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Effect of Silver on the

Sintering and Grain-Growth Behavior of Barium Titanate

Chin-Yi Chen and Wei-Hsing Tuédn

Institute of Materials Science and Engineering, National Taiwan University, Taipei, Taiwan 106, Republic of Ct

Silver and its alloys frequently are used as electrode material
for BaTiO ;-based dielectrics. In the present study, a small
amount of fine silver particles have been intimately mixed with
BaTiO5 powder. The sintering and grain-growth behavior of
the silver-doped BaTiQ; in air are investigated. The solubility
of silver in BaTiO ;, as revealed by lattice-parameter measure-
ment, electrical measurement, and electron probe microanal-
ysis, is <300 ppm. The densification of BaTiQ, is slowed
slightly by the addition of silver inclusions. However, the
presence of a small amount €0.3 wt%) of silver increases the
amount and size of abnormal grains. When the silver content
is >0.3 wt%, the grain growth of BaTiO 5 then is prohibited by
the silver inclusions.

I. Introduction

GMPOUNDS based on barium titanate (BaTjOfrequently are
sed as capacitor materials, because of their excellent diele
tric properties. To increase the volume efficiency, the dielectric
layers and inner electrodes are stacked layer by layer to form a
multilayered structure. The capacitance is inversely proportional to
the thickness of the dielectric layer; therefore, the thickness of the
dielectric layer is progressively reduced. Currently, the thickness
of the dielectric layer in a commercial multilayer capacitor (MLC)
varies over a range of 10—-30m. However, the thickness of the
dielecltric layer may be reduced down t@.Bn over the next 10-20
years.

Silver and its alloys, such as silver—palladium (Ag-Pd) alloys,
frequently are used as the inner electrode material for Mt Use
thickness of the inner electrode 181-3 pm. The influence of
silver on BaTiQ-related dielectrics increases as the thickness of
the dielectric decreases. The effect of silver on the dielectric
properties of BaTiQ has been determined by Ikushima and
Hayakawa Their results suggest that a small amoun®(1 wt%)
of silver can dissolve into BaTiQas the silver-doped BaTi(s
sintered in an atmosphere with a low partial pressure of oxygen.
However, to the surprise of the present authors, the effect of silver
on the sintering behavior and microstructure of BaJeviously
has not been determined. In the present study,
silver particles has been intimately mixed with a BaJ@wder,
and the effect of silver addition on the sintering and grain-growth
behavior of BaTiQ has been investigated.

Il. Experimental Procedures

BaTiO; powder (Product No. 216-9, Ferro Co., New York) and
various amounts of silver nitrate (AgNP (Johnson Matthey
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Chemical Co., Ward Hill, MA) were ball-milled together in
deionized water for 4 h. The Ba/Ti ratio of the BaTiffowder was
0.995, as reported by the manufacturer. Zirconia ¢Jtalls were
used as the grinding media. The amount of Ztat was picked
up from the grinding media was determined using inductively
coupled plasma (ICP) atomic emission spectroscopy. The slurr
was stirred and dried slowly to remove the water. Then, the
powder mixtures were calcined at 300°Crf8 h in air to
decompose the AgNgIo metallic silver. The amount of silver in
the sintered specimens was determined by measuring the ar
fraction from the micrographs. The amount of resultant silver
varied over a range of 0—1 wt%. Then, the dried lumps were
crushed and passed through a plastic sieve with an aperture size
100m. The morphology of the silver-coated BaTifowder was
observed using transmission electron microscopy (TEM) (Mode
H-7100, Hitachi Co., Tokyo, Japan). The powder was formed intc
disks by uniaxially pressing at 25 MPa; no binder was used in th
present study. The disks had a green density 4% and were 10
mm in diameter and~2.5 mm thick. Then, the compacts were
buried in a pure Zr@ powder and sintered in a covered alumina
(Al,Oy) crucible at a temperature of 1290°C for 2 h in air. There
was no contamination from AD;, because there was no contact
between the specimens and the,@J. The heating and cooling
rates each were 3°C/min. A separate sintering study was conduct
using a differential dilatometer (Theta Industries, Port Washing
ton, NY). A minimum of two runs for each composition was
performed, to check the reproducibility of the sintering-kinetics
data.

A lighter-colored surface layer was observed on the silver-
containing specimens. The vapor pressure of silver is high &
temperatures above its melting pofntyhich resulted in a thin,
silver-depletion surface layer after sintering. Both surface layers c
the sintered disks were removed, first by grinding with SiC
sandpaper, before any measurement. The specimens were buriec
a pure ZrQ powder bed during sintering; therefore, this procedure
also can remove the Zidiffusion layer. The final density was
determined using the Archimedes method. The solubility of silver
in BaTiO; is negligible (this observation will be demonstrated

a small amount ofiater); therefore, the theoretical density of the silver-doped BaTiO

is estimated using values of 6.02 gftfar BaTiO,; and 10.5 g/cr
for silver. The polished surface was prepared by grinding with SiC
particles and polishing with AD; particles. The grain boundaries
and domain structure were revealed by etching with a solution ©
hydrochloric acid (HCI) and hydrofluoric acid (HE)The solution
was sufficiently dilute to leave the silver inclusions intact. The
microstructure was observed via optical microscopy (OM) anc
scanning electron microscopy (SEM). The amount of silver within
the BaTiQ, grains was determined using electron probe microanal
ysis (EPMA) (Model JXA-8600SX, JEOL Co., Tokyo, Japan). An
undoped BaTiQ specimen that was prepared using the same
procedures was used as the reference specimen. Then, the cente
the BaTiQ, grains in the BaTiQ specimens that were doped with
0.3% silver was analyzed. More than ten measurements wel
conducted.

Abnormal grains could be observed on the polished surfac
after sintering. The volume fraction of abnormal grains was
determined by measuring the area fraction from the micrograph:
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The size of the BaTiQ grains was determined using the line- (a)
intercept technique. The size of the silver inclusions was deter-
mined by measuring the size of the inclusions directly from the
micrographs. Phase identification was performed using X-ray
diffractometry (XRD). A very slow scanning rate (0.008/2) also

was used to determine the lattice constants of the BaTAQhin

layer of silicon slurry was coated on the surface of the XRD
specimens. The silicon layer was used as an internal standard, for
accurate determination of the diffraction angles. A silver content of

1 wt% was too low to be detected via XRD; therefore, a doped
powder mixture that contained 5 wt% of silver also was prepared,

for the purpose of phase analysis. The dielectric properties were
measured with a LCZ meter (Model HP 4272A, Hewlett—Packard

Co., Palo Alto, CA) with a signalfal V at afrequency of 1 kHz.

Silver paste was applied as an electrode. The permittivity—
temperature curves were determined by first increasing the tem-
perature to 150°C, then maintaining the specimens at the measurec
temperature during the cooling stage for 9 min and determining the 200 nm
capacitance.

(b)

IIl.  Results

XRD patterns of the calcined powder and sintered specimen that
contained 5 wt% of silver are shown in Fig. 1. Silver was observed
in the AgNQ;,-doped BaTiQ powder after calcination at 300°C in
air; no silver(l) oxide (AgO) was detected. The amount of ZrO
in the starting BaTiQ powder, as revealed by ICP-AES analysis,
was 160 ppm. The amount of Zg@nhcreased to 350 ppm after the
material was milled with Zr@grinding media for 4 h. The amount
of ZrO, was too small to be detected via XRD analysis. The
morphology of the undoped and silver-doped powders can be
observed via TEM (see Fig. 2). Typical microstructures of the
sintered specimens that contain various amounts of silver are
shown in Fig. 3. The bright particles in the silver-doped BafJiO
specimens, as revealed by EPMA, are silver inclusions. The —_
relative density of the silver-doped BaTjCas a function of the 100 nm
silver content, is shown in Fig. 4; the data points indicate the
average values, and the error bars represent one standard deviatio
The density varies within a rather narrow range (97.0%-98.2%). A
constant heating rate was used during the sintering in the dilatom-
eter; therefore, the densification rate can be estimated by differ-
entiating the density relative to temperature. A comparison of the
densification rate between the BaTi@nd the silver-doped Ba slowed slightly in the beginning of the sintering, because of the
TiOg, in regard to the relative density, is shown in FigEach line presence of silver.
on the figure shows the average of two measurements. The The size of BaTiQ grains—especially that of the abnormal
difference between the two doped specimens is relatively smaller grains—is strongly dependent on the silver content (see Fig. 6
than that between the undoped and silver-doped Bapi@vder Furthermore, the amount of abnormal grains also shows a stror
compacts. Figure 5 shows that the densification of BaTi®© dependence on the silver content (see Fig. 7). Both the size ar
amount of abnormal grains attain their highest values when th
silver content is 0.3 wt%, which indicates that the presence of
small amount of silver enhances the grain growth of BaTiO

r&ig. 2. TEM micrographs of (a) undoped BaTi@nd (b) silver-doped
BaTiO; powder.

+ However, growth of the BaTiQOgrains is prohibited by the silver
t: BT inclusions when the silver content is0.3 wt%. The size of the
i Ag silver inclusions is shown in Fig. 8, as a function of the silver
content.

The lattice parameters.@ndc) of BaTiO; are shown in Fig. 9
as a function of the silver content. The index of tetragonadits)(
also is shown in the figure. The values &fc, and thec/a ratio
exhibit little dependence on the silver content. Figure 10 shows th
relative permittivity at room temperatur&j and at the Curie
temperature K,,,.,0, as a function of the silver content. The
variation of Curie temperatureTy) is shown in Fig. 11 as a
function of the silver contentl, also shows little dependence on
+ the silver content.

' & calcined powder
] ! ¥ o+ b
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20 30 40 50 60 70 80

relative intensity

o In the present study, AgNQs used as the starting material for
2 fine silver particles. The number of contacts between the silver an
Fig. 1. XRD patterns of BaTiQ doped with 5 wt% of silver. the BaTiQ, particles is much greater than that in a multilayered
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Fig. 3. Typical microstructures of silver-doped BaTi@a) O, (b) 0.3,
and (c) 1 wt% of silver). Some silver inclusions in Figs. 3(b) and (c) are
indicated by arrows.

structure in which the inner electrode and the dielectrics are
stacked layer by layer. Therefore, the interactions (if any) between
the silver and BaTiQare enhanced by the methodology that has

been used in this study. Despite the fact that the calcination and

sintering operations are conducted in air, no,8gs detected in
the silver-doped BaTigXsee Fig. 1). Thermodynamic studies have
suggested that silver is more stable than@a@t temperatures of
>189.8°C in air**® Therefore, any AgO that is present decom
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Fig. 4. Relative density of silver-doped BaTiQas a function of the
silver content.

06 I E— T T T T 1
) - BT +0.7 wt%Ag |
O\ 05 |- BT + 0.05 wt% Ag i
X | ]
™ 04 ]
-9 - undoped BT 7]
= i
- pa—
c 03
5 i
.‘g L _
O 02 N
E —_
77 I~ -
S o1l —
c | —
0.0
50 60 70 80 a0 100

relative density / %

Fig. 5. Densification rate of silver-doped BaTjiQas a function of the
relative density.

inclusions are isolated from the external atmosphere after sinte
ing. Ag,O cannot form during the cooling stage from the sintering
temperature anymore. Therefore, no ,8gis observed in the
sintered specimens. Fine spherical particke4@ nm in diameter)
are observed on the surface of the silver-doped BgTi@ticles
(see Fig. 2(b)); however, such fine spheres are not observed on t
surface of undoped BaTipowder particles (see Fig. 2(a)). The
AgNO, melts first as the temperature increa@he morphology

of the AgNG, liquid becomes spherical before it decomposes.
XRD analysis and TEM observation suggests that the smal
spherical particles on the silver-doped BaTigarticles are silver
inclusions.

The solubility of silver in BaTiQ has been determined in the
present study using three techniques, namely the lattice paramet
the Curie temperatureT(), and EPMA analysis. The lattice
parameters of BaTiQare not affected by the addition of silver.

The Curie temperature of BaTiPwhich is very sensitive to the

presence of solute? also is independent of the silver content.
Furthermore, the differences of the lattice parameters &nd
between undoped and BaTj@hat has been doped with 500 ppm

poses to metallic silver during the heat-up stage. Figure 1 shows of sjlver are negligible (see Figs. 9 and 11). Therefore, these tw
that fine silver inclusions remain in their metallic state after the techniques suggest that the solubility of silver in BaJi®

calcination at 300°C. The formation of AQ is a very slow

negligible. However, EPMA analysis suggests a silver solubility of

process at low temperatufethus, the amount of A® that is 300 * 45 ppm in BaTiQ. EPMA analysis can easily detect
formed during the cooling stage from the calcination temperature information under the surface. Although care was taken to avoi
may be too low to be detected via the XRD technique. The silver the silver particles and the grain boundaries, the EPMA analysi
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Fig. 7. Area fraction of abnormal grains in the silver-doped BaJi&s a
function of the silver content.
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still may overestimate the amount of silver in the BaJi@ains.
Therefore, we can conclude that the solubility of silver in BaJiO 2200
is <300 ppm.

The radius of the Ag ion (0.149 nmj° is slightly larger than
that of the B&* ion (0.135 nm) and is much larger than that of the 2100
Ti** ion (0.061 nm). One might expect that the Agon would <
occupy the B&" site; however, such replacement may be difficult,
because the radius of the Adon is larger than that of the Ba
ion. Furthermore, other defects (such as oxygen vacancies) would
be needed to fulfill the requirement of electrical neutrality. In
comparison with the study of lkushima and Hayaka&wtne
silver-doped BaTiQ in the present study has been sintered in air
instead of nitrogen; thus, the concentration of oxygen vacanciesis  4gpo L L+ 1 1+ | + | 4 | 1
expected to be less in the specimens that have been prepared in the 0.0 0.2 0.4 0.6 0.8 1.0
present study. The low concentration of oxygen vacancies in- silver content / wt%

creases the difficulty of dissolving metallic silver into BaTiO Fig. 10. Relative permittivity at room temperaturi and at the Curie

A small amount of ZrQ (~200 ppm) from the grinding media  temperatureK;,,), as a function of the silver content.
is picked up during processing. The presence of the,Z@ute

can reduce the value 3f.** The amounts of ZrQin the undoped
and doped BaTiQpowders are approximately the same, because value ofK, decreases as the grain size increddés.contrast, the
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2000 |~
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the milling conditions are the same. The differencd irbetween value of K,,,, increasesas the grain size increasEsThus, the
the undoped and doped BaTiGpecimens can contribute to the variation of the relative permittivity, relative to the silver content
effect of silver. (Fig. 10), can be related to the grain-size effect.

The relative permittivity at room temperaturk, ) and at the The sintering-kinetics data (Fig. 5) suggest that the densificatiol

Curie temperature{(,,,,) are strongly dependent on the size of the of BaTiO; is slightly slowed by the addition of silver. The
BaTiO; grains. Previous studies have clearly indicated that the presence of second-phase inclusions increases the interdiffusi
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Fig. 11. Curie temperature, as a function of the silver content.

distance between BaTiQgrains, thus slowing the densification.
The amount of silver is small; thus, the influence of silver
inclusions on the densification is limited.

Abnormal grain growth in TiQ-excess BaTiQis a frequently
observed phenomenon. Abnormal grains are observed

undoped specimens. The addition of silver primarily affects the
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The silver inclusions are located either at the grain boundarie
of BaTiOj, grains or within the BaTi@Qgrains. The coarsening of
the silver inclusions is accompanied by the growth of BaliO
grains. Thus, the size of the silver inclusions in the sinterec
specimens is much larger than that of the original silver particle:
(see Figs. 8 and 2(b)).

V. Conclusions

X-ray diffractometry, dielectric measurement, and electron
probe microanalysis indicate that the solubility of silver in BaJiO
is <300 ppm when silver-doped BaTj@s sintered in air. Changes
in the relative permittivity that are due to the addition of silver
primarily are a result of the microstructure differences. A small
amount of additive can induce the formation of agglomerates o
density heterogeneities during processing; these heterogeneiti
form the nuclei of abnormal grains. Thus, the size and amount ©
abnormal grains are great in a system that contains a small amou
of silver. When the content of added silver is high, the presence c
silver inclusions can inhibit the coarsening of BaTiO
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