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Abstract 

The effect of three aliovalent cations, Nb5+, La3+ 
and C02 + , on the grain growth kinetics of nearly 
fully dense BaTiO 3 (Ba/ Ti atomic ratio = ]·00]) 
was measured in O2 at 1300°C and for dopant con
centrations of up to ]·25 atomic per cent (at%). For 
the donor cation Nb5 +, the boundary mobility 
initially increased with cation concentration but then 
decreased markedly above a doping threshold ofO·3-
0·5 at%. The boundary mobility of the BaTi03 

doped with the acceptor cation C02+ decreased 
monotonically with dopant concentration. At a 
cation concentration of 0·75 at%, the boundary 
mobility was reduced by a factor of approximately 
25, 10 and 50 times by N~+, La3+ and Co2 + , 

respectively. A major role of the dopants is seen to 
be their ability to influence the boundary mobility. 
The effects of the dopants on the boundary mobility 
are discussed in terms of the defect chemistry and the 
space-charge concept. © ]998 Published by Elsevier 
Science Limited. All rights reserved 

1 Introduction 

Following the work of Coble I on MgO-doped 
Ah03, the use of dopants has been shown to be a 
very effective approach for the production, by 
conventional sintering, of ceramics with high den
sity and fine grain size such as are normally 
required for most advanced technological applica
tions.2 However, the role of the dopant has been 
the subject of considerable debate. While progress 
has been made in a few recognized examples,3-9 
e.g. Ah03, BaTi03, Zr02 and Ce02, a considerable 
gap exists in the understanding of the dopant role. 

A major reason for this gap is the multiplicity of 
functions that a dopant can display.2-4 Faced with 
the problem of the multiplicity of dopant roles, 
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BrooklO suggested a combined approach for 
achieving progress. The approach consists, on one 
hand, of survey studies to provide valid general
ization and on the other of detailed investigations 
of individual systems to obtain a full picture of a 
particular interaction. The work of Harmer and 
coworkers3,11 on the MgO-doped Ah03 system 
provides an important example of detailed studies 
to characterize a given system. The results indicate 
that while the MgO affects the lattice and surface 
diffusion coefficients, the single most important 
effect is its ability to reduce significantly the grain 
boundary mobility. Survey studies by Hwang and 
Chen6 of the influence of aliovalent dopants on 
grain growth in tetragonal zirconia polycrystals 
(TZP) have reported the importance of additive 
cation charge on segregation and of additive cation 
size on the boundary mobility. For Ce02 doped 
with divalent and trivalent cations,7-9 survey stud
ies have shown the importance of the additive 
concentration, cation size and cation charge for 
controlling the grain growth.9 Detailed studies8 

have indicated that at lower dopant concentration 
(intrinsic regime), the gain boundary mobility is 
controlled by the grain boundary diffusion of the 
host cations. At higher concentration (extrinsic 
regime), the mobility is controlled by solute drag 
through the lattice. 

Barium titanate, BaTi03, is an important ferro
electric material which has been studied extensively 
for nearly 50 years. Generally,12.13 optimization of 
the ferroelectric behavior of BaTi03 requires a high 
density and controlled, homogeneous micro
structure with grain size of ~ 1 jlm. Since the use of 
dopants forms a very effective approach for 
microstructural control,14 considerable work has 
been performed in an attempt to characterize the 
defect structure of BaTi03 and its effect on sinter
ing and grain growth behavior. Previous research has 
provided information on the defect structure I 5-20 
and the grain boundary chemistry21 of BaTi03. 

This background suggests that BaTi03 would be 
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an excellent model system for investigating the 
influence of aliovalent dopants on sintering. 

Donor cations, i.e. ions of higher valence than 
the host cation (e.g. La3+ for Ba2+ and Nb5+ for 
Ti4+) at a concentration of a few tenths of 1 at% 
lead to a dramatic change in the behavior of 
BaTi03. This phenomenon is sometimes referred to 
as the 'doping anomaly' or 'grain size anomaly'. 
Below this doping threshold, the conductivity 
increases with the donor concentration and the 
BaTi03 is semi-conducting. The sintered material 
also has a coarse- grained microstructure. Increas
ing the donor concentration above the threshold, 
however, results in a rapid decrease in the con
ductivity (the material becomes insulating) and the 
production of a fine-grained microstructure. The 
phenomenon is essentially independent of the ele
mental composition of the donor, thereby indicat
ing that the change in electrical behavior is directly 
related to the change in microstructure. 

While all donor dopants (at a concentration 
above the threshold) are effective in inhibiting 
grain growth, acceptor dopants (i.e. ions of a 
valence lower than that of the host cation) produce 
mixed behavior,4 i.e. some acceptors (e.g. C02+) 
inhibit grain growth while others (e.g. Cu) 
enhance grain growth. The origins of the mixed 
behavior caused by the use of acceptor dopants 
are unclear. However, it has been found4 that if a 
donor (e.g. Ta5+) and an acceptor that inhibits 
grain growth (e.g. C02+) are present in compen
sating concentrations (i.e. the sum of the effective 
charges is equal to zero), then grain growth is not 
inhibited. This indicates that defect charge com
pensation may have a significant effect on grain 
growth. 

The sintering of BaTi03 is also dependent on the 
stoichiometry of the compound. The solubility of 
Ti02 and of BaO in BaTi03 is very limited,22 i.e. 
less than ~ 100ppm. For BaTi03 materials with a 
small excess of Ti02 (i.e. Ba/Ti atomic ratio less 
than 0·999), the excess Ti02 reacts with BaTi03 to 
form a second phase, Ba6Ti17040, which has a 
eutectic with BaTi03 at ~ 1320°C. The liquid 
phase which forms above the eutectic temperature 
is beneficial for densification but can also enhance 
grain growth. An excess of BaO (i.e. Ba/Ti atomic 
ratio greater than 1·001) leads to the formation of 
a second phase, Ba2 Ti04, and to a reduction in the 
densification and grain growth rates.23 

It is clear that dopants have a profound effect on 
the microstructural evolution of BaTi03. However, 
in addition to the variety of functions that a 
dopant can display, an understanding of the 
dopant role is further complicated by the presence 
of impurities, the effect of the Ba/Ti atomic ratio 
and the formation of a second phase, particularly a 

liquid phase above the eutectic temperature for 
Ba/Ti less than 0·999. 

In the present work, the effect of three aliovalent 
cations, Nb5 +, La3+ and Co2+, on the grain 
growth kinetics of nearly fully dense BaTi03, pre
pared from a high-purity, fine-grained powder (Ba/Ti 
atomic ratio = 1·001), was measured in O2 at 
1300°C and for dopant concentrations of up to 
1·25 at%. An important feature of the work is the 
ability to obtain samples with nearly full density at 
a sintering temperature below that of the eutectic 
(1563°C) in the BaTi03/Ba2Ti04 system as well as 
that (1320°C) in the excess Ti02 side. In this way, 
the effects associated with impurities and the pres
ence of a liquid phase are significantly reduced. 

2 Experimental Procedure 

The dense samples used for the grain growth stud
ies were prepared by sintering powder compacts at 
1300°C. The BaTi03 powder was provided by 
Sakai Chemical Industry Co., Japan. The charac
teristics of the powder (Lot BT -01) as described by 
the manufacturer are given in Table 1. In the pre
sent work, the powder was further characterized by 
X-ray diffraction (Scintag XDS 2000) and by 
transmission electron microscopy (TEM). In the 
TEM analysis, samples were prepared by disper
sing the powder in ethanol and then putting a drop 
of the suspension on a perforated carbon film and 
allowing it to dry. The microstructure of the pow
ders was observed in a Philips EM-420 transmis
sion electron microscope (TEM). A micrograph of 
the powder is given in Fig. 1. 

Niobium chloride, lanthanum nitrate and cobalt 
nitrate were used to achieve the required doping at 
cation concentrations ranging from 0·25 to 
1·25at%. (The niobium and lanthanum salts, pur
ity 99·999% and 99·99%, respectively, were 
obtained from AESAR/Johnson Matthey, Ward 
Hill, MA, USA and the cobalt nitrate, purity 

Table 1. Characteristics of the fine-grained BaTi03 powder 
used in the present work. (Lot BT-Ol. Data from the manu

facturer, Sakai Chemical Industry Co., Japan) 

Characteristic Value Testing 
method/conditions 

Average particle size O·IJ.Lm SEM 
Specific surface area 13·5m2 g- 1 BET method 
Moisture content 0·4wt% at 105°C 
Ignition loss 1·55wt% at 1200°C 
Ba/Ti atomic ratio 1·001 XRF 
SrO 0·01 wt% Iep 
CaO <0·001 wt% ICP 
Na20 0·002wt% ICP 
Si02 0·003wt% ICP 
Ah0 3 <0·001 wt% ICP 
Fe203 0·001 wt% ICP 
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Fig. 1. TEM of the as-received BaTiOJ powder. 

99·999% was obtained from Aldrich Chemical Co., 
Milwaukee, WI, USA.) The procedure described 
by Kahn24 was used for doping the BaTi03 powder 
with Nb5+. In the process, the niobium chloride 
was first reacted with ethylene glycol. The pre
cipitated material was repeatedly washed with 
water and redissolved in ethylene glycol to remove 
the chlorine ions. The precipitate was then hydro
lyzed and admixed by stirring a 1: I solution (by 
volume) of water and ethylene glycol with the 
BaTi03 powder. The resultant slurry was dried at 
l50DC. For doping with the other cations, the 
nitrate was dissolved in anhydrous ethanol and the 
BaTi03 powder was added to the solution and 
mixed thoroughly by stirring. The mixture was 
dried, under vigorous stirring, to ensure homo
geneity of the additive. All processing was carried 
out using Teflon labware in a dust-free environ
ment, and the procedure was kept as consistent as 
possible from additive to additive. The doped 
powders were calcined in air for 2 h at 900DC in a 
Pt crucible and then ground in a plastic mortar and 
pestle. For comparison, the same procedure was 
used for the undoped BaTi03 powder but without 
the addition of the dopant. 

Compacts (6mm in diameter by 6mm) were 
formed by uniaxial pressing of the powder in a 
tungsten carbide die (~ 20 MPa), the contact sur
faces of which were coated with stearic acid. The 
green densities of the samples were within a narrow 
range of ~ 0·48--0·52 of the theoretical density of 
BaTi03 (assumed to be 6.02gcm-3). 

The powder compacts were sintered in O2 in a 
dilatometer (1600DC; Theta Industries, Port 
Washington, NY, USA) that allowed continuous 
monitoring of the shrinkage kinetics. The sample 
holder, push rods and protection tube of the dilat
ometer were made from high purity Ah03 and the 
compacts were separated from the contact surfaces 
of the Ah03 by Pt foil. The samples were heated at 

a constant rate of SoC min -I to 1300DC and held at 
this temperature for times ranging from 0 to 24 h 
after which they were cooled (at ",25°C min-I). 
The final densities were determined from the initial 
density of the sample and the measured shrinkage 
and the values were checked using the Archimedes 
method. 

The microstructure of the sintered materials was 
observed by scanning electron microscopy, SEM 
(JEOL-2000FXII), of fractured surfaces or of 
polished and thermally etched surfaces. Thermal 
etching was conducted for 2 h at l200De. The 
average grain size was determined by the linear 
intercept method25,26 from ~ 150 grains for each 
sample. In addition, for dense samples of undoped 
and Nb-doped BaTi03 (relative density greater 
than 0·98), the average grain size and the distribu
tion in sizes were determined from micrographs of 
thermally etched, polished surfaces by computer
ized image analysis (NIH Image software). For 
each grain, the intercept length was taken as the 
diameter of the circle with an area equal to the 
computed value. At least 150 grains were analyzed 
for each sample. 

3 Results 

The density data and the microstructural observa
tions indicated that the compacts reached densities 
greater than 98% of the theoretical value after 1 to 
2 h at 1300D C for undoped and Nb-doped BaTi03 

and after 3 to 4 h at the same temperature for Co
doped and La-doped BaTi03. As outlined later, the 
initial time for grain growth was taken as the time 
when the density of the sample was greater than 98% 
of the theoretical, thereby reducing significantly the 
effects of pores on the grain growth kinetics. 

Figure 2 shows scanning electron micrographs of 
undoped BaTi03 held for 1, 8 and l6h at 1300De. 
Some residual porosity is evident after 1 h but it 
disappeared at longer heating times. Furthermore, 
no evidence was found for the growth of abnor
mally large grains. In order to further ascertain 
whether abnormal grain growth had occurred, the 
grain size distribution of the undoped BaTi03 

heated for 4 h at l300°C was analyzed. The results 
are plotted in Fig. 3 as the relative frequency of 
grains in a given size interval (normalized to a 
maximum value of I) versus the reduced grain size 
(actual size divided by the average size). The 
majority of the grains have a size centered on the 
average and the absence of a secondary peak at 
larger sizes is a further indication of the absence of 
abnormal grain growth. 

Microstructures of BaTi03 doped with 0·25 and 
O·75at% Nb and held for 1,4 and 8h at l3000e 
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Fig. 2. SEM showing grain growth in undoped BaTi03 during 
heating at 1300°C for (a) I h, (b) 8 h and (c) 16 h. 
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Fig. 3. Grain size distribution plotted as a function of the 
reduced grain size (actual grain size divided by the average 
size) for undoped BaTi03 and Nb-doped BaTi03 heated for 

4 h at l300°C. 

are shown in Fig. 4. The significant difference in 
grain growth rate for the two Nb5 + concentrations 
is evident. This pronounced change-over in the 
grain growth rate with the donor cation con
centration (~ 0·3 to 0·5at%) is the so-called dop
ing anomaly in BaTi03. Grain growth also 
appeared to be normal during heating (up to 16h 
for the Nb-doped samples). The normalized grain 
size distribution data of the samples heated for 4 h 
at 1300°C are also shown in Fig. 3. Compared to 
that for the undoped material, the somewhat 
broader peak for the BaTi03 doped with 0·25 at% 
Nb indicates a larger spread in the grain sizes but 
the absence of any secondary peaks is an indication 
of the absence of abnormal grain growth. 

The grain boundary mobility, Mb , can be esti
mated from the grain growth kinetics by the equa
tion: 14 

dG MbYb 
dt G 

(I) 

where G is the grain size, Yb is the specific energy of 
the grain boundary and t is the time. Assuming 
that Mb and Yb are independent of time, then inte
gration of eqn (1) leads to the parabolic grain 
growth law: 

where Go is the grain size at an initial time to' In 
practice, it is common to find grain growth expo
nents varying from 2 to 4. This variation can be 
interpreted simply as being due to a decreasing Mb . 

According to eqn (2), a plot of G2 - G~ versus t-to 

yields a curve with a slope equal to 2MbYb. In the 
present work, a straight line passing through the 
origin was fitted to the data to provide the average 
value of 2MbYb for the duration of the grain 
growth experiment. Furthermore, to avoid any 
significant influence of porosity on the grain 
boundary mobility, the time to at 1300°C was cho
sen so that the sintered density of the samples was 
at least 98 % of the theoretical value. 

Figure 5 shows that the grain growth data for the 
undoped BaTi03 and for the BaTi03 doped with 
up to 1·25 at% Nb5 +. The average grain sizes for 
the undoped material and the material doped with 
0·25 at% Nb were measured from polished and 
thermally etched surfaces. For the fine-grained 
material containing 0·75 and 1·25 at% Nb, the 
average grain sizes were measured from micro
graphs of the fractured surfaces. For the BaTi03 

doped with 0·75 at% and heated for 16 h at 
1300°C, the average grain size determined from 
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Fig. 4. SEM Qfthe PQlished and thermally etched surfaces QfBaTi03 dQped with 0·25 at% Nb5+ [(a)--(c)] and the fractured surfaces 
Qf BaTi03 dQped with 0·75 at% Nb5+[(d)--(f)]. The samples were heated at 1300°C fQr: (a), (d) 1 h; (b), (e) 4 h and (c), (f) 8 h. 
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Fig. 5. Grain growth kinetics at 1300°C for undoped BaTi03 

and Nb-doped BaTi03. 

polished and thermally etched surfaces differed by 
< 10% from the value determined from fractured 
surfaces, indicating that the error introduced by 
using the data determined from the fractured sur
faces was not significant. Assuming that Yb is 
approximately constant, the normalized boundary 
mobility, M~, taken as the boundary mobility of 
the doped BaTi03 relative to that for the undoped 
BaTi03, is plotted in Fig. 6 as a function of the 
Nb5 + concentration. The value of M~ increases 
initially with Nb5 + concentration, reaching a value 
of :::::: 4 at 0·25 at% but then decreases dramatically 
with increasing NbS + concentration to a value of 
0·04 at 0·75at%, i.e. for a change in Nb5 + con
centration from 0·25 to 0·75 at%, M~ decreases by 
a factor of :::::: 100. A further increase in the Nb5 + 
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Fig. 6. Grain boundary mobility of Nb-doped BaTi03, nor
malized to that of undoped BaTi03, as a function of Nb5+ 

concentration. 

concentration to 1·25 at% produces only a small 
reduction in Mb compared to the value at 
0·75at%. 

Microstructures of BaTi03 doped with 0·75 at% 
C02 + after sintering for 2, 4 and 8 h at 1300DC are 
shown in Fig. 7(a)-(c) while corresponding micro
structures for BaTi03 doped with 0·75 at% La3+ 
after sintering at the same temperature for 4, 8 and 
16h are shown in Fig. 7(d)-(f). Grain growth 
appears to be normal. Furthermore, plots of the 
grain size distribution for the Co-doped and La
doped samples sintered for 4 h at 1300DC were 
found to have approximately the same shapes as 
those for the undoped BaTi03 and the Nb-doped 
samples shown in Fig. 3. 

A plot of the normalized grain boundary mobil
ity, Mb, as a function of C02+ concentration is 
shown in Fig. 8. Compared to the Nb-doped 
BaTi03, the value of Mb decreases monotonically 
with the Co2 + concentration, i.e. Co2+ inhibits 
grain growth for all of the concentrations investi
gated and there is no doping threshold. 

Figure 9 shows the grain growth kinetics for 
undoped BaTi03 and BaTi03 doped separately 
with 0·75 at% of NbS + , Co2+ and La3+. While all 
three cations are very effective for the inhibition of 
grain growth, NbS + and Co2 + are more effective 
than La3 +. At this dopant concentration, the 
boundary mobility of BaTi03 is reduced by a fac
tor of approximately 50, 25 and 10 for Co2+, 
Nb5+ and La3+, respectively. 

4 Discussion 

The results indicate that a major role of the 
dopants is their ability to influence the boundary 

mobility. Furthermore, the difference in the 
dependence of the boundary mobility on the cation 
concentration (Figs 6 and 8) indicates that the 
dopant role for the donor NbS + is different from 
that for the acceptor C02 +. Some observations 
pertinent to the understanding of the dopant role 
may be made at this stage. 

As mentioned earlier, the grain boundary chem
istry of BaTi03 has been investigated in earlier 
work. An analysis using scanning transmission 
electron microscopy (STEM) performed by Chiang 
and Takagi21 revealed the segregation of acceptor 
cations but not donor cations at the grain bound
aries in BaTi03 and SrTi03. According to the grain 
boundary model proposed by Chiang and Takagi, 
accumulation of the acceptor solute in the negative 
space charge is expected in the case of Co-doped 
BaTi03. Assuming that the segregated cations 
control the boundary mobility, then the solute drag 
mechanism proposed by Cahn27 may provide an 
interpretation of the reduction in Mb (Fig. 8) in 
Co-doped BaTi03. According to the Cahn model, 
the boundary mobility is given approximately by 
an equation of the form: 

(3) 

where D is the diffusivity of the dopant cation, !:J.C 
is the excess concentration of the dopant cation in 
the grain boundary, k is the Boltzmann constant 
and T is the absolute temperature. It may be 
expected that !:J.C will increase with the C02+ con
centration, leading to a monotonically decreasing 
Mb (Fig. 8). 

In the case of donor dopants, Fig. 6 shows a 
dramatic variation in Mb with Nb5+ concentra
tion. As outlined earlier, the occurrence of the 
doping threshold is an indication that donor 
cations influence Mb by a solid solution mechan
ism. Furthermore, the absence of measurable seg
regation of donor cations21 at the BaTi03 grain 
boundaries can be taken to rule out a solute drag 
mechanism by the donor cations. Below the doping 
threshold, a possible defect reaction for the incor
poration of NbS + into BaTi03 can be written in 
the Kroger-Vink notation as: 19 

+02 +4e' 

Above the doping threshold, assuming that ionic 
compensation occurs by the formation of Ti 
vacancies, IS a possible defect reaction is: 
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Fig. 7. SEM of the fractured surfaces of BaTi03 doped with 0·75 at% C02+ [(a)-(c)] and 0·75 at% La3 + [(d)-(f)]. The samples were 
heated at l300°C for (a) 2h; (b), (d) 4h; (c), (e) 8h; and (f) 16h. 
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Fig. 8. Grain boundary mobility of Co-doped BaTi03, nor
malized to that of undoped BaTi03, as a function of Co2+ 

concentration. 
Fig. 9. Grain growth kinetics at 1300°C for undoped BaTi03 

and BaTi03 doped with 0·75 at% Nb5 +, C02+ and La3+. 
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4BaO + 2Nb20 5 + BaTi03 => 5BaBa x + 4NbTi' 

+ 1500x + Ti02 + VTi"" 
(5) 

In the grain boundary model of Chiang and 
Takagi21 discussed earlier, electrons and titanium 
vacancies are expected to accumulate in the nega
tive space charge. Below the doping threshold, the 
mechanism for the small enhancement of Mb with 
increasing Nb5+ concentration is not clear. Above 
the threshold, the accumulation of Ti vacancies in 
the space charge may be associated with a deple
tion of oxygen vacancies. Because of their rela
tively large size, the diffusivity of oxygen ions 
across the grain boundary is expected to be slow. 
The low diffusivity of oxygen ions across the grain 
boundary provides a possible mechanism for the 
significant reduction in M b . 

In earlier work,4 the use of double dopants con
sisting of a donor (Ta5 +) and an acceptor (C02+) 
indicated that charge compensation has an impor
tant effect on M b . Similar results28 were also found 
for co-doping with Nb5 + and Co2 + . As long as the 
Nb5 + concentration was approximately twice that 
of Co2+ concentration, the boundary mobility was 
approximately equal to that of the undoped 
BaTi03. If, as discussed above, the single dopants 
Nb5+ and Co2+ influence Mb by different 
mechanisms, then an important question is con
cerned with why charge compensation should have 
the significant observed effect. A possible explana
tion for the effect of the double dopants on Mb is 
that segregation of the acceptor cations and the 
cation vacancies [given in eqn (5)] does not occur. 
This may be caused by a reduction of the grain 
boundary potential to a value considerably smaller 
than that for BaTi03 doped with single dopants. 
At other concentrations, the excess of donor or 
acceptor cations (relative to the charge-compen
sated values) leads to effects similar to those pro
duced by the single dopants at the equivalent 
concentration.28 

5 Conclusions 

In BaTi03, a major role of donor cations (Nb5+ 
for Ti4+ and La3+ for Ba2+) and acceptor cations 
(Co2+ for Ti4+) is their ability to influence the 
boundary mobility. For the acceptor dopant, the 
boundary mobility decreases monotonically with 
increasing Co2+ concentration. In the case of Nb
doped BaTi03, the boundary mobility increases 
slowly with the cation concentration but then 
decreases significantly above a doping threshold of 
0·3-0·5 at%. For the acceptor dopant and the 

donor dopant above the doping threshold, the 
reduction in the boundary mobility can be ration
alized in terms of the segregation of defects 
(acceptor solutes or ionic vacancies) at the grain 
boundaries by a space charge mechanism. 
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