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Abstract

Experimental and theoretical data on the surface electrical and mass transport processes in ionic materials (ceramics, composites, and nanostructures)
are summarized and discussed. Important role of interfaces in the transport processes is exhibited. Influence of surface phase transitions on transport

properties of ionic materials is considered.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface is one from the fundamental defects of the crystal
structure. Rupture of the chemical bonds at the surface leads
to the change of coordination sphere of atoms. The disordered
structure of surface cannot by jump to pass into regular structure
of the crystal bulk and there is any transitional zone.

According to the principle of global electrical neutrality,
accumulation of electronic or ionic charge at the surface of ionic
materials induces the formation of space charge region.!-? Ionic
conduction in the space charge region can differ from that in the
crystal bulk.?> When crystal size approaches to the space charge
width, the surface and bulk properties are related (classical size
effect).!*

Surface phase transitions can substantially influence ionic
conduction of materials.’

Numerous ionic conductors® have a high specific surface.
Interest to study surface ionic conduction was initiated by
Liang’s publication’ reporting an enhancement of Li* ion con-
ductivity by a factor of almost 50 for Lil/Al,O3 composite in
comparison with pure Lil. During the last decades there has
been a growing interest in different aspects of surface ionics
stimulated by intensive development of micro- and nanoion-
ics technology.® Significant contribution in development of the
surface ionics was made by J.B. Wagner” and especially by J.
Maier.>3
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The aim of this article is to summarize and discuss some
important experimental and theoretical data in field of surface
ionics. In order to keep this article within limits, for more details
the reader is referred to the original publications.

2. Ionic conduction

Wagner’s equation10 describes a flux of ions, J;, in material
under electrochemical field:

Ji= ("2) Vi ()
q;

where g; is the charge, 7;, the electrochemical potential, and o,
the ionic conductivity:

0i = gicilti )

where ¢; is the carrier concentration, and u;, the mobility. The
Nernst-Einstein equation relates the ionic mobility to the diffu-
sion coefficient, D;:

u;kT

D; = 3)
qi

where k is the Boltzmann’s constant, and 7, the temperature.
Using Eqgs. (2) and (3), the ionic conductivity can be expressed
as

D:d?c:
o; = 7’:%“ )


mailto:vvbelous@mail.ru
dx.doi.org/10.1016/j.jeurceramsoc.2007.01.014

3460 V.V. Belousov / Journal of the European Ceramic Society 27 (2007) 3459-3467

Wagner’s equation has phenomenological character and
describes electrical and mass transport processes independent
of a concrete mechanism for ion transfer. Therefore, the ionic
conductivity can be measured experimentally or calculated the-
oretically within the framework of a microscopic theory, which
is related with a choice of a concrete model for ionic trans-
port. Three basic models'! are used for description of the bulk
ionic conduction: hopping model, stochastic model, and model
of quasi-free ions. The space charge layer model® describes the
surface ionic conduction. This model is discussed in some details
below.

3. Space charge layer model

The space charge region is formed near interfaces in ionic
materials to compensate charged impurities and defects, which
segregate to the grain and phase boundaries. The space charge
layer model for ionic materials was developed by Maier.> The
basic concept is that ions can be trapped at the interface core.
The driving force for trapping can be the existence of second
phase with chemical affinity for the mobile ion. In particular,
for a Frenkel-disordered ionic crystal M*X ™ (in Kroger—Vink
notation'?), the trapping of metal ions at interface sites can be
written as

My + Vs —> Mg + Vyy 5)

where Vs and Mg are, respectively, an empty interface site and a
metal ion trapped at interface site. The metal vacancies are cre-
ated in the layer adjacent to the interface (space charge region).
The defect profiles occur approximately within twice the Debye
length (A):

kT

A2 = ee
02q2c

(6)

where egq is the dielectric permittivity, ¢, the bulk defect con-
centration. At equilibrium, the electrochemical potential, n(x),
of charged metal vacancies is constant across the interface:

n(x) = p(x) + qe(x) )

u(x) and ¢(x) are the local chemical and electrical potentials,
respectively.

pu(x) = u® + kT Inc(x), ®)
c(x) is the local defect concentration. The equilibrium condition
is:

dn(x) = d(kT Inc(x) + gp(x)) = 0 )

The defect concentration profile in the space charge region can
be expressed as

P(x) — w} (10)

c(x) = cexp [—q T

where ¢ is the bulk electrical potential. The local defect con-
centration in the space charge region depends on the difference
between the local and bulk electrical potentials. If p(x) — ¢ < 0,

the concentration of negative defects is decreased by the expo-
nential factor while those of the positive defects is increased by
the same factor and vice versa for ¢(x) — ¢ > 0. Three types
of space charge regions can exist: accumulation, depletion, and
inversion layers.

The ionic mobility depends on several factors the most impor-
tant being the height of the potential barrier that the ion must
overcome to pass from one well to an adjacent well. The space
charge layer model assumes that the ionic mobility in space
charge region does not differ significantly from the bulk ionic
mobility. In weak electrochemical field, the ionic mobility in
space charge region can be written as

_ gyl*v E
u_( " >exp (—kT) (11)

where v is the hopping frequency, /, the jump distance, E, the acti-
vation energy, and y, the geometric correction factor. According
to the Eq. (2), the local ionic conductivity, o(x), in the space
charge region can be written as

o(x) = qgc(x)u (12)

The space charge layer model was developed for explanation
of enhanced ionic conductivity in composites (heterogeneously
doped systems).

4. Materials
4.1. Polycrystalline materials

The polycrystalline materials can be considered as heteroge-
neous, which consist of the bulk (grains) and the surface (grain
boundaries) phases. The problem of the electrical current pass-
ing through heterogeneous structure was formulated firstly by
Maxwell.!? He considered specific features pertinent to the cur-
rent flow in a two-phase system, which represents the condensed
state. Odelevski'# considered the arrangement of heterogeneous
structures. He showed that two different arrangements are possi-
ble: matrix distributed structures, when one out of two or several
composite phases (no matter how small a volume it occupies)
form a continuous matrix, and statistically distributed structures.
Polycrystalline materials can be classified as matrix distributed
structures, as the grain boundaries form the continuous matrix.
The effective conductivity of distributed structures depends on
the conductivities of composed phases and their volume frac-
tions.

The influence of grain boundaries on the electrical, diffu-
sive and defect properties of polycrystalline materials is well
known. For example, in ZnO varistors, grain boundaries with
a decreased concentration of free electrons contribute to the
enhancement of total resistance by ten orders of magnitude. >
Similarly, the segregation of impurities such as SiO» at the grain
boundaries in stabilized zirconia and ceria decreases the effec-
tive oxygen ion conductivity by several orders of magnitude.'”
Alternatively, grain boundaries may serve as “short circuiting
pathway” in materials in which the bulk structure does not offer
high ionic mobilities. This was established in the diffusion stud-
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ies on NiO,!8 Al,03,1%20 Zn0,2! and Co0.22 In these materials,
the grain boundary diffusion coefficients are by several orders
of magnitude larger than the bulk diffusion coefficients at high
temperature. The enhanced diffusion at the grain boundaries is
related to the very large disorder of the grain boundary cores,
where a high percentage of displaced atoms with correspond-
ing strained bonds and an excess volume exist.”> At the grain
boundary core, the ionic defect formation and migration ener-
gies may be decreased. Therefore, the defect concentration and
their mobility at the grain boundary core can be increased. Grain
boundary cores thus intrinsically appear to possess two key char-
acteristics necessary for enhanced ionic transport: high defect
densities and high mobility. However, the high ionic transport at
the grain boundary core is insufficient to ensure the high ionic
transport of materials, because the fractional cross-sectional area
of grain boundaries is very small in conventional polycrystalline
materials. However, in nanostructured materials,2* the fractional
cross-sectional area of grain boundaries is increased consid-
erably. Here a significant fraction of the ions (approximately
30%) lie in the disordered core of the grain boundaries and
can be expected to contribute to the enhanced conductivity. An
additional factor for enhanced conduction at the grain bound-
aries is related to the formation of the accumulation type space
charge region. For a solid with e =10, c=1022m~3, and g =2 at
1000 K the space charge width is approximately 30 nm. Thus, the
effective boundary width contributing to enhanced conductivity
may be many times greater than the grain boundary core width,
which is about 1 nm. Maier? estimates the additional boundary
contribution, Aoy, to be:

A _ 47)\‘ / i 13
Ob - d (Usc + GSC) ( )

where o’ and o’ are the mean space charge conductivities
due to vacancies and interstitials, respectively, d is the average
grain size. However, the boundary conductivity is proportional
to both Debye length and carrier concentration. As A ~ 1/¢!/2,
the wider layer and the lower effective concentration are at the
higher Debye length.

An additional effect on conductivity can be observed when
grain size approaches the Debye length. In this case, the space
charge region overlap and the defect density no longer riches
the bulk value even at the center of the grain. In the limit of
very small grains, local charge neutrality in nowhere satisfied
and a full accumulation of charge carriers can occur with major
consequences for ionic conductivity. > 2"

In the last decade a number of nanostructured ionic conduc-
tors have been prepared and their transport properties have been
reported.30‘39 For example, Puin et al.3% have showed that the
ionic conductivity in nanocrystalline CaF, ceramics is larger
than in conventional ceramic samples. Increased electronic/ionic
conductivity was observed in undoped nanocrystalline CeO,
ceramics and thin films,3'3¢ and in gadolinia-doped ceria
(GDC) thin films.3” Huang et al.’” have showed the enhance-
ment of ionic conductivity of nano-scale GDC thin films with
thicknesses compared to grain size (20-50 nm) by several orders
of magnitude in comparison with conventional polycrystalline
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Fig. 1. Schematic of polycrystalline material (a), and its equivalent electrical
circuits (b—d).

samples. Kosacki et al.*® have prepared nanocrystalline thin
films of yttria-stabilized zirconia (YSZ). Nanocrystalline YSZ
thin films exhibited a two order of magnitude enhancement
in ionic conductivity compared to single and conventional
polycrystalline YSZ. The correct orders of magnitudes of con-
ductivities and activation energies obtained in experiments
suggest dominating surface transport.

In analyzing the effects of grain-size on conductivity, it is
important to be able to comment on the relative effects of bound-
aries both parallel and perpendicular to the current flow. Fig. 1a
shows schematically a polycrystalline material, where cubic
grains with dimension d on each side are separated by grain
boundaries (width of grain boundary core is §). In general case,
equivalent electrical circuit of polycrystalline material is pre-
sented in Fig. 1b, where Ry is the resistance of grains, R|| and
R, are the resistances of grain boundaries, respectively, lying
parallel and perpendicular to the current flow, and Cj is the
capacitance of intergranular contacts.!! If the ionic conductivity
in the grain boundary core, o', is much higher than in the grains,
oy, and

dos > doy (14)

is fulfilled, we can ignore the impedance of grain boundaries
laying perpendicular to the current flow. Equivalent electrical
circuit for that case is presented in Fig. 1c. The opposite case is
that if the ionic conductivity in the grains is much higher than
in the grain boundary core, and

S0y < doy (15)

is fulfilled, than we can ignore the conduction of grain bound-
aries laying parallel to the current flow. The equivalent electrical
circuit for that case is presented in Fig. 1d. Thus, in the first case
(Fig. 1c), the grain boundaries may serve as ‘“short circuiting
pathway” for ion transport. More detailed report for the ionic
conductivity and impedance of polycrystalline materials is given
in Ref. 40.
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4.2. Composites

The phase boundaries can substantially influence the trans-
port properties of composites. Liang’ observed an enhancement
of ionic conductivity in the Lil/Al,O3 composite. The con-
ductivity of Li* ions is increased by a factor of almost 50 if
the Lil ceramic matrix contains AlpO3 fine insulator particles.
Later on, conductivity enhancement effects were established
for numerous ceramic composites including dispersions of fine
insulator particles (Al, O3, SiO,, CeO,, B»03, BaTiO3 and etc.)
in an ionic conductor matrix and mixtures of two different ionic
conductors. 142

According to the space charge layer model,® the ions can
be trapped at the phase boundary core. Driving force is the
chemical affinity of second phase to trap the ions. In partic-
ular, basic oxides present sufficiently nucleophilic hydroxide
surface groups, which can attract and fix cations. TICI/Al,O3
composite is a striking example, where a charge carrier inver-
sion layer is observed. TICI is an anion conductor.’> However,
in composite, TI* ions are trapped and fixed at the phase
boundaries with nucleophilic alumina so that thallium vacan-
cies are enriched in the space charge region. As a result, cation
conduction becomes predominant in the composite. This mecha-
nism for conductivity enhancement is confirmed by experiments
with surface-modified oxides.? Alumina particles treated with
chlorotrimethylsilane, where the reaction:

_OH + (CH3);-SiCl — HCI + —OSi(CH3)3 (16)

reduces the number of hydroxide surface groups. In that case, the
smaller conductivity enhancement was found for AgCl/Al,O3
and Agl/Al,O3 composites with such surface-modified Al,Os.
The order of oxide activity (Al,O3 > SiO;) in composites corre-
sponds to the pH (Al,03)=9 and pH (SiO,) =4 values of zero
charge.’

Maier? assumed a simplified topological model of compos-
ites, and calculated their ionic conductivity. The conductivity of
composites can be written as a function of the volume fraction,
V>, of the second phase with average grain size, d>:

oi=(1—w)o+p (3;2) (2ee0 kTc)u (17)
2

The correction factor § has value between 0.2 and 0.7. For-
mula (17) is in satisfactory agreement with experiments in an
intermediate range of second phase volume fraction, where a
linear relation can be expected. However, a linear relation can-
not be fulfilled near critical points. Two thresholds exist in
“lonic conductor/insulator” composites. First, where the some
part of a highly conducting continuous network in the ionic
conductor matrix forms and contributes to ionic conductivity
enhancement. With further increase of the second phase vol-
ume fraction, the ionic conductivity of composite is increased.
The second threshold is where the insulator particles form con-
tinuous layers around of the ionic conductor grains and block
all conductivity pathways. With further increase of the second
phase volume fraction, the conductivity is decreased drastically.
Both thresholds were taken into account in percolative model

developed by Bunde et al.*>* The percolation concept refers
to random distribution of two phases assuming also no interac-
tion between phases and constant grain sizes. In reality surface
active particles tend to percolate the grain boundaries, and with
increasing content the grain size of matrix is often found to
decrease accordingly in order to obtain a monolayer situation.
This is the reason why the proportionality (Eq. (17)) is often a
much better approach than percolation model.

A considerable enhancement of ionic conductivity was
observed in heterostructures.***% Maier et al.*® have showed
experimentally that the ionic conductivity of epitaxial het-
erostructures depends on the interface density. CaF,/BaF;
heterostructures with total thickness of 500nm and different
interface density (thickness of CaF; and BaF, layers are varied
from 250 to 15 nm) were prepared by molecular beam epitaxy.*
Authors have established that the heterolayered films composed
of CaF; and BaF, exhibit an ionic conductivity (parallel to the
interfaces) that increases proportionally with interface density.
The results are in good agreement with space charge layer model,
assuming a redistribution of fluoride ions at the interfaces. If
the spacing is reduces further, the space charge regions overlap
and size effects are observed. Similar results were presented by
Peters et al.*’ for heterostructures ZrO»/Al,O3. A large con-
ductivity enhancement observed in Agl/Al,O3 composites has
been explained by nanosized ionic heterostructures with con-
siderable disorder in the Ag-ion sublattice.*® Mesopore-size
dependence of diffusion coefficients and ionic conductivities
of LiI/mesoporous—A120350 and LiI/mesoporous—Si0251 com-
posites were established. These size dependences could be
explained in terms of interfacial size effect.

Apart from the space charge layer and percolative models,
for explanation of the enhanced ionic conductivity of compos-
ites other models were proposed. Jiang and Wagner>> presented
a model, in which the conductivity enhancement in compos-
ites is attributed to the formation of an amorphous phase at the
interfaces. Belousov 3% suggested a model, in which the con-
ductivity enhancement in composites is related to the wetting
transition and formation of a highly conducting interfacial liquid
phase. Let us consider this phenomenon in some details.

4.2.1. Influence of grain boundary wetting transition on
transport properties of composites

Thermodynamics of wetting is a rather old branch of physics
going as far back as Young’s equation:

Vsg = Vsl + Vg cos 0 (18)

where 0 is the contact angle; yg, ¥s1, and yy are specific free
energies at the solid/gas, solid/liquid, and liquid/gas interfaces,
respectively.

At the wetting transition, when cos 6 — 1, the 6 angle varies
around zero; hence the wetting refers to a critical phenomena.
Cahn demonstrated experimentally and theoretically that the
wetting transition takes place in the vicinity of the critical point.
He considered two-component o + 3 liquid brought into contact
with 7 solid phase. Two-phase region is confined by APCP/A/
binodal with critical point C (Fig. 2). Cahn showed that, at tem-
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Fig. 2. Solubility diagram of binary system whose components a and {3 possess
partial mutual solubility.

perature T — T, energy yqp of the boundaries of e and [3 phases
decreases faster than energy difference yor — ypr. This means
that there is temperature 7i above which the film of (3 phase
exists in the two-phase area of the diagram, for example, between
vessel wall T and phase o. At temperature Ty, the wetting tran-
sition is observed on the conode PP’. Cahn also showed that a
thermodynamical equilibrium film of (3 phase can exist at the
boundary between o and T phases, as well as outside two-phase
area o + B (in Fig. 2, between line PC/ and the segment of binodal
PC), and called this phenomenon the prewetting transition.

Cahn’s theory was repeatedly confirmed experimentally. For
example, the mixture of cyclohexane and methanol has a critical
point at 46 °C. Moldover and Cahn>® experimentally demon-
strated that the phase transition of cyclohexane wetting by
methanol occurs when one approaches the critical temperature.
In that case, a thin methanol film separates cyclohexane from
the vessel wall. As the temperature lowers, reverse transition
from complete to partial wetting takes place. The transition is
reversible by simply increasing the temperature.

Atone time there was discussion in the literature as to whether
the wetting transition is a first or second order transition, i.e.
whether the wetting transition is accompanied by an abrupt, dis-
continuous increase in thickness of the wetting phase on the
surface or not. However, it is now established that the wetting
transition can be both first and second order.>’

It should also be noted that the participation of third T phase
is not required for realization of wetting transition. For example,
thin film of B phase can exist at the grain boundaries of poly-
crystalline o phase if ygp > 2y (Where ygp, is the energy at the
grain boundary of a phase). The virtual critical point C can be
located above a solidus line in the binary phase diagram (Fig. 3).
Hence, the grain boundary wetting transition can take place in
the two-phase area of the bulk phase diagram, where the solid
and liquid are in equilibrium.

The grain boundary wetting transition was observed for a
number of ceramic composites above solidus temperature.’362
After the emergence of high resolution transmission electron
microscopy,® thin intergranular amorphous films were dis-

T

Fig. 3. Phase diagram.

covered in numerous ceramic composites.®* 3 The study of
microstructures demonstrated that most of wetting phase is
located at the triple grain junctions.”® The thickness of inter-
granular films is often constant (1-2nm) and practically does
not change from boundary to boundary. This implies that the
film thickness does not depend on the angle of grain disorien-
tation except for low-angle and special grain boundaries where
intergranular films were not disclosed.

The equilibrium thickness of the intergranular wetting films
in ceramic materials was estimated by Clarke.®’-*C Within the
framework of continuum approximation, Clarke proposes the
approach based on the balance of forces normal to the boundary:

Papp + Pcap + Mygw + Ieqy + gy = 0 (19)

where P,pp, is the external pressure, Pcyp, the capillary pressure,
I1qy, the van der Waals pressure, [1.q;, the osmotic pressure
due to the presence of any electrical double layer, and I,
the structural disjoining pressure. The thickness of intergran-
ular wetting films thus calculated is close to that obtained in
experiment. Nevertheless, much should be done to elucidate
whether experimentally observed intergranular films are wet-
ting, or prewetting, or adsorption films. Most likely these are
adsorption films formed on the grain boundaries in equilibrium
with the liquid phase at high temperature. Presumably, these
adsorption films are left on grain boundaries after dewetting
transition and retracting wetting liquid to the triple and quadru-
ple grain junctions upon ceramics cooling. This hypothesis can
be confirmed by the experimental data3!-360-88 testifying that in
many ceramic composites the composition of intergranular films
and second phase at the triple grain junctions differs consider-
ably. It should also be noted that the value of the thickness of the
intergranular wetting films, 1 nm, calculated by Clarke within
the framework of continuum approximation is still the matter of
controversy. Derjaguin et al.”! showed that the applicability of
continuum approximation is limited in the region of nanometer
scales; hence, quantitative estimates are unreliable. It remains
to be established whether these thin intergranular films are truly
wetting, or prewetting, or adsorption films.
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The grain boundary wetting transition can influence con-
siderably transport properties of ceramic composites.’ For
example, the grain boundary wetting by eutectic melt in ceramic
Bi;Cu04/Bi> 03 composite at 770 °C increases the oxygen ionic
conductivity.”> Fig. 4a presents the starting microstructure of
such composite. The light phase of BiyO3 is randomly dis-
tributed in the BipCuOs matrix. Fig. 4b and c shows the
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Fig. 4. Scanning electron micrograph of polished cross section of
Biy,Cu04/BipO3 ceramic composite (a) after cooling from 700 °C, (b and c)
after cooling from 780 °C: dark, light and black areas are Bi;CuOy4, Bi;O3, and
pores, respectively.

|

4
e
=]

Fig. 5. High resolution transmission electron micrograph of BioCuO4/Bi>O3
ceramic composite after cooling from 780 °C, illustrating the existence of thin
intergranular film.

microstructure of the same composite, but heated to temper-
ature above the eutectic point between BiCuO4 and Bi;O3
(770°C). In that case, BipOs is localized at the triple grain
junctions. The change of microstructure is due to a grain bound-
ary wetting transition, which is first order.’® Thin intergranular
films were discovered in the composite cooled from temperature
above eutectic point by high resolution transmission electron
microscopy (Fig. 5).°> The transition influences the ionic con-
ductivity of composite. Fig. 6 shows an electrical conductivity of
Bi;CuO4/Bi; O3 composites measured versus temperature and
average grain size in air.”>%3 The curves feature jumps at 730 °C
and 770 °C. The first jump is induced by the polymorphic transi-
tion of a-Biy O3 to 8-Biy03.2* The second is induced by the grain
boundary wetting transition and a liquid channel grain boundary
structure formation.>>® Both transitions are accompanied by an
enhancement in the oxygen ionic conductivity.%?

The oxygen ionic conductivity and ion transference numbers
of composites measured versus average grain size at 780 °C are
presented in Table 1.2 The higher ionic conductivity of compos-
ites with smaller average grain size is due to the higher density of
intergranular liquid channels. These intergranular liquid chan-
nels can serve as diffusion pathways for ions as the activation
energy of ion diffusion in a liquid is lower than in a solid. The
intergranular liquid channels give the composite high ionic con-
ductivity and plasticity. They can also provide capillary-osmotic,
electro-kinetic and other improved mass transport properties.
For example, if grain boundary wetting occurs in the protec-
tive oxide scales on metals during high temperature oxidation,
the rapid mass transport along the intergranular liquid channels
results in catastrophic degradation of the metal. Such a grain
boundary wetting transition takes place in oxide scale contain-
ing BipCuO4 and BirO3 phases at high temperature oxidation
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Fig. 6. Temperature dependence of electrical conductivity of Bi;CuOy4 +xBi O3 (x =5, 10, 15, and 20 mass%) composite ceramics measured vs. average grain size

(d), (a) d=20 pum, and (b) d=10 pum.

Table 1
Oxygen ionic conductivity (o) and transference numbers (#;) of Bi;CuO4/Bi; O3

composite ceramics measured vs. composition and average grain size (d) at
780°C

Composition (mass%) h o (S/m) d (um)
BiyCuOy4 + 5% Biy O3 0.02 0.12 20
Bi;CuOg4 + 5% Biy O3 0.01 0.07 10
Bi,CuO4 + 10% Biy 03 0.03 0.22 20
Bi;Culy4 + 10% Biy O3 0.05 0.42 10
Bi;CuOg4 + 15% Bi; 03 0.14 1.26 20
BizCuO4 +15% Bi203 0.18 1.68 10
Bi;CuOg4 +20% Bi; O3 0.26 291 20
BizCuO4 +20% Bi203 0.32 6.50 10
A_m ke.m—2
S’
T, °C
0.6 - 3
2 -1 800
-1 600
- 400
1 4 200
1 1
0 3 6 t-10-3,s

Fig. 7. Oxidation kinetics of (1) uncoated and (2) Bi-coated (30 um) copper
(20mm x 20 mm x 0.4 mm); m is the mass, S, the copper area, 7, the tempera-
ture, and ¢, the time.

of copper covered with thin film of bismuth.®>® As a result, the
copper is oxidized catastrophically. Fig. 7 presents the kinetics
of copper oxidation coated with a bismuth thin film (curve 2) and
without coating (curve 1). Fig. 7 shows that the copper coated
with a bismuth thin film is oxidized catastrophically at 770 °C.
A theory of catastrophic oxidation of metals is given in Refs.
95,97

5. Concluding remarks

Interfaces play an importantrole in transport processes. How-
ever, the mechanisms of mass transfer at the interfaces are not
adequately explored. The existent models are based on tradi-
tional concept of bulk mass transfer by point defects. Influence
of surface phase transitions on transport properties of ionic con-
ductors is investigated insufficiently. Recently, interfacial phase
transitions and the formation of interfacial thin films in ionic
materials are established.>*8:92:64 Thereupon, the study of sur-
face phase equilibrium and the construction of surface phase
diagrams will open broad opportunities in the control of trans-
port properties of ionic materials.
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