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Distribution characteristics of boundary phase in BaBadded BaTiQ ceramics were
investigated with a focus on the curvature difference of solid—liquid interfaces at
two-grain and triple junctions. High-resolution transmission electron microscopy
revealed that the triple junction of solid grains showed the positive curvature of
solid—liquid interface and consisted of the mixture of liquid phase and crystallized
BaB,O, phase. On the other hand, flat amorphous thin film of 2.5-nm thickness was
observed at the two-grain junction. This kind of boundary phase distribution
characteristic was explained by the solubility difference between two kinds of junctions
of solid grains that had different curvature of solid—liquid interfaces.

[. INTRODUCTION liquid phase, and its shape is determined by the dihedral

There has been a significant amount of work toward€ngle of the systert*The other is thin-liquid films at

establishing the relationship between the positive temtWO0-grain junction. lts thickness is a few nm order and

perature coefficient of resistivity (PTCR) properties of Independent of grain size or liquid amount, and thought
BaTiOs ceramics and their microstructures, which in turn© b€ of an equal value to the composition and tempera-

13-15 H
depends critically on the processing parameter, e.g., sifé'®~ ~ Such an intergranular amorphous phase may
tering profile, atmosphere, additives, &té.In general, Ccrystallize during the cooling and adequate annealing

small amounts of sintering aids such as JiSiO,, and ~ ProCess, and the final micrqstructure and physical prop-
AlLO, were usually added to BaTiOceramics for €rties may also change. This means that the crystalliza-

achieving homogeneous microstructure and lowering thd0n Pehaviors of the intergranular amorphous phase
sintering temperature through the liquid-phase sinter@€ important for a better understanding of micro-
ing.#~° Recently, Parlet al” and H& used BN addition structure and physical properties of a liquid-phase sin-
as a sintering aid and Hext al® showed that the Bafo,  tered body. .
compound was the most effective sintering aid of [N this study, BaBO, compound was used as a sin-
the various boron-containing compounds for low- tering aid for_Iowerlng the sintering temperature of
temperature sintering of BaTi(eramic system. BaTiO; ceramics that had PTCR composition, and the

The liquid-sintered body could be considered a comPhase-distribution characteristics were examined using

posite of crystalline grains and amorphous liquid phase<@. diffractometer (XRD) and high-resolution trans-

and two kinds of distribution characteristics of inter- Mission electron microscopy (HRTEM), respectively.

granular liquid phase can be developed in microstructurd N€ crystallization characteristics of the boundary phase
around the grain boundary during the liquid-phase sin!n BaB:O, added BaTiQ ceramics were discussed with
tering. One is bulk liquid pocket, which is located at @ focus on the curvature d|ffere_nce _of SO.|Id—|IQUId inter-
triple or four-grain junctions. The size of liquid pocket is faces between two-grain and triple junctions.

proportional to the grain size and volume fraction of the”_ EXPERIMENTAL

Specimens with a PTCR formula of (B&7Y 5.009 1103

@Address all correspondence to this author. were prepared using high purity chemicals of
e-mail: jhlee@icm.re.kr BaC05(99.94%), TiQ(99.97%), and ¥05(99.999%).
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Raw materials were wet-ball milled for 20 h with ethyl  Figure 3 shows a HRTEM micrograph of a triple junc-
alcohol in a polyethylene jar using zirconia balls and thertion (or four-grain junction) of solid grains. The left up-
calcined at 1150 °C for 1 h. The BaB, compound was per edge of the liquid pocket was preferentially etched

synthesized at 1000 °C using chemical grade Ba@xl
H;BO; powders. The mixture of 8 mol% of BaB, and
the calcined (Bggo-Y 5.009 TIO5 powder was ball milled

out by ion-milling perforation, and lattice fringes of
perovskite BaTiQ solid grains are shown. The interest-
ing part of this micrograph is the lattice fringes of small-

again for 20 h. The mixed powders were compacted witlcrystallized particles are clearly seen within the
a hydrostatic pressure of 98 MPa, and sintered at 1150 °@morphous liquid pocket. The crystallized particles had
for 1 hin air and then furnace cooled with a rate of aboutaggregated forms with few nanometer-sized crystallites,
400 °C/h. For phase identification, XRD (Rigaku, and the lattice fringes of particles show no special ori-
D/MAX 2500, Tokyo, Japan) was used. HRTEM (Top- entation of growth. Because the size of the crystallites
con EM-002B, Paramus, NJ) studies were accompaniedias so small and they contained a boron component, the

to analyze grain-boundary structure and morphology.

[ll. RESULTS AND DISCUSSION

Figure 1 shows the microstructure of 8 mol% B&B
added to a BaTiQspecimen sintered at 1150 °C for 1 h.

Its microstructure resembles a typical microstructure o
PTCR devices without abnormal grain growth. In the

BaB,O,—BaTiQ, system, BaBO, forms liquid phase at
the eutectic point of 942 + 3 °€° Therefore, when the

samples are sintered at 1150 °C, liquid-phase sintering_lr
occurs, which provides a faster diffusion path and accel-

erates densification. The average grain size was 6.5
1.0um, and the apparent density and porosity of th
specimen was 5.70 + 0.12 g/émand 5.2 + 2.0%,
respectively.

Figure 2 shows the XRD pattern of a 8 mol% B&RB-
added BaTiQ specimen sintered at 1150 °C for 1 h. Dif-

fraction peaks are completely identical with major peak

of BaB,O, and perovskite BaTiQphases, respectively.
It was assumed that melts of the BB compound led

to an acceleration of the densification during heating, an
was then transformed again to the crystalline phase du

ing the cooling procedure.

™ W r e 3 - s é
FIG. 1. Microstructure of 8 mol% Baf®, added BaTiQ-based
PTCR sample sintered at 1150 °C for 1 h.
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exact composition of crystallites and amorphous liquid
was not successfully analyzed. However, considering
XRD result and mass balance of specimens, the compo-
sition of crystallites and amorphous phase was assumed
to be BaBO, and Ba-Ti—B-0O glass phase, respectively.
The phase diagram of the BsB,—BaTiO; system also

f:onfirms the formation of the Bal®, phase at the entire

range of composition below the eutectic temperature of
942 + 3°C!®

Figure 4 represents a HRTEM micrograph of the two-
ain junction region. Along the lattice fringes of grains,
in amorphous liquid film with a thickness about 2.5 nm
was observed without any crystalline, even though the
llquid at the triple junction was already crystallized as
shown in Fig. 3. These amorphous thin films are charac-
terized by being nearly constant in thickness along the
boundary with an order of a few nanometéfsThe
thickness is dependent on composition and temperature,
etc., and considered to be an equilibrium state as reported
in other literatures®*>*’ Clarke*” proposed that the
thickness of the intergranular film represented the equi-

Hbrium separation between grains determined by a bal-

ance between attractive (van der Waals force between
grains and capillary forces from liquid menisci) and re-
pulsive forces (repulsive electrostatic interaction due to
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FIG. 2. X-ray diffraction pattern of a 8 mol% BgB,-added BaTiQ
based PTCR sample sintered at 1150 °C for 1 h.
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FIG. 3. HRTEM micrograph of triple junction of solid grains. ‘a’ implies the amorphous and ‘c’ the crystallized particle.

was also suggested that stresses caused by the volume
changes upon crystallization may inhibit complete crys-
tallization!®*~2* However, it seemed unlikely that re-
sidual stresses were responsible for the remnant films
since there was evidence of sufficient diffusional trans-

port and viscous deformation to relieve such stresses
[T IR il l 2.5nm when annealing was performéd.
Another explanation for the limitations of boundary
T film crystallization based on the original Clarke model

was proposed® In this explanation, thermodynamic cal-

b culations were conducted to model the energy of a liquid

' constrained between two crystal surfaces as a function of
structure imposed on the liquid by the crystals. This
showed that structural constraint imposed by the crystal
surfaces forced the film to be disordered at the interface
because it was energetically preferred to an abrupt
change in structure that would result in a large gradient
charges at the grain/liquid interfaces). But there was n&nergy. In this case, therefore, it might be difficult to
explanation of incomplete crystallization of a glass innucleate any crystalline phase at the liquid-film region,
two-grain junction. where the glass-network molecules would be structurally

After Clarke’s studies, there were numerous experi-constrained.

mental and theoretical studies of boundary films, and All of the explanations discussed in Sec. Il for the
several reasons suggested a resistance to crystallizatidimitations of boundary film crystallization were based
especially in the thin amorphous film. R&jproposed on the uniform composition of liquid phase through the
that a capillary stress due to the curvature of the solidwhole specimen. Recently, Chiaeg al,** Gu et al,*®
liquid interface advancing into the film was responsibleand Brydsonet al.,*® independently observed the
for a reduction in energy difference between the crystalcomposition difference of liquid phase between two-
line and amorphous state of the material. The reductiograin and triple-junction regions. The composition dif-
of this energy difference reduces the driving force for theference was explained using segregation concepts of
advancement of the crystallization front into the film. It specific cations at each solid-liquid interface; these ex-

FIG. 4. HRTEM micrograph of two-grain junction region.
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perimental results signify that the composition of film diffusivity in a viscous melt, shows that the diffusion
need not be identical to that of the bulk liquid located atcoefficient is inversely proportional to viscosity. Thus,
triple junctions. the nucleation rate is inversely proportional to viscosity

In addition to the segregation, there is also a necessitigecause high viscosity reduces the jump frequency of
to have a viewpoint of compositional difference with atoms, i.e., a lower viscosity of liquid with the dissolu-
respect to the microstructural difference between twotion of certain components into liquid phases increases
grain and triple-junction regions. The radius of the cur-the nucleation rat&
vature of solid-liquid interface may be an important During the sintering process, in our system, the
geometrical factor, which determines the chemicalBaB,O, phase will melt at the eutectic temperature and
potential of atoms at the interface. According to thesome of the Ti and Ba ions will be concurrently dissolved
Thompson—Freundlich equatidhthe solubility of solid  into BaB,O, melts from BaTiQ grains, and then form
particles in the liquid phase is inversely proportional toBa—Ti—-B—-O glass. In Ba—Ti—-B-O glass, B and Ba com-
the radius of solid particles. Because the curvatures gbonents act as glass network former and modifier, re-
solid particle at triple junction regions are small com-spectively. Thus, the dissolving of Ba and Ti components
pared with two-grain junction that have flat boundary may lead to the lowering of the viscosity of the liquid and
morphology, the solubility of solid particles in the liquid supersaturation of glass with Ba and Ti components con-
phase at triple junction regions are also higher than thoseurrently. Since the radius of curvature in solid-liquid
at the two-grain junction as shown in Fig. 5. Concerninginterface is small at the liquid pocket, the amount of
the concentration of solute at triple junction, Green-dissolved Ba and Ti components is also large compared
wood?’ and other&-?°have demonstrated the concentra-with the liquid film. When the specimen was cooling
tion gradient profile of a solute with distance. The down after sintering, the crystallization of BgB, was
approximate formula derived to predict the solute conthought to occur at the bulk-liquid pocket located at triple
centration gradient around each particle showed that thginctions, which had rather low viscosity and high su-
effective influential distance of concentration to be thepersaturation, compared with the liquid film at two-grain
radius of the solute particle from the surface. Under thigunction. Therefore, such a high solubility of solid par-
condition, the concentration profiles of each particle aticles at triple junctions into the liquid phase may accel-
triple-junction overlap with each other, and a higher con-erate the crystallization of the liquid phase during the
centration due to higher solubility is expected. cooling process.

When a new phase is formed by a nucleation and
growth process in a liquid, we can consider factors such
as supercooling, degree of supersaturation, and viscosity. - CONCLUSION
If we consider the effect of increasing supersaturation at Two kinds of distribution characteristics of boundary
a constant temperature, the rate of nucleation is verphasesin BaBD, added BaTiQ ceramics were observed
sensitive to the degree of supersaturation especially whesy HRTEM: (i) triple junction filled with a mixture of
the supersaturation approaches some critical vid@n  liquid phase and crystallized BaB, phase, and (ii) two-
the other hand, the viscosity of a liquid should also begrain junction with a flat amorphous thin film. This kind
considered as an important factor. The Stokes—Einsteiof boundary phase distribution characteristic was ex-
relation* which is frequently used to estimate the atomplained with a viewpoint of compositional difference

with respect to the microstructure difference between
two-grain and triple-junction regions. Because the solu-

Grain bility of solid particles in the liquid phase are inversely
Two grain junction proportional to the radius of solid particles, the solid
__)Amorphous liquid film particle at the triple-junction region has smaller curvature

and are more soluble than the two-grain junction. Such a
high solubility of a solid particle to the liquid phase

) ) ) concurrently leads to supersaturation of the glass phase
Triple junction and lowers the viscosity of the liquid, which eventually
Bulk liquid+crystalline  accelerates crystallization of the liquid phase during the
cooling process.

r=0 —>

Low solubility
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