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Summary

Real-time corrosion monitoring by means of electrochemical methods has been applied in an 
effort to measure corrosion rates of pure copper in the Prototype Repository at the Äspö Hard 
Rock Laboratory. Copper electrodes were installed in bentonite blocks on top of the electrically 
heated copper canisters in two deposition holes (dh). Three nominally identical cylindrical copper 
electrodes were installed in dh 1 and another three in dh 5 a few days before the heat was turned on 
to the canisters in September 2001 and in May 2003 respectively. The temperature of the copper 
electrodes has been around 30°C in dh 1 and somewhat below 35°C in dh 5. Real-time corrosion 
monitoring1 for both electrode set-ups was first applied in January 2004, and then periodically in 
2005, 2006, 2008, and most recently in the end of 2010 just before work to open the outer section 
of the Prototype Repository was started.

The recorded corrosion rates fall below 1.3 µm/year (using a default value of n=2 in the software to 
convert the corrosion current density to a penetration rate by means of Faraday´s law, and with no 
correction applied for the used measuring frequency of 0.01 Hz; also disregarding highly scattered 
data obtained for the copper electrodes in dh 1 during 2010). While the recorded rates on the electrodes 
in dh 5 first increased from about 0.2 µm/year in 2004 up to a maximum of 1.3 µm/year a year later 
(the drainage of the inner and outer sections was temporary closed in the end of 2004), and then 
gradually decreased to 0.7 µm/year in the end of 2010, the recorded rates on the electrodes in dh 1 
show a quite different picture. The recorded rates fall in the range 0.4–0.7 µm/year and do not reflect 
any obvious decrease. However, it is anticipated that a similar time dependence as observed for the 
electrodes in dh 5 could have been present early on in the exposure; the electrodes were installed in 
2001 but the first measurements were performed in 2004. Also, saturation of the bentonite in dh 1 
may have been faster than in dh 5.

Since the major corrosion product formed on the copper electrodes is cuprite, it would have been 
more appropriate to use n=1 as a default value in the software to convert the corrosion current 
density to a penetration rate. Furthermore, electrochemical impedance spectroscopy on pure copper 
electrodes in Äspö groundwater open to air has shown that an applied measuring frequency of 
0.01 Hz underestimates the polarization resistance with a factor of 4, and thus overestimates the 
corrosion rate with the same amount. Applying these corrections better estimates of the corrosion 
rates in 2010 fall below 0.4 µm/year. Assuming that the correction for the measuring frequency is 
correct this is the highest possible corrosion rate; the actual corrosion rate could in fact be lower 
due to parallel reduction-oxidation reactions.

The estimated corrosion rates on the copper electrodes in the Prototype Repository are lower than the 
rate estimated for the copper electrodes in LOT test parcel A2, about 0.4 compared to 0.8 µm/year after 
six years exposure respectively. Different operating conditions may be the reason for this. The aver-
age corrosion rate obtained from weight measurements of copper coupons in LOT test parcel A2 was 
found to be less than 0.5 µm/year, indicating that the real-time corrosion monitoring may provide 
conservative corrosion rates. Otherwise it just reflects variability in the near-field environment.

1  SmartCET® corrosion monitoring systems were used. The equipment is today obtained from Honeywell 
Process Solutions, 2500 W. Union Hills Dr., Phoenix, AZ 85027, USA.
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1 Introduction

The principal strategy for high-level radioactive waste disposal in Sweden is to enclose the spent 
nuclear fuel in tightly sealed copper canisters that are embedded in bentonite clay about 500 m 
down in the Swedish bedrock – that is a KBS-3 repository (Rosborg and Werme 2008). The reposi-
tory will be built by materials that occur naturally in the earth’s crust. The idea is that the repository 
should imitate nature as closely as possible. Besides rock movement, the biggest threat to the copper 
canister in the repository is corrosion.

Different means and methods have been used to gain a well-founded basis to predict the corrosion 
behaviour of the copper canister and the engineering barrier integrity, including thermodynamic 
considerations, field and laboratory testing, modelling of the corrosion behaviour, and examination 
of natural and archaeological analogues. A comprehensive review of the existing knowledge of 
copper corrosion of relevance for the repository environments was performed in 2001 (King et al. 
2001) and updated in 2010 (King et al. 2010). Real-time monitoring of copper corrosion in actual 
or simulated repository environments is a further possibility to improve the basis to predict the 
corrosion behaviour of the copper canister.

The Äspö Hard Rock Laboratory (HRL) offers a realistic environment for different experiments and 
tests under the conditions that will prevail in a deep repository, see Figure 1-1. Complementary to 
exposure of components and coupons of copper, real-time corrosion monitoring of copper electrodes 
has been applied in two projects at the HRL, namely first in the LOT (acronym for “Long Term 
Test of Buffer Material” (Karnland et al. 2009)) test series (Rosborg et al. 2004a) and then in the 
Prototype Repository. During and after performance of real-time corrosion monitoring in LOT test 
parcel A2 starting in 2001, see Section 1.2, corrosion monitoring has in periods been performed 
on copper electrodes in two deposition holes (dh) of the Prototype Repository since January 2004 
(Rosborg et al. 2004b). Furthermore, after retrieval of LOT test parcel A2, real-time corrosion moni-
toring has proceeded on the pre-exposed copper electrodes, and on later installed copper electrodes 
and sensors, in a bentonite test package that was made up of three bentonite rings from the retrieved 
test parcel (Rosborg and Pan 2008, Rosborg et al. 2011a).

1.1 The Prototype Repository
The Prototype Repository consists of a bored deposition tunnel with six full-scale canisters deposited 
in the same manner as in a future KBS-3 repository (Johannesson et al. 2004). It was divided in an 
inner section containing four and an outer section containing two canisters. The inner section was 
sealed during 2001 and the outer during 2003. Electrical heaters generate the heat output from the 
canisters. The deposition holes are 8 m deep and just under 2 m in diameter. Each deposition hole is 
lined with blocks and rings of bentonite, see Figure 1-2. The bentonite had been conditioned with tap 
water2 to a water ratio of 17.5 % (Johannesson 2002). Three nominally identical copper electrodes 
were installed in the second upper bentonite block in dh 1 and in the upper block in dh 5, thus above 
the canisters, a few days before the heat was turned on to the canisters on 2001-09-17 and 2003-05-08 
respectively.

Work to open the outer section of the Prototype Repository started in November 2010 and the two 
canisters in the outer section were retrieved during 2011. Before the canister in dh 5 was retrieved 
a bentonite block containing the copper electrodes was removed by a stitch drilling and bending 
procedure for post-test examination (Rosborg 2013a).

2  Bicarbonate containing tap water from the municipality of Lidköping with a very low chloride ion content.
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Figure 1-1. The Äspö Hard Rock Laboratory above and below ground.
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1.2 The LOT test series
The LOT test series was initiated with conditions similar to those in a final KBS-3 repository with 
bentonite rings of smaller dimensions (Karnland et al. 2009). The main purpose is to study the min-
eralogical stability and behaviour of the bentonite clay. Each test parcel contains forty prefabricated 
bentonite rings placed on top of each other around a central copper tube (with bentonite ring 1 in 
the bottom and bentonite ring 40 in the top), and contains copper coupons in bentonite rings 22 and 
30. The test parcels were placed in 4 m deep holes in the granitic rock. In addition to exposure of 
copper coupons a set of three nominally identical cylindrical copper electrodes were also installed in 
bentonite ring 36 of LOT test parcel A2 to make it possible to perform real-time corrosion monitor-
ing by means of electrochemical methods (Rosborg et al. 2004a). The test parcel was emplaced on 
1999-10-29.

Figure 1-2. A canister in its deposition hole surrounded by bentonite rings and blocks.
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2 Brief account of applied techniques to measure 
corrosion rates

Exposure of coupons (and components) and SmartCET® real-time corrosion monitoring have been 
used for in situ corrosion testing of copper in the Äspö HRL. After retrieval of LOT test parcel A2 
also a few other methods have been applied for the continued corrosion monitoring in the bentonite 
test package. This has been done to facilitate interpretation of results obtained from the in situ testing 
at Äspö and to gain further information about the corrosion behaviour of copper in a bentonite/saline 
groundwater environment.

Below a brief account of the applied techniques to measure corrosion rates of copper under free 
corrosion is given. One desirable method for measuring low corrosion rates is conspicuous by its 
absence, that is the quartz crystal micro-balance method. It is unfortunately limited to measurements 
in gases and liquids, and could thus not be used in the environment of current interest.

2.1 Exposure of coupons 
Exposure of coupons supply information about the average corrosion rate and the corrosion behaviour. 
The average corrosion rate is estimated by weighing a coupon before and after exposure, the latter 
after proper cleaning and removal of the corrosion products on the coupon. A post-test examination 
of the coupon is performed to find out the nature of the corrosion attack and the formed corrosion 
products.

The appearance of a copper coupon after exposure in a LOT test parcel is exemplified in Figure 2-1. 
Dominating corrosion product was cuprite, Cu2O, and paratacamite, Cu2(OH)3Cl, was found here 
and there on top of the cuprite. In LOT test parcel 2 the average corrosion rate was estimated to fall 
below 0.5 µm/year (Karnland et al. 2009).

Figure 2-1. Appearance of a copper coupon after exposure in the Äspö HRL.
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2.2 Electrochemical methods
The SmartCET® corrosion monitoring system which has been used at Äspö operates in a multi-
technique mode, applying electrochemical noise, harmonic distortion analysis, polarization resist-
ance, and solution resistance measurements. In the bentonite test package also other electrochemical 
methods have been used. Electrochemical impedance spectroscopy (EIS) has for instance been used 
to estimate the corrosion rate of installed electrical resistance (ER) sensors (Rosborg et al. 2011a). 
Below only applied techniques to measure corrosion rates are considered.

2.2.1 The polarization resistance technique
In a polarization resistance measurement the electrode is forced slightly from its corrosion potential, 
usually by a potential disturbance, and from the current response the so-called polarization resistance 
(the slope of the potential – current density curve at the corrosion potential) can be estimated (Scully 
2000, 2003, ASTM G96 – 90(2008)). Knowing the polarization resistance, the corrosion current 
density can then be calculated and converted to a penetration rate by means of Faraday´s law.

The polarization resistance technique is useful for measurement of the corrosion rate when corrosion 
is relatively uniform, but it has some limitations. It is assumed that the system under study has reached 
steady-state when the measurement is made, and the measured polarization resistance is a composite 
of the solution resistance and the charge-transfer resistance.

The corrosion rate expressed as a corrosion current density is calculated from the measured 
polarization resistance using the so-called Stern-Geary equation, and the corrosion rate expressed 
as a penetration rate is then calculated from the corrosion current density using Faraday´s law, see 
Section 2.2.4.

2.2.2 Harmonic distortion analysis
Harmonic distortion analysis relies on the non-linear nature of electrochemistry (Darowicki and 
Majewska 1999, Cottis 2008). An electrochemical system (electrode in an electrolyte), in this case 
the cylindrical copper electrodes installed in a bentonite block, is not completely linear but more 
or less non-linear. When applying harmonic distortion analysis the current answer after a potential 
disturbance is not only measured at the same frequency but also for multiples of this frequency. 
Both the corrosion current density and the Tafel-constants, and the B-value, can thus be determined. 

2.2.3 Electrochemical impedance spectroscopy
When performing EIS measurements an alternating voltage (or current) signal is applied to the 
electrode and the resulting current (or voltage) response is measured for different frequencies of 
the applied signal (Cottis and Turgoose 1999). From the voltage and current signals the complex 
impedance is calculated for the applied frequencies. The result is usually presented in a Bode or a 
Nyquist plot: In a Bode plot the absolute value of the impedance (modulus of impedance) and the 
phase angle is plotted versus the logarithm of the applied frequency. In a Nyquist plot the imaginary 
part of the impedance is plotted versus the real part. 

The polarization resistance can be obtained from fitting of the impedance data to equivalent circuits 
as described in Cottis and Turgoose (1999).

EIS is a very versatile method that supplies information both about corrosion mechanisms and rates.
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2.2.4 Evaluation procedure
The different steps to calculate a corrosion rate from electrochemical data expressed as a penetration 
rate is described below. 

The corrosion current density – The corrosion rate expressed as a corrosion current density is 
calculated from the measured polarization resistance using the Stern-Geary equation (Stern and 
Geary 1957, ASTM G102 – 89(2010))

p
corr R

Bi =  

where icorr is the corrosion current density in A/cm2, B the so-called Stern-Geary coefficient (also 
called the B-value) in V, and Rp the polarization resistance in ohm∙cm2. The theory behind this 
equation is presented in most text books in corrosion. Thus, to be able to calculate the corrosion 
current density, one has to know not only the polarization resistance but also the B-value. The latter 
is not a constant, but needs to be determined separately for the actual application, or can more or less 
arbitrary be chosen based on experience. (Certain commercially available instruments for polariza-
tion resistance measurements use a pre-selected value, such as 30 mV, which based on experience 
may give adequate accuracy in many cases, however, be quite misleading in others.) The SmartCET® 
corrosion monitoring system measures the B-value by means of harmonic distortion analysis.

Penetration rate – The corrosion rate expressed as a penetration rate is calculated from the corro-
sion current density using Faraday´s law as

n
W

d
iCR corr27.3=  

where CR is the corrosion rate in μm/year, icorr the corrosion current density in µA/cm2, d the density 
in g/cm3, W the atomic weight (dimensionless), and n the number of electrons transferred to oxidize 
an atom. For pure copper d=8.94 g/cm3 and W= 63.54 and consequently the corrosion rate for copper 
in µm/year can be written as

n
iCR corr3.23=  

Thus, in order to calculate the corrosion rate as a penetration rate knowledge is needed about which 
kind of corrosion products that are formed, and in what relative amounts. If only univalent corrosion 
products are formed, for instance Cu2O, or only divalent, for instance CuO, n=1 and n=2 respectively 
should be used. If both uni- and divalent corrosion products are formed, a mean value between these 
extremes can be used that reflects the amount of corrosion products of the different types. A post-test 
examination of exposed electrodes is needed to find out the actual conditions.

2.2.5 Precautions
Here some general precautions and requirements for the electrochemical methods are briefly 
considered (Scully 2003, Cottis and Turgoose 1999).

The Stern-Geary equation is used to calculate the corrosion current density from the measured 
polarization resistance. Strictly it is based on activation control only. However, it is also applied for 
electrochemical systems with mass-transfer limitations. 

The presence of parallel reduction-oxidation (redox) reactions will cause an overestimation of 
the corrosion rate. In such a case the corrosion of the metal or alloy constitutes only a fraction of the 
recorded current.
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Steady-state conditions for the corroding system are necessary for the above electrochemical meth-
ods to supply reliable data. The corrosion potential has to be quite stable and not change significantly 
during a measurement. This requirement is fulfilled in the present work. Even if the corrosion poten-
tial for practical reasons has not been followed during the exposure, the stability of the obtained data 
is a proof of steady-state conditions. (This is no surprise since the copper electrodes were installed in 
the bentonite blocks long before the measurements started.)

The corrosion rate may be underestimated if the solution resistance is sizeable and proper correc-
tions for the solution resistance is not made.

The voltage perturbation amplitude should be kept small enough not to cause changes of the 
corroding metal and a drift of the corrosion potential.

The voltage perturbation frequency needs to be sufficiently low to measure the true polarization 
resistance. A too high measuring frequency underestimates the polarization resistance, and thus 
overestimates the corrosion rate. However, for practical reasons (to shorten time of measurement) 
a higher measuring frequency may be used, which will then require that the recorded data are later 
corrected based on supporting measurements to get a better estimate. This procedure has been 
applied in the present work (Rosborg et al. 2004a).

2.3 Electrical resistance sensors
ER measurements to estimate the corrosion rate of a metal are based on the fact that a decrease in 
thickness of a metallic conductor causes an increase in electrical resistance (ASTM G96 – 90(2008), 
Brossia 2008). The sensitivity of an ER sensor is defined by its thickness, however, a lower thickness 
also means a shorter service life of the sensor; thus, a compromise between sensitivity and sensor life 
is needed. ER sensors generally do not distinguish between general and localized corrosion forms. 
A post-test examination is required to reveal the corrosion attack and verify the results.



SKB R-13-13 15

3 Experimental

This section contains information about the used real-time corrosion monitoring system, the copper 
electrodes, and the exposure conditions.

3.1 The corrosion monitoring system
The used SmartCET® corrosion monitoring system operates in a multi-technique mode3, continu-
ously cycling through the measurements in order as follows: electrochemical noise (300 s), polariza-
tion resistance and harmonic distortion analysis (100 s), and solution resistance (30 s).

Electrochemical noise is the generic term used to describe the low amplitude, low frequency random 
fluctuations of current and potential observed in many electrochemical systems, and has been 
used to characterize both corrosion rate and mechanism (Cottis 2008, Cottis and Turgoose 1999). 
Electrochemical noise data is taken at a frequency of one reading per second. This technique has 
earlier been found to overestimate the corrosion rate of copper in a bentonite/saline groundwater 
environment and has been disregarded in the following (Rosborg et al. 2005).

The polarization resistance and the harmonic distortion analysis techniques are used to derive 
information regarding the general corrosion rate. A 0.01 Hz sine wave of ±25 mV is applied and 
the current response is measured and analyzed synchronously with the perturbing sine wave to 
determine the in-phase, real component of the sine wave. A value on the Stern-Geary coefficient 
is required to calculate the corrosion rate from the recorded polarization resistance data using the 
Stern-Geary relationship. The harmonic distortion analysis involves the measurement of the higher 
harmonic content at 0.02 and 0.03 Hz, which then allows for estimates of the anodic and cathodic 
Tafel slopes and the Stern-Geary coefficient.

It was earlier verified that the used voltage perturbation frequency of 0.01 Hz is too high for meas-
urement of the very low corrosion rates of interest (Rosborg et al. 2004a). The polarization resistance 
is underestimated by a factor of about 4, and thus the actual corrosion rate is overestimated to the 
same extent. A lower frequency could have been used (ignoring practical problems), but it was 
decided to stay with the present instrumental set-up and instead correct recorded values afterwards. 
An interdependence exists between requirements for steady-state conditions, the amplitude of the 
voltage signal, and lowering of the measuring frequency.

When using a SmartCET® corrosion monitoring system certain values are fed into the software 
in advance, including the anticipated B- and n-values. From start of measurements on the copper 
electrodes in LOT test parcel A2 a default value of B=10.3 mV4 was used and has for practical 
reasons been kept since then. It was based on earlier findings from a similar material-environment 
system. A default value of n=2 was used for conversion of the corrosion current density to corrosion 
(penetration) rate using Faraday’s law. These values are afterwards corrected; the actual B-value is 
obtained from the harmonic distortion analysis, and a proper n-value from knowing the kind and 
amount of the corrosion products formed (ASTM G102 – 89(2010)). (If n=1 had been used as a 
default value the recorded data should be doubled.)

Two SmartCET® corrosion monitoring units have been used for measurements on the copper 
electrodes in the Prototype Repository: (i) a one-channel Äspö unit, and (ii) a two-channels KTH 
lab unit. When the Äspö unit was used, the measurements on the copper electrodes in dh 1 and dh 5 
were performed in turns after each other.

3  SmartCET® Technology – User Guide v06 04 03, InterCorr International, Houston, TX.
4  Private communication from A Brennenstuhl, Kinetrics Inc, Toronto, Canada, to G Quirk, May 2001.
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3.2 The copper electrodes 
The copper canisters are manufactured from pure oxygen-free copper (99.99 % Cu) with a deliberate 
addition of approximately 50 ppm phosphorous to improve creep properties (Werme 1998). The 
cylindrical copper electrodes and rectangular coupons used for the in situ testing at Äspö were 
manufactured from actual canister material.

3.2.1 In the Prototype Repository
Three nominally identical cylindrical copper electrodes were installed in dh 1 and another three 
in dh 5 a few days before the heat was turned on to the canisters on 2001-09-17 and 2003-05-08 
respectively. The electrodes have the dimensions Ø60×100 mm and a nominal surface area of about 
232 cm² each. The copper electrodes in dh 1 were installed in the second upper bentonite block (C3) 
and the electrodes in dh 5 in the upper bentonite block (C4), see Figure 1-2. Ø60 mm holes were first 
drilled in the bentonite blocks to a depth of 250 mm, the electrodes were placed in the holes after 
which the holes were refilled with bentonite powder. 

The temperature readings in the second upper bentonite block (C3) with the copper electrodes in 
dh 1 fall in the range 29–36°C during the real-time corrosion monitoring and has for the last few 
years been around 30°C. Ditto in the upper bentonite block (C4) in dh 5 has most of the time been 
somewhat below 35°C.

3.2.2 In LOT test parcel A2
The three cylindrical copper electrodes for real-time corrosion monitoring in LOT test parcel A2, 
each of 98.7 cm² surface area, were installed in bentonite ring 36 of the test parcel (Rosborg et al. 
2004a). The electrodes were positioned near the top of the test parcel, where the temperature was 
about 24°C.

3.2.3 In the bentonite test package
After retrieval of LOT test parcel A2 from the Äspö HRL in January 2006, a bentonite test package 
containing the cylindrical copper electrodes was first furnished with a copper sheet on the outside (to 
be used as a counter electrode) and then placed in a plastic container, equipped with two reference 
electrodes, and sealed with a thick layer of paraffin to maintain a similar environment (Rosborg and 
Pan 2008). After retrieval the conditions for the pre-exposed copper electrodes in the bentonite test 
package were anticipated to be quite similar but of course not the very same as before, since the 
pressure on the bentonite test parcel in the rock has been released. 

During 2006 new copper electrodes were installed in the test package. In January 2007 four 35 µm 
thick ER sensors of ZAG5 design, and made of pure copper, were also installed in the bentonite test 
package (Rosborg et al. 2011b, Rosborg et al. 2013b). ER measurements have then been performed 
up to April 2011, when the bentonite test package was cut in pieces for post-test examination of 
electrodes and sensors. 

5  Slovenian National Building and Civil Engineering Institute, Dimičeva 12, SI – 1000 Ljubljana, Slovenia.
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3.3 Exposure
Following some general information about the bentonite/saline groundwater environment, the start 
of exposure of copper samples and the observed and anticipated environmental changes are briefly 
discussed.

3.3.1 The bentonite/saline groundwater environment
Initially, a limited amount of air will be left in a KBS-3 type repository after emplacement, which 
during the water saturation phase partly will be trapped by the low permeability rim of groundwater-
saturated bentonite. After water saturation the chemical environment in the immediate vicinity of the 
canister is determined by the composition of the bentonite pore water. This is, in turn, determined by 
the interaction between the bentonite and the groundwater in the surrounding rock. The entrapped 
oxygen will be consumed through reactions with minerals in the rock and the bentonite and also 
through microbial activity. After the oxygen has been consumed in the repository corrosion will be 
controlled completely by the supply of dissolved sulphide to the canister.

The main mineral constituent in bentonite clay is montmorillonite, which has a sheet-like crystal 
structure (Karnland et al. 2006). Wyoming bentonite used in the present work and sold under the 
commercial name MX-80 is dominated by natural sodium montmorillonite clay (about 80 % by 
weight), which is responsible for the desired physical properties. Accessory minerals are quartz, 
tridymite, cristobalite, feldspars, muscovite/illite, sulphides, and small amounts of other minerals 
and organic carbon. 

The cation exchange capacity is around 0.8 eq/kg bulk material. The natural exchangeable cations 
are sodium, calcium, magnesium and small amounts of potassium. The specific surface area is 
around 550 m2/g material and the grain density is around 2,750 kg/m3.

Groundwater in granitic rock in Sweden is oxygen-free and reducing below a depth of 100 to 200 m. 
The redox potential below this depth ranges between –200 and –350 mV SHE and the water has a pH 
ranging from neutral to mildly alkaline (pH 7–9) (King et al. 2010, Laaksoharju et al. 1998). The 
chloride concentration in the groundwater can vary within very wide limits, ranging from 5 mg/dm3 
to 50 g/dm3. Groundwater analyses from different parts of Sweden show sulphide concentrations 
ranging from <0.01 mg/dm3 up to 1 mg/dm3, with 0.1 mg/dm3 as a typical value. Dissolving sulphide 
minerals are one source of sulphide in the groundwater, but sulphide will also be produced by a 
specific group of micro organisms, the sulphate-reducing bacteria, which are common in deep 
groundwater.

Table 3-1 shows a typical composition of the groundwater in the Äspö HRL.

Table 3-1. Groundwater composition from the Äspö Hard Rock Laboratory.

Ion mM mg/dm3

Na+ 100 2,300
K+ 0.28 11
Ca2+ 47.3 1,896
Mg2+ 2.4 58
Cl– 178 6,311
HCO3

– 0.44 27
SO4

2– 4.6 442
HS– 0.005 0.15

pH 6.9±0.1 Eredox –308 mV SHE
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3.3.2 Start of exposure
In a “simple” corrosion test start of exposure is obvious; it happens when the sample is placed 
in the solution, or alternatively when the solution has been poured into the test vessel. It is far 
more complicated to define start of exposure when exposing a copper sample in a bentonite/saline 
groundwater environment. Here bentonite rings and blocks are first prefabricated and conditioned 
(thus containing a certain amount of pore water before installing the copper samples), then space for 
the copper coupons and electrodes are machined, and before or after installing the bentonite rings 
and blocks in the test positions the coupons and electrodes are placed in these. Later heat may be 
turned on and the bentonite is heated. The surrounding groundwater reaches the outer surface of the 
bentonite rings and blocks and cause swelling of the bentonite. After a considerable length of time 
amounting to years a steady-state is reached where the pore water facing the copper samples has 
established a steady-state with the groundwater. 

The chemical environment in the electrode/bentonite interface is determined by the composition of 
the bentonite pore water. From start of exposure in the present case it was dominated by bicarbonate 
containing tap water. Later on the pore water will be determined by the interaction between the 
bentonite and the saline groundwater in the surrounding rock.

Thus, start of exposure of a corrosion test in a bentonite/saline groundwater environment is quite 
complicated. Average corrosion rates obtained from copper coupons can either be calculated using 
the entire exposure time from emplacement of the test object, or alternatively from the time when 
heat has been turned on, or otherwise. 

Real-time corrosion monitoring supplies the corrosion rate when the measurement is performed, 
however, if a recorded rate should represent steady-state conditions, such a steady-state has of course 
first to be established.

3.3.3 Redox conditions and environmental changes
Initially after installation of samples and test parcels oxic conditions prevail and are expected to 
last for a considerable time amounting to years, however, after a long time anoxic conditions are 
anticipated.

The corrosion potential of the electrodes in the Prototype Repository and LOT test parcel A2 has 
not been followed due to experimental difficulties. The corrosion potential of the copper electrodes 
in dh 5 has, however, been measured immediately after part of the concrete plug to the outer section 
was removed (Rosborg 2013a). The corrosion potentials for the three copper electrodes fell in the 
range –60 to –30 mV SHE. Thus, the near-field environment seemed to be mildly oxidising still after 
seven years exposure.

The corrosion potential of the electrodes in the bentonite test package has been followed from retrieval 
of LOT test parcel A2 to end of exposure in April 2011 and verified that oxic conditions existed all 
through the testing (Rosborg et al. 2013b). This is exemplified by the corrosion potentials for the 
ER sensors (and the electrode potential of platinum) shown in Figure 3-1. The cylindrical copper 
electrodes of canister quality had somewhat lower corrosion potentials in the range 157–206 mV 
SHE during 2010. 

It is anticipated that the copper electrodes in the Prototype Repository have experienced similar cor-
rosion potentials earlier during their exposure. Blue-green corrosion products were also found on the 
examined copper electrode from dh 5, verifying that the electrode had reached a corrosion potential 
allowing Cu(II) corrosion products to be formed (Rosborg 2013a).

During operation of the Prototype Repository the drainage to the inner and outer sections have tem-
porary been closed once. In early November 2004 it was closed and reopened about a month later. 
About three weeks after the closure an obvious increase in pressure from the installed total and pore 
pressure gauges in the bentonite was noticed.
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3.3.4 Steady-state conditions
Even if the corrosion potentials of the copper samples have changed during the exposure in the 
Äspö HRL, the changes have been so slow that from a corrosion monitoring point of view steady-
state conditions have prevailed during the monitoring periods. The steady-state conditions in the 
Prototype Repository and LOT test parcel A2 are manifested by the slow change of the recorded 
corrosion rates, see Sections 4.1 and 4.2.

That steady-state conditions have prevailed in the bentonite test package are obvious from 
Figure 3-1 (Rosborg et al. 2013b).

Figure 3-1. Evolution of the corrosion potential with time for the ER sensors exposed in the bentonite 
test package.
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4 Results

Below the recorded corrosion rates6 from the SmartCET® corrosion monitoring on the copper 
electrodes in dh 1 and dh 5 are first presented using a default value of n=2 when converting the 
corrosion current density to a penetration rate by means of Faraday’s law. Also, any correction for 
the used measuring frequency has not been applied. To get a better estimate of the actual rates the 
recorded values should be multiplied with 2 (since the most abundant corrosion product cuprite is 
univalent) and divided by a factor of 4 to correct for the used measuring frequency (Rosborg et al. 
2004a); to get an even better estimate, a balanced “valance value” could be used instead of n=1 when 
the post-test examination of the electrodes has revealed the relative amounts of corrosion products of 
valence 1 and 2.

The recorded current reflects so to say the overall electrochemical activity on the electrode and not 
necessarily only that valid for corrosion of copper; the actual corrosion rates could be lower due to 
the presence of other redox couples, however, they could not be bigger than the recorded values.

Since the results obtained from dh 1 give a more complex picture, the results from dh 5 are presented 
first. Examples of acquired primary data are presented in Appendices A and B.

4.1 From electrodes in dh 5
The recorded corrosion rate on the copper electrodes in dh 5 during part of 2010, and its change with 
time, is seen in Figure 4-1. It is of the order of 0.7 µm/year and slightly decreasing (ignoring the 
temporary increase in early November).

Data from 2004 through 2010 are compiled in Figure 4-2. The recorded corrosion rate has first 
increased from quite low values of the order of 0.2 µm/year up to a maximum of 1.3 µm/year during 
2005, and then gradually decreased to the value given above. (Even if the corrosion rate has not been 
recorded continuously from 2005 up to 2010, it is reasonable to assume that gradually decreasing 
values have dominated the period.)

The drastic change of the recorded corrosion rate between 2004 and 2005 is explained by a closure 
of the drainage to the inner and outer section of the Prototype Repository in November 2004. About 
three weeks after the closure an obvious increase in pressure from the installed total and pore pressure 
gauges was noticed; the drainage was reopened a month after the temporary closure. It is assumed 
that the near-field environment from now on is dominated by the saline groundwater in the surround-
ing rock rather than by the tap water from the manufacturing of the bentonite (Rosborg 2013a).

4.2 From electrodes in dh 1
Recorded corrosion rates for the copper electrodes in dh 1 from 2008 and 2010 are shown in 
Figures 4-3a and 4-3b respectively, and recorded data from 2004 through 2010 are compiled in 
Figure 4-4. While the recorded rates from the measuring periods during 2008 and earlier show about 
the same values, the recorded rates during 2010 show quite a different result with a great scatter. The 
recorded rates seem to belong to two populations, marked with red and blue respectively in Figure 
4-3b, one of which fits earlier obtained data (showing the same electrochemical characteristics) and 
another showing both higher recorded rates and a large scatter (with quite different characteristics, 
and besides the high scatter also considerable differences in magnitude between the anodic and 
cathodic Tafel coefficients; the periods with a small spread show low recorded corrosion rates and 
similar anodic and cathodic Tafel coefficients in agreement with results from measurements during 
both 2008 and earlier). The former data does not reveal this behaviour, thus it is anticipated that the 
source of the scattered data is experimental deficiencies of some kind.

6  The measured B-value has been applied in place of the default value B=10.3 mV.
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Figure 4-1. Recorded corrosion rates (n=2 and 0.01 Hz) for the copper electrodes in deposition hole 5 of 
the Prototype Repository during 2010.

Figure 4-2. Recorded corrosion rates (n=2 and 0.01 Hz) for the copper electrodes in deposition hole 5 of 
the Prototype Repository since 2004.
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Figure 4-3a. Recorded corrosion rates (n=2 and 0.01 Hz) for the copper electrodes in deposition hole 1 of 
the Prototype Repository during 2008.

Figure 4-3b. Recorded corrosion rates (n=2 and 0.01 Hz) for the copper electrodes in deposition hole 1 of 
the Prototype Repository during 2010.
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Figure 4-4. Recorded corrosion rates (n=2 and 0.01 Hz) for the copper electrodes in deposition hole 1 of 
the Prototype Repository since 2004.
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5 Discussion

In the following the corrosion rates from the real-time corrosion monitoring on the copper electrodes 
in dh 1 and dh 5 will first be compared with each other and related to information from operation 
of the Prototype Repository, then compared with data obtained from electrochemical measurements 
on the electrodes in LOT test parcel A2 and the bentonite test package, and finally compared with 
gravimetric data obtained from exposure of copper coupons in LOT test parcels and from electric 
resistance measurements on copper sensors in the bentonite test package.

In Figures 4-1 through 4-4 recorded corrosion rates are shown. Since the major corrosion product 
formed is cuprite, it is more relevant to use n=1 in Faraday´s law to convert the corrosion current 
density to a penetration rate. Furthermore, EIS on pure copper electrodes in Äspö groundwater open 
to air has shown that an applied measuring frequency of 0.01 Hz underestimates the polarization 
resistance with a factor of 4, and thus overestimates the corrosion rate with the same amount 
(Rosborg et al. 2004a). These corrections have been applied below. Assuming that the correction 
for the measuring frequency is correct the new estimates of the corrosion rate is the highest possible 
corrosion rate. The actual corrosion rate could in fact be lower due to parallel redox reactions.

5.1 Comparison of data from dh 1 and dh 5
The recorded corrosion rates on the copper electrodes in dh 1 and dh 5 fall below 1.3 µm/year 
(using a default value of n=2 in the software, and with no correction applied for the used measuring 
frequency of 0.01 Hz; also disregarding the highly scattered data obtained for the copper electrodes 
in dh 1 during 2010).

The recorded corrosion rates for the electrodes in dh 5 first increased from about 0.2 µm/year in 
2004 up to a maximum of 1.3 µm/year a year later and then gradually decreased to 0.7 µm/year in 
the end of 2010. The drainage of the inner and outer sections was temporary closed in the end of 
2004, and it is anticipated that the near-field environment before then was dominated by the tap 
water and from 2005 on so to say dominated by the saline groundwater in the surrounding rock 
rather than by the bicarbonate containing tap water (Rosborg, 2013a). 

The recorded rates on the electrodes in dh 1 show a quite different picture. The recorded corrosion 
rates fall in the range 0.4–0.7 µm/year and do not reflect any obvious decrease. However, it is 
anticipated that a similar time dependence as observed for the electrodes in dh 5 could have been 
present early on in the exposure; the electrodes were installed in 2001, but the first measurements 
were performed in 2004. Also, saturation of the bentonite in dh 1 may have been faster than in dh 5.

In Table 5-1 better estimates of the corrosion rates are given (with corrections for the applied 
measuring frequency and using n=1 in Faraday´s law, thus ignoring the amount of divalent corrosion 
products formed. However, since cuprite is the dominant corrosion product this will only result in a 
minor overestimation of the corrosion rates.) These values are used for comparison with other data 
below.

Table 5-1. Better estimates of the corrosion rates for the copper electrodes in dh 1 and dh 5 in 
the end of 2010.

Position Installed Retrieved Exposure 
years

Temperature 
°C

Corrosion rate 
µm/year

PR dh 1 2001 9 30 0.3
PR dh 5 2003 2011 7 35 0.4
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5.2 Comparison with other electrochemical data
In Table 5-2 the estimated final corrosion rates for the copper electrodes in dh 1 and dh 5 are compared 
to corresponding rates for copper electrodes exposed in LOT test parcel A2 at Äspö and later in the 
retrieved bentonite test package.

The final corrosion rates on the copper electrodes that were first exposed in LOT test parcel A2 at 
Äspö (LOT A2 in the table) and then after retrieval of the test parcel also in the bentonite test pack-
age (btp pre-exposed in the table) are higher than the rates for the copper electrodes in the Prototype 
Repository. However, the copper electrodes installed in the bentonite test package during 2006 
(btp new) show somewhat lower final corrosion rates for yet unknown reasons. Different operating 
conditions may be the reason for this. (The same SmartCET® corrosion monitoring system was used 
for these real-time measurements.) 

The estimated final corrosion rates obtained from EIS measurements on electric resistance (ER) 
sensors exposed in the bentonite test package (with corrosion potentials shown in Figure 3-1), and 
which survived the test period of 4 years, are also included in the table (Rosborg et al. 2013b).

Even if some unexplained differences exist between the data, in particular the higher rates observed 
for the pre-exposed copper electrodes, the estimated final corrosion rates after extended exposure are 
all well below 1µm/year.

Table 5-2. Comparison with estimated final corrosion rates from electrochemical measurements 
for copper electrodes in LOT test parcel A2 at Äspö and in the retrieved bentonite test package 
(btp). (The corrosion rates are given for n=1 and corrected for the applied measuring frequency 
(Rosborg et al. 2004a).)

Position Installed Retrieved Exposure 
years

Temp 
°C

Corrosion rate 
µm/year

Ref

PR dh 1 2001 9 30 0.3
PR dh 5 2003 2011 7 35 0.4
LOT A2 1999 2006 6 24 0.8 a
btp pre-exposed 1999/2006 2011 6+5* RT 0.7
btp new 2006 2011 5 RT 0.2
btp ER sensors** 2007 2011 4 RT 0.4–0.7 b

a – (Rosborg and Pan 2008); b – (Rosborg et al. 2013b).
* Exposed in LOT test parcel A2 at Äspö for about 6 years and then in the btp for about 5 years. The btp was  
surrounded by air.
** Data from EIS measurements.
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5.3 Comparison with gravimetric data
The estimated final corrosion rates for the copper electrodes in dh 1 and dh 5 are compared to aver-
age corrosion rates for copper coupons and ER sensors exposed to similar environments in Table 5-3. 
The copper coupons were exposed in LOT test parcels A0 and A2 and weighed before and after 
exposure (Karnland et al. 2009, 2011). The electric resistance sensors were exposed in the bentonite 
test package (btp) for verified oxic conditions, see Figure 3-1, and the average corrosion rates were 
estimated by comparing cross-sections of corroded and protected sensor elements (Rosborg et al. 
2013b).

The estimated final corrosion rates for the copper electrodes from the Prototype Repository are the 
smallest, which is of course expected. However, the average corrosion rates for the LOT A2 coupons 
are not that far apart. Even if the average corrosion rates of the coupons and sensors in Table 5-3 are 
in reasonable order considering the length of exposure, they also disclose a discrepancy; the LOT A0 
coupons have corroded more in less than two years than the LOT A2 coupons in six years (compare 
the weight changes). It is obvious that local conditions in the near-field environment (and most 
certainly differences in start of exposure) can radically influence the amount of corrosion. Also 
the estimated average corrosion rates for the ER sensors exposed in the bentonite test package for 
nominally the same conditions show a considerable spread.

The estimated final corrosion rate from the real-time measurements on the copper electrodes in 
LOT test parcel A2 (and for their prolonged exposure in the bentonite test package) are considerably 
higher than the average corrosion rate on the LOT A2 coupons (compare values given in Tables 5-2 
and 5-3).The electrochemical real-time measurements may provide higher than actual rates, which 
has earlier been considered (Rosborg et al. 2005). However, the differences in the acquired corrosion 
rates could just reflect variability in the near-field environment.

Table 5-3. Comparison with average corrosion rates from exposure of copper coupons 
in LOT test parcels and from exposure of electric resistance sensors of pure copper in  
the bentonite test package (btp).

Position Installed Retrieved Length of exposure 
years

Temp 
°C

Corrosion rate 
µm/year

Weight change 
mg

Ref

PR dh 1 2001 9 30 0.3
PR dh 5 2003 2011 7 35 0.4
LOT A2 coupons 1999 2006 6 30 < 0.5 27–46 a
LOT A0 coupons 1999 2001 < 2 35 3.4 83–86 b
btp ER sensors 2007 2011 4 RT 1.6–2.9 c

a – (Karnland et al. 2009); b – (Karnland et al. 2011); c – (Rosborg et al. 2013b).
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6 Conclusions

Real-time corrosion monitoring by means of electrochemical methods, using SmartCET® corrosion 
monitoring systems, has been applied on cylindrical copper electrodes in two deposition holes (dh) 
of the Prototype Repository at Äspö. The recorded corrosion rates fall below 1.3 µm/year (using a 
default value of n=2 in the software and with no correction applied for the used measuring frequency 
of 0.01 Hz; also disregarding the highly scattered data obtained for the copper electrodes in dh 1 
during 2010).

The recorded corrosion rate for the electrodes in dh 5 first increased from about 0.2 µm/year in 
2004 up to a maximum of 1.3 µm/year a year later and then gradually decreased to 0.7 µm/year 
in the end of 2010. The drainage of the inner and outer sections in the Prototype Repository was 
temporary closed in the end of 2004, and it is anticipated that the bentonite pore water before then 
was dominated by the bicarbonate containing tap water, and from 2005 on dominated by the saline 
groundwater in the surrounding rock. It seems somewhat unexpected that the corrosion rate for the 
copper electrodes in dh 1 did not show the same behaviour; however, the recorded corrosion rates 
for these electrodes are lower and the copper electrodes have been exposed longer.

Since the major corrosion product formed is cuprite, it is more relevant to use n=1 in Faraday´s 
law to convert the corrosion current density to a penetration rate. Furthermore, electrochemical 
impedance spectroscopy on pure copper electrodes in Äspö groundwater open to air has shown that 
the applied measuring frequency underestimates the polarization resistance with a factor of 4, and 
thus overestimates the corrosion rate with the same amount. After applying these corrections better 
estimates of the corrosion rates in the end of 2010 fall below 0.4 µm/year. Assuming that the cor-
rection for the measuring frequency is correct this is the highest possible corrosion rate. The actual 
corrosion rate could be lower due to parallel redox reactions.

The estimated corrosion rates on the copper electrodes in the Prototype Repository are lower than the 
rate estimated for the copper electrodes in LOT test parcel A2, about 0.4 compared to 0.8 µm/year after 
six years exposure respectively. Different operating conditions may be the reason for this. The aver-
age corrosion rate obtained from weight measurements of copper coupons in LOT test parcel A2 was 
found to be less than 0.5 µm/year, indicating that the real-time corrosion monitoring may provide 
conservative corrosion rates. Otherwise it just reflects variability in the near-field environment.
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Appendix A

Acquired data from dh 1 during 2010
Position of electrodes: In the second upper block (C3) in deposition hole 1 (DA3587G01); at 269, 270 
and 271°. Size of each electrode: Ø60×100 mm; nominal surface area 232 cm². Two cables from each 
electrode with black, yellow-green, and red insulation ending in the G-tunnel (HG0026A02). Heat to 
the copper canister from 2001-09-17; the electrodes installed a few days earlier. The table contains data 
for every 6 h during the measuring period 2010-10-28–2010-11-22.

SmartCET® unit, probe and electrode connection:
KTH lab unit; Probe 2; Black to AB – YG to CD – Blue to EF

Preset values:
Electrode area = 232 cm².

B (Stern-Geary coefficient) = 10.3 mV.

n = 2.

Density = 8.94 g/cm³.

Atomic weight = 63.54.

Resistance = 50 ohm.

Explanation of table:
HDA Corr rate=Recorded corrosion rate from harmonic distortion analysis.

PR Corr rate=Recorded corrosion rate from polarisation resistance measurements using the actual 
B-value.

B=Stern-Geary coefficient.

βa=Exponential anodic Tafel coefficient.

βc=Exponential cathodic Tafel coefficient. 
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Date/Time

HDA 
Corr rate  
µm/year

PR 
Corr rate 
µm/year

 
B 
mV

 
βa 

mV

 
βc 

mV

2010-10-28 19:16 0.75 0.75 9.44 16.99 21.25
2010-10-29 00:02 0.78 0.78 10.17 17.12 25.05
2010-10-29 06:01 1.08 1.08 14.10 22.67 37.30
2010-10-29 12:00 0.73 0.73 9.04 15.52 21.66
2010-10-29 18:06 0.84 0.84 10.67 17.23 28.02
2010-10-30 00:04 0.67 0.67 8.03 13.54 19.72
2010-10-30 06:02 0.67 0.67 7.91 13.40 19.29
2010-10-30 12:01 0.68 0.68 8.14 13.67 20.14
2010-10-30 18:06 0.65 0.65 7.82 13.21 19.19
2010-10-31 00:05 0.71 0.71 8.59 14.34 21.43
2010-10-31 06:01 0.71 0.71 8.66 14.40 21.71
2010-10-31 12:06 0.66 0.66 7.85 13.28 19.19
2010-10-31 18:05 0.64 0.64 7.49 12.89 17.87
2010-11-01 00:03 0.70 0.70 8.67 14.40 21.79
2010-11-01 06:01 0.86 0.86 10.89 17.50 28.85
2010-11-01 12:00 0.80 0.80 9.95 16.47 25.12
2010-11-01 18:06 0.66 0.66 7.90 13.33 19.41
2010-11-02 00:04 0.74 0.74 9.27 15.35 23.37
2010-11-02 06:02 1.13 1.13 14.86 23.08 41.71
2010-11-02 12:01 0.94 0.94 12.07 19.47 31.75
2010-11-02 18:06 0.87 0.87 11.26 18.11 29.78
2010-11-03 00:05 0.67 0.67 8.39 14.11 20.70
2010-11-03 06:03 0.66 0.66 7.93 13.34 19.54
2010-11-03 12:02 0.59 0.59 6.64 11.60 15.52
2010-11-03 18:01 0.63 0.63 7.70 13.13 18.62
2010-11-04 00:07 0.96 0.96 12.45 19.76 33.63
2010-11-04 06:05 0.93 0.93 12.62 21.37 30.81
2010-11-04 12:04 0.67 0.66 9.28 16.75 20.82
2010-11-04 18:03 0.47 0.47 6.65 13.08 13.54
2010-11-05 00:01 0.47 0.47 6.64 12.87 13.71
2010-11-05 06:00 0.50 0.50 7.07 13.53 14.82
2010-11-05 12:06 0.39 0.39 5.38 10.61 10.90
2010-11-05 18:05 0.46 0.46 5.82 11.27 12.03
2010-11-06 00:03 0.48 0.48 5.95 11.47 12.38
2010-11-06 06:02 0.49 0.49 5.95 11.32 12.53
2010-11-06 12:01 0.50 0.50 6.10 11.76 12.67
2010-11-06 18:00 0.51 0.51 6.09 11.59 12.83
2010-11-07 00:05 0.54 0.54 6.39 12.07 13.56
2010-11-07 06:04 0.53 0.53 6.13 11.57 13.04
2010-11-07 12:03 0.54 0.54 6.29 11.89 13.36
2010-11-07 18:02 0.55 0.55 6.40 12.08 13.61
2010-11-08 00:00 0.53 0.53 6.19 11.64 13.20
2010-11-08 06:06 0.55 0.55 6.30 11.91 13.39
2010-11-08 12:05 0.53 0.53 6.24 11.80 13.24
2010-11-08 18:04 0.53 0.53 6.31 11.92 13.40
2010-11-09 00:02 0.49 0.49 5.94 11.40 12.41
2010-11-09 06:01 0.47 0.47 5.89 11.41 12.15
2010-11-09 12:00 0.44 0.44 5.73 11.25 11.70
2010-11-09 18:06 0.85 0.85 11.54 19.79 27.67
2010-11-10 00:04 0.59 0.59 8.24 15.71 17.31
2010-11-10 06:03 0.40 0.40 5.48 10.83 11.10
2010-11-10 12:02 0.45 0.45 5.82 11.26 12.06
2010-11-10 18:00 0.45 0.45 5.77 11.30 11.79
2010-11-11 00:06 0.42 0.42 5.58 11.03 11.31
2010-11-11 06:05 0.44 0.44 5.75 11.27 11.72
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Date/Time

HDA 
Corr rate  
µm/year

PR 
Corr rate 
µm/year

 
B 
mV

 
βa 

mV

 
βc 

mV

2010-11-11 12:04 0.45 0.45 5.71 11.04 11.84
2010-11-11 18:02 0.44 0.44 5.71 11.26 11.59
2010-11-12 00:01 0.42 0.42 5.85 11.61 11.79
2010-11-12 06:00 0.52 0.52 7.41 14.09 15.62
2010-11-12 12:06 0.58 0.58 8.11 15.05 17.58
2010-11-12 18:04 1.02 1.02 13.39 21.17 36.42
2010-11-13 00:03 0.89 0.89 11.21 18.35 28.81
2010-11-13 06:02 0.88 0.88 11.32 18.30 29.68
2010-11-13 12:01 0.88 0.88 11.38 18.31 30.07
2010-11-13 18:06 1.06 1.06 13.95 22.15 37.70
2010-11-14 00:05 0.92 0.92 12.02 19.94 30.25
2010-11-14 06:04 0.85 0.85 11.51 19.56 27.98
2010-11-14 12:03 0.99 0.99 13.46 22.55 33.38
2010-11-14 18:01 1.00 1.00 13.12 21.62 33.39
2010-11-15 00:00 0.91 0.91 12.04 19.41 31.69
2010-11-15 06:06 0.74 0.74 9.61 15.90 24.26
2010-11-15 12:04 0.66 0.66 7.88 13.33 19.29
2010-11-15 18:03 0.78 0.78 9.89 16.48 24.74
2010-11-16 00:02 0.94 0.94 12.57 20.25 33.16
2010-11-16 06:01 0.54 0.54 7.62 14.56 15.97
2010-11-16 12:06 0.48 0.48 6.68 12.99 13.75
2010-11-16 18:05 0.41 0.41 5.69 11.19 11.56
2010-11-17 00:04 0.41 0.41 5.48 10.95 10.96
2010-11-17 06:03 0.44 0.44 5.76 11.22 11.85
2010-11-17 12:01 0.44 0.44 6.16 12.01 12.66
2010-11-17 18:00 0.42 0.42 5.84 11.57 11.79
2010-11-18 00:06 0.40 0.40 5.46 10.93 10.93
2010-11-18 06:05 0.45 0.45 6.24 12.34 12.63
2010-11-18 12:03 0.39 0.39 5.26 10.39 10.64
2010-11-18 18:02 0.43 0.43 5.66 11.21 11.43
2010-11-19 00:01 0.45 0.45 5.80 11.31 11.91
2010-11-19 06:00 0.42 0.42 5.53 10.76 11.38
2010-11-19 12:06 0.40 0.40 5.34 10.55 10.80
2010-11-19 18:05 0.40 0.40 5.60 11.05 11.35
2010-11-20 00:03 0.81 0.81 11.27 20.06 25.73
2010-11-20 06:02 0.79 0.79 10.14 16.61 26.03
2010-11-20 12:01 0.75 0.75 9.25 15.32 23.35
2010-11-20 18:00 0.73 0.73 9.00 15.15 22.19
2010-11-21 00:05 0.74 0.74 9.19 15.19 23.26
2010-11-21 06:04 0.68 0.68 8.39 14.12 20.67
2010-11-21 12:03 0.68 0.68 8.42 14.09 20.91
2010-11-21 18:02 0.79 0.79 9.78 16.20 24.67
2010-11-22 00:00 0.77 0.77 9.71 16.03 24.59
2010-11-22 06:06 0.73 0.73 9.23 15.32 23.19
2010-11-22 12:05 0.72 0.72 8.93 14.82 22.46
2010-11-22 15:26 0.94 0.94 12.17 19.54 32.27
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Appendix B

Acquired data from dh 5 during 2010
Position of electrodes: In the upper block (C4) in deposition hole 5 (DA3551G01); at 269, 270 
and 271°. Size of each electrode: Ø60×100 mm; nominal surface area 232 cm². Two cables from each 
electrode with black, yellow-green, and red insulation ending in the G-tunnel (HG0023A02). The table 
contains data for every 6 h during the measuring period 2010-10-29–2010-11-22.

SmartCET® unit, probe and electrode connection:
KTH lab unit; Probe 1; Black to AB – YG to CD – Red to EF

Preset values:
Electrode area = 232 cm². 

B (Stern-Geary coefficient) = 10.3 mV.

n = 2.

Density = 8.94 g/cm³. 

Atomic weight = 63.54.

Resistance = 50 ohm.

Explanation of table:

HDA Corr rate=Recorded corrosion rate from harmonic distortion analysis.

PR Corr rate=Recorded corrosion rate from polarisation resistance measurements using the actual 
B-value.

B=Stern-Geary coefficient.

βa=Exponential anodic Tafel coefficient.

βc=Exponential cathodic Tafel coefficient.
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Date/Time

HDA 
Corr rate  
µm/year

PR 
Corr rate 
µm/year

 
B 
mV

 
βa 

mV

 
βc 

mV

2010-10-29 18:06 0.72 0.72 6.15 11.52 13.21
2010-10-30 00:04 0.73 0.73 6.25 11.66 13.47
2010-10-30 06:02 0.71 0.71 6.14 11.52 13.14
2010-10-30 12:01 0.70 0.70 6.10 11.46 13.04
2010-10-30 18:06 0.69 0.69 6.04 11.37 12.88
2010-10-31 00:05 0.69 0.69 6.06 11.44 12.90
2010-10-31 06:01 0.69 0.69 6.08 11.46 12.93
2010-10-31 12:06 0.69 0.69 6.07 11.45 12.92
2010-10-31 18:05 0.73 0.73 6.25 11.68 13.43
2010-11-01 00:03 0.76 0.76 6.36 11.84 13.75
2010-11-01 06:01 0.78 0.78 6.50 12.07 14.08
2010-11-01 12:00 0.82 0.82 6.76 12.49 14.75
2010-11-01 18:06 0.71 0.71 6.11 11.54 13.00
2010-11-02 00:04 0.70 0.70 6.11 11.53 12.98
2010-11-02 06:02 0.70 0.70 6.12 11.56 13.02
2010-11-02 12:01 0.71 0.71 6.13 11.56 13.06
2010-11-02 18:06 0.70 0.70 6.12 11.54 13.04
2010-11-03 00:05 0.70 0.70 6.11 11.54 13.01
2010-11-03 06:03 0.70 0.70 6.13 11.56 13.04
2010-11-03 12:02 0.70 0.70 6.14 11.58 13.07
2010-11-03 18:01 0.72 0.72 6.18 11.61 13.20
2010-11-04 00:07 0.70 0.70 6.10 11.53 12.95
2010-11-04 06:05 0.70 0.70 6.10 11.55 12.95
2010-11-04 12:04 0.70 0.70 6.10 11.54 12.94
2010-11-04 18:03 0.69 0.69 6.07 11.49 12.87
2010-11-05 00:01 0.69 0.69 6.08 11.52 12.87
2010-11-05 06:00 0.69 0.69 6.08 11.52 12.89
2010-11-05 12:06 0.69 0.69 6.06 11.49 12.82
2010-11-05 18:05 0.68 0.68 6.04 11.46 12.78
2010-11-06 00:03 0.68 0.68 6.04 11.49 12.76
2010-11-06 06:02 0.68 0.69 6.05 11.50 12.78
2010-11-06 12:01 0.68 0.68 6.04 11.47 12.77
2010-11-06 18:00 0.68 0.68 6.03 11.46 12.73
2010-11-07 00:05 0.68 0.68 6.04 11.48 12.74
2010-11-07 06:04 0.69 0.69 6.06 11.51 12.79
2010-11-07 12:03 0.69 0.69 6.05 11.50 12.79
2010-11-07 18:02 0.68 0.68 6.04 11.47 12.75
2010-11-08 00:00 0.69 0.69 6.06 11.51 12.79
2010-11-08 06:06 0.69 0.69 6.06 11.52 12.80
2010-11-08 12:05 0.69 0.69 6.06 11.51 12.80
2010-11-08 18:04 0.69 0.68 6.06 11.50 12.78
2010-11-09 00:02 0.69 0.69 6.09 11.56 12.86
2010-11-09 06:01 0.69 0.69 6.08 11.53 12.85
2010-11-09 12:00 0.69 0.69 6.07 11.49 12.84
2010-11-09 18:06 0.69 0.69 6.07 11.51 12.86
2010-11-10 00:04 0.69 0.69 6.08 11.55 12.85
2010-11-10 06:03 0.69 0.69 6.08 11.55 12.85
2010-11-10 12:02 0.69 0.69 6.07 11.51 12.83
2010-11-10 18:00 0.68 0.68 6.06 11.51 12.79
2010-11-11 00:06 0.69 0.69 6.09 11.56 12.85
2010-11-11 06:05 0.69 0.69 6.07 11.54 12.82
2010-11-11 12:04 0.69 0.69 6.08 11.54 12.84
2010-11-11 18:02 0.68 0.68 6.05 11.52 12.75
2010-11-12 00:01 0.68 0.68 6.07 11.55 12.81
2010-11-12 06:00 0.68 0.68 6.08 11.56 12.83
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Date/Time

HDA 
Corr rate  
µm/year

PR 
Corr rate 
µm/year

 
B 
mV

 
βa 

mV

 
βc 

mV

2010-11-12 12:06 0.69 0.69 6.08 11.54 12.83
2010-11-12 18:04 0.69 0.69 6.07 11.54 12.81
2010-11-13 00:03 0.69 0.69 6.09 11.58 12.86
2010-11-13 06:02 0.69 0.69 6.10 11.59 12.87
2010-11-13 12:01 0.69 0.69 6.09 11.57 12.85
2010-11-13 18:06 0.69 0.68 6.07 11.54 12.80
2010-11-14 00:05 0.69 0.69 6.09 11.59 12.86
2010-11-14 06:04 0.69 0.69 6.10 11.60 12.87
2010-11-14 12:03 0.69 0.69 6.08 11.56 12.83
2010-11-14 18:01 0.69 0.69 6.10 11.60 12.87
2010-11-15 00:00 0.69 0.69 6.11 11.60 12.89
2010-11-15 06:06 0.69 0.69 6.10 11.60 12.88
2010-11-15 12:04 0.69 0.69 6.09 11.56 12.86
2010-11-15 18:03 0.68 0.68 6.08 11.57 12.79
2010-11-16 00:02 0.68 0.68 6.06 11.53 12.78
2010-11-16 06:01 0.68 0.68 6.06 11.51 12.78
2010-11-16 12:06 0.68 0.68 6.04 11.48 12.76
2010-11-16 18:05 0.68 0.68 6.04 11.49 12.73
2010-11-17 00:04 0.68 0.68 6.06 11.53 12.78
2010-11-17 06:03 0.68 0.68 6.06 11.52 12.79
2010-11-17 12:01 0.68 0.68 6.05 11.50 12.75
2010-11-17 18:00 0.68 0.68 6.06 11.53 12.77
2010-11-18 00:06 0.68 0.68 6.06 11.53 12.76
2010-11-18 06:05 0.68 0.68 6.07 11.55 12.79
2010-11-18 12:03 0.68 0.68 6.07 11.54 12.78
2010-11-18 18:02 0.69 0.69 6.09 11.60 12.84
2010-11-19 00:01 0.68 0.68 6.09 11.58 12.82
2010-11-19 06:00 0.68 0.68 6.07 11.56 12.78
2010-11-19 12:06 0.68 0.68 6.07 11.56 12.79
2010-11-19 18:05 0.68 0.68 6.07 11.54 12.79
2010-11-20 00:03 0.68 0.68 6.06 11.53 12.76
2010-11-20 06:02 0.68 0.68 6.05 11.53 12.75
2010-11-20 12:01 0.68 0.68 6.07 11.55 12.77
2010-11-20 18:00 0.68 0.68 6.08 11.57 12.81
2010-11-21 00:05 0.68 0.68 6.07 11.55 12.80
2010-11-21 06:04 0.68 0.68 6.06 11.54 12.77
2010-11-21 12:03 0.68 0.68 6.07 11.57 12.78
2010-11-21 18:02 0.68 0.68 6.08 11.58 12.81
2010-11-22 00:00 0.68 0.68 6.06 11.54 12.77
2010-11-22 06:06 0.68 0.68 6.05 11.52 12.75
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