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ABSTRACT

For corrosion potential measurements at elevated temperatures and pressures, problems occur with the

stability and lifetime of the reference electrode'and correct estimation of the potential related to the

Standard Hydrogen Scale (SHE) scale. Under Pressurised Water Reactor (PWR) conditions with

300°C and 150 bar, material choice is also limited due to the influence of radiation. In this report two

different reference electrodes, which in principle can be used under PWR conditions, are investigated:

the cathodically charged palladium hydrogen electrode, and the external pressure balanced

silver/silver chloride electrode. Preliminary investigations with the Pd-electrode were oriented towards

the calculation of the required charging time and the influence of dissolved oxygen. High temperature

application is discussed on the basis of literature results. Investigations with the silver/silver chloride

reference electrode were concentrated on the salt bridge necessary to connect the reference electrode

with the test solution. It is shown that a different length of the salt bridge does not change the

influence of the thermal junction potential and also that the salt bridge connection benefits from the

high temperature due to the increase of the solution conductivity.
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1 Introduction

SCK»CEN is participating in an international cooperative research program to investigate the

phenomenon of Irradiation-Assisted Stress Corrosion Cracking (IASCC) of austenitic stainless steels

used for light-water-reactor (LWR) core structures. This Cooperative IASCC Research (CIR) '

program was launched by the Electric Power Research Institute (EPRI) in 1995 in collaboration with

12 international partners. This international effort is necessary due to rising concerns about core

component cracking by IASCC in both Boiling Water Reactors (BWR) and Pressurised Water

Reactors (PWR), and also necessary in view of the high cost and long lead times involved in

experimentation on neutron-irradiated materials. Topics of the scientific corrosion research program

of SCK»CEN are therefore related to this IASCC research program. This report summarises the

results on two types of reference electrodes, that are in principle suited for corrosion potential

measurements inside a reactor core.

The combination of high temperature, radiation, stress and a (relative) corrosive environment can

result in the IASCC of stainless steel components in Light Water Reactors2. For the occurrence of

IASCC a critical threshold fast neutron dose is found to be«6.1020 n/cm2 for BWR's and »l-2.1021

n/cm2 for PWR's 3. The corrosion potential of a corroding metallic system gives important information

on the thermodynamic state under which corrosion takes place. It reflects the surface conditions of the

metallic system and the water chemistry of the surrounding electrolyte. Therefore it is a perfect tool

for monitoring and mitigation of the corrosive activities (like IASCC) of a particular metallic

structure. For example IASCC of stainless steels in BWR's can be prevented if the corrosion potential

is decreased below -230 mV (SHE = Standard Hydrogen Electrode) \

To have meaningful potential measurements, the measured corrosion potential should be related to the

Standard Hydrogen Electrode (SHE) scale. For corrosion potential measurements inside a reactor

vessel at elevated temperatures and pressures, problems occur with the stability and lifetime of the

reference electrode and with the correct estimation of the potential related to the SHE scale. Under

PWR conditions, with 300°C and 150 bar, the material choice is also limited due to influences of

radiation. In this investigation, two different reference electrodes are investigated that have capability

to be used in-pile under PWR conditions. The first reference electrode which is investigated, is a

cathodically charged palladium (Pd) hydrogen electrode . The particular advantage of the Pd electrode

is its simple and robust construction, and its capability to survive under radiation conditions5-13.

Therefore it can be used as an internal reference electrode during in-situ measurements. The second



reference electrode which is investigated, is an External Pressure Balanced Ag/AgCl Reference

Electrode (EPBRE) U1S. This reference electrode can not withstand high temperatures and should

therefore be positioned outside the reactor and connected with the test solution with a (cooled) salt

bridge. It is investigated whether this electrode can be used with elevated length of the salt bridge (up

to 5 meters), which is a necessary requirement for in-pile potential measurements.

2 Palladium hydrogen electrode

2.1 Principle of the Pd-electrode

The principle of the palladium hydrogen electrode is similar to that of the platinum hydrogen electrode

or Standard Hydrogen Electrode (SHE). The equilibrium reaction is of the hydrogen electrode is,

+ 2e (2.1)

The electrode potential of the hydrogen reaction (s / / / + ) can then be obtained with Nernst equation,

2.303RT, TT 2.303RT, ,rr s
l H l { H ) (2.2)

where s°H + is the standard hydrogen electrode potential,pfH^) the hydrogen partial pressure, R the

gas constant, J the temperature (K) and F Faraday's constant. It is more accurate to use the hydrogen

fugacity instead of the hydrogen pressure, but at the pressures of interest this can be neglected. Notice

that the standard hydrogen potential s° + is zero by definition at all temperatures, which is not the

case for the standard potential of the silver/silver chloride electrode is°AgJAgCt). Using the SHE

electrode, hydrogen is introduced from an external source and the electrode potential is determined by

the hydrogen partial pressure and the pH of the electrolyte solution.

Palladium has the special characteristic that it can absorb large amounts of hydrogen. This is the

reason why palladium has been used in "cold fusion" experiments, which were also performed at

SCK«CEN ". When a palladium electrode is charge cathodically, so that there is hydrogen evolution

due to electrolysis of the water, hydrogen will be introduced to the palladium lattice. When the



palladium electrode is sufficiently loaded with hydrogen, it can function as a hydrogen electrode with

its own (internal) hydrogen source. The electrode potential is determined by the hydrogen partial

pressure, represented by the desorption of hydrogen from the palladium lattice, and the pH of the

electrolyte solution. The equilibrium potential of the palladium is found to be approximately 50-60

mV more positive than the platinum hydrogen electrode for similar conditions i.e. pH and partial

pressure5-20.

While palladium is releasing hydrogen, the potential is found to be constant for many hours 5A2°. This

behavior is interesting as periodic charging of the Pd-electrode is sufficient to keep a constant

(reproducible) electrode potential. This behavior can be explained from the phase diagram of the

palladium-hydrogen system20-21. A schematic of this phase diagram is shown in Figure 2.1.

0.2 0.3 0.4

H/Pd atomic ratio

0.5

Figure 2.1 Schematic phase diagram of the palladium-hydrogen system2D2'

Three different regions are distinguished, the a- phase region, the B-phase region and the a-P phase

region, where both the a and p phase exist besides each other. In the a-B phase region the absorption

isotherm shows a plateau region. This means that while the concentration of hydrogen in the

palladium is changing (the H/Pd ratio), the partial pressure is not. The consequence of this behavior is



that during the desorption of hydrogen in the a-p phase region, the electrode potential is constant

(when the pH of the solution is not changing). At higher temperatures the a-p phase region is getting

smaller and the palladium electrode should be charged more frequently to stay in the ct-B phase

region.

2.2 Charging of the Pd-electrode

To take advantage of the palladium hydrogen electrode, the palladium should be charged with

hydrogen preferable till the limit of the a-p phase. When a current i is applied during a time period t,

the amount of hydrogen produced by electrolyses can be calculated with Faraday's law 22.

where i is the charging current, t the charging time, Vpd the palladium volume, p the palladium density

and F Faraday's constant. Here it is assumed that all the produced hydrogen is absorbed by the

rr

palladium electrode. Then the atomic ratio of hydrogen to palladium ( ) is given by,
Pd

(2.4)
VriPpdF

where Mpd is the molar mass of palladium, i the charging current, / the charging time, Vpfi the

palladium volume, p the palladium density and F Faraday's constant. For a palladium wire with

diameter d and length / the volume is Vpcp'ATaftl. The a-P phase region consists of two boundaries,

the first boundary is related to the amK limit while the second boundary is related to the pmi,, limit. The

charging time to charge the palladium electrode to the amax limit or to the pmin limit is given by,

_ jnd2lpPdF
'A*(r)=—rjn— ( }

MPdi\ —



where is the hydrogen palladium ratio versus temperature for the a- to a-p-phase

transition,
Pd

the hydrogen palladium ratio versus temperature for the a-p- to P-phase

transition, t ,T, and tR (T<. are the required charging times to reach the desired hydrogen to

palladium ratio. To calculate the desired charging time for a fixed charging current, data fromFrieske

et. al.23-2" were used as shown in Table 2.1.

Table 2.1 Limits of the a-p-phase region of the palladium hydrogen system " • u

Temperature H_

Pd
(JL
\Pd.

o
20

70

120

160

200

243

288

292

0.0055

0.008

0.017

0.03

0.046

0.075

0.117

0.21

0.25

0.615

0.607

0.575

0.54

0.504

0.459

0.399

0.29

0.25

Figure 2.2 shows the charging time versus temperature curves for different charging currents,

calculated with equation (2), where / = 1.5 cm, d — 0.1 cm, Mpd = 106.42 g/mol and pp^ = 12.02

g/cm3.

350

300-

20 60 80

Time (minutes)

100 120 140

Figure 2.2 Hydrogen charging time calculated with data from Frieske et. al. and equation (2.2) for

various temperatures and current densities



It is shown that with increasing temperature the two phase region is getting smaller and that with

increasing charging current the charging time is decreased. The values from Figure 2.2 can be used as

a guideline for the (minimum) charging time. Practically, longer charging times maybe necessary due

to efficiency losses like evolution of hydrogen bubbles and reduction ofelectroactive species from the

solution. A typical charging scheme is shown in Figure 2.3.

Current

-1 mA

+1 mA

100 s
Hydrogen evolution

I

Figure 2.3

Time

Charging scheme for the Palladium hydrogen electrode

First a cleaning sweep is applied where the electrode is briefly polarised cathodically and then

anodically. Then, during a longer period, the electrode is polarised cathodically to charge the

palladium pin. Finally, brief anodization is applied to oxidise some of the hydrogen (the electrode

potential will then reach a stable value in a shorter time) and to oxidise metal impurities that may have

been electrodeposited during cathodization7-9".

2.3 Experimental set-up, design ofthePd-electrode

The palladium-hydrogen electrode is first studied at ambient temperature. An experimental set-up was

developed that consists of a glass corrosion cell with an Argenthal (Ag/AgCl) reference electrode, a

Pt-electrode and a Pd-electrode. The Pd-electrode consists of a Pd-wire (1=15 mm, d=l mm), which is

fitted in a glass tube. During the measurements the electrolyte solution was continuously purged with

nitrogen to remove the oxygen. Two different set-ups of the Pd-electrode were investigated, both

shown Figure 2.4.
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Figure 2.4 Experimental configurations of the Pd-electrode with and without shielding and

corresponding potential measurements

Figure 2.4A shows the not-shielded set-up were the Pd-electrode is surrounded by a Pt-wire. Between

the Pd-electrode and the Pt-wire a constant current is applied to generate hydrogen at the Pd-electrode.

Consequently oxygen is produced at the Pt-wire. Oxygen can influence the electrode potential of the

Pd-electrode. Therefore a shielded set-up is developed shown in Figure 2.4B. The Pd-electrode is

positioned in a glass tube with a porous plug. This plug maintains a liquid junction with the electrolyte

solution. The Pt-electrode is fixed outside the glass tube. This set-up protects the Pd-electrode for

oxygen, both from which is produced at the Pt-electrode during charging as from other sources.

2.4 Influence ofpH and oxygen, hydrogen

With the shielded and non-shielded configuration, the value of the required overpotential for charging

with a constant current, was measured. Between the Pd- and Pt-electrode a current of 1 mA was

applied galvanostatically. That means that the potentiostat/galvanostat maintains a constant current by

adjusting the appropriate potential between the two electrodes. Figure 2.5 shows the potential

(measured against the reference electrode) for both the shielded and non-shielded configuration.



10

12.0 r -

8.0

4.0

I 0.0

£
-4.0 -•

-8.0 -

-12.0

20

- o - Potential, not shielded

A - Potential shielded

Applied current

40 60 80

Time (s)

100 120

- r 2.0E-03

•- 1.0E-03

.. o.OE+00

o

•- -1.0E-03

-2.0E-03

140

Figure 2.5 Charging of the Palladium electrode, current densities and corresponding potentials for

the shielded and non-shielded configuration in a buffer solution ofpH=7.

The shielded configuration requires a much larger potential to maintain the current of 1 mA. This can

be related to the larger ohmic resistance between the Pd-electrode and the Pt-wire due to the porous

plug. For both configurations the applied potential hardly changes during the experiments.

The influence of the pH is illustrated in Figure 2.6. The Pd-electrode is charged with hydrogen

according to the charging scheme of Figure 2.4 and 2.5 in two different buffer solutions.

-0.400

-0.450

I -0.500
2o
Q.

-0.550 - -

-0.600

10

pH=5.92

20 30

Time (Min)

40 50 60

Figure 2.6 Potential of the Palladium electrode in two buffer solutions with different pH
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After charging, the potential is measured during one hour. The electrode potential returned to a stable

value in a short time period. Between the two buffer solutions with pH of 6 and 7, a difference of

approximately 63 mV is measured; this is close to the value of 59.4 mV (=2.3*RT/F), corresponding

with the difference in pH of one decade (see equation(2.2)). A comparison with values of the Standard

Hydrogen Electrode is shown in Table 2.2

Table 2.2 Hydrogen electrode potentials for Pt and Pd

Electrode pH=6 (mV vs SHE) pH=7 (mV vs SHE)

Platinum, (pH2=1 bar)

Palladium

-357

-269

-416

-332

The electrode potentials of the Pd-electrode are approximately 80-90 mV more positive than the Pt-

electrode at corresponding pH values. Figure 2.7 shows the potential decay after various charging

currents and charging times.

-0.400

-0.450

S -0.500

-0.600

-0.650

iiI
_•__•]

- • — 5
-1

~-X—5

mA,

mA,

mA,

mA,

100 s

100

500

500

s

s

s

10 20 30

Time (Min)

40 50 60

Figure 2.7 Potential decay after varies charging currents and charging times

It is clearly shown that there is no significant influence of the different charging schemes on the

electrode potential. This is easily explained with Figure 2.1. As long as the hydrogen/palladium ratio

stays in the plateau region, the potential will keep a constant value.



12

The palladium hydrogen electrode potential not only depends on the hydrogen pressure and pH, but is

also influenced by dissolved oxygen. This is investigated using two different experimental

configuration of the palladium as already shown in Figure 2.6. The shielding consist of a glass tube

with a porous plug, which function as the liquid junction as already mentioned in paragraph 2.3. The

palladium pin electrode is placed in an oxygen free buffer solution (pH 7) and charged with hydrogen.

Then the open circuit potential is measured with a silver/silver chloride reference electrode. During

the experiment the electrolyte solution is continuously purged with nitrogen, except for approximately

3.5 to 6 hours when the cell is left open to the air. Figure 2.8 shows the measured potential between

the charged palladium and a silver/silver chloride reference electrode for both configurations.

-0.2 -|

-0.3 -i

1 -0.4 -
-0.5 -

Not-shielded

-0.6
10 12

Time (hours)

-0.6
10 12

Time (hours)

Figure 2.8 Influence of oxygen at the electrode potential of the Palladium hydrogen electrode for

the shielded and not-shielded configuration

The influence of dissolved oxygen on the non-shielded configuration is clearly visible, while the

shielded configuration does not show any difference.
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2.5 High temperature experiments

Application of the Pd-electrode at temperatures up to 300 °C cannot be taken for granted and literature

results are somewhat contradictory. Complications mainly arise for two reasons: (1) The plateau

regions, shown in Figure 2.1, are getting smaller and even disappear completely above 300 °C; (2)

with increasing temperature, diffusion of the hydrogen released from the palladium lattice increases.

Therefore the Pd electrode needs to be charged more frequently at higher temperatures. Dobson et. al.
7 showed that the electrode potential is stable up to 200 °C. However, application at temperatures up to

300°C have been reported by Makela et. al »•'°. They polarised the palladium electrode up to the p-

region and found stable potentials for time long enough to correlate them to the SHE scale. In the|3-

region there are no plateau regions visible. However, quasi-stable potential regions maybe obtained.

Let's consider the phase diagram ofFrieske et. al.23M shown in Figure 2.9.

to
9>

2
'o
t:

I
2
I.

0.3

H/Pd atomic ratio

Figure 2.9 Palladium hydrogen phase diagram by Frieske et. al. M-24

The partial pressure is shown on a logarithmic scale;, this is in direct relation with equation 2.2. Small

variations in the logarithm of the partial pressure will hardly influence the electrode potential. That

means that, at higher hydrogen concentration, even large fluctuations of the partial pressure will only

have a limited influence on the electrode potential. The phase diagram ofFrieske also shows that the

partial pressure only exhibits small variations with rather large fluctuations of the hydrogen/palladium

ratio around 300 °C.
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3 External Pressure Balanced Silver/Silver Chloride electrode

3.1 Principle of the Ag/AgCl EPBRE

To measure a corrosion potential with an External Pressure Balanced Reference Electrode (EPBRE) a

(cooled) salt bridge is used to connect the EPBRE with the test solution. For measurements at a high-

temperature, high-pressure test system, the EPBRE (connected at one end of the salt bridge) is kept at

ambient temperature while the other end of the salt bridge is kept at the (high) temperature of the test

system. Due to this temperature difference, a non-reproducible potential gradient is established over

the non-isothermal salt bridge1416. Several effects can be distinguished: (1) The thermal diffusion (the

Sorret effect) leads to the development of a concentration gradient across the salt bridge due to the

thermal transport of solution components. (2) A significant drift of the reference electrode potential

can develop due to dilution of the reference electrolyte solution; a consequence of the diffusion of the

working solution through the liquid junction. (3) An isothermal liquid junction potential is generated

at the liquid junction separating the internal and external electrolyte. Contribution (2), the dilution of

the reference solution can be avoided or substantially reduced by maintaining a pressure balance

between the working solution and the reference solution. This should avoid that the working solution

is forced through the liquid junction into the reference solution. This can be achieved by a proper

design of the reference electrode. Figure 3.1 shows an example of such a design ".

Ag wire

-AgCI deposit

- Reference solution

Porous plug

Figure 3.1 Principle of a pressure balanced reference electrode

The porous plug, responsible for the liquid junction, is fixed in a "piston". This piston can move up

and down to enable the pressure balance. This design has been adopted by SCK>CEN for the
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construction of an EPBRE. An alternative is to use heat-shrinkable Teflon tubing. These tubes are

very flexible and can easily be compressed, thereby also maintaining a pressure balance.

Contribution (1), the Sorret effect, and contribution (3), the isothermal liquid junction potential, are

determined experimentally. A typical experimental set-up for these measurements is shown in Figure

3.2. Between two reference electrodes of the same type at different temperatures, the potential is

measured. Most commonly used is the silver/silver chloride reference electrode. Its advantages are the

simple and robust construction and the reversible and non-polarisation characteristics, due to a large

exchange current density. The reference/equilibrium reaction is ,

Ag + Cl~ <r> AgCl + 2e (3.1)

Generally the Ag/AgCl electrode is constructed of a silver wire with a silver chloride deposit placed in

a reference solution with a fixed concentration of chloride ions. The electrode potential of the

silver/silver chloride reaction {sAg/Aga ) can then be obtained with Nernst's equation,

0 2.303RT.
£AS,ASC, = togaa. (3.2)

where s°Ag/AgCl\& the standard electrode potential and aa. the activity of the Cl~ ions. For small

concentrations, the activity is almost equal to the concentration itself. Notice that s°Ag/AgC, also

depends on the temperature, in contrary with e° /H+. The potential difference between two Ag/AgCl

reference electrodes at different temperatures connected with a salt bridge can be described with l5-l6

l, = AEtherm + EAgCl(T) - EAgCl(TJ (3.3)

where AERR^ is the potential difference between the two reference electrodes, AEfherm is the

thermal junction potential (including the contributions (1), (2) and (3) as described before) and

Eyigd(T) and E^gCl(T0) are the Nernst half cell potentials at temperature T and To, respectively. The

Sorret effect is a consequence of the difference in ionic mobility of the ions in the salt bridge

solutions. Ions with high mobility tend to concentrate at the cold end of the salt bridge, while ions with

lower mobility tend to concentrate at the warm end of the salt bridge8. The Sorret effect is counter

parted by Fick's diffusion due to the established concentration gradient. Reaching equilibrium is a

time-consuming process *•1S.
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3.2 Experimental

3.2.1 Experiments at ambient temperature

The experimental set-up for potential difference measurements at ambient temperature is shown in

Figure 3.2

Ag wire temperature To

AgCI deposit

0.1 M KCl

electrolyte solution

salt bridge

heater

Ag wire ,,

AEOI

temperature T

B.
porous

plug
0.1 M KCl

\ AgCI deposit

Figure 3.2 Experimental set-up for potential difference measurements over a long salt bridge at ambient

temperature

Two chambers filled with a 0.1 M KCl solution are connected with a salt bridge, also filled with 0.1 M

KCl solution. The liquid junction consists of a porous ceramic plug (AI2O3). TheAg/AgCl reference

electrodes are made in-house, as can be seen in the description in paragraph 3.3.2. One chamber can

be heated while the other stays at ambient temperature. The potential due to the temperature difference

is measured with a high impedance voltmeter (>10 GQ).
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3.2.2 Autoclave testing

A high-pressure, high-temperature autoclave 2S is used for experiments up to 300 °C. A pressure

balanced Ag/AgCl reference electrode26 is connected to this autoclave. Two Pt-electrodes are placed

in this autoclave, both for potential as well as impedance measurements. A schematic of the

experimental set-up for high temperature measurements is shown in Figure 3.3.

Ag/AgCl Pressure Balanced
Reference Electrode

cooling

\ / electric
salt bridge ] \ connection

heater

Pt electrodes

Figure 3.3 Experimental set-up for high temperature measurements

The Pt-electrodes are welded to a coaxial cable and sealed with glass. A photograph of the electrode

set-up is shown in Figure 3.4.
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Figure 3.4 Photograph of the electrode configuration, (1) Pt-electrodes, (2) Salt bridge, (3) Solution inlet,

(4) Thermocouple holder

The Pt-electrodes are fixed with stainless steel strips to maintain a constant distance between both

electrodes. This is necessary for the conductivity measurements as the distance between the electrodes

has an influence on the measured values. When the temperature is increasing, the pressure inside the

autoclave will also increase due to the expansion of the water. Therefore the autoclave is only partially

filled with the test solution, in order to prevent that at elevated temperatures the whole autoclave is

filled with water. External gas pressure is applied to the autoclave to prevent the solution from boiling.

Figure 3.6 shows a temperature-pressure curve during heating up.
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120 300

20 40 60

Time (minutes)

80 100 120

Figure 3.5 Temperature and pressure during heating-up sequence

The initial pressure is about 10 bar, maintained by external gas (nitrogen) pressure. During heating the

pressure is increasing. The critical pressure for each temperature is also shown in Figure 3.6. The

meaning of the critical pressure is that at a particular temperature the solution is not boiling above this

pressure, but is boiling below this pressure. For instance, at 300 °C, the critical pressure is about 85.9

bar for pure water. Figure 3.6 shows that due to the initial applied pressure, at each temperature the

actual autoclave pressure is larger than the critical pressure.

Simulated PWR water is used as test solution, containing 1 ppm lithium hydroxide (LiOH) and 400

ppm boric acid (H3BO3). The corresponding pH and conductivity values are given in Table 3.1,

together with the values after testing.

Table 3.1 Water chemistry of simulated PWR-water for and after a high temperature tests

for after

pH

conductivity (uS/cm)

7.02

20.7

6.22

34.1

A substantial increase of the conductivity is observed. This can be attributed to an increasing amount

of dissolved corrosion products in the solution due to oxidation of the inside of the pressure vessel. A

decrease in pH can possibly be related to oxidation of the autoclave wall, but is most probably a
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consequence of acidification by carbon dioxide from the air. If desired, oxygen can be removed by

purging with high purity nitrogen. Experiments at ambient temperature have shown that two hours of

deaeration leads to oxygen concentrations in the ppb range.

3.2.3 The Ag/AgCl reference element

Various ways exists to prepare a silver/silver chloride reference element. The easiest way is to

electrodeposit a AgCl layer on a silver substrate ". Alternatives are: sintering an AgCl pellet from

AgCl particles 28 , dipping a silver pin in a AgCl melt2% 30 or preparing the AgCl thermo-electrolytic

with AgO paste 15. The preparation of the Ag/AgCl reference element is more critical with higher

operating temperature and longer desired life time. For high temperature, it is assumed that a sintered

AgCl pellet has a longer life time, than an electrodeposited AgCl reference element. However to

establish an equilibrium potential takes more time for the dipped (sintered) AgCl electrode than for the

electrodeposited AgCl electrode30.

For the application, described in this report, an electrodeposited AgCl reference element was prepared.

A silver wire is rinsed with acetone and then placed in a 1 M HC1 solution and will be the anode. A Pt-

electrode is used as cathode (counter electrode). A current of 20 mA is applied galvanostatically

between the Ag wire and the Pt-electrode for 15-20 minutes. Due to the limited solubility of AgCl,

dissolved silver ions will immediately deposit on the silver substrate. As soon as gas bubbles are seen

on the Ag wire the electrodeposition should be stopped. The deposited layer should have a purple/gray

colour. Subsequently the AgCl electrode is put in a 0.05 M HC1 solution for stabilisation during « 15

hours.

3.2.4 Development of a porous plug for the liquid junction

To maintain a conducting path between the reference electrode and the working solution a liquid

junction is necessary. This junction generally consists of a porous plug, that has two contradictory

characteristics: (1) It should prevent that the reference solution and working solution mix. Therefore

the porosity should be kept to a minimum. (2) It should provide a conducting connection with a

resistance as low as possible. Therefore the porosity should be as large as possible.
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Most commercial reference electrodes and pH-electrodes have a ceramic diaphragm (=porous plug)

made of aluminium oxide or zirconium oxide. The typical outflow rate of these porous plugs are in

between the 1..5 ul per hour ". A simple and practical porous plug can be constructed with cotton or

Teflon wool fixed in a small tube or hole l5. The most important parameter of the liquid junction is its

resistance, which is also an indirect measure for the outflow rate. This resistance can be measured

with Electrochemical Impedance Spectroscopy (EIS) 32, which will be explained in detail in a next

report33. With EIS the impedance is measured over a range of frequencies 32M-35. EIS measurements are

performed with a potentiostat in combination with a Frequency Response Analyser36. To measure the

impedance of a reference electrode, the reference electrode is placed in a corrosion cell together with a

Pt electrode. The reference electrode is connected as a working electrode(!), while the Pt-electrode is

connected to the counter and reference electrode leads. As such various reference electrodes

assemblies are investigated. Figure 3.6 shows the impedance versus frequency characteristics for four

different reference electrode assemblies.
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Figure 3.6 Impedance measurements on electrodes with different liquid junctions (porous plugs)

The impedance at the high frequency limit is a measure for the porous plug resistance, while the

impedance at lower frequency is an indication for the reference electrode performance. Quantitative

results of the high frequency limit are shown in Table 3.2
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Table 3.2 High frequency impedance of different reference electrodes

Reference electrode Impedance

Ag/AgCI wire 35 Q

Ag/AgCI wire in salt bridge 21.5 kQ

Ag/AgCI wire in EPBRE reference element 25.6 kQ

Commercial Ag/AgCI reference electrode 941 Q.

The Ag/AgCI wire in the EPBRE is the reference element shown in Figure 3.1. The Ag/AgCI wire in

the salt bridge is a configuration used at ambient temperature and schematically shown in Figure 3.2.

The high impedance is related to the high resistance of the porous plug. The commercial electrode has

an impedance of approximately 1000 Ohm which is in agreement with literature results ". The

Ag/AgCI wire has the smallest resistance. There is no porous plug and the impedance at the high

frequency limit is the resistance of the solution between the Ag/AgCI wire and the Pt-electrode.

The optimum design of a porous plug is the subject of on-going research. Zirconium oxide porous

plugs with various pore size distribution (fabricated by VITO3S) are being investigated on outflow rate

and impedance of the liquid junction. As an alternative, porous Teflon is also investigated to be used

as a liquid junction.

3.3 Results and Discussion

3.3.1 Introduction

When using a salt bridge of considerable length (up to 5 meters), two influences are expected. Firstly

an influence due to the thermal junction potential and secondly an increase of the ohmic resistance of

the salt bridge. The thermal junction potential is studied at ambient temperatures with a salt bridge

filled with two different electrolyte solutions. Experiments up to 300°C are performed with simulated

PWR water. As the conductivity of (simulated) PWR water is low, the higher resistance of a long salt

bridge filled with PWR water is studied.
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3.3.2 Potential gradient of a long salt bridge at ambient temperature

The influence of the thermal junction potential is first studied at ambient temperature. Measurements

between two silver/silver chloride reference electrodes (0.1 M KCl) were performed, where one

electrode was kept at ambient temperature and the other was heated to 95 °C. The experimental set-up

is described in paragraph 3.2.1. Salt bridges of length 1 and 5 meter were used with two kinds of

electrolyte solution (0.1 M KCl and 0.1 M NaCl), which were selected due for their difference in ionic

mobility, as demonstrated in Table 3.3.

Table 3.3 Ionic mobilities in water at 25°C39

Cation Mobility (cm^s-iV-1) Anion Mobility (cm^s-1V-1)

K+

Na+

7.62.10-4

5.19.10"4

ci-
OH-

7.91.10"4

20.64.10-4

So there are four different experimental configurations, two electrolyte solutions and two different

length of the salt bridge. Results of the potential difference measurements (i.e.AERRtfr) of these four

different configurations are shown in Figure 3.7.
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Figure 3.7 Potential difference and temperature versus time for 0.1 M NaCl and 0.1 M KCl for a salt bridge of

1 and 5 meter length
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During the measurement time of three hours the measured potentials of all four experimental

configurations were equal. During another experiment the potential difference was measured during 6

hours of a salt bridge of 5 m long filled with 0.1 M KC1, cooling down from 95 °C. The results are

shown in Figure 3.8 together with literature data from Macdonalds " and Bogaerts 15.

—O— Experimental

—B— Bogaerts

X Macdonald

20 30 40 50 60 70 80 90 100

Temperature difference (°C)

Figure 3.8 Potential difference against temperature for 0.1 M KCI, experimental results and literature data

The values of the measured potential differences are clearly in agreement.

3.3.3 Potential gradient of a long salt bridge under PWR conditions (300°C)

Comparable experiments were performed with simulated PWR water in an autoclave at temperatures

up to 300 °C. The external Ag/AgCl electrode was connected to a salt bridge of 1 m also filled with

simulated PWR water. Potential differences were measured between the external Ag/AgCl electrode

and the autoclave wall and between the Pt-electrode and the autoclave wall. With these values the

potential differences between the external Ag/AgCl electrode and the Pt-electrode were calculated.

Figure 3.9 shows the potential differences and autoclave temperature during heating up.
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Figure 3.9 Potential difference against temperature for simulated PWR water during heating up,

salt bridge 1 m

A clear shift in the potential of the Pt-electrode can be deduced from this plot. Probably this is due to

oxygen that was still in the electrolyte solution, in spite of the 2 hours of deaeration. Figure 3.10

shows the potential difference between the external Ag/AgCI electrode and the autoclave wall.
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Figure 3.10 Potential difference between EPBRE (Ag/AgCI) and the autoclave wall against temperature

for simulated PWR water during heating up, salt bridge 1 m
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The potential shift is not very large (15-20 mV) with temperature. As both the potentials of the

EPBRE and the autoclave change with temperature, the individual contribution cannot be obtained. It

is however clear that both potentials are quite stable. This is obvious for the autoclave wall, due to its

large surface area and repeatedly being oxidised. For the EPBRE it more or less proves that the

electrode potential is stable. The potential differences were also measured during cooling down, as

shown in Figure 3.11.
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Figure 3.11 Potential difference against temperature for simulated PWR water during cooling down,

salt bridge 1 m.

The measured potentials are quite stable. The peaks seen in Figure 3.9 are disappeared. Still assuming

that these peaks were caused by traces of oxygen, this can be explained by the consumption of oxygen

by the autoclave wall due to the high temperature oxidation. To get accurate measurements of the

potential gradient over the salt bridge an internal reference electrode is needed. Future work is

therefore focused on the design and development of an internal reference electrode, which can

measure corrosion potentials at operating temperatures up to 350 °C.

3.3.4 Conductivity of a long salt bridge

The electrolyte solutions used in paragraph 3.2.6 are both good conductors. Typical PWR water

containing 400 ppm boric acid and 2 ppm lithium hydroxide has a conductivity of about 20 [xS/cm at
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ambient temperature. Using this PWR water as a salt bridge solution results in a significant increase of

the ohmic resistance, which complicates the potential measurement. At higher temperatures, however,

the solution resistance will decrease. This effect was investigated by measuring the ohmic resistance

with Electrochemical Impedance Spectroscopy (EIS) between two platinum pin electrodes in a

autoclave with PWR water up to 300°C. The experimental results are shown in Figure 3.12, where the

7? /r»
relative resistance is defined as

Rohm(To)

1.2 r

20 40 60 80

Time (minutes)

100 120

T 350

-- 300

140

O

Realitive solution resistance

Figure 3.12 Change of the relative resistance of simulated PWR water with temperature

A significant increase of the ohmic resistance is observed. So the use of an EPBRE connected by a

long salt bridge benefits from the higher temperatures. A specific problem related to this is the

resistance of the liquid junction. As mentioned before the liquid junction should maintain a good

conducting connection with the test solution, but it should not or hardly release any liquid. For

example, a reference solution of the silver/silver chloride electrode contains chlorides. It should be

prevented that these chlorides contaminate the reactor solution and also that the reference electrode

solution becomes diluted with ensuing variation of the reference potential. The impedance of an

EPBRE (Ag/AgCl, 0.1 M KC1) connected to an autoclave filled with PWR water was measured with

EIS. EIS was used to determine the ohmic resistance between the reference electrode and the

autoclave wall at ambient temperature and at 300 °C. The results are shown in Table 3.4.
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Table 3.4 Ohmic resistance of the reference electrode set-up and salt bridge at different temperatures

Temperature (°C) 1 m salt bridge 5 m salt bridge

Ohmic resistance (Ohm) Ohmic resistance (Ohm)

_ _ _ _ 2700

297 1303 2000

This decrease of the ohmic resistance is related to the increase of the solution conductivity, as the

liquid junction in the reference electrode is still at ambient temperature. The temperature of the

reference electrode compartment is maintained at ambient temperature by external cooling.

Maintaining the salt bridge at a high temperature decreases the resistance of the salt bridge. The

differences in resistance between a salt bridge of 1 m and 5 m are consistent at high temperature but

not consistent at ambient temperature. Most probably this is due to differences in solution conductivity

due to contamination by corrosion products. The salt bridge used in the experiments was made of

stainless steel, which is a good conductor. Therefore the impedance measurements between the

reference electrode and autoclave wall are also performed against the salt bridge, which has a

conducting connection with the autoclave. An alternative set-up, where the inside of the salt bridge is

covered by an isolating layer, is under study.
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4 Conclusions

Two kinds of reference electrodes were investigated for their capability for in-pile corrosion potential

measurement: the palladium hydrogen as an internal reference electrode and the silver/silver chloride

as an external reference electrode. Based on the experimental results discussed in this report the

following conclusions can be made.

The palladium hydrogen electrode investigations were emphasised on the charging time and influence

of dissolved oxygen on the electrode potential. Calculations show the limits of the two-phase area as a

function of the charging time. Dissolved oxygen has a strong influence on the electrode potential.

Shielding of the palladium electrode could reduce this influence significantly. With application under

PWR conditions this might not be a major problem due to the low concentration of dissolved oxygen.

High temperature application seems possible based on the phase diagram ofFrieske et. al.. For proper

calibration of the Pd-electrode an accurate EPBRE is necessary, which can be used at the temperatures

of interest.

The use of an external reference electrode (EPBRE) requires the use of a salt bridge. Experiments

with different salt bridge length (1 and 5 m) show that there is no (short term) significant influence on

the measured potentials. The conductivity of the electrolyte solution increases with temperature, which

is beneficial for the application of a (long) salt bridge as the resistance is decreasing. An internal

reference electrode is needed for calibration and to check if the EPBRE works well.

5 Recommendations

The experiments and results discussed in this report are a good starting point for future research. The

following recommendations and experiments are considered.

The Palladium-electrode

• Experiments with the Pd-electrode at high temperature in simulated PWR-water.

• Development of a high temperature Pd-electrode with a shielded configuration.

• Design of Pd-electrode for in-pile application.
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The EPBRE (Ag/AgCl)

• Design, development of an internal Ag/AgCl reference electrode for application up to 350 °C for

calibration and testing of the EPBRE.

• Investigation of the long term drift of a long salt bridge.

• Design, development of a chloride free Ag/AgCl reference electrode (based on the solubility

product of AgCl).

• Alternative salt bridge electrolyte for in-pile use.

General

• Development of a porous plug as liquid junction for electrochemical measurements (shielding Pd-

electrode, internal and external Ag/AgCl electrode, salt bridge connection).

• Investigation of the influence of radiation on the reference electrode potential.
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