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Abstract

Contact corrosion between carbon steel and UO2 was studied in the MgCl2 rich Q-brine, in bentonite porewater and

in saturated NaCl solution by use of contact potential and contact current measurements. In all solutions the carbon

steel dominates the contact potential, so that this potential is near to the rest potential of the carbon steel. Only in

solutions without precipitation of iron corrosion products, the presence of metallic iron slightly reduces the UO2

corrosion rate. If iron corrosion products precipitate, the relevant adsorption of the uranium species will be more

e�ective than any direct cathodic corrosion protection. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Germany considers the direct disposal of spent fuel

elements in a rock salt formation or in a granite for-

mation to be an alternative to spent fuel processing.

With respect to the most serious hypothetical accident to

be taken into consideration, namely the intrusion of

brines into the disposal area and its contact with the

waste package, the corrosion of UO2 has to be investi-

gated under relevant disposal conditions and at various

redox potentials [1±3] in order to get physicochemical

data for modelling. For the direct disposal of spent fuel

elements the Pollux container will be used for preventing

the waste form against the attack of brines for 500 years.

The main components of the Pollux container consist of

carbon steels [4]. After the penetration of the container

which might be happen after approximately 500 years

the metallic iron will not be totally corroded, so that it

can contact the UO2. On account of this event the

electrochemical behaviour of UO2 will change, which

must be taken into consideration within the frame of

safety analysis for the repository. Some leaching exper-

iments [6±8] were done on UO2 corrosion under the

in¯uence of iron or iron corrosion products, which

demonstrated that the solubility of UO2 decreases by

adsorption. In most cases the corrosion of UO2 had not

changed because a direct contact was not considered.

In this work, we aimed at more insight into the in-

teraction between carbon steel and UO2. Our special

interest was focused on contact potential measurements

of the contact pair carbon steel 1.0330 and UO2 to

compare the behaviour at their relevant rest potentials

[3,5].

The value of the contact potential is located between

the values of the rest potentials of carbon steel and UO2,

but not directly in the middle of them because it depends

on the polarisation resistances of carbon steel and UO2.

The electrode with the lower polarisation resistance

dominates the contact potential. Then the contact po-

tential is shifted to the rest potential of the dominating

electrode. The behaviour of the dominating electrode

itself in¯uences the contact potential, so that this po-

tential can change drastically if the dominating electrode

is passivated.

The resulting current which ¯ows between the elec-

trodes being in contact increases the corrosion rate of

the anodic part of the contact and can be equal to the

di�erence between the corrosion rates in contact and at
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rest potential [10]. Presuming a homogeneous potential

distribution between the two materials, both the domi-

nant partner and the spot where the cathodic and anodic

reactions happen can be determined from contact po-

tential measurements. This is to be correlated to the real

attack on the corroded surface obtained from direct-

light microscopy.

By measuring the current ¯owing between the carbon

steel and UO2 during contact it is possible to compare

the amount of the current with the corrosion rates of

UO2 and carbon steel. Furthermore, after measuring the

rest potential and contact potential, by comparing the

change of the corrosion attack on the surface of UO2

and steel one may get a better insight into the corrosion

reaction.

2. Experimental details

2.1. Electrochemical devices

The experimental procedures to carry out rest po-

tential and impedance measurements are described in

detail in [1,2,9]. Predicting a homogeneous potential

distribution between the contact elements the contact

potential can be directly measured [10]. Therefore, a

contact has to be made between the carbon steel and

UO2 outside of the solution. Under these conditions

both electrodes will have the same potential, which is to

be referred to a Ag/AgCl electrode [11,12], if the inner

resistance of the solution can be neglected. Being in

contact, one of the electrodes will become the anode and

the other the cathode, so that a current ¯ows between

both electrodes. This current can be measured by use of

a potentiostat which adjusts a potential di�erence be-

tween the two electrodes equalling zero. The current

needed for this procedure equals the contact corrosion

current. It can be recorded by using a high ohmic re-

sistance.

2.2. The speci®c electrodes used

The types of UO2 electrodes used were the pellet

electrode, which is produced by gluing the UO2 pellet

into a PVC holder, and the `para�n electrode', which is

made of a mixture of UO2�x powder and para�n. All

electrode types are described in detail in [1±3,9]. The

UO2 electrodes were always abraded before starting the

electrochemical experiments. In addition the UO2 pellet

electrodes were polished and cleaned in an ultrasonic

bath.

The ®ne-grained carbon steel 1.0330 (<0.10% C,

0.20±0.45% Mn, <0.035% P, <0.035% S, <0.007% N

and very small amounts of Si) [12a] was used as a sur-

rogate for the di�erent types of iron compounds of the

Pollux cask. Disks of 1 cm diameter were cut out of

plates from this steel and were mounted in a te¯on

holder. This procedure results in a surface of 0.50 cm2.

The carbon steel electrode was abraded and polished

before being mounted.

2.3. The solution parameters

The measurements were made in the MgCl2 rich Q-

brine, in bentonite porewater and in saturated NaCl

solution (Table 1) at di�erent pH values and under

aerobic conditions. The investigations were carried out

at 25°C.

2.4. Corrosion measurements

The uranium concentration was determined by using

LSC-counting with a Beckmann LSC(LS 6500) and the

rotiscint eco plus cocktail (Roth). For these measure-

ments samples were regularly taken out of the cell and

measured discontinuously. This method has a detection

limit of 1ppm uranium. Uranium concentrations below

this limit were detected photometrically with arsenazo

III [15,16]. For this procedure samples were also taken

out, bu�ered with standards to pH 2 and measured

with a Perkin±Elmer 330 spectrophotometer at 652 nm

[17]. This method has a detection limit of 25 ppb. The

steel corrosion rates were detected by mass loss measu-

rements. The surface of the used electrodes (carbon

steel and UO2) were examined by using a direct-

light microscopy, so that pitting corrosion, trough-

shaped corrosion and uniform corrosion could be

distinguished.

Table 1

Composition of the solutions used at 25°C

Components csaturated Nacl (mol/l) cQ-brine (mol/l) [13] cbentonite porewater (mmol/l) [14]

NaCl 5.4 0.49 2.96

Na2SO4 ) ) 9.06

KCl ) 0.64 0.28

MgCl2 ) 3.77 0.07

CaCl2 ) ) 0.16

NaNO3 ) ) 0.11

MgSO4 ) 0.29 )

The pH value of the bentonite porewater (pH 3±pH 9) was adjusted by adding 0.1M NaOH or 0.1M HCl.
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3. Results

3.1. Behaviour of the speci®c materials at their rest

potentials

The rest potentials of the UO2 and the carbon steel

1.0330 are listed in Table 2 for the di�erent solutions

used. In all solutions a large di�erence (>600 mV) of the

rest potentials can be stated between UO2 and carbon

steel.

Under aerobic conditions the rest potentials of UO2

are dominated by the built-up of higher oxidised surface

layers as for instance shoepite which sometimes can act

as a protecting barrier [18,19]. A slight thin surface layer

of U3O7 is always present. When measuring the rest

potential of the carbon steel, iron hydroxide precipitates

but not at lower pH values than the saturated NaCl

solution at pH 1 to pH 1.5 and in Q-brine at pH 4.5. The

behaviour of the rest potentials of the carbon steel

1.0330 can be explained by producing local elements [11]

in saturated NaCl solution with pH values about pH 4.5

and in bentonite porewater. Then the carbon steel sur-

face shows the active corroding areas covered with

corrosion products, under which an attack on the sur-

face happens in a trough-shaped manner. The other

areas of the same carbon steel surface are protecting

layers, but they cannot be compared to the well known

passive layers as for instance those of titanium alloys or

stainless steels. They had no indications of corrosion

and only consist of a very thin coloured cover. When the

iron hydroxide precipitates the pH value will always

shift to more neutral values due to bu�ering.

3.2. Behaviour at contact potential

In Fig. 1 the contact potentials in saturated NaCl

solution at di�erent pH values show that this potential is

dominated by the carbon steel. The contact potentials

are always near to the rest potential of the carbon steel.

There is no di�erence of this potential behaviour be-

tween the UO2 pellet electrode and the UO2�x/para�n

electrode.

After cutting the contact of UO2 to carbon steel (see

Fig. 2), the rest potential of UO2 increases again and

after a long time it reaches normal values of the UO2 rest

potentials in a similar solution. In case of contact, the

corrosion rates of the carbon steel increase drastically

(mostly by a factor of 3), but for UO2 the change of

corrosion rates are not signi®cant. In Fig. 3 as an

example the time dependence of the mass loss of UO2 at

rest potential is compared with that one being in con-

tact with the carbon steel in saturated NaCl solution at

pH 1.5. Due to this contact the UO2 corrosion rate de-

creases.

In saturated NaCl solutions with higher pH values

and in bentonite porewater, the UO2 corrosion also in-

creases but there is high adsorption of uranium(VI) on

the precipitated iron hydroxide. The remaining uranium

concentration in solution is then below 25 ppb, so that

the detectable corrosion rate of UO2 is obtained after

dissolving the iron hydroxide precipitate (Table 3).

Especially in the bentonite porewater the precipitated

black±brown iron hydroxide covers the UO2 surface

completely, but a direct corrosion of the surface cannot

be seen. This can be only explained by assuming an iron

oxidation state of mostly +II, because Fe(III) attacks

UO2 drastically [9]. In contradiction to the behaviour at

rest potential, the corrosion of the carbon steel surface is

always more uniform. A separation into active and

passive areas cannot be seen at all. The surface of car-

bon steel electrodes from experiments in saturated

NaCl solution at pH 1.5 and the Q-brine at pH 4.5 has

not changed compared to the behaviour at rest

potential.

Table 2

Rest potentials of UO2 and the carbon steel 1.0330 at 25°C

Solution pH Value Rest potential of

UO2 (mV)

Corrosion rate of UO2

(g mÿ2 dÿ1)

Rest potential of the carbon

steel 1.0330 (mV)

Corrosion rate of the

carbon steel (lm aÿ1)

Sat. NaCl 1 605 � 25 a 0.045 � 0.010 e )314 � 25 b 2350 � 50

Sat. NaCl 1.5 590 � 25 c 0.41 � 0.05 d )360 � 25 b 277 � 10

Sat. NaCl 4.5 565 � 25 c 0.28 � 0.05 d )385 � 25 b 116 � 10

Sat. NaCl 5 526 � 25 a 0.018 � 0.010 e )419 � 25 b 100 � 20

Sat. NaCl 6 570 � 25 c 0.08 � 0.03 d )440 � 25 b 70 � 10

Sat. NaCl 13 544 � 25 c 0.05 � 0.05 d )300 � 25 b 9 � 10

Q-brine 4.5 410 � 25 a 0.006 � 0.005 e )376 � 25 a 31 � 5

Bentonite porewater 3 408 � 25 a 0.04 � 0.01 e )356 � 25 a 148 � 10

Bentonite porewater 9 345 � 25 a 0.013 � 0.010 e )447 � 25 a 67 � 10

a This work.
b [11].
c [9].
d measured with the UO2�x/para�n electrode.
e measured with the UO2 pellet electrode.
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3.3. Impedance measurements

In Fig. 4(a) and (b) impedance spectra of UO2, car-

bon steel and their contact are shown. It can be seen that

while being in contact the carbon steel dominates the

contact behaviour, because the impedance spectra of the

contact equal the impedance spectra of the steel itself.

There is no di�erence at all which kind of UO2

electrode was used for contacting the steel. The di�erent

impedance behaviour of the steel in the saturated NaCl

solution at pH 13 and in the bentonite porewater at pH

3 is caused by di�erent states of the steel itself. In the

saturated NaCl solution at pH 13 the steel is covered

with a thin oxide layer and has a very slow corrosion

rate. In bentonite porewater a strong oxygen corrosion

of the steel can be seen.

3.4. Contact corrosion current measurements

Contact corrosion current measurements were pos-

sible only with the UO2 pellet electrode, because the

inner resistance of the UO2�x/para�n electrode is too

high for current measurements [3].

In Fig. 5 the starting phases (10 h) of the measured

contact currents are compared with each other for the

di�erent saturated solutions used. Finally after 48 h a

Fig. 1. Time dependence of contact potentials in saturated NaCl solution at 25°C and under the in¯uence of air.

Fig. 2. Time dependence of the UO2�x rest potentials after cutting the contact to the carbon steel.
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constant value is reached. In all cases a cathodic current

is obtained, but the value of the current depends on the

solution system used. The amount of the current varies

up to 25%, so that the current shown in Fig. 5 is an

average value. The highest contact corrosion current

was obtained in the bentonite porewater (see Table 4)

and the lowest in the saturated NaCl solution at pH 1.5,

and in Q-brine at pH 4.5. For instance, a current

amount of 11.5 lA in bentonite porewater at pH 9 re-

sults in a carbon steel corrosion rate of 278 lm/a which

is due to a transition of Fe to Fe(II). This current

amount equals the increase of the corrosion rate of the

carbon steel. The same current amount results in a UO2

corrosion rate of 19.3 g/m2 d taking a two-electron step

(UO2±UO2�
2 ) into consideration. This calculated UO2

corrosion rate is much higher than the decrease of the

corrosion rate, which was experimentally found when

UO2 is in contact with carbon steel and therefore con-

tradicts these experimental results. This point will be

explained later on.

These e�ects are independent of the solution system

used, which can be seen in Fig. 6 for the di�erent sys-

tems e. g. Q-brine and bentonite porewater at pH 9. In

Fig. 6 the measured contact corrosion currents are

compared with the calculated currents by using Fara-

day's law with the analytical iron mass loss of the carbon

steel electrodes. The di�erence between the results at

contact potential measurement and the results at the

contact current measurements are within the precision of

the used methods.

Fig. 3. Time dependence of the UO2�x mass loss in saturated NaCl solution at 25°C and under the in¯uence of air.

Table 3

Contact potentials and corrosion rates of the pair UO2-carbon steel 1.0330 at 25°C

Solution pH Value Contact potential of the pair UO2-

carbon steel 1.0330 (mV)

Corrosion rate of UO2

(g mÿ2 dÿ1)

Corrosion rate of the carbon

steel (lm aÿ1)

Sat. NaCl 1.5 )400 � 25 0.26 � 0.05 a 735 � 15

Sat. NaCl 1.5 )381 � 25 0.25 � 0.05 a 877 � 15

Sat. NaCl 6 )435 � 25 0.06 � 0.05 a 384 � 15

Sat. NaCl 6 )452 � 25 <0.03 a 170 � 15

Sat. NaCl 6 )435 � 25 <0.03 b 150 � 50

Sat. NaCl 13 )290 � 25 <0.03 a Increase of mass

Sat. NaCl 13 )280 � 25 <0.05 a 8 � 10

Q-brine 4.5 )392 � 25 <0.005 b 50 � 10

Bentonite porewater 3 )356 � 25 0.08 � 0.02 b 683 � 15

Bentonite porewater 7 )480 � 25 0.07 � 0.02 b 410 � 15

Bentonite porewater 9 )406 � 25 0.024 � 0.010 b 693 � 15

a measured with the UO2�x/para�n electrode.
b measured with the UO2 pellet electrode.
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4. Discussion

The contact of the carbon steel 1.0330 with unirra-

diated UO2 in¯uences the electrochemical corrosion

behaviour of UO2. Due to the lack of a passive state of

the carbon steel, the dominating behaviour of the car-

bon steel in contact with UO2 can be explained by the

total di�erent current density-potential behaviour of

carbon steel and UO2 which totally di�ers from each

other.

Over a larger potential range ()500±+200 mV), the

semiconducting UO2 has a small potential-independent

current density in the electrolyte solutions used. Only at

higher anodic potentials (>+500 mV) the current density

and the resulting corrosion rate increase. The exchange

current density is very low (<10ÿ10 A/cm2) and the po-

larisation resistance is high (>0.1 MX).

In contradiction to the behaviour of UO2, the current

density-potential behaviour of the carbon steel de®nitely

changes, due to a low polarisation resistance (0.1±20 kX)

and a higher exchange current density. The polarisation

resistance of the carbon steel depends on the cathodic

counter reaction, which can be changed by di�erent pH

values of the electrolyte solution. In acidi®ed solutions

Fig. 4. Impedance spectra at 25°C and under the in¯uence of air; the measured values of the contact potentials were applied. (a) UO2�x/

para�n electrode �.�, carbon steel (´) and their contact (o) in saturated NaCl solution at pH 13 after 400 h; Uapplied�)290 mV (SHE).

(b) UO2 pellet electrode �j�, carbon steel (´) and their contact (o) in bentonite porewater at pH 3 after 24 h; Uapplied�)400 mV (SHE).
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(pH < 3) the carbon steel corrodes under hydrogen

evaluation which happens at each part of the surface

and is not inhibited. With increasing pH value this

mechanism changes to an oxygen reduction mechanism.

The oxygen reduction produces hydroxide ions,

which separate the carbon steel surface to higher and

lower corroding spots. These local elements are stabi-

lised by chloride ions and produce a trough-shaped

corrosion. This cathodic reaction appears in all solutions

used except in the saturated NaCl solution at pH 1.5.

These local elements vanish from the carbon steel sur-

face in contact with UO2 because the cathodic oxygen

reduction now happens at the UO2 surface, an e�ect

which can be seen in unstirred solutions when the pre-

cipitation of iron hydroxides appears between the two

electrodes as a stria. The UO2 itself acts as an inert

electrode in this case, so that the self corrosion does not

change signi®cantly. So the contradiction between the

experimental and calculated results of contact current

corrosion measurements could be explained.

The resulting cathodic current depends on the oxygen

content of the solution which is much higher in the

bentonite porewater than in the saturated salt solutions.

This results in a higher corrosion rate of the carbon steel

in bentonite porewater.

Due to the corroding carbon steel the oxygen content

of the solution is reduced. Moreover the solution is

bu�ered by precipitation of iron hydroxides. The in¯u-

ence of the carbon steel being in contact with UO2

dominates until all iron has been oxidised. The re-

maining detectable UO2 corrosion is a complexation and

dissolution reaction of higher oxidised uranium, which is

Table 4

The contact current at 25°C in aerobic solutions

Solution pH Value Contact current of the pair UO2-

carbon steel 1.0330 (lA)

Corrosion rate of UO2

(g mÿ2 dÿ1)

Corrosion rate of the carbon

steel (lm aÿ1)

Sat. NaCl 1 )0.85 � 0.05 0.015 � 0.010 3000 � 100

Sat. Nacl 1.5 )0.58 � 0.05 ) )
Sat. NaCl 6 )8.8 � 0.3 ) )
Sat. NaCl 13 )0.55 � 0.05 0.023 � 0.010 13 � 10

Q-brine 4.5 )0.54 � 0.05 <0.005 37 � 15

Q-brine 4.5 )0.52 � 0.05 ) )
Bentonite porewater 7 )10.9 � 0.1 0.062 � 0.010 330 � 15

Bentonite porewater 9 )6.85 � 0.1 ) )
Bentonite porewater 9 )9.50 � 0.05 ) 1100 � 100 a

Bentonite porewater 9 )11.4 � 0.2 ) )
a after 30 h measured.

Fig. 5. The ®rst 10 h of the time dependence of contact corrosion current measurements on the pair UO2-carbon steel at 25°C and

under the in¯uence of air.
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always present on the UO2 surface. This also explains

the corrosion rates of the UO2�x lipstick electrode which

are higher than those of the UO2 pellet electrode.
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