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The Influence of Surface Microstructures on the Physicochemical
Properties of Oxides
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Published data on the role of defects and the microstructures formed on them in the chemistry of solid oxides have been
examined. The conditions of formation, stability, and breakdown of the microstructures obtained on the external surface, at
the phase boundaries, and in the inter-crystallite layers in polycrystalline solids have been described. It has been shown that
surface compounds have an activating and an inhibiting action on the kinetics of solid-phase chemical reactions and on the
thermomechanical and electrophysical properties of oxide materials.
The bibliography contains 74 references.
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I. INTRODUCTION

The study of surface microstructures is becoming one of the prin-
cipal research fields in solid state chemistry and physics. All heter-
ogeneous catalytic reactions take place on a surface, and progress in
heterogeneous catalysis depends on the study of the composition,
structure, and energetics of surface microstructures. The properties
of metallic and non-metallic constructional materials are determined
to a large extent by the phase boundaries and the grain boundaries,

which are the most important structural elements. The study of the
influence of defect microstructures (dislocations, grain boundaries,
and phase boundaries) on the electronic processes in semiconductors
is extremely important. Surface structures have an extremely
marked influence on the kinetics of crystal growth and the habit and
degree of perfection of crystals.

In the present review, published data on the role of surface micro-
structures in the physical chemistry of oxides have been systematised,
and a critical analysis has been carried out. The dependence of the
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properties of microstructures on the chemical character and concen-
tration of impurities and on temperature, and the formation of non-
equilibrium (intermediate) compounds in solid-phase chemical reac-
tions as a consequence of the defect character of the structure, have
been examined. Data on the influence of microstructures on the
kinetics of the sintering of ceramic masses, the deformation of mate-
rials at high temperatures, and the electrophysical properties of
doped oxides have been discussed.

II. METHODS FOR STUDYING THE SURFACE AND THE
INTER-PHASE BOUNDARIES

Widely employed methods of analysis—chemical analysis, X-ray
diffraction, spectroscopy, microscopy— do not give the required
information on the properties of a surface and micro-volumes. The
present section gives brief characteristics of some of the most infor-
mative methods for the analysis of a surface, the grain boundaries,
and the phase boundaries in ceramic materials.

1. X-Ray spectral microanalysis (XMA) is based on the study of
the X-ray emission spectra; the emission is excited in the specimen
being analysed by an electron probe with a diameter of 0.7 — 1 μΐη
on the surface of the specimen. XMA can be used to determine all
the elements from Li onward; the sensitivity is ~ 1 at.% for the
light elements, and ~0.1 at.% for the middle and heavy elements.
The spatial resolution is 1 — 3 μΐη, because of the scattering of the
exciting electron beam in the massive specimen. The thickness of
the specimen is much greater than the mean free path of the elec-
trons with an energy of 5 —20 keV usually employed in XMA.1

XMA can be used to carry out the local (within 1 —3 μΐη) qualita-
tive and quantitative analysis of a substance with an accuracy of
~2 rel.%, to study the distribution of elements over the surface of

a specimen, to study the reaction at a phase boundary, and to deter-
mine diffusion characteristics.

For XMA, the specimen should have a well polished surface, in
order to observed its microstructure in a metallographic microscope
and, which is more important, in order to carry out quantitative
analysis, since the surface relief influences the intensity of the X-ray
emission recorded. There are no restrictions on the electrophysical
characteristics of the specimens.

2. Scanning electron microscopy makes it possible to study the
topography of the surface of a specimen, its microstructure, and its
domain structure in the case of ferromagnetics and ferroelectrics.
When the back-reflected scattered electrons are recorded, the image
produced gives information on the distribution of the elements on
the surface of the specimen, particularly if the atomic number of the
element concentrated at the grain boundaries differs considerably
from that of the basic compound.2 The attainable resolution is
10 nm.3 The scanning electron microscope gives a resolution of
~ 1 μΐη when operating under X-ray microanalysis conditions.

3. Scanning transmission electron microscopy (STEM) can be used
to study the microstructure and the morphology of the intergranular
formations, and to determine the structure of phases by microdif-
fraction. The attainable spatial resolution is ~ 3 — 5 nm. A char-
acteristic of STEM is that it is possible to carry out routine micro-
analysis with a spatial resolution of ~ 20 nm.4'5 This high resolution
is made possible by the use of electron beams with a field emission
cathode, which make it possible to obtain an electron probe with a
diameter < 10 nm on the surface of a specimen. Since STEM uses

specimens whose thickness (150 — 650 nm) is smaller than the mean
free path of the electrons in the specimen, the broadening of the
beam in the specimen as a result of scattering is slight, and the diam-
eter of the region analysed is 2—3 times the diameter of the probe
on the surface of the specimen.6 The broadening also depends on
the thickness of the specimen, the energy of the electron probe, and
the characteristics of the target—atomic number, atomic mass, and
density. Quantitative X-ray spectral analysis is difficult, so that the
results of microanalysis by STEM must be regarded as only a quali-
tative demonstration of enrichment of the grain boundary.5

The preparation of specimens for STEM is tedious and compli-
cated, since it is necessary to reduce the thickness of the specimen to
~ 100 nm. Chemical etching and etching by ion bombardment are
used for this purpose. The preparation of the specimens may have
a significant influence on the results, since in chemical etching, selec-
tive etching of different phases may take place, and in etching by ion
bombardment, the atomisation of different elements is irregular3 and
the temperature of the specimen increases considerably, so that
chemical reactions may take place with a change in the phase com-
position of the specimen. This must be borne in mind when discus-
sing the results of microanalysis by STEM.

4. Auger electron spectroscopy (AES) is based on the analysis of
the Auger electrons emitted by the specimen when it is irradiated by
a beam of electrons with an energy of 1 — 3 keV. The depth of
removal of the Auger electrons varies from 0.4 nm to 3 nm, depend-
ing on their kinetic energy.3 The AES data therefore carry informa-
tion on the surface layer of the specimen.

AES makes it possible to determine the qualitative and approxi-
mate quantitative composition of the surface (all elements except Η
and He); its sensitivity corresponds to ~ 10"2 monolayer. Under
scanning conditions it is possible to study the distribution of the ele-
ments over the surface of the specimen; the spatial resolution in this
case is determined by the diameter of the exciting beam of electrons,
and is usually 5 — 20 μηι. The most interesting feature is the possi-
bility of observing the Auger spectra directly during the ion etching
of the specimen; this makes it possible to obtain the distribution of
elements along the depth and to obtain information on the reactions
taking place in the region of a phase interface. No special prepara-
tion of the specimens is required; in the study of dielectrics, difficul-
ties are encountered, associated with the charging of the surface.

5. X-Ray photoelectron spectroscopy (XPES) or electron spectros-
copy for chemical analysis (ESCA) is based on the analysis of the
photoelectrons emitted by the specimen when it is irradiated by a
monochromatic beam of X-rays. The depth of removal of the pho-
toelectrons is several nanometres, that is spatial ESCA, like AES,
carries information about the surface of the specimen. XPES has
no spatial resolution over the surface, since it is extremely difficult to
focus the X-ray beam to a diameter smaller than 1 mm.

XPES makes it possible to carry out the qualitative and quantita-
tive analysis of a surface and to determine all the elements of the
periodic system with a sensitivity of ~0.1 at.% (for uniform distri-
bution of the element being determined) and an uncertainty of not
more than 10 rel.%.

A significant advantage of XPES is the simplicity of quantitative
analysis, since there is no inter-element influence in the determina-
tion of any elements. Special preparation of the specimens is not
required, and there are no restrictions on the electrophysical prop-
erties of the specimens. The methods are more informative when
XPES and AES are used together.
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6. Secondary ion mass spectroscopy (SIMS) is based on the
analysis of the secondary ions emitted by a target when it is bom-
barded by a beam of primary ions with an energy of 1 —20 keV.
The secondary ion mass spectrum contains differently charged mon-
atomic ions of the main substance, the ions of polyatomic clusters,
and the ions of impurities and chemical compounds, and the inter-
pretation of the mass spectrum is tedious. A significant advantage
of SIMS over other methods is its high sensitivity, from 10'7 at.% to
1(T9 at.%.

The recording of the mass spectra with constant etching of the
surface of the specimen makes it possible to obtain the distribution
of the elements being determined along the thickness of the surface
layer; the resolution along the layer (with allowance for the physical
factors restricting the resolution—the roughness of the surface, the
formation of etching facets or cones, and atomic mixing) is ~ 10 nm.

In the ion micro-probe, in the study of the distribution of ele-
ments over the surface of the specimen, the spatial resolution is
determined by the size of the ion probe (1 —10 μπα). Preliminary
preparation of the specimens is not required. The analysis of dielec-
trics is difficult, because of charging of the surface.

7. Autoradiography (ARG) is based on the recording of the dis-
tribution of a radioactive isotope in the specimen being studied from
the blackening of photoemulsion applied to the specimen (or a pho-
tographic plate), under the influence of nuclear radiation. For con-
tact radiography, the spatial resolution is ~ 20 μηι, and for radiog-
raphy with applied emulsions combined with electron microscopy the
resolution is ~ 1 μπι. ARG gives information on the diffusion char-
acteristics of the phase boundaries and grain boundaries.7 Any
material can be studied by autoradiography. The restrictions are
related to the selection of a radioactive isotope of the element being
studied, suitable for radiography.

A detailed comparative analysis of methods for studying a surface
has been given in a published review.8

III. THE FORMATION OF THE MICROSTRUCTURES ON
DEFECTS IN OXIDES CONTAINING AN IMPURITY, AND THEIR
PROPERTIES

Natural minerals and oxides used in technology contain non-
controlled impurities or specially intoduced additives (mineralisers,
activators, modifiers), which form microstructures as a result of
internal adsorption on defects. Table 1 gives the compositions of
microstructures in oxides, determined by XPES and using electron
and ion micro-probes.

X-Ray electron studies of polycrystalline oxides9 containing small
quantities of impurity (0.01 — 1 mole %) showed that in the speci-
mens MgO-[Al2O3], SnO2-[CaO], TiO2-[CaO], and TiO2-[BaO],
the compounds MgAl2O4,

9"12 CaSnO3,
14 CaTiO3, and BaTiO3

 9

respectively are formed as local microstructures in the region of the
defects. The synthesis temperature was 1650—1800 K. The com-
position of the surface was determined from the integral intensity of
the analytical lines Mg2si/2, Ca2/73/2, Ba3d5/2, A12JI/ 2, Ti2/?3/2, and
Sn3</5/2 with allowance for the photo-ionisation cross-sections.27

The results of an X-ray electron study of the polycrystalline oxide
MgO containing small quantities of added A12O3 are given in
Fig.I.10 With increase in the A12O3 concentration from 0.4 mole %
to 2 mole % in the surface layer there was a decrease in the concen-
tration of Mg in octahedral coordinatoin [binding energy Eb(M.g.

= 87.5 eV], indicating the formation of spinel MgAJ2O4.

Table 1. The formation of microstructures on defects containing
impurities (0.01 — 1 mole %).

Oxide

MgO
A12O3

Α12Ο3

SnO2

SnO2

SnO,

SnO,

SnOa

ZrO,
ZrO,

Α1,Ο3

Cr,O3

Cr,O3

MgO
TiO,
SnO,
Nb2O5

TaA

BaTiO s

CaTiOj
TiO,

CoO
CeO,
TiO a

TiO,
A12O3

Impurity

A1,O3

MgO
Ln2Oj
CaO

TiO 2

ZnO

NiO

Nb 2 O 5

CaO
Y 2 O 3

NiO
CrO3

LajOj
NiO
SnO 2

SiO,
BaO

Nb,O5

SrTiO3

CaO
TaaO s

Cr,O3

LaaO3

CaO
BaO
Y2O3

Microstructure

MgAl2O4

MgAl 2O 4

LnA103

CaSnO3

T1O2 in SnO2**

ZnO in SnO2**

NiO in SnO2**

Nb2U5 in SnO2**

CaZrO3, CaZr4O9

Y2O3 inZrO2**
NiAl2O4

^Cri"O3-i/CrVIO3

La2(Cr04)3

NiO in MgO**
SnO2 in T1O2**
eutectic

BaNb 6 O 1 6 i n N b 2 O 5 * *

Nb 2 O5inTa 2 O5**

SrTiO3 in BaTiO3**
Ca3TiO5

TiTaO4 inTiO2**
CoCr,O4

mLa^O3-nCeO1_x

CaTiO3

BaTiO3

Y4A1,O9. YA1O3

Refs.

[9-11]
[12]
[13]

[9, 14]

[9, 15]

[9, 16]

[9, 16]
[9, 16]

[9, 17, 18]

[9, 19]
[9, 12]

[9, 20, 21]

[9, 20, 22]
[9]

[15]
[15]
[23]

[23]
[23]

[24]
[25]
[26]
[10]

[9J
[9]
19]

*Ln = La, Ce, Pr, Nd.
**Solid solutions.

£b,eV 91 89 87 85

Figure 1. Mg2j X-ray electron spectra: 1) MgO, 2-4) MgO con-
taining 0.4, 0.8, and 2.0 mole % A12O3 respectively, 5) MgAl2O4

(spinel).10
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The ratio Al/Mg in the surface layer with a thickness of ~ 8.0 nm,
found from the intensities of the Mg and Al lines, is 0.3, whereas in
spinel, Al/Mg = 2. This lack of agreement is apparently due to the
formation of spinel as local inclusions in an MgO matrix both along
the depth of the layer and over the surface of the specimen, and the
observed value of the Al/Mg ratio is the averaged value. Electron-
microscope studies11 showed that the formation of spinel involves
the accumulation of crystals with dimensions of 0.5 —10 μΐη, distri-
buted in disordered fashion in the surface layer.

The dependence of the surface formations in a CeC>2 ceramic on
the concentration of added La2O3 has been studied experimentally.10

The Ce3dS/2 spectrum in CeC>2 has characteristic lines with Eb =
882.3 eV and Eh = 882.6 eV. When CeO2 contains added La2O3, a
new Ce3d5/2 line appears, with Eh = 381.3 eV, which can be
assigned to a surface compound. The enrichment in La2C>3 of a
surface layer with a thickness of 8 —10 nm, established from the
intensities of the Ce and La lines, corresponds to an approximately
five-fold increase in the La2O3 concentration relative to the average
value for the specimen. In the surface film with a thickness of sev-
eral atomic layers (1 — 1.5 nm), the La2O3 concentration is probably
even greater, as a result of chemisorption. With increase in the
La2O3 concentration, the line due to the new compound becomes
stronger, and the lines with Eh = 882.3 eV and 882.6 eV become
weaker. These data indicate that the introduction of La2O3 into
CeO2 leads to the formation on the surface of the CeO2 granules of
a micro-phase in which the states of the Ce atoms differ significantly
from their states in CeC>2. According to the equilibrium diagram of
the CeO2 —La2U3 system,28 CeC>2 and La2O3 form restricted solid
solutions. No chemical compounds are formed in this system.
Thus in the CeC>2 — La2O3 system, the chemistry of the surface
micro-phases differs from the chemistry of the macro-phases. The
compound formed was not identified.

Table 1 shows that, on the defects, microstructures are formed as
chemical compounds which have been identified in the equilibrium
diagrams (MgA^O^ CaTiO3, etc.)9 or as compounds which are
unstable in macro-volumes, for example La2(CrVIO4)3.9'20 In the
systems with restricted solid solutions SnC>2 — Nb2O5, SnC>2 — NiO,
SnC>2 — ZnO, 9 ' 1 6 and SnC>2—T1O2, the micro-phases and the macro-
phases differ in the concentration of the dissolved component.9'15

The microstructures may be produced on the surface, and also along
the boundaries of crystals and blocks and on dislocations, that is in
the zones in which defects are concentrated. The crystallographic
properties of the main oxide and the impurity play an important role
in the formation of microstructures. The distribution coefficients of
the impurities vary over a wide range, and depend on the concentra-
tion of the impurity, the nature of the interaction between the
impurity and the defects of the matrix, and on temperature.

X-Ray electron spectroscopy has been used12 to study a specimen
of aluminium oxide containing 0.06 mole % MgO and 0.002 mole %
CaO. The concentrations of the impurities determined along the
grain boundaries were 0.2 mole % MgO and 3.4 mole % CaO, corre-
sponding to enrichment coefficients Κ = [MgO]boundary/[MgO]buik =

3.3 and Κ = [CaO]boundaTy/[Ca0]buik = 1700. Magnesium oxide
forms surface microstructures consisting of non-stoichiometric spinel
in the form of isolated units, whereas calcium oxide is distributed
uniformly along the boundaries and is concentrated in several atomic
layers of the surface of the crystals. A decrease in the segregation
of calcium oxide is observed with increase in temperature.

In titanium oxide specimens containing added barium oxide,9 the
surface layer with a thickness of 8 —10 nm was enriched in barium
oxide; with increase in the concentration of the additive in the

specimen, although its concentration in the surface layer increased,the
distribution coefficient Κ decreased. In the surface layers, BaO was
present as local formations with the composition BaTiO3.

In the SnO2 — CaO system, the compounds CaSnO3 and Ca2SnO4
are formed.29 Quantitative X-ray electron analysis of the surface
showed that the coefficient of enrichment of the surface layer of the
specimens in calcium oxide reached 520 at a CaO additive con-
centration of 0.01 mole %, and 7.8 at a CaO concentration of
10 mole %. 3 0 In the surface layer, the tin is present as tin(IV) in

an octahedral environment of oxygen atoms [SnO6; E^Snldsp) =
486.7 eV], as in SnU2. The Ca atoms have cubo-octahedral coordi-
nation, similar to that observed in CaSnO3. For CaSnO3 and
CaTiO3, £b(Ca2/?3/2) = 347.2 eV; for CaO with calcium in octa-
hedral coordination, the value is 346.3 eV. The Ca2/73/2 spectrum of
the compound Ca2SnO4, which contains calcium ions in two non-
equivalent positions, is the superposition of the spectra of CaTiO3
and CaO. Thus the coordination of the Ca atoms changes from
octahedral in CaO to cubo-octahedral in CaSnO3. Moreover,
XPES data obtained with a positive charge on the surface showed
that the specimens with a low CaO concentration contain two phases
in the surface layer—SnO2 (continuous layer) and CaSnO3 (local for-
mations).

s
100

s
100

50

100 50 100
JO.,

Figure 2. Composition of the surface layer of specimens in the
SnO2 —T1O2 system at different heating temperatures: a) 1373 K, b)
1673 K; xv and xs are the volume and surface concentrations of

The SnO2—T1O2 system15 is characterised by much smaller sur-
face enrichment coefficients than the SnO2 —CaO system. At a
concentration of 0.1 mole % TiO2 in tin(IV) oxide, the enrichment
coefficient is 11, and with the addition of 0.1 mole % SnO2 to the
T1O2 matrix the coefficient is 50. Fig.2 gives the dependence of the
composition of the surface of the specimen on its bulk composition
in the SnO2—TiO2 system. At a heating temperature of 1373 Κ in
the range of bulk compositions 25 — 75 mole % TiO2, the surface
layer is two-phase, and its composition corresponds exactly to that
of the macro-volume. In the regions adjoining the pure components
of the system, the surface layer is single-phase, and its composition
differs from that of the bulk. Increase in the heating temperature
to 1673 Κ leads to the formation, throughout the entire composition
range, of a single-phase surface layer, whose composition differs
from that of the bulk. Thus in this system, surface solid solutions
T1O2—SnO2 are formed, and the range of their existence is broader
than that for the bulk phases.
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The distribution of added SiO2 in polycrystalline SnO2 is charac-
terised by the following parameters.15 With change in the quantity
of added SiO2 from 0.1 mole % to 5.0 mole %, the enrichment
coefficient changes from 320 to 12. The coordination numbers of
tin and silicon remain unchanged. The surface layer of the speci-
mens is two-phase throughout the composition range.

/, counts s

10"

10

0 1 Ζ 3 5 6 7

(Β)

Figure 3. Mass-spectrometric microanalysis of the distribution of
Al in slowly cooled (1) and quenched (2) MgO specimens containing
0.187 mass % Al (A) and 0.006 mass % Al (B); h is the depth of

27 A i Πthe layer analysed, / is the number of counts in 1 s, Al.

If the impurity forms continuous solid solutions with the oxide
matrix (isomorphous systems), the internal adsorption of the iso-
morphous impurity is slight, AT ~ 1. The compounds NiO and
MgO form a continuous series of solid solutions.29 An XPES
analysis of polycrystalline magnesium containing NiO showed that
the concentration of nickel oxide in the surface layer is practically
the same as that in the bulk.9 The Ni2/?3/2 and Mg2si/2 binding
energies in the surface layer of the specimen are the same as in the
pure oxides. This indicates that solid solutions of NiO in MgO are
formed both in the surface layer and in the bulk.

The stability and concentration of the microstructures on the
defects change with change in temperature. The dependence of the
surface segregation of A12O3 in MgO on the thermal treatment con-
ditions has been studied.11 Single crystals of magnesium oxide con-
taining 0.187 mass % and 0.006 mass % Al in solid solution [speci-
mens (A) and (B) respectively] were heated in air for several hours at
a temperature of 2073 K. Half of the specimens were subjected to
air quenching by ejection from the furnace, and the rest were cooled
in the furnace over a period of several hours. The results of the
experiments are given in Fig.3. In the specimen cooled slowly (A),
the maximum concentration of Al was established at a depth of less
than 1 μπι from the surface. Microscope and mass-spectrometric
analyses showed the formation of local inclusions of spinel in the
surface layers. The quenched specimen showed little change in the
concentration of aluminium in the layer next to the surface, and no
heterogeneous formations were detected. At high temperatures,
desorption and solution of AI2O3 in the bulk of the MgO crystal
take place. On slow cooling, segregation of A12O3 developed on the
defects, and the formation of microstructures with the composition
MgAl2O4 was observed. Similar processes took place in the (B)
specimens. Comparison of the curves for specimens (A) and (B)
shows that the depth of formation of the microstructures increases
with increase in the concentration of impurity.

The kinetics of the segregation of AI2O3 on the defects in an MgO
matrix have been studied.31 The rate of separation of AI2O3 from
the MgO—AI2O3 solid solution and the formation of spinel along
the grain boundaries increase with increase in the concentration of
the dissolved component. The process is controlled by diffusion.

Table 2. Primary products of the chemical reaction in oxide mix-
tures.

Systems

MgO—A12OS

CaO—A12O8

SrO-Al a O 3

BaO—Al2Os
CaO—Fc2O3

MgO—SiO2

CaO—SiO2

CrO—SiO2

BaO—SiO2

MgO—TiO2

CaO—TiO2

R-iO—TiOo
PbO—MoO3

PbO—\VOS

Y o 0 3 - A l ! 0 3

YoO s-Fe tOs
•Ln2O3—Fe2O3

Ln2O s—A12OS

CaO—SnO2

CaO—ZrO2

La 2O 3—Cr 2O 3

Primary products

MgAl2O4

CaAl2O4

SrAl2O4

BaAlaO4

Ca 2 Fe 2 0 5

Mg 2Si0 4

Ca 2Si0 4

Sr 2Si0 4

Ba2Si04

MgTiOs
CaTiO3

BaTiOs
PbMoO4

PbWO4

Y4A12O9, YAIO3
YFeOs
LnFeOs
LnAlO3

CaSnOj
CaZrO s, CaZr4O9

La s(CrO4),

A

1:1, 1:13
3:1, 12:7, 1:1, 1:2, 1:C
3:1, 2 : 1 , 1:1, 1:2, 1:0
3 : 1 , 2 : 1 , 1:1, 1:6
2 : 1 , 1:1, 1:2
2 : 1 , 1:1
3:1 , 2 : 1 , 3:2, 1:1
2:1, 1:1
2 : 1 , 1:1, 2:3
2 : 1 , 1:1, 1:2
3:1 , 2 : 1 , 1:1
1:1, 1:2, 1:3, 1:4
2 : 1 , 1:1
2 : 1 , 1:1
2 : 1 , 1:1, 3:5
1:1, 3:5
1:1, 3:5
1:1, 1:11
2 : 1 , 1:1
1:1, 1:4**
1:1

Refs.

[35]
134]
[34]
[34]
[34]
134]
]34]
[34]
[34]
[34]
[34]
134]
[341
[34]

[22, 35, 37]
[22
122]
]13]

[14, 34]
[17, IS]
121. 22]

Note. A is the molar ratio of the oxides in the final products.

*Ln = La, Ce, Pr, Nd.
** Solid solution based on ZrO2.

An X-ray electron study9·14 of polycrystalline tin(IV) oxide
containing small quantities of added calcium oxide showed that the
surface layer with a thickness of 8 —10 nm is enriched in calcium
oxide; the enrichment coefficient Κ reached values of 520 and 7.8
for concentrations of the additive of 0.01 mole % and 10 mole %
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respectively. The surface was two-phase; the SnO2 matrix con-
tained local formations of CaSnC>3. The formation of the surface
layer and its stability at high temperatures were studied. The sur-
face layer was removed by grinding. The specimens were heated to
different temperatures, kept for 1 h, and then subjected to air
quenching to preserve the distribution of the additive, established at
the given temperature. After each thermal treatment, the spectra of
the surface of the specimen were recorded, and their intensities were
used to calculate the Ca/Sn ratio. At low heating temperatures with
treatment for 1 h, the surface structure did not form at all. The
maximum segregation (Ca/Sn = 0.53) wa attained at 1773 K. At
higher temperatures, the reverse process, that is the solution of the
microstructure in the matrix, took place.

The depth (thickness) of the surface formations in crystalline
oxides varies over a wide range and depends on the nature and con-
centration of the impurities present in the surface structures. Fig.3
shows that the boundaries of the surface formations, facing into the
crystals, have an indistinct "diffuse" form. With increase in the
concentration of impurity, the depth of segregation increases. The
depth of segregation of the impurities at the grain boundaries also
depends on temperature, and increases with increase in the latter.32

The surface and the grain boundaries of oxides have an electric
charge, as a consequence of the presence of an excess of ions of a
given sign.32 This surface charge is compensated by ions of oppo-
site sign, which are formed close to the surface and extend to a
depth of 2-10 nm.

IV. THE RELATIONSHIP BETWEEN THE CHANGE IN THE
DEFECT CHARACTER AND THE SEQUENCE OF CHEMICAL
REACTIONS IN MIXTURES OF SOLID OXIDES

Solid-phase reactions generally take place in several stages. Irre-
spective of the reagent ratio in the original mixture, the intermediate
reaction product is a definite compound.I3 l l7>22>34"37 Examples of
these reactions are given in Table 2.

It has been suggested34 that the compound with the highest crys-
tallisation temperature is formed first. This rule is not confirmed
by a number of reactions, however. For example, in mCaO +
ΛΑ12Ο2, wMgO + «TiO2, and /nY2O3 + ηΑ12Ο3 mixtures, irrespec-
tive of the component ratio, the compounds CaAl2O4, MgTiO3, and
YAIO3 respectively are formed in the first stage of the reaction.
According to the equilibrium diagrams of the CaO—A12O3,
MgO—TiO2, and Υ2θ3—Α12θ3 systems,29 the compounds formed
first are not the most refractory. The physicochemical factors
causing solid-phase reactions to take place in stages have been stud-
ied.20

Comparison of the formation of microstructures in oxides con-
taining impurities (Table 1) and the primary reaction products of the
corresponding oxides in solid-phase reactions (Table 2) shows that
defects play a definite role in these processes. In reacting oxide
mixtures, the compounds formed first are those which are also pro-
duced on defects in the oxides.20 For example, in wMgO +
«A12O3, wCaO + «SnO2, mCaO + «TiO2, and mBaO + nTiO2

mixtures, irrespective of the component ratio, the compounds
MgAl2O4, CaSnO3, CaTiO3, and BaTiO3 respectively are formed
first. On the other hand, in the same systems, but at concentrations
of the second components from 0.01 mole % to 1 mole % (see
Table 1), the compounds MgAl2O4, CaSnO3, CaTiO3, and BaTiO3

respectively are formed as local microstructures on defects.

In a 2CaO + SnO2 mixture at temperatures of 1200-1500 K,
reactions take place to give the primary product CaSnO3, and when
the reaction mixture contains sufficient calcium oxide, this product
reacts further with it to give the compound Ca2Sn04.34

Solid-phase chemical reactions are accompanied by a change in
the defect character of the reacting mixture. According to Ref.34,
the chemical reaction involves a number of elementary processes:
covering of the surface, breakdown of the crystals and disordering as
a result of surface and bulk diffusion, actual chemical reaction, an
increase in the specific surface of the reacting substances, subsequent
formation of a defect crystalline product, and removal of the defects
in the crystal lattice of the compound formed. At definite stages,
these processes lead to an increase and then a decrease in the defect
character of the reacting mixture.

In the synthesis of compounds with the garnet structure A3B5O12,
where A = Ln, Y, and Β = Al, Fe, the solid-phase reactions in the
3Α2θ3 + 5Β2θ3 mixtures take place with the formation of mono-
clinic Y4A12O9 and cubic YAIO3 as intermediate products.22'36 For
this reason, it is difficult to obtain the pure product Α3Β5ΟΠ.

An X-ray electron spectroscopic study20 of the synthesised
compound Y3Al5Oi2 in the surface layer of a specimen with a
thickness of 7-10 nm established the ratio Y/Al = 1.03 + 0.05,
which corresponds to the compound YAIO3. The A12ii/2 binding
energy in the surface layer is 119.2 ± 0.1 eV. In the compounds
YAIO3 and LaA103, aluminium is in octahedral coordination,
^b(A12i1/2) = 119.3 + 0.1 eV. For aluminium in tetrahedral
coordination in sodalite 3NaAlSiO4.NaCl, Eh = 118.2 ± 0.1 eV.
In the garnet structure, Al occupies tetrahedral positions. On the
surface of the specimen with the composition Υ3ΑΙ5ΟΠ, aluminium
was detected in octahedral coordination. The composition of the
surface and the octahedral coordination of aluminium indicate that
microstructures of the compound YAIO3 are formed in the defect
surface layer of the specimen with the composition Υ3ΑΙ5ΟΠ.
YAIO3 microstructures may also be produced along the boundaries
of the crystals and blocks and on dislocations, that is in the zones
where defects are concentrated. Thus in the 3Y2O3 + 5AI2O3 reac-
tion mixture, the intermediate compounds YAIO3 and Y4A12O9 are
formed in the initial period of intensive defect formation.

In the systems given in Table 2, the intermediate reaction prod-
ucts of the oxides are generally found on the corresponding equilib-
rium diagrams. The formation on defects of new microstructures
with compositions and structures differing from those of the equilib-
rium compounds is also possible, however. An example is provided
by the Cr2O3 —La2O3 system.

In an La2O3 + Cr2O3 mixture at a temperature of 873 K, phases
corresponding to the chromate La2(Cr04)3 and the chromite LaCrO3
were detected in addition to the original oxides20'22 (Fig.4). The
kinetic curve 3 (the formation of the intermediate chromate) has a
maximum indicating the predominant formation of chromate in the
initial stage of the reaction of chromium(VI) according to the
scheme

1,5Cr2O, + 2.25O2 a, (CrO,), .

The course of curve 3 is determined by two factors: the change in
the defect character of the reaction mixture, which is responsible for
the production of the maximum, and the presence of lanthanum
oxide, which binds CrV I in a chemical compound.20

XPES has established the formation of metastable microstructures
xCr2O3.jCrO3 on defects in a Cr2O3 matrix,38 the concentration of
which decreases with increase in temperature and with decrease in
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the oxygen pressure in the gaseous medium.21 Metastable micro-
structures influence the reactivity and catalytic activity of substances,
and the sintering and recrystallisation of solids.10'16'20'21'39
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Figure 4. Kinetics of the reactions in an La2C>3 + Cr2C>3 mixture in
air at 873 K; c is the concentration: 1) LaCrO3, 2) La2O3, 3) La2.
.(CrO4)3, 4) Cr 2O 3. 2 0 ' 2 2
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Figure 5. Change in the volatility, reactivity, sintering, and collec-

tive recrystallisation of chromium oxide on the partial pressure of

oxygen:21 1) mass loss (Am) after 1 h at 1870 K;4 0 2) quantity (W)

of bound chromium oxide formed by the reaction MgO + Cr2C>3 =

M g C r 2 O 4 after 1 h at 1620 K;2 1 3) relative density (d/do) of chro-

mium oxide specimens, sintering at 1870 K, 1 h; 4 0 ' 4 1 4) size of the

crystals (r), heating at 1970 Κ for 1 h. 2 1

The results of studies 2 1 ' 4 0 " 4 2 of the dependnece of the properties of

chromium oxide and its compounds on the partial pressure of oxy-

gen are given in Fig. 5. The most intensive mass loss by a specimen

of chromium oxide at a temperature of 1873 Κ (curve / in Fig. 5)

takes place at an oxygen pressure of 1 atm. This high volatility is

due to the following features. At increased temperatures, chemical

adsorption of oxygen on C r 2 O 3 crystals takes place, 2 1 ' 4 3 to give oxy-

gen-containing surface compounds of chromium with an increased

valence CrOi . 5 + J C (CrO 3 , CrO 2 ), which are highly volatile. With

decrease in the partial pressure of oxygen, the volatility of the speci-

mens decreases. In the oxygen pressure range ΙΟ"3 —10"5 atm, the

surface compounds CrOi.s+x become unstable, and their concen-

tration decreases, and with further decrease in pOl they may may not

be formed.

At low partial pressures of oxygen (ΙΟ" 1 0—10' 1 3 atm), the volatil-

ity of the specimens increases again. Under these conditions, chro-

mium oxide dissociates on the surface of the particles according to

the scheme

The rate of the reaction MgO + C r 2 O 3 -*• M g C r 2 O 4 (curve 2) and

the volatility of chromium oxide (curve 1) change in the same sense

with change in the partial pressure of oxygen. The activating fac-

tors in these processes are, firstly, the formation of the surface com-

pounds CrOi.5+ x at a high oxygen pressure of 10"2 — 1 atm, and,

secondly, the predissociation of Cr2C>3 at a low oxygen pressure of

1 0 - 1 0 - l 0 - 1 3 a t m .

The rates of the sintering (curve 5) and collective recrystallisation

(curve 4) of chromium oxide in oxygen (1 atm) and in air are

reduced considerably. After heating at temperatures of 1870 — 2020

Κ for 1 h in the gaseous media indicated, the specimens remain por-

ous and finely crystalline. Intensive sintering and crystal growth begin

at oxygen pressures of 1 0 " 1 0 — 1 0 " n a t m and 10"1 1 —10" 1 2 atm respec-

tively. This effect of the surface compound CrOi.s+ x is determined

by the thermodynamic conditions on the surface of the particles.

The formation of MgCr2O4 from the oxides at 1273 Κ takes place

with AH = -10.3 kcal and AG = -8.1 kcal mole' 1 . 2 1 The heats of

sintering of the oxides are apparently comparable with the heats of

the change from the amorphous to the crystalline state (1—3 kcal

mole'1 2 1 ) . The heats of collective recrystallisation are probably of

the same order of magnitude as the energies of polymorphic trans-

formations (0.01 — 1 kcal mole"1 2 1 ) . The heat of adsorption of oxy-

gen on the surface of chromium oxide, calculated from the equilib-

rium isobar, is 3.7 kcal mole"1.2 1

The suppression of the sintering and recrystallisation of chromium

oxide by adsorbed oxygen (p = 1 atm) is possible if AG0, that is the

thermodynamic potential of the formation of the surface compound

CrOi.5 + x , is greater than the thermodynamic potential of the sinter-

ing or collective recrystallisation (AGS) of chromium oxide: AGa >

AGs, where AGa relates to the adsorption of oxygen (here, the abso-

lute values of the thermodynamic potentials are understood). The

thermodynamically more stable surface compound prevents the

decrease in the surface which takes place on sintering and collective

recrystallisation. If the partial pressure of oxygen is lowered to

values at which AGa < AGS, intensive sintering and recrystallisation

of chromium oxide begin, as observed experimentally. The activa-

tion of the formation of chromium spinel at pOi = 1 atm is due to

the fact that AGo > AGa. The higher activity of the surface com-

pound C r O i . 5 + x is due to the fact that its dissociation pressure is

higher than that of Cr2C>3. The dissociative activation of the sur-

face compound reaches a maximum value at thermodynamic equilib-

rium, that is on fulfilment of the condition AG = RT In (po2lp*) —

0, where p* is the dissociation pressure of the surface compound

C r O 1 5 + x .
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In the high-temperature synthesis of oxide materials, the water
vapour which is always present in the furnace atmosphere is
adsorbed on the oxide particles and activates the physicochemical
processes taking place. A study4 of the influence of the presence of
oxygen and water vapour on the kinetics of the reactions of the
oxides MgO, CaO, BaO, and ZnO with A12O3 and of CaO with
quartz and amorphous silica showed that at increased temperatures
in an oxygen atmosphere and more particularly in the presence of
water vapour the oxides are more reactive than in a vacuum. The
surface complexes formed, Μ Ο Λ + Χ or MOn.xH2O, activate crystalli-
sation and sintering and increase the reactivity of the material.44

V. THE MECHANISM OF THE ACTION OF IMPURITIES IN
SINTERING, AND THE DEFORMATIONAL PROPERTIES AND
THERMAL STABILITY OF OXIDE MATERIALS

The mechanism of the activating and inhibiting action of
impurities on physicochemical processes in solids is not completely
clear, and a single theory has not been developed. The most widely
accepted model is that in which disorder is produced in the lattice of
the matrix by ions with a different valence as a result of a change in
the concentration of vacancies in the anion or cation sublattices.
Many experimental data are difficult to explain using this model,
however.

As shown in sections III and IV of the present review, impurities
react with defects of the matrix and in micro-volumes to form com-
pounds differing in their composition, structure, and energy from the
defect-free regions of the matrix. Thus real solids are microhetero-
geneous systems. To investigate the mechanisms of the processes
taking place in these systems, it is necessary to study the chemical
composition, structure, and energy state of the formations in local
micro-volumes.

The effect of added Ln2O3 (Ln = lanthanide) on the kinetics of
the sintering of cerium oxide has been studied.10'13"45 According to
the equilibrium diagrams,13'29 these oxides in the concentration range
0—10 mole % Ln2O3 studied react with cerium oxide to form solid
solutions with the fluorite structure. The results of experiments to
study the influence of added lanthanum oxide on the shrinkage of
cerium oxide are given in Fig.6. The Ln2O3 impurity forms a chem-
ical compound on the defects of the CeO2 matrix (see Table 1).
The formation of the microstructure should pass through a stage
involving the formation of a eutectic, depending on the concentra-
tion of the additive.

In the primary sintering of mechanical mixtures of the powders
(curve 1 in Fig.6), when the additives have not yet penetrated into
the cerium oxide particles, the effective concentration of the additive
on the surface of the cerium oxide particles is much greater than that
corresponding to its final (equilibrium) distribution (curves 2 and 3
in Fig.6), and the critical state of the microstructures is produced at
a lower actual concentration of the additive (0.5 mole % Ln2O3).
On the second and third heating of the specimens (curves 2 and 3 in
Fig.6), the maximum intensities of sintering correspond to an addi-
tive concentration of 1.25 mole % Ln2O3. With further increase in
the additive concentration of 1.25 mole % Ln2O3. With further
increase in the additive concentration (> 1.25 mole %), a decrease in
the rate of sintering is observed, and the additive acts as an inhibitor
(range of the stable state of the microstructures). With increase in
the sintering temperature to 1873 K, the shrinkage maximum
becomes flatter, and at 1923 Κ the additive activates the sintering
throughout the concentration range studied. As shown in section
III, the stability and concentration of the microstructures changes

with change in temperature. At 1923 K, the microstructures "dis-
solve" in the CeO2 matrix.

The results of experiments45 to study the influence of single (Sm2.
.O3) and combined (Sm2O3 + Gd2O3) and (Sm2O3 + Gd2O3 +
Y2O3) additives on the sintering of cerium oxide show that the effect
of the added mixtures is additive, since the valences are the same,
and the structures of the electron levels and the ion dimensions are
similar: J?(Sm3 + ) = 0.97 A, £(Gd 3 + ) = 0.94 A, i?(Y3+) = 0.97
A.45 In the mixtures containing (98 - x) mole % CeO2 + 2 mole
% La2O3 + χ mole % Sm2O3, increase in the samarium oxide con-
centration is accompanied by a regular decrease in the shrinkage of
the cerium oxide specimens. The reason for this behaviour of the
mixtures is that lanthanum oxide forms more stable microstructures
than samarium oxide. The change in the shrinkage when the com-
plex additives La2O3 + Y203(Sm203) are used45 is similar to that
when only lanthanum oxide is added. Preferential internal adsorp-
tion of lanthanum oxide apparently takes place as a result of the
higher energy of interaction with the defects of the matrix for lan-
thanum ions compared with yttrium or samarium ions.

1 1 3 V 5
[Laz0j],mole%

Figure 6. Dependence of the linear shrinkage (δ, %) of cerium
dioxide on the concentration of added La2O3: 1) first sintering
(1673 K, 0.5 h); 2) second sintering (1673 K, 2 h); 3) third sintering
(1773 K, 2 h). 1 0 ' 4 5

The results of experiments on the sintering of mixtures with the
composition (80 - x) mole % CeO2 + 20 mole % Nd2O3 + χ mole %
La2O3 in which JC varied from 0 to 5 show that at the concentration
indicated, the additives have an inhibiting action on the sintering of
cerium oxide. A maximum was not observed, and the system
showed only a regular poorly defined decrease in the rate of shrink-
age, indicating that the effect of the reagents is additive. These
experiments indicate that the added oxides M2O3 (from La to Yb,
and also Y) react with the same defects of the CeO2 matrix.
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The properties of a modified cerium oxide ceramic have been
studied.39'47·48 In the range of additive concentrations 0.5 to
1.25 mole % La2<I)3, an extremal change in properties was observed.
The processes of sintering, deformation, and crystal growth took
place at maximum rates. The ceramic with the composition indi-
cated had the optimum catalytic activity in the dehydrogenation of
isopropyl alcohol.49 With both decrease and increase in the additive
concentration, the rate of sintering, deformation, and catalytic acti-
vity decreased, with corresponding changes in other properties.

Analysis of the results indicates a single mechanism of action of
the microstructures on the processes being considered. The highest
activity is observed when the thermodynamic state of the microstruc-
ture corresponds to the critical state where a0 = am, AGd =
RT In (a°/am) = 0, where AGd is the change in free energy on disso-
ciation of the microstructure, a0 and am the activity of the additive
in the bulk of the crystal and in the microstructure respectively, R
the gas constant, and Τ the temperature.

When the concentration of the impurity in the solid is lower than
the equilibrium concentration and am > a0, AGd = RT In (a°jam) <
0, the microstructure is not formed, so that the additive does not
have an activating effect.

The rate of deformation of the cerium ceramic is determined by
the concentration of La2O3 in it. The efficiency of the influence of
the microstructures formed by the impurities also depends on the
temperature of the thermomechanical testing.47'48

With increase in the temperature of testing from 1473 Κ to
1573 K, the rate of deformation changes in different ways for speci-
mens with different compositions. The fluidity increases consider-
ably in the specimens containing 1.25 mole % La2O3, and is practi-
cally unchanged in the ceramic containing 5 mole % La2C>3. With
increase in temperature, the intensity of the relaxation processes
evidently increases to the greatest extent in the thermodynamically
unstable microstructures.

The increased thermal stability of the specimens containing 0.5 to
1.25 mole % La2U3 can be attributed to the high rate of the relaxa-
tion processes in the microstructures. According to phenomeno-
logical theory,48"50 the stability of a material to thermal shock is due
to the interaction of three forms of energy: the energy of elastic
deformation, the surface energy, and the kinetic energy associated
with the formation and growth of cracks. Expressions giving the
relationship between the surface energy and the thermal stability of a
material are given below. The Griffiths stress σ^ required to create
cracks with dimensions c is related to the surface energy by the
equation σ | = 2yE/nc, where γ is the surface energy of the material,
and Ε the modulus of normal elasticity.48'50 The maximum temper-
ature differential for which growth of cracks does not take place is
given by

V

Δ 7 ( )
[ncE ) a

where Ν is the number of cracks in the material on unit area, and α
the coefficient of thermal expansion. In Ref.50 it is recommended
that a material with a high surface energy be selected for articles
subjected to thermal shock during use.

In the region of the critical state (AGd = 0), substances of differ-
ent character show a heat capacity maximum;51 as a result, the sub-
stances acquire an excess of energy by absorbing heat from the sur-
rounding medium.

Under the conditions being considered, the surface structures in
specimens of a CeC>2 ceramic containing 0.5 —1.25 mole % La2C>3
apparently have an excess of energy compared with the microstruc-
tures in specimens with either higher or lower La2<I>3 concentrations.
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The catalytic action of the additives is due to the fact that the
surface complexes in the critical state, formed as a result of the reac-
tion of the substrate with the catalyst, have the highest reactivity and
act as active centres in the transformation of the substrate.39

The microstructures forming restricted solid solutions on defects,
and their influence on the thermomechanical properties of oxide
ceramic materials, are examined below. In the T1O2—Ta2Os sys-
tem, XPES established10 that in a surface layer with a thickness of
8 — 10 nm, tantalum is present as tantalum(V) in an octahedral envi-
ronment of oxygen ions, as in Ta2O5.

Increase in the additive concentration is accompanied by an
increase in the concentration of Ta2O5 in the surface layer, but its
distribution coefficient decreases.10

[Ta2O5], mole %, in the bulk
[Ta2O5], mole %, in the surface layer
Distribution coefficient (K)

Experimental data25 indicate that Ta2Os dissolves in titanium
oxide as the rutile-like compound TimTaO4. The possible forma-
tion of a solid solution in the T1O2 — TimTaO 4 system when titanium
dioxide is added is due to the reduction of rutile in air at a tempera-
ture above 1370 Κ and the stabilisation of T i m when introduced into
the solid solution.

At low concentrations (1—4 mole % Ta2O5), the additive had an
inhibiting action on the sintering, and also lowered the fluidity and
thermal stability of the ceramic at high temperatures. At a higher
concentration of the additive, the rate of sintering, deformation, and
thermal stability of the specimens increased. The dependence of the
properties of the TiO2 ceramic on the Ta2O5 concentration is given
by curves with minima, correlating with the corresponding relation-
ship for the free energy of the restricted solid solution.46

Similar relationships were established16 in a study of the sintering
of SnO2 containing added Nb2O5. Increase in the concentration of
added Nb2O5 from 0 to 0.05 mole % leads to suppression of the
sintering; the shrinkage decreases from 11% to 6.3%. With further
increase in the Nb2Os concentration, intensification of the sintering
is observed. Analysis of the X-ray electron spectra of specimens
with the composition 99.8 mole % SnO2 + 0.2 mole % Nb2O5 and
98 mole % SnC>2 + 2 mole % Nb2O5 showed enrichment of the sur-
face layer in niobium by factors of 27 and 7 respectively. The
energy parameters and valences of the Sn 4 + and N b 5 + ions in the
surface layer were the same as in SnO2 and Nb2O5. In the surface
layer of the tin(IV) oxide specimen, the added Nb2O5 forms restric-
ted solid solutions, which are supersaturated at a concentration of
0.5 mole % or more Nb2O5. The solubility of Nb2O5 in SnO2 is
~3 mass %.5 2 Similar surface microformations were found in the
SnO2 —ZnO system.16 The surface phase consists of a solid solution
with restricted solubility, with a higher concentration of the dis-
solved component, compared with the solid solution in the bulk.

Studies of various properties of an SnO2 ceramic containing
added ZnO showed that at concentrations of 0 — 0.5 mole % ZnO
the shrinkage and thermal stability of the specimens remained
unchanged, but the rate of sublimation decreased, corresponding to
the existence of stable solid solutions in the surface layers. At ZnO
concentrations greater than 0.5 mole %, its activating influence
increased as a consequence of the decomposition of the surface solid
solutions.

One promising method for preparing oxide materials with speci-
fied properties is by using modifying agents. Depending on their
thermodynamic state, the microstructures formed by the impurities
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may have either an activating or an inhibiting action on the physico-
chemical processes in the oxides in the synthesis and application of
ceramic materials. If the impurity forms a chemical compound on
the defects in the matrix, the formation of the micro-structure should
take place via the stage of eutectic formation, depending on the con-
centration of the additive. Thermodynamic analysis46 shows that
the eutectic has the highest free energy, and the micro-formations in
the eutectic state have the maximum reactivity. The critical state of
the microstructure is reached at a definite concentration of the addi-
tive.

When the impurity forms solid solutions on the defects, activation
is achieved in the critical state of the system, corresponding to super-
saturation of the restricted solid solutions.

The established regularities of the formation of microstructures
make it possible to use micro-additives to control the sintering and
recrystallisation of dispersed solids, and also to produce specified
properties such as the deformation, thermal stability, and ageing of
ceramic materials at high temperatures.9'10'16'39

VI. SURFACE MICROSTRUCTURES AND THE PROTECTION
OF CERAMIC MATERIALS FROM REDUCTION

One of the most important tasks in materials science is the pro-
duction of ceramic condenser materials permitting high-temperature
annealing in media with a low partial pressure of oxygen without
loss of the dielectric properties. This task follows directly from the
problem of replacing electrodes of valuable metals in ceramic con-
densers by electrodes of non-noble metals, whose annealing can be
carried out only in a protective atmosphere with a low partial pres-
sures of oxygen.

The processes taking place in the synthesis of materials permit-
ting annealing in gaseous media with a low oxygen pressure have
been described using the theory of point defects and the method of
quasi-chemical reactions.53"55 In the works cited, the equilibrium
state of the point defects is assumed a priori, and the influence of
impurities and additives on the properties of the material is regarded
as a displacement of the equilibrium according to the law of mass
action applied to the point defects. This model does not take
account of physicochemical processes and the formation of surface
microstructures.

XPES data2 4 '5 6 show that when additives which protect calcium
titanate from reduction are introduced, the surface of CaTiO3 gran-
ules has the composition 3CaO.TiO2, that is it differs from calcium
metatitanate. The increase in the stability of the CaTiO3 ceramic to
reduction must be related to the formation of a surface structure
which is enriched in CaO and which has an equilibrium oxygen pres-
sure lower than that in the moist hydrogen used for annealing the
ceramic. So long as reduction does not affect the surface phase,
reduction of CaTiO3 in the bulk does not take place, but the non-
doped material may be reduced to a considerable extent under these
conditions. The reduction begins at the surface, that is the defect
zone, which moves into the depth during the process. The surface
structure 3CaO.TiO2 formed increases the thermodynamic stability
of the surface and the grain boundaries. Increase in the tempera-
ture of annealing and decrease in the partial pressure of oxygen in
the furnace lead on prolonged treatment to reduction of the surface
structure and the material in the bulk.

Similar results were obtained in a study of the protection of
SrTiO3 from reduction by adding SrO, BaO, MgO, and Ga 2O 3. 5 7

According to XPES data, in the specimens containing added

after heating in moist hydrogen, the surface layers of the ceramic did
not contain gallium, because of the reduction of Ga2O3 to Ga20,
which volatilised. Thus in the specimens in which titanium was
replaced by gallium, the surface of the strontium titanate granules
was enriched to the composition ~7SrO.TiO2-

Examination of the reduction process from the viewpoint of sur-
face phase formation makes it possible not only to obtain a consis-
tent explanation of available experimental data but also to make
specific technological recommendations for the production of mate-
rials which can be heated in media with a low partial pressure of
oxygen.

VII. THE INFLUENCE OF SURFACE STRUCTURES ON THE
ELECTRICAL PROPERTIES OF CERAMIC MATERIALS

Oxide materials with dielectric, semiconducting, or highly conduc-
ting properties with electronic or ionic carriers are synthesised by
controlling the chemical character and concentration of impurities.
The mechanism of the action of the impurities has been insufficiently
studied, however.

The titanium-containing compounds T1O2, CaTiO3, SrTiO3, and
BaTiO3 and solid solutions based on them are widely used in elec-
tronics. The properties of T1O2 containing Ta2Os have been stud-
ied.58 In Ref.59 it was suggested that the semiconducting properties
of doped titanium dioxide are due to the production of titanium(III),
but the reasons for its appearance were not established. Magneto-
chemical and XPES data 5 8 showed that Ta2Os dissolves in titanium
dioxide to give the rutile-like compound TimTaO4. The possible
formation of a solid solution when titanium dioxide is doped is due
to the reduction of rutile in air at a temperature above 1370 Κ and
the stabilisation of T i m in the solid solution.13 The formation of
the T1O2—TiIHTaO4 solid solution leads to a decrease in the specific
electrical resistance of the specimens by factors of ΙΟ8 —1010 at con-
centrations of 0.1 — 5 mole % Ta2O5. When the limit of the solu-
bility of Ta2U5 in T1O2 at the grain boundaries is exceeded, decom-
position and oxidation of the TiO2—TimTaO4 solid solution takes
place to give dielectric layers with the composition T1O2 + TiTa2O7
on the surface of the granules. Thus the extremal concentration
dependence of the conductivity of T1O2 doped with Ta2O5 is due to
two competing reactions: the formation and decomposition (oxida-
tion) of the TiO2-TimTaO4 solid solution.57

The influence of the combined additives Nb2O5 and BaO on the
electrophysical properties of TiO2 has been studied.60 When the
niobium(V) cations are added, the specific electrical resistance of the
material decreased from 1013 Q.cm to 100 Ω.αη at 300 K. Auger
spectroscopy detected the segregation of barium along the grain
boundaries of the titanium dioxide ceramic; the distribution coeffi-
cient of barium reached 150. The action of the added Nb2O5 was
explained60 using the disordering model:

Nb2O5=2NbTI + 2e- + 4OO + VA

where Nbx; is the cation occupying a cation site in the TiO2 lattice;
Oo an oxygen ion in a normal position (in a lattice site); and e an
electron. This approach is inadequate, since it does not reveal the
detailed mechanism of the physicochemical processes taking place in
the reaction between the impurity and the matrix.

Niobium is an analogue of tantalum, and the formation and
decomposition of the T1O2—TiniNbO4 solid solutions and the redox
processes Ti™ ?± Ti n i evidently determine the electrophysical proper-
ties of doped titanium dioxide. In Refs.58 and 61 —64 it was shown
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that the extremal dependence of the electrophysical properties of
barium titanate when it is doped with the oxides of the lanthanides
and the group V elements, so-called donor additives, is due to two
competing processes in the barium titanate ceramic. On the one
hand, semiconducting solid solutions containing titanium(III) [for
example Bai.xYx(Ti™xTix)03] are formed, and on the other hand,
oxidation and decomposition of the solid solutions take place (for
example to give the compounds BaTiC>3 and Y2Ti2O7), beginning on
the surface and along the grain boundaries, as a result of which sur-
face dielectric layers are produced. These physicochemical processes
determine the extremal change in the properties of doped barium
titanate: the magnetic susceptibility maxiimum, the dielectric —semi-
conductor transitions, and the existence of a positive temperature
coefficient of electrical resistance close to the Curie point.

Materials whose properties are determined by the surface phases
are used in electronics. These materials are used to prepare posis-
tors (semiconducting ceramic devices having a positive temperature
coefficient of electrical resistance), varistors (devices for which the
dependence of the current on the voltage is appreciably non-linear),
and condensers with an inter-granular capacity, in which a super-
high effective dielectric constant is produced since the capacities are
included at the boundary of each granule. A ceramic for varistors
based on zinc oxide has been studied repeatedly by electron micros-
copy. The segregation of Bi in a ZnO — B12O3 ceramic has been
detected65 at the boundary between the granules of the main mate-
rial. The chemical form of the additive (MnO or MnC>2, CoO or
CO2O3) has a significant influence on the distribution of the cations
at the grain boundary and in the phase between the granules, and
hence on the recrystallisation and microstructure of the specimen.66

This is undoubtedly due to the formation of different surface struc-
tures when the oxides of metals in different oxidation states are
added. Thus the monoxides MnO and CoO form solid solutions
with ZnO, whereas when MnO2 and CO2O3 are added, the spinels
Zn2Mn04, ZnMn^O^ and ZnCo2O4 may be formed at the ZnO
grain boundaries.

In an SrTiO3 ceramic containing added B12O3, enrichment of the
surface regions of the granules in Bi to a depth of up to 25 nm has
been detected.67 The influence of additives forming surface struc-
tures on the melting point of the layer at the grain boundaries,
which plays a decisive role in crystallisation processes, has been
noted.68 It is suggested that selective fusion takes place, when the
additives dissolve (fuse) the titanium dioxide which is always present
in strontium titanate ceramic, with almost no change in the volume
of the granule. An analysis of a large amount of experimental
material led to the conclusion69 that in a ceramic based on SrTiO3
with added glass-forming oxides (B12O3, PbO, S1O2): a) the second
phase is concentrated in "pockets" at contacts between three
granules; b) in general, the structure at the intergranular boundary
is the same as that in the bulk, and the foreign ions merely enrich
the outer layers of the granules; and c) the measured physical
properties of the ceramic are determined by the oxidised layers of
the granules on the semiconducting granule, and not by the second
vitreous phase.

In the ferroelectric BaTiO3, impurities (Bi, Zr) enrich the surface
of the granules; the formation of a ferroelectric domain structure is
suppressed in the granules, apparently as a result of the distortion of
the BaTiO3 lattice taking place on solution of the impurities.70

The development of methods for analysing a surface has made it
possible to obtain direct experimental proof of the decisive role of
surface structures in the production of various materials: ceramics
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for electronics,71 electrode materials for fuel cells,72 electrodes for the
photolysis of water,73 and semiconducting materials for devices with
a Schottky diode.74

—0O0—

Thus the study of the formation of surface microstructures and
their influence on physicochemical processes in solids is an important
research field. The nature of the influence of small quantities of
impurity on the properties of a matrix is not completely clear, and
contradictory explanations of the observed phenomena have been
published. Theoretical studies are required in this field. The
methods of physicochemical analysis used at present do not give
exhaustive information on the properties of surface microstructures,
so that it is necessary to improve further the methods for the
quantitative analysis of the chemical composition, the determination
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