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The microstructure and electrical behaviour of calcium-modified BaTiO 3 ceramics of com- 
positions (a) (Ba 1 _ xCax)TiO3, (b) Ba(Ti 1 _ xCax)O3- x and (c) (Bal _ x/2Cax/2) 
(Til - x/2Cax/2)03 - x/2 have been investigated. These characteristics are observed to vary sys- 
tematically with the cationic ratio, ~ = (Ba + Ca)/Ti, rather than the amount (x-value) and 
sites that Ca 2+ ions are supposed to occupy. A large uniform grain microstructure and normal 
dielectric behaviour are obtained for ~z _< 1.01 samples (groups I and II), whereas an ultra-fine 
grain microstructure and diffuse phase transformation (DPT) characteristics are observed for 
0~_ 1.08 samples (groups III). The latter is proposed to be the suppression of tetragonal to 
cubic transformation due to the formation of second phase. When the sintering atmosphere is 
changed from air to H2/N 2 mixture, the electrical resistivity decreases and dielectric loss in- 
creases tremendously for 0~ = 0.99 samples (groups I), whereas the high electrical resistivity 
and low dielectric loss characteristics are preserved for = _ 1.01 samples (groups II and Ill). 
The mechanism by which the cationic ratio improves the resistance of the materials to a redu- 
cing atmosphere is proposed to be the formation of hexagonal BaTiO3_ a phase which con- 
sumes the oxygen vacancies generated. 

1. I n t r o d u c t i o n  
Owing to the development of integrated circuits (IC), 
the recent trend of electronics has been towards mini- 
aturization of components. By this criterion, the 
multilayer capacitor, with good IC compatibility, ex- 
cellent dielectric properties and volume efficiency sur- 
passing all others thus becomes an indispensable com- 
ponent in modern electronic devices. The multilayer 
capacitor is produced by co-firing a laminar stack of 
ceramic dielectric and metal electrode layers. Because 
of the high sintering temperature of dielectric mater- 
ials, expensive noble metals have to be used as internal 
electrodes in multilayer capacitors thus decreasing 
profitability [1-33. 

In recent investigations great efforts have been 
made to improve the economic efficiency of multilayer 
capacitors [4]. One of the methods includes sintering 
a modified BaTiO 3 material in a reducing atmosphere 
but retaining a high electrical resistivity property such 
that the use of cheap nickel electrodes becomes feas- 
ible [5, 6]. The key to this modification is the pro- 
motion of the reducing atmosphere resistance of 
BaTiO3 ceramics. Success in developing the dielectric 
materials for nickel-electrode multilayer capacitors 
has been achieved by adding acceptor-type dopant to 
BaTiO 3 ceramics [5-10]. 
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It is reported that calcium-modified barium 
titanate ceramic with composition [(Bal_xCa~)O]m 
[(Til_yZry)O2], where 0<x_<0.20 and 1.005<m< 
1.03, can be co-fired with nickel electrodes in a reduc- 
ing atmosphere and exhibits good dielectric per- 
formance [11]. The calcium acts as a reduction in- 
hibitor if the value of m is slightly larger than unity. 
Moreover, it is generally known that Ca 2 + ions are 
useful for broadening the temperature dependence of 
the dielectric constant (i.e. K - T  curve) for BaTiO 3 
materials [12, 13]. In other words, the CaO added to 
these materials is proposed to induce local composi- 
tional inhomogeneity such that the tetragonal-cubic 
transition of each mieroregion occurs at a different 
temperature and the resultant K - T  curve is a broad 
one, or diffused-phase transformation (DPT) charac- 
teristics are obtained. The real mechanisms causing 
the DPT behaviour, and the source of the resistance to 
the reducing atmosphere are, however, not well under- 
stood. To resolve this ambiguity, varying amounts of 
calcium were added to BaTiO 3 in different substitu- 
tional manners in the present work. Efforts were con- 
centrated on how the CaO influences the microstruc- 
ture evolution, electrical property and the resist- 
ance to the reducing atmosphere of the BaTiO3 
ceramics. 
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TABLE I The compositions of pure and calcium-modified BaTiO 3 

Series Composition CaO Stoichiometry Code 
formula additions modification 

Pure BaTiO 3 None None P 

BnT (Bal_ ~Cax)TiO3 0.08 0.01 TiO2 B8T 
0.15 B15T 

BnB (Ba 1 xCax)TiO 3 0.08 0.01 BaO BSB 
0.15 B15B 

TnT Ba(Tix _:,Cax)O3-x 0.08 0.01 Tio 2 T8T 
0.15 T15T 

TnB Ba(Til _xCax)O3_ x 0.08 0.01 BaO T8B 
0.15 T15B 

PnC (Bal-x/2Cax/2) (Til-x/2Cax/2)03-x/2 0.08 None P8C 
0.15 P15C 

2. Experimental procedure 
The samples were prepared from reagent-grade 
BaCO 3, TiO 2, and CaCO 3 powders (Merck Co, 
Darmstadt, FRG) via standard ceramic routes. As 
listed'in Table I, the calcium oxide is added according 
to the formula, (Ba 1 _=Ca=)TiO3, Ba(Ti I _xCax)O 3 _x, 
and (Bax_=/zCax/2) (Ti1_x/2Cax/z)O3_x/2, respec-  
tively, with x = 0.08 or 0.15. Excess TiO 2 or BaO was 
added to adjust the composition stoichiometry of each 
series of samples and they are labelled (BnT, BnB), 
(TnT, TnB) and PnC, respectively. 

The mixed powders were calcined at 1100 ~ for 2 h 
in air, and the pellets made from the powders thus 
obtained were then sintered at 1400 ~ for 2 h. The 
sintering atmosphere was either air or reducing atmo- 
sphere (5% H 2, 95% N2 mixture). The bulk densities 
of sintered samples were determined by the Archi- 
medes method. The microstructures of the specimens 
were examined, after polishing and chemical etching, 
using a scanning electron microscope (SEM, Joel 
JAX-733), and the phase constituents were identified 
by X-ray diffraction using a Rigaku X-ray diffracto- 
meter. Electroless-plated nickel layers were used as 
electrodes for electrical measurements. The temper- 
ature dependence of the dielectric properties were 
measured at 1 kHz, using an HP4192A impedance 
analyser, and the d.c. electrical resistivity at room 
temperature was determined from the leakage current 
measured with an HP4140B pA meter, under 100 V 
bias. 

3. Results  
3.1. Density and microstructure 
For the pure BaTiO 3 sample, the grain size was larger 
than that of the other series samples. In the barium- 
site substituted samples, (Bal_xCa=)TiO3 series, the 
grain size was reduced as a result of the incorporation 
of CaTiO3, with the size being smaller for samples 
containing more CaTiO 3. Typical microstructures il- 
lustrated in Fig. 1 demonstrate that the grain size is 
large ( ~  35 gm) for titanium-rich samples (Fig. la) 
and is relatively small ( ~ 20 I, tm) for barium-rich sam- 
ples (Fig. lb). The microstructure of B15T and B15B 
samples is similar to that of B8T and B8B samples, 
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respectively, except that the grain size is smaller. In 
situations where excess CaO is added to replace either 
the Ti 4+ ions only, such as Ba(Til_xCax)O3_ x (TnT 
and TnB), or both the cations simultaneously, such as 
(Bal_x/2Cax/2) (Ti1_x/2Cax?2)O3_x/2 (PnC), the ap- 
pearance of the microstructure is quite different from 
that of previous samples. Two typical cases, shown in 
Fig. lc and d (T8T and P8C, respectively), reveal that 
in addition to the ultra-fine granular structure, pores 
maintaining the same size as grains are distributed 
uniformly throughout the sample. The remarkable 
change in microstrueture is ascribed to the presence of 
second phases. The pores are presumably the leftovers 
of etched second-phase particles, namely etching pits. 
Further evidence for this comes from detailed phase 
examinations conducted by X-ray diffraction and is 
discussed later. Moreover, it was observed that the 
T15B sample with composition Ba(Tio.s~Cao.ls)O2.s5 
+ (0.01 BaO) disintegrated into a powder completely 

within a few hours after sintering. The existence of 
second phases is again suggested to be responsible for 
this degradation. 

The sintering atmosphere, on the other hand, does 
not impose any significant modification on the micro- 
structure of specimens, but it apparently influences the 
densification behaviour. By comparing the densities of 
samples sintered in a reducing atmosphere (DrJ  with 
those sintered in air (Dair), three categories can be 
identified, as shown in Table II: (I) Dre d < Dair, (II) 
Dred ~ Dair; (III) Dred > Dair. It is interesting to ob- 
serve that the samples in group I (Dr~ d < Dair) , mainly 
BnT series samples, all possess the (Ba + Ca)/Ti ratio 
of 0.99, while those in group II (Dr~d ~ Dais), mainly 
BnB series samples, all have a (Ba + Ca)/Ti ratio of 
1.01. Moreover, the samples in group III (Dred > D,i~), 
including TnB, TnT and PnC series samples, corres- 
pond to samples with large (Ba + Ca)/Ti ratio 
(~z > 1.08) which even reaches a value as high as 
(Ba + Ca)/Ti = 1.34 for the T15T sample. 

3.2. Electrical properties 
The dielectric constant-temperature characteristics of 
sintered samples, measured in the temperature range 
- 2 5  to 150~ are plotted in Fig. 2. The groups 



Figure 1 The effect of the addition of calcium on the microstructure of BaTiO 3 samples sintered at 1400 ~ for 2 h in air, where the cationic 
ratio (Ba + Ca)/Ti, is ~, (a) 0.99 for B8T, (b) 1.01 for B8B, and (c, d) > 1.08 for T8T and P8C samples respectively. 

classified in the previous section are still in use as a 
close relationship between the dielectric behaviour 
and the s-value of samples has been found. Typical 
K-Tcharacteristics for pure BaTiO3 samples (Fig. 2a) 
possesses K T peaks corresponding to either an 
orthogonal-tetragonal transition (Tz) about 20~ 
(K ~2500) or a tetragonal cubic transition (To) about 
120 ~ (K ~ 11 000). A large addition ofCaO ( _ 8%) 

T A B L E  II The densities of samples sintered at 1400~ for 2 h m 
either air (Dalr) or reducing atmosphere (D,ed) 

Sample Dai r Ore d Group by a (Ca + Ba)/Ti 
code (g cm -a) (g cm -3) Dr, d - D,i r ratio 

P 5.694 5.719 II 1.00 

B8T 5.611 5.547 I 0.99 
B15T 5.450 5.335 I 0.99 

B8B 5.636 5.632 II 1.01 
B15B 5.584 5.579 II 1.01 

T8T 5.537 5.706 III 1.16 
T15T 5.315 5.410 III 1.34 

T8B 5.477 5.683 III 1.18 
T15B b b 1.36 

P8C 5.475 5.726 III 1.08 
P15C 5.380 5.567 III 1.15 

The groups I, II, and III correspond to the samples with Dre d < ,  
, and > Dais, respectively. 

bT15B samples disintegrated into powder within a few hours after 
sintering. 
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Figure 2 Dielectric constant-temperature characteristics of air-sin- 
tered (a) pure BaTiO 3 samples; BnT, (Ba + Ca)/Ti ratio = 0.99; 
BnB samples, (Ba + Ca)/Ti ratio = 1.01; (b) TnT, TnB samples; and 
(c) PnC samples, (Ba + Ca)/Ti ratio > 1.08. 
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Figure 3 The X-ray diffraction pattern of the samples containing 
15% CaO, i.e. B15T, B15B, P15C, and T15T samples, sintered in air. 
(e) BaCaTiO4. 

for samples in groups I and II results in a shift or 
suppressing of the orthorhombic-tetragonal trans- 
ition peak (T2) (Fig. 2a). However, the tetragonal- 
cubic transition (To) is still preserved and does not 
seem to be influenced profoundly by CaO addition. 
On the other hand, when a large amount ( > 8%) of 
CaO is added to group III samples, the K - T  peaks 
(To) are suppressed appreciably and diffuse transition 
characteristic curves result, as shown in Fig. 2b and c 
(TnT, TnB, and PnC). The peak of the diffuse tetra- 
gonal-cubic transition occurred at a temperature 
much lower than the regular transition temperature, 
and the K-value decreased remarkably. The greater 
the CaO content, the smaller is the K-value obtained. 
In the limiting case, the K - T  peak was completely 
suppressed and a fiat temperature dependence of di- 
electric response resulted, as indicated by the K - T  
curve of a T15T sample in Fig. 2b. It is notable that 
the dielectric constant-temperature characteristics of 
the samples are intimately related to their micro- 
structure. Those samples which possess sharp K - T  
peaks all have a relatively coarse grain structure, while 
those showing the diffuse dielectric response all main- 
tain the ultra-fine grain structure. Moreover, the X- 
ray diffraction patterns in Fig. 3 reveal that the coarse 
grain samples (B15T and B15B) preserve the tetra- 
gonal perovskite structure, while the fine grain 
samples (T15T and P15C) consist of multiphases with 
the cubic perovskite structure as a major constituent. 

The influence of sintering atmosphere on the K - T  
behaviour of sintered samples is closely related to their 
stoichiometry, i.e. cationic ratio ~ = (Ba + Ca)/Ti. 
The dielectric property of group II samples (~ = 1.01) 
is insensitive to the variation of the sintering atmo- 
sphere (cf. Figs 4 and 2a), whereas that of samples in 
group I (a = 0.99) is biased remarkably after sintering 
in an Hz/N 2 atmosphere (cf. Figs 4 and 2a). The 
dielectric constant increases appreciably with 
measuring temperature and an abnormally high K- 
value is obtained, as shown in Fig. 4. A high dielectric 
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Figure 4 Dielectric constant-temperature characteristics of the 
H2/N 2 sintered BnT, ~ = 0.99 and BnB, ~ = 1.01 samples. ( ) 
B8T, (---) B15T, ( - - . - - )  B8B, ( - - . . ~ )  B15B. 

loss factor results in associated with the high K-value 
samples. The microstructure corresponding to sam- 
ples in groups I and II are not significantly modified 
when the sintering atmosphere is switched from air to 
H2/N2 mixture, that is, large grains and uniform 
granular structures are all preserved. The stoichiome- 
try, i.e. the (Ba + Ca)/Ti ratio, rather than the micro- 
structure of the samples, is considered to be the more 
important factor which affects the resistance to redu- 
cing atmosphere of the dielectric property. Further- 
more, the sintering atmosphere results in no influence 
on the K - T  characteristics of samples in group III. 
This is, again, ascribed to the high cationic ratio 
(cz > 1.08) of the samples in these groups, rather than 
the addition of CaO itself. 

The electrical resistivity (p) of samples is also 
affected significantly by the sintering atmosphere 
(Fig. 5). All the samples exhibit a very high resistivity 
( >  101~ after sintering in air (Fig. 5a). Most 
samples preserve the high resistivity property even 
after sintering in a reducing atmosphere, except for the 
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Figure 5 The resistivity of calcium-modified BaTiO 3 samples sin- 
tered either in (a) air (�9 or (b) H2/N2(e), plotted against the 
cationic ratio, ~. 



T A B L E  I I I  Influence of CaO addition on microstructure and electrical characteristics of BaTiO 3 ceramics sintered in a reducing 
atmosphere 

Group (Ba + Ca)/Ti Grain size Density K-T  PR~ Sample 
ratio (Droa to D a i r )  characteristics (f~ cm) code 

I 0.99 large ( g 35 jam) Died < Dair Lossy ~ 106 BnT 

II 1.01 small ( ~ 20 jam) D~ea ~ D.ir X-type > 101~ BnB 

III 2 1.08 tiny ( < 1 pm) Dfea > Dair DPT-type > 101~ TnT 
TnB 
PnC 

BnT series samples where the resistivities are lowered 
to a value about 106 Q cm (Fig. 5b). It is amazing to 
observe that the resistivity of samples is also closely 
related to the (Ba + Ca)/Ti ratio. In Fig. 5b, the re- 
sistivity of samples sintered in an H / / N  z atmosphere is 
plotted against the cationic ratio, ~ = (Ba + Ca)/Ti. 
The degradation of resistivity is observed for the 
sample with ~ < 1, i.e. BnT samples (group I), and the 
high resistivities of a > 1 samples (groups II and III) 
remain even after sintering in an H2/N2 atmosphere. 

4. Discussion 
The addition of CaO to BaTiO 3 perovskite is ob- 
served to influence the microstructure and the 
electrical properties of the materials profoundly, as 
summarized in Table III, where the samples are group- 
ed according to the cationic ratio, ~. Although in the 
original design, the Ca z + ions are added to substitute 
either the Ba 2 + ions (BnT, BnB), Ti 4 + ions (TnT, TnB) 
or both of the cations (PnC), these characteristics, 
however, do not vary according to at which sites the 
Ca 2 + ions are supposed to replace the other cations. 
On the contrary, they vary systematically with the (Ba 
+ Ca)/Yi ratio (~). 

Precipitation of second phase when the Ca 2 + ions 
are added to replace either the Ti 4 + ions (Tn series) or 
both of the cations simultaneously (Pn series). This 
phenomenon infers that solid solution of CaO with 
BaTiO3 materials can only happen for Bn series sam- 
ples where the Ca 2 + ions are added to substitute the 
Ba 2 + ions. In other words, the incorporation of Ca 2 + 
ions occurs preferentially at the Ba 2 + sites rather than 
the Ti 4+ sites. The samples in group III (Tn and Pn 
series) will then contain many more Ba 2 + site ions 
than Ti 4+ site ions (~ > 1.08). Larger amounts of 
second phases are then expected which in turn results 
in tiny grain microstructure. This is in accord with the 
microstructure and X-ray diffraction results (Figs 1 
and 3). 

It has been proposed that in BaTiO 3 capacitor 
materials, the CaTiO 3 incorporated will result in the 
depression of K - T  peaks without shifting the Curie 
temperature (To) [12, 13]. The mechanisms by which 
the CaO modifies the dielectric behaviour is, however, 
not well understood. A possible explanation is that the 
CaO added induces a localized compositional inhom- 
ogeneity such that there exist microregi0ns of different 
T~-value [13]. The diffused-phase transformation 
(DPT) characteristics are the result of the K - T  behavi- 
our of these microregions. The observation that the 
microstructures and dielectric properties of BnB and 

BnT samples are not modified significantly (Figs 1 and 
2), even when 15 m o l %  Ba z+ ions are replaced by 
Ca 2+ ions, indicates that the solubility of CaO in 
BaTiO3 materials is quite high as long as the Ca/+ 
ions are added to substitute the Ba 2 § ions, or following 
the formula (Ba~_xCax)TiO3. Moreover, the DPT 
characteristics are observed only in Tn and Pn series 
samples. The formation of a microregion is therefore 
not a plausible mechanism for the occurrence of DPT  
dielectric behaviour in this material. It is believed, on 
the contrary, that the suppression of cubic-tetragonal 
phase transformation due to  the refinement of the 
granular structure, as observed in the group III (Tn 
and Pn series) samples, is the genuine mechanism 
which results in the D P T  characteristics. This is in 
accord with the observations of Hagemann et al. [1]. 

Concerning the mechanisms by which the CaO 
addition improves the resistance to reducing atmo- 
sphere of the BaTiO 3 ceramics, detailed examination 
of the results in Fig. 5 reveals that the cationic ratio (~z) 
is the more probable cause, rather than the amount of 
CaO included. This is evident by the fact that addition 
of even up to 15 mol % CaO in B15T samples does not 
result in high resistivity, while the same amount  of 
CaO addition in B15B samples can preserve the high 
p-value, when they are sintered in a n  H 2 / N  2 atmo- 
sphere. The subtle difference in the two series of sam- 
ples is the value of the cationic ratio (A = Ba 
+ Ca/Ti), i.e. ~ = 0.99 for BnT and ~ = 1.01 for BnB 

samples. In addition, all the samples which are re- 
sistant to a reducing atmosphere, such as Tn and  Pn 
series, have the cationic ratio ~ _> 1.08, as indicated in 
Table III. 

Because the formation of oxygen vacancies (V o) is 
inevitable when the BaTiO3 materials are exposed to a 
reducing atmosphere, the Vo will act as electronic 
donors [14]. The preservation of high resistivity for 

>_ 1.01 samples, when sintered in an Hz/N 2 atmo- 
sphere, must be due to the suppression of either the 
charge carriers or the electronic donors. The former 
mechanism will need electronic traps and has been 
proposed to be the formation of acceptor states res- 
ulting from the substitution of Ti a+ ions by Ca 2 + ions, 
i.e. Ca~i acceptors [5, 15, 16]. This is, however, not in 
accord with our observations, because both the micro- 
structure and dielectric characteristics favour the 
model where Ca z+ ions occupy the Ba 2 + sites. The 
suppression of electronic donors, oxygen vacancies, is 
thus the only possible mechanism which can make the 
materials resistant to the Hz/N 2"atmOsphere. But how 
can this be? The formation of hexagonal phase of the 
composition BaTiO 3_~ is thought to be the possible 
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mechanism. According to previous research [17, 18], 
on the phase equilibrium of the BaTiO3 system, it is 
known that the transformation of perovskite to hexa- 
gonal structure is enhanced when the Ba/Ti ratio is 
slightly larger than one and in the presence of oxygen 
vacancies, because the hexagonal structure possesses 
face-sharing octahedra, while the tetragonal structure 
has corner-sharing ones. In other words, the forma- 
tion of hexagonal phases will consume the Vo such 
that the source of electronic donors is reduced signific- 
antly and the resistivity of ~ > 1 samples is not low- 
ered even when sintered in a reducing atmosphere. It 
is, therefore, concluded that the cationic ratio, ~, is the 
only important factor, and whether the Ba 2+ sites 
consist of Ba z + ions only, or of a (Ba / + + Ca z +) ion 
mixture, does not matter, in order to increase the 
resistance to reducing atmosphere of the BaTiO3 ma- 
terials. 

5. Conclusions 
1. The microstructure evolution and electrical re- 

sponse of calcium-modified barium titanate ceramics 
reveal that the Ca/+ ions probably occupy barium 
sites of BaTiO3 perovskite, rather than replacing the 
titanium sites, as indicated by the following observa- 
tions: 

(i) large grain structure and normal K - T  behavi- 
our for (Bal_xCax)TiO3 materials. 

(ii) ultra-fine grain structure accompanied by 
second-phase precipitation and a diffuse-phase 
transformation (DPT) characteristic for 
Ba(Til - xCax)Oa -x and (Ba  1 _x/zCax/2)  

(Ti  1 _x/2Cax/2)O3_x/2  materials. 

2. The DPT characteristics of the samples with (Ba 
+ Ca)/Ti _> 1.08 is possibly due to the suppression of 

the tetragonal-cubic transformation which, in turn, is 
the result of ultra-fine grain microstructure induced by 

the inhibition of grain growth in the presence of 
second phases. 

3. The formation of hexagonal phase induced by a 
high cationic ratio, (Ba + Ca)/Ti > 1.01, of the mater- 
ial in the presence of oxygen vacancies is proposed to 
be the mechanism which makes the materials resistant 
to a reducing atmosphere. 
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