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based on solid oxide ± oxide melt composites and possessingbased on solid oxide ± oxide melt composites and possessing

high mixed ionic-electronic conductivity is demonstrated.high mixed ionic-electronic conductivity is demonstrated.
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I. Introduction

The foundations of the classical theory of mass transfer in

solids were laid by Frenkel, Schottky and Wagner in the

1930s. This theory is based on the concept of structural

disorder. Most solid-state reactions involve mass and

charge transfer; consequently, structural disorder is a key

factor determining the reactivity of solids. In recent deca-

des, ionic materials with high degree of structural disorder

and, therefore, high ionic conductivity were created on the

basis of stabilized zirconia, ceria, bismuth oxide, as well as

copper and silver chalcogenides, a family of BIMEVOX

solid solutions, perovskites, etc.1

The ionic conductivity of some solids can be increased

by heterogeneous doping, which is carried out by mixing a

solid (usually, a solid electrolyte) and a chemically inert,

insoluble dispersed phase (most often, an insulator) and

subsequent formation of interphase boundaries of the solid

electrolyte/insulator type. Such composite materials are

called dispersoids.2 The interphase boundaries influence

the transport properties of dispersoids. The enhancement

of ionic conductivity was for the first time observed by

Liang.3 He demonstrated that the ionic conductivity of

LiI7Al2O3 dispersoid is 50 times higher than that of pure

LiI. Later on, this effect was confirmed for some other

dispersoids 2 and heterostructures.4 Thus, a new avenue of

research emerged in the field of surface science, namely,

surface ionics,5, 6 which has been intensively developed

recently in connection with the development of new tech-

nologies.7, 8

The surface phase transitions 9, 10 substantially affect the

ionic conductivity of polycrystalline solids. For instance,

such factors as the grain boundary wetting transition and

the formation of liquid-channel grain boundary structure in

ceramic composites significantly increase the ionic conduc-

tivity.11 High ionic conductivity of oxide layers with the

liquid-channel grain-boundary structure, which are formed

on the surface of metals under high-temperature corrosion

conditions, was for the first time reported in Ref. 12 then in

Refs 13 and 14. Accelerated mass transfer along intergra-

nular liquid channels resulted in catastrophic degradation

of metal.15 ± 19 Recently, composites with the liquid-channel

grain-boundary structure 20 ± 23 were used to design ion

transport membranes with highly selective oxygen perme-

ation that may appear to be an alternative to traditional

ceramic membranes.24 ± 30

The use of liquid-channel grain boundary nanostruc-

tures offers great prospects for the design of high-temper-

ature nanomaterials.31

This review is devoted to the thermodynamics of grain

boundary wetting and the mechanisms of formation of

liquid-channel grain-boundary structures in ceramic mate-

rials. We systematized and generalized the experimental

data and results of theoretical studies mainly obtained in

the last 5 years in the field of research on oxygen perme-

ation properties of (i) ion transport membranes with liquid-

channel grain-boundary structures and (ii) oxide layers

formed on the metal surface under high-temperature corro-

sion involving the liquid phase. It should be noted that

oxygen permeation properties of conventional ceramic

membranes have been considered in detail in reviews by

Bouwmeester and Burggraaf,25 Sunarso et al.32 and Hashim

et al.33 The present review differs from them in that the

V V Belousov, S V Fedorov A A Baikov Institute of Metallurgy

andMaterials Science, Russian Academy of Sciences, Leninsky prosp. 49,

119991 Moscow, Russian Federation. Fax (7-499) 135 86 80,

tel. (7-495) 718 16 55, e-mail: vbelousov@imet.ac.ru (V V Belousov),

fedserv@rambler.ru (S V Fedorov)

Received 22 January 2011

Uspekhi Khimii 81 (1) 44 ± 64 (2012); translated by S E Boganov

DOI 10.1070/RC2012v081n01ABEH004209

Accelerated mass transfer involving the liquid phase in solids

V V Belousov, S V Fedorov

Contents

I. Introduction 44

II. Thermodynamics of grain-boundary wetting in polycrystalline materials 45

III. The liquid-channel grain-boundary structures 53

IV. Accelerated mass transfer in ion-transport membranes and oxide layers 54

Russian Chemical Reviews 81 (1) 44 ± 64 (2012) # 2012 Russian Academy of Sciences and Turpion Ltd



effect of the grain boundary wetting transition on the

transport properties of ceramic materials, as well as the

kinetic regularities of oxygen transfer processes in the

recently produced solid oxide ± oxide melt composite mem-

branes with the liquid-channel grain boundary structure are

considered for the first time.20 ± 23

II. Thermodynamics of grain-boundary wetting in
polycrystalline materials

1. Grain boundaries
A grain boundary is a transition region (about 1 nm wide)

between two misoriented grains, or crystallites (Fig. 1).

Since the grain contact region has a specific atomic struc-

ture different from the structure of a perfect crystal, the

grain boundary properties can differ from the properties of

the material in the bulk. Therefore, the grain boundary can

be considered as a specific phase distinguished from the

bulk by its structure and properties.

a. Geometric characteristics of grain boundaries

The grain boundary is the separation surface between two

differently oriented crystallites. It can be described using the

relative orientation of the interfaced crystallites and the

orientation of the boundary surface relative to the crystal

lattice of each grain provided that the inherent atomic

structure of the grain boundary is left out of consideration.

The corresponding grain boundary parameters are referred

to as macroscopic ones. On the atomic level, the grain

boundary is described by microscopic parameters character-

izing (i) the displacement of the grains relative to one

another at a given misorientation and the boundary ori-

entation, as well as the specific location of the boundary

relative to the lattice sites.35 Generally, the grain boundary

is characterized by 9 (5 macroscopic and 4 microscopic)

crystallographic parameters or degrees of freedom.

Misorientation of grains. Misorientation of grains, i.e.,

the mutual orientation of two neighbouring crystallites, is

described by the angle of rotation (C) of one crystallite

relative to the other around the crystallographic axis ~u
common to both crystallites, resulting in matching of their

crystal lattices (Fig. 2). The angle C is called the misorien-

tation angle and the direction ~u is the misorientation axis.

The vector ~u is chosen of unit length and can therefore be

described by two components. In the general case, the grain

misorientation is specified by three scalar parameters, of

which one defines the angle C and the other two define the

misorientation axis ~u. The three parameters specify the

misorientation vector

~C � C6~u. (1)

Mutual rotation of two identical 3D lattices can be

described by the matrix of rotation (so-called misorienta-

tion matrix). The relation

~A � bR6~B, (2)

is valid for any pair of parallel directions in two grains

defined by two unit vectors ~A and ~B.
Here bR is the matrix of linear transformation with

9 coefficients, only 3 of which being independent. The

misorientation angle C and the misorientation axis ~u are

uniquely determined by the matrix R̂:

~u � bR6 0~u.

Here 0~u is the eigenvector bR. The misorientation angle C is

the angle between the vectors �~u6~D� and bR�~u6~D�, where ~D
is a vector non-collinear to ~u.

Orientation of the grain boundary surface. A planar grain

boundary is characterized by the unit normal to it ~n
(see Fig. 2). Two degrees of freedom are associated with

the orientation of the boundary surface. Probably, any

curvilinear grain boundary can be approximated by a

number of planar (on appropriate length scale) facets

(Fig. 3 a). In this case, each facet should be characterized

by its unit normal. It is sufficient to describe the boundary

plane in terms of the lattice indices of one grain because in

4 nm

Figure 1. HR TEM image of a grain boundary in SrTiO3

ceramics.34

Inset: the lattices at the grain boundary.

C

~n

~u
Lattice 1 Lattice 2

Figure 2. A grain boundary: a schematic.
The axis ~u is normal to the figure plane; the plane of the grain
boundary is indicated by the dashed line; ~n is the normal to this
plane.
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the coordinate system of the second grain this plane is

unambiguously indexed via the given grain misorientation,

namely, if ~n1 and ~n2 are the normals to the boundary plane

in the lattices of the first and second grain, respectively,

from Eqn (2) we get

~n2 � bR6~n1. (3)

Microscopic grain boundary parameters. The formation

of a grain boundary may involve not only mutual rotation

of crystallites, but also their mutual displacement. A fixed

displacement of one crystallite relative to the other is an

identical transformation if the crystal is considered as a

uniform continuous medium. However, a microscopic con-

sideration taking into account a discrete crystal structure

reveals that such a displacement results in a new grain

boundary structure at the same macroscopic parameters

(grain misorientation and the boundary surface orienta-

tion). In principle, the relative translation can be of any

magnitude and direction, being associated with three mac-

roscopic degrees of freedom.

The parameters ~C and ~n to a great extent determine the

physical properties of grain boundaries and serve as the

basis for their classification. If ~C and ~n are orthogonal (i.e.,

the axis of rotation lies in the boundary plane), we have a

tilt boundary (Fig. 3 b); if ~C and ~n are parallel, one gets a

twist boundary. Other mutual orientations of ~C and ~n
correspond to a mixed boundary. Methods of description

of mixed boundaries have been considered in detail.36

b. The grain boundary energy

The most important physical parameter of a particular

grain boundary is its specific energy (ggb), that is, the free

energy per unit area of the boundary surface, which depends

on the degree of grain misorientation, the thermal and

mechanical prehistory, the chemical composition of the

crystal, etc. The effect of the chemical composition mani-

fests itself as two key factors, viz., the type of chemical

bonds in the substance (covalent, ionic, etc.) and the ability

to segregate impurities at grain boundaries.

Consider how the grain boundary energy depends on the

degree of grain misorientation. With respect to the degree of

grain misorientation, there are low-angle and high-angle

grain boundaries. The former are formed by the edge

dislocation walls (for tilt boundaries) or by screw disloca-

tion walls (for twist boundaries) and their specific energies

are comparable to the dislocation energy per unit area of the

boundary surface,37

ggb= g0C(B7lnC), (4)

where g0 and B are the parameters of the model chosen; g0 is
calculated from the dislocation model and elastic constants;

and B depends on the energy of atomic disorder inside the

dislocation. Equation (4) quite well describes the bounda-

ries up to C=5± 68 (Fig. 4).

Generally, the dependence of the energy of high-angle

grain boundaries on the misorientation angle cannot be

determined unequivocally. A characteristic feature of this

dependence consists in the presence of sharp minima

(Fig. 5) corresponding to the so-called special boundaries.

In accordance with concepts of formal geometric crystallog-

raphy, the structure of conventional grain boundaries is

specified by the 0-lattice model,38 whereas that of special

boundaries is described by the coincident-site lattice

model.39, 40

Based on the results of experimental observations for

various systems (see, e.g., Refs 41 ± 44), general regularities

were established for relations between the grain boundary

a b

Figure 3. The dislocation structure of a grain boundary in a
bicrystalline film.
(a) Faceted boundary, (b) flat symmetric tilt boundary.

20 40 60 80 C /deg
0

0.4

0.8

1.2

ggb

Figure 4. Energy of low-angle grain boundaries plotted vs. misor-
ientation angle.37

ggb/g0

0 20 40 60 C /deg

Figure 5. Relative energy of high-angle grain boundaries plotted
vs. misorientation angle.
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energy and structure. Namely, it was shown that the low-

angle boundaries, irrespective of their type (tilt or twist

boundaries), as well as special boundaries usually have low

energies.

c. The coincident-site lattice model

Among geometrical models predicting the existence of

special boundaries, the coincident-site lattice model was

developed first. Using this model, it was shown that

boundaries were classified as special ones only based on

equality of the misorientation to specific, strictly fixed

values of the parameters ~u and C. In these cases, three-

dimensional superlattices are formed by the coinciding sites

of the grain lattices; thus, one deals with the coincident-site

lattices. The parameters of the coincident-site lattice model

include the misorientation angle C and the volume fraction

of coinciding sites S71 (this is the reciprocal of S equal to

the ratio of the unit cell volumes of the coincident-site

lattice and the grain lattice).45

Geometrically, special boundaries are those character-

ized by relatively large particular values of S. Physically,
special boundaries are those whose properties are different

from the properties of conventional boundaries. Clearly, at

rather large S values, the boundary periodicity has little

effect on its properties. Opinions differ on the reasonable

magnitude of the upper limit of S. According to a theory,46

the key conditions for the existence of special boundaries

are as follows:

Ð manifestation of the specific properties of special

grain boundaries in particular intervals of misorientation

angles and temperatures;

Ð a decrease in the special boundary ± conventional

boundary transition temperature with increasing S;{ and
Ð exponential narrowing of the misorientation angle

range corresponding to the existence of special boundaries

at low temperatures with increasing S.

d. Phase transitions at grain boundaries

The special boundary preserves its specific properties as

long as the depth of its potential profile determined by the

total superimposition lattice exceeds kT (where k is the

Boltzmann constant). Using the Lindemann criterion (the

root-mean-square amplitude of thermal atomic vibrations

at a temperature close to the melting point is equal to about

one-tenth of the interatomic distance) and a relation

between the total superimposition lattice constant and S,
an expression was derived 47 for estimation of Smax, which is

the limiting S value at a given temperature at which the

boundary still remains special,

Smax * 25 a
Tm

T
, (5)

where a<1 is a coefficient to account for the difference

between the melting points of the crystal with the coinci-

dent-site lattice and a real crystal. According to Ref. 48, the

coincident-site lattice boundary preserves its specific prop-

erties in a particular temperature range T<T0:

T0=25 a
Tm

S
. (6)

From Eqn (6) it follows that at S<25, this temperature

range can extend up to the melting point of the crystal.

Therefore, a special boundary ± conventional boundary

transition can occur at T0.49 Probably, within the approach

considered, this should be a phase transition of the first

order. This is substantiated by a fixed transition temper-

ature and different crystallographic parameters of the

boundary phases. The special boundary ± conventional

boundary transition is a specific kind of grain boundary

transition. The phase transitions at grain boundaries were

analyzed in detail 50 ± 53 relying on the known studies.9, 54, 55

2. The grain boundary wetting
The Young equation describes the equilibrium conditions

for a three-phase boundary (Fig. 6)

gsg= gsl+ glg cos y, (7)

where gsg, gsl and glg are the surface tensions at the solid ±

gas, solid ± liquid and liquid ± gas interfaces, respectively;

and y is the contact angle. We also introduce the spreading

coefficient S:

S= gsg7(gsl+ glg). (8)

If y>0, one has S<0. The case y=0 is called complete

wetting. Here, one has S=0. Under thermodynamic equi-

librium, S cannot take positive values, because otherwise

the solid ± gas boundary surface cannot exist as it would be

more preferable for it to be coated with a thin layer of liquid

to reduce its surface energy from gsg to gsl+glg . Obviously,

all the quantities in Eqns (7) and (8) are some functions of

temperature. Therefore, the following situation seems to be

possible: the coefficient S increases with temperature until

it becomes equal to zero at some temperature T=Tw. This

phenomenon is called the wetting transition or the Cahn

transition and the temperature Tw is the wetting transition

temperature.

Cahn 9 showed experimentally and theoretically that the

wetting transition can occur in the vicinity of the critical

point. He considered a system a+b (its components exhibit

limited solubility in each other) contacting a solid phase l
(Fig. 7). The two-phase region is confined by the binodal

with the critical point C. Cahn established that, as the

temperature approaches Tc, the energy of the a/b interphase

{Thus, only the boundaries with S<Smax exhibit special properties at a

given temperature. With decreasing temperature, the proportion of

boundaries exhibiting special properties increases. At the same tem-

perature, the boundaries with larger S values will exhibit the special

properties in materials with higher melting points (Tm).

glg

gsg gsl

Gas

Liquid

y

Solid

Figure 6. Profile of a liquid drop partially wetting a solid surface.
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boundary decreases faster than the interphase energy differ-

ence between gal and gbl . This means that there is a

temperature Tw above which an interlayer of the phase b
is necessarily present in the two-phase region between the

vessel wall l and the phase a. The wetting transition occurs

at the temperature Tw (the conode PP 0). Cahn also showed

that under thermodynamic equilibrium a thin film of the

phase b can also exist at the a/l boundary beyond the two-

phase region (see Fig. 7), viz., between the line PC 0 and the

binodal segment PC. This phase transition was called the

prewetting transition by Cahn.

The Cahn theory was repeatedly confirmed experimen-

tally. For example, a mixture of cyclohexane and methanol

has a critical point at 46 8C. Moldover and Cahn 56 exper-

imentally established that the wetting transition takes place

on approaching this critical point. As a result, a thin layer

of methanol separating cyclohexane from the vessel wall

appears. The transition is reversible: as the temperature

decreases, the dewetting transition occurs and the layer

disappears; raising the temperature again causes the for-

mation of a methanol layer between cyclohexane and the

vessel wall.

The Cahn theory can be generalized as follows.

1. The wetting transition is possible provided that the

phases a and b are solid phases. It is necessary that the

boundary energy gab should tend to zero when the differ-

ence (T7Tc) tends to zero. This phenomenon is called solid-

phase wetting.56

2. The third phase l is not required for the wetting

transition to occur. A layer of the phase b can be formed at

the phase a grain boundary provided that

gaa>2 gab . (9)

3. If the mixing enthalpy of the components A and B is

positive and sufficiently high, the critical point C can be

`virtual' (Fig. 8). In other words, it can be located above the

liquidus line for the two-component system. It is necessary

for wetting transition to occur that the energy gab should

tend to zero in the vicinity of such a `virtual' critical point.

Cahn's studies on the possibility for wetting transitions

to occur attracted much attention of theoreticians and

experimentalists.9, 57 ± 59 Grain boundary wetting transitions

in ceramic materials were extensively studied.10, 11, 60 ± 67 We

will shortly dwell on the thermodynamics of the boundary

wetting (Fig. 9). Under partial wetting of a grain boundary,

two phases (a liquid and a solid one) are in contact. The

contact angle y at the point where the grain boundary

contacts the liquid/solid interface is given by

ggb=2 gsl cos
y
2
. (10)

Consider a contact between two grains and the liquid

phase. At ggb<2 gsl , the grain boundary is partially wetted

by the liquid phase and y>0 (see Fig. 9 a). If ggb5 2 gsl, the
grain boundary is completely wetted by the liquid phase and

the contact angle y=0 (Fig. 9 b). In this case, the grain

boundary cannot exist in equilibrium with the liquid phase

and is replaced by a thin layer of the liquid phase. The

thermodynamic condition for wetting of the grain boundary

has the form:68

ggb5 2 gsl . (11)

T

a ba+b

P P 0

C 0 C

Concentration

Tc

Tw

A A0

Figure 7. The solubility diagram of a binary system with limited
solubility of components a and b in each other.5

T

a b

C

A B

a+b

Figure 8. The state diagram with a `virtual' critical point C.5

ggb x xy

Liquid

gs1l

gs2l

Liquid

Grain 1

Grain 2

Grain 1

Grain 2

a b

gs1l

gs2l

g

Tw1
Tw2

T

2 gsl

ggb1

ggb2

y

Tw1
Tw2

T
0

c d

3

1

2

Figure 9. The diagrams of grain boundary wetting.52

(a) Partial wetting at Tc<Tw ; (b) complete wetting at Tc5Tw;
(c) temperature dependences of the surface tension: ggb1 (1), g gb2 (2)
and 2 gsl (3); (d ) temperature dependences of the contact angle y
corresponding to curves (1) and (2) in Fig. 9 c.
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In some systems, transition from partial wetting of the

grain boundary by the liquid phase to complete wetting can

occur upon temperature variation. Consider the temper-

ature dependences of the energies ggb and gsl (Fig. 9 c). If the
plots of the dependences 2 gsl(T ) and ggb(T ) intersect, a

grain boundary wetting transition occurs at the intersection

temperature Tw. In this case, the contact angle y gradually

decreases with increasing temperature and becomes equal to

zero at the wetting transition temperature Tw (Fig. 9 d ). At

temperatures above Tw, the contact angle remains equal to

zero. In the phase diagram, this is shown by a line corre-

sponding to the surface phase transition, i.e., a conode of

the grain boundary wetting transition at Tw in the region of

equilibrium between the solid and liquid phases. Above this

line, the grain boundary cannot exist in equilibrium with the

liquid phase and should disappear. Such a `disappearance'

at Tw is just the grain boundary wetting transition. Above

Tw, the liquid phase forms a layer separating the solid grains

(crystallites).

If grain boundaries have different energies, the wetting

transition occurs at different temperatures, viz., the higher

the energy ggb the lower Tw . The temperature dependences

of the contact angle for two grain boundaries with different

energies are schematically shown in Fig. 9 d. The energy of

the high-angle boundaries is higher than that of the special

and low-angle boundaries; therefore; they are wetted at

lower temperatures compared to the last two types of

boundaries.

3. Grain boundary wetting in ceramic materials
It is experimentally established that the grain boundary

wetting transition occurs in some ceramic materi-

als.11, 60 ± 67, 69, 70 Thin films of Al, Al2O3 and (Al2OC)17x.

.(AlN)x were revealed at grain boundaries and triple junc-

tions of TiB2 grains 60 upon the interaction of dense TiB2

ceramics (96%± 98% of theoretical density) with liquid

aluminium in air at 980 8C for 7 h (Fig. 10). It was

established that most of grain-boundary thin films and

inclusions at triple grain junctions of TiB2 contain metallic

aluminium, while minority of those include oxide, oxy-

carbide and nitride phases [a-Al2O3 , b-Al2 O3 and

(Al2OC)17x(AlN)x].

Fujimoto and Kingery 61 studied the microstructure of

ceramic capacitors based on SrTiO3 at various stages of

heat treatment by high-resolution transmission electron

microscopy (HR TEM). Ceramics for the capacitors was

prepared by liquid-phase sintering of powdered SrCO3,

TiO2, Nb2O5, SiO2 and Al2O3 at 1450 8C (above the melting

point of SrTiO3 ± TiO2 eutectic) for 3 h followed by heat

treatment in the presence of flux (powdered mixture of

Bi2O3 , PbO, CuO and B2O3) at 1000 8C for 30 min and

subsequent cooling at different rates. It was found that the

flux wetted the SrTiO3 grain boundaries. Under slow cool-

ing of samples, the reverse `dewetting' transition occurred

and the liquid phase gathered at triple junctions of grains.

Analogous phase transitions were also observed for the

ceramic composites ZnO7Bi2O3,62 ± 65 Bi2CuO47
Bi2O3,66, 67 Si3N47SiO2 (Refs 69, 70), etc.

Thin intergranular films formed as a result of grain

boundary wetting can have unique properties. For instance,

Matsuoka 63 supposed that specific electrical properties of

varistors based on ZnO are due to the presence of thin

intergranular films at boundaries of Bi2O3-enriched grains

(Fig. 11). Gambino et al.64 showed that in ZnO-based

varistors containing *0.5 mol.% Bi2O3 and 0.5 mol.%

Co2O3 , the ratio of wetted and non-wetted grain bounda-

ries changes from 0 at temperatures below the melting point

of ZnO7Bi2O3 eutectic (750 8C, Ref. 71) to 88% at

1140 8C. Olsson and Dunlop 65 distinguished two types of

grain boundaries in varistors, viz., active and passive ones.

The former type of boundaries contains intergranular films

about 2 nm thick, whereas the latter type does not contain

intergranular films.

Wetting of grain boundaries by eutectic melt was

revealed in the system Bi2CuO47Bi2O3.66, 67 The authors

investigated the microstructure of Bi2CuO47Bi2O3 compo-

sites preheated to a temperature above the eutectic melting

point (770 8C) and then quenched in air. Typical micro-

structure of these composites quenched from 780 8C is

shown in Fig. 12 a,b. Wetting of triple junctions and some

Bi2CuO4 grain boundaries is seen. The presence of thin

intergranular films (Fig. 12 c) represents a proof for wetting

of grain boundaries in this composite.

Thin intergranular films were also found in other

ceramic materials, for instance, silicon nitride Si3N4 .69, 70

The existence of amorphous SiO2 film along grain bounda-

ries is necessary for the formation of dense Si3N4 . Kleebe

et al.69 showed that the amorphous films are present on all

a b

0.1 mm 0.1 mm

TiB2

Al

Figure 10. Photomicrographs illustrating wetting of a grain boun-
dary (a) and triple junctions (b) in TiB2 by metallic Al melt.60

The intergranular film thicknesses are indicated by arrows.

0.5 mm

Figure 11. Photomicrograph of intergranular film in ZnO ±
Bi2O3 ±Co2O3 ceramic varistor.65
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high-angle grain boundaries in silicon nitride, except special

boundaries. A HR TEM study 72 revealed thin intergranular

films in various ceramic materials (see Fig. 12 c and 13);

their thicknesses were measured.13, 69, 70, 73 ± 79 It was estab-

lished that the thickness of an intergranular film depends

only slightly on the misorientation angle. An exception is

provided by low-angle and special grain boundaries at

which no intergranular films were detected.

Intergranular films in ceramic material can be formed

during liquid-phase sintering. Examples are provided by

materials based on silicon nitride, varistor materials based

on zinc oxide and materials for alumina substrates. In glass-

ceramic materials, the formation of intergranular films is

due to incomplete crystallization of glasses. In such practi-

cally valuable materials as ceramics for sealing of nuclear

waste 76 or ceramics based on tetragonal zirconia,77 inter-

granular films are formed by impurities present in the

starting substances (impurity segregation).

4. Equilibrium thickness of intergranular wetting films in
ceramic materials
Can thin intergranular wetting films have equilibrium thick-

ness in the ceramic materials? Clarke attempted to answer

this question.80 He suggested two approaches to solve this

problem. They are based on estimation of the boundary

energies and on the balance of forces acting normal to the

boundary. Clarke's study showed that there is an equili-

brium thickness of intergranular film of *1 nm. The stable

thickness of the film is determined by two competing

interactions, viz., attraction (van der Waals dispersion

interaction) of grains and their repulsion (steric interaction

which depends on the structure of the liquid present in the

intergrain space).

Now we will dwell on the approach based on estimation

of the boundary energies. To get a general description of the

interphase region, we consider the phases and geometry

shown in Fig. 14. An analysis of the stability and structure

of the interface between two phases, a and l, existing in

equilibrium with the third (intermediate) phase b was

carried out by Widom 81, 82 within the framework of the

classical (van der Waals) theory of liquids. However,

Widom (and more recently, de Gennes 83) ignored the effect

of long-range forces, e.g., the van der Waals dispersion

forces.

The analysis performed by Widom is based on the

assumption that the boundary energies (g) in the bulk

phases obey the Antonov rule 84

g= gab+ gbl . (12)

c
a b

10 mm 5 mm 3 nm

Figure 12. HR TEM images of the microstructures of Bi2CuO4 ± Bi2O3 (20 mass%) composite quenched from 780 8C (a) and a wetted
junction in the composite (b); HR TEM image illustrating the existence of a thin intergranular film (1 ± 2 nm thick) in this composite (c).67

The Bi2CuO4 phase, eutectic and pores are shown in grey, white and black, respectively.

5 nm

a c

5�A

0.291 nm

b

0.260 nm

5 nm

15�A
10�A

Figure 13. HR TEM images of thin intergranular films in Si3N4.70 (a ± c) Different grain misorientation angles.
The vertical arrows show the intergranular film thicknesses, the horizontal arrows indicate the interplanar spacing.

h

a

b

l

Figure 14. The boundary phase b of thickness h between the phases
a and l.
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Assuming that the phase b is in equilibrium with the

phases a and l, the energy of the a/l interface reaches a

minimum value if this interface includes a layer of the phase

b irrespective of its volume fraction (see Fig. 14). As the

volume fraction of the phase b decreases, the thickness of

the layer of the phase b continuously decreases down to a

value of the order of the characteristic coherence length (x).
In accordance with the statistical thermodynamics

approach,81 the interface can be considered diffuse and

having an excess energy density compared to the energy

density at some distant point. Widom represented this

energy density difference as the function exp(7jzj/x ),
where z is the distance from the boundary. Therefore,

when the thickness, h, of the layer of the b phase becomes

microscopically small, the energy is given by

g=Ag?e7h/x, (13)

where A is the surface area of the interface and g? is the

interface energy at h=?.

In accordance with the classical theory of liquids it is

assumed that the phase b of microscopic thickness h has an

excess energy per unit area. Then, the total energy equals

the sum of the boundary energies [see Eqn (12)] of suffi-

ciently separated phases a and l, which is independent of

the distance h, augmented with a term describing the addi-

tional boundary energy [see Eqn (13)], which depends on h

and arises at relatively short distances between the phases a
and l,

g(h)= g?
�
1+e7h/x

�
. (14)

As mentioned above, the statistical thermodynamics

approach ignores long-range interactions such as van der

Waals interactions. To account for these interactions,

de Gennes 83 suggested an equation of energy balance with

an additional term

g(h)= g?
�
1+e7h/x

�
+ glrf , (15)

where glfr is the contribution of long-range interactions

glfr=ÿ H

12 ph2
,

H is the Hamaker constant.

Measurements of the interaction force between two mica

plates separated by distances down to about 1 nm showed

that this expression is valid even for such short distan-

ces.85 ± 88 Differentiation of Eqn (15) gives

h3e7h/x=
Hx

6 pg?
. (16)

The second differentiation with respect to h shows that

the energy is minimum and, hence, the system is stable at

h>3 x. The equation relating the equilibrium film thickness

to the parameters H, g and x has the form

h

x
� ln

162 pg? x2

H
� ln

�
h

3 x

�3
. (17)

Taking into account the approximation that h>3 x (in

this case, the second term on the right side is small), the

equation for the equilibrium film thickness can be written as

follows

h& x ln
162 pg? x2

H
. (18)

The interface energy g? is comparable with the expression

kT/x2 in order of magnitude. Therefore, the equilibrium

thickness of the film formed by the phase b at the boundary

is given by

h& x ln
162 p kT

H
. (19)

It should be noted that this thermodynamic approximation

is rough.

Now we will consider the second approach based on the

balance of forces acting normal to the surface of a thin

intergranular film. To ensure stability of the thickness of the

equilibrium intergranular film, it is necessary that the sum

of forces acting normal to its surface be equal to zero,89 i.e.

P+Pc+P=0, (20)

where P is the external pressure, Pc is the capillary pressure

and P is the disjoining pressure. The concept of disjoining

pressure was introduced by Derjaguin et al.90 to designate

the total effect of the forces capable of acting through the

layer of the liquid intergranular phase. Generally, the

following interactions contribute to the disjoining pressure

Ð van der Waals dispersion forces (Pdisp),

Ð interaction related to the electric double layer (Pedl),

Ð interaction due to adsorption of solute on the grain

surfaces (Pads),

Ð hydrogen bond forces (Phb), and

Ð structural or steric interaction (Psr).

Thus, the following expression can be written formally

P=Pdisp+Pedl+Pads+Phb+Psr . (21)

Detailed consideration of the balance of forces acting on

the film assumes that these forces are those acting between

two flat parallel surfaces of adjacent grains through a layer

of the liquid intergranular phase. Since there is no exper-

imental proof that the interactions caused by the adsorption

of solute, formation of the electric double layer or hydrogen

bonds do occur in multiphase ceramic materials at high

temperatures, Clarke 89 suggested ignoring them. If this

simplifying assumption is accepted, the resultant force act-

ing through a thin intergranular film normal to the film

surface is given by

P+Pc+Pdisp+Psr=0. (22)

The dispersion interaction. The dispersion (van der

Waals) forces between individual atoms and molecules are

inversely proportional to the seventh power of the distance

between them, thus being short-range forces. In contrast,

the dispersion force between solid phases acts over longer

distances and changes slower with the distance as was

shown for the first time by Hamaker.91 Dzyaloshinskii,

Lifshitz and Pitaevskii 92 applied an approach based on the

Lifshitz quantum field theory to analysis of the London

dispersion force between two interacting phases separated
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by a third phase. The result obtained for two flat parallel

plates (see Fig. 14) has the form

Pdisp=
�h

8;p2h3

�?
0

X?
n� 1

1

n3

"�
ea ÿ eb
ea � eb

�
el ÿ eb
el � eb

#
dx, (23)

where ej= ej (io) is the dielectric constant of the jth phase

depending on the imaginary frequency io and �h is the

Planck constant divided by 2 p. This equation shows that

the dispersion force can be either attractive or repulsive

depending on the relative values of the dielectric constants

of the three phases (the dispersion force is repulsive at

ea> eb> el). If grains on both sides of the intergranular

phase b are identical, Eqn (23) is reduced to the simpler

expression

Pdisp=
�h

8;p2h3

�?
0

X?
n� 1

1

n3

�
ea ÿ eb
ea � eb

�2
dx � Haba

6 ph3
. (24)

In this case (symmetrical system), the dispersion force is

always attractive irrespective of the nature of the materials

forming the grain boundary. It is noteworthy that this

equation has the form predicted by Hamaker.91 Therefore,

in the absence of external pressure and capillary pressure,

thin intergranular films are unstable against the attractive

force caused by dispersion interactions if there is no

repulsive structural (steric) interaction that counterpoises

the long-range van der Waals force.

The structural component of the disjoining pressure. It is

assumed that, if the thickness of the intergranular phase is

microscopically small, the liquid phase has a structure with

fluctuating orientational order near each grain (epitaxy)

rather than a random structure as could be expected for the

bulk liquid phase. If the correlation length related to

orientational fluctuation is x, the orientational order due

to the influence of neighbouring grains on the structure of

the liquid phase extends into the depth of the intergranular

phase to a distance of about x. Clarke 89 assumed that the

orientational order depends only on the coordinate normal

to the boundary. It is believed that ordering is due to the

fact that the first monomolecular layer of the liquid phase

surrounding each crystalline grain predominantly adopts

epitaxial arrangement on the grain surfaces. To calculate

the structural component of the disjoining pressure, Clarke

used the mean field approximation in which orientational

ordering across the boundary is represented by the scalar

quantity Z(x). Taking into account the above assumptions,

the free energy density in the liquid phase can be expressed

as follows:

g= g0+
�
aZ2(x)+ bZ3(x)+ cZ4(x)+ ...

�
+K

�
dZ�x�
dx

�2
, (25)

where K is a constant.

This equation known as the Cahn ±Hillard 93 or Ginz-

burg ± Landau 94 equation consists of three parts. The first

part, the term g0 is the free energy density in the massive

liquid (not in a film) with disordered structure. The second

part is an expansion of the order parameter Z(x) into a

power series. The third part of the equation is so-called

gradient energy, it determines the contribution correspond-

ing to interactions of neighbouring molecules. Symmetry of

the grain boundary region and, thus symmetry of the order

parameter determines the condition b=0. The constant c is

small in comparison with a, therefore the term including

Z4(x) can be neglected. As a result, the density of the excess

free energy is expressed by the simpler formula

g= g0+ aZ2(x )+K

�
dZ�x�
dx

�2
. (26)

Based on this equation, the functional of the excess free

energy per unit surface area of the boundary can be

expressed as

DG=

�h=2
ÿh=2

�gÿ g0�dx. (27)

Once the function DGeq minimizing this functional is

defined, the structural contribution to the disjoining pres-

sure can be found from the following equation:

Psr=
d�DGeq�

dh
. (28)

To determine the equilibrium thickness of the intergranular

film, it is necessary to establish conditions under which the

functional (27) reaches a minimum value. A solution to this

problem is given by the following expression for the excess

free energy per unit area:

DGeq=2(aK)1/2 Z20 cth

 
�a=K�1=2h

2

!
(29)

provided that the grains on both sides of the boundary are

disordered in such a manner that the orientational orderings

of the first monolayers of the intergranular phase are

opposite, i.e.

Z0= Z
�
h

2

�
=7Z

�
ÿ h

2

�
.

The contribution of the disjoining pressure is obtained

using Eqn (28)

Psr=
d�DGeq�

dh
� ÿ f0

sinh2�h=2 x� , (30)

where

f0= aZ20 ,

x=(aK)1/2.

If the thickness of the intergranular liquid phase is larger

than the characteristic correlation length (h> x), the con-

tribution of the disjoining pressure can approximately be

represented in the form

Psr=74f0 e7h/x. (31)

Thus, this model predicts repulsive character [minus sign

before the right-hand side of Eqn (31)] of the structural

disjoining pressure, which is necessary to counterpoise the
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van der Waals attraction between grains. Substituting the

values expressed by (24) and (30) into Eqn (22), one gets the

total force per unit area acting on the thin intergranular

liquid film existing in equilibrium:

P+Pc+
H

6 ph3
7 4 aZ20e7h/x=0. (32)

In the absence of external and capillary pressures, the

equilibrium thickness of the intergranular liquid film deter-

mined from Eqn (33) is

H

6 ph3
=4 aZ20e7h/x. (33)

This equation derived on the basis of the balance of

forces is analogous to Eqn (16) based on the statistical

thermodynamics approach. Using two different continuum

approaches (one based on the balance of forces acting

normal to the intergranular liquid film and the thermody-

namic approach), Clarke 89 showed that there exist condi-

tions under which films of intergranular phases may have

the equilibrium thickness. The thickness of intergranular

films calculated from balance of forces agrees with that

obtained by HR TEM for films in ceramic materials

(1 ± 2 nm). However, the validity of Clarke's calculations

within the framework of the continuum theory of surface

forces casts some doubt. Deryagin et al.90 demonstrated

that on the length scale less than 1.5 nm the continuum

approach is of limited use and, therefore, quantitative

estimate are not reliable.

A key issue is the nature of formation of thin intergra-

nular films in ceramic materials. Are these films wetting or

adsorptive? Most probably, one deals with adsorptive films

formed at grain boundaries in equilibrium with the liquid

phase at high temperature (Fig. 15). Possibly, such films

remain at grain boundaries after reverse `dewetting' tran-

sition and gathering of the intergranular wetting liquid to

triple junctions of grains and pores upon cooling the

ceramics. This hypothesis is supported by the fact that the

compositions of intergranular films and wetting liquid

localized at the triple and quadruple junctions of grains in

ZnO7Bi2O3,95 ± 97 Al2O37CaO . SiO2 (see Ref. 98) and

some other ceramic materials are considerably different.

From the aforesaid it follows that the grain boundary

wetting transition can occur in ceramic composites at the

melting point of eutectic. It results in composites consisting

of solid grains and liquid intergranular channels.

III. The liquid-channel grain-boundary structures

Penetration of eutectic melt along grain boundaries into

CuO-based ceramics coated with a layer of Bi2O3 powder

was studied.99 At 770 8C (melting point of the Bi2O3 ±

Bi2CuO4), intense penetration of the eutectic melt along

the CuO grains boundaries was observed (Fig. 16). The

thickness of the intergranular layer depends on the amount

of penetrant and can reach a few micrometres. It results in

the formation of liquid-channel grain-boundary structures.

These structures are also formed on melting of grain

boundaries in ceramic materials.13 ± 15

With respect to their composition and structure, the

liquid-channel grain-boundary structures are heterogene-

ous. Odelevskii 100 pointed out that there are two regimes

of organization of heterogeneous structures, viz., a matrix

regime and a statistical one. A distinctive feature of the

matrix distributed structures is that, among two or more

components, one of them always forms a continuous matrix

no matter how small is its volume. The liquid-channel grain-

boundary structures should be attributed to the matrix

distributed structures because the liquid phase forms a

continuous matrix along grain boundaries (see Fig. 16).

Now we will dwell on possible mechanisms of formation

of the liquid-channel grain-boundary structures.101 ± 105 In

some cases, grooves characterized by a specific value of the

dihedral angle y (Fig. 17) are formed upon contact of the

solid and liquid components at places where grain bounda-

Grain 1

Grain 2

Adsorption layer

Liquid

Figure 15. The structure of the intergranular channel.

10 mm

Figure 16. Microstructure of CuO ceramics heat-treated in contact
with Bi2O3 in air (slice).99

w

y

f gsl gsl

ggb

y

x

Figure 17. The profile of a grain-boundary groove produced during
liquid-phase etching.101
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ries access the surface. The y value is related to the surface

tensions of grain boundaries and the crystal ± liquid boun-

dary by equilibrium condition at the top of the groove [see

Eqn (10)]. The growth mechanisms of the grain-boundary

grooves under liquid-phase etching conditions can be differ-

ent. We will consider etching by saturated and unsaturated

solutions. In the former case, the development of a groove is

due to the influence of capillary forces as in the case of

thermal etching except the possibility of rapid mass transfer

due to the presence of the liquid phase. Using the Mullins

theory,101 this process can be described by diffusion of

atoms through the liquid phase. This procedure was carried

out many times. An increase in the width (w) and depth ( f )

of the groove is proportional to t1/3 (t is the time of

etching). Calculations and experimental results showed103

that the maximum growth rate of the groove amounts to

*0.5 mm h71 in this regime.

The growth of a groove in an unsaturated solution

occurs under the influence of a concentration gradient.

Two limiting situations are possible. First, the process can

proceed in the kinetic regime (w* t, f* t) when the groove

growth rate is controlled by the grain dissolution and the

diffusion transfer is fast. Second, the process can proceed in

the diffusion regime (w* t1/2, f* t1/2) when the groove

growth rate is controlled by the diffusion through the liquid

phase and dissolution is fast. The maximum rate of the

groove growth in the diffusion regime amounts to several

millimetres per hour.104

The feasibility to reach high rates of groove deepening in

the kinetic regime was considered by Fradkov.105 It was

shown that for narrow grooves, the vertex moves much

faster than the banks, it resembles the opening scissors. The

groove deepening rate (v) is related to the dissolution rate of

a flat solid surface (v0) by the relation

v � v0
sin�y=2� .

However, an estimation using this expression showed

that high groove deepening rates (for instance, a few

centimetres per minute) are physically impossible. They

can be attained only at y^ 0.20. The situation is changed

with increasing v0. This can occur if the groove deepening

rate is controlled by the kinetics of channel opening at the

vertex rather than the kinetics of widening of the banks.99

As a result, a liquid-phase grain-boundary structure is

formed in the polycrystalline solid (see Fig. 16).

The possibility of existence of a liquid-channel grain-

boundary nanostructure, which can be formed in the two-

phase region by wetting of low-angle grain boundaries by a

chemically compatible melt, was considered. The surface

tension at the solid ±melt interface surface should not be

high.106, 107 Consider the thermodynamic feasibility of wet-

ting of low-angle grain boundaries.108 According to

Eqn (4), the energy ggb increases with increasing the misor-

ientation angle C and reaches a maximum value of ggb max .

If the angle C corresponding to ggb max is denoted as Cmax ,

Eqn (4) can be transformed as follows:109

ggb
ggb max

� C
Cmax

�
1ÿ ln

C
Cmax

�
. (34)

An estimation for low-angle grain boundaries

(10004C4 18) in ceramic materials using relation (34)

showed that 1< ggb< 150 mJ m72, being equal to

103 mJ m72 at Cmax=308. Thus, the thermodynamic con-

dition (11) for wetting of low-angle boundaries is met at

0.54gsl4 75 mJ m72. These gsl values are typical of lyo-

philic colloids.106 The formation of the liquid-channel

grain-boundary nanostructure can be explained as follows.

Wetting of high-angle grain boundaries by eutectic melts is

established in the two-phase region for many systems

(point C in Fig. 18).13, 110 The energy gsl decreases with

further increase in temperature. At gsl< 75 mJ m72, wet-

ting of low-angle grain boundaries by the chemically com-

patible melt (point D in Fig. 18) and formation of the

liquid-channel grain-boundary nanostructure become feasi-

ble.

IV. Accelerated mass transfer in ion-transport
membranes and oxide layers

1. The ion-transport membranes
The development and fabrication of ion-transport mem-

branes possessing high mixed ionic ± electronic conductivity

is a promising area in membrane materials sci-

ence.24 ± 26, 111 ± 191 The interest in the studies of such mem-

branes is first of all due to the prospects for their

applications in power engineering (in fuel cells), chemical

industry (in ceramic membrane reactors for methane con-

version into syngas), nano- and microelectronics (in sepa-

rators for production of ultrapure oxygen and in other

electrochemical devices).

A number of materials (perovskites, BIMEVOX and

solid electrolyte/noble metal cermets) exhibit high mixed

ionic ± electronic conductivity;27 ± 30 however, they have

some essential shortcomings (high fragility, insufficient

thermodynamic and/or mechanical stability, high cost,

etc.) hampering practical application. Therefore, the design

of alternative membrane materials is an important problem

in materials science. Composites with liquid-channel grain-

boundary structure may appear to be an alternative to

traditional membrane materials.20 ± 23, 192, 193 Below we will

consider mass transfer processes in (i) polycrystalline solids

with participation of the liquid phase taking the best studied

BiVO47V2O5 ion-transport membranes with the liquid-

channel grain-boundary structure as examples and (ii)

T

D

C
A+L

A+B

L

B+L

A B

Figure 18. Phase diagram of the system A ±B.31

`L' denotes the liquid phase.
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oxide layers formed on the copper surface under high-

temperature gas corrosion.

The charge and mass transfer in ion-transport mem-

branes based on BiVO4 ± xV2 O5 [x=(5, 7, 10, 12) mass%]

composites with the liquid-channel grain-boundary struc-

ture formed by grain boundary wetting were studied.20, 22

Samples with the liquid-channel grain-boundary structure

were produced by heating sintered ceramic composites

(Fig. 19 a) to the melting point of the BiVO4 ± xV2O5

eutectic (640 8C, see Fig. 20).194 The samples obtained

(Fig. 19 b,c) were of high density and plasticity.195

The conductivities of the composites are plotted vs.

temperature in Fig. 21. The temperature dependences of

the conductivities of BiVO4 and V2O5 are shown for

comparison.196, 197 The composite conductivities increase

with increasing the V2O5 concentration. The conductivity

decreases in the temperature range 600 ± 635 8C, which is

typical of V2O5 in the premelting region (curve 6 in

Fig. 21).22, 198 ± 209 On further heating, the eutectic melts at

640 8C and the conductivity increases abruptly. This

increase in the conductivity is caused by the formation of

the liquid-channel grain-boundary structure in the compo-

site (see Fig. 19 b,c). The isothermal time dependence of the

conductivity of the BiVO4 ± V2O5 (10 mass%) composite is

shown in Fig. 22. The conductivity changes insignificantly,

thus indicating thermodynamic stability of this composite.

The transfer number of oxygen ions (ti) increases as the

temperature and volume fraction of the liquid phase

increase (Fig. 23) and reaches a value of 0.75.

Ion-transport membranes based on BiVO47V2O5 com-

posites with the liquid-channel grain-boundary structure

exhibit highly selective oxygen permeation.20, 22, 210

a cb

10 mm 10 mm 1 mm

Figure 19. Microstructures of BiVO4 ±V2O5 (10 mass%) composites.22

(a) A sample sintered at 600 8C; (b, c) samples cooled from 640 8C; a chip and a slice, respectively.
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Figure 20. Phase diagram of the system BiVO47V2O5 .194

1.1 1.15 1.2 1.25 1.3

1071

100

101

102 6

5

4
3

2

1

s
T
/O

7
1
cm

7
1
K

103 T71 /K71

Figure 21. Conductivity-vs.-temperature plots for BiVO4 (1),
BiVO4 ± xV2O5 (2 ± 5) and V2O5 (6).22

x (mass%): 5 (2), 7 (3), 10 (4 ), 12 (5).
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Figure 22. Conductivity-vs.-time plot for the BiVO4 ±V2O5

(10 mass%) composite with the liquid-channel grain-boundary
structure at 650 8C.22
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Figure 24 shows a chromatogram of a gas penetrated from

air through a membrane with the liquid-channel grain-

boundary structure under the action of the partial pressure

difference between nitrogen and oxygen. The membrane is

permeable to oxygen ions and impermeable to nitrogen

(weak N2 peak in Fig. 24 is due to leakage in the manifold).

The oxygen permeation is confirmed by the dependence of

the oxygen flux on the polarity of applied electric field 210

(Fig. 24). The maximum oxygen concentration in the gas

flux was observed when the negative electrode was posi-

tioned on the outer surface of the sample (the sample/air

interface, see curve 2). This fact indicates that oxygen ions

are transferred through the membrane because the electric

field affects only charged particles. The oxygen flux

increases with increase in the oxygen partial pressure differ-

ence and the temperature (Fig. 25). The dependences of the

oxygen flux on the membrane thickness are shown in

Fig. 26.

A scheme illustrating oxygen transfer through a

BiVO47V2O5 membrane with the liquid-channel grain-

boundary structure is shown in Fig. 27. The process

involves the surface oxygen exchange, diffusion of oxygen

ions along intergranular liquid channels and electron trans-

fer in the liquid and solid phases (coupled chemical diffu-

sion of ions and electrons).20, 22, 196 ± 210 The coupled

chemical diffusion (and/or surface exchange reactions) is

the rate determining step for the overall process.

Consider the diffusion regime of oxygen transfer

through the membrane with the liquid-channel grain-boun-

dary structure. In this case, the kinetics is controlled by the

coupled chemical diffusion of oxygen ions and electrons.

Under the action of the chemical potential gradient, oxygen

ions migrate towards regions with low partial pressure of

oxygen. Since the oxygen ions are charged, such a migration

results in the appearance of an electric field in the mem-

brane, which gives rise to electron transfer through the

membrane towards regions with higher partial pressure of

oxygen (to maintain electroneutrality). Charged particles

(ions) should response to both the chemical and electric

potential gradients whose joint action creates the electro-
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Figure 23. Oxygen ion transfer number (t i) in the BiVO4 ± xV2O5

composites with the liquid-channel grain-boundary structure plot-
ted vs. temperature (a) and volume fraction of the liquid phase
(b).210

x (mass%): 5 (1), 7 (2), 10 (3), 12 (4); T /8C: 670 (I), 660 (II),
650 (III).
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Figure 24. Chromatograms of gas flux through a BiVO4 ±V2O5

(10 mass%) membrane with the liquid-channel grain-boundary
structure at 650 8C.210

(1) No external electric field; (2 and 3) in external electric field of
different polarity; U is the sensor signal.
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Figure 25. Oxygen fluxes ( j ) through BiVO4 ± xV2O5 membranes (0.2 cm thick) with the liquid-channel grain-boundary structure plotted
vs. oxygen partial pressure difference at 650 (a), 660 (b), 670 8C (c).210

x (mass%): 5 (1), 7 (2), 10 (3), 12 (4).
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chemical potential gradient that drives ion migration. The

oxygen flux through the membrane obeys the Wagner

equation

jO2
� ÿ RT

16F2L

�ln p 00O2

ln p 0
O2

samb d ln pO2
, (35)

where F is the Faraday constant and samb is the ambipolar

conductivity

samb �
sise

srmi � se
� ti�1ÿ ti�s, (36)

si, se are the ionic and electronic conductivities, respec-

tively. Taking into account expression (36), the oxygen flow

can be written as

jO2
� RT

16F2L
ti�1ÿ ti�s ln

p 0O2

p 00O2

. (37)

This equation is satisfied only if the average value of samb is

taken for the partial pressure range p0O2
± p00O2

.

The specific oxygen flux through the BiVO47V2O5

membrane with the liquid-channel grain-boundary structure

for a given difference in the partial pressure of oxygen can

be obtained by substituting the experimental values of the

conductivity and transfer numbers of oxygen ions (see

Figs 21 and 23) into Eqn (37).

According to Eqn (37), the dependence of the oxygen

flux on the reciprocal membrane thickness should be linear

in the diffusion regime. Figure 28 a shows the calculated

and experimentally observed dependences of the specific

oxygen flux on L71. It is seen that the experimental depend-

ence is nonlinear. Probably, oxygen transfer through the

BiVO47V2O5 membranes with the liquid-channel grain-

boundary structure proceeds in a mixed diffusion-kinetic

regime.

Consider this regime of oxygen transfer through a

membrane with the liquid-channel grain-boundary structure

within the framework of the Burggraaf ± Bouwmeester

model.211 ± 213 In this case, the kinetics of oxygen transfer

through composites is controlled by both coupled chemical

diffusion of ions and electrons and by the surface oxygen

exchange reactions. According to the Burggraaf ± Bouw-
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meester model, the oxygen flux through the membrane is

given by

jO2
� RT

L� 2Lc

samb

16F 2
ln
p 0O2

p 00O2

. (38)

where Lc is the characteristic thickness of the membrane. At

L44Lc, oxygen transfer proceeds in the diffusion regime;

at L55Lc it occurs in the kinetic regime

Lc � te
Di

k
, (39)

where te is the electron transfer number, Di (cm2 s71) is the

effective diffusion coefficient of oxygen ions in the mem-

brane with the liquid-channel grain-boundary structure, k

(cm s71) is the surface oxygen exchange coefficient. In

accordance with the Nernst ± Einstein equation,

Di �
siRT
ciz

2
i F

2
, (40)

where ci is the concentration of oxygen ions (about

1072 mol cm73 for melts, see Ref. 214) and zi is the charge

of the oxygen ion.

The theoretical [calculated by expression (38)] and

experimental dependences of the specific oxygen flux on

L71 are shown in Fig. 28 b. In jO2
calculations, the Lc value

was varied to obtain the best fit between the theoretical and

experimental curves. A comparison showed that the calcu-

lated curve matches the experimental one if the membrane

thickness is within 2 ± 4 mm. For such thicknesses, oxygen

transfer occurs in the mixed diffusion-kinetic regime. On

further reduction of the membrane thickness, the process

mainly proceeds in the kinetic regime.

The experimental values of oxygen fluxes and the

parameters Di , samb and k calculated using expressions

(40), (36) and (39), respectively, as well as the estimated

characteristic thicknesses Lc of the membranes based on the

BiVO4 ± xV2O5 composites [x=(5, 7, 10, 12) mass%] with

the liquid-channel grain-boundary structure are collected in

Table 1. As can be seen, the BiVO4 ±V2O5 (12 mass%)

composite exhibits high oxygen permeation and can prob-

ably be used as the ion-transport membrane in electro-

chemical apparatuses for oxygen separation operating at

650 ± 670 8C.

The specific oxygen fluxes through the BiVO4 ± V2O5

(12 mass%) composite with the liquid-channel grain-boun-

dary structure and through known ion-transport mem-

branes are presented in Table 2. A comparative analysis

shows that, with respect to its permeation, this composite

ranks second after (Bi2O3)0.73(CaO)0.277Ag and

(Bi2O3)0.75(Er2O3)0.257Ag cermets. However, the latter are

of limited use because of high cost (they contain expensive

noble metals). Thus, the BiVO4 ± V2O5 (12 mass%) compo-

site is more preferable.

2. High-temperature metal corrosion
A priority task in high-temperature materials science is to

design novel heat-resistant materials for nuclear and fuel

power engineering, space and aircraft industries, etc. Prac-

tical solution to this task to a great extent depends on the

development of theoretical concepts in the field of high-

temperature oxidation of metals. In this case, the oxidation

rate in the formation of dense oxide layers on metals is

controlled by diffusion processes. Namely, it is determined

by volume diffusion of reacting ions and by electron trans-

fer through the growing oxide layer. The Wagner model 215

takes account of these processes and gives quantitative

relationships between the metal oxidation rate, ion diffusion

coefficient and partial pressure of oxygen. The formation of

a liquid-channel grain-boundary structure in oxide layers

results in strong acceleration of oxidation and catastrophic

degradation of the metal.15 ± 19 Consider the kinetics and

Table 1. Parameters jO2
, Di , samb , k and Lc of BiVO4 ± xV2O5 [x=(5, 7, 10, 12) mass%] composites with the liquid-channel grain-boundary

structure.210

Composition T /8C Z p 00O2
6103 jO2

6109 Di6107, samb6103 k6106 Lc /cm
/atm /mol cm72 s71 /cm2 s71 /O71 cm71 /cm s71

BiVO4 ± 5 mass%V2O5 650 0.12 5.5 1.9 0.9 1.3 1.3 0.021

670 0.13 6.1 2.1 1.2 1.5 2.1 0.015

BiVO4 ± 7 mass%V2O5 650 0.18 8.6 2.6 1.9 2.6 1.3 0.043

670 0.19 9.6 3.0 2.4 3.1 2.1 0.030

BiVO4 ± 10 mass%V2O5 650 0.23 1.0 3.2 3.0 3.9 1.3 0.063

670 0.24 1.2 3.7 3.8 4.6 2.1 0.045

BiVO4 ± 12 mass%V2O5 650 0.29 1.5 3.7 4.6 5.6 1.3 0.091

670 0.30 1.8 4.6 5.4 6.3 2.1 0.062

Note. For all compositions, L=0.2 cm; Z is the volume fraction of the liquid phase.

Table 2. Oxygen fluxes through the BiVO47V2O5 (12 mass%) com-
posite with the liquid-channel grain-boundary structure and through
known membrane materials.

Composition L T p0O2
p 00O2

6106 jO2
6109

/cm /8C /atm /atm (see a)

(Bi2O3)0.75(Er2O3)0.25 0.11 650 1 1.4 1.9

(Bi2O3)0.75(Er2O3)0.257Ag 0.13 650 1 2.0 9.7

(Bi2O3)0.73(CaO)0.27 0.12 650 1 2.2 2.3

(Bi2O3)0.73(CaO)0.277Ag 0.08 680 1 2.5 3.0

BICOVOX 0.17 650 1 1.9 1.6

BICOVOX7Au 0.12 650 1 2.0 1.6

BiVO4 ± 12 mass% V2O5 0.20 650 0.21 1.56103 3.7

Note. The jO2
values were taken from Ref. 210 for the BiVO4 ±V2O5

(12 mass%) composite and from Ref. 29 for other compounds.
a In mol cm72 s71.
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mechanism of accelerated metal oxidation using the system

Cu7Bi2O3 as an example; this system best demonstrates the

general regularities typical of other systems.216 ± 219

Studies of high-temperature oxidation of copper plates

(2062060.2 ± 0.5 mm) coated with a thin Bi2O3 layer

(30 ± 100 mm) in air showed 12, 15 ± 19 that accelerated copper

oxidation occurs at 770 8C. The kinetics of this process at

different Bi2O3 film thicknesses are shown in Fig. 29. The

oxidation of copper is described by a parabolic dependence

on time�
Dm
A

�2

� k00t, (41)

where Dm is the change in the sample mass, A is the copper

surface area, k00 is the parabolic oxidation rate constant and

t is time. This dependence indicates a diffusion-controlled

process. The k00 value increases with increasing the Bi2O3

film thickness and exceeds the parabolic oxidation rate

constant of copper by more than three orders of magnitude.

The microstructure of the corrosion product formed

during copper oxidation is shown in Fig. 30. The outer

(grey) layer mainly consists of Bi2CuO4 with small amounts

of Bi2O3 . The inner (light-coloured) layer consists of CuO

and small amounts of Cu2O, Bi2O3 and Bi2CuO4. The

concentrations of Cu2O and Bi2O3 abruptly increase near

the copper surface. The location of the oxide layers in the

corrosion product indicates that oxidation occurs by oxygen

diffusion from air through the oxide layers to copper.

According to the phase diagram of the Bi2O37CuO

system (Fig. 31), the threshold temperature of 770 8C for

the accelerated copper oxidation coincides with the melting

point of d-Bi2O3 ± Bi2CuO4 eutectic. Hence, the accelerated

oxidation is caused by the formation of the liquid phase in

the corrosion product.

Studies 11, 15 ± 19, 99 of the influence of the liquid phase on

the transport properties of the oxide layers formed during

accelerated oxidation of copper revealed a wetting transi-

tion at triple junctions and Bi2CuO4 grain boundaries in the

presence of eutectic melt and the formation of liquid-

channel grain-boundary structure in the Bi2O37CuO and

Bi2O37Bi2CuO4 ceramic composites at 770 8C. Consider

this phenomenon using a Bi2CuO47Bi2O3 (20 mass%)

ceramic composite as an example. Figure 32 a shows the

initial microstructure of this composite. As can be seen,

Bi2O3 is randomly distributed in the composite. When the

sample is heated above 770 8C, the wetting transition at

triple junctions and grain boundaries in the presence of

eutectic melt and the formation of liquid-channel grain-

boundary structure occur (Fig. 32 b,c). The formation of

such a structure significantly affects the transport properties

of the oxide layers.192, 193 Figure 33 demonstrates the

dependence of the ionic conductivity with respect to oxygen

for the Bi2CuO47Bi2O3 composites with the liquid-channel

grain-boundary structure on the volume fraction of the

liquid phase.
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800 8C.
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Figure 30. Microstructure of the corrosion product on the copper
surface precoated with Bi2O3 film and partially oxidized in air at
800 8C.12
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Consider the mechanism of accelerated oxidation of

copper. Suppose that at instant t the thickness of the oxide

layer on the copper surface is h. Let h be much larger than

the distance at which the effect of the spatial charge is

significant. A liquid-channel grain-boundary structure

forms in the oxide layer. Diffusion of oxygen ions along

the liquid intergranular channels limits the rate of copper

oxidation. (Solubility of oxygen in the metal is neglected.)

Having denoted the concentration of oxygen in the growing

oxide by c*, the mass balance equation takes the form:

c�
�
dh

dt

�
� jO2

. (42)

The oxygen ion flux is given by

jO2
� RT

z2F2h

�ln p 0O2

ln p 00
O2

sise
si � se

d ln pO2
, (43)

p 0O2
and p 00O2

are the partial pressures of oxygen at the air/

oxide layer and the oxide layer/metal interfaces. At se 44 si,
Eqn (43) takes the form

jO2
� RT

z2F2h

�ln p;0O2

ln p 00
O2

si d ln pO2
. (44)

The parabolic time law for metal oxidation is usually

expressed as follows:

dh

dt
� k0

h
, (45)

where k0 is the parabolic oxidation rate constant. Using

Eqns (42), (44) and (45), k0 can be represented as

k0 � RT

z2F2c

�ln p 0O2

ln p 00
O2

si d ln pO2
. (46)

The parabolic oxidation rate constants k0 (m2 s71) and

k00 (kg2 m74 s71) are interrelated:

k0 � z2V 2

2M2
k00, (47)

where V is the molar volume of the oxide and M is the molar

mass.

k00 � 2RTM 2

z4V 2F2c

�ln p 0O2

ln p 00
O2

si d ln pO2
, (48)

or

k00 � 2RTM 2si
z4V 2F2c

d ln
p 0O2

p 00O2

. (49)

Equation (49) holds only if the average si value is taken
for the oxygen partial pressure range p 0O2

± p 00O2
. A compar-

ison of the experimental parabolic oxidation rate constants

k00 with the values calculated using expression (49) at

T=103 K, A2= 6.461073 kg2 mol72, V 2=

1.5610710 m6 mol72, c& 4.06104 mol m73, p 0O2
=

0.21 atm, si= 0.14 ± 3.6 O71 m71 and p 00O2
& 1073 atm

showed that they are of the same order of magnitude,

being equal to 7.561075 ± 4.061074 and 1.661075 ±

2.161074 kg2 m74 s71, respectively, which indicates

agreement between the theory and experiment.

* * *

Improvement of existing materials and the design of novel

systems possessing high mixed conductivity is dictated by

the demands of rapidly developing electrochemical power

engineering. A possible way to meet these demands is to

utilize materials with liquid-channel grain-boundary struc-

tures. However, there is a number of unsolved problems on

b

50 mm

a c
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Bi2O3 Bi2CuO4

50 mm 20 mm

Figure 32. Microstructure of Bi2CuO4 ± Bi2O3 (20 mass%) ceramic composite. Cooling from 700 8C (a); cooling from 780 8C (b, c).
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Figure 33. Ionic conductivity with respect to oxygen (si) of
Bi2CuO4 ± xBi2O3 composites [x=(5, 10, 15, 20) mass%] with
the liquid-phase grain-boundary structure plotted vs. volume frac-
tion of the liquid phase.18
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this way; in particular, the mechanisms of ionic and elec-

tronic conductivity in oxide melts,222 electrokinetic

effects,223 transport properties of interphase boundaries 224

and recrystallization processes are studied insufficiently.

Solving these problems will make it possible to advance

considerably in understanding of fundamental mechanisms

of mass transfer in the liquid-channel grain-boundary

structures and to objectively assess prospects for their use

in various electrochemical devices.
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