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Background

The mechanisms of copper corrosion for a KBS-3 repository for spent
nuclear fuel need to be known with a high level of confidence. This is
because the overall rate of copper canister corrosion (accounting for
corroding species concentrations, geochemical conditions and the mass
transport through surrounding barriers) provides an essential perfor-
mance indicator in safety assessment. A complicating boundary condi-
tion of the corrosion assessment is the repository thermal evolution,
which is initially driven by the decay heat of the disposed spent nuclear
fuel. The deviation in thermal conditions from the standard state of
tabulated thermodynamic data (298 K) needs to be explicitly accounted
for. The canister surface is expected to exhibit temperatures in excess

of 70 °C for the first 100 years and be appreciably elevated for at least
1000 years. The thermal corrections of thermodynamic data introduce
an uncertainty source which needs to be scrutinized.

Purpose of the Project

The purpose of this project is to assess the importance of thermodyna-
mic data extrapolations used in copper corrosion modelling to account
for repository temperature deviations from the standard state of 298 K.

Results

There are reasonably reliable methods to extrapolate thermodynamic
data, which should work well within the relatively restricted range of
elevated temperature in the repository environment. The present work
examines the revised Helgeson-Krikham-Flowers (HFK) method and
applies this concept for copper corrosion scoping calculations. It is sug-
gested that uncertainties originating from extrapolations to account for
the expected temperature interval are not larger than those caused by
the normal interpretation of the underlying experimental data. Relevant
thermodynamic data for copper speciation have been compiled from
various sources. Calculations with these data show that the temperature
influence on equilibrium conditions is rather modest, but increased
temperature will nonetheless reduce the immunity area of copper under
relevant groundwater conditions.
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Future work

The author suggest that QA work on thermodynamic data for copper
species of interest for the repository environment could reveal more sig-
nificant uncertainties than the quite small uncertainties which should be
associated with temperature corrections. For comprehensive treatment of
temperature effects on realistic corrosion rates, temperature influence on
reaction kinetics and mass-transfer (e.g. diffusivities in compacted bento-
nite) need to be considered along with thermodynamics.

Project Information

Project manager: Bo Stromberg
Project reference: SSM 2009/1825
Project number: 1686
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Executive Summary

The stability of copper metal (i.e. tendency to corrode) in terms of HS™ con-
centration and of other hydrochemical parameters is often discussed by
thermodynamic analysis which in turn often is illustrated in E,-pH space in
Pourbaix diagrams. Corrosion of copper by HS™ could form rather complex
products in the Cu-S-H,0 system and the effectiveness of immunity or pas-
sivation would be variable depending on those products. The effect of salin-
ity, i.e. increasing CI, is to increase the vulnerability of copper at a given Ey,;
increasing temperature has a similar effect, as does decreasing pH. Addi-
tional solutes containing Fe, Cl, N and carbonate control the immune areas
and formation of solids that influence corrosion if passive films are formed
or hindered from being formed.

Most thermodynamic types of descriptions of copper stability and corrosion
behaviour are founded on data valid at 25 °C. For a correct thermodynamical
analysis at an elevated temperature, available data (mostly at 25 °C) need to
be corrected for the elevated temperature. The equilibria and thus copper
stability and corrosion at the elevated temperatures of interest will then be
expected to differ from those at 25 °C. In addition an elevated temperature
will also influence reaction rates and diffusion of e.g. dissolved species in
the environment.

An objective of the present work has been to study the effects of elevated
temperatures up to 130 °C on the expected corrosion processes on copper
canisters. An upper temperature limit of 130 °C is suggested in this work in
order to create a reasonable margin to the maximum expected temperature of
the actual repository system. Literature sources and data are partly accounted
as are also outlines of methods for temperature extrapolations of data. A
specific focus has been on uncertainties of thermodynamical data. The total
uncertainty can be subdivided in uncertainty in measured data, uncertainty in
data extrapolations to high temperature, uncertainty in the choice of species
to consider and into other uncertainties. The two first uncertainties are con-
sidered to be of the same order in actual temperature intervals. The third
could be large if important species are missed/unknown/uncharacterized.

The combined uncertainties of thermodynamics, kinetics and transport proc-
esses should be more evaluated than done here.
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1. Introduction

In order to create a safe final repository for spent nuclear fuel it is necessary
to have a good understanding of the corrosion processes of copper. Copper is
foreseen to corrode in the repository environment forming sulphides, oxides
or more complex phases depending on the environment. Some important
variables are temperature, E,, pH and concentrations of chloride and sul-
phide. Furthermore, kinetics and transportation processes are important for
the final corrosion rate.

Studsvik Nuclear AB has in collaboration with others since many years as a
consultant to the authority studied most of those processes both experimen-
tally and theoretically. As an example, the main processes of geochemistry
and corrosion of copper in a sulphide environment was studied in 2008 in
collaboration with Intellisci Itd. [1]. Examples of previous works can also be
found in [2-9].

In SKBs safety analyses, i.a. in [10], it is presupposed that the first corrosion
attack is governed by the oxygen that is left after closure. For the subsequent
period with reducing conditions, the corrosion process is said to be governed
by sulphide supply with the ground water flow. A limited corrosion is also
possible from pyrite in the bentonite buffer. This corrosion process is ex-
pected to be less dependent on local chemistry and temperature within limits.
In order to verify this conceptual picture it is necessary to find a fundamental
understanding of actual corrosion processes and governing geochemical
processes and how they are influenced by different parameters. Gunnar
Hultqvist and Peter Szakalos (Corrosion Science, School of Chemical Sci-
ence and engineering, KTH) have for example suggested that there will be a
significant anoxic corrosion of copper during the initial period with elevated
temperature [11-15]. This is an example of a process that is not fully under-
stood yet.

In SR-Can [10] it was demonstrated that the surface temperature of the cop-
per can be expected to exceed 50 °C during several hundreds of years with a
maximum of 90 °C about 10 years after sealing of the deposition hole.
Therefore the temperature parameter is important, at least up to slightly
abovel00 °C. An upper temperature limit of 130 °C is suggested in this work
in order to create a reasonable margin to the maximum expected temperature
of the actual repository system.

For a correct thermodynamical analysis available data, normally found for
25 °C, need to be corrected to the elevated temperature. The equilibria and
tendency to corrode at elevated temperatures will then be expected to differ
from those at 25 °C. In addition an elevated temperature will influence
chemical reaction kinetics and mass transfer rates (e.g. diffusivities of dis-
solved species in the buffer).

A general objective of the present work has been to study the literature on

the effects of elevated temperatures on thermodynamic data up to 130 °C and
thereby on the expected corrosion processes on copper canisters. A specific
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focus has been on uncertainties of thermodynamical data from the standard
state of account at 25 °C and up to 130 °C.
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2. Thermodynamic data in
literature

Background to data-need

The data needed to calculate a chemical equilibrium at temperature is the
equilibrium constant, Ky or Gibbs free energy, AG+. In the case of the re-
pository, temperature is not expected to vary outside of the interval 15 <t <
130°C (288 < T < 403 K). There is a fundamental relation between Ky and
AGt which can be used to calculate Kt as soon as AGt is known.

AGr = 'RTInKT

A review of the situation for copper has shown that some data are available
for 25 °C and tabulated in several data-base works [16-26]. Some of these
works also have data for elevated temperatures, but the number of accounted
copper species at elevated temperatures in the tables are limited, which im-
ply the need for temperature extrapolation methods. Those methods use
available high temperature data for regression when available and analogies
with other systems (or both) when applicable. Experimentally determined
data for copper species at an elevated temperature are also available to some
extent and for a limited number of species. Examples of the latter can be
found in [35-39] and also in the reviews in [27-34].

The sparse availability of data at a given, elevated temperature has forced
workers in different areas to use extrapolation methods. There are several
methods/models available, the most used of which is the Helgeson-Kirkham-
Flowers or HKF model. Some fundamental information about this model and
some of the data needed can be found in [27-34].

For our limited needs up to max. 130 °C, a simplified version of the HKF
model can be applied. See e.g. [40] for a good “how to” description. How-
ever, the model needs some fundamental data at 25 °C to work properly,
namely:

A{G®, S°and Cp°

Cp° = f(T) is normally also needed for neutral species. A commonly used
simplification of the latter function is:

Cp°=a+bT +cT?
where b and ¢ are needed for neutral species only. For ionic species Cp° = a.

Starting with these data, extrapolation of AG,s of aqueous species to AGr
can be performed with the revised (and simplified for T < 300 °C) Helgeson-
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Kirkham-Flowers (“HKF”) model [28-31, 40] in which the values of Cp°
(25 °C) and S° (25 °C) are used to estimate some parameters appearing in
the HKF model. Knowing those parameters, AGr can be calculated and
thereby also K.

The HKF parameters are denoted a; — a4, C; — Cy, i and ®. Parameters a; — a4
are pressure dependent. If the pressure difference is low, those parameters
can all be set = 0, which results in the simplified version. This can normally
be done in water systems for temperatures as high as up to 300 °C and the
pressures that are considered for the repository. The rest of the parameters, ¢,
— Cy, Ii (for ions) and o (for neutral species) can all be estimated using Cp°
(25 °C) and S° (25 °C) and Cp° = f(T).

This overview was made as a background to the data need discussed in the
following. See chapter 3 of the present report for a more detailed treatment
of calculations.

A sufficient set of data to calculate AG+ in the Cu-H,O system via the HKF
model is shown as an example in Table 1 [41].

In Appendix A an extensive set of copper data found in literature and related
to the repository environment is accounted.
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Table 1
An example of a sufficient data-set at 25 °C for the system copper-water to
use the HKF model for estimations of AGt at repository temperatures. [41].

AG# 5° Cp (T)/(FK mol ™)
=a+bT+eT ™

Specier (kJ-mol_lj [J-K_"-mol_l) al bx10' ex107
Cu(er) 0 33.15 20531 8611  0.155
CuO(er) -147.90 02.36 58,199 23974  —0.159
CuO(er) -128.29 42.6 48597 7427  -0.761
Cu(OH);(er) —359.92 87.0 86.99 2326  —0.54
Cu® 48.87 40.6 57.3
CuOH(aq) -122.32 226 —280
Cu(OH), -333.05 -135 562
cu’ 65.04  —98.0 —23.8
CuOH" -126.66 61 382
Cu(OH)y(aq)  —316.54 26 214
Cu(OH);" —493.98  -14 105
Cu(OH)4™ —657.48 -175 800
Cuy(OH),™ —285.1 —4 190
Cuz(OH)s™ —633.0  —59 404

E3 - e -
7: For agqueous 1ons and complexes “a” corresponds to the standard partial molar heat

capacity at 25°C | and 1ts temperature dependence has been calculated with the
revised Helgeson-Kirkham-Flowers model as described in the text.

Sources of data

Data production and tabulation at 25 °C

This part of the work has been performed to identify the most suitable ther-
modynamical data that can support a model for copper corrosion at elevated
temperature. Such information is in a first step needed for the chemical sys-
tem Cu-CI-S-C-N-H,0 and has been produced/collected by several authors,
i.a. [41-48]. It should be notified, however, that a full survey has not been
possible within the limited frames of this project.

I.a. depending on properties of the substance, the kinds of experimental data
used to derive thermodynamical data could be:

- Solubility.

- Molar volume.

- Compressibility

- Electrochemical measurements (Especially AG® for reactions).

- Calorimetric measurements especially to determine Cp® for individual spe-
cies as a function of T, but also to determine AH® for reactions.
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- Steam pressure measurements to determine chemical activities of volatile
species in solution or in a melt.
- Other types of data for different, specific purposes.

The amount of data generated is very large and has, after evaluation and
recalculations, normally been collected and tabulated as thermodynamical
data at 25 °C in generalized reference works like those in [16-26]. The latter
references constitute the main sources of standardized thermodynamical
data. There are also other data bases related to special projects or calculation
programs, like in [22, 49] and several others.

Reliability

Most workers are extracting data out of the mentioned standard reference
works, and one fundamental question is how reliable they are. It is con-
cluded that all data needed to evaluate copper corrosion cannot be fully
evaluated from the reliability point of view within the present project. The
amount of information is too large. Therefore focus has been on accounting
thermodynamic data that has been used in different instances for the most
important species of the copper system relevant for the repository and to
discuss in a general way how relevant they might be.

Data at higher temperatures

Focus has been on temperature extrapolations/recalculations and the meth-
ods for that from data at 25 °C as such extrapolations, as already indicated,
are the normal way of producing data at elevated temperatures in repository
environment. The most relevant works available on extrapola-
tion/recalculation techniques from 25 °C to T are found in older works by
Criss & Cobble [50, 51], Helgeson et.al. [28, 34], Puigdoménech et.al. [40]
and quite recently by Djamali and Cabble [52].

In the latter reference [52] a new theoretical treatment has been developed
for predicting the thermodynamic properties of electrolytes up to and beyond
the critical temperature of water (up to 973 K and at pressures up to 1000
MPa). The temperature and pressure behaviour of electrolytes is said to be
accurately predicted from existing low temperature data. With this method
only two constants are said to be needed for each electrolyte at all tempera-
tures and pressures compared to the model of Helgeson et. al. that requires
up to 7 parameters for the same type of calculation of high temperature (>
300 °C) thermodynamic data.

A comparison between the method in [52] and “older” methods has not been
possible as the information appeared too late in this project. The well estab-
lished HKF techniques has been used to produce data in the present and pre-
vious works for repository conditions and Djamali and Cabble techniques
are therefore not further used or mentioned in the present work. However, it
should be worth while to compare Djamali and Cobble [52] produced data
with HKF produced data in a future project.
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Data for repository conditions

The above mentioned general databases [16-26] are the standard sources also
for copper related data at 25 °C. Thermodynamic data of specific relevance
for copper corrosion in the repository environment has been extracted from
the general databases and elsewhere and are reported by several workers like
Helgeson et.al. [27-34], Macdonald [53], Beverskog, Puigdoménech and
Taxén et.al. [41-45] and by others [54-56]. Excerpts of relevant data tables
for the copper system at 25 °C, especially from the mentioned works, can be
found in Appendix A. Most of those data are taken from [41-45]. However,
the very origin to many of the latter data are from the general databases.

The excerpted data selected and accounted in Appendix A should be suffi-

cient for the application of HKF temperature extrapolations up to 130 °C
needed for many if not all copper studies in the repository system.

SSM 2010:09 11
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3. Recalculations of 25 °C
data to higher T

Needs of recalculations

As already pointed out, thermodynamic data actually measured at and ac-
counted for high temperature is scarce in literature. To compensate for this
some recalculation/extrapolation methods have been developed of which the
revised HKF model [28-31] has been used by many workers within the field
of copper corrosion [41-45, 54-56]. The model is said to be good for recalcu-
lation of room temperature data up to 5 kbar pressure and 1000 °C and has
also been used for thermo chemical calculations in nuclear power reactors
[54, 55, 57].

In order to do fully proper calculations at higher temperatures with the HKF-
model, a set of data is required that are not always complete for a specific
system. The more or less normal situation is that values of AGjs exist to-
gether with values of C;,m (25°C)and S (25 °C). When C, = f(T) is also
known, AGt and thus Ky can be calculated under certain conditions with the
HKF method. At temperatures < 300 °C a simplified version can be used.

The HKF method for recalculation of AG,5 to AG+

HKF parameters

The HKF method for recalculation/extrapolation requires that a set of HKF
parameters are determined using thermodynamic data at 25 °C. The parame-
ters are often denoted a; — a4, €y, Cy, Ii and ;.

Parameters a; — a4 are pressure dependent and can be set = 0 at moderate
temperatures (like < 130 °C) and pressures like in the case of the repository.
This has also been done in most of the references, or in virtually all of the
referenced works, that are of interest in the present case.

The ¢, and ¢, parameters are calculated according to equations [40]:

2 = —1.26968 x 10° + 2037 C5, (i To)

. 1 5
cy = (..;.m”. T{})—C‘l(m) + 9.213 x 10_'0.1(?'.?0‘

The radius for an ionic specie i, r;, is calculated according to:
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—458.8 x 107102
r o= S— — |zilkz
'SIIl“" .T[}} -z

The Born coefficient, w;, for a neutral specie “i” is either calculated accord-
ing to (One or diatomic non-polar species of the kind Ar or N,):

w(i) = —1514.453(, To)

For all other neutral species, “i”, the Born coefficient, ; is calculated ac-
cording to:

w(i) = 1.422x 10° —1514.4 53 (i, To)

Examples of resulting data sets from these calculations for a small part of the
repository copper system is shown in Table 2, where also the a; —a, parame-
ters are accounted. It should, however, be noted that the set shown in Table 2
is not at all complete for the repository case. Quite a large number of species
have to be added in order to fully describe the repository chemistry. All of
this has not been possible to calculate within the frames of the present pro-
ject. However, data accounted in Appendix A can be used to complete Table
2 with most HKF parameters necessary to produce a complete set of corre-
sponding thermodynamic data at T and especially for temperatures up to 130
°C.

The type of data set accounted for in Table 2 is not normally accounted for
in the works referred in discussions of repository chemistry and copper cor-
rosion in the repository environment. Only starting data to calculate those in
Table 2 are normally given. With such a complete set, however, the reposi-
tory environment/copper corrosion can be described at equilibrium at virtu-
ally any condition within the repository limits.

Table 2

Examples of HKF parameter values for some copper species.

Specie DfG® DfH® s° al a2 a3 a4 cl c2 © z

Cu+ 11950 17132 9,7 0,07835  -586,82 8,0565 -25364 17,2831 -2439 0,96 1
Cut+ 15675 15700 -23,2 -0,11021 -1047,26 9,8662 -23461 20,3 -43900 0,72 2
Cuo -20800 -34200 -12,4 -0,03937  -873,60 9,1675 -24178 12,149 -33197 73840,00 0
CO3-- -126191  -161385 -1195 0,28524  -398,44 6,4142 -26143  -3,3206 -171917 2,87 -2
HS- 2860 -3850 16,3 0,50119 497,99 3,4765 -29849 3,42 -62700 1,84 -1
S2-- 19000 7200 6,8 0,55797 584,26 3,4536 -30205 -3,3496 -162955 3,27 -2
SO4-- -177930 -217400 45 083014 -19846  -6,2122 -26970 1,64 -179980 3,21 -2
Cl- -31379 -39933 13,56 0,4032 480,1 5,563 -28470 -4,4 -57140 1,81 -1
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Temperature recalculations of AGr

When HKF parameter values as those compiled in Table 2 are known, AGr
(and thereby Ky) for a reaction can be calculated at repository temperatures
T as AGr = f(cy, Cp, 11, @;, T). See the formula below. As already pointed out,
the parameters a; — a4 can all be neglected for this case, as T < 300 °C. The
total set of formulas and data used can be found in references [27-34, 40]
and specific references are not quoted below. The work in [40] is the best to
consult from “pedagogical” point of view. Mathcad programs are also avail-
able to perform calculations of HKF parameters [55].

The apparent standard partial molar Gibbs energy for an aqueous ion, i, is
given by (neglecting pressure influences):

To is the reference temperature, normally 298 K. The dielectric constant
(relative permittivity) of H,O(l), ¢, is temperature and pressure dependent. At
298.15 K and 1 bar &, = 78.4, cf. Table 3. Y(T,) has the value -5.81x10”° K™.

Table 3
Some tabulated properties of water.
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Having the apparent standard partial molar Gibbs energy for all reactants and
products, AGr for a reaction can be calculated and thereby Ky for the same
reaction, by applying the formula:

log Kt = - AG{/RTIn10

The revised Helgeson-Kirkham-Flower (HKF) model is evaluated and de-
scribed in detail in [40, 55] and all relevant equations are reported. Mathcad-
documents are also presented to calculate thermodynamic data under the
revised HKF-model to a level where the reader should be able to implement
calculations with the revised HKF-model [55].

When all necessary AG+/log Ky data for a system are known at T, equilib-
rium calculations for a system have often in the case of [41-45] been carried
out with a modified version (MEDUSA) [49] of the programme SOLGAS-
WATER [58]. The latter is also available in a windows version, called
WinSGW [59]. MEDUSA [49] can calculate thermodynamic equilibrium
through minimisation of the free energy in the chemical system. In all the
calculations, it is assumed that the activity for water is constant and equal to
one. It is also assumed that the activity of solid phases is equal to one. A
normal assumption for the use of equilibrium-diagrams is that concentration
can be used instead of activity. However, this does not apply for concen-
trated solutions or with very low or high pH.

The results of the equilibrium calculations can be used for different means,
e.g. drawing of potential/pH (Pourbaix) diagrams. Examples of such dia-
grams at two different temperatures are shown in Figures 2 and 3 [42]. See
the following Chapter 5.
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4. Uncertainties in data

Data resulting from HKF estimations

In cases where experimental data (e.g. molar volume, compressibility, heat
capacity) are available at high temperatures and pressures, HKF-coefficients
can be obtained by a regression procedure and thermodynamic properties
can be calculated at the actual temperature and pressure from those data. In
many cases, however, no such data is available and HKF-coefficients have to
be estimated from data at 25 ° C and 1 bar to calculate at the actual tempera-
ture and pressure. In the work by Shock and Helgeson [29] there is a discus-
sion of the uncertainties that can be expected in estimated HKF-coefficients
and in the calculated values of thermodynamic properties at high tempera-
tures and pressures. This discussion of uncertainties was summarized by
Forsberg [55] and is partly referred here concerning the simplified low tem-
perature/low pressure case.

In [29], values of HKF-coefficients, calculated from the correlations given
for estimating these coefficients, are compared with values obtained from
regression of experimental high temperature data for ions for which such
data are available. A very important general finding by Shock and Helgeson
in that process is that the difference between data estimated with the HKF
model and data obtained by the regression of experimental high temperature
data is not greater than the combined uncertainty in the experimental data
and the uncertainties arising from extrapolation of experimental data to infi-
nite dilution.

Uncertainties in estimated HKF coefficients leads to corresponding uncer-
tainties in the calculated values of standard partial molal properties at high
temperatures and pressures. Analyses performed by Shock and Helgeson
indicate a mean uncertainty of +2x10* cal K mol™ for coefficient c,, which
gives a contribution to the uncertainty of C,° at 25°C of +4 cal mol™ K™,
However, this uncertainty decreases with increasing temperature and takes
the value + 0.02 cal mol™ K™ at 1 000 °C.

The average uncertainty of +2x10* cal K mol™ for c; leads to a pressure-
independent uncertainty of + 0:45 cal mol™ K™ for S° at 100 °C; increasing
to + 0.7 cal mol™ K™ at 1 000 °C.

Pressure independent uncertainty in G° arising due to uncertainty in the es-
timated value of c, extends up to = 2 000 cal mol™ at 1 000 °C, but the mean
uncertainty in ¢, results in an uncertainty of only + 940 cal mol™ at 1000 °C
and = 470 cal mol™ at 500 °C.

Shock and Helgeson [29] concludes that, in the unlikely event that all mean
uncertainties in the estimated values of the HKF-coefficients leads to uncer-
tainties with the same sign in the subsequent calculated values of G°, the
combined uncertainty is of the order of + 700 cal mol™ (+ 2 900 J mol™) at
500 °C and 2000 bar.
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For neutral species there will be further uncertainty in the calculated values
of standard partial molal properties at high temperatures and pressures due to
uncertainty in the value of the effective Born coefficient, we, either obtained
from the regression of experimental high temperature data or estimated by
correlations. Assuming a typical uncertainty in o, of £ 5 000 cal mol™ results
in an uncertainty in the estimated value of G° of + 2.6 cal mol™ at 25 °C and
1 000 bar. At 500 °C and 1 000 bar the corresponding uncertainty is + 328 cal
mol™. Shock et al. [29] conclude that uncertainties in the calculated values of
standard thermodynamic properties at high temperatures and pressures aris-
ing from uncertainties in . is generally smaller than those arising from un-
certainties in the estimated HKF coefficients.

The HKF model has previously been used in thermodynamic calculations at
Studsvik. The model was then used to calculate Pourbaix diagrams, for ex-
ample, for the systems Fe-Cr-Ni-H,0 [57], Fe-Cr-Ni-B-Li-H,0 [60] and Cu
H,O [43]. In these calculations pressure effects on thermodynamic data for
species in aqueous solution were not considered because of the low com-
pressibility of water at LWR and repository conditions. All terms containing
the volumetric-HKF coefficients a;-a, were thus excluded. This was consid-
ered to be an acceptable simplification in estimating BWR conditions (285
°C/70 MPa), but should not to be used at temperatures and pressures above
PWR conditions (315 °C/140 MPa).

As a summary it could be stated that for the limited temperature range con-
sidered for the repository conditions, i.e. up to < 130 °C, the HKF extrapola-
tion method normally used by several workers to calculate thermodynamical
data for aqueous species permits a simplified estimate of data as far as up to
300 °C. The uncertainties introduced in such a process are not larger than
those in corresponding experimentally determined data.

An example (formation of the cupric dicarbonate ion) of a comparison of
resulting log K°-values as derived by using different methods is shown in
Figure 1 for 0 < T(°C) < 100 [40]. In this case there is a maximum difference
of 3 % between the log K - values.
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Figure 1
Equilibrium constants for the reaction: Cu** + 2C0O5* = Cu(C0s),” calcu-
lated by using different temperature extrapolation methods.

Data resulting from experimental determinations

As already mentioned above, when experimental data are available they are
consistent with the models for extrapolation and the uncertainties are of the
same order in experimental data as uncertainties arising from the model es-
timations. A valuation of the absolute uncertainty of measured data for re-
pository relevant copper species is a very large job and cannot be included in
the present work. However, as stated above, previous work by e.g. Helgeson
et.al. indicate that uncertainties in the very commonly used HKF model ex-
trapolations of high temperature data from 25 °C data does not introduce any
larger uncertainty than already present in data measured at temperature. The
HKF model extrapolation method could thus be considered as a good
method for the estimation/extrapolation of high temperature data considering
given limitations and also to temperatures at and even above 130 °C.

Total uncertainty

The total uncertainty consists of:

- Uncertainty in measured data like those often tabulated at 25 °C.
- Uncertainty in model calculations of high temperature data.

- Uncertainty in the choice of species.

- Others

The two first are considered to be of the same order in actual temperature
intervals.
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The third could introduce large uncertainties if important species are
missed/unknown/as yet uncharacterized and therefore totally excluded from
consideration. A fresh example of this could be the Gunnar Hultqvist and
Peter Szakalos case of anoxic copper corrosion already referred above [11-
15].

An example of the process of choosing species at calculations in the copper-
water system is shown in Table 4 [43]. Some species are used and others are
excluded. In such a process there should of course be some justification for
acting in one or the other way in the process of including/excluding data.

Table 4
Copper species considered for the copper water system in [43].

An example of the fourth type of uncertainty is using concentrations instead
of activities at calculations [40]. Normally activities are calculated using the
following formula for activity coefficients and in such cases this type of
uncertainty is minimized accordingly.
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where | is the ionic strength, A, B, and b are temperature-dependent parame-
ters, z; is the electrical charge of the species i, and a is a "distance of closest
approach", which in this case is taken equal to that of NaCl (3.72 x 10™ m).
See also Table 5 [40] for data.

Table 5
Parameter values between 25 and 300 °C for the logy; function [40].
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5. Thermodynamic calcula-
tions

How to do it

The equilibrium composition of an aqueous system can be calculated from
the law of mass action (see e.g. Alberty, 1987). For example:

Cu? + H,O(l) <> CuOH" + H*
log K = log {CUOH"} - pH-log {Cu*} - log {H.0(1)}

where”{}" denote activities.

The equilibrium constant, K% is an expression of the change in Gibbs en-
ergy:

A,Gp’ = -RTIN K%,
where T is the absolute temperature and R is the gas constant.

Gibbs energy of a species (solid or agueous) can not be determined in its
absolute value. Only relative values have a physical meaning and can be
determined experimentally (or calculated e.g. by using the HKF model). By
convention, the chemical elements and the aqueous H* ion are used as refer-
ence, and standard Gibbs energies of formation (from the elements) are tabu-
lated in thermodynamic publications, e.g. [16-26]. As the Gibbs energies of
the elements cancel with each other in a chemical reaction, this allows the
calculation of reaction changes, for example in the reaction given above,

4G’ = 4G (CUOH") + 4G (H") - 4G’ (CU™) - 4G (H20(1)) (5)
and by convention 4:G,’(H") = 0 at all temperatures.

For calculations at 25 °C and 1 bar in the system Cu-H,O a selected data-set
of logK values for the formation of species from the components H*, " and
Cu® could look like in Table 6 [49]. The coefficients to the right of a specie
in the table define the equation of formation of the specie from the compo-
nents and for which the logK value is valid:

Table 6
Species and their logK-values at 25 °C in the system Cu-H,0O

Cu(OH), , -16.24 -2 01
Cu(OH)s ,-267 301
Cu(OH), * ,-396 401
cu’ , 2833 011
Cuy(OH),* , -10.35 -2 0 2
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Cu,0H ** , 67 -102
Cus(OH),* , 211 -403
CuOH* , -1.96 -101
H, , 315 220
H.,(g) , 00 220
H,0, , -59.601 -2-2 0
0, , -86.08 -4-40
02(9) , -83.12 -4-40
O3 , -156.05 -6-6 0
03(9) , -153.25 -6-6 0
OH’ ,-140 -100
Cu(OH), ,-13347 211
CuOH , 8717 111
HO, , -71.251 -3-2 0
Cu(OH)(c) , 864 201
CuO(cr) , -1.675 201
Cu(c) , 11395 021
Cu0O(c) , 1.216 -2 2 2

This data set could be completed by adding other components that are valid
in the repository environment, like CI, SO,*, CO5*, NH,", etc. The above
data set is then completed with corresponding data for all additional (se-
lected) species. Data can thereafter be recalculated to temperature T (<300
°C/573 K) using the HKF model outlined above. The new data set, valid at
temperature T could then be used for thermodynamical calculations at that
temperature. The data base Hydra [49], or the data sets accounted in Appen-
dix 1, or data from any referenced data base, could (after QA approval) be
used as the starting set.

An example of a thermodynamical calculation with data extrapolated to T is
using Medusa [49] or Solgaswater/WinSGW [58, 59] for the calculation of
potential/pH diagrams valid at T. Those programs are calculating the mini-
mum of the free energy in a selected set of points in the pH/E}, space and
plotting predominant species in this space as a result. See Figures 1 and 2 as
examples of the Cu-CI-H,0 system at 25 °C and 100 °C [42].

There are differences to be seen between the temperatures. For example

Cu,0 is not present and the immunity limit of copper is lowered at 100 °C
compared with 25 °C.
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Figure 2
The Cu-Cl-H,0 system at 25 °C and [Cu(aq)]i: = 10° m and [Cl(aq)] o =
0.2 m[43].

Figure 3
The Cu-CI-H,0 system at 100 °C and [Cu(aq)]w: = 10° m and [Cl(aq)] o =
0.2 m[43].

Beside pH/E diagrams many other calculations are possible, like solubili-
ties, concentrations of species, etc. at the selected temperature, T.
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How are results influenced by uncertainties in data

It should again be emphasized that the difference between HKF model ex-
trapolations from 25 °C to temperature T and experimentally determined
high temperature data at T is not greater than the combined uncertainty in
data from the experimental measurements at T. Uncertainty in actually
measured data are of greater significance at any repository temperature. The
calculated results in Figure 1 indicate a difference between data of different
origin that amounts to about 3 % at 100 °C in that specific case. As already
pointed out the QA work on original data is therefore very important, but it
is at the same time a too big work to be completed within this project for all
copper related species of interest for the repository environment.

As an example of how uncertainties would impact on final results of ther-
modynamical calculations, a series of Pourbaix diagrams were calculated at
25 °C for the chemical system Cu-CI-H,0. In the data set used in this case,
the logK value for the formation of Cu,O from components has been recal-
culated by changing the logK value in steps. The Pourbaix-diagrams were
then calculated using the resulting set of logK data. Some of the diagrams
are accounted in Figures 4 - 6. The selected order of magnitude of the
change between calculations was governed by the results discussed in chap-
ter 4 and especially those in Figure 1. The “normal” value of LogK found in
the original data-base is used in Figure 5. Data for all other species than
Cu,0 have been the same throughout all calculations. The results from all
calculations are summarized in Figure 7, in which the pH-length (relative
measure) of the stability area of Cu,O is plotted as a function of logK for
CUzO.

Figure 7 demonstrates that values of the original logK + 3% (or £5%) seem
to give a pH length of the stability area that as a maximum varies within +
10% (or £20%, respectively). This represents in this case a kind of “plateau
of less sensitivity” to uncertainties. If logK varies beyond + 5% the influence
on results, as represented by the pH length of the stability area, rapidly be-
comes much steeper and much more sensitive to uncertainties. In this spe-
cific example the stability area of Cu,O will extinguish at the original logK —
13%, which is a serious result when trying to describe the passivating ability
for copper by Cu,O. However, if original and recalculated data varies within
3 %, as e.g. the results in Figure 7 would indicate, the influence on final
results (e.g. Pourbaix diagrams) would be minimal. It is thus very important
for the calculational results that original data are properly selected and QA-
checked before use and sensitivity analysis might help to determine the
range of acceptable uncertainty in thermodynamical data. The conclusions
above should be valid at least up to 100 °C, and also up to 130 °C, in the
repository environment.
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6. Estimation of copper cor-
rosion at T<130 °C

Basis at 25 °C

The objective of the work in [1] was to investigate potential impacts of
changing corrodant and other geochemical conditions (HS’, CI', N species,
CH,, H,, DO, DIC) on the stability of components in the EBS, particularly of
copper, and to describe important qualitative aspects of near-field groundwa-
ter biogeochemistry that could, in any way, have an effect on corrosion.

The descriptive work focused on chemical equilibria in subparts of the sys-
tem Cu-Fe-CI-N-S-C-H-O at 25 °C as described in Pourbaix diagrams ac-
counted in the report. The discussion also treated impacts on copper and iron
corrosion of changing corrodant and other geochemical conditions in the
repository starting from the information on the system thermodynamics.

As a first step the ‘normal’ corrosion processes that can be expected in a
repository were outlined. A selected set of Pourbaix diagrams at 25 °C were
used as a background material in the discussion of the influence of changing
corrodant conditions on EBS corrosion with focus on copper corrosion.

Thermodynamic modelling shows that chemical equilibria are changed at
elevated repository temperatures compared with those at 25 °C and that those
changes at equilibrium can be estimated reasonably well. Compare as an
example Figures 2 and 3. It is thus possible to discuss copper corrosion at
repository temperatures using conditions at chemical equilibrium. In addi-
tion, increases of temperature may increase corrosion rates due to higher
diffusivity of dissolved species.

Uncertainty of estimated corrosion at T

In [1] it was concluded that the main parameters influencing copper (and
iron) corrosion are temperature, pH, E;, and concentrations of corrodants.
Changes of concentrations of HS, CI', N species and carbonate (DIC) were
considered in relation to external changes (glaciation, anthropogenic actions,
etc) that could give rise to deviations from presently observed groundwater
conditions at repository depth.

The result was that beside redox potential E, and pH, HS is likely to be the
dominant agent influencing copper corrosion behaviour in most if not all
likely conditions, with CI', NH; and HCO3™ having subsidiary effects. Ej,
changes were considered to affect corrosion in two ways: The speciation and
stability of corrodants, mainly HS’, and the stability of the corrosion prod-
ucts. However, all of those results were for 25 °C.
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A first kind of uncertainty to be considered is that temperature especially
some time after closure of the repository is estimated to amount to at least 80
°C but below 130 °C on the canister surface. It can be seen that already in the
simple system of Cu-CI-H,O as shown in Figures 2 and 3, there are tempera-
ture effects on thermodynamics that should be kept in mind when discussing
corrosion effects at T. It seems as if copper would be more sensitive for cor-
rosion in this case because of a decreasing immunity area and a more rapid
transportation of dissolved species with increasing temperature.

Another kind of uncertainty is general uncertainties in thermodynamical
data, selection of species and data for those. However, as already empha-
sized, temperature extrapolations of data do not give larger uncertainties than
the original uncertainties from measurements of tabulated 25 °C data.

Those uncertainties for the corrosion of copper in the repository are to a part
discussed above, but need more evaluation in detail, combining both ther-
modynamical and Kinetic parameters. This is, however, beyond the scope of
this project.

Consequences for copper corrosion at T

Some consequences of elevated temperatures on copper corrosion from other
works applying the thermodynamical approach (HKF) can be as the follow-
ing. The species considered in these works vary but include Cu - Fe - H,0 -
H*-H,-F -CI' - S$* - SO, - NO3 - NO, - NH," - PO,* - CO5” in granitic
environment and results are presented for solids and agueous species. Here
are some examples of statements given on temperature related effects on the
thermodynamic part of importance for the corrosion processes for the system
Cu - H,O - CI" at T<100 °C. The information is extracted from differences
found in Pourbaix diagrams, valid at temperatures varying from 25 °C to 100
°C [42].

« CuCl,(aq) can at increasing potentials form CuCI*, Cu®* or CuClO;, while
the latter only predominates at 5-50°C.

« CuCl,3Cu(OH),(s) does not form at [Cu(aq)]w: = 10° m at 80 and 100°C
due to higher stability of CuCl,(aq).

* Copper at -0.5V<E;<-0.1V and 7<pH<10 corrodes at 100°C at [Cu(aq)]w: =
10 m and at 80 and 100°C at [Cu(aq)]i: = 10° m.

» Copper at repository potentials and pH can corrode at 80°C at [Cu(aq)]wt =
10 m and at 50°C at [Cu(aq)]i = 10° m.

» CuCly3Cu(OH),(s) has a stability that decreases with increasing tempera-
ture.

* A corrosion region exists between the immunity and passivity areas at
100°C at [Cu(aq)]:: = 10 molal and [Cl(ag) ]t = 0.2 molal.

* The corrosion region exists at 5-100°C at [Cl(ag)] = 1.5 molal.

« CuCls* predominates at 5-25 and 100°C, while CuCl,” forms at 50-80°C at
[Cl(ag)]wt = 1.5 molal.

* CuCly(aqg) predominates at 50-100°C and [Cl(ag)]it = 1.5 molal.
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» CuClI have a small area of predominance at 100 °C at [Cl(aQ)]it = 1.5 mo-
lal.

* The copper canisters in the deep repository do not corrode at the copper
concentration of 10°® molal and the chloride concentration of 0.2 molal.
However, at 80-100 °C the calculated equilibrium suggests a situation close
to corrosion progression even without the reaction with dissolved sulphide.

* The copper canisters corrode at 80-100 °C at the chloride concentration of
1.5 molal in the repository environment at the expected pH-values and redox
potentials.

These statements above about the thermodynamical part of copper corrosion
from [42] are made without sensitivity analyses. If results from chapter 5 had
been applied, some statements had probably still been valid, but others very
questionable. An example of the latter is a questionable situation regarding
thermodynamic immunity in the temperature range 80-100 °C, in which a
deviation of 10 % probably would have given quite another conclusion.
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7. General conclusions

This work has comprised a literature search to identify the most suitable
thermodynamical models and data that can support a model for copper cor-
rosion in the repository environment up to 130 °C. There has also been a
study of methods for temperature correction of thermodynamical data and
the uncertainty that can be expected. Finally there has been a discussion and
judgement of how copper corrosion can be influenced as a result of elevated
temperature and how such judgements are influenced by the uncertainties.

There are three major factors, thermodynamics, kinetics and mass transport
to consider when forecasting the corrosion behaviour of the copper canister
in the repository environment. This work has been focused on the thermody-
namical part.

Since the repository environment (canister surfaces) can reach temperatures
below 130 °C (our chosen margin value), it has been demonstrated that data
that are valid at these temperatures have to be used in corrosion forecast
work. Such data can either be determined at temperature or be recalculated
from 25 °C data.

A review of the situation for copper in repository environment has shown
that tabulated data for 25 °C are available, but also that data experimentally
determined at an elevated temperature, T, are rare or not published. From
this reason extrapolations/recalculations from 25 °C to higher temperatures
have, as a rule, been made by most workers. Data at 25 °C has to some ex-
tent been collected within this project and are accounted in Appendix A.

An objective of the present work has been to study the effects of elevated
temperatures on thermodynamic data up to 130 °C and thereby on the ex-
pected corrosion processes on copper canisters.

As QA checking and recalculation is the normal method to produce thermo-
dynamical data at a selected higher temperature, the resulting equilibria cal-
culated at elevated temperatures will be expected to differ from those at 25
°C. It has been found that the HKF method for recalculation is the best estab-
lished and used method today. In the present work one focus has been on the
uncertainties that emerge from HKF extrapolation of thermodynamical data
from the standard state at 25 °C and the approximations that are needed for
this.

It is a general statement by Helgesson et.al. [28, 29] that the difference be-
tween HKF model extrapolations from 25 °C to temperature T and experi-
mentally determined high temperature data at T is not greater than the com-
bined uncertainty in data from experimental measurements at T. This would
be valid for the limited number of copper species for which data regression
is available and for all cases when analogies can be used.
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It is also found here that the calculational results, at all repository tempera-
tures, require that original data are properly selected and QA-checked. In a
specific example, a deviation of + 3% of logK data implies a deviation of
+ 10% in the calculated results.

The total uncertainty introduced by recalculations can be subdivided in un-
certainty in measured data like those often tabulated at 25 °C, uncertainty in
model calculations of high temperature data, uncertainty in the choice of
species and into other uncertainties. The two first uncertainties are consid-
ered to be of the same order in actual temperature intervals. The third could
be large if important species are missed/unknown/uncharacterized.

The summarized uncertainties for the corrosion of copper in the repository

have to a part been discussed here, but need more evaluation in detail com-
bining thermodynamical and other parameters.
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Appendix A

Appendix A contains an account of a relatively complete set of thermody-
namic data found in literature, valid at 25 °C and related to copper corrosion
in the repository environment. Data tables are excerpted from the following
sources [41-45] which have in turn their origin in tables published in [16-
22]. Duplicates in data could not be avoided.

Most if not all data for copper in the repository chemical system can be

found. Data can be used for HKF calculations of high temperature thermo-
dynamical data as described earlier in this report.

Table Al
A data set at 25 °C for the system copper-water.
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Table A2
A data set at 25 °C for the system chlorine-water.

Table A3
A data set at 25 °C for the system copper-chlorine-water.

SSM 2010:09 43



Table A4
A data set at 25 °C for copper, copper compounds and aqueous Species.
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Table A4 (cont.)
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Table A4 (cont.)
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Table A5
A data set at 25 °C for auxiliary species.
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Table A6
A data set at 25 °C for copper, copper compounds and aqueous species [45].
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Table A6 (Cont.)
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Table A7
A data set at 25 °C for auxiliary species [45].
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Table A7 (Cont.)
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Table A8
A data set at 25 °C for the system Cu’(cr)-Cu*(aq)-Cu®*(ag). CODATA key
values are indicated by bold text [45].

Table A9
A data set at 25 °C for the system Cu*-Cu?®*-CI [45].

Table A10
A data set at 25 °C for the system Cu*-Cu?*-H,0 [45].
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Table A1l
A data set at 25 °C for copper-nitrogen complexes [45].

Table Al12
A data set at 25 °C for copper-carbonate complexes and solids [45].
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Table A13
A data set at 25 °C for the system sulphur-water.
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