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bstract

he changes in solid/liquid interface structure and grain growth behavior with oxygen partial pressure (PO2 ) were systematically studied during
iquid-phase sintering of 8TiO2/2SiO2-added BaTiO3. As the PO2 of the sintering atmosphere increased, the grain boundaries and solid/liquid
nterfaces showed increased faceting, indicating an increase in step free energy. This increase in PO2 and step free energy caused a change in grain

rowth behavior as a function of sintering time. When samples were sintered in H2, abnormal grain growth (AGG) occurred from the beginning,
esulting in a coarse microstructure with a large average grain size. With increasing PO2 , the incubation time necessary for AGG also increased.
inally, for samples sintered in air, AGG did not occur even after 100 h. These changes in incubation time for abnormal grain growth demonstrate

he effect of changing the step free energy on the microstructural development during liquid phase sintering of ceramic systems.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

In BaTiO3, which is a ubiquitously used ceramic in multi-
ayer ceramic capacitors, there have been extensive attempts
o predict and control the microstructure through grain bound-
ry engineering. Several studies have focused on how the
icrostructure varies as the external environment changes, e.g.

y changing the kind and concentration of dopant,1–4 changing
he sintering temperature and temperature profile,5–7 and chang-
ng the oxygen partial pressure.1,8–10 Central to these studies

s the structure of the grain boundary or solid/liquid interface,
hich has been one of the most important parameters in explain-

ng various aspects of microstructural evolution.11–13 Because
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rain growth occurs via the movement of grain boundaries or
olid/liquid interfaces, to understand the structure and behavior
f these boundaries/interfaces is of primary importance.

Previous experiments in several ceramic systems have shown
strong correlation between the structure of the grain boundary
r solid/liquid interface and the grain growth behavior.6,8,10,14–21

rain boundaries and solid/liquid interfaces can be rough or
aceted on an atomic scale. If the boundaries/interfaces are
ough, then normal grain growth takes place. If the bound-
ries/interfaces are faceted, however, different types of normal
nd abnormal grain growth can occur. The type of grain growth
hat takes place is determined by the relative values of �gmax, the

aximum driving force for grain growth, and �gC, the critical
riving force for appreciable grain growth.11–13

For a system with faceted interfaces, the value of �gC,
nd hence the type of grain growth behavior, can be changed
y changing the sintering atmosphere. In the BaTiO3 system,

1 1 1} twin-assisted abnormal grain growth takes place in sam-
les sintered in air below the eutectic temperature, i.e. in the
olid state.10,22,23 The {1 1 1} twins form at oxygen partial
ressures above PO2 = 10−11 atm while {1 1 1} twins disap-

dx.doi.org/10.1016/j.jeurceramsoc.2010.12.010
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Fig. 1. (a) SEM micrograph of BaTiO3 powder (Sakai Chemical Industry

ear below PO2 = 10−11 atm. This changes the grain growth
ehavior from abnormal with the assistance of {1 1 1} twins
PO2 = 0.21 atm) to stagnant without {1 1 1} twins (PO2 =
0−11–10−17 atm).10,24 As the sintering atmosphere becomes
ore reducing, the grain growth behavior changes from stagnant

o abnormal (without {1 1 1} twins) then finally to normal.10

his change of behavior was explained by the reduction of �gC
n samples sintered in reducing atmospheres.

The above studies show that changes in �gC can change
he grain growth behavior in solid-state systems, i.e. systems
ith solid/solid grain boundaries. In contrast, little work has
een done to study the effect of �gC changes in systems with
olid/liquid interfaces. A limited study was carried out by Chang
nd Kang in the BaTiO3–SiO2 system.25 They found that as the
intering atmosphere changed from oxidizing to reducing the
rain growth behavior changed from stagnant to abnormal and
nally to normal. However, grain growth behavior under only 3
alues of PO2 (0.2, ∼10−17 and ∼10−24 atm) was observed and
nalysis of the solid/liquid interface structure was not carried
ut. Therefore, to elucidate the effect of changes in �gC on
he solid/liquid interface structure and grain growth behavior of
aTiO3 in a liquid phase, there is a need for a more detailed

tudy.
A study of grain growth behavior in BaTiO3 with a

iquid phase could be done by simply sintering TiO2-
xcess BaTiO3 under different oxygen partial pressures
t temperatures > 1332 ◦C (the eutectic temperature of
aTiO3–Ba6Ti17O40 [26]). However, a complicating factor is

he formation of abnormal grains of the hexagonal phase of
aTiO3 during sintering in reducing atmospheres at tempera-

ures > 1332 ◦C.27,28 It was found that addition of SiO2 could
educe the eutectic temperature29 and inhibit the formation
f hexagonal BaTiO3.27 Therefore, in this study BaTiO3
s co-doped with TiO2 and SiO2 and sintered in different
tmospheres to investigate the effect of oxygen partial pressure
n interface structure and grain growth behavior in a system
ith solid/liquid interfaces without the formation of hexagonal
aTiO3.
. Experimental

Samples were prepared from BaTiO3 (0.1 �m size and
9.9 wt.% purity, Sakai Chemical Industry, Osaka, Japan), TiO2

m

s
t

(b) its size distribution measured by the dynamic light scattering method.

0.3 �m size and 99.9 wt.% purity, Sigma–Aldrich Co., Milwau-
ee, WI, USA) and SiO2 (0.8 �m size and 99.9 wt.% purity,
ojundo Chemical Industry, Saitama, Japan) powders. Fig. 1

hows the SEM micrograph of the BaTiO3 powder (a) and its
article size distribution measured by the dynamic light scat-
ering method (b). The particle sizes are quite uniform with
n average value of ∼120 nm. A BaTiO3 powder of composi-
ion BaTiO3–8 mol.% TiO2–2 mol.% SiO2 was prepared. The
roportioned powder was ball-milled for 24 h in ethanol in
olyethylene bottles using zirconia milling media. After milling,
he slurry was dried, crushed and passed through a 150 �m sieve.
he powder was lightly pressed into disks with 9 mm diame-

er and 5 mm thickness, and then compressed isostatically at
00 MPa for 10 min using a Cold Isostatic Press (Autoclave
ngineers Inc., Erie, PA, USA). The pressed compacts were
re-annealed at 900 ◦C for 24 h in order to eliminate volatile
mpurities. After annealing, samples were placed on BaTiO3
pacers in an alumina crucible and sintered in a closed-end alu-
ina tube in a vertical alumina tube furnace. Samples were

intered at 1280 ◦C (above the ternary eutectic temperature of
260 ◦C for the BaTiO3–SiO2 pseudo-binary system [29]) for
arious times up to 100 h. Samples were sintered under dif-
erent oxygen partial pressures ranging from H2 (PO2 = 3.8 ×
0−20 atm) to air (PO2 ≈ 0.2 atm). The oxygen partial pressure
as controlled using CO/CO2 and N2/H2 mixed gases and mea-

ured by a PO2 monitoring system (Nano-Ionics Corporation,
eoul, Korea). Before and after sintering the samples, the closed-
nd alumina tube was purged with the appropriate mixed gas for
0 min to form the required PO2 value. The sample heating and
ooling rate was 10 ◦C min−1.

Samples for Scanning Electron Microscopy were verti-
ally sectioned, polished and etched in a solution of 1 vol.%
F–4 vol.% HCl–95 vol.% distilled H2O for 8–10 s. Samples

or Scanning Electron Microscopy were gold coated and viewed
n an SEM (Model XL 30S FEG, Philips, Eindhoven, The
etherlands). An image analysis program (Matrox Inspector 2.1
atrox Electronic Systems Ltd., Dorval, Canada) was used to
easure the average grain size and grain size distribution of

he samples from the micrographs. For each sintering condition,

ore than 300 grains were examined.
For Transmission Electron Microscopy, samples were ultra-

onically cut into 3 mm discs, mechanically ground to a
hickness of 100 �m, dimpled to a thickness of less than 10 �m,
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ig. 2. SEM micrographs of 8 mol.%–TiO2/2 mol.%–SiO2 added BaTiO3 si
5N2–25H2 (4.1 × 10−18 atm); (i–l) 95N2–5H2 (6.3 × 10−16 atm); (m–q) 30CO

nd finally ion-milled until perforation for electron transparency.
igh Resolution TEM (HRTEM) observations were performed
sing two kinds of TEM (Tecnai G2 F30, FEI & Philips CM20,
indhoven, The Netherlands) operated at 200 and 300 kV,

espectively.

. Results

Fig. 2 shows the microstructures of 8TiO2/2SiO2 added
aTiO3 samples which were sintered at 1280 ◦C for various

imes from 10 min to 100 h in atmospheres ranging from H2
PO2 = 3.8 × 10−20 atm) to air (PO2 ≈ 0.2 atm). To save space,
ot all of the microstructures are shown in Fig. 2; however, the
rain size distributions of all the samples are given in Fig. 3.
ig. 2(a)–(d) shows the microstructures of the samples which
ere sintered in H2 (PO2 = 3.8 × 10−20 atm) and Fig. 3(a)

hows the corresponding grain size distributions. For the case

f 0 min of sintering, the average grain size was approximately
.2 �m, abnormal grains were not present and the grain size
istribution was unimodal as shown in Fig. 3(a). After 10 min
f sintering, a few large (abnormal) grains had already formed

H
c
t
(

at 1280 ◦C for various times in: (a–d) H2 (PO2 = 3.8 × 10−20 atm); (e–h)
O2 (4.6 × 10−10 atm); (r–v) air (2.1 × 10−1 atm).

Fig. 2(a)]. After 1 h, the size of abnormal grains increased and
heir number also increased [Fig. 2(b)]. As the sintering time
ncreased, the number and size of the abnormal grains further
ncreased. Finally, the fine matrix grains were completely con-
umed by abnormal grains at a sintering time of 5 h and the grain
ize distribution became unimodal again [Figs. 2(c) and 3(a)].
fter that, the average grain size increased slightly, maintaining
unimodal grain size distribution until 50 h [Fig. 3(a)]. None of

he abnormal grains contained any {1 1 1} twins.
In the less reducing atmosphere of 75N2–25H2 (PO2 = 4.1 ×

0−18 atm), the grain growth behavior was different from that
bove. Fig. 2(e)–(h) shows the microstructures of 8TiO2/2SiO2
dded BaTiO3 which was sintered at 1280 ◦C from 0 min to
0 h in 75N2–25H2 (PO2 = 4.1 × 10−18 atm), and Fig. 3(b)
hows the corresponding grain size distributions for samples
intered for up to 50 h. Until 2 h, the unimodal grain size dis-
ribution was maintained as shown in Figs. 2(e)–(f) and 3(b).

owever, the average grain size increased slightly, which was

onfirmed by the shift to larger sizes of the grain size distribu-
ions [Fig. 3(b)]. Between 2 h and 5 h, abnormal grains appeared
Figs. 2(f) and 3(b)) and as a result of that, the grain size dis-
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ig. 3. Grain size distributions of 8 mol.%–TiO2/2 mol.%–SiO2 added BaTiO3 si
b) 75N2–25H2 (4.1 × 10−18 atm); (c) 95N2–5H2 (6.3 × 10−16 atm); (d) 30CO–

ribution became bimodal. With increasing sintering time, the
bnormal grains grew as shown in Fig. 2(h). The matrix grains
lso grew, but at a very slow rate [Fig. 3(b)]. In the micrographs
aken at higher magnification, a TiO2/SiO2-containing second
hase can be seen [e.g. that indicated by an arrow in Fig. 2(f)].
his phase was present in all samples regardless of sintering
tmosphere.

Fig. 2(i)–(l) shows the microstructures of 8TiO2/2SiO2 added
aTiO3 which was sintered at 1280 ◦C for 10 min to 20 h in
5N2–5H2 (PO2 = 6.3 × 10−16 atm), and Fig. 3(c) shows the
rain size distributions for samples sintered from 10 min to 50 h.
or the samples sintered in 95N2–5H2, the incubation time for
bnormal grain growth became longer than in the cases of sin-
ering in H2 and 75N2–25H2. For sintering times up to 10 h, no
bnormal grains appeared. Matrix grain growth was also limited
Fig. 3(c)]. After sintering for 20 h, abnormal grains appeared
Fig. 2(l)]. With further sintering, the size of the abnormal grains
ncreased but the size distribution of the fine matrix grains did
ot change noticeably [Fig. 3(c)].

Fig. 2(m)–(q) shows the microstructures of 8TiO2/2SiO2
dded BaTiO3 which was sintered at 1280 ◦C from 10 min to
00 h in 30CO–70CO2 (PO2 = 4.6 × 10−10 atm) and Fig. 3(d)
hows the corresponding grain size distributions. After 10 min
f sintering, the average grain size was approximately 0.2 �m,
nd a unimodal grain size distribution appeared as shown in
igs. 2(m) and 3(d). The unimodal grain size distribution was
aintained up to 50 h and abnormal grains did not appear.
etween 50 and 100 h, abnormal grains appeared and by 100 h of
intering the fine sized matrix grains were completely consumed
y large abnormal grains of size 5–30 �m [Figs. 2(q) and 3(d)].

Finally, in air (PO2 ≈ 2.1 × 10−1 atm), abnormal grains
id not appear even after sintering for 100 h, as shown in

F
s
(
t

at 1280 ◦C for times from 0 min up to 100 h in: (a) H2 (PO2 = 3.8 × 10−20 atm);

2 (4.6 × 10−10 atm); (e) air (2.1 × 10−1 atm).

ig. 2(r)–(v). From 10 min to 100 h, the only change with
ncreasing sintering time was the broadening of the grain size
istributions [Fig. 3(e)]. When all the results are considered, it
an be seen that the incubation time necessary for AGG increased
ith increasing PO2 . The incubation time for AGG gradually

ncreased from a few min to more than 100 h as PO2 increased
rom ∼10−20 atm to ∼10−1 atm.

Fig. 4 shows the typical morphologies of grain boundaries
nder different values of PO2 . Microfaceted boundaries with
hill-and-valley shape are marked with arrows. Only a small

raction of the boundaries appear faceted in the sample sin-
ered in H2 (PO2 = 3.8 × 10−20 atm) [Fig. 4(a)]. The fraction of
aceted boundaries increases as PO2 increases to 2.1 × 10−1 atm
Figs. 4(b) and (c)], implying that the boundary step free energy
ncreases with increasing PO2 . High resolution TEM (HRTEM)
bservation revealed that the grain boundaries were free of an
morphous phase, for example, as shown in Fig. 4(d).

The change in morphology of the solid/liquid interface with
xygen partial pressure was identified by observing the shape of
ntrapped liquid drops within grains. The shape of an entrapped
iquid drop (a negative crystal) exhibits the equilibrium shape
f a crystal in the same liquid.30,31 Many entrapped liquid drops
ere present in some regions of several grains, as shown in Fig. 5.

An EDS analysis revealed the average concentration of Si in
hree pockets to be 33.4 at.% in H2, and 35.5 at.% in air, demon-
trating that the pockets are liquid drops rather than entrapped
ores.) The shapes of liquid drops in samples annealed in H2
Fig. 5(a)) are mostly rounded with a small fraction of facets.

ig. 5(b) is an HRTEM micrograph of a small liquid drop. The
olid/liquid interface appears to be mostly defecated except at a
0 0 1) plane, which is apparently flat. In contrast, Fig. 5(c) shows
hat the shape of entrapped liquid drops is mostly well faceted in
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ig. 4. TEM images of grain boundary morphology of 8 mol.%–TiO2/2 mol.%–S
b) 30CO/70CO2 (4.6 × 10−10 atm), and (c) air (2.1 × 10−1 atm). Faceted boun

ir. The HRTEM micrograph in Fig. 5(d) shows faceted {0 0 1}
lanes and also faceted {1 1 1} planes. These TEM observations
emonstrate an increase in the step free energy of solid/liquid
nterfaces with an increasing oxygen partial pressure.

. Discussion
The SEM and TEM results in the present work show that
he SiO2/TiO2 liquid phase remains at multi-grain junctions
nd does not penetrate the grain boundaries (Figs. 2 and 4).
ven in this case, the grain growth behavior may be controlled

g

r
s

Fig. 5. TEM and HRTEM micrographs showing the shapes of liquid drops e
dded BaTiO3 sintered at 1280 ◦C for 30 min in: (a) and (d) H2 (3.8 × 10−20 atm),
with a hill-and-valley shape, are indicated by arrows.

y a solution–reprecipitation process through the liquid phase
t the multi-grain junctions.32 In the following explanation of
he grain growth behavior, it will be assumed that grain growth
akes place via such a process because the distance of material
ransport is larger at triple junctions than at grain boundaries.

similar explanation could, however, also be made if grain
rowth takes place via atomic diffusion across the solid–solid

rain boundaries.10,33,34

Solid/liquid interfaces can have two structures: atomically
ough or atomically smooth (faceted).35–37 On a microscopic
cale, atomically rough interfaces will appear curved whereas

ntrapped within BaTiO3 grains (a) and (b) in H2, and (c) and (d) in air.
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ig. 6. Schematic showing the difference in critical driving force (�gC) among
he samples that were sintered in variable PO2 . (The maximum driving force for
rain growth at initial time of sintering is also expressed.)

tomically smooth interfaces will be flat, often with a hill and
alley or microfaceted appearance. During grain growth, atoms
ust cross the solid/liquid interface between the growing and

hrinking grain and then attach to the growing grain. If the inter-
ace is atomically rough, then there are a large number of kink
ites on the growing grain to which atoms can attach. The grain
rowth rate is therefore controlled by the rate of diffusion across
he interface. If the interface is atomically smooth, however,
hen the number of kink sites on the growing grain will be lim-
ted. In order to grow, the grain must possess kink sources such
s 2D nuclei or screw dislocations.37 The grain growth is then
ontrolled by the rate at which atoms can attach to the kink
ources. Solid/liquid interface migration by the lateral move-
ent of steps on a growing crystal has been well documented in

he literature.36,38

Fig. 6 plots schematically the variation in growth rate with
riving force for a grain with atomically rough or atomically
mooth interfaces. For both cases, the driving force for grain
rowth is due to the difference in solubility between large and
mall grains (Ostwald ripening). The driving force �g for grain
rowth is given by12,39:

g = 2γVm

(
1

r̄
− 1

r

)
(1)

here γ is the solid/liquid interfacial energy, Vm is the molar
olume of the solid phase, and r̄ is the radius (in the case of

aceted grains, the distance from the center to the facet plane)
f a grain which is neither growing nor shrinking. For an atom-
cally rough interface, the grain growth rate is a linear function
f the driving force.40 In diffusion-controlled growth, any grain

s
f
h

eramic Society 31 (2011) 755–762

ith a positive driving force �g can grow. Upon extended sin-
ering, the grain size distribution will become stationary with
maximum value approximately twice that of the mean grain

ize.40 In particular, abnormal grain growth will not occur.
For an atomically smooth interface in which growth is con-

rolled, in many cases, by 2D nucleation, the grain growth rate
an be given by34,37:

dr

dt
= hAΨn0 exp

(
− πε2

kTh�g

)
(2)

here Ψ = n∗υ exp
(
−�gm

kT

)
, υ is the vibration frequency of

toms in the liquid, n* the number of atoms in a position close to
he nucleus, �gm the activation energy for jumping across the
nterface, A the grain facet area, n0 the number density of atoms
n the liquid, h the height of the 2D nucleus, ε the step free energy
f the nucleus, k the Boltzmann constant, T the absolute temper-
ture, and �g the driving force for grain growth, as given in Eq.
1). In 2D nucleation-controlled growth, the grain growth rate is
n exponential function of the driving force. The growth rate will
e very low until a critical driving force �gC is reached, at which
oint it increases drastically with driving force. At �g > �gC,
inetic roughening takes place and the interface can effectively
ecome atomically rough.41 From this point, the grain growth
ate is controlled by diffusion and the growth rate increases lin-
arly with �g (Fig. 6). The value of the critical driving force
gC is given by42:

gC = Vmε2

3hkT
(3)

rom Eqs. (2) and (3), it can be seen that the grain growth behav-
or of a polycrystalline material is strongly affected by the step
ree energy ε. This is the excess energy associated with the edge
f the 2D nucleus and is analogous with the step energy of a
icinal surface. Theoretical calculations indicate that as the step
ree energy changes the grain growth behavior also changes.12,39

ith increasing step free energy, the grain growth behavior
an change from pseudo-normal to abnormal to time-delayed
bnormal to stagnant.12

The value of the step free energy ε can be varied by
opant addition,43 changing temperature44 and changing sin-
ering atmosphere. The step energy is inversely related to the
onfigurational entropy,44,45 which can be increased by the cre-
tion of vacancies.46 Indeed, previous experiments with SrTiO3
nd BaTiO3 have shown that sintering in reducing atmospheres
nduces a roughening transition at the grain boundaries and a
hange in grain growth behavior from abnormal to normal.10,15

his is caused by the increased oxygen vacancy concentration
n the samples sintered in reducing atmospheres. In the present
ork, the increase in microfaceting with increase in PO2 (Fig. 4)

nd the shape change of liquid drops from mostly rounded to
aceted (Fig. 5) indicate that the step free energy ε is increasing
ith increasing PO2 .10
The grain growth behavior in the 8TiO2/2SiO2 added BaTiO3
amples sintered in different atmospheres can be explained as
ollows: at the start of sintering, the grains in each sample will
ave a range of driving forces for growth as determined by the
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ize distribution of the starting powder. The largest grain will
ave a driving force �gmax. As all the samples were prepared
rom the same batch of powder, the value of �gmax for all sam-
les should be approximately equal. The samples sintered in H2
PO2 = 3.8 × 10−20 atm) have the highest vacancy concentra-
ion because of extensive formation of oxygen vacancies in a
ighly reducing atmosphere47 and hence the lowest values of ε

nd�gC (�gC1 in Fig. 6). Most of the grains have�g < �gC, and
nly a few large grains may have �g > �gC and can grow rapidly
o form abnormal grains [Fig. 2(a) and (b)]. When these abnor-

ally growing grains impinge upon each other, their growth rate
ill decrease rapidly [Figs. 2(c) and (d), and 3(a)]. This type of

bnormal grain growth behavior in pure H2 is different from the
revious results of Chang and Kang25 where pseudo-normal
rain growth was observed in 90BaTiO3–10SiO2 sintered
n H2. The difference in growth behavior between the two
nvestigations must be due to the difference in chemical com-
osition of the liquid phase. It appears that excess TiO2
ncreases the step free energy. In fact, addition of excess TiO2
s known to promote abnormal grain growth in solid state-
intered BaTiO3.23,48 The difference in oxygen partial pressure
etween the two H2 atmospheres could also affect the growth
ehavior.

For the samples sintered in 75N2–25H2 the total vacancy con-
entration in the samples is expected to decrease. This causes
n increase in ε and �gC (�gC2 in Fig. 6). Now all of the
rains have �g < �gC and so the grain growth is very slow
Figs.1(e) and (f), and 3(b)]. Nevertheless, the growth rate, even
hough it is low, increases with increasing grain size because the
rowth rate is an exponential function of the driving force. This
an result in an increase in the driving force of the largest grain so
hat it has a value larger than �gC.12 Therefore some large grains
an grow abnormally after a certain period of time, as observed
n the sample sintered for 5 h in 75N2–5H2 [Figs. 2(g) and 3(b)].
he grain growth behavior has changed from abnormal in H2 to

ime-delayed abnormal in 75N2–25H2. Note that the number of
bnormal grains in this case is lower than in the samples sintered
n H2 and that the majority of grains are small matrix grains, even
fter 50 h.

As the sintering atmosphere becomes progressively more
xidizing, the total vacancy concentration in the samples con-
inues to decrease and ε and �gC continue to increase in value
�gC3 and �gC4 in Fig. 6). This increases the incubation time
eeded for grains to grow large enough to have values of
g > �gC and hence to grow rapidly to form abnormal grains

Figs. 2(l) and (q), and 3(c) and (d)]. Eventually, for the samples
intered in air, �gC is so large (�gC5 in Fig. 6) that none of
he grains grow large enough to have values of �g > �gC even
fter 100 h of sintering [Figs. 2(v) and 3(e)]. The grain growth
ehavior has changed from time-delayed abnormal to stagnant.

The above results show the step free energy-dependent grain
rowth behavior in the TiO2/SiO2 added BaTiO3 system. The
bserved grain growth behavior can be well explained by

he change in critical driving force �gC with PO2 and the
hange in maximum driving force �gmax with grain growth
f matrix grains. The present results may further demonstrate
he possibility of microstructure control, either fine, duplex, or
eramic Society 31 (2011) 755–762 761

ourse-grained, of ceramics by controlling the values of ε and
gC via control of the sintering atmosphere.

. Conclusions

The correlation between grain growth behavior, step free
nergy ε, and PO2 has been investigated systematically for
he first time in a liquid phase sintered system of 8 mol.%
iO2/2 mol.% SiO2 added BaTiO3. By systematically chang-

ng PO2 from 3.8 × 10−20 atm to 0.21 atm, we observed the
icrostructures and measured grain size distributions according

o the sintering time. At PO2 = 3.8 × 10−20 atm (H2), where
he value of the critical driving force for grain growth �gC
as relatively low, AGG occurred from the beginning of sin-

ering. As PO2 increased, both the step free energy ε and the
ritical driving force for grain growth �gC increased. This
esulted in an increase in the incubation time for abnormal
rain growth. At (75N2–25H2), AGG occurred in 5 h whereas
bnormal grains appeared in 20 h in the case of PO2 = 6.3 ×
0−16 atm (95N2–5H2). In a more oxidizing atmosphere at
30CO–70CO2), AGG occurred between 50 and 100 h and
nally, AGG did not occur even after 100 h of sintering at
O2 = 0.21 atm (air).

For the same initial particle size distribution, the incubation
ime is dependent on the step free energy which varies with
xygen partial pressure. TEM results show that the grain bound-
ry and solid/liquid interface faceting gradually increase with
ncreasing PO2 , indicating an increase in step free energy ε. As
increases, the critical driving force for grain growth increases
hich changes the time dependent grain growth behavior from

bnormal to time-delayed abnormal and finally to stagnant. The
ifference in incubation time for AGG can be explained in terms
f the variation of the interface structure and the critical driv-
ng force for appreciable growth with respect to oxygen partial
ressure. These results show that the relationship between PO2 ,

tep free energy ε, interface structure, and grain growth behavior
n solid-state systems can be extended to liquid phase sintered
ystems.
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