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Abstract. The review deals with the current state of the problem of
catastrophic oxidation of metals (‘hot corrosion’) caused by
formation of a liquid corrosion product in a multi-component
system. The Kkinetics, thermodynamics, and mechanisms of the
two stages of accelerated oxidation of metals, namely, fast and
super-fast stages, are considered with the copper—bismuth oxide
system as an example. It is shown that the fast stage is caused by
the formation of a liquid-channel grain boundary structure in the
corrosion product, while the super-fast stage is caused by the high
rate of dissolution of the oxide layer. The results of studies of the
interaction of liquid phase with two-dimensional defects (grain
boundaries) in solids are generalised. A model of catastrophic
oxidation of metals is proposed. The bibliography includes 104
references.

1. Introduction

The creation of high-temperature corrosion-resistant materials
intended for prolonged exploitation under extremely drastic
conditions is a current task of materials science. Such materials
are used in nuclear and fuel-based power industries, in space
technology, and in other branches of industry. In most cases,
composite materials based on metals, such as metal-ceramics,
sintered powder compositions of metals with oxides, nitrides, and
borides, as well as amorphous alloys are employed. The practical
solution of problems involved in the creation of corrosion-
resistant materials depends largely on the development of theo-
retical concepts in the field of high-temperature oxidation of
metals.

By now, it has been reliably established that the rate of high-
temperature oxidation of metals leading to the formation of dense
scale is controlled by diffusion processes. The rate of metal
oxidation is determined by bulk diffusion of the reacting ions
and electron transfer through the growing scale. These aspects are
described by the Wagner model -2 which makes it possible to find
quantitative relationships between the rate of metal oxidation, the
type and extent of oxide disordering, and the partial pressure of
oxygen as a function of the type of conductivity of the scale (ionic
or electronic).
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However, in certain cases the rate of metal oxidation exceeds
that predicted by the Wagner model by several orders of magni-
tude. This phenomenon referred to as catastrophic oxidation of
metals (COM)># may be caused by the following.

1. The loss of isothermicity in the oxidation zone. The rate of
metal oxidation increases continuously with temperature. This
occurs if the liberated heat of the exothermic reaction cannot
dissipate efficiently. Hence, the temperature of the metal surface
increases, and the oxidation accelerates continuously. At a suffi-
cient rate of oxygen supply, this process can result in inflammation
of the metal. Inflammation of niobium, tantalum, titanium, and
some other metals has been observed under extremal condi-
tions.>- ¢

2. The formation of volatile oxides. For example, tungsten,
molybdenum, vanadium, rhenium, and osmium form volatile
oxides but no protective oxide films.” 10

3. The formation of a small amount of a liquid phase in the
oxidation product. This may be exemplified by oxidation of alloys
the components of which form low-melting oxides; oxidation of
metals in an atmosphere containing vapour of low-melting oxides;
direct contact of metals and alloys with low-melting oxides. Even
the appearance of a small amount of a liquid phase in the scale can
lead to the COM.!1-27

In the latter case, two stages of COM, namely, fast and super-
fast ones, can take place.?® 3% The fast stage is caused by the
formation of a liquid-channel grain-boundary structure (LGBS)
in the oxidation product3!-32 and occurs by an electrochemical
mechanism. The super-fast stage is caused by the high rate of
dissolution of the protective oxide layer and occurs by a fluxing
mechanism.

The term ‘COM’ has been first introduced by Leslie and
Fontana®* for an abrupt (by several orders of magnitude)
increase in the rate of metal and alloy oxidation under isothermal
conditions in a medium containing low-melting oxides (oxides of
molybdenum, vanadium, lead, efc.). This phenomenon is also
named ‘hot corrosion’.33-38 Strictly speaking, this definition of
COM refers only to the third case discussed above. The other cases
do not fit the definition completely. In the first case, metal
oxidation occurs under non-isothermal conditions (a continuous
increase in temperature in the reaction zone; the theory of this
process has been suggested by Zel’dovich > ¢) and is related mainly
to the physics of burning. In the second case, the oxidising medium
does not contain a foreign low-melting oxide.

In the present work, only the third case is considered in detail
with the copper —bismuth oxide system as an example.

To date, some progress has been achieved in the investigation
of COM. However, many key questions remain debatable or
unclear. For example, the mechanism of anomalously fast mass
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transfer in solids involving the liquid phase and the mechanism of
formation of a distributed structure (LGBS) are obscure; the
interaction of a liquid phase with two-dimensional defects of a
solid have been studied insufficiently.

In this review, the author attempted to discuss, from common
viewpoints (thermodynamic, kinetic, structural), the mechanism
of the COM caused by the formation of a liquid corrosion product
in a multi-component system.

I1. Fast stage of catastrophic oxidation of metals

1. Oxidation Kinetics, structure and composition

of the reaction products

Let us consider COM with the copper—bismuth system as an
example, which most fully reflects the general features character-
istic of other systems. It is known 227 that copper coated with a
thin film of bismuth (10— 100 pm) undergoes catastrophic oxida-
tioninairat 770 °C (Fig. 1). The rate of copper oxidation does not
depend on the starting state of bismuth but depends on its
quantity (Fig. 2). It has been found?®-2° that the rate of copper
oxidation increases with the thickness of the coating to reach a
maximum at ~100 pm thickness (Fig. 3). The process of COM is
determined by a parabolic time law, which indicates that the
process is diffusion-controlled.
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Figure 1. Kinetics of copper oxidation (/, 2) and temperature change (3);
1, without coating; 2, coated with a 30 um-thick bismuth film.
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Figure 2. Kinetics of oxidation of copper with different coatings;

(1), Bi2O3 + BixCuOy; (2), Bi; (3), BioCuOy; and (4), Bi»Os. In all cases, the
amount of bismuth per unit area of copper is the same, 7= 800 °C.
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Figure 3. Kinetics of oxidation of copper coated with Bi»O3 films of
different thickness at 7 = 800 °C. Film thickness x 10> /m: (1), 0; (2), 3;
(3), 6;(4),9;10° k [kgZ m—* s~ (1), 0.012; (2), 1.6; (3), 4.9; and (4), 21.

Here Am is the change in the mass of the specimen, S is the area of
the surface that undergoes oxidation, k is the oxidation rate
constant, and ¢ is time. The k value depends on the coating
thickness and exceeds the scale-formation constant on copper by
a factor of over 1000. The temperature of 770 °C (threshold
temperature for catastrophic oxidation of copper in the phase
diagram of CuO-Bi,03, see Refs 39—-47) corresponds to the
melting of the eutectics between Bi,O3 and Bi,CuO4. The COM
process is associated with the formation of a liquid phase in the
reaction products.

The scale on copper consists of two layers,2°~2% viz., the inner
dark layer and outer light layer with a distinct interface (Fig. 4).
The outer layer is formed of Bi»CuO4 with minor amounts of
Bi>03, Cu0, and CuO. The inner layer is built of CuO with minor
Bi>CuOy, Bi;03, and Cu,O. The concentrations of the latter two
compounds increase abruptly near the copper surface. The
distribution of elements across the scale is in quantitative and
qualitative agreement with the phase distribution shown in Fig. 4.

The position of layers in the scale shows that copper is
oxidised predominantly due to oxygen diffusion.

24 T
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Figure 4. Microstructure of the scale on copper coated with a Bi»Os3 film
and oxidised in air at 800 °C; magnification is x400.

2. Interaction of liquid phase with grain boundaries

of the solid

Model experiments carried out in order to reveal the specific
features of penetration of Bi,O3 and Bi,CuQOy into the bulk of
CuO formed upon copper oxidation show that intense penetration
of Bi»O3 or Bi,CuOy4 (in liquid state) along CuO grain boundaries
occurs at 770 °C (Fig. 5). The width of intergranular layers
depends on the quantity of compound that has penetrated and
can vary from fractions of a micron to several microns. The
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Figure 5. Microstructure of a CuO ceramics following thermal treatment
in contact with Bi>Os in air (cross-section).

penetration rate is high and reaches a few centimetres per minute
(Fig. 6). The dependence of the penetration depth on time is
linear. The activation energy of the process is 87420 kJ mol—!.
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Figure 6. Dependence of the depth of penetration of the liquid phase (/)
along CuO grain boundaries on time at different temperatures. 7' /°C: (1),
860; (2), 900; (3), 950; and (4), 1050.

The linear time dependence of the depth of penetration of the
liquid phase along grain boundaries and its high rate indicate that
the process is not diffusion-controlled.

3. Phase formation

According to the phase diagram, only one compound, namely,
Bi,CuOy, is formed in the CuO — Bi»O3 system.?*~47 The amount
of this compound decreases upon heating above 730 °C (Fig. 7).32
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Figure 7. TGA (), DTA (2), and T (3) curves for Bi>CuO4 exposed to
cyclic heating and cooling in air.

The weight loss is accompanied by an exothermic effect on the
DTA curve (2) and increases with temperature. The original
weight is restored on cooling, but a small hysteresis appears on
the TGA curve (/). The weight recovery is accompanied by
additional exothermic effects corresponding to the reverse poly-
morphic transformation of Bi,O3, § 7 —B—0a.*®~ 38 The weight
loss is caused by partial dissociation of bismuth cuprate according
to the reaction

2Bi,CuO; === 2Bi,03 + Cu0 + 0.50, 1 )

The decomposition of polycrystalline Bi,CuO4 occurs both
from the outer and inner surfaces (grain boundaries). A liquid
phase is formed at grain boundaries (Fig. 8). The figurative point
of the system in the phase diagram of Bi,O3;—Cu,O (Fig. 9) with
composition 2BirO3 + Cu,O and a temperature of 730 °C is
above the liquidus line, which corresponds to the liquid state.
The volume fraction of the liquid phase increases with temper-
ature. Hence, the equilibrium at the ternary diagram of Bi—Cu—-0O
is shifted from the Bi»O3— CuO cross-section to the Bi>O3—Cu,O
cross-section. The liquid phase forms a connected network of
channels along BiCuOy4 grain boundaries (see Fig. 8), thus
forming an LGBS.3"-32 This implies that the thermodynamic
condition of wetting, gg, > 20 (Where o is the surface tension
of grain boundaries and oy is the surface tension of the crystal—
melt interface) is fulfilled. The exothermic effect at the DTA curve
(first cycle, see Fig. 7) is probably related to wetting of grain
boundaries with the liquid.

Figure 8. Microstructure of Bi,CuQOy4, quenching from 820 °C (fractured
surface).
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Figure 9. Cross-section of the phase diagram of BiO3;—CuO, po, =
10—2 Pa. Point C corresponds to 60 mol.% of Cu,O and 40 mol.% of
Bi»0O3, T=816 °C.
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4. Liquid-channel grain-boundary structures

Experimental results?0~2%31.32 provide a reason to believe that
the liquid phase plays an important role in the COM. This phase
interacts with two-dimensional defects (grain boundaries) to form
an LGBS, which affects considerably the mass transfer in the
solid.

In some instances, the contact of solids with liquids results in
the formation of grooves where grains outcrop at the outer
surface; >~ 85 these grooves are characterised by a definite dihedral
angle 6 (Fig. 10). The value of 6 is related to the surface tensions at
the grain boundary and at the crystal-melt interface by a
mechanical equilibrium at the groove apex:

0
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Figure 10. Profile of a grain boundary groove of liquid-phase etching.

A theoretical description of changes in topography of grain-
boundary grooves and various transfer mechanisms is given by
Mullins.%: ¢! Let us briefly consider the Mullins theory of the
development of a grain-boundary groove with a thermally etched
groove as an example. Let a flat grain boundary outcrop at a flat
surface (Fig. 10). The problem is to determine the surface profile
at time ¢. The dependence of the chemical potential of an atom ata
curved surface on the surface curvature is described by the
Gibbs—Thomson equation

Hi(L) = Mi(oo) T Qi0L, “4)

where ;) and i) are the chemical potentials of the i-th
component at a surface of curvature L and at a flat surface,
respectively, Q; is the partial volume of the i-th component, and o
is the surface tension. Hence, the chemical potential of an atom is
determined by the surface curvature at this point

L=y" 1+ (5)
The value
Ap = iy — Hioo) (6)

reaches a maximum at x = 0 and decreases at x > O and x < 0. At
the same time, Vu is not equal to zero, causing a flux of atoms from
the region with a higher potential (groove tip and banks) to that
with a smaller potential (plateau), hence the groove should deepen
and widen.

The dependence of the groove dimensions on time (7) is
determined by the mechanism of the atom transfer. For example,
for surface diffusion the groove width (w) and depth (k) are
proportional to 1/4:

w = 4.6(40)"4, (7
0
h = 0.97(40)'* ctgi,
4= Dscgan’
kT

where Dy is the surface diffusion coefficient, ng is the atom surface
density, k is the Boltzmann constant, and 7 is temperature.

For bulk diffusion
w = 5(Bn'3, ®)
h = (BH'3 ctgg,
B = DoQ? p
kT

where D is the bulk diffusion coefficient and p is the bulk density.

Quite a different physical picture appears if a fast diffusion
pathway, such as liquid-phase diffusion, is possible. An analysis of
the role of this process requires that the cases of saturated and
unsaturated solutions are distinguished. The growth of a groove in
a saturated solution occurs under the action of capillary forces.
This process can be described using the Mullins theory, i.e. by the
bulk diffusion of atoms through the liquid phase. This approach
has been used repeatedly (see e.g., Refs 76—78) to find that the
groove width and depth change proportionally to ¢'/3. Calcula-
tions agree satisfactorily with experimental data,’® which shows
that the maximum growth rate of the groove in this mode is as high
as ~0.5 mm h—"'. This value is considerably lower than that in the
case of COM, where the liquid phase interacts with the grain
boundaries of a solid (see Fig. 6).

Groove growth in unsaturated solution occurs under concen-
tration gradient. Two extreme cases are possible. First, the process
can occur in a kinetic mode (2 ~ t, w ~ 1), where the groove
growth rate is controlled by dissolution, and diffusion transfer in
the liquid phase occurs fast. Second, the process can occur in a
diffusion mode (i~ 112, w~ ¢ 1/2), where the groove growth rate is
controlled by diffusion through the liquid phase, and dissolution
occurs rapidly. Calculations and experimental data’> show that
the maximum groove growth rate in the diffusion mode can be as
high as several millimetres per hour, which is also much slower
than in the case of COM.

The possibility of attainment of high rates of the groove
deepening in the kinetic mode was considered by Fradkov.®! It
was shown that in narrow grooves the groove tip moves much
faster than the banks, resembling the movement of scissors. The
groove deepening rate (v) is related to the rate of dissolution of a
flat solid surface (vg) 8!

Yo

Y T sin(0/2) ©)

However, an estimate of v using this formula showed that it is
physically unreal to reach rates of several centimetres per minute.
Such a rate can only be obtained at 0~0.2". Hence the Fradkov
model is not applicable, as also noted by the author. The situation
changes if vy increases. For example, this can occur if the groove
deepening rate is controlled by the kinetics of channel opening at
the tip rather than by that of the banks’ expansion. It has been
established experimentally that in the case of COM, where a liquid
phase interacts with grain boundaries of a solid, the rate of the
channel opening at the tip is controlled by the chemical reaction

CuO + Bi»O3 = Bi,CuOy,. (10)

It was noted above that Bi,CuOy is thermally unstable and
undergoes partial dissociation according to reaction (2). At grain
boundaries, reaction (10) occurs, which [according to Eqn (2)]
does not require any diffusion-controlled supply of the reagent,
Bi;Os, or diffusion-controlled withdrawal of the product,
Bi>CuOg. The oxygen evolved at the groove tip favours convective
mixing (as the width of liquid channels exceeds considerably the
free path of molecules).

Thus, fast penetration of a liquid along the CuO grain
boundaries occurs due to acceleration of a chemical reaction at
the grain boundaries rather than in the bulk. The most significant
factors that favour the development of this process are the
following: the chemical potential of atoms at the grain boundaries
is higher than in the bulk; a chemical reaction occurs which does
not require a diffusion-controlled supply of reagents (or diffusion-
controlled withdrawal of products); a liquid, thermally unstable



Catastrophic oxidation of metals

567

product is formed; reaction is accompanied by gas evolution; a
local temperature gradient appears due to a local chemical
reaction; and the liquid is supplied to the channel by capillary
forces.

The development of liquid channels occurs in the kinetic mode
(see Fig. 6), hence equation (9) is still valid. However, vy acquires
the meaning of the chemical reaction rate on a solid flat surface.
Estimates show that the kinetic mode of the liquid channel growth
controlled by a chemical reaction can result in narrow deep
channels with a dihedral angle at the tip 0<f<m at v ~1
cm min—! and with vy values 0.001 -1 ¢cm min—!, which are
characteristic of topochemical reactions.8%:87 The activation
energy of the process, 87 kJ mol~!, isalso typical of topochemical
reactions. 8¢

As a result of fast liquid penetration along the CuO grain
boundaries, a continuous network of intergranular liquid chan-
nels is formed, eventually resulting in the LGBS formation.

Liquid-channel grain boundary structure can also be formed
in different ways, e.g., by topochemical decomposition of ther-
mally unstable Bi,CuOy4. In both cases, the LGBS formation
manifests itself as a sharp increase in electric conductivity caused
by the onset of high ionic conductivity due to the oxygen ions.3!-32
It has been shown 2329 that an LGBS based on CuO (see Fig. 5)
readily conducts the oxygen ions. The ionic conductivity reaches
~1 Q~'em~! at 780 °C. The magnitude of conductivity is
characteristic of superionic conductors.88 92

Judging by phase composition and structure, LGBS should be
attributed to heterogeneous structures. The question about the
passage of electric current through heterogeneous structures has
been first raised by Maxwell.>? In particular, he considered the
conditions of the passage of current through a two-phase system,
which is a continuous medium with randomly distributed spher-
ical inclusions. Odelevskii®* pointed out that heterogeneous
structures can be organised in two ways. A feature of distributed
matrix structures is that one of the two or several constituent
phases always forms a bound matrix, however small volume the
phase occupies. The phases constituting a statistically distributed
structure do not form a bound matrix. Therefore, we shall treat
LGBS as distributed matrix structures the matrix of which
consists of liquid channels with a thickness from fractions of a
micron to several microns localised at the grain boundaries.

In some cases, the ionic conductivity increases at a certain
ratio of phases that form a distributed phase.”>~ 1% For example,
the ionic conductivity can increase due to boundary phenomena
on hetero-junctions.®®°° This is caused by disordering of crystal
lattices in boundary regions and an increase in the concentration
of mobile carriers. This effect is only characteristic of ionic
conductors whose conductivity originates from the Frenkel or
Shottky defects. Analogous effects are also possible if segregation
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Figure 11. Effective diffusion coefficient of LGBS calculated according to
Hart (/) and Maxwell (2); D, is the diffusion coefficient in the liquid phase
(~1073 cm? s~ 1), V> is the volume fraction of the solid phase.

of an admixture on phase boundaries produces surface transition
phases of a different chemical composition with enhanced con-
ductivity. 00

Unlike the distributed structures mentioned above, LGBS
incorporates continuous liquid channels along the grain bounda-
ries. These channels can serve as diffusion paths for ions, since the
activation energy of diffusion in a liquid is much lower than that in
a solid. Figure 11 shows the dependence of the effective diffusion
coefficient (Der) in LGBS on the volume fraction of phases
calculated according to Maxwell and Hart.?3 191 The diffusion
coefficient in the solid phase was assumed to be ~10~2 cm? s~ 1.
For example, Deris ~10~¢ cm? s~ ! if the volume fraction of the
liquid phase is 10%. Such a high diffusion permeability of LGBS is
due to the presence of a highly conductive liquid matrix.

Thus, the high ionic conductivity of LGBS is caused by the
formation of a distributed matrix structure rather than by
structural disordering as is the case in superionic conductors.

5. Mechanism of the fast stage in the catastrophic oxidation
of metals
The LGBS model makes it possible to explain the high COM rates.
Before discussing the mechanism of copper catastrophic oxida-
tion, let us accept several key assumptions.

1. A liquid layer is formed on the surface of copper due to
thermal dissociation (or melting) of Bi,CuOs. Let us assume that
reaction (2) involves at least two stages:

Bi»CuOs == Bi,O3 + CuO, (11)
CuO === 0.5Cu0 + 0.250;. (12)

Each of these steps has its own equilibrium constant. Since
ionic bonds predominate in all of the above oxides, it may be
assumed that further dissociation into ions occurs in the melt. As
an example, let us express reaction (12) in the ionic form

Cu0 === (I- 0)Cu2* + aCu* + (1— 2/2)02~ + (2/4)02, (13)

where o characterises the degree of CuO dissociation according to
reaction (12). Reaction (13), which describes an equilibrium
between ions in solution, was written assuming total dissociation
of CuO. In reality, the degree of dissociation is much less than
unity, therefore we shall consider the liquid layer as a dilute
solution.

2. Asaresult of interaction of grain boundaries with the liquid
phase, an LGBS is formed as a product of copper oxidation.

3. Copper is oxidised with oxygen dissolved in the liquid layer.
The oxygen concentration is replenished continuously by the
atmospheric oxygen.

4. The diffusion of oxygen ions through the liquid layer and
liquid intergranular channels (Fig. 12)is the rate-determining step
of the process.

Air
co
A L
1)
— |e—
C1
h Oxide o*
I
Metal
X

Figure 12. Topography of penetration of the liquid phase along the grain
boundaries and interphase boundaries and a LGBS fragment in the
catastrophic oxidation of copper.
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5. The steady state is established locally all over the scale
(where the scale is understood as the oxidation product + liquid
layer).

6. The scale thickness is large in comparison with distances
over which the effect of the bulk charge is felt (double electrical
layer).

7. The solubility of oxygen in the metal can be neglected.

Let us consider the mechanism of diffusion growth of the
oxide (see Fig. 12). Let us assume the thickness of copper oxide
that formed to be / at time ¢ and its growth to occur due to the
oxygen supplied to the surface through liquid intergranular
channels. If the concentration of oxygen in the growing oxide is
designated as ¢*, the mass balance equation is represented as
follows

_dh

—=J 14
g ; (14)
where J is the density of oxygen ion flux
de
=-D— 15
J=-Dg, (1s)

where D is the diffusion coefficient of oxygen ions and c is the
concentration of the oxygen ions;

RT

D = —,
4F%¢

(16)

where x is the partial specific electric conductivity of oxygen ions
and Fis the Faraday constant.

Let us consider two variants of the COM model. In the first
one, the liquid layer is a film of thickness A = 10—100 pm,
A < A, and A < /i (Aer =100 pm corresponds to the experimen-
tally obtained film thickness at which the maximum rate of copper
oxidation is observed).28:2° It is assumed in this case that the
material in the film is mixed and the concentration gradient of
oxygen across the film thickness is absent. The oxygen concen-
tration in the film is determined by dissociation equilibrium.
However, a concentration gradient of oxygen exists in a liquid
channel. The diffusion of oxygen occurs under permanent boun-
dary conditions (stationary problem):

c(x=0,1) =co,c(x=A,)=ci,c(x=A+h,t)= ca.

17

Assuming a linear distribution of oxygen concentration in the
channel, one obtains

Cl —C

Ve —
¢ h

(18)

The oxygen concentration ¢ is very small, so one may
consider ¢;=0 and (taking into account the mixing in a liquid
film) ¢; = ¢o. Thus,

€
= —. 19
Ve h (19)
Substitution of equation (19) into (15) gives
J = -D% (20)

Bl

The equation of mass balance (14) for thin films, taking
account of (20), takes the form

dh Co

l— = 0D 21
T h @)
(/ is the mean grain size of copper oxide and ¢ is the width of a
liquid channel in LGBS) or

Ldn Co

= — p.2 22
Cdl cfha ()

where

Dy — D;. 23)

Separation of the variables in equation (22) and integration
gives a parabolic law of copper oxidation

= k. (24)

Here £ is the rate constant for copper oxidation

k = 2Dy (25)
¢

The diffusion of oxygen anions along the liquid channel to the
growing oxide surface is accompanied by a less intense counter-
diffusion of copper cations into the film, which increases their
concentration in the film. According to equation (13), this shifts
the equilibrium to the left. As a result, the concentration of oxygen
anions ¢, and hence k, decrease. If this phenomenon is named
‘solution poisoning’, it is obvious that the thinner the film the
more pronounced this effect, and vice versa. Therefore, the
dependence of k on the film thickness (for thin films, <100 um)
can be explained by solution poisoning. This effect is insignificant
and can be neglected for thick films.

Estimates show that if the degree of CuO dissociation accord-
ing to reaction (12) equals unity and, accordingly, the degree of
Bi,CuOy4 dissociation according to reaction (11) is 0.25 (see Ref
59), and the degree of dissociation of Bi»O3 and Cu,O into ions is
about the same, the concentration of the oxygen anions in the
liquid film is ¢o = 0.03 (in atomic fractions). The rate constant for
copper oxidation under a thin layer of Bi,CuOQy is calculated
according to the formula

o 2
ktheor = 2Def§p 5

(26)
where p is the CuO density. At ¢* = 0.5, Der & 10719 m? s~ 1, and
pcuo = 6.45x103kgm—3,  we  have  Kkheor < 5.2x 1074
kg? m~—* s~ !, which is comparable to the experimental value
kexp < 2.1 x10~% kg m—* s—! (see Fig. 3).

In the second case, the liquid layer thickness exceeds the
critical value, A > A, and A>h. In this case, the gradient of
oxygen concentration exists both in the channel and in the layer:

in the layer

Co— €
= 0" 2
Ve i 27
where A = nh,n > 1, i.e.
Ve = L-4. (28)
nh
in the channel
€
Ve = —. 29
¢ =3 (29)
The expressions for the flux of oxygen ions have the form:
in the layer
Co— €
Ja = —D , 30
(A) v (30)
in the channel
¢
Jwy = —Defﬁl~ (31)
In the steady state
Jay = Juy > (32)
hence
Cop — (1 C]
D = Dgy—. 33
nh ef h ( )
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Substituting (23) into (33), we obtain

¢y —¢ o

% = 76'1, (34)
whence

. ‘o

a = 1+dn/l’ (33

The equation of mass balance (14) for thick layers is written in
the form
dh
¥ = Dy C—O.
dt h(1+on/l)
Integration of this expression gives a parabolic law of copper
oxidation

¢ (36)

= kt, (37)
where
k = 2p 0] (38)

T+ on/l

Thus, the number 7 increases and k decreases as the layer
thickens, which is in accord with experimental results.?®:2° The
theory is also applicable if the rate of metal oxidation is controlled
by the diffusion of cations. In this case, the picture changes
symmetrically, and the liquid layer is adjacent to the metal
(Fig. 12).

The suggested theory of COM is primarily valid in systems
where oxidation results in the LGBS formation in the reaction
products. As shown above, an LGBS is formed due to top-
ochemical destruction or upon interaction of a liquid with grain
boundaries of a solid. Therefore, the fast stage of the COM is most
probable in metal — oxide systems in which formation of thermally
unstable mixed or low-melting oxides is possible.

I11. Super-fast stage of catastrophic oxidation
of metals

1. Oxidation kinetics

In a study of the oxidation of copper under a bulk Bi,O3 layer
thicker than 5 mm, it was found 2%-2° that at the instant when
Bi>O3 melts (point 4 in Fig. 13) at mgi,0,/mcy = 20, copper plates
(0.5—1 mm thick) undergo super-fast (in 5—10 s) oxidation in the
medium of Bi»Os, thus reducing the latter. If mpi,0,/mcuy < 20,
only the amount of copper equal to 1/20 of the Bi»O3 mass is
oxidised super-fast, while the rest of copper is oxidised much more
slowly. The mgi,0,/mcy ratio at which super-fast oxidation of

T)°C Am /mg
800 4 16
600 q 12
400 48
200 +4 4
A
1 1 1
0 0.9 2.7 4.5 1031 /s

Figure 13. Kinetics of copper oxidation under a layer of Bi»Os in air,
mei,0, = 2.226 g, mcy, = 0.036 g.

MBi, 04
Mcy

20

0 1 1 1 1
-2 0 2 log (po, /Pa)

Figure 14. Dependence of the critical ratio (msgi,0,/mcy) on the oxygen
partial pressure (po,).

copper occurs depends on the partial oxygen pressure po,: when
Ppo, decreases, mg;,0,/mcy decreases as well. The minimum value
mpi,0,/Mcy = 3.6 is reached at po, ~ 102 Pa (Fig. 14).

The literature contains controversial thermodynamic data for
both the free energy of Bi,O3; formation and the dissociation
pressure. According to some sources, copper reduces Bi»Os, while
it does not do so according to others.!02-104

2. Mechanism of the super-fast stage of catastrophic
oxidation of metals

The high rate of copper oxidation under a layer of Bi,O3 melt at
po, = 1072-102 Pa (see Fig. 14) can be explained as follows. The
initial mass ratio mg;,0,/mcu = 3.6 corresponds to 60 mol.% of
Cu,0 and 40 mol.% of Bi»O3 (taking into account that all of the
copper is oxidised into CuO and the initial amount of BiO3
decreases accordingly). According to the phase diagram of
Bi,O3—Cu,0 (see Fig. 9), the composition of 60 mol.% of Cu,O
and 40 mol.% of Bi,O3 and the temperature 8§16 °C correspond to
point C on the liquidus line. If mpi,0,/mcy > 3.6, the figurative
point of the system is to the left of point C, while at mpg;,0,/
mcy = 3.6, these points coincide. Copper is oxidised (reducing
Bi,03) into Cu,O, which in turn undergoes continuous dissolu-
tion. Hence, super-fast oxidation occurs at the metal surface
(without a protective oxide layer) due to a redox reaction. With-
drawal of reaction products from the reaction zone probably
occurs by convective diffusion.

At mgi,o0,/mcy < 3.6, a fraction of copper which is 1/3.6 of the
Bi»O3 mass is oxidised super-fast. After that, the figurative point
of the system shifts to the right of C. Copper oxide formed on the
copper surface is in the solid state and does not dissolve.
Subsequent dissolution of copper occurs by the diffusion mecha-
nism.

Super-fast oxidation of the metal occurs also at higher partial
oxygen pressures, so that the mpi,0,/mcy ratio increases (see
Fig. 14). In this case, the mechanism of copper oxidation does
not differ in principle from that described above and the increase
in mg;,0,/mcy at which super-fast copper oxidation occurs is due to
the fact that CuO is stable at po, ~6 x 10° Pa,'%? therefore the
formation of Bi,CuQy is possible,?®~4? which is in accord with
experimental results.?®2° The decrease in the amount of copper
oxidised super-fast in air in comparison with the critical mass of
copper oxidised in vacuo is due to the formation of Bi,CuO4 and
hence depletion in the starting Bi»Os. Copper undergoes super-
fast oxidation and reduces bismuth oxide to the metal, which is
subsequently oxidised with atmospheric oxygen (section AB in
Fig. 13). Simultaneously, Cu,O is partially oxidised to CuO. The
insignificant mass decrease in the kinetic curve of copper oxida-
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tion in point A4 is due to partial dissociation of Bi»CuQO4 according
to reaction (2).

Thus, super-fast copper oxidation is caused by continuous
dissolution of the protective oxide film of Cu,O in a Bi»O3 melt.
Oxidation occurs on a permanently bare metal surface due to a
redox reaction. The critical ratio mpi,0,/mcy at which super-fast
copper oxidation occurs is determined by the position of the
figurative point on the liquidus line on the Bi»O3—Cu,O binary
phase diagram, or on the liquidus surface in a ternary diagram if
mixed oxides are formed.

IV. Conclusion

It should be noted that COM can occur both according to the
electrochemical mechanism (diffusion of ions along liquid inter-
granular channels) and according to the flux formation mecha-
nism (dissolution of the protective oxide layer). The realisation of
the particular mechanism depends on the mass ratio of the liquid
phase (mr) and the metal (n\) and the Gibbs free energies of
formation of the solid product (AG)) and the liquid phase (AG>).

1. If |[AG,| > |AG>| and my/mm = A, where A is the number
determined by the position of the figurative point of the system on
the liquidus surface corresponding to a definite composition and
temperature on the phase diagram. In this case, a redox reaction is
possible, while the LGBS formation is impossible; the figurative
point of the system is located above the liquidus surface or
coincides with it. The metal oxidation occurs at a very high rate
according to the flux formation mechanism. The metal is oxidised
within seconds.

2. If |AG,| > |AG,| and my/mm < A, then both the redox
reaction and the LGBS formation are possible. A fraction of the
metal amounting to 1/4 of the mass of the liquid phase is oxidised
according to the flux formation mechanism. The figurative point
of the system is then shifted below the liquidus surface. An LGBS
is formed on the metal surface. Subsequent metal oxidation occurs
more slowly according to the electrochemical mechanism.

3. If |AGy| < |AG,| and my/my = A, then both the redox
reaction and the LGBS formation are impossible. Both the flux
formation and electrochemical mechanisms are operative, there-
fore, the rate of metal oxidation is much lower than that in case 1.

4. If |AG,| < |AG2| and my/mv < A, then the LGBS
formation is possible but the redox reaction is impossible. The
metal fraction which amounts to 1/4 of the mass of the liquid
phase is oxidised as in the preceding case. The figurative point of
the system is then shifted below the liquidus surface. An LGBS is
formed on the metal surface. Subsequent oxidation follows the
electrochemical mechanism.

The general picture of COM can be represented as follows.
The catastrophic oxidation of metals under a thin liquid layer no
thicker than ~100 um occurs by the electrochemical mechanism
and is caused by the LGBS formation in the corrosion product. In
this case, the contribution of super-fast oxidation according to the
flux formation mechanism is insignificant, as the metal fraction
that undergoes super-fast oxidation is as small as 0.5% —3%. As
the layer thickness increases, the contribution of super-fast
oxidation becomes greater, which would change the character of
oxidation and increase the rate of the process.

Thus, the following conclusions can be made on the basis of
the data presented above.

1. The fast stage of COM is caused by the LGBS formation in
the corrosion product. The oxidation rate depends on the diffu-
sion of ions along the liquid intergranular channels.

2. The super-fast stage of COM is caused by the high rate of
dissolution of the protective oxide film. The oxidation occurs by a
redox reaction on a continuously bare metal surface.
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