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1 SUMMARY

The spent nuclear fuel is planned to be stored in steel canisters that have an outer shield
made of copper. The copper shield is responsible for the corrosion protection of the
canister construction.

General corrosion of the copper will not be the limiting factor in the waste repository
environment when estimating the life-time of the canister construction. However,
localised corrosion, i.e. pitting and stress corrosion cracking (SCC), may destroy the
construction. Nitrites, chlorides, sulphides and carbonates has been suggested to
promote the localised corrosion of copper.

The effect of nitrite on the electrical and electrochemical properties of surface films on
copper was studied in this work in oxidising 0.1 M borate buffer and in 0.1 M borate
buffer + 0.3 M NaNO2 solution in pH 8.9 at 80°C temperature.

The film resistance growth rate, i.e. the film growth rate, of Cu2O is decreased in the
presence of nitrite ions in the solution. The film resistance growth rate of Cu2O +
CuO/Cu(OH)2 films at open circuit potential increased in the presence of nitrite ions in
the solution. Nitrite ions do not affect the electrical properties of Cu2O and Cu2O +
CuO/Cu(OH)2 films. According to the polarisation curve measurements performed
using Cu2O and Cu2O + CuO/Cu(OH)2 films nitrite affects the electrochemical reactions
taking place both in the solution and on the oxide surface.

The applicability of SCC models on the explanation of nitrite induced SCC of copper is
discussed. A more comprehensive study is needed in order to quantitatively determine
the amounts of Cu (I) and Cu(II) ions dissolving on copper in the presence of nitrites.



2 INTRODUCTION

In Sweden and Finland the spent nuclear fuel is planned to be encapsulated in steel
canisters that have an outer shield made of copper. The effect of the repository
environment on the life time of the canister and its materials needs to be known when
the barrier properties of the canister are estimated.

The copper shield is responsible for the corrosion protection of the current canister
construction. General corrosion of the canister shield is currently estimated not to be the
life-limiting factor in the waste repository environment. However, stress corrosion
cracking (SCC) phenomena, where environment enhances both crack nucleation and
crack growth, may be possible in certain environments.

The repository environment is oxidising for some time after closing up, but is
considered to become reducing when oxygen is consumed, and no replenishment
occurs. However, the oxides that form on copper during the manufacture are oxides that
are typical for an oxidising environment, and reduction of these oxides can be very
slow. Therefore, information of susceptibility of copper to localised corrosion in both
oxidising and reducing environments is needed.

The properties of the surface films play a critical role in localised corrosion phenomena,
including SCC [1]. However, in case of copper, a thorough investigation of the
properties of the surface films has been lacking. New surface sensitive techniques have
become available, which pinpoints the need for a more detailed investigation of the role
of the surface films. As this type of approach is rather new, it is felt that experimental
work needs to be performed not only in simulated ground water but also in solutions
with more accurately controlled properties. Buffered solutions are used in order to
establish a constant pH.

The role of surface films in SCC has been included in particular in two mechanistic
models dealing with stress corrosion cracking in nuclear environments. The most widely
known model by far is the slip step dissolution model introduced especially by
Andresen and Ford [2].

Recently, a new Selective Dissolution - Vacancy - Creep (SDVC) mechanistic model
for stress corrosion cracking has been developed [3]. The model has been applied to
interpret the SCC phenomena in Inconel 600 in pressurised water reactor (PWR)
environments [3] and the occurrence of.SCC in brass exposed to tap water [4].

This project is a part of a larger long term research program called "Correlation of
Oxide Film Properties and SCC Susceptibility of Copper in repository Environment".
The program was launched in order to develop a mechanistic understanding as well as a
sufficient database for assessing the possibility of stress corrosion cracking and the
extent of pitting of copper under the expected disposal vault conditions.



Each project of the program consists of characterisation of the electrochemical and
electrical properties of the surface films on copper in a given environment. The projects
(as of November 1996) are shown in Table I.

Table I List of projects. BBS = Borate Buffer Solution, RGW = Reference Ground
Water.

Environment
BBS

BBS + NaNO2

BBS + Cl'
BBS + Sz"

BBS + C(V~
Swedish RGW
Finnish RGW

Swedish RGW + Sz'
Finnish RGW + Sz"

Redox-conditions
Reducing
Oxidising
Reducing
Reducing
Reducing
Reducing
Reducing
Reducing
Reducing

Year of completion
1996
1996
1997
1997
1998
1998
1999
1999
1999

The surface film characterisation work is supported by simultaneous separate projects in
which modelling of pitting and stress corrosion cracking of copper is performed.

The purpose of this work is to characterise the electrical properties of passive films
forming on copper in oxygen containing tetraborate buffer solution with and without
sodium nitrite (NaNO2) covering the second environment shown in Table I.

2.1 Background

Copper is known to undergo stress corrosion cracking (SCC) in nitrite, ammoniacal and
cupric acetate solutions in oxidising conditions [6-16].

Pednekar et al. [6] found transgranular SCC (TGSCC) for copper in aerated 1 M NaNO2

(pH = 8.2) solution at corrosion potential of about +0.90 V vs. Reversible Hydrogen
Electrode (RHE) scale. When using RHE scale the electrode potentials are compared to
H2/H

+ equilibrium line in same solution. Aaltonen et al [9] observed brittle TGSCC in
simulated ground water containing 0.3 M NaNO2 at 80°C at potentials higher than
+0.82 VRHE. At potentials lower than +0.82 VRHE mixed inter- and transgranular SCC
was observed. TGSCC was found in 1 M NaNO2 solutions (pH = 9) at potentials higher
than +0.62 WRHE [10] and +0.67 VRHE [7]. When copper was polarised to +0.77 VRHE

TGSCC was obtained at NaNO2 concentrations 0.5 M or more [7]. According to
Benjamin et al. [8] environmental assisted failure occurs at potentials higher than +0.67
VRHE

 a t NaNO2 concentrations 1 M or less. The highest non-cracking potential is raised
as the NaNO2 concentration is reduced, except that no SCC was observed in 0.001 M



NaNO2 solution at any potential. Similarly the SCC occurrence of copper in NaNO2

solutions is proportional to the oxygen content of the solution and thus to its open
circuit potential [8]. Uchida [11] obtained SCC in 0.001 M NaNO2 solution at pH 7.3 -
7.5 in the potential region +0.68 - 0.78 VRHE.

2.2 Definition of the problem

A schematic presentation of the crack tip and of surface films on crack walls and sample
surface is shown in Figure 1. It can be assumed that the potential of the metal in open
circuit conditions is determined by the corrosion potential of the bulk surface. As the
fracture proceeds, new fresh metallic copper is exposed to the environment. The
potential difference between the metal and the solution determines, what happens to the
exposed metal surface. The magnitude of this potential difference depends on the
conductivity of the solution, the geometry of the crack and the magnitudes of the ionic
currents. When an anodic current flows towards the crack mouth, the potential
difference between the metal and the solution is less positive in the vicinity of the crack
tip than at the crack mouth. Accordingly, close to the crack tip copper most probably
oxidises to Cu2O. An other CuO/Cu(OH)2 oxide grows on the Cu2O film later or closer
to the crack mouth [17, 5], where the potential difference between the metal and the
solution is more positive. Based on these statements, the properties of both Cu2O and
Cu2O + CuO/Cu(OH)2 layers must be studied in order to characterise the conditions
inside the crack properly.

The surface of bulk copper is covered by a duplex Cu2O + CuO/Cu(OH)2 oxide layer. If
the kinetics of the crack growth process is controlled by the cathodic reaction taking
place on the surface of the bulk sample, the duplex Cu2O + CuO/Cu(OH)2 layer controls
the crack growth rate, because the properties of the oxide affect the rate of cathodic
reaction. The electrode potential of copper covered with such a film, i.e. the open circuit
potential of copper in the nitrite and oxygen containing water at pH 9 is about +0.85
"VRHE - +0.95 VRHE. TGSCC of copper has been observed in this potential region [9]. In
this work the electrical properties of duplex Cu2O + CuO/Cu(OH)2 films formed both at
+0.85 VRHE

 a n ^ a t °P e n circuit potential were studied.

The stress corrosion cracking process is supposed to proceed intermittently [18]. Using
the crack growth rate data (da/dt) and the crack propagation step (/) from the fracture
surfaces presented in [19] the average time period between the crack steps is

/ 1.710"6w c r n 1A .
t = • - = • • • =569s«l0min (I)

da 3 . i o ~ 9 w
dt



Figure 1 A schematic presentation of a crack in copper and the positions of metallic
copper at the crack tip, Cu2O near the crack tip and the outermost
CuO/Cu(OH)2 layer. The figure describes the situation immediately after a
crack propagation step has occurred.

in simulated ground water at 80°C temperature at circa +0.87 VRHE. According to the
equation (1) the properties of Cu2O films that are younger than 10 minutes are
representative of the film at the crack tip. On the other hand, it has been found
experimentally [5] that the films on copper have stable electrical properties after an
exposure time of roughly 1 hour. In this work the electrical properties of Cu2O films
grown for about six minutes and for two hours were studied.

The purpose of this work is to find out if nitrite ions affect the electrical properties of
films on copper or if their harmful effect is due to the solution based reactions on the
copper surface. Because the nature of the oxides on crack walls and on bulk samples is
different, the properties of both Cu2O and Cu2O + CuO/Cu(OH)2 layers were studied.
Thus Cu2O + CuO/Cu(OH)2 films grown at +0.85 VRHE and at open circuit potential and
Cu2O films grown for six minutes and two hours were studied.



3 EXPERIMENTAL

Phosphorus microalloyed copper (Cu OFP) produced by Outokumpu Poricopper Oy
was used as the test material. Its chemical composition is shown in Table II. The
specimens were taken from a sheet hot rolled at temperature from 850°C to 800°C. The
properties of the copper sheet analysed by Outokumpu Poricopper Oy are presented in
Table III.

Table II Composition of investigated Cu OFP.

O/ppm
1.5

P /ppm
45

Fe / ppm
2

Cu / %
99.992

Table III Properties of investigated Cu OFP.

tensile strength
(MPa)

215

yield strength
(MPa)

52

fracture strain
(%)
50

grain size (mm)

0.09-0.12

conductivity
(% IACS)

97.5

Oxygen free high conductivity copper (Cu OFHC) and platinum were used as disk
electrodes and platinum as ring electrode in the rotating ring disk electrode (RRDE)
studies.

Tests were performed in an autoclave in 0.1 M borax solution and in 0.1 M borax + 0.3
M sodium nitrite (NaNO2) solution at 80°C temperature. Borax solution was made of
pro analysis Na2B4O7 (Merck 1.06306) and of ion exchanged water (MilliRo). The room
temperature pH of 0.1 M borax solution is 9.2. The pH at 80°C was estimated to be 8.9
using thermodynamical calculations. Sodium nitrite containing solution was made of
pro analysis NaNO2 (J. T. Baker 0297).

A 0.1 M silver / silver chloride electrode filled with 0.1 M KC1 solution was used as a
reference electrode in autoclave tests. All the potentials in this work are reported versus
reversible hydrogen electrode scale (RHE).

A Wenking LB 81M potentiostat was used for potential controlling and monitoring. The
potential sweeps were performed using a "Hi-Tek Instruments PPRI" waveform
generator. The electrical properties of surface films were measured using the Contact
Electric Resistance (CER) technique, the principle of which is described in [20]. The
used HT-CER apparatus has been manufactured by Cormet Ltd. All the tests except the
RRDE tests were performed in a static stainless steel cladded autoclave. The volume of
the autoclave was 8 dm .



4 RESULTS

4.1 Resistance - polarisation curves

General information about the electrochemical behaviour of copper in borate solution
with and without nitrite is gained by measuring the film resistance and the polarisation
current as a function of potential.

The electrical properties of surface films were measured using the Contact Electric
Resistance (CER) technique, the principle of which is described in [20]. Before starting
CER tests the contact surfaces (diameter 2 mm) were polished and the air borne oxides
were removed using 4000 grit SiC emery paper. Contact surfaces were rinsed with ion-
purified water and pressed together after which the CER apparatus was installed
immediately into an autoclave. Oxide film resistance was monitored using the normal
CER measurement procedure [20]. The contact displacement used was 1000 steps which
corresponds to a nominal stress of 0.67 MPa.

The potential sweeps were started at circa -0.03 VRHE and they were measured up to
about +1.30 VRHE. The sweep rate was 1 mV/s.

The film resistance and the polarisation current measured in pure borate buffer solution
and in nitrite containing solution are shown in Figures 2 and 3, respectively.

The sweeps show film resistance (RF) peaks in the vicinity of corresponding current
peaks. The first RF and current peaks at about +0.60 VRHE are related to the formation of
the copper (I) oxide, i.e. Cu2O. The following two RF peaks situated at about +0.9 VRHE

and +1.05 VRHE
 a r e related to the formation of copper (II) compounds, i.e. CuO and

Cu(OH)2.

The considerable difference between the behaviour of samples in borate solution and in
nitrite containing solution is that film resistance peaks of the samples investigated in
nitrite containing solutions are less distinguishable than of the ones investigated in
borate solution. The magnitude of anodic current was higher as the solution contained
nitrites. Additionally, there is a small positive current peak at +1.15 VRHE with the
nitrites present. The current increase at high potentials in nitrite containing solutions
took place at about 200 mV lower than in borate solution.
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Figure 2 The film resistance and polarisation current measured as function of
potential in a solution containing 0.1 M borate. The sweep rate was 1 mV/s
and the potential range -0.030 VRHE - +1.70
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Figure 3 The film resistance and polarisation current measured as a function of
potential in a solution containing 0.1 M borate + 0.3 M NaNO2. The sweep
rate was 1 mV/s and the potential range -0.030 VRHE - +1.6
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4.2 Growth kinetics of films on copper

The growth kinetics of the oxide films was investigated using potentiostatic and open
circuit film resistance measurements. Measurements were performed using CER
technique. The measurement procedure is presented in Chapter 4.1. Measurements were
performed at +0.55 VRHE, at +0.85 VRHE

 a n ^ at open circuit potential (OCP) that varied
from +0.85 VRHE to 0.95 V , ^ . A Cu2O film is supposed to grow at +0.55 VRHE and a
duplex Cu2O + Cu(OH)2 film at +0.85 VRHE and at OCP.

4.2.1 Growth kinetics of Cu2O films on copper

The film resistance - time curves measured in identical experiments at +0.55 VRHE in 0.1
M borate buffer and in 0.1 M borate buffer + 0.3 M NaNO2 solutions during the first
minutes of the exposure are shown in Figures 4 and 5. At the beginning the film
resistances are of order of 1 mQ that represents the clean, unoxidised copper surface. As
shown in Figures 4 and 5 and in Table IV where the film resistance and the film
resistance growth rate data are presented, the Cu2O films grow faster during the first
minutes of exposure in pure borate buffer solution than in nitrite containing solution.

G

le+1

le+0 -

le-1

le-2

le-3

le-4

Figure 4 The growth of the Cu2O films on Cu OFP during the first 6 minutes of
exposure in 0.1 M borate solution at +0.55 VRHE. The curves are from
independent measurements.
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le+O r

le-3

le-4

Figure 5 The growth of the Cu2O films on Cu OFP during the first 6 minutes of
exposure in 0.1 M borate +0.3 M NaNO2 solution at +0.55

Table IV The film resistances (Rf{t)) and film resistance growth rates (Rp(t)/t)
determined for Cu2O films on Cu OFP in 0.1 M borate and in 0.1 M borate
buffer + 0.3 M NaNO2 solution at +0.55 VRHE shown in Figures 4 and 5.

borate

NaNO2

11 min
6
6
6
6
6
6

6.10
0.87
0.28
1.93

0.007
0.007

Rfit)/t 1 mQ/min
1017
145
47
322

1
1

The film resistance - time curves measured at +0.55 VRHE in 0.1 M borate buffer and in
0.1 M borate buffer + 0.3 M NaNO2 solutions during first two hours of the exposure are
shown in Figures 6 and 7. The film resistance and the film resistance growth rate data
are presented in Table V.

The growth of a film resistance can be divided roughly in three periods as shown in
Figure 6. At the beginning of the exposure the film resistance values are of order of 1
mQ. In about 10 minutes film resistance increases to a level of 1 - 10 Q (period I). A
slower film resistance growth begins after 10-20 minutes exposure (period II). After
exposure of 1 - 2 hours the film converts practically to an insulator (period III).
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Figure 6 The growth of Cu2O films on Cu OFP in 0.1 M borate solution at +0.55
VRHE. The time periods I, II and III introduced in the text above are
presented in the figure for the lower curve.
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Figure 7 The growth of Cu2O films on Cu OFP in 0.1 M borate + 0.3 M NaNO2

solution at +0.55

As shown in Figures 6 and 7 the period I lasts longer in nitrite containing solution, but
the growth rates are of same order of magnitude when determined over the entire time
period of 10 or 18 minutes. However, the growth rate in the nitrite containing solutions
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after 10 minutes exposure, when the period I determined in the pure borate buffer
solution ends, is only 20 - 50 mQ/min.

Table V The film resistances (Rp{t)) and film resistance growth rates (Rp(t)/t)
determined for Cu2O films on Cu OFP in 0.1 M borate and in 0.1 M borate
buffer + 0.3 M NaNO2 solution at +0.55 VRHE shown in Figures 6 and 7.

borate

NaNO2

/ /min
10
10
10
10
18
18

Rfit) 1Q
8.7

0.42
0.53
0.21
8.7
1.7

Rpityt 1 mQ/min
870
40
50
20
480
90

4.2.2 Growth kinetics of Cu2O + CuO/Cu(OH)2 films on copper

The curves describing the growth of duplex Cu2O + CuO/Cu(OH)2 films at +0.85
in 0.1 M borate buffer solution and in 0.1 M borate buffer + 0.3 M NaNO2 solution are
shown in Figures 8 and 9, respectively. The film resistance growth rates measured at
+0.85 VRHE

 m borate buffer solution and in nitrite containing solution are presented in
Tables VI and VII, respectively. The film resistance - time behaviour is characterised by
a rapid increase to a level of 100 Q - 1000 Q at the beginning of the exposure (period I).
From this level the logarithm of film resistance increases linearly in time - log(RF) -
scale (period II), until the resolution limit (-400 kQ) of the measurement system is met
(period III). The measurements performed in borate solution and in nitrite containing
solution are practically similar.
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Figure 8 The growth of the duplex Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M
borate solution at +0.85 V , ^ . The time periods I, II and III introduced in
the text above are presented in the figure.

le-1
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Time / min

60 70 80

Figure 9 The growth of the duplex Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M
borate + 0.3 M NaN02 solution at +0.85



15

Table VI The film resistances (Rf(t)) and film resistance growth rates (Rp(t)/t)
determined for the Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate
solution at +0.85 VRHE shown in Figure 8.

period I

period II

t / mm
2.6
7.2

28.4
26

Rf{t) 1 kQ
0.46
0.42
340
164

Rf(t)/t 1 kQ/min
0.2
0.1
11.9
6.1

Table VII The film resistances (Rf(t)) and film resistance growth rates
determined for the Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate
+ 0.3 M NaNO2 solution at +0.85 VRHE shown in Figure 9.

period I

period II

r/min
0.67
0.32
50
50

Rf(t) 1 Y.Q.
0.68
0.99
231
885

Rpityt 1 kQ/min
1.0
3.1
4.6
17.7

The curves describing the growth of duplex Cu2O + CuO/Cu(OH)2 films at open circuit
potentials in 0.1 M borate buffer solution are shown in Figures 10 and 11. The
respective curves measured in NaNO2 containing solutions are shown in Figure 12. The
film resistance growth rates measured at open circuit potential in borate buffer solution
and in nitrite containing solution are presented in Tables VIII and IX, respectively.

All the curves measured at OCP remind the ones measured at +0.85 VRHE shown in
Figures 8 and 9. The open circuit potentials of the probes measured in nitrite containing
solution are about +0.93 VRHE and they stay stable during the measurement. The open
circuit potentials of the samples studied in borate buffer solution are of about 0.85 VRHE

- 0.90 VRHE at the beginning of the exposure and they rise about 20 - 30 mV during the
measurement period of less than two hours. The film resistance growth rates are at least
one order of magnitude higher in nitrite containing solution than in pure borate buffer
solution. This can be due to the somewhat higher redox potential of the nitrite
containing solutions.
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Figure 10 The film resistance and potential as a function of time of the Cu2O +
CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate solution at open circuit
potential.
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Figure 11 The film resistance and potential as a function of time of the Cu2O +
CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate solution at open circuit
potential.
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Figure 12 The growth of the Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate
+ 0.3 M NaNO2 solution at open circuit potentials 0.94 VRHE and 0.92

Table VIII The film resistances (Rf(t)) and film resistance growth rates {Rp{t)lt)
determined for Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate
buffer solution at open circuit potential shown in Figures 10 and 11.

period I

period II

11 mm
5

2.7
28
26

Rf(t) 1 kQ
0.26
0.96
113
59

Rf(tyt 1 kQ/min
0.1
0.4
4.0
2.3

Table IX The film resistances (Rp{t)) and film resistance growth rates (Rp(tyt)
determined for Cu2O + CuO/Cu(OH)2 films on Cu OFP in 0.1 M borate
buffer + 0.3 M NaNO2 solution at open circuit potential shown in Figure 12.

period I

period II

/ /min
0.88
0.33
1.7
9.0

Rf(t) 1 kQ
42

0.14
127
113

Rf(tyt 1 kQ/min
48
4
50
12
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4.2.3 Summary

The film resistance growth rate data shows that Cu2O films grow slower in nitrite
containing solution than in pure borate buffer solution. At +0.85 VRHE the growth
kinetics of the duplex Cu2O + CuO/Cu(OH)2 films are identical in pure buffer solution
and in nitrite containing solution. The films grow faster at open circuit potential in
nitrite containing solution than in pure borate buffer solution probably because the
nitrite concentration of 0.3 M increases the open circuit potential about 40 mV.

4.3 Film thickness measurements

In several cases the thickness of oxide layers can be electrochemically estimated [26, 5].
The film thickness determination is based on the determination of the charge of the
cathodic current peaks obtained as an existing oxide film is reduced using a cathodic
potential sweep. The film thickness can be estimated using this method if there is no
competing reduction processes, e.g. oxygen reduction or nitrite reduction. Thus, in this
study the films were grown in nitrite and oxygen containing solutions but they were
reduced in 0.1 M borate buffer solution. The oxygen of the solution was removed using
an Ar + 3% H2 gas mixture.
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Figure 13 Cathodic polarisation curves performed for oxide films grown
potentiostatically at +0.85 VRHE for five minutes in 0.1 M borate buffer +
0.3 M NaNO2 solution. The measurements were performed in 0.1 M borate
buffer solution with and without oxygen.
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Figure 13 shows an example of the film reduction in oxygen containing and in oxygen
free solutions. In oxygen containing solution a high current most probably due to the
reduction of oxygen overlaps all other currents. When the oxygen is removed the
cathodic current peaks due to the Cu (II) reduction to Cu (I) and Cu (I) reduction to
metallic copper are better distinguishable. However, there are high base currents that
decrease the precision of film thickness determination essentially. The existence of the
base currents is probably due to the reduction of nitrite ions that are on the sample
surface. Thus this method could not be recommended for the measurement of film
thickness in oxidising environments. Ellipsometry could be used as an alternative
method.

4.4 Characterisation of electrical properties of films on copper

Semiconductive properties of the surface films grown for two hours were characterised
by polarising the film to another potential for about 20 seconds, measuring the
resistance and then returning to the original growth potential. Then the same procedure
was repeated switching the potential for another 20 seconds progressively to more
positive or more negative potentials. The same measurement was performed for Cu2O
films grown for 6 minutes using a potential sweep. The sweep rate was either 0.1
VRHE/min or 0.2 VRHE/min. The potential sweeps were performed using a waveform
generator. The obtained film resistance data is presented as a function of the electrode
potential.

The semiconductive properties, i.e. the semiconductor type and the flatband potential,
and the activation energies for electrical conduction were determined for the films
grown in 0.1 M borate buffer and in 0.1 M borate buffer + 0.3 M NaNO2 solutions. The
films were grown at +0.55 VRHE (CU2O), at +0.85 VRHE (CU2O + CuO/Cu(OH)2) and at
open circuit potential (Cu2O + CuO/Cu(OH)2). Two kinds of Cu2O films were studied:
films grown for six minutes and for two hours.

4.4.1 Cu2O films grown at +0.55 VRHE

4.4.1.1 Potential dependence of film resistance

The film resistance - potential curves of the films grown at +0.55 VRHE f° r s i x minutes
and for two hours in borate solution and in nitrite containing solutions are shown in
Figures 14 - 17. All the films have p-type semiconductive characteristics, i.e. electron
holes act as major charge carriers and thus the anodic polarisation increases the charge
carrier concentration and decreases the resistance. The flatband potentials of the films,
i.e. the potentials where the films reach the minimum resistance levels, are circa +0.87
VRHE that is about 0.1 VRHE higher than measured for a respective film in a reducing
environment [5]. At room temperature a clearly lower EFB value of+0.44 VRHE has been
determined for Cu2O in 0.1 M borate buffer solution at pH 9.2 [21]. The flatband
potentials are presented in Table X.
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Table X The flatband potentials (EFB), the film conductivity dependencies on the
oxygen pressure (n) the acceptor densities (A^) and the activation energies
for electrical conduction (EA) of Cu2O films grown at +0.55 VRHE.

Environment

0.1 M borate

0.1 M borate + 0.3 MNaNO2

Polarisation time

6 min
6min

2 hours
6 min

2 hours
2 hours

EFBI

VRHE

0.88
0.87

0.88
0.87

0.86

-

n

2.0
3.1
6.4
4.1
5.8
-

NA

7.1-1018

4.9.10'8

4.2-10"
1.3-1016

1.0-1016

-

EA 1 kJ/mol

-
-

35.4
-

38.6

39.4

le+4

le+3

a
OS

le+2

le+1
0.7 0.8 0.9

Potential / V RHE

1.0

Figure 14 Potential dependencies of film resistance of two independently studied
Cu2O films grown for six minutes on Cu OFP at +0.55 V^ME m 0.1 M borate
solution. EFB = +0.87 VRHE.
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Figure 15 Potential dependence of film resistance of a Cu2O film grown for six
minutes on Cu OFP at +0.55 VRHE in 0.1 M borate +0.3 M NaNO2 solution.
EFB = +0.87
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Figure 16 Potential dependence of film resistance of a Cu2O film grown for two hours
on Cu OFP at +0.55 VRHE in 0.1 M borate solution. EFB = +0.87 VRHE.
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Figure 17 Potential dependence of film resistance of a Cu2O film grown for two hours
on Cu OFP at +0.55 VRHE in 0.1 M borate +0.3 M NaNO2 solution. EFB =
+0.87 VRHE.

4.4.1.2 Potential dependence of cation vacancies and electron holes

If it is assumed that the films are in equilibrium the quantitative estimation of the
dependence of the film resistance on the electrode potential can be characterised using
the parameter n, which is introduced elsewhere [5, 22]. The general dependence
between the film resistance and the n value is expressed as

n

where a is a constant and

log PO, (2)

£-1.18306

0.01753
(3)

at 80°C temperature and at pH 8.9. The electrode potential (E) is expressed in
scale. According to equation (2) the n value is proportional to the film resistance and
inversely proportional to the electron hole and cation vacancy concentration [5]. The
data presented in Figures 14-17 were reanalysed using the equation (2). An example of
the n value determination is shown in Figure 18 where the data presented in Figure 14 is
presented in log (l/RF) versus logpo2 format. The n values calculated from the slope of
the log (\/Rf) - logpo2 plots are listed in Table X.
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Table X shows that the n value of the films grown for six minutes varies from 2 to 4,
whereas the films grown for two hours have values around 6. This indicates that the
structure of the young, probably very thin films is less ordered than that of the older
films. Theoretically the n value for an ideal Cu2O lattice is 8 [22]. However, n values of
7 to 8 have been determined for bulk Cu2O formed at high temperature [22, 23]. n
values 6.9 and 7.0 were determined for almost respective films grown at +0.60 VRHE in
borate buffer solution at a reducing environment [5] which indicates that the oxidising
environment causes some disorder in the Cu2O films.

o

-24 -22 -20

log pO,

-18 -16 -14

Figure 18 Oxygen pressure dependence of log(l/RF) for a film grown for six minutes
on Cu OFP at +0.55 VRHE in 0.1 M borate solution. The n value in this
particular case is calculated from slope of the line shown in the figure.

4.4.1.3 Acceptor concentration

A p-type Zn doped GaAs semiconductor has been used for the calibration of the film
resistance dependence on the acceptor concentration [24]. The calibration is performed
in the flatband potential of the semiconductor, where the effect of the space charge layer
on the electronic conduction is insignificant. Film resistance 0.25 Q at flatband potential
region has been measured for a GaAs semiconductor that has A^ = 210 cm" . Using
this relationship between the acceptor concentration and the film resistance the acceptor
concentrations shown in Table X were determined for the Cu2O films. The NA values
confirm the observation that the defect concentration of the young films is higher than
that of the older films. The obtained values are close to the NA value 2.1 10
for a Cu2O film grown in 0.1 M NaOH at room temperature [25].

18
determined
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4.4.1.4 Activation energies

Apparent activation energies for the electric conduction process in Cu2O films were
determined in the temperature range from 70°C to 120°C. Activation energy value, EA,
is obtained from the equation (4)

, [ T 1 A EA 1
In - —. \ = A - - A •

\RF(T) R T
(4)

where T is the temperature (K), Rf{T) is the film resistance, A is a constant and R is the
gas constant (8.314 J/K mol). A film was formed at a +0.55 V j ^ for two hours after
which it was isolated from the environment during the heating or cooling period by
pressing the sample tips together. When the desired temperature was reached the film
resistance was determined as fast as possible in order to avoid structural changes of the
film.

The Arrhenius diagrams for electrical conduction of Cu2O films grown for two hours in
pure borate buffer solution or in nitrite containing solution are shown in Figures 19 and
20, respectively. The determined EA values are presented in Table X. The determined
activation energy values (35.4 kJ/mol borate solution and 39 kJ/mol nitrite containing
solution) are practically identical for oxides grown in pure borate and in nitrite
containing solutions. These values are in fairly good agreement with the activation
energy value 42 kJ/mol for a Cu2O film grown on Cu OFP in borate buffer solution in
reducing environment at 80°C temperature [5]. A literature value of 60 kJ/mol has been
reported for bulk Cu2O oxide at high temperature [23]. A bulk Cu2O has a higher
activation energy value probably because its structure is more stoichiometric.

0.0025 0.0026 0.0027

1/T

0.0028
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Figure 19 Arrhenius plots for electronic conduction for a film formed at +0.55 VRHE
 o n

Cu OFP in 0.1 M borate solution. Activation energy is 35.4 kJ/mol.

0.0025 0.0026 0.0027 0.0028 0.0029

1/T

Figure 20 Two independent Arrhenius plots for electronic conduction for films formed
at +0.55 VRHE on Cu OFP in 0.1 M borate + 0.3 M NaNO2 solution.
Activation energies are 38.6 kJ/mol and 39.4 kJ/mol.

4.4.2 Cu2O + CuO/Cu(OH)2 films grown at +0.85 VRHE and open circuit potential

The semiconductive properties of Cu2O + CuO/Cu(OH)2 films grown for two hours
were characterised measuring the film resistance as a function of potential as described
in Chapter 4.4.1. The potential was altered using a waveform generator.

The film resistance - potential (RF - E) and current - potential (I - E) curves of Cu2O +
CuO/Cu(OH)2 films grown at +0.85 VRHE in pure borate solution and in nitrite
containing solution are shown in Figures 21 and 22, respectively. The respective curves
measured for films grown at open circuit potential are shown in Figures 2 3 - 2 5 . The
essential numerical data from the tests is presented in Table XI.

The open circuit potentials of the samples were in the range of +0.84 VRHE - +0.94
VRHE. Typically a polarisation curve was started from +0.85 VRHE

 o r fr°m t n e °P e n

circuit potential. The highest potential was about +1.8 VRHE. Measured RF - E curves
have two characteristical parts. At potential region from about 1.1 VRHE to 1.5 VRHE the
film resistance decreases slowly. At potentials higher than +1.4 VRHE

 m e Rf E curves
become steeper. The film resistance does not decrease anymore at potentials higher than
+1.6 VRHE.

 T n e polarisation current starts to increase about 50 mV after the film
resistance decrease.
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Table XI The flatband potentials (EFB), film conductivity dependencies on the oxygen
pressure («) and the activation energies for electrical conduction (EA) of the
Cu2O + CuO/Cu(OH)2 films grown at +0.85 VRHE and at open circuit
potential (OCP).

Environment

0.1 Mborate

0.1 M borate + 0.3 M NaNO2

Polarisation /
VRHE

0.85
0.85
OCP
0.85
OCP
OCP

EFBI
VRHE

1.75
-

1.8
1.6
1.6
1.6

n

5.1
-

6.0
-

5.5
6.9

EA 1 kJ/mol

39.3
27.2
36.8
22.1
30.1

-

G

le+6 F

le+5

le+4

le+3

le+2

le+0

- le-1 <
E

- le-2

le-3
0.8 1.0 1.2 1.4 1.6

Potential / V RHE

1.8 2.0

Figure 21 Potential dependence of resistance and polarisation current of a film grown
for two hours on Cu OFP at +0.85 VRHE in 0.1 M borate solution.
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Figure 22 Potential dependence of resistance and polarisation current of a film grown
for two hours on Cu OFP at +0.85 VRHE in 0.1 M borate + 0.3 M NaNO2

solution.
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Figure 23 Potential dependence of resistance and polarisation current of a film grown
for two hours on Cu OFP at open circuit potential in 0.1 M borate solution.
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Figure 24 Potential dependence of resistance and polarisation current of a film grown
for two hours on Cu OFP at open circuit potential (OCP = +0.84 VRHE) in
0.1 M borate + 0.3 M NaNO2 solution.

le+5 3 le+1

le+4 :

le+3 :

le+2 le-3
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Potential / V RHE

Figure 25 Potential dependence of resistance and polarisation current of a film grown
for two hours on Cu OFP at open circuit potential (OCP = +0.84 VRHE) in
0.1 M borate + 0.3 M NaNO2 solution.
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4.4.2.1 Potential dependence of film resistance

The flatband potentials have been determined at the potential region higher than +1.6
VRHE and they are presented in Table XI. The oxide at this potential region is probably
not a Cu (II) compound but a higher valence CuOy • zH2O [26] or copper III oxide [27].
The flatband potentials of the films grown in nitrite containing environment are about
200 mV lower than those of an oxide grown in pure borate buffer solution. Oxides
grown at +1.0 VRHE in a reducing environment had flatband potentials higher than +1.4
VRHE [5]. Literature references give EFB values from +0.7 VRHE to +1.1 V^ME f° r a

duplex Cu2O + CuO film at room temperature [26, 28-30].

4.4.2.2 Potential dependence of cation vacancies and electron holes

Oxygen pressure dependence of log(l/7?) and n value determination was performed
according to the procedure introduced in Chapter 4.4.1.2 for the films grown at +0.85
VRHE and at OCP in pure borate solution and in nitrite containing solution. An example
of a log(l//?) vs. log po2 curve is shown in Figure 26.

The determined n values at potential region from 1.1 VRHE to 1.5 VRHE are of order of
40. At higher potentials the steep RF slopes give n values from 5.1 to 6.9. The
theoretical n value for CuO is 6. The alteration of solution or the polarisation art do not
affect the n values.

-30

Figure 26 Oxygen pressure dependence of log(l/R) for a film grown for two hours on
Cu OFP at +0.85 VRHE in 0.1 M borate solution. The n value in this
particular case is calculated from slope of the line shown in the figure.
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4.4.2.3 Activation energies

The Arrhenius diagrams for electrical conduction of Cu2O + CuO/Cu(OH)2 films grown
for two hours in borate buffer solution at +0.85 VRHE and at open circuit potential are
shown in Figures 27 and 28. They were determined using the procedure presented in
Chapter 4.4.1.4. The respective curves measured in nitrite containing solution are shown
in Figures 29 and 30. The determined activation energy (EA) values are presented in
Table XI.

The activation energy values of films grown in pure borate buffer solution are similar to
the values obtained for Cu2O films indicating that the electrical conduction rate is
determined by the Cu2O film or by the metal/Cu2O interface. The values obtained for
films grown in nitrite containing solutions are somewhat lower. The activation energies
determined in reducing environment gave values of 52 kJ/mol and 124 kJ/mol [5].
Kofstad reports an activation energy value of 107.6 kJ/mol for bulk CuO [23]. A bulk
CuO has a higher activation energy value probably because its structure is more
stoichiometric.

-2

-3

-4

-5

-6
0.0025 0.0028

Figure 27 Two independent Arrhenius plots for electronic conduction for films formed
at +0.85 VRJ^ on Cu OFP in 0.1 M borate solution. Activation energies are
39.3 kJ/mol and 27.2 kJ/mol.
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-2.0

-2.2
0.0025 0.0028

Figure 28 Arrhenius plot for electronic conduction for a film formed at +0.85 VRHE on
Cu OFP in 0.1 M borate + 0.3 M NaNO2 solution. Activation energy is 22.1
kJ/mol

-3.0

0.0025 0.0028

Figure 29 Arrhenius plot for electronic conduction for a film formed at open circuit
potential (OCP = +0.92 VRHE) on Cu OFP in 0.1 M borate solution.
Activation energy is 36.8 kJ/mol.
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0.0025 0.0029

Figure 30 Arrhenius plot for electronic conduction for a film formed at open circuit
potential (OCP = +0.92 VRHE) on Cu OFP in 0.1 M borate + 0.3 M NaNO2

solution. Activation energy is 30.1 kJ/mol.

4.4.3 Summary

Nor the age of the film or the presence of nitrite ions in the solution affect the electrical
properties of Cu2O films grown on Cu OFP in 0.1 M borate buffer solution. The duplex
Cu2O + CuO/Cu(OH)2 films grown at +0.85 VRHE or at OCP have practically the same
electrical properties. Only the activation energies determined in nitrite containing
solutions are somewhat lower.

The presence of nitrite ions lowers the onset of a process that decreases the film
resistance and increases the polarisation current at potentials higher than +1.4 VRHE-

However, this process takes place at such a high potential region, that it most probably
does not affect the SCC phenomena.

4.5 Cyclic potentiodynamic polarisation curves

The effect of NaNO2 on the electrochemical behaviour of Cu2O and CuO/Cu(OH)2 films
was studied. Tests were performed using copper rods ( 0 6 mm) that were moulded in
epoxy resin. The exposed area of the samples was 0.28 cm2. Specimens were polished
using SiC 4000 paper before the measurement.

The following procedure was followed for Cu2O films:
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1) Growth for 2 hours at +0.7 VRHE in 0.1 M borate buffer solution. Cyclic polarisation
curves in 0.1 M borate buffer solution from +0.5 VRHE to +1.2 VRHE and back to +0.5

using three potential sweep rates: 10 mV/s, 1 mV/s and 0.1 mV/s.

2) Growth for 2 hours at +0.7 VRHE in 0.1 M borate buffer solution. Cyclic polarisation
curves (same potential region and potential sweep rates as above) in 0.1 M borate
buffer + 0.3 M sodium nitrite solution.

3) Growth for 2 hours at +0.7 VRHE in 0.1 M borate buffer + 0.3 M sodium nitrite
solution. Cyclic polarisation curves (same potential region and potential sweep rates
as above) in 0.1 M borate buffer + 0.3 M sodium nitrite solution.

4) Growth for 2 hours at +0.7 VRHE in 0.1 M borate buffer + 0.3 M sodium nitrite
solution. Cyclic polarisation curves (same potential region and potential sweep rates
as above) in 0.1 M borate buffer solution.

Similar procedure was performed for duplex Cu2O + CuO/Cu(OH)2 films. The growth
potential was +1.0 VRHE instead of+0.7 VRHE and the potentials sweeps were performed
in the potential range from +0.8 VRHE to +1.2 VRHE and back to +0.8

The purpose of the measurement procedure described above was to find out if the nitrite
affects a) the electrochemical behaviour of copper via the solution, b) via an influence
on the properties of the solid film, c) via both or d) if it does not have an effect on
neither of these.

4.5.1 Cyclic polarisation curves for Cu2O films

The polarisation curves measured in 0.1 M borate buffer solution for Cu2O grown in the
same solution for two hours are shown in Figure 31. The higher the sweep rate, the
steeper is the curve. The current peaks describing the oxidation of Cu (I) compounds to
Cu (II) compounds at the potentials around +0.9 VRHE as well as the reverse process at
potentials less than +0.7 VRHE can be observed.

Corresponding polarisation curves measured in 0.1 M borate buffer + 0.3 M sodium
nitrite solution for Cu2O grown in the 0.1 M borate buffer solution are shown in Figure
32. In addition to the peaks observed in Figure 31, a current peak at the potential region
from +1.05 VRHE to +1.2 VRHE on the positive slope of the curve was observed. The
peak was observed only for the sweep rate 1 mV/s. No corresponding cathodic peak can
be seen. The magnitude of currents measured in nitrite containing solutions are higher
than that measured in pure borate buffer solution.
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Figure 31 Cyclic polarisation curves of a Cu2O film grown at +0.70 VRHE for 2 hours
on Cu OFP in borate buffer solution at 80°C. The measurement was
performed in borate buffer solution.
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Figure 32 Cyclic polarisation curves of a Cu2O film grown at +0.70 VRHE for 2 hours
on Cu OFP in 0.1 M borate buffer solution at 80°C. The measurement was
performed in 0.1 M borate + 0.3 M NaNO2 solution.

The polarisation curves measured in 0.1 M borate buffer + 0.3 M sodium nitrite solution
for Cu2O grown in the same solution are shown in Figure 33. A similar current peak as
seen in Figure 34 can be observed.
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The polarisation curves shown in Figure 34 measured at 0.1 M borate buffer solution for
a Cu2O film grown in 0.1 M borate buffer + 0.3 M sodium nitrite solution remind curves
shown in Figure 31. No current peak at high potentials can be observed.
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Figure 33 Cyclic polarisation curves of a film Cu2O grown at +0.70 VRHE for 2 hours
on Cu OFP in 0.1 M borate buffer + 0.3 M NaNO2 solution at 80°C. The
measurement was performed in 0.1 M borate + 0.3 M NaNO2 solution.
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Figure 34 Cyclic polarisation curves of a Cu2O film grown at +0.70 VRHE for 2 hours
on Cu OFP in 0.1 M borate buffer + 0.3 M NaNO2 solution at 80°C. The
measurement was performed in 0.1 M borate solution.
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4.5.2 Cyclic polarisation curves for Cu2O + CuO/Cu(OH)2 films

The corresponding polarisation curves measured for duplex Cu2O + CuO/Cu(OH)2 films
grown at +1.0 VRHE are shown in Figures 35 - 38. No particular current peaks can be
observed. The film grown in 0.1 M borate buffer solution and measured in nitrite
containing solution has the most distinguishable behaviour. The current densities are
about four times higher than those of the other measurements. The film grown and
measured in 0.1 M borate buffer solution has the lowest current densities. In
comparison, the current densities for Cu2O films (see Figures 31 - 34) were roughly an
order of magnitude higher than the currents found for a duplex Cu2O + CuO/Cu(OH)2

film.

M
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Figure 35 Cyclic polarisation curves of a duplex Cu2O + CuO/Cu(OH)2 film grown at
+1.00 VRHE for 2 hours on Cu OFP in borate buffer solution at 80°C. The
measurement was performed in borate buffer solution.
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Figure 36 Cyclic polarisation curves of a duplex Cu2O + CuO/Cu(OH)2 film grown at
+1.00 VRHE for 2 hours on Cu OFP in 0.1 M borate buffer solution at 80°C.
The measurement was performed in 0.1 M borate + 0.3 M NaNO2 solution.
Note that the scale of the y-axis describing the current density is higher than
the one shown in Figures 35, 37 and 38.
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Figure 37 Cyclic polarisation curves of a duplex Cu2O + CuO/Cu(OH)2 film grown at
+1.00 VRHE for 2 hours on Cu OFP in 0.1 M borate buffer + 0.3 M NaNO2

solution at 80°C. The measurement was performed in 0.1 M borate + 0.3 M
NaNO2 solution.
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Figure 38 Cyclic polarisation curves of a duplex Cu2O + CuO/Cu(OH)2 film grown at
+ 1.00 VRHE for 2 hours on Cu OFP in 0.1 M borate buffer + 0.3 M NaNO2

solution at 80°C. The measurement was performed in 0.1 M borate solution.

4.5.3 Summary

An anodic current peak at the potential region from +1.05 VRHE to +1.2 V , ^ can be
observed when investigating the Cu2O films on Cu OFP if the solution contains nitrites
regardless of the environment where the Cu2O film has grown. The magnitude of the
currents are somewhat higher measured in solution containing nitrites that has also been
mentioned in [7]. No specific current peaks could be observed when measuring
corresponding curves for duplex Cu2O + CuO/Cu(OH)2 films. This measurement series
indicates that the primary effect of nitrite is on the electrochemical reactions on the
copper surface in contact with the solution. On the other hand, when nitrite is present
only during the growth of the oxide film, there seems to be no effect. Thus it can be
suggested that nitrite does not affect the structure or the properties of the oxide films.

4.6 Rotating ring disk electrode study

A short rotating ring disk electrode study was performed in order to study the nature of
the soluble species dissolved from the copper disk. Tests were performed in 0.1 M
borate solution and in 0.1 M borate solution + 0.3 M NaNO2 solution at room
temperature. Cu OFHC and platinum were used as disk and the ring material,
respectively. The electrochemical behaviour of the solution was studied using a
platinum disk. The rotating speed of the electrode was 2500 rpm. The studied potential
range was from -0.02 VRHE to +1.58 VRHE. Potential sweep rate was 10 mV/s. The
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oxidation of Cu (I) species to Cu (II) species was studied using ring potential of+1.30

VRHE-

The cyclic polarisation curve of a copper disk is shown in Figure 39. The oxidation peak
of Cu to Cu2O at potentials from +0.6 to +0.8 VRHE as well as a oxidation hump of
Cu2O to CuO/Cu(OH)2 at potentials from +1.1 VRJ^ to +1.3 VRHE can be observed. On
the reverse scan the corresponding reduction peaks can be seen. The similar curve
measured in nitrite containing solution is shown in Figure 40. The clearest difference is
the large current peak starting from +1.5 VRHE and reaching in the negative direction to
+1.1 VRHE. The magnitude of current peaks is higher in nitrite containing solution.

Cu-*Cu2O CuO/Cu(OH)2

CuO/Cu(OH),-> Cu,0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Potential / V RHE

1.6

Figure 39 Cyclic potential - current density curve of a rotating Cu OFHC disk in 0.1 M
borate buffer solution at room temperature using rotating disk electrode.
Note that the scale of the y-axis describing the current density is higher than
the one shown in Figures 40-42.

Cyclic polarisation curves measured for platinum disk in pure borate buffer solution as
well as in nitrite containing solution as are shown in Figures 41 and 42, respectively. A
positive current peak was also observed on platinum in nitrite containing solution as
shown in Figure 42.
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Figure 40 Cyclic potential - current density curve of Cu OFHC disk in 0.1 M borate
buffer + 0.3 M NaNO2 solution at room temperature using rotating disk
electrode.
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Figure 41 Cyclic potential - current density curve of platinum in 0.1 M borate buffer
solution at room temperature using the rotating disk electrode.
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Figure 42 Cyclic potential - current density curve of platinum in 0.1 M borate buffer +
0.3 M NaN02 solution using rotating disk electrode.

The current densities of platinum ring electrodes at potential +1.3 VRHE as a function of
the copper disk potential measured in pure borate solution and in nitrite containing
solution are shown in Figure 43. Both the curves have a positive current peak at +0.6
VRHE during the positive scan describing the oxidation of Cu (I) ions to Cu (II) ions.
This current peak, observed using the ring electrode, is located at somewhat lower
potentials than the current peak of the disk electrodes. This is due to the active
dissolution of copper prior to the formation of the Cu2O layer, i.e. the passivation. Due
to the different base currents of the measurements no quantitative estimation of the
charge could be done.

During the negative scan a positive current peak can be observed on the ring in nitrite
containing solution at disc potentials from +1.6 VRHE to +0.8 VRHE- This is linked to the
current peaks observed on copper and platinum in nitrite containing solutions as shown
in Figures 42 and 40. The oxidation of the soluble species reaches down to +0.75

The polarisation current of copper disk increases at +1.4 V ^ E reaching in the negative
direction to +1.1 VRHE in nitrite containing solution. Similar phenomena was observed
during the RF - E studies shown in Chapter 4.1. The platinum ring positioned at
potential +1.3 V ^ E shows the oxidation of Cu (I) ions dissolved prior to the passivation
to Cu (II) ions. During the negative scan a large positive current peak can be observed in
nitrite containing solutions.
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Figure 43 The current response of a platinum ring polarised to +1.3
potential of the copper disk was swept from 0 VRHE to +1.6
to 0

while the
back
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5 DISCUSSION

5.1 Results

The electrical and electrochemical properties of Cu2O and Cu2O + CuO/Cu(OH)2 films
on Cu OFP in oxidising borate buffer solution in the presence and in the absence of
NaNO2 were studied.

The film resistance - polarisation (RF - E) curves show the formation of Cu2O and
CuO/Cu(OH)2 films. The observed film resistance peaks are in accordance with the
corresponding current peaks. The different processes causing changes in the magnitude
of the film resistances in the nitrite containing solution are less distinguishable than the
ones investigated in borate solution.

The film resistance growth rate data at +0.55 VRHE shows that Cu2O films grow slower
in nitrite containing solution than in pure borate buffer solution. At +0.85 VRHE the
growth kinetics of the duplex Cu2O + CuO/Cu(OH)2 films are identical in pure buffer
solution and in nitrite containing solution. The films grow faster at open circuit potential
in nitrite containing solution than in pure borate buffer solution, most probably because
the nitrite concentration of 0.3 M increases the open circuit potential about 40 mV.

Nor the age of the films or the presence of nitrite ions in the solution affects the
electrical properties of Cu2O films grown on Cu OFP at +0.55 VRHE in 0.1 M borate
buffer solution. The duplex Cu2O + CuO/Cu(OH)2 films grown at +0.85 7VRHE or at
OCP have practically the same electrical properties. The presence of nitrite leads to an
increase in the anodic current at potentials higher than +1.4 V R ^ . Simultaneously, a
decrease in the resistance is observed at potentials lower than in the case of borate buffer
without any nitrite ions. However, these processes take place at such a high potential
region, that they most probably do not affect the SCC phenomena.

The mechanism of the harmful effect of nitrite was studied by measuring cyclic
polarisation curves for Cu2O and Cu2O + CuO/Cu(OH)2 films in borate buffer and in
nitrite containing solutions. The films were grown also either in pure borate buffer
solution or in nitrite solution. A positive current peak at the potential region from +1.05
"VRHE to +1.2 VRHE can be observed when investigating the Cu2O films if the solution
contains nitrites regardless of the environment where the Cu2O film has grown. The
magnitude of the anodic currents are somewhat higher measured in solution containing
nitrites. No specific current peaks could be observed when measuring corresponding
curves for duplex Cu2O + CuO/Cu(OH)2 films. This measurement series indicates that
nitrite affects the electrochemical reactions taking place on a copper surface in contact
with the solution, but not the properties of the films formed on copper.

A short rotating ring disk electrode study was performed in order to study the nature of
soluble species dissolved from the copper disk. When performing a potential scan in the
positive direction in nitrite containing solution, the anodic current of the copper disk
increases rapidly at potentials higher than +1.4 VRHE. During the reverse scan, the
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current remained high down to +1.1 VRHE. Similar new processes phenomena were
observed during the RF - E studies.

The platinum ring polarised at +1.3 VRHE shows the oxidation of Cu (I) ions dissolved
prior to the passivation to Cu (II) ions. During the negative scan of the disc potential, a
large positive current peak was observed at the ring in nitrite containing solutions. A
more comprehensive study is needed in order to quantitatively determine the amounts of
Cu (I) and Cu(II) ions dissolving on copper disk in the presence of nitrites.

The effect of nitrite on the electrochemical behaviour of copper and the copper
oxidation phenomena is still unclear. It is possible that nitrite oxidises copper and
reduces to NH4

+, NH4OH or NH3 [27] depending on the pH of the solution. It is also
possible that nitrite ions form complexes with dissolved copper ions and bring them
away from the dissolving surface to bulk solution.

5.2 SCC phenomena

The results gained in this study show that the NaNO2 does not affect the electrical
properties of the films forming on copper in borate buffer solutions. The cyclic
polarisation curves measured for Cu2O films show that the primary effect of nitrite is on
the processes taking place on a copper surface in contact with the solution.

According to the Selective Dissolution Vacancy Creep (SDVC) model, the transport of
vacancies and the cations through the surface film plays an important role in SCC. The
cation transport must be to a great extent influenced by the properties of the film.
However, the results presented in this study show that the NaNO2 does not affect the
electric properties of oxide films. Thus, according to the results presented in this study
and according to interpretation presented above, the SDVC model can not be used for
the explanation of nitrite induced SCC phenomena of copper.

The slip oxidation model is based on the anodic dissolution of crack tip [4]. It is mainly
controlled by the environmental and the bulk metal properties. The results of this work
show that nitrites affect the electrochemical reactions of copper in contact with the
solution. However, the nitrite induced SCC phenomena can not explained using slip
oxidation model, because the observed crack growth rates are much higher than the
model predicts [7].

5.3 Propositions for the future work

The SCC on copper has been observed to occur above a certain threshold potential,
which suggests that a change in the prevailing oxidation state contributes to the rate of
SCC. At the moment it is still unclear, if a change in the properties of the surface film
formed on copper contributes to the observed behaviour, or if the phenomenon is caused
by a change in the form in which copper dissolves. The effect of the former could
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probably be explained in terms of the SDVC model, while the effect of the latter could
be explained using the slip-dissolution model as a starting point.

In order to obtain a comprehensive view of the relevance of different models in the SCC
behaviour of copper, it is necessary to understand better the role of dissolution in the
electrochemistry and corrosion of copper. This understanding is best obtained by means
of the rotating ring disc electrode (RRDE) technique. The RRDE could be employed to
detect changes in the amount and oxidation state of dissolving species, and to correlate
these observation with observed SCC behaviour. Special attention should be focused on
the effect of nitrite ions in the solution on the concentration of different dissolving
copper species at different stages of active dissolution, oxide formation and oxide
reduction.

Relevant additional information will be obtained, if the effect of nitrite on the film
thickness is determined using e.g. ellipsometry .
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6 CONCLUSIONS

The effect of nitrite on the electrical and electrochemical properties of surface films on
copper was studied. Following facts could be observed:

1) The film resistance growth rate of Cu2O is decreased in the presence of nitrite ions in
the solution,

2) the film resistance growth rate of Cu2O + CuO/Cu(OH)2 films in open circuit
potential is increased in the presence of nitrite ions in the solution,

3) nitrite ions do not affect the electrical properties of Cu2O and Cu2O + CuO/Cu(OH)2

films,

4) according to the polarisation curve tests performed using Cu2O and Cu2O +
CuO/Cu(OH)2 films nitrite affects the electrochemical reactions taking place in the
solution and on the oxide surface.

A more comprehensive study is needed in order to quantitatively determine the amounts
of Cu (I) and Cu(II) ions dissolving on copper disk in the presence of nitrites.
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