 8 5000
s L
3.2. Sintering density % 4000l
[a]
The sintering densities of BTCal-6 and BCM1-4 were 2000}k
showed inTable 1 As can be seen froffable 1 densities of
samples doped with Ca and Mg simultaneously were smaller 0 - - - - -
than those of samples doped with Ca. when doping element 10050 0 50 1?0 150200
(&) Temperature ('C)

was Ca, densities increased with Ba/Ti ratio increasing (dop-
ing concentration was fixed) and decreased with doping con- 0.20

centration increasing (Ba/Ti ratio was fixed). However, when
. . . m BTCal
doping elements were Ca and Mg simultaneously, densities o BTCa3
decreased with Ba/Ti ratio increasing (doping concentration 0151 % BTMg1 ]
; <& BTMg3 3
was fixed). é x BCMI i
L 010} ¥ BCM3 _
3.3. Microstructure development 8
©
; - C 2 o5t 1
Fig. 1 shows SEM morphology of as-fired ceramics sin-
tered at 1250C with a soak time 2 h in pure nitrogen for
samples doped with Ca. Compare (e), (), (b) and (f), (c), 0.00 -

100 -5 0 50 100 150 200

(d), the doping concentration was fixed, as can be seen, with
(b) Temperature

Ba/Ti ratio increasing, the size of ceramic becomes smaller,
the holes and fissures become smaller and sparse, and thgig. 3. Influence of doping elements and their concentration on the
ceramic become denser. Compare (a), (c) and (b), (d) anddielectric properties for samples Ba/Ti ratio equal to 1.005.
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decreased with Ba/Ti ratio increasing, and electrical resis- tuted samples resembled those of Ca-doped samples when
tivities of Ca, Mg simultaneously substituted samples had a Ca content is larger, and when Mg content is larger, the di-
maximum when Ba/Ti ratio was equal to 1.005. As can be electric properties are similar to Mg-doped samples.

seen fronFig. 2, Electrical resistivity properties of Ca, Mg As can be seen frorkigs. 3 and 4when temperature is
simultaneously substituted samples are inferior to those of higher than 100C, the curve of temperature dependence of
Ca or Mg solely substituted samples. The difference is up dielectric loss warped upwards markedly. Which is caused
to 1-2 orders of magnitude. When Ba/Ti ratio is equal to by the influence of leakage conductivity. In this experi-

1, Electrical resistivity properties for Ca substituted sam- ment, the leakage conductivity was produced by migration
ples are superior to those for Mg substituted samples. Thisof oxygen vacancies. Because temperature has an exponen-

means that Ca enter into Ti-sites easier than Mg. tial influence on conductivity, leakage conductivity increases
sharply in the range of high temperature. Polarization relax-
3.5. Dielectric properties of as-fired ceramics ation loss has a leading effect on dissipation factor in the

range of low temperature, whereas, leakage conductivity in-
When Ba/Ti ratio is equal to 1.005, influence of doping creases sharply in exponential relation in the range of high
elements and their concentration on the dielectric propertiestemperature. The function of polarization relaxation loss is
is illustrated inFig. 3. When Ba/Ti ratio is equal to 1.01, gradually weakened with conductivity increasing, until its
influence of doping elements and their concentration on the effect disappears entirely. According to this, we can judge
dielectric properties is shown Fig. 4. As can be seen from  from Figs. 3 and 5Ca and Mg simultaneously substituted
Figs. 3 and 4the dielectric properties of 1 at.% Ca additives Samples have the largest conductivity, in other words, they
on Ti-sites behaved as those of pure BagiCa ions on have the smallest resistivity. The results matched well with
Ti-sites are strong dielectric inhibitors afg shifters. The  electrical resistivity measurement.
Curie temperature decreased aboutG@fter doping con- Fig. 5shows the influence of Ba/Ti ratio and dopant type
centration increased from 1 to 2 at.%. Mg ions on Ti-sites On the dielectric properties for samples doped with acceptor
are stronger inhibitors. When doping concentration is 1 at.%, (2at.%) on Ti-site. In samples doped with Ca, the Curie
the dielectric constant is about 2000 without visible peaks. temperature lowered with Ba/Ti ratio increasing. Whereas,
The dielectric properties of Ca, Mg simultaneously substi- in samples doped with Ca and Mg simultaneously, the Curie

14000
. 12000} : 1 12000} = BTCa6 .
g 5 e ; 2 o BTCa3 :
@ 10000} % enws : & 10000} X BTCa4 :
8 % sove 2 o BT 4
o 8000f i 8 s8ooo} * BCM6 8
= \ o % BCM3
8 6000} S 6000} 2 BCM4
[0} Q
a o
4000 O 4000}
2000 1 2000}
0 1 1 1 1 1 0 , , , , ,
-100 -50 O 50 100 150 200 100 50 O 50 100 150 200
(a) Temperature (°C) (@) Temperature (°C)
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0.6 m BTCas g m  BTCa6
S< S;;:Gs § 0.6 + O BTCa3
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Fig. 4. Influence of doping elements and their concentration on the Fig. 5. Influence of Ba/Ti ratio and dopant type on the dielectric properties
dielectric properties for samples Ba/Ti ratio equal to 1.01. for samples acceptor (2at.%) in Ti site.
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