
1.8 Lattice Defects in Metal

Oxides

When a metal oxide is in contact with one of its components (metal or
oxygen), the condition for thermodynamic equilibrium cannot, in general,
be satisfied unless the crystal is non-stoichiometric, i.e. unless it contains an
excess of one of the two components. The reason for this is that although
energy must be expended in incorporating the excess component, the entropy
of the system increases extremely rapidly at first, and then more slowly as the
non-stoichiometry increases. Thus the equilibrium condition, namely that
the free energy of the system is a minimum, is satisfied only for some finite
degree of non-stoichiometry. The thermodynamic functions are shown sche-
matically as functions of a, the degree of non-stoichiometry, in Fig. 1.72.
We note at this stage that it is sufficient to discuss the equilibrium between
an oxide and oxygen gas because the other case (equilibrium between the
oxide and the metal) is then covered by putting the oxygen pressure equal to
the dissociation pressure of the oxide.

Fig. 1.72 Thermodynamic functions G, H and TS as functions of a, the degree of non-
stoichiometry. G is the free enthalpy, H the enthalpy and S entropy



There are two basic questions which can be decided only by experiments.
First, we must know whether the metal or the oxygen is present in excess, and
second, we must know how the excess component is incorporated in the
oxide lattice. In connection with the latter question we have to remember
that a non-stoichiometric crystal remains electrically neutral (except in nar-
row regions near the surfaces), so that if the excess component is present in
the crystal as ions, lattice defects with charges of opposite sign must neces-
sarily be present also (see Figs. 1.77 and 1.78). The most important defect
structures will be discussed in this section.

The presence in an oxide of an excess of one component provides a
mechanism for the transport of material. This transport mechanism, which
is vital in understanding the formation of a continuous oxide film on a metal,
is also discussed in this section. An important feature here is that an excess
of one component may provide a transport mechanism, not for itself, but
for the other component.

p-type Oxides

Cu2O contains excess oxygen which is taken up in such a way as to build up
new layers of the oxide. Thus, the excess oxygen is present as O2~ ions on
their normal lattice sites. To form oxygen ions, electrons are needed, and
to build up new layers of the crystal, Cu+ ions are needed. Both species,
electrons and Cu+, ions, are supplied from the interior of the crystal. Thus
excess oxygen is incorporated in Cu2O by forming vacant cation sites
(Cu+ D), and vacant electron levels (eD) in the crystal. The vacant electron
levels are called positive holes, and in Cu2O they may be pictured as Cu2+

ions at normal cation sites in the lattice. The cation vacancies are negative
charges in the Cu2O lattice, while the positive holes are positive charges.
Consequently, they attract each other, and at low temperatures may stick
together. We shall assume that the temperature is high enough for this trap-
ping of positive holes by cation vacancies to be ignored. The chemical reac-
tion giving non-stoichiometric Cu2O may then be written

JO2 -> Cu2O + 2(Cu+D) + 2(eD) .. .(1.157)

four cation vacancies and four positive holes being produced by every
oxygen molecule absorbed. The non-stoichiometric oxide conducts elec-
tricity with the movement of positive holes, and because of this the conduc-
tivity is said to be /Mype (positive carriers).

If n is the concentration of defects (cation vacancies or positive holes) at
equilibrium, then, applying the law of mass action to equation 1.157

n=pl/sKl/4 ...(1.158)

where p is the oxygen pressure, and ̂  the equilibrium constant for the reac-
tion. The formula for K can be found only from statistical mechanics, and
a simple calculation is instructive. The important quantity which we need to
estimate is the entropy change when one molecule of oxygen is absorbed,
with the formation of four defects in the lattice. This entropy change may
be divided into two parts. The first is the entropy change, AS1, when one
molecule is absorbed, with the formation of defects at specified lattice



points; the second is the entropy change, AS2, when we allow for the fact
that the defects may be formed anywhere in the crystal. AS1 is independent
of the existing defect concentration, and, in addition, is almost certainly
negative because it involves the loss of translational and rotational degrees
of freedom of the oxygen molecule. AS2 is positive and depends on the
existing defect concentration. To calculate AS2 we proceed as follows. Let
there be N cation sites in the crystal and n defects. The number of arrange-
ments, P9 of the cation vacancies on the lattice sites is

P = N\/n\(N-n)\ ...(1.159)

which contributes an entropy Sc = &/nP, where k is Boltzmann's constant.
Taking logarithms in equation 1.159, using Stirling's approximation

(lax:! « jclnx — x as jc-> oo)

and putting n/N = a we find

S0= -A*[(l -a)ln(l -a) + cxlna] ...(1.16O)

We note that Sc is positive and goes through a maximum as a increases. If
the positive holes were localised on the cations, they would give an entropy
contribution Sp exactly equal to Sc. The positive holes have, however, con-
siderable mobility (see below), and are perhaps best treated as an ideal gas
consisting of particles of effective mass m. In this case1

Sp = AOTa[JIn(^O2'3) + { - lna + In2] .. .(1.161)

where </> = 2icmkT/h2, h being Planck's constant. 12 is the volume of the
oxide per metal ion, and the term Nkotln 2 takes account of electron spin.
We note that Sp is positive but shows no maximum. Adding equations
1.160 and 1.161, and differentiating with respect to a, we obtain AS2.
Remembering that a. <$C 1, we find

AS2 = A:[61n(</>Q2/3) + 6 + 41n2 - 8lna]

showing that AS2 is large and positive for small values of a.
AS, the entropy change in equation 1.157, is given by

AS = \ (AS1 + AS2)

Since AS1 is independent of a, we see that AS becomes positive and
increases without limit as a -> O. Thus, although the enthalpy change AH in
equation 1.157 may be large and positive, the equilibrium condition AG =
A// — TAS = O is satisfied for some value of a different from zero except at
T=O. This proves that Cu2O is non-stoichiometric at any temperature
above the absolute zero.

Regarding AS1, the simplest assumption we can make is that it comes
entirely from the loss of translational and rotational degrees of freedom of
the oxygen molecule when it is absorbed into the crystal. A standard calcula-
tion then givesl (the electronic ground state of O2 is a triplet)

AS1 = -Jt[25 + (7/2)ln(77298) - ln(p/atm) - In3]

and equating A// and TAS to find the equilibrium condition we obtain

a = (9-3 X 10-2)(298/r)7/16(48<^6124)1/8(/7/atm)1/8exp(-A^/4A:r)



Comparison with equation 1.158 would give the formula for K9 but because
of the approximate nature of the formula for AS1 we cannot rely on the
factor (9-3 X 1(T2)(298/7)7/16.

Other p-type oxides are NiO, FeO, CoO, Ag2O, MnO and SnO. For NiO
the reaction giving non-stoichiometry is

JO2-> NiO + (Ni2 +D) + 2(eD)

and the concentration of positive holes is twice that of the cation vacancies.
From the mass-action formula, the concentration of positive holes, npy is
given by

np = 21XV/6*1/3

For all/7-type oxides, the defect concentration, and hence the electrical con-
ductivity, increases with the oxygen pressure.

/i-type Oxides

ZnO contains excess metal which is accommodated interstitially, i.e. at posi-
tions in the lattice which are unoccupied in the perfect crystal. The process
by which ZnO in oxygen gas acquires excess metal may be pictured as
follows*. The outer layers of the crystal are removed, oxygen is evolved, and
zinc atoms go into interstitial positions in the oxide. We represent interstitial
zinc by (ZnO). However, the interstitial zinc atoms may ionise to give
(Zn+ O) or even (Zn2+ O). The extra electrons produced in this way must
occupy electron levels which would be vacant in the perfect crystal. We
represent them by the symbol (eo), and refer to them as free electrons. They
can be pictured as Zn+ ions at normal cation sites. We see therefore that
three reactions can be written, each giving non-stoichiometric ZnO:

ZnO-»{02+ (ZnO) ...(1.162)

ZnO-^jO 2+ (Zn + O) + (eo) ...(1.163)

ZnO-^jO 2+ (Zn 2 + O) + 2(eo) ...(1.164)

The exact situation with ZnO is not altogether clear. Under most experi-
mental conditions it seems that equation 1.163 is the important reaction, but
equation 1.164 cannot be ignored at high temperatures. Applying the mass-
action formula to equation 1.163 we have for n, the concentration of defects
(interstitial Zn+ ions or free electrons)

n=p-l/4K1'2

where A^ is the equilibrium constant of the reaction. The non-stoichiometric
oxide conducts electricity with the movement of free electrons, and because
of this the conductivity is said to be w-type (negative carriers).

Other w-type oxides are TiO2, CdO, Al2O3 and V2O5. For TiO2, the reac-
tion giving the non-stoichiometry is2

}TiO2-» JO2 + (O2-D) +2(*o)

"The mechanism is of no consequence in determining the equilibrium situation.



and the defects are anion vacancies and free electrons (Ti3+ ions). From the
mass-action formula, the concentration of free electrons ne is given by*

ne = 2l/3p~l/6Kl/3

For all fl-type oxides, the defect concentration, and hence the electrical con-
ductivity, decreases with the oxygen pressure.

Motion of Lattice Defects

Lattice defects do not occupy fixed positions in the crystal. In Cu2O for
example, a positive hole moves about because an electron from a neighbour-
ing Cu+ ion can fall into the vacant level which the positive hole represents
[Fig. 1.73 (top)]. Likewise, the cation vacancy moves when a neighbouring
cation jumps into the vacant site [Fig. 1.73 (bottom)]. We expect the positive
hole to be the more mobile because its motion is an electronic process, not
an ionic one. This expectation is confirmed by measurements of the defect
mobilities. The mobility, V9 of a charged defect is the drift velocity acquired
by the defect in an applied electric field of unit strength. It is related to the
conductivity, a, by a = nev, where n is the concentration and e the charge
of the defect, and to the diffusion coefficient D by Einstein's relation
v/D = e/kT(see Section 1.9). For Cu2O at 100O0C, Wagner and Hammen3

found for the hole mobility u• » 1OCm2S-1V"1, and for the mobility of
cation vacancies, vc « 5 x 10"Cm2S - 1V"1 . The temperature dependencies
of Vp and vc are, however, fundamentally different from one another, as
with decreasing temperature vc falls but vp increases. At room tempera-
ture4, Vp is about 8OcHi2S-1V"1.

^\
Cu+ Cu2+ Cu* Cu+-Cu+ Cu+ Cu2+ Cu*

Motion of a positive hole

Cu+ G Cu+ Cu+-^Cu* Cu* D Cu

Motion of Q cation vacancy

Fig. 1.73 Motion of positive holes and cation vacancies

The reason for this can be seen as follows. In a perfect crystal with the ions
held fixed, a positive hole would move about like a free particle with a mass
m depending on the nature of the crystal. In an applied electric field, the hole
would be uniformly accelerated, and a mobility could not be defined. The
existence of a mobility in a real crystal derives from the fact that the uniform
acceleration is continually disturbed by deviations from a perfect lattice
structure. Among such deviations, the thermal motions of the ions, and in
particular, the longitudinal polarisation vibrations, are most important in
obstructing the uniform acceleration of the hole. Since the amplitude of the
lattice vibrations increases with temperature, we see how the mobility of a

*This assumes that anion vacancies are present to a significant extent only in the non-
stoichiometric oxide, which is not in fact true for TiO2.



Fig. 1.74 Energy of the crystal as a function of £, the co-ordinate of the moving cation

hole decreases as the temperature is raised. On the other hand, a cation
vacancy can move only by virtue of the thermal motions of the neighbouring
cations so that the vacancy becomes more mobile as the temperature is
raised. A parallel argument can of course be given for n-type oxides which
contain free electrons and either interstitial cations or anion vacancies.

When a metal oxidises to form a continuous oxide film, the transport of
material through the oxide is a necessary step in the oxidation process. From
what has already been said, it is clear that the slow process will almost cer-
tainly be the transport of ions (vacancies) not electrons (positive holes). Let
us therefore examine the temperature dependence of the diffusion coefficient
(and hence the mobility) of a cation vacancy. Let q be the probability per
second that a cation next to a vacancy jumps into the vacancy. When this
happens, the vacancy moves a distance a equal to the cation-cation distance.
The diffusion coefficient Dc is by definition given by Dc = qa2. Hence we
need a formula for q. In Fig. 1.74 we show the energy of the lattice as a func-
tion of £, the co-ordination of the moving cation. When the cation is at P1,
the vacancy is at P2, and vice versa. Between P1 and P2 there is a sym-
metrical barrier of height U9 and the cation can pass from P1 to P2 only if
it acquires energy greater than U. This energy is of course supplied by the
lattice vibrations. The probability that the ion has this energy is proportional
to the usual Boltzmann factor, exp ( — U/kT), so we can write

q = q0QXp(-U/kT)

<70, which has dimensions of s"1, can be calculated only by a detailed
analysis of the jumping process, but this elementary consideration is suffi-
cient to establish the characteristic formulae

Dc = D0 exp ( - WkT) D0 = q0a
2 ~)

vc = v0exp( -U/kT) V0 = D0e/kT = q0a
2e/kTJ

showing the strong temperature dependencies of Dc and vc. The self-
diffusion coefficient of Cu+, in Cu2O is, of course, (n/N)Dc. Naturally, we
can also derive relations like equation 1.165 for interstitial ions.

Finally we notice that in the /?-type oxides Cu2O and NiO, the presence
of excess oxygen actually provides, through the formation of cation vacan-
cies, a transport mechanism for the metal, while in an /z-type oxide like
TiO2, the excess metal, by forming anion vacancies, provides a transport
mechanism for oxygen. With w-type oxides like ZnO and Al2O3, where the
excess metal is accommodated interstitially, a transport mechanism is, of
course, provided for the excess component itself.



Schematic illustration of shear-plane formation. Structure (a) with aligned oxygen vacancies D
shears to eliminate these vacancies in favour of an extended planar defect in the cation lattice

as in (&). • cations; oxygen ions are at the mesh intersections

Defect clusters are well-established in transition-metal oxides having the
sodium chloride lattice, in oxygen-excess FeO for example6. The basic
defect unit is almost certainly an interstitial Fe3+ ion, electrostatically stabi-
lised by having all four nearest cation sites vacant, i.e. the unit is the tetra-
hedral complex ( 4 ( F e 2 + D ) -Fe3+O]5-, but linear aggregates of two or
three such units are apparently even more stable7. The most important con-
sequence of this defect clustering for metal oxidation is that the cation self-
diffusion coefficient is reduced because the point defects are bound in these
larger, and consequently less mobile clusters. Clusters are in dynamic equi-
librium with point defects, and therefore defect clusters can move by 'dis-
solving' one one side, and 'growing' on another. However the role of defect
clusters in mass transport remains obscure, and even where point defects are
the minority species, they may nevertheless, provide the mass transport.

Determination and Characterisation of Defect Structures

The presence of small concentrations of point defects changes the density
of a crystal, and four values of the density can be calculated, depending on

Defect Clustering

The point defects discussed above exist as such, only at low enough con-
centrations (perhaps up to 0.5% depending on the material). At higher con-
centrations the point defects can aggregate into clusters, or become ordered,
or can be eliminated by forming 2- or 3-dimensional defects such as shear
planes, or voids. In grossly non-stoichiometric oxides such as reduced
TiO2, VO2, CrO2, WO3 and MoO3, simple point defects may be in the
minority.

Shear-plane formation is shown schematically in the diagram below. A
structure (a) with aligned oxygen vacancies shears to eliminate these vacan-
cies in favour of an extended planar defect in the cation lattice (b). This
process decreases the oxygen to metal ratio in the defect, which is there-
fore positively charged as were the original oxygen vacancies; the compen-
sating negative charge is still present as reduced metal ions, as Ti2+ or Ti3+

in non-stoichiometric TiO2 for example. Shear structures of this sort are
observed routinely in high resolution transmission electron microscopy5.

(a) (b)



whether the deviation from stoichiometry is due to interstitials, or vacancies,
and whether they are on the metal or oxygen sublattices.

Consider the stoichiometric oxide MOn. If the unit cell of volume 12 con-
tains z molecules, the density is

Z(M+ rtO)/NAfl
where M and O are the atomic weights, and NA is Avagadro's number. For
a non-stoichiometric oxide MOn + x with interstitial oxygen, the density is

z ( M + A z O + *0)/NAQ

while with metal vacancies it is

z/i(-^- + OJ/N A 0.
L" + x J

If the non-stoichiometry is due to excess metal, and we write the formula
as M1+x On, the two values of the density are

z(M + xM+ wO)/NA0

for interstitial metal, and

'["+db0]^0

for oxygen vacancies. Thus, experimental determination of the density by
pyknometric methods, and of the unit cell volume by X-ray measurements
of the lattice parameters, for a series of oxides with different oxygen/metal
ratios, should yield precise information on the nature of the point defects
causing the non-stoichiometry. An example is such a study is that8 on
\JOn + x which establishes interstitial oxygen as the defect for small x. For
large x (x - 0.15), clusters of oxygen interstitials and vacancies are
formed9.

To get more information on point defects, in particular their state of
ionisation (interstitial atoms or ions, doubly or singly charged oxygen vacan-
cies etc.), it is in principle only necessary to measure, as a function of the
oxygen pressure, some property of the oxide (its weight, its electrical con-
ductivity, the metal or oxygen self-diffusion coefficients for example) which
is directly proportional to the defect concentration. This is clear from the
discussions of non-stoichiometric Cu2O, NiO, and ZnO above. Unfortu-
nately, the number of cases where a clear conclusion can be reached is small
because, although the relation

Measured Property oc pl/n (a)

where p is the oxygen pressure, is frequently observed, n is often found to
be non-integral, and moreover, its value depends on the ranges of tempera-
ture and oxygen pressure over which the measurements are made. NiO and
CoO are good examples, where values of n between 4 and 6 are found10.
But the explanation appears to be simple: vacant cation sites and positive
holes are incompletely dissociated, i.e. the singly charged vacancy (Ni2+ D,
D e) is present. If this defect were the dominant species, the mass-action for-
mula applied to



JO2-> NiO+ (Ni2 +D, eD) + (eD) (b)

would give for np, the concentration of free positive holes

np = p1/4K1/2 (c)

instead of the p1/6 oxygen-pressure dependence given above for completely
dissociated species. Values between 1/4 and 1/6 are therefore easy to
understand.

Investigations based on equation (a) are indirect. Direct structural studies
using diffraction techniques (X-ray or neutron), or electron microscopy,
while they cannot detect the low concentrations of defects present in NiO or
CoO., are indispensible to the study of grossly non-stoichiometric oxides like
FeO, TiO2, WO3 etc., and particularly electron microscopes with a point-
to-point resolution of about 0.2 nm are widely used. The first direct observa-
tion of a point defect (actually a complex of two interstitial metal atoms, and
two oxygen atoms in Nb12O29) was made11 using electron microscopy.

Nomenclature

A standard nomenclature for point defects has evolved. It is given below.

T. B. GRIMLEY
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Metal vacancy
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Singly charged oxygen vacancy
Interstitial metal
Interstitial oxygen

Standard
notation

e'
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M1, M1", M/
or

Notation in this section

(eO)
(CD)

(M2+ D), (M + D) or (M2+ D, eD)
(O2- D)

(MO), (M2+O), (M+O)
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1.9 Continuous Oxide Films

When a solid metal is attacked by oxygen gas, the product of the reaction is
the metal oxide which, if it is not volatile, builds up as a surface layer on the
metal. The oxide layer may be protective or non-protective. A non-protective
layer does not inhibit the continued access of oxygen to the unchanged metal;
the rate of growth of such an oxide layer is independent of its thickness X and
the law of growth is dX/dt = kl. On integration this gives the linear law

X-X0 = ̂ t

and kl is the linear rate constant. Discontinuous films are considered in
Section 1.10.

A protective oxide layer forms a continuous barrier between the reactants
(oxygen and metal), which inhibits the reaction. The simplest assumption
that can be made about the effectiveness of this barrier is that its protecting
power is directly proportional to its thickness. Mathematically, dX/dt =
k2/X, which on integration gives the parabolic law,

X-X% = 2k2t
where k2 is the parabolic rate constant. This -law is obeyed for the high-
temperature oxidation of many metals.

Since a protective layer separates the primary reactants, further growth of
the layer involves two essential steps: (a) surface reactions at the metal/oxide
and oxide/oxygen interfaces and (b) transport of material through the oxide.
The rate of growth will be controlled by whichever of these two steps is the
slower. If the layer is thin enough, a surface reaction must control the rate.
Indeed, during the initial stages of oxide formation step (b) is absent. As the
layer thickens, step (b) may be distinguished as a definite process which ulti-
mately controls the rate. When this stage is reached, the surface reactions,
by which both metal and oxygen are incorporated into the oxide, proceed to
near equilibrium. The products of these reactions are then transported
through the oxide by a driving force derived from the free energy change in
the oxidation reaction. The first problem is to decide the nature of these reac-
tion products.

Surface Reactions

Metal oxides are not normally stoichiometric, although the non-
stoichiometry may be too small to be detected by ordinary methods of



analysis (Section 1.8). Cuprous oxide, for example, absorbs oxygen to build
up new layers of the oxide with the formation of vacant cation sites
(Cu+ D) and positive holes (eD).

The reaction of Cu2O with oxygen may be written,

JO2-^Cu2O + 2(Cu + D) + 2(eD) ...(1.166)

two cation vacancies and two positive holes being formed for each oxygen
atom absorbed. If Az(Cu+ D) and n(eD) are the concentrations of cation
vacancies and positive holes when thermodynamic equilibrium is estab-
lished, the usual mass action formula is

M 2 (Cu + D)n 2 ( eD) =pl/2K ...(1.167)

where p is the oxygen pressure and K the equilibrium constant. Except in
narrow regions near the surfaces where space charges can exist, the oxide
must be electrically neutral. In the interior, therefore,

A i ( C u + D ) = n(eO) =n

say, and

n=pl/BKl/4 ...(1.168)

The electrical conductivity is proportional to n. Equation 1.168 therefore
predicts an electrical conductivity varying as /?1/8. Experimental results
show proportionality to p177, and this discrepancy is probably due to
incomplete disorder of cation vacancies and positive holes. An effect of this
sort (deviation from ideal thermodynamic behaviour) is not allowed for in
the simple mass action formula of equation 1.167.

Consider now the system CuXCu2O in oxygen gas at a pressure px (X
signifies the oxide/oxygen interface in Fig. 1.75). Ignoring space charges,
nx the equilibrium concentration of cation vacancies or positive holes at the
Cu2OXO2 interface, is given by

Ux=Pi"*1'4 ...(1.169)

and Ai0 their equilibrium concentration at the CuXCu2O interface, by

n0=p^Kl/4 ...(1.17O)

In equation 1.170/?0 is the dissociation pressure of Cu2O (oxygen pressure
for the equilibrium 2Cu + JO2 ̂  Cu2O). If px > pQ9 then nx> n0, and
the oxidation proceeds with cation vacancies and positive holes being created
at the Cu2OXO2 interface and moving inwards to be destroyed at the CuX
Cu2O interface. A similar situation exists whenever a p-type oxide is
formed, for example with NiXNiO.

As an example of a different type of oxide, we may consider ZnO. This
oxide evolves oxygen and forms cations in interstitial positions (Zn+ O) or
(Zn2+ O), and free electrons (eo). If the interstitial zinc ions are only singly
charged, the reaction describing the non-stoichiometry may be written

ZnO-> JO2 + (Zn + O) + (eo)

Using the simple mass action formula, the equations corresponding to 1.169
and 1.170 are



Fig. 1.75 Movement of defects in the oxidation of copper

Wagner's Theory of the Parabolic Law

For definiteness, the oxidation of copper to copper(I) oxide may be con-
sidered. Our picture of the process is that cation vacancies and positive holes
formed at the Cu2OXO2 interface by equation, 1.166 are transported to the
CuXCu2O interface where they are destroyed by copper dissolving in the
non-stoichiometric oxide. We require an expression for the rate of oxidation.

We denote by x the distance from the metal surface, and by nc(x) and
np(x) the concentrations of cation vancancies and positive holes in the
oxide. Let vc and vp be their mobilities, and Dc and Dp their diffusion coeffi-
cients. Let F(x) be the electrostatic field in the oxide. JC9 the flux of cation
vacancies (number crossing unit area per second), will be expressed by

Jc= -A |J ~ncvcF ...(1.172)

and Jp9 the flux of positive holes, by

Jp= -Dp^ + npvpF ...(1.173)

In equation 1.172 the first term on the right-hand side is the flux due to a
concentration gradient, the second is that due to the electric field. It should
be noted that cation vacancies are negatively charged carriers of electricity.
The terms in equation 1.173 have similar meanings; positive holes are posi-
tively charged carriers. If the system were at equilibrium we would have
Jc = Jp = O and the field F would be negligible except in narrow regions
near the two interfaces, but when oxidation is proceeding this is not generally
the case.

„ — n~ 174J^172 ̂"x-Px K }
„ _ n-\/4K\/2 \ ' ' -V 1 ' 1 7 1 J
"o — Po A J

with/70 equal to the dissociation pressure of ZnO. If px > p0 then nx < n09

and the oxidation proceeds with interstitial cations and free electrons moving
outwards from the ZnXZnO interface. A similar situation exists whenever the
oxidation product is an H-type oxide. The system AlXAl2O3 is another
example.



In a steady state of oxidation Jp = Jc = J9 say. Eliminating F from equa-
tions 1.172 and 1.173 and using Einstein's relation (see below) v/D = e/kT,
where k is Boltzmann's constant and T the absolute temperature,

J= -(kT/e)[ncvcnpvc/(ncvc + npvp)] — \n(ncnp) ...(1.174)

The negative sign means that cation vacancies and positive holes move
inwards, i.e. in the negative direction of x. For Cu2O, the positive holes are
much more mobile than the cation vacancies, and we can assume that
npvp ^> ncvc. The oxidation flux is then

J= -(kT/e)ncvc-j^\n(ncnp) . . .(1.175)

This equation can be obtained in another way which may be more instruc-
tive. Assume that the slow step in the oxidation is the transport of cation
vacancies. The positive holes may then be considered to take up their equi-
librium distribution, defined by Boltzmann's equation

np = np(0)exv(-eV/kT) . . .(1.176)

Here np is the concentration of positive holes at any point in the oxide
where the electrical potential is K, and np(0) is their concentration at the
CuXCu2O interface where V = O. Differentiating equation 1.176, we obtain
an equation for the electric field, namely

F= -^ = (kT/e)^\nnp ...(1.177)

Substituting this in equation 1.172 and using Einstein's relation between the
mobility and the diffusion coefficient of cation vacancies, we obtain equation
1.175 for the oxidation flux Jc. This derivation shows that equation 1.175 is
valid if all processes involving positive holes (and therefore electrons) are so
fast that the oxidation flux can be carried without significantly disturbing
their equilibrium distribution. We note at this stage that to derive Einstein's
relation it is only necessary to compare equation 1.176 with the equation
obtained by integrating equation 1.173 for Jp = O. The integration gives

np = np(0)&v(-vpV/Dp)
and this establishes the result vp/Dp = e/kT. The corresponding result for
cation vacancies is derived similarly.

Returning now to equation 1.175, we cannot in general proceed without
knowing how nc and np vary through the oxide. However, if the oxide layer
is thick enough, the situation is simple, for we can assume that electrical
neutrality is preserved in the oxide except in narrow regions near the two
interfaces where there are space charges. Thus we have nc = np = n say,
except in the space-charge regions which, however, we can neglect if the
oxide layer is thick enough. Then equation 1.175 gives

J = -2(kT/e)vc ^ . . .(1.178)

However, /must be independent of jc, so this equation can be integrated to
give



JX = -2(kT/e)vc(nx - n0) .. .(1.179)

where X is the thickness of the oxide layer, and nx and nQ are the concentra-
tions of cation vacancies or positive holes at the two interfaces. These con-
centrations are of course given by equations 1.169 and 1.170.

Our picture of the transport process in these thick oxide layers is that there
is a uniform concentration gradient of defects (cation vacancies and positive
holes) across the layer. But it is important to notice that the oxidation flux
is exactly twice that to be expected if diffusion alone were responsible for the
transport of cation vacancies. The reason for this is, of course, that the more
mobile positive holes set up an electric field which assists the transport of the
slower-moving cation vacancies.

If Q is the volume of the oxide per metal atom, the rate of growth, dX/dt,
is equal to |/|0. Thus from equation 1.179 we derive the parabolic law

dX/dt = k2/X 1
*2=2DCQK-«0)J •••(1'180)

This formula for Ar2 can be cast into another form by using equations 1.169
and 1.170. We note first that in these latter equations K1/4 is the concentra-
tion of defects in Cu2O at 1 atm pressure of oxygen, so that (K1/4DCQ) is
the self-diffusion coefficient of Cu+ in Cu2O at this oxygen pressure. Call
this self-diffusion coefficient D°c, then

Ar2 = 2D?(pJc/8-X/8) ...(1.181)

This equation shows that if px » p0, k2 depends upon the oxygen pressure
and the temperature in the same way as the self-diffusion coefficient of Cu+
in Cu2O. Regarding the temperature dependence, self-diffusion coefficients
in solids depend exponentially on the temperature (see Section 1.8), i.e.

D°c=Aexp(-Q/kT)

and Q is the activation energy for self-diffusion. Thus for the temperature
dependence of Ar2 we have

k2 = Bexp(-Q/kT)

and the activation energy for the oxidation reaction should be the same as
that for self-diffusion of cations in the oxide.

The above account of the oxidation of Cu to Cu2O is a simplified version
of the more general theory developed by Wagner1'2. Cu2O is a /?-type
oxide. As an example of a system where an rt-type oxide is formed, we shall
consider the oxidation of Zn to ZnO. Here Zn dissolves in the oxide at the
Zn/ZnO interface to give interstitial cations and free electrons. These defects
cross to the ZnOXQ2 interface and react with oxygen to build up new layers
of the oxide. The slow step in the oxidation is the transport of interstitial
cations, and if these are singly charged we still have equation 1.179 for the
flux, except that vc is the mobility of interstitial cations and nx and n0 are
given by equation 1.171. We note further that J is positive in this case
because defects move outwards. The expression for the parabolic rate con-
stant corresponding to equation 1.181 is

*2 = 2D°(p0-''4-/>x''4)



and if px »/?0» the oxidation rate should be independent of the oxygen
pressure. This pressure independence should be noted since the self-diffusion
coefficient of Zn in ZnO does depend on the oxygen pressure. Further, the
temperature dependence of k2 is not simply that of the self-diffusion coeffi-
cient, since p09 the dissociation pressure of ZnO, is also temperature depen-
dent. Because of this the activation energy for the oxidation reaction is less
than that for self-diffusion by half the heat of formation of ZnO.

Thin Oxide Films

Wagner's theory of the parabolic law involves the following assumptions:

1. The oxide layer is compact and adherent.
2. The slow step is the transport of material through the oxide layer.
3. The layer is so thick that the space-charge regions at the two interfaces

are unimportant and the oxide can be regarded as electrically neutral.

In the early stages of oxidation when the oxide layer is thin, it is clear that
assumption (3) must be invalid. The limiting simple case when the layer is
so thin that space charges can be neglected because they are small compared
with the surface charges has been considered by Mott3. All other assump-
tions are the same as in Wagner's theory. In the oxidations of Cu, for exam-
ple, we assume that electronic equilibrium is established in the system
Cu/Cu2O/O2. This sets up an electrical potential difference across the
oxide layer because electrons are transferred from the metal to form oxygen
ions adsorbed on the outer surface of the oxide. If the surface charge formed
in this way is large compared with the space charge in the oxide, the electric
field is uniform and equal to V/X where V is the potential drop across the
oxide. In a thin oxide layer this field may be very large. For example, a poten-
tial difference of 1 V gives a field of 105 V/cm in a layer 100 nm thick. Now
the flux of cation vacancies (and hence the oxidation flux) is given by equa-
tion 1.172, and if F is as large as this, a significant oxidation rate is to be
expected even at ordinary temperatures where the diffusion coefficient is very
small. For the system CuXCu2O the theory gives a cubic law of growth
(dX/dt = k3/X

2) at ordinary temperatures, and a parabolic law at high
temperatures. The parabolic rate constant is, however, entirely different
from that in Wagner's theory. When the oxidation product is an w-type oxide
like ZnO or Al2O3, the law of growth is parabolic both at ordinary temper-
atures and at high temperatures. The two rate constants are different, and
both differ from that in Wagner's theory. For further details, the original
papers3"6 should be consulted.

Very Thin Oxide Layers

Many metals oxidise rapidly at first when exposed to oxygen at sufficiently
low temperatures, but after a few minutes, when a very thin oxide layer has
been formed, the reaction virtually ceases. Oxide layers formed in this way
are about 5 nm thick. Aluminium and chromium are well-known examples,
showing this sort of behaviour at room temperature. A theory of the effect
has been proposed by Mott3'4.



Fig. 1.76 Potential energy of an interstitial ion near the metal/oxide interface

oxide. The height of the barrier between P and I1 is Q when the field is zero.
The field lowers this barrier by an amount zeaF where ze is the charge on
the ion and a the distance between P and the top of the barrier. The prob-
ability per second that an ion jumps from P to I1 in the absence of a field
is v exp ( —Q/kT), where v is the vibration frequency of an ion at P. In a field
F9 this probability is increased by the factor exp (zeaF/kT). Hence if & is
the rate at which ions can enter the oxide when there is no field, the rate in
the field is*

&exp(zeaF/kT)

If this process determines the oxidation rate, then with F = V/X, the law of
growth is

* An argument similar to this establishes the exponential relation between the cation flux
through the oxide and the field F.

For definiteness consider the system AlXAl2O3. It is assumed as before
that electronic equilibrium is established so that there is a field in the oxide
associated with the presence of oxygen ions adsorbed on the outer surface.
In a very thin layer this field will be enormous (about 106V/cm if X =
10 nm), and we cannot assume, as we did in equation 1.172, that the con-
tribution which this field makes to the flux of cations is simply proportional
to the field. An investigation of the transport process in such strong fields
(see below) shows that the flux increases exponentially with the field, and
because of this cations are transported through the oxide much more rapidly
than would be expected on the basis of equation 1.172. It seems unlikely
therefore that cation transport can be the slow step in the reaction, and the
rate will be controlled instead by a surface reaction. For the system Al/
Al2O3, the slow step is probably that by which Al3+ ions enter interstitial
positions in the oxide at the AlXAl2O3 interface. The rate of this process is
also influenced by the strong electric field. The potential energy diagram for
an ion leaving the metal and entering the oxide is shown in Fig. 1.76. P repre-
sents an ion in the metal surface and I1,12, are interstitial positions in the



d*/df = 0#exp(X/Ari n lsm
\ = ZeaV/kT J ...(1.182)

If V= I V 9 a = 0.25 nm, and z = 3, X = 30 nm at 300 K, so that for a film
1 nm thick, the field increases the rate of growth by a factor of about
1013. The term in the growth law due to the field, namely exp (\/X), is large
only when X is small. Because of this a thin oxide film can form even at low
temperatures where ̂ , the ordinary rate of entry of ions into the oxide, is
negligible. As the film thickens, the factor exp (\/X) decreases rapidly, and
the rate of growth soon falls to such a low value that, for practical purposes,
oxidation has ended.

Effects of Alloying

An important aspect of any theory of the oxidation of a pure metal is that
it enables us to see how the protective power of the oxide layer can be altered
by the introduction of alloying constituents into the metal. According to
Wagner's theory, the parabolic rate constant for the system Ni/NiO for
example depends upon the concentration of cation vacancies in the oxide
in equilibrium with oxygen gas. If this concentration can be reduced, the
oxidation rate is reduced. Now this can be done if cations of lower valency
than Ni2+ can be got into the oxide (Fig. 1.77). Suppose, for example, that
a little Li is added to the Ni. Each Li+ ion which replaces Ni2+ is a negative

O2' Ni 2 + O2- Ni3 + O2- Ni2 +

Ni2+ O2' Ni 2 + O2- Ni2+ O2-
NiO

O2' D O2- Ni3+ O2- Ni2 +

Ni2+ O2' Ni 2+ O2' Ni 2+ O2'

O2- Li+ O1- Ni 3 + O2- Ni2 +

Ni2+ O2- Ni 2 + O2' Ni 2 + O2-
NiO-I-Li2O

O2- Li+ O2- Ni3+ O2- Ni2 +

Ni2+ O2- Ni 2 + O2' Ni2+ O2~

i
O2~ Ni 2 + O2- Ni3+ O2- N i 2 + j

Cr3+ O2' N i 2 + O2' N i 2 + O2' |
NiO+ Cr2O3

O2- D O2' Ni3+ O2- Ni2 +

Ni2+ O2- Cr3+ O2- D O2-

Fig. 1.77 Effects of Li2O and Cr2O3 on the defect structure of NiO



charge in the NiO lattice. To preserve electrical neutrality, one positive
hole (e\H) must be created for each Li+ ion introduced. But the product
^(Ni2+ D) Az(eD) is fixed by the reaction governing the non-stoichiometry
of NiO. Hence Jz(Ni2+ D) falls and the oxidation rate is reduced. By a simi-
lar argument, an alloying constituent of higher valency than Ni2+ (Cr3+ for
example) which enters the oxide layer in place of Ni2+ increases the oxida-
tion rate.

When the oxidation product is an Az-type oxide like ZnO, the conditions
are reversed (Fig. 1.78). If a monovalent ion like Li+ enters the oxide layer
in place of Zn2+ one free electron (eo) is destroyed. But the product
Az(Zn+ O)Az(eo) is fixed by the reaction governing the non-stoichiometry
of ZnO. Hence Az(Zn+ O), the concentration of interstitial Zn+ ions,
increases, and the oxidation rate, which depends upon the concentration of
these ions in the oxide in equilibrium with metallic Zn, increases.

This simple account of the effect of alloying constituents is valid only if
the second metal shares in the oxide formation by dissolving freely in the
oxide of the basis metal. Further, the second metal should be present in the
oxide layer in such low concentrations that it can be regarded as an impurity
in the oxide of the basis metal. If the alloying constituent is insoluble in the
oxide of the original metal, or if a new phase, for example a spinel, is
formed, the discussion fails. The spinel NiCr2O4 is in fact formed in the
oxidation of Ni-Cr alloys when the Cr content is high enough, and the oxida-
tion rate is decreased, not increased as we would expect from the simple
discussion above.

Zn2+ O2" Zn2+ O2- Zn2+ O2~
e~ Zn +

O2- Zn2+ O2- Zn2f O2" Zn2 +

ZnO
Zn2+ O2 Zn2+ O2- Zn2+ O2~

e~ Zn +

O2' Zn2+ O2- Zn2+ O2~ Zn2 +
i

Zn2+ O2- Li+ O2- Zn2+ O2~
e~ Zn +

O2' Zn2+ O2- Zn2+ O2" Zn2 +

Zn+ ZnO+ Li2O
Zn2+ O2' Zn2+ O2- Zn2+ O2'

e~ Zn +

O2' Zn2+ O2~ Zn2+ O2' Zn2 +

Zn2+ O2~ Cr3+ O2- Zn2+ O2~
e~ Zn +

O2- Zn2+ O2- Zn2+ O2" Zn2 +

ZnO+ Cr2O3
\ Zn2+ O2~ Zn2+ O2~ Zn2+ O2~

e~
O2- Zn 2 + O2- Zn2 + O 2 ~ Zn2 +

I

Fig. 1.78 Effects of Li2O and Cr2O3 on the defect structure of ZnO



To examine the situation with alloys in a little more detail, the Cu-Ni
alloys will first be considered. Here the mutual solubility of the two oxides
NiO and CU2O can probably be neglected, and these are the only two
possible oxidation products. Assume for simplicity that the alloy is thermo-
dynamically ideal, and let A:CU and xNi be the mole fractions in the alloy.
Consider the reactions

2Cu + JO2-^Cu2O

N i + JO2-* NiO

whereby Cu2O and NiO are formed by oxidation of the alloy. The equi-
librium conditions are

^u/? i /2=/? i /2(cu2on
*NiP1/2=/?1/2(NiO) J ...(1.183)

where P(Cu2O) and/?(NiO) are the dissociation pressures of the two oxides,
and/? is the effective oxygen pressure at the alloy surface. The two relations
of equation 1.183 are illustrated in Fig. 1.79 by plotting/? against xNi. Note
that /?(NiO) < /?(Cu2O) and xNi + xCu = 1. The two curves intersect at one
value of JCNI, and this defines the alloy composition for which Cu2O and
NiO can co-exist on the surface. If the Ni content is higher than this critical
amount, only NiO is stable; for lower Ni contents only Cu2O is stable. If
therefore the diffusion coefficients of Cu and Ni in the alloy were very large
so that the composition of the alloy in the surface region did not change
during oxidation, the situation would be simple, and the oxidation product
would be either Cu2O or NiO except at one critical alloy composition where

Fig. 1.79 Surface oxides on Cu-Ni alloys



Fig. 1.80 Surface oxides on Fe-Cr alloys

both oxides would be formed. But the diffusion coefficients in the alloy are
not usually large enough for this simple analysis to apply, and if we start with
a bulk alloy composition in the region where we would expect only NiO to
be formed then, as oxidation proceeds, the surface region of the alloy is
depleted of Ni. Thus Cu diffuses inwards and Ni has to be supplied from the
interior of the alloy. The composition of the alloy at the surface necessary
to maintain the supply of Ni into the oxide layer may be such that the Ni
content is below the critical concentration for which only NiO is formed. If
this is so, both Cu2O and NiO are formed as oxidation products; if not, we
still get only NiO. The effect of finite diffusion rates in the alloy is therefore
that the critical bulk alloy composition for the exclusive formation of NiO
is pushed to a higher Ni content than we would expect from elementary con-
sideration. Similarly, the minimum Cu content for the exclusive formation
of Cu2O is pushed higher. There is therefore a range of compositions of the
bulk alloy in which both Cu2O and NiO are formed together.

This analysis shows that if the oxides of the two components of a binary
alloy are mutually insoluble, and if one of the components has a much
greater affinity for oxygen than the other, then the oxide of the baser metal
will be formed exclusively even though it is present in the alloy in only a small
amount. It seems that the importance of beryllium as an alloying constituent
can be explained in this way. It has a high affinity for oxygen [/7(BeO) «
10~30atm at 100O0C] and also forms a highly protective oxide layer. The



oxidation resistance of metals more stable to oxygen than Be, but which nor-
mally oxidise faster, should therefore be improved by the addition of Be,
provided that the oxide of the basis metal is not soluble in BeO. The addition
of Be to Cu is an example.

Another example which can be argued on the same lines is that of Cr-Fe
alloys. This is more complicated, and for simplicity we may assume that only
FeO could be formed as the oxidation product of Fe. In addition, Cr2O3

and the spinel FeCr2O4 can be formed. We expect the dissociation pressures
to be in the order /J(FeO) > /7(FeCr2O4) > /7(Cr2O3) and Fig. 1.80 may be
constructed showing two critical Cr contents of the alloy. Below the first only
FeO is formed, between the first and the second only FeCr2O4, and above
the second only Cr2O3. The existence of finite diffusion rates in the alloy
will, of course, smear out these divisions. There is, however, the possibility
that by adding Cr to Fe, either the spinel FeCr2O4 or the single oxide Cr2O3

is formed exclusively as the oxidation product. A Cr2O3 layer is certainly
protective. A spinel layer will be protective if the diffusion coefficient for
Fe2+ (or Fe3+) in the spinel is lower than that in the oxides of iron. We note
that the protective layer (either Cr2O3 or FeCr2O4) is formed next to the
alloy. Beyond this there will almost certainly be another layer composed
mainly of the oxides of iron. This portion is without influence on the protec-
tive properties of Cr.

Experimental Techniques

Oxidation is followed by measuring the gain in weight of the specimen with
time. An electrostatic field applied across the growing oxide enhances or
reduces the oxidation rate according to the polarity of the field, and the
charge on the moving species. The movement, or lack of it, of an inert
marker placed on the metal prior to oxidation indicates whether the oxide
grows by metal moving outwards, or oxygen moving inwards (see Section
1.10). Techniques of modern surface science (Auger Electron Spectroscopy
(AES), Secondary Ion Mass Spectrometry (SIMS), X-ray Photoelectron
Spectroscopy (XPS), Ion Scattering Spectroscopy (ISS), for example) are
used to determine the composition, and the thickness of tarnish films. Three
examples must suffice. Firstly, ion scattering has been used7 to analyse air-
formed films on Fe-Cr alloys. Incident 20Ne or 3He ions with energies in the
range 1.3 keV scattered at 90°, when energy-analysed, have peaks for each
element in the surface of the film, and since the incident beam sputters the
surface, a depth profile is also obtained. As expected from the discussion
above, at the oxide/air interface the Cr/Fe ratio is low, as is the metal/
oxygen ratio, and the Cr/Fe ratio increases going into the oxide. But an
unexpected finding is that the latter ratio peaks a short distance into the
oxide. No explanation of this has been given. A second example of the use
of surface-sensitive analytical techniques is the investigation8 using AES,
and argon-ion sputtering, of the composition, and thickness of the films
formed on Ni in air in various relative humidities. The findings of this work
will be mentioned below. Angularly resolved XPS, unlike depth profiling by
sputtering, is non-destructive. Photoelectrons from the metal, and from its
different oxides, are identified by their chemical shifts. Those originating



from the metal are attenuated by the oxide film, and the current 1(X9 B)9
measured at an angle O to the normal for a film of thickness X is

1(X9 6) oc exp( - X/\oxcosB)

where X0x is the electron mean free path in the oxide. Oxide thickness up to
around 20 nm depending on the system, can be measured in this way, and
in addition, by varying O9 the uniformity of the film can be checked. Mea-
surements using different XPS lines (when they are present) enables the
kinetics of multi-layer film growth to be determined. XPS studies of the
oxidation of Nb at 30OK have been published9. Nb2O5 grows on a thin
layer (~ .5 nm) of NbOx (x < 1) to a limiting thickness of about 6nm in
several days, with the growth law

dX/dt = 2Q& sinh ( \ /X)

which is (1.182) modifided to include the back-reaction.

Atmospheres other than Pure Oxygen

Atmospheres containing H2O vapour, or SO2 are technically very impor-
tant, but much more fundamental work is needed, and there is space here
for only elementary considerations.

Consider Ni exposed to O2XH2O vapour mixtures. Possible oxidation
products are NiO and Ni (OH)2, but the large molar volume of Ni (OH)2,
(24 cm3 compared with that of Ni, 6.6 cm3) means that the hydroxide is not
likely to form as a continuous film. From thermodynamic data, Ni (OH)2 is
the stable species in pure water vapour, and in all O2XH2O vapour mixtures
in which O2 is present in measurable quantities, and certainly if the partial
pressure of O2 is greater than the dissociation pressure of NiO. But the
actual reaction product is determined by kinetics, not by thermodynamics,
and because the mechanism of hydroxide formation is more complex than
oxide formation, Ni (OH)2 is only expected to form in the later stages of the
oxidation at the NiO/gas interface. As it does so, cation vacancies are
formed in the oxide according to

H20(g) + {02(g) -> Ni(OH) 2+ (Ni 2 +D) + 2(<?D)

which lowers the degree of protection afforded by the NiO film8.
Similar considerations apply to O2XSO2 mixtures. Taking Cu as an exam-

ple, thermodynamic data show that in the presence of SO2, the sulphate
CuSO4 is the stable species even when the partial pressure of O2 is as low
as the dissociation pressure of Cu2O. Even so, for kinetic reasons, Cu2O
should form first, and be converted to CuSO4 at the Cu2O/gas interface
in the later stages of the reaction. Because the volume of the sulphate per
metal atom is so much larger than that of the oxide it replaces, the sulphate
is unlikely to be continuous. Furthermore, its growth creates defects in the
Cu2O film:

SO2(^) + 02(g)^CuS04 + (Cu+D) + (e\3)

which lowers its protective power.



The situation with Ni in O2XSO2 mixtures is different. When the partial
pressure of O2 is as low as the dissociation pressure of NiO, the sulphide
NiS, not the sulphate, is the stable species. Consequently, in the presence of
NiO, which for kinetic reasons is expected to form in preference to the
sulphate, NiS forms at the Ni/NiO interface. It is observed10'11 that the
sulphide forms as a thin layer between the metal, and the oxide, and also
grows into the oxide as a network providing an easy path for the transport
of Ni to the solid/gas interface. No quantitative theory of oxidation lead-
ing to this film morphology, which is observed12 also with Co, exists. Film
growth is initially linear indicating that a surface reaction controls the rate,
but in the later stages of the reaction, film growth obeys a parabolic law
because the transport of Ni in the sulphide network controls the rate.

T. B. GRIMLEY
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