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Abstract—A pressure-thermodynamic study of solid interfaces (grain boundaries) has been conducted.
The influence of a high quasi-hydrostatic pressure (~ 1 GPa) on interfacial segregation of Bi in ZnO has
been characterized. At ambient pressure (1 atm) and sub-eutectic temperatures, grain boundaries in
Bi-saturated ZnO exhibit near-monolayer levels of Bi segregation characterized by a segregation enthalpy
of ~0.67 eV/atom. Under ~1 GPa pressure, however, the segregation is nearly completely suppressed.
The segregation and pressure-induced de-segregation are highly reversible, with the source/sink for Bi
being a Bi-rich secondary phase located at multiple grain junctions. The secondary phase serves as a
reference of known molar volume, from which it is determined that the partial molar volume of Bi,Os
as a grain boundary segregant is approximately one third greater than its value in pure a-Bi;O;. The
greater specific volume due to Bi segregation may be associated with charge-compensating point defects
important in creating interface electronic states, and may facilitate rapid grain boundary oxidation in ZnO
varistors. Copyright © 1997 Acta Metallurgica Inc.

1. INTRODUCTION

The atomic disorder and excess volume associated
with many solid—solid interfaces, including grain
boundaries, suggests that pressure should have a
larger influence on phase equilibria and physical
properties of interfaces than of bulk phases.
However, the influence of pressure on interfacial
phenomena has not been widely studied, and for
grain boundaries, the primary effect studied is that of
pressure on diffusion [1]. Recently a significant effect
of pressure on liquid wetting of grain boundaries in
the Fe-Si-Zn has been reported [2], which gives an
indication of the difference in excess volume for
solid-solid and solid-liquid interfaces. In the present
study, we show that solute segregation at grain
boundaries in solid-state equilibrium can have a large
pressure dependence. When an appropriate internal
reference phase is available, these results can be
analyzed to determine the partial molar volume of the
segregating component at grain boundaries. The
results have specific implications for electrical
properties of the zinc oxide system which is studied,
and more broadly suggest that pressure-thermody-

namics studies may have an important and previously
overlooked role in understanding the structure, phase
transformations, and related properties of solid
interfaces.

The system examined in this work is zinc oxide
doped with bismuth oxide, which represents the
simplest composition in which varistor behavior
(highly nonlinear current-voltage characteristics) is
found, and is a model for electrically active grain

boundaries in semiconducting oxides. The phase
diagram for the ZnO-Bi,0; system (Fig. 1) shows a
single eutectic at 740°C below which zinc oxide
coexists with either «-Bi,O; (in metastable equi-
librium) or 24Bi,0;:ZnO (at equilibrium). In
equilibrium with either solid phase, zinc oxide has a
very low solubility for bismuth oxide (<0.023
mole%) [3], and exhibits strong segregation of Bi to
grain boundaries [4,5]. In order to obtain grain
boundary electrical barriers giving rise to nonlinear
conduction, the segregation of Bi as well as an
oxidative cooling cycle after high temperature firing
are required [5-7]. While the importance of Bi
segregation has long been recognized, the specific role
of Bi in creating interface electronic states associated
with varistor activity, and the physical identity of the
interface states, remains unknown. The processing of
polycrystalline varistors is complex and involves
liquid-phase sintering at temperatures well above the
eutectic, followed by slow cooling, during which
various microstructural changes take place. The work
reported here focuses on subsolidus segregation
behavior; grain boundary segregation in solid-liquid
equilibrium is discussed in Ref. [8], and the
relationship between processing, segregation, and
electrical properties is discussed in Ref. [3]. A short
report of the present work appeared as Ref. [9].

2. EXPERIMENTS

Chemically derived, homogeneous ZnO powders
doped with Bi,O; or Bi,O; + CoO were prepared
as described in Ref. [8]. Compositions were analyzed
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Fig. 1. Equilibrium phase diagram for ZnO-Bi,0;, from
Ref. [17]. Rapid quenching of Bi,Os-rich melts frequently
permits a-Bi,O; to be retained as a metastable phase.

by inductively-coupled plasma emission spectroscopy
(ICP); all compositions given below are actual
analyzed concentrations. The starting powders were
densified to greater than 95% of the theoretical
density, and subjected to pressure experiments at
sub-eutectic temperatures (~650°C) in a tungsten
carbide piston-anvil apparatus with a bore of 0.25 in.
All experiments were conducted in air, although the
local environment within the apparatus is likely to
be more reducing. The time and temperature of the
experiments were varied as discussed below, and
following each experiment the sample was rapidly
cooled within the die, then removed for scanning
transmission electron microscopy (STEM) measure-
ments using either a Fisons/Vacuum Generators HB5
or HB603 instrument. In both instruments a Link
Systems thin-window energy dispersive X-ray detec-
tor was used to determine concentration. A specially
prepared ZnO-Bi,0+-Si0; glass of analyzed Bi/Zn
ratio (by ICP) was used as the calibration standard
in both instruments. Segregation results are presented
in terms of grain boundary Bi coverage, I's, given in
monolayer equivalents relative to the Bi cation site
density (Ng) in §-Bi;O;, wherein one monolayer is
equal to (Ng)*? = 8 x 10" cm~2 This reference lattice
is chosen solely for consistency with related work [3]
and alternatives such as the Zn site density in ZnO
may also be used [8], wherein one monolayer is
equivalent to 1.2 x 10¥cm-2 The method of
measuring the grain boundary coverage is that of
Tkeda et al. [9], wherein a volume of the thin foil
containing the grain boundary is defined by the
rastered STEM beam and the excess solute per unit
area is obtained using similar analyses in the adjacent
grains as a reference. The details are described
elsewhere [3,8,10]. The detection limit wvaries
depending on the volume analyzed, the X-ray
collection time, and the solute of interest. In the
present study, the detection limit for Bi segregation
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is approximately 0.02 monolayers (1.6 x 10 cm™?).
The Bi-rich secondary phase co-existing with ZnO
during these experiments was characterized using
X-ray diffraction, in samples containing sufficient
secondary phase for it to be readily identifiable.

3. RESULTS
3.1. Bi segregation at ambient pressure (1 atm)

When varistors were first introduced by Matsuoka
[11] in 1971, he suggested that a Bi-rich segregation
layer at ZnO grain boundaries was responsible for
the non-ohmic properties. Segregation of Bi was
subsequently confirmed by Kingery ef al. [4], and
semi-quantitative estimates of the Bi concentration
at grain boundaries have ranged from 0.5 to 1
monolayer [5,6]. Using the present STEM tech-
niques, Lee and Chiang [3,8] more precisely
quantified both the coverage and its variation from
grain boundary to grain boundary. Above the
eutectic temperature, the Bi coverage ranges from
one to several monolayers, and can be discussed in
the context of thin liquid films under capillary
pressure (much lower pressures than those applied
here) [3].

Of greater importance for the pressure experiments
discussed below is the equilibrium segregation of Bi
at sub-eutectic temperatures and ambient pressure.
Figure 2 shows 'y, measured at a number of grain
boundaries in a sample containing 0.023 mole%
Bi,0;, equilibrated at 725°C. The variation in
coverage between boundaries is small, with the
average value of I'y being 0.48 monolayers. A
uniform level of Bi segregation is characteristic of
grain boundaries in solid-state-equilibrated ZnO
polycrystals. No crystallographic texture, which
might result in similar grain boundary structures, is
apparent in the samples we have examined. The
doping level of the sample represented by Fig. 2 is
within the solid solution limit, and no Bi-rich
secondary phase was observed by STEM and
HREM. However, most of the compositions we
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Fig. 2. Bismuth coverage, I's, in monolayers relative to the

crystal density of §-BiOs, measured at a number of grain

boundaries in polycrystalline ZnO containing 0.023 mol%

Bi,Os;, equilibrated at 725°C. The results represent

equilibrium segregation of Bi at concentrations below

the saturation limit for this system of ~0.9 monolayers
(see Fig. 3). :
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studied exceeded the solubility limit, in which case
saturation of the available number of grain boundary
sites becomes a possibility, and the temperature
dependence of segregation includes changes in the
lattice solubility of Bi. Figure 3 shows the measures
I's; as a function of the Bi,O, doping level for
polycrystalline samples equilibrated for long times
(>12h) at 700°C. Each datum represents a single
grain boundary in a polycrystal, while the filled
circles are the mean values of coverage. The average
coverage increases with doping level, reaching a
plateau value higher than that in Fig. 2. This is
consistent with the fact that the doping level of the
sample in Fig. 2 is below the solubility limit. The
results further show that there exists a saturation level
for Bi segregation at ZnO grain boundaries of
approximately 1 monolayer with respect to -Bi,O;
(0.67 monolayer with respect to ZnO). While grain
boundary saturation is reached at a low bulk
concentration of ~0.06% Bi,0,, this alone does not
prove that the solid solution limit at 700°C has been
exceeded, since for strong adsorption the available
number grain boundary sites can be filled before the
solid solution limit is reached. However, using STEM
[3] we have observed Bi-rich secondary phases in
samples containing 0.06% Bi,O; annealed near the
eutectic temperature, while none were seen in the
sample containing 0.023% Bi;0;. The maximum
solid solubility of Bi,O; in ZnO appears to lie between
0.023 and 0.06% Bi,0;, contrary to previous reports
of solubilities as high as 0.21% at 750°C [12].

The results in Fig. 2 can be analyzed as Langmuir
adsorption at the grain boundary below the
saturation level. For segregation of a single atomic
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Fig. 3. Bi coverage (I's) as a function of doping level in

polycrystalline ZnO samples equilibrated at 700°C. Each

open datum represents a measurement from one grain

boundary, while the filled circles are the mean values. I'y;

increases with the bulk doping level, reaching saturation
at about 0.9 monolayers.
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interactions and a fixed number of adsorption sites,
the concentration of segregant at the grain boundary,
x,, can be expressed by McLean’s result [13]:

H,
p (ﬁ) (1)

in which xs, is the saturation level of xs, Xpux is the
bulk concentration of Bi, and H, is the adsorption
enthalpy, representing the difference between Bi at
a grain boundary site and at a lattice site. Using
an average saturation level of xs, ~ 0.9 monolayers,
as shown by Fig. 3, an adsorption enthalpy of
H, = 65kJ/mol (0.67 eV/atom) is obtained for the
results in Fig. 2 (sample containing 460 ppm Bi).
Notice that H, can only be obtained from results for
samples in which segregation has not reached the
saturation level.

Due to the large difference in ionic radius between
bismuth and zinc R(Bi**) = 0.120 nm; R(Zn’*) =
0.074 nm), it is likely that substitution of bismuth for
zinc in the lattice results in a misfit strain energy
which contributes to the driving force for segregation.
The simplest estimate of the strain energy, certainly
incorrect in detail, assumes a homogeneous elastic
sphere in an elastic matrix:

_ 247KGriry(rs — 1)
E= 4Gy + 3K, 2)

where K is the bulk modulus of the solute, G is the
shear modulus of the matrix, and r, and r, are the
radii of the solute and solvent respectively. Moduli
are available for ZnO [14], but not for Bi,O;. Since
the bulk modulus of Bi,O; should clearly be lower
than that of ZnQ, we somewhat arbitrarily assume it
to have half the ZnO value. Using Gz,o = 45.5 GPa
and K0, = Kz:0/2 = 72 GPa [14] in equation (2),
we obtain E, = 71 kJ/mole, in surprisingly good
agreement with the experimental value. Additional
chemical or electrostatic [10] driving forces for
segregation may well exist that are not included in the
estimate, and the strain energy itself may not be
completely relieved upon segregation. The principle
conclusion of importance for comparison with the
following pressure-desegregation results is that Bi has
a sufficiently large segregation enthalpy that in all
samples where the solid solubility has been exceeded,
the equilibrium grain boundary coverage (in the
absence of wetting liquid phases) reaches a saturated
value of nearly 1 monolayer).

Xs _ Xbuk
Xso — Xs 1 — Xoun

3.2. Effect of pressure on segregation

All of the samples used for pressure-segregation
experiments contained Bi,O; in excess of the solid
solution limit. The secondary phase in equilibrium
with ZnO varied depending on the composition and
method of sample preparation, and included BiOCl,
a-Bi;,O;, and 24Bi;0;:Zn0O. The oxychloride phase
results from residual chlorine is left by the chloride
starting materials used in powder preparation, and is
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retained only if the sample is processed under 700°C
and in a closed environment such as the hot-pressing
die [3]. Under normal open firing conditions the
BiOCl decomposes at temperatures between 700 and
750°C, losing Cl by vaporization and leaving behind
either 24Bi;0;:ZnO or «-Bi,O; as the secondary
phase. At the temperature of the pressure exper-
iments, all of these secondary phases form highly
dispersed, non-wetting precipitates located primarily
at grain boundaries and three- or four-grain
junctions, and occasionally within grains. Exper-
iments were conducted both in the absence of any
transformation in the secondary phase, as well as
with a pressure-induced transformation from
24Bi,0;:Zn0 to «-Bi,0;. The former phase appears
to be isostructural with y-Bi,O, [15], while the latter
is the highest density polymorph of bismuth oxide
[16].

Equilibration with BiOCI secondary phase. We first
illustrate the effects of applied pressure on Bi
segregation using results from a series of four
experiments conducted on a sample doped with
0.23% Bi,0;, and in which X-ray diffraction showed
the secondary phase to be BiOCI both before and
after thermal equilibration under 1 GPa pressure. In
Fig. 4 the pressure-time cycles of each experiment are
illustrated at the left, and the I'y; values measured at
a number of randomly selected grain boundaries in a
polycrystal are shown in the histograms at the right.
In the first instance (a), the starting powder was
densified under 1 GPa pressure for 2 h, after which
the sample was completely dense and had a grain size
of 2-3 um. Virtually no Bi segregation is detected. A
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Fig. 4. Pressure-segregation experiments at 650°C in
ZnO +0.23% Bi;0;. In each experiment (a—d) the
pressure-time cycle is indicated at the left, while the resulting
segregation measured at a number of polycrystalline
boundaries is indicated in the histogram at the right.

second experiment (b), subjected the sample to 1 GPa
pressure for 12 h, in order to allow additional Bi atom
diffusion and grain coarsening (to a final grain size of
~5 um). The corresponding STEM analyses again
show virtually no detectable segregation (mean value
less than 0.02 monolayer).

In a third experiment (c), the sample was first
densified as above, and then the pressure was released
and the sample annealed for an additional 10h at
ambient pressure. The corresponding STEM results
show a high level of segregation at all boundaries,
with an average I';; of 0.71 monolayer, and little

Fig. 5. Microstructure (fracture surface) of a sample representative of experiments in Fig. 4. After
hot-pressing at 1 GPa pressure at 650°C for 2 h, dispersed non-wetting particles of BiOCl are observed
at grain boundaries and multiple grain junctions.
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boundary-to-boundary variation. The coverage is
slightly less than the equilibrium level shown in
Fig. 2, for reasons discussed later, but is otherwise
in agreement with results for equilibrium segregation
under one atmosphere pressure.

In the fourth experiment (d), the thermal cycle of
experiment {(c) was repeated, following which the
sample (now with 0.7 monolayer segregation
coverage) was again subjected to 1GPa applied
pressure for 2 h. Nearly complete de-segregation of
Bi was observed. This result shows that the influ-
ence of applied pressure on segregation is reversible,
and is not the result of insufficiently fast atom
diffusion kinetics.

Figure 5 shows the highly dispersed, discrete
precipitates of BiOCI in this sample. The slightly
lower equilibrium value of I'y; in Fig. 4(c) has also
been observed [3] for samples processed in open
environment, but at lower temperatures, such that
chlorine is retained. It was observed that as the
chlorine is removed by higher temperature firing, I's;
systematically increases. One possible explanation is
that the lattice solubility (chemical potential) of Bi is
lowered when the equilibrium secondary phase is
BiOClI rather than Bi,O;, which would mean that the
grain boundaries in Fig. 4(c) are not fully saturated.
A more likely explanation is that the saturation
level of I'y is lower when chlorine is present, due
to a negative co-segregation interaction between Bi
substituted for Zn (in Kréger-Vink notation, Biz,)
and Cl substituted for O (Clp), each of which have a
+ 1 effective charge as point defects. Due to a strong
peak overlap between the Cl Ku line (2.62 keV) and
the Bi Mf line (2.53 eV), any segregation of Cl to
grain boundaries is difficult to detect when there is
significant Bi segregation. In samples where the Bi
segregation has been completely suppressed by
pressure, we did observe segregation of Cl at
concentrations of ~0.2 monolayers [3].

With simultaneous transformation in the secondary
phase (24Bi,0;:Zn0O to o-Bi0;). Additional exper-
iments were conducted on samples first fired above
the eutectic temperature (i.e. at 850°C), whereupon Ct
evaporates and leaves only oxide phases. The Bi-rich
liquid is initially continuous along three-grain
junctions, and crystallizes upon cooling to leave the
equilibrium 24Bi,0,;:ZnO phase (Fig. 6(a)). When
these samples were subsequently annealed under
1 GPa applied pressure at 650°C, the continuous
phase dewets the grain junctions, forming discrete
particulates. Simultaneously, the de-segregation of
Bi was again observed. Two particular compositions
were examined. Figure 7 compares the segregation

tThis is not to say that Co never segregates to grain
boundaries in ZnO. Electric field-driven segregation of
Co has previously been reported by Chiang et af
[18], and in commercial varistor compositions, we have
also seen Co segregation in conjunction with other
dopants.
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observed in a sample containing 0.4 mol% Bi;O; +
0.6 mol% CoO (also used in our varistor studies)
after slow cooling from 850°C, with that seen after
subsequently applying 1 GPa pressure for 2h at
650°C. Nearly complete desegregation is again
observed. The Co is primarily a lattice dopant in ZnO
and does not segregate in detachable concentrations
in the present samples; its accumulation at grain
boundaries, if any, is less than ~0.05 monolayers.f

Figure 8 shows similar behavior in a sample doped
with Bi,O; alone (0.23 mole %). At ambient pressure,
I's; measurements in three different samples: (a)
slowly cooled from 850°C; (b) and (c), subsequently
annealed for 24 h at 600 and 700°C, respectively, all
show essentially saturated coverage. When a slow-
cooled sample was annealed under 1 GPa pressure for
2 h at 650°C, the coverage decreased substantially, as
shown in Fig. 8(d). However, the residual Bi coverage
is higher than in Fig. 7, with an average I'; value of
0.34 monolayers. The reason for this higher coverage
is not known, but we do not believe it to be related
to Co doping. A possible explanation is that the
internal pressure within the die in the second case was
somewhat lower than that applied, due for example
to die-wall friction. Further experiments are required
to substantiate this hypothesis. The thin-disc samples
were sectioned for STEM in an orientation such that
the grain boundaries characterized are oriented
approximately parallel to the pressing direction. We
have examined in one sample grain boundaries
oriented both parallel and normal to the pressing
direction, but discerned no difference in segregation
between the two orientations in that case, both being
fully desegregated.

During the pressure-desegregation treatment of the
sample in Fig. 8(d), the grain size increased from
~5um to ~9 um (Fig. 6), which is a much more
rapid rate of grain growth than seen in samples
annealed in ambient pressure at the same tempera-
ture. All pressure-desegregated samples exhibited
accelerated grain growth, which we attribute to a
higher grain boundary mobility for grain boundaries
without Bi segregation, i.e. lower solute-drag.

In the samples represented by Figs 7 and 8, X-ray
diffraction showed that the secondary phase had
transformed from 24Bi,0;:Zn0 to x-Bi,O; during the
pressure-desegregation treatment. The stabilization
of the latter under pressure is not surprising when we
consider the change in molar volume. «-Bi,O; and
ZnO have molar volumes of 49.73 cm® [16] and
14.52 cm’, respectively, while 24Bi,0;:ZnO phase has
a molar volume (normalized by dividing by 25) of
53.26 cm® [17]. Decomposition of 24Bi,0,:ZnO to
a-Bi,O; and ZnO in the stoichiometric ratio,
therefore, results in a decrease in molar volume of
about 9%.

Given the pressure-induced phase transform-
ation, results under ambient pressure (Fig. 8(b)
and (c)) reflect Bi segregation in equilibrium with
24Bi,0;:Zn0O, while the results under 1 GPa pressure,
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Fig. 6. (A) Samples cooled from above the eutectic temperature contain a continuous network of

24Bi;05:Zn0 located at three-grain junctions that is a crystallization product of the Bi;Os-rich liquid;

(B) Annealing below the eutectic temperature (650C, 1 GPA) causes dewetting of the grain junction phase
and simultaneously a transformation to «-Bi.O;.

Figs 7(b) and 8(d), are at least partially equilibrated
with «-Bi;O;. The impact of this phase transform-
ation of the interpretation is minor, as discussed later.
Nonetheless, since the final reference phase is
o-Bi,Qs, in order to evaluate the magnitude of the
pressure effect it is desirable to know the segregation
level for equilibrium with «-Bi,O; at ambient
pressure. Due to the difficulty of preserving this

metastable phase at one atmosphere pressure, an
unequivocal measurement was not possible. How-
ever, on thermodynamic grounds alone, it can be
argued that I's; will also be saturated in this instance.
Since the activity of Bi in metastable equilibrium with
«-Bi,O; must be elevated in comparison with that
defined by the equilibrium phase 24Bi,0;:Zn0, a
higher Bi lattice solubility and correspondingly
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Fig. 7. Pressure-induced desegregation in ZnO + 0.4 mol%
Bi;O:; + 0.6 mol% CoO. (a) Bi segregation after slow
cooling from above the eutectic temperature. (b) Nearly
complete desegregation observed after application of 1 GPa
pressure at 650°C. Concurrently, the secondary phase has
transformed from 24Bi;O05:Zn0O to a-Bi.Os.

greater (or saturated) equilibrium segregation must
result for the same adsorption energy (cf. equation (1)).

a-Bi,O; secondary phase. We did retain a-Bi,O; as
a metastable secondary phase by infiltrating a ZnO
polycrystal with Bi;Os-rich liquid and rapidly
quenching. A hot-pressed Bi-doped sample was first
annealed at 850°C in air for 30 min, then immersed
in a liquid consisting of 70 mol% Bi,O; + 30 mol%
ZnO composition for another 30 min, then air-
quenched. The infiltrated sample was removed from
the excess melt and hot-pressed at 650°C and 1 GPa
nominal pressure for 2 h. X-ray diffraction showed
that the secondary phase was a-Bi,O; both before and
after hot-pressing.

The Bi coverage before hot-pressing is shown in
Fig. 9(a). The high average value of I's; (1.24 mono-
layers) and large variation between boundaries is
characteristic of boundary coverages when equili-
brated with a partially wetting liquid phase in the
absence of capillary pressure, as documented in Ref.
[3]. After application of pressure, desegregation was
again observed. The residual coverage was higher
than in the previous cases at ~0.54 monolayers, but
is still lower than the saturation value. The higher
residual I'; may be due to incomplete equilibration
after 2 h at 650°C, since the initial I's; is higher and
the grain size larger (~ 10 um). The internal pressure
may also have been less uniform than in the previous
experiments, since the sample could not be cut exactly
to die dimensions after liquid infiltration and under-
went extensive plastic deformation, demonstrated by
extensive dislocation networks within ZnO grains,
Fig. 10, which were not observed in the other
samples.
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To summarize the observations, we list in Table 1
the results for the four different compositions studied.
In two cases there is a phase change under press-
ure from 24Bi,0;:Zn0 to «-Bi,Qs;, while in the other
two, the phase is unchanged. The average I’y
remaining after pressure-annealing varies from barely
detectable values to ~0.54 monolayers, but is in all
instances less than the equilibrium value at ambient
atmospheric pressure.

4. PRESSURE-THERMODYNAMIC ANALYSIS

Although the lattice diffusion coefficient of Bi in
ZnO has not to our knowledge been measured, at
650°C it is likely very low, and the ZnO grains
probably do not equilibrate in the times of the
experiments. On the other hand, the microstructures
show that virtually all grain boundaries are located in
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Fig. 8. Equilibrium segregation and pressure-desegregation

in ZnO + 0.23 mol % Bi,Os. (a) exhibits the segregation

after slow cooling, while (b) and (c) show the equilibrium

segregation levels at 600 and 700°C, respectively. Results in

(d) show the pressure-induced desegregation at 650°C.

Concurrently, the secondary phase has transformed from
24Bi,05:Zn0 to «-Bi,0s.
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Fig. 9. Pressure-desegregation without concurrent phase
transformation. ZnO-saturated Bi;O; liquid was used to
infiltrate polycrystalline ZnO, resulting in «-Bi,Os secondary
phase. (a) shows the segregation measured after air-quench-
ing from solid-liquid equilibrium at 850°C; (b) shows partial
desegregation after application of 1 GPa pressure at 650°C.

close proximity to a secondary phase precipitate. It is
therefore likely that ‘the secondary phases are the
sources and sinks for Bi during pressure desegrega-
tion, with the transport of Bi occurring by grain
boundary diffusion, as illustrated in Fig. 111. For
evaluation of the pressure effect, the secondary
phases provide a useful internal reference of known
molar volume.

We -analyze " the pressure dependence of Bi
segregation- by ‘considering the equilibrium between
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the grain boundary and the Bi-rich phase. It is
assumed that Bi maintains a stoichiometry of Bi,O,
(i.e. fixed 3 + valence) everywhere. Diffusive trans-
port of Bi between the two phases when pressure is
applied refiects the existence of a gradient in the Bi, O,
chemical potential, up,0,- This gradient can be
evaluated by taking the total pressure derivative of
Iei,0, at a constant temperature:

dpsio Optmio Qim0 dXei0
TiBLO; [ ZIEBRO, B8R0, ) 2 B0y
ap ( op )X"fz%* (axmloa —ap @

where (Osi,0,/0P) = Va0, is the partial molar volume
and dxg,o,/dP is the pressure derivative of Bi,O;
concentration in the phase in question.

Equilibrium under pressure between the secondary
phase, denoted «, and the grain boundary, denoted g,

tThe rate of recovery of segregation after pressure-induced
desegregation provides an estimate of the grain
boundary diffusion coefficient. When the de-segregated
sample shown in Fig. 8(d) was annealed at ambient
pressure at 720°C (20°C below the eutectic) for just
10 min, I's; had returned to the equilibrium value. From
the mean half-spacing between precipitates of ~1 um,
the grain boundary diffusion coefficient D ~ x?/t is
deduced to be greater than 1.7 x 10~ cm?/s at 720°C.
This coefficient is for ambipolar diffusion, since
transport of Bi** requires the simultaneous parallel
transport of 0%~ if charge neutrality and stoichiometry
are to be maintained. The well-documented [5-7]
preferential oxidation of grain boundaries during
cooling of ZnO varistors suggests that oxygen diffusion
along the boundaries is fast, and we argue later that it
may in fact be facilitated by the segregation of Bi. It
therefore is likely that Bi is the rate-limiting specie
dominating the ambipolar diffusion coefficient.

Fig. 10. Microstructure of sample in Fig. 9(b), showing non-wetting «-Bi;0; secondary phase and extensive
plastic deformation. VG 603 bright field STEM image.
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Fig. 11. Schematic of pressure-segregation experimental

configuration. A non-wetting BiOs-rich phase acts as the

source and sink of Bi in equilibrium with the grain

boundary. Rapid diffusion of Bi along the boundary
facilitates equilibrium under pressure.

requires that the chemical potential for Bi,O; remains
equal in the two phases:

_ Opth dXs,
. fi0 Bi,O.
VB|203 + <5A7Bi2;:>p <ﬁu

— 7 a#;iz()] dX B0
- VuBizOJ + <aXBi202 , dpP . (4)

For pure «-Bi;O; or any secondary phase of
fixed composition, the second term on the right-hand
side is negligible. Rearranging and integrating
between the zero-pressure and pressurized state we
obtain:

( §i103 - Vgi;o;)'Pappl

Xgi:o;”’ = Pagpi} 6uﬂ
= Bi, O
j (—‘“a X) ax. )

Xhy0,(P=0)

The right-hand side of equation (5) and the partial
molar volume are assumed to be independent of
pressure in this integration. This assumption is
justified later. The integral on the right-hand side
represents the change in chemical potential due to
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compositional changes at the grain boundary at
constant pressure, Without knowledge of the de-
tailed structure of Bi,O; at the grain boundary
it is difficult to evaluate this quantity. Assuming a
constant activity coefficient (ap;,0, = yx,0,) €quation
(5) simplifies to

( ;i203 - V€i203>'Pappl

- Xbi,0,(P = Pugpi)
_RTln[ Ao P=0) | ©)

Thus the change in Bi,O; segregation under press-
ure is determined by the difference between its
partial molar volume as a grain boundary segregant,
and that in the secondary phase reservoir. The
observed decreases in segregation under pressure
qualitatively show that Bi,O; segregated at grain
boundaries in ZnO possesses greater partial molar
volume, 17“&103 < I7€i203, than in the secondary phases.

Quantitative evaluation of A Vg0, requires knowl-
edge of the partial molar volume of Bi,O; in the
secondary phase. Of the phases under consideration,
this is precisely known only for pure a-Bi,0;: Vyi0, =
49.73 cm*/mol. However, Va0, in the 24Bi,0,:Zn0
phase, which is isostructural with y-Bi,O;, is not
likely to vary by more than a few percent from this
value. We assume that the molar volume calculated
on a per-Bi,O; basis for 24Bi,0;:Zn0O (53.26 cm?/
mol) represents a reasonable upper bound for Vo,
while the molar volume of y-Bi,O; (50.15 cm’/mol) is
a reasonable lower bound. Therefore Va0, should
be between 1 and 7% greater than it is for «-Bi,O;.
We assume that Vg0, in BIOCI lies within a similar
range.

Using these values as the reference molar volumes,
we proceed to evaluate AVj,o, for the experimental
results in Table 1. For a change in I'y; from 0.85 to
0.1 monolayers (e.g. sample 3 in Table 1), it is found
that the Bi,O; segregated at grain boundaries
possesses 33% greater partial molar volume than
it does in pure «-Bi;O3:APg,0, = 0.33Vep,0,. For
sample 1 in Table 1 (in equilibrium with BiOCl), the
near-absence of segregation under pressure makes
it difficult to evaluate AVs,o, precisely, since the
result (equation (7)) diverges as the residual
segregation vanishes. Many of the pressure-desegre-
gation boundaries in this sample (Fig. 4(a), (b)) have

Table 1. Results of pressure-segregation experiments in four compositions

Final I'y;
Secondary phase Initial I's; (~1GPa,
Sample Composition Before/After (monolayers) 650°C, 2 h)
1 ZnO + 0.23 mol % Bi;O3 BiOCI/BiOCl 0.71 ~0
2 ZnO + 0.23 mol % Bi;Os 24Bi;0;:Zn0/a-Bi, O; 0.82 0.34
3 ZnO + 0.4 mol % Bi,Os 24B1,0;:Zn0O/a-Bi;0; 0.86 0.07
+ 0.6 mol % CoO
4 ZnO polycrystal equilibrated o-Bi,03/a-Bi>0; 1.24 0.54

with Bi;O; liquid
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undetectable ', values. Taking the STEM
detection limit of ~0.02 monolayers as a bounding
value, a 50% greater partial molar volume is
indicated for Bi,O; at the grain boundary relative
to «-Bi;O;. For the two remaining compositions
(2 and 4) in Table 1, corresponding values would
be less, but are probably not meaningful given
some evidence that desegregation has either not
reached equilibrium, or that full pressure was not
attained.

Implicit in the analysis is an assumption that the
partial molar volumes of the individual phases do not
vary with pressure (in the absence of a phase
transformation). This assumption is justified since
volume changes due to bulk compressibility are
negligible compared to the magnitude of AVs0,. The
compressibility of crystalline oxides is of order
100 GPa, and that for ZnO specifically is 144 GPa
[14]. The 1GPa experimental pressure therefore
causes ~1% volume compression, which is small
compared to the observed differences in partial molar
volume. Likewise, the 1-7% change in Bi,O; partial
molar volume accompanying the phase transform-
ation from 24Bi,0,:ZnO to «-Bi,0; under pressure
(e.g. for samples 2 and 3 in Table 1) is small
compared to the experimental values of AVy,0,.

Although our assumption of a constant activity
coefficient for Bi,O; in the grain boundary does not
affect the qualitative conclusions from these exper-
iments, a concentration dependence of this coefficient
will result in a different value of AVy,0,. However,
given the almost linear dependence of Bi segregation
with bulk Bi concentration up to the saturation limit,
the coverage-dependence of y seems small.

5. GENERAL DISCUSSION

It is generally accepted that grain boundaries have
a lower density than the corresponding crystals.
Representative experimental results for the volume
expansion at low X boundaries, tabulated by Sutton
and Balluffi ({1], p. 353), show expansions normal to
the boundary plane of 1x 10-°, 2 x 10~ and
4 x.10~° cm*/cm? for selected grain boundaries in Al,
Ge and NiQ, respectively. Assuming the expansion to
be accommodated within a single atomic layer at the
grain boundary, the increase in molar volume relative
to the perfect crystal is 20%, 36% and 76%,
respectively. The larger relative expansion in NiO is
characteristic of ionic systems.

However, it is emphasized that the present
experiments do mnot give the equivalent volume
expansion for pure ZnO grain boundaries. They give
instead the partial molar volume of Bi,O; in a
two-component grain boundary containing both
ZnO and Bi,0;. Since the partial molar volume of
the ZnO component is not known, the total
volume of the grain boundary cannot be precisely
determined.

Bi SEGREGATION IN ZnO

Nonetheless, if we assume that the partial molar
volume of ZnO at the boundary is not unduly large
or negative, then the molar volume of a Bi-saturated
boundary is approximately given by the partial molar
quantity, Va,o,. The analysis shows that the absolute
molar volume of a grain boundary consisting mostly
of Bi,O; is at least one-third greater than that of the
reference bismuth oxide-rich phases. The magnitude
of this expansion seems reasonable in comparison
with the results for special boundaries.

The molar volume expansion of Bi,O; as a grain
boundary segregant has special significance for the
transport and electrical properties of varistor grain
boundaries. Firstly, the Bi,O; polymorphs are already
considered to be fairly open, low-density struc-
tures. 6-Bi,O; is a well-known fast-ion conductor of
oxygen, due to the high intrinsic vacancy concen-
tration. A further increase in the molar volume upon
segregation seems certain to result in a higher oxygen
grain boundary diffusion coefficient compared to
undoped ZnO. Grain boundary oxidation is known
to be important for the ‘activation’ of interface states
in varistors, and typically occurs during slow-cooling
from firing temperatures. The present results provide
strong support for the hypothesis, previously
suggested by Greuter [6], that a critical role of Bi
segregation in creating electrically-active = grain
boundaries is to increase the rate of oxygen diffusion
along ZnO boundaries.

With respect to the role of bismuth in creating
electrically-active defect states, it has long been a
mystery how the segregation of Bi**, a donor species
in ZnO, can give rise to grain boundary acceptor
states. We suggest that the excess volume associated
with Bi segregation may be accommodated in the
form of point defects that are the true physical origin
of interface electronic states. Detailed consideration
of the grain boundary electronic structure for given
atomic configurations involving Bi are necessary to
identify these states, to correlate them with measured
deep levels in varistors [19], and to understand the
role of oxidation. The present results provide support
for the idea that it is a point defect accompanying
Bi** segregation, possibly a charge-compensating
zinc vacancy, that is the electrically active interface
state. :

These hypotheses are unlikely to be confirmed
without direct examination of the grain boundary
atomic structure with and without bismuth segre-
gation. The uniform response to pressure of the many
randomly selected boundaries within a polycrystal
shows that the effect is general, and not limited
to boundaries of a particular structural type. The
differences in atomic-level structure suggested by the
results should be distinguishable in HREM exper-
iments and computational models. Whether the
transition between desegregated and segregated
boundaries have the characteristics of a grain
boundary phase transformation may also be
answered by additional study.
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6. CONCLUSIONS

The pressure-thermodynamics of Bi segregation at
grain boundaries in ZnO have been studied. Nearly
complete desegregation is observed under ~1 GPa
quasi-hydrostatic pressure for grain boundaries
which under ambient pressure (1 atm) are saturated
with ~ 1 monolayer Bi segregation. Pressure-induced
desegregation is observed at all randomly-selected
grain boundaries in a polycrystal, in samples with
three different Bi-rich secondary phases, and with and
without a simultaneous pressure-induced transform-
ation in the secondary phase. The heat of segregation
for Bi at 1 atmosphere pressure has been determined
to be ~0.67 eV/atom.

Using the Bi-rich secondary phase as an internal
reference of known Bi,O; molar volume, a pressure-
thermodynamic analysis shows that Bi,O; as a grain
boundary segregant possesses one-third to one-half
greater partial molar volume than in the pure phase
a-Bi,Os. Results suggest that ZnO grain boundaries
with Bi segregation have a highly open structure,
which facilitates grain boundary oxidation and the
formation of electrically active grain boundary states
in ZnQ varistors.
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