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I. Introduction

Copper finds wide use as a thermal conductor in cooling

devices used in space engineering, metallurgy, fuel and

nuclear engineering, etc.1 In these devices, copper is often

in contact with refractory metals and their alloys. However,

not all of refractory metals in contact with copper ensure

sufficient safety margin of cooling devices under oxidizing

atmosphere. For instance, catastrophic (accelerated) copper

oxidation can occur in the systems Cu ±Mo, Cu ±W and

Cu ±V due to formation of low-melting oxides of refractory

metals.2, 3 The enhancement of the safety margins of cooling

devices is largely dependent on the development of views

about the mechanism of catastrophic oxidation of copper.

A considerable contribution to the understanding of the

mechanism of high-temperature oxidation of copper was

made by Wagner.4 The theory of Wagner was repeatedly

confirmed in experiments, but only for dense and solid

oxide layers formed on the copper surface in the course of

high-temperature oxidation. However, during catastrophic

oxidation when a dense oxide layer containing a liquid

phase is formed on the surface, the oxidation rate substan-

tially increases and exceeds the oxidation rate implied by the

Wagner model by orders of magnitude.5

The problem of accelerated oxidation of metals and

alloys is under active discussion.6 ± 51 Recently, significant

progress in understanding of the catastrophic oxidation of

copper has been made. Two stages, viz., fast and super-fast

ones, were detected in this process.52

The high-temperature oxidation of copper is adequately

covered in the book of Kofstad.53 A review by Belousov 54 is

devoted to the catastrophic oxidation of copper. The

present review differs by that a single approach is used to

consider both high-temperature oxidation of copper, to

which the classic model of Wagner is applicable, and

catastrophic oxidation for which new models have been

developed.55 ± 57 The experimental and theoretical results

obtained in this field for the past ten years are also

discussed.

II. Kinetics of high-temperature oxidation of
copper

The mechanism of high-temperature oxidation of copper

was the subject of numerous experimental and theoretical

studies of the first and beginning of the second half of the

last century.58 ± 68 It was established that in the temperature

range of 350 ± 1050 8C, copper is oxidized according to a

parabolic time law. The temperature dependences of the

parabolic rate constants (k00) obtained by different authors

are shown in Fig. 1, the derived activation energy values for

this process are presented in Table 1. Three regions can be

distinguished in the temperature dependence, viz., high-

temperature (900 ± 1050 8C), intermediate (600 ± 850 8C)
and low-temperature (350 ± 550 8C) regions.

In the opinion of Mrowec and Stoclosa,69 the discrep-

ancy of the temperature dependences of the copper oxida-

tion rates obtained by different authors is due to errors in

determination of the rate constant. Commonly, rate con-

stants were derived without taking into account the changes

in the copper surface area in the course of oxidation.

However, this opinion is not sufficiently convincing because

high-temperature oxidation studies are performed most

often using 0.1 ± 0.5 mm thick metallic plates, and the area

of such plates changes insignificantly during the experi-
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ment.77, 78 However, kinetic studies of the oxidation of

nickel,79 zinc,80 cobalt,81 zirconium and hafnium 82 have

showed that the rate constant of the process depends on the

material purity.

To elucidate the sources of the above-mentioned dis-

crepancies, Zhu et al.83 studied the mechanism of oxidation

of copper depending on its purity in the temperature range

of 350 ± 1050 8C. The study was performed with three types

of copper samples shaped like 0.4 ± 0.5 mm-thick discs with

a diameter of 5 mm, namely

Ð copper purified by zone melting (ZMP copper) of

>99.9999% purity,

Ð copper 6N of 99.9999% purity,

Ð copper 6N of 99.99% purity.

The content of impurities in these samples is given in

Table 2. Before oxidation, the samples were heated at

600 8C for 24 h under a hydrogen atmosphere. The changes

in their area during oxidation were calculated by the

formula proposed by Mrowec and Stoclosa.69 The change

in the rate constants turned out to be insignificant.

The kinetics of oxidation of copper of different purity in

the range of 350 ± 1050 8C is presented in the parabolic

coordinates in Fig. 2. The linear nature of these depend-

ences indicates that the copper oxidation proceeds in the

diffusion mode. In the temperature range of 900 ± 1050 8C,
all the samples are oxidized at nearly the same rate. Upon

lowering the temperature to 600 8C, the oxidation rate

depends on the purity of copper and increases in the

following series:

ZMP4 6N5 4N

At temperatures of 5600 8C, the 4N sample is oxidized

slower than the ZMP and 6N samples, which are oxidized at

virtually the same rates.

The temperature dependences of parabolic rate con-

stants for oxidation of copper of different purity are

shown in Fig. 3. Note that there are three regions in these

curves, as in similar curves shown in Fig. 1: high-temper-

ature (900 ± 1050 8C), intermediate (600 ± 850 8C) and low-

temperature (350 ± 550 8C) regions. The derived activation

energies in the high-temperature region are almost the same

for all samples and are equal to *173 kJ mol71. For the

intermediate and low-temperature regions, the values of Ea

(kJ mol71 ) are the following:

Sample ZMP 6N 4N

Ea (600 ± 800 8C) 93 111 95

Ea (350 ± 550 8C) 40 40 52

Smeltzer et al.84 demonstrated that copper oxidation in

the temperature range of 600 ± 1050 8C results in predom-

inant growth of the Cu2O phase; the rate-determining step

of the process is bulk diffusion of copper cations in the

crystal lattice of Cu2O. It was noted that in the intermediate

temperature region, grain-boundary diffusion is also possi-

ble along with bulk diffusion. The mechanism of copper

oxidation in the temperature range of 350 ± 500 8C was also

studied.70, 73, 76 It was established that the rate of copper

oxidation is controlled by grain-boundary diffusion in this

temperature range.

Typical microstructures of oxide layers on the surface of

ZMP copper pre-oxidized at 1000, 800, 600 and 400 8C are

shown in Fig. 4. The temperature dependences of the

volume fraction of CuO in the oxide layers of ZMP, 6N

and 4N copper samples are depicted in Fig. 5.

The effect of grain-boundary diffusion on the kinetics of

copper oxidation was estimated.84 The oxidation rate can be

expressed as follows:
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Figure 1. Temperature dependences of the parabolic rate constant
for oxidation of copper from Refs 69 (1), 70 (2), 71 (3), 72 (4) and
73 (5).

Table 1. Activation energy (Ea) of the high-temperature oxidation of
copper.

Purity Atmosphere T /8C Ea /kJ mol71 Ref.
(%)

99.999 air 900 ± 1050 140 69

99.99 " 300 ± 500 39 70

99.99 " 600 ± 900 123 70

99.99 oxygen 700 ± 1000 132 71

99.995 air 900 ± 1050 159 72

99.999 oxygen or air 750 ± 1040 172 73

99.999 the same 450 ± 750 84 73

9.999 " 350 ± 450 223 73

99.9 air 750 ± 1000 146 74

99.999 oxygen 660 ± 937 179 75

99.99 " 300 ± 550 84 76

99.99 " 550 ± 900 158 76

Table 2. Concentrations of impurities in the copper samples
(1074 mass%).83 ± 86

Impurity Copper sample

ZMP 6N 4N

Al 7 0.4 1.1

Si 0.004 0.3 1.5

P 7 0.01 4.2

S 0.003 0.06 4.1

Fe 7 0.7

Ni 7 0.004 0.4

Se 7 0.3 0.2

As 0.003 0.01 0.4

Sb 7 0.9

Ag 7 0.008 5.5

Bi 7 0.06

Pb 7 0.04
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d�x2�
dt
� 2DuVDc�

4DbVDcd
dt

(1)

where x is thickness of the oxide layer at time t; Du is the

bulk diffusion coefficient; V is the molar volume of the

oxide; Dc is the concentration gradient of point defects in

Cu2O (across the oxide layer); Db is the grain-boundary

diffusion coefficient; d is the width of grain boundaries; dt
is a mean size of grains at time t.

Equation (1) is nothing but

d�x2�
dt
� k00S � k00u � k00b f (2)

where k00S is the overall parabolic rate constant; k00u is a term

related to bulk diffusion in the lattice; k00b is the term due to

grain-boundary diffusion; f=2d/dt is the fraction of all

diffusion areas located at grain boundaries.

Therefore, the contribution from the grain-boundary

diffusion can be estimated by the formula

j
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Figure 2. Kinetics of oxidation of ZMP (1),
6N (2) and 4N (3) copper samples at different
temperatures (pO2

= 105 Pa).85

T /8C: 1050 (a), 1000 (b), 950 (c), 900 (d ), 850
(e), 800 ( f ), 700 (g), 600 (h), 500 (i ), 400 ( j ),
350 (k); m is the change in mass of the sample,
S is the area of the oxidized surface.
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Figure 3. Temperature dependences for the parabolic rate con-
stant of oxidation of copper of different purity (pO2

= 105 Pa).
Copper samples: ZMP (1), 6N (2) and 4N (3).86
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k00b f
k00u
� 2Dbd

Du dt
(3)

which implies that establishing the degree of influence of the

grain-boundary diffusion on the kinetics of copper oxida-

tion requires considering the density of boundaries of Cu2O

grains in the oxide layer. The larger the average size of

Cu2O grains, the lower the density of grain boundaries in

the oxide layer, and the lower the contribution from grain-

boundary diffusion, and vice versa. Columnar grains of

Cu2O are rather large in ZMP copper oxidized at 800 and

1000 8C (see Fig. 4 a,b); however, their average size is

smaller if copper is oxidized in the temperature range of

400 ± 600 8C. The temperature dependences of the average

size of Cu2O grains in the oxide layers formed upon

oxidation of ZMP, 6N and 4N copper samples are shown

in Fig. 6. The average size of Cu2O grains is *100 mm for

the high-temperature region and 51 mm for the intermedi-

ate and low-temperature regions.

Therefore, bulk diffusion prevails in the high-temper-

ature region due to formation of larger grains of Cu2O in

the oxide layer. In the intermediate region, bulk and grain-

boundary diffusions operate simultaneously. Presumably,

the decrease in activation energy in the intermediate temper-

ature range is related to the contribution of grain-boundary

diffusion. Grain-boundary diffusion is prevalent in the low-

temperature region. As the temperature decreases, the con-

tribution from grain-boundary diffusion increases, and the

activation energy of the process decreases. Thus, bulk

diffusion makes a significant contribution to the oxidation

of copper at high temperatures, whereas grain-boundary

diffusion plays an important role at temperatures below

0.4 TmCu.

In the high-temperature region where bulk diffusion is

predominant (see Figs 1 and 3), the oxidation rates for

copper samples of different purity are practically the same.

This indicates that impurities have little effect on the

kinetics of copper oxidation. Nevertheless, in intermediate-

and low-temperature regions, the oxidation rates depend on

the content of impurities in copper. It is possible that the

lower rates of oxidation and higher activation energies for

less pure copper in the low-temperature region may be

related to the segregation of impurities at the Cu2O grain

boundaries, which restricts the rate of diffusion.89, 90

The kinetics of copper oxidation depending on temper-

ature and oxygen partial pressure is presented in Fig. 7 and

8, respectively. The oxidation rate increases with increasing

temperature and partial pressure of oxygen. Plots (1 ± 5) in

Fig. 8 correspond to the partial pressure of oxygen at which

CuO is unstable, while plot (6) is obtained under partial

pressure at which CuO is stable. The double Cu2O/CuO

layer is formed on the copper surface in the latter case.
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Figure 4. Micrographs of oxide layers on ZMP copper oxidized
under oxygen atmosphere (pO2=105 Pa) for 30 min at 1000 8C (a),
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The dependences of parabolic rate constants for oxida-

tion of copper on the partial pressure of oxygen at different

temperatures are shown in Fig. 9. The rate of copper

oxidation increases with the oxygen partial pressure up to

a certain value. Further increase in pO2
does not result in the

increase in the oxidation rate. In region I where the oxygen

partial pressure is lower than the equilibrium pressure for

CuO dissociation, the oxide layer consisting of only Cu2O is

formed. It is known that Cu2O is a p type semiconductor

with deficiency of the metal in which cation vacancies and

electron holes are formed.91 ± 97 The concentration gradient

of cation vacancies in Cu2O increases with oxygen partial

pressure. The copper oxidation rate also increases. The

formation of defects in Cu2O is described by the following

equation 77

0:5O2 � OO � 2V0Cu � 2 h
.

(4)

where V0Cu is the cation vacancy, h
.
is the electron hole.

However, the vacancies and electron holes may combine

forming neutral copper vacancies (VCu) according to the

equation

V0Cu � h
.
=VCu (5)

The formation of neutral copper vacancies can be expressed

by combining equations (4) and (5)

0:5O2 � OO � 2VCu (6)

If formation of the Cu2O defect structure is described by

Eqn (4), then the dependence of the parabolic rate constant

for oxidation of copper on the oxygen partial pressure has

the form

k0* �p00O2
�1=8 (7)

If the Cu2O defect structure is formed according to Eqn

(6), the dependence is as follows:77

k0* �p00O2
�1=4 (8)

According to dependences shown in Fig. 9, the exponent

is very close to 1/4, therefore the neutral cation vacancies

should be the major defects in Cu2O.

In region II (see Fig. 9) where the oxygen partial

pressure is higher than the CuO dissociation pressure,

CuO is formed on the external surface of the Cu2O layer.

The partial pressure of oxygen at the Cu2O/CuO interface

(which determines the concentration gradient of cation

vacancies in Cu2O) does not change and corresponds to

the CuO dissociation pressure. Therefore, the rate of oxida-

tion of copper does not depend on the external pressure of

oxygen. The mechanism of oxidation of Cu2O to CuO has

been described in detail.98
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A relation for calculating the ratio of thicknesses of the

Cu2O and CuO layers formed upon high-temperature cop-

per oxidation was derived by Garnaud 99 based on the

theory of formation of double oxide layers developed by

Yurek et al.100

LCuO

LCu2O

� ÿ 1

2

�
1

1:92
ÿ 1:92A

2

�
� 1

2

�������������������������������������������������
1

1:92
ÿ 1:92A

2

�2

� 4A

s
(9)

where LCuO is the CuO layer thickness, LCu2O is the Cu2O

layer thickness,

A � 3:1926 10ÿ5exp
�
8780

T

�
(10)

Taking into account Eqn (10), relation (9) indicates that

the ratio of oxide layer thicknesses is a function of temper-

ature. The calculated ratios of thicknesses of oxide layers on

copper (Fig. 10) agree with the experimental data obtained

by Valensi.76

It should also be noted that the experimental results of

the studies 76, 87 devoted to measurement of the rate of

formation of Cu2O layer on copper correspond to the

results of another work.69 According to the latter work,

the A value in Eqn (9) is 0.058 at 900 8C, which corresponds

to a 9.2% volume fraction of CuO in the oxide layer. This

value almost coincides with the result (9.5%) obtained by

Valensi.76

III. Kinetics and mechanism of catastrophic
oxidation of copper

The term `catastrophic oxidation' introduced by Leslie and

Fontana 101 means accelerated oxidation of metals and

alloys contacting with some low-melting oxides at elevated

temperatures. For the first time, catastrophic oxidation of

copper in contact with MoO3 at 480 8C in air was described

by Rathenau and Meijering.102 They suggested that the

catastrophic oxidation of copper in contact with MoO3 is

related to the formation of liquid phase in the oxide layer.

Later, this concept was developed by Belou-

sov.2, 3, 5, 30, 52, 54 ± 57, 103 ± 106 Two stages, fast and super-fast

ones, were revealed in the catastrophic oxidation of copper

in contact with Bi2O3.52, 54, 55

1. Catastrophic oxidation of copper in contact with
low-melting oxides Bi2O3, MoO3 and V2O5

a. The Cu ±Bi2O3 system

The fast stage of catastrophic oxidation of copper

It was found that copper coated by a thin (10 ± 100 mm)

bismuth film is catastrophically oxidized in air at 770 8C
(Fig. 11).2, 5, 52, 55 The rate of oxidation of copper does not

depend on the initial form of bismuth (metal, oxide or

bismuth cuprate) (Fig. 12), it is affected by the amount of

bismuth per unit area of copper.

The dependences of the rates of catastrophic copper

oxidation on the Bi2O3 film thickness in parabolic coordi-

nates are shown in Fig. 13. The catastrophic oxidation of

copper is described by the following law:�
m

S

�2

� k00t (11)

where m is the change in mass of the sample, S is the copper

surface area, k00 is the parabolic rate constant for oxidation
of copper, t is time. This indicates a diffusion-controlled

process. The k00 value depends on the thickness of the film
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Figure 10. Temperature dependences of the CuO volume fraction
in the oxide layer.
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respectively, (3) Garnaud's calculations by formula (9).99
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and exceeds the parabolic rate constant for oxidation of

copper without a film by more than two orders of magni-

tude.

A micrograph of the double oxide layer formed upon

catastrophic oxidation of copper in contact with Bi2O3 is

shown in Fig. 14. The outer dark part of the oxide layer

consists mainly of Bi2CuO4. The inner light part is predom-

inantly CuO and some amounts of Cu2O, Bi2O3 and

Bi2CuO4.

In accordance with the Bi2O3 ±CuO phase diagram

(Fig. 15), the threshold temperature (770 8C) for cata-

strophic oxidation of copper in contact with Bi2O3 coincides

with the eutectic point. Therefore, the catastrophic copper

oxidation is related to the formation of the liquid phase in

the oxide layer. To reveal the role of this phase, ionic

conductivity of model Bi2CuO4 ± Bi2O3 composites with

respect to oxygen was measured 108 ± 111 above the eutectic

point (7708C).
Transport properties of model Bi2CuO4 ± nBi2O3 composites

(n=5 mass%, 10 mass%, 15 mass%, 20 mass%)

It was found 108 that triple grain junctions and grain

boundaries are wetted by eutectic melt in Bi2CuO4 ± nBi2O3

composite ceramics (n=5 mass%, 10 mass%, 15 mass%,

20 mass%) at 770 8C. Consider this phenomenon taking

Bi2CuO4 ± 20 mass%Bi2O3 composite ceramics as an exam-

ple. In the starting microstructure of this composite, the

light Bi2O3 phase is randomly distributed in the composite

bulk (Fig. 16 a). As the composite is heated above 770 8C,
the triple grain junctions and some grain boundaries are

wetted by the eutectic melt and a liquid-channel grain-

boundary structure is formed (Fig. 16 b,c). The microstruc-

ture of the quenched wetting melt at triple grain-boundary

junctions is shown in Fig. 17. The micrograph confirms the

existence of the eutectics. The formation of the liquid-
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Figure 15. Phase diagram for the Bi2O3 ±CuO system.107
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Figure 16. Micrographs of the Bi2CuO4 ± 20 mass% Bi2O3 ceramic composite.108

(a) Cooling from 700 8C; (b, c) cooling from 780 8C.
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channel grain-boundary structure may substantially influ-

ence the transport properties of the composite.

The dependence of oxygen ion conductivity (si ) on the

volume fraction of the liquid phase (Z) for composites with

liquid-channel grain-boundary structure is shown in Fig. 18

. The ionic conductivity increases with increasing volume

fraction of the liquid phase. Particularly, oxygen ionic

conductivity at Z=0.2 amounts to 3.261072 O71 cm71.

High oxygen ion conductivity of composites with liquid-

channel grain-boundary structure is due to the presence of

liquid matrix in them. Thus, due to the formation of

continuous liquid channels in the oxide layer formed during

the catastrophic oxidation of copper in contact with Bi2O3,

its diffusion permeability with respect to oxygen can sig-

nificantly increase. The copper oxidation rate increases with

the increase of the volume fraction of the liquid phase in the

oxide layer.

Super-fast stage of catastrophic oxidation of copper

Oxidation of copper under thick (10 ± 30 mm) layers of

Bi2O3 was analysed in a number of studies.2, 3, 5, 52 It was

found that 0.2 ± 1 mm-thick copper plates are oxidized

super-fast (within 5 ± 10 s) upon Bi2O3 melting (820 8C),
and simultaneously Bi2O3 is reduced to metallic bismuth.

Copper undergoes super-fast oxidation in air if the mass of

bismuth oxide (mBi2O3
) exceeds 20 times the mass of copper

(mCu). The critical ratio mBi2O3
:mCu decreases with decreas-

ing oxygen partial pressure (Fig. 19). For instance, copper is

oxidized super-fast at mBi2O3
:mCu=3.6 if pO2

= 1072 ±

102 Pa.

The kinetic curve of catastrophic oxidation of copper

under a thick layer of Bi2O3 in air is shown in Fig. 20. At

the melting point of Bi2O3 (point A), an anomalous devia-

tion from the monotonic mass increase is observed. If the

process is terminated at point A, no copper is detected in the

oxidation product but there are granules of metallic bis-

muth and Bi2O3 and Cu2O phases, and also a minor amount

of Bi2CuO4. The final oxidation product (point B) consists

of Bi2O3, Bi2CuO4 and minor amounts of Cu2O and CuO.

Thus, super-fast oxidation of copper occurs at point A

according to the equation

6Cu+Bi2O3 3Cu2O+2 Bi (12)

The mass increase in the region AB is due to oxidation of

bismuth to Bi2O3 and also, in part, of Cu2O to CuO by

atmospheric oxygen.

The microstructure of the product of super-fast copper

oxidation under thick layer of bismuth oxide is shown in

Fig. 21. Two components are readily discerned, Bi2O3

(grey) and Cu2O (light). Metallic bismuth is present in the

oxidation product as granules. The masses of reactants and

products are given in Table 3. It can be seen that super-fast

oxidation of copper occurs if mBi2O3
:mCu5 3.6.

The super-fast oxidation of copper under thick layer of

Bi2O3 melt at pO2
=1077 ± 1073 atm can be explained in the

following way. The mass ratio mBi2O3
:mCu=3.6 (or

5 mm

Figure 17. Micrograph of the solidified wetting melt at a triple
Bi2CuO4 grain junction.108

logsi (O71 m71)
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0

0 5 10 15 20 Z6102

Figure 18. Ionic conductivity with respect to oxygen of the compo-
sites Bi2CuO4 ± nBi2O3 (n=5 mass%, 10 mass%, 15 mass%,
20 mass%) with the liquid-channel grain-boundary structure vs.
the volume fraction of the liquid phase at 800 8C.55
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Figure 19. Critical mBi2O3
:mCu ratio vs. the oxygen partial pres-

sure.52
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Figure 20. Kinetics of catastrophic oxidation of copper under thick
layer of Bi2O3 in air.52

mBi2O3
= 2.226 g, mCu =0.036 g.
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60 mol.% Cu2O and 40 mol.% Bi2O3, taking into account

that copper is oxidized to Cu2O and the content of Bi2O3 in

the mixture decreases) in the phase diagram of the Bi2O3 ±

Cu2O system (Fig. 22) at the Bi2O3 melting point (820 8C)
corresponds to point C of the liquidus. If mBi2O3

:mCu4 3.6,

the virtual point lies above the liquidus, copper is oxidized

to Cu2O, which continuously dissolves in the melt. There-

fore the super-fast oxidation of copper occurs on a perma-

nently exposed metallic surface (having no protective oxide

layer). If mBi2O3
:mCu5 3.6, a part of copper equal to 1 : 3.6

of the Bi2O3 mass undergoes super-fast oxidation, then the

virtual point shifts below the liquidus to the two-phase

region, where solid Cu2O and the melt are in equilibrium. A

solid Cu2O layer containing the liquid phase is formed on

copper surface in the course of subsequent oxidation, which

proceeds according to diffusion mechanism (the fast stage).

The super-fast oxidation of copper is also observed at

pO2
4 102 Pa; however, the critical ratio of the bismuth

oxide mass to the copper mass sharply increases under

these conditions (see Fig. 19). In this case, the mechanism

of super-fast oxidation of copper does not basically differ

from the mechanism described above with the only excep-

tion that CuO is thermodynamically stable at

pO2
& 66103 Pa, and the formation of Bi2CuO4 accompa-

nied by a decrease in the amount of starting Bi2O3 is

possible. The minor decrease in the mass in the kinetic

curve of copper oxidation (see Fig. 20, point A) is, prob-

ably, due to incongruent melting of Bi2CuO4.107

Thus, super-fast oxidation of copper is related to the

permanent dissolution of the protective oxide layer in the

melt and occurs on exposed metallic surface according to

Eqn (12). The critical ratio mBi2O3
:mCu at which super-fast

oxidation of copper occurs is determined by location of the

virtual point in the liquidus of the Bi2O3 ±Cu2O state

diagram corresponding to the Bi2O3 melting point (820 8C).
Catastrophic oxidation of copper in contact with Bi2O3

can proceed according to both the diffusion mechanism (the

fast stage) and the mechanism involving dissolution of a

protective oxide layer (super-fast stage). Depending on the

ratio of masses of copper and low-melting oxide, one or

another mechanism is implemented. In the case of cata-

strophic copper oxidation, the diffusion mechanism oper-

ates if copper is coated by a thin layer (5100 mm) of low-

melting oxide and the solution mechanism is realized if

copper is coated by a thick layer (41 cm).

b. The Cu ±MoO3 and Cu ±V2O5 systems

The fast stage of catastrophic oxidation of copper

The kinetics of catastrophic oxidation of copper in contact

with MoO3 and V2O5 was studied by Klimashin and

Belousov.56, 57, 112, 113 The kinetic curves for oxidation of

copper precoated by MoO3 at 500, 600 and 700 8C in air

are shown in Fig. 23. The coated copper is catastrophically

oxidized at 480 8C. The copper oxidation rate increases with

increasing the specific weight of the coating (curves 2 ± 4 in

Fig. 23 a ± c).

The kinetics curves for oxidation of copper coated by a

V2O5 layer are shown in Fig. 23 d ± f. In this case, copper is

catastrophically oxidized at 560 8C. The copper oxidation

rate also increases with increasing specific weight of the

coating (curves 2, 3 and 4 in Fig. 23 d ± f ).

The threshold temperatures for catastrophic oxidation

of copper in the Cu ±MoO3 and Cu ±V2 O5 systems (480 8C
and 560 8C, respectively) coincide with the melting points of

the eutectics between Cu2O and MoO3 and between Cu2O

and V2O5, respectively (Fig. 24).

The typical microstructure of the oxide layer formed in

the catastrophic oxidation of copper in contact with MoO3

(or V2O5) in air is demonstrated by micrographs shown in

Figs 25 and 26. Transverse through channels consisting of

10 mm

Figure 21. Micrograph of products of catastrophic oxidation of
copper under the Bi2O3 thick layer.52

pO2
= 1 Pa, mBi2O3

:mCu =3.6, T=820 8C.

Table 3. Masses (g) of the starting reactants and final products formed
upon copper oxidation (T=820 8C and pO2

=10 Pa) under a thick
layer of Bi2O3.5

mBi2O3
mCu mBi mBi mCu mBi2O3

:mCu

(see a) (see b) (see c) (see d)

3.262 0.384 0.418 0.420 0 8.49

3.329 0.548 0.597 0.607 0 6.02

3.106 0.640 0.696 0.698 0 4.85

3.047 0.738 0.803 0.795 0 4.13

3.475 0.960 1.050 1.045 0 3.60

3.475 1.200 1.050 1.050 0.2 2.90

aCalculation according to reaction (12). b Experiment. c The residue

(experimental). d The initial ratio.
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T /8C
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a+b

ba+
L

a

Cu2OBi2O3 0.5

Figure 22. Phase diagram of the Bi2O3 ±Cu2O system.52
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2
1
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Figure 25. Micrographs of the oxide layer formed in the cata-
strophic oxidation of copper in contact with MoO3 at 600 8C (a)
and distribution of copper (1) and molybdenum (2) in the layer
(b).56 The specific weight of MoO3 is 0.9 kg m72.
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Cu2O, MoO3 (or V2O5) and mixed oxide Cu3Mo2O9 (or

Cu3VO4) are seen. The rest of the layer is formed by Cu2O

and CuO.

A micrograph of the transverse channels is shown in

Fig. 27. A typical eutectic is seen in the micrographs. This

indicates that the transverse channels were liquid during

catastrophic oxidation. The liquid channels may serve to

transport ions of oxygen or copper because diffusion

coefficients in melts are larger than in solids.

Transport properties of model MoO3 ±CuMoO4 and

V2O5 ±CuV2O6 composites

To determine the role of the liquid phase in the catastrophic

oxidation of copper in contact with low-melting oxides

MoO3 and V2O5, the permeability of model composites

MoO3 ± (8 ± 11) mass% CuMoO4 and V2O5 ± (12 ± 18)

mass% CuV2O6 with respect to oxygen was measured by

gas chromatography both below (the solid phases) and

above the solidus temperature (in the two-phase region of

the state diagram where the solid and liquid phases are in

equilibrium).56, 57 The choice of these phases was dictated

by availability of their phase diagrams,114, 115 which enabled

targeted variation of the volume fraction of the liquid phase

in the composites at temperatures above the eutectic points,

which are 710 8C for the MoO3 ±CuMoO4 system and

630 8C for the V2O5 ± CuV2O6 system.

High permeability of the composites with respect to

oxygen was only detected at and above the eutectic point.

The oxygen permeability below the eutectic point (when the

phase is solid) was not revealed. The results of measure-

ments of oxygen flux (J) through composites, including

solid oxide and melt depending on the volume fraction of

the liquid phase are shown in Figs 28 and 29. The oxygen

flux through these composites increases with the increase in

the volume fraction of the liquid phase and amounts to

1.761074 mol m72 s71 for MoO3 ± 11 mass% CuMoO4

(Z& 25 vol.%) at 710 8C and 1.661074 mol m72 s71 for

V2O5 ± 18 mass% CuV2O6 (Z& 30 vol.%) at 630 8C.
In accordance with the Wagner equation,1 the specific

oxygen flux through these composites is expressed as

follows:

J � RT

16LF2
sambln

p00O2

p0O2

(13)

where R is the universal gas constant, L is thickness of the

sample, F is the Faraday constant, p00O2
and p0O2

are partial

oxygen pressures on the opposite sides of the composite

(p00O2
55 p0O2

), samb is ambipolar conductivity

samb �
si se

si � se
(14)

si is oxygen ionic conductivity, se is electronic conductivity.
If se 44 si, Eqn (14) is transformed to the form

samb= si. This equation is valid for high-temperature

oxidation of copper when a solid oxide layer is formed on

ba

10 mm10 mm

Figure 26. Micrographs of the oxide layer formed in the catastrophic oxidation of copper in contact with V2O5 at 700 8C (a) and
distribution of vanadium in the layer (b).57 The specific weight of V2O5 is 0.225 kg m72.

a

b

1 mm

1 mm

Figure 27. Micrographs of transverse channels in the oxide layers
shown in Fig. 25 a (a) and 26 a (b).56, 57
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its surface. If an oxide layer containing the liquid phase is

formed on the copper surface, its ionic conductivity may be

of the same order of magnitude as the electronic conductiv-

ity,116 ± 124 then Eqn (14) is applicable. The rate of cata-

strophic oxidation of copper is limited by ambipolar

conductivity for oxygen ions and electrons, i.e., by associ-

ated diffusion of oxygen ions along liquid channels and

transport of electrons in both the liquid and solid

phases.122, 123

On the basis of the presented experimental data, it is

possible to conclude that formation of transverse liquid

channels in the oxide layer leads to the substantial increase

in its diffusion permeability for oxygen, this results in the

sharp increase of the rate of copper oxidation. The greater

the volume fraction of the liquid phase in the oxide layer,

the higher the rate of oxidation of copper.

Reactions in the Cu ±MoO3 and Cu ±V2O5 systems

During catastrophic oxidation of copper in contact with

MoO3 or V2O5, redox reactions can proceed at the copper/

oxide layer interface where partial oxygen pressure is

reduced. Studies of the reactions in the Cu ±MoO3 and

Cu ±V2O5 systems at 795 8C and 670 8C (at the melting

points of MoO3 and V2O5, respectively) and pO2
= 0.2 Pa

have demonstrated 56, 57 that the following reactions occur

in these systems

2Cu+MoO3 Cu2O+MoO2 (15)

2Cu+V2O5 Cu2O+2VO2 (16)

Thermodynamic calculations 125 also confirm that these

reactions are possible.

Rate constants

The kinetic curves for catastrophic oxidation of copper (see

Fig. 23) are straight lines in parabolic coordinates (Fig. 30).

This means that the catastrophic oxidation of copper

follows a parabolic time law. The rate of the process is

determined by associated diffusion of oxygen ions along

liquid channels in the oxide layer and electrons in both the

liquid and solid phases.126

Parabolic rate constants for catastrophic oxidation of

copper obtained by formula (11) from the data presented in

Fig. 30 are summarized in Table 4. The parabolic rate

constant of catastrophic oxidation of copper coated by

MoO3 or V2O5 increases with the increase in the specific

weight of the latter and can exceed the parabolic rate

constant for high-temperature oxidation of uncoated cop-

per by two orders of magnitude.

The temperature dependences of parabolic rate con-

stants for catastrophic oxidation of copper in the

Cu ±MoO3 and Cu ±V2O5 systems are shown in Fig. 31.

The activation energies were obtained with the use of these

dependences.

The activation energies for the Cu ±MoO3 system are

the following:

mMoO3

S
/kg m72 0.3 0.6 0.9

Ea /kJ mol71 71.5 74.9 87.5

The activation energies for the Cu ±V2O5 system are the

following:

mV2O5

S
/kg m72 0.075 0.150 0.225

Ea /kJ mol71 89.3 80.0 86.2

1.8
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0.6

J6104 /mol m2 s71
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16 18 20 22 24 Z (vol.%)

Figure 28. Dependence of the specific oxygen flux on the volume
fraction of the liquid phase in the MoO3 ± nCuMoO4 composites at
720 8C.56

n (mass%): 8 (1), 9 (2), 10 (3), 11 (4).
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Figure 29. Dependence of the specific oxygen flux on the volume of
the liquid phase in the V2O5 ± nCuV2O6 composites at 640 8C.57

n (mass%): 12 (1), 14 (2), 16 (3), 18 (4).

Table 4. Parabolic rate constants for catastrophic oxidation of copper
in contact with MoO3 or V2O5.112, 113, 125

mMoO3

S
(see a) T /8C k00 (see b)

mV2O5

S
(see a) T /8C k00 (see b)

0 500 2.561078 0 600 1.061077

0.3 500 9.361077 0.075 600 9.861077

0.6 500 1.961076 0.15 600 2.761076

0.9 500 2.361076 0.225 600 4.561076

0 600 1.061077 0 700 2.961077

0.3 600 3.161076 0.075 700 3.461076

0.6 600 6.561076 0.15 700 8.661076

0.9 600 1.061075 0.225 700 1.661075

0 700 2.961077 0 800 1.061076

0.3 700 9.261076 0.075 800 9.761076

0.6 700 2.161075 0.15 800 2.261075

0.9 700 3.861075 0.225 800 4.161075

a In kg m72. b In kg2 m74 s71
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2.Model of catastrophic oxidation of copper under thin layer
of low-melting oxide
Before turning to the quantitative description of the cata-

strophic oxidation of copper in contact with low-melting

oxides, we formulate the key points of the model:

Ð continuous transverse liquid channels are formed in

the oxide layer during catastrophic oxidation of copper;

Ð the liquid channels serve as diffusion paths for oxy-

gen ions;

Ð at the metal/oxide interface, copper reacts with low-

melting oxide according to reactions (12), (15) or (16);

Ð the reaction products are oxidized by air oxygen,

which is transported along the liquid channels;

Ð the diffusion of oxygen ions along the liquid channels

is the rate-limiting step of the process;

Ð oxygen ions and electrons are the major charge

carriers;

Ð the oxide layer thickness is much greater than the

distance by which the space charge can act (electrical double

layer).

Suppose that at time t the thickness of the oxide layer on

copper is h (Fig. 32). If oxygen concentration in the oxide

layer is c*, the equation of the mass balance takes the

following form:

c�
dh

dt
� J (17)

where J is the oxygen flux through the effective cross-

section of the liquid phase in the oxide layer.
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Figure 30. Kinetics of oxidation of copper in contact with MoO3 (a ± c) and V2O5 (d ± f ) in air at 500 (a), 600 (b, d ), 700 (c, e) and
800 8C ( f );56, 57

(a ± c): Specific weight of MoO3 /kg m72: 0 (no coating) (1), 0.3 (2), 0.6 (3), 0.9 (4);
(d ± f ): specific weight of V2O5 /kg m72: 0 (no coating) (1), 0.075 (2), 0.15 (3), 0.225 (4 ).
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In accordance with Fick's first law, the flux is expressed

as follows:

J � ÿDef

dc

dx
(18)

where Def is an effective diffusion coefficient for oxygen

ions in the oxide layer

Def � Di Z (19)

Di is diffusion coefficient for oxygen ions in the liquid

phase, Z is the volume fraction of the liquid phase in the

oxide layer.

By substituting the oxygen flux expressed by Eqns (18)

and (19) into the right-hand part of Eqn (17), one gets

c�
dh

dt
� ÿDi Z

dc

dx
(20)

If we assume that a steady state is established at the

oxide layer/air and copper/oxide layer interfaces, then the

diffusion of oxygen occurs at constant boundary conditions

cx=0, t=c0 and cx=h, t=c1. Assuming a linear change in the

concentration of oxygen ions in the liquid channel, we

obtain

dc

dx
� c1 ÿ c0

h
(21)

If the oxygen ion concentration c1 is taken to be zero (as

it is very low), then expression (21) is transformed to the

form

dc

dx
� ÿ c0

h
(22)

By substituting Eqn (22) into (20), one obtains

c�
dh

dt
� Di Z

c0
h

(23)

Separation of the variables in Eqn (23) and integration

c�
�h
0

hdh � Di Zc0

�t
0

dt (24)

gives a parabolic time law for oxidation

h2 � k0t (25)

where k0 is the parabolic rate constant for oxidation of

copper

k0 � 2Di Zc0
c�

(26)

The constants k00 (kg2 m74 s71) and k0 (m2 s71 ) are

related by the following equation:

k00 � r2k0 (27)

where r is the density of the oxide layer.

By substituting the expression for k0 (26) into Eqn (27),

one obtains

k00 � 2Di r
2Zc0

c�
(28)

The density of the oxide layer and the oxygen concen-

tration in the layer can be assumed to be equal to these

values for Cu2O (r=66103 kg m73, c*=4.26104

mol m73). According to the data of a publication,127

diffusion coefficient and concentration of dissolved oxygen

in metal oxide melts are Di& 561079 m2 s71, c0&
10 mol m73.

The parabolic rate constants for catastrophic oxidation

of copper in contact with MoO3 or V2O5, calculated by

Eqn (28) with the use of experimental data on the volume

fraction of the liquid phase in the oxide layer (see Figs 25

and 26) and obtained experimentally are of the same order

of magnitude (Table 5). Thus, the theory agrees with experi-

ment.

* * *

It can be concluded from the above discussion that the

process of high-temperature oxidation of copper is a dif-

fusion-controlled process. The rate of the high-temperature

oxidation of copper is determined by the bulk diffusion of

copper cations in solid Cu2O. The process of catastrophic

copper oxidation may occur both in diffusion (the fast

stage) and in kinetic (super-fast stage) regimes. In the first

case, the rate of catastrophic oxidation of copper is deter-

The solid phase

The liquid phase
Cu

c*

hx 0

c1 c0

Figure 32. Schematic view of the oxide layer formed on the copper
surface during catastrophic oxidation.

Table 5. Calculated and experimentally obtained parabolic rate con-
stants for catastrophic oxidation of copper in contact with MoO3 and
V2O5.127

mOx

S
/kg m72 T /8C Z k006105 /kg2 m74 s71

(see a) experiment calculations

Oxidation of copper in contact with MoO3

0.9 600 0.16 1.0 1.4

0.9 700 0.25 3.8 2.2

Oxidation of copper in contact with V2O5

0.225 700 0.14 1.6 1.2

0.225 800 0.27 4.1 2.3

amOx is the specific weight of the oxide.
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mined by the diffusion of oxygen anions in the liquid phase,

while in the second case, it is determined by dissolution of

the Cu2O protective oxide layer.

Lately, the concepts concerning the processes of accel-

erated charge and mass transfer with participation of liquid

phases in oxide layers formed on metal surfaces during

catastrophic oxidation have been markedly extended.126

This greatly influenced the development of, for example,

membrane science. For instance, new ion transport mem-

branes possessing highly selective oxygen permeability were

developed 122 ± 124, 128 ± 133 on the basis of composites with

the liquid-channel grain-boundary structure; they represent

an alternative to traditional ceramic membranes. Never-

theless, there is a number of unsolved problems in this area.

One challenge is to ascertain the mechanisms of oxygen ion

and electron transport in metal oxide melts.134, 135 Another

important problem consists in the development of a quanti-

tative theory of ion transport in the solid oxide/melt

interfaces. The solution of these fundamental problems

will significantly contribute to the understanding of the

catastrophic oxidation of metals and to the development

of materials for effective metal protection.
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