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Abstract

The trend towards higher fuel burnups imposes a demand for better corrosion and hydriding resistance of
cladding materials. Development of new and improved cladding materials is a long process. There is a lack of
fast and reliable in-situ techniques to investigate zirconium alloys in simulated or in-core LWR coolant
conditions. This paper describes a Thin Layer Electrode (TLE) arrangement suitable for in-situ characterization
of oxide films formed on fuel cladding materials. This arrangement enables us to carry out:
• Versatile Thin Layer Electrochemical measurements, including:

0 Thin Layer Electrochemical Impedance Spectroscopic (TLEIS) measurements to characterize the
oxidation kinetics and mechanisms of metals and the properties of their oxide films in aqueous
environments. These measurements can also be performed in low conductivity electrolytes.

0 Thin-Layer Wall-Jet (TLWJ) measurements, which give the possibility to detect soluble reaction
products and to evaluate the influence of novel water chemistry additions on their release.

• Solid Contact measurements:
0 Contact Electric Resistance (CER) measurements to investigate the electronic properties of surface films

on the basis of d.c. resistance measurements.
0 Contact Electric Impedance (CEI) measurements to study the electronic properties of surface films

using a.c. perturbation.
All the above listed measurements can be performed using one single measurement device developed at

VTT. This device can be convenientiy inserted into an autoclave. Its geometry is currently being optimized in
cooperation with the OECD Halden Reactor Project. In addition, the applicability of the device for in-core
measurements has been investigated in a joint feasibility study performed by VTT and JRC Petten. Results of
some autoclave studies of the effect of LiOH concentration on the stability of fuel cladding oxide films are
presented in this paper.

1. INTRODUCTION

The structural integrity of the construction materials in the heat transfer system of a nuclear
power plant is of major importance as far as their safe and economical operation is concerned. The
trend towards higher burn-ups imposes demands for better corrosion resistance of cladding materials
of the fuel rods. The corrosion resistance is greatly influenced by the electrical and electrochemical
properties of the surface oxide films formed on cladding materials during normal operation
conditions.

Electrochemical research on the corrosion behaviour of a zirconium alloy / oxide film / high-
temperature aqueous electrolyte systems, such as boiling water reactor (BWR) coolant conditions, is
limited by the low conductivity of such an electrolyte. This restricts the use of a conventional
electrochemical cell set-up. There is a call for fast and reliable in-situ techniques to investigate the
corrosion behavior of zirconium alloys in simulated or in-core light water reactor coolant conditions.

2. THIN LAYER ELECTRODE ARRANGEMENT

In conventional three-electrode measurements the potential of a specimen in an electrolyte is
controlled and measured by a reference electrode while the current flows through a working electrode
(specimen) and a counter electrode. In the case of poorly conductive electrolytes, such as Boiling
Water Reactor (BWR) coolants, the control of the potential is inaccurate due to the ohmic drop in the
electrolyte between the working electrode and the reference electrode. Moreover, the power output of
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several commercial potentiostats may not be large enough to pass the required current between the
working electrode and the counter electrode.

The Thin Layer Electrode (TLE) arrangement has been developed to overcome such problems.
Figure 1 shows a scheme of the TLE arrangement to carry out electrochemical measurements at high
temperatures and pressures.

Conventional

Potentiostat

FIG. 1. A scheme of the experimental set-up for the thin-layer electrochemical measurements.

To study the corrosion phenomena in aqueous environments the TLE measurement system can
be conveniently inserted into a high-temperature re-circulation loop simulating the desired LWR
conditions. The TLE arrangement is designed to operate in electrolytes at pressures up to 20 MPa and
at temperatures up to 360°C [1].

2.1. Thin Layer Electrochemical Measurements

In the Thin Layer Electrochemical (TLEC) measurements the working electrode made of the
material to be studied and the counter electrode are constructed as two small-diameter rods with their
end surfaces parallel to each other. The distance between the electrodes can be adjusted with an
accuracy of 10"9 m up to about 10"4 m as shown in Figure 2. A low resistance reference electrode is
placed beside the working electrode.

The current flows across a tiny gap between the specimen and the counter electrode. The effect
of the ohmic drop in the electrolyte is overruled since the potential is measured at the side of the
specimen where the electric field is negligible.

Reference
electrode

Inlet Counter
11 j electrode

FIG. 2. The principle of the thin-layer electrode arrangement developed for electrochemical
measurements in low-conductivity media.
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2.1.1. Thin Layer Electrochemical Impedance Spectroscopy (TLEIS)

In the conventional electrochemical impedance spectroscopy (EIS) different frequencies of a.c.
perturbations are applied to the working electrode. The different processes can be distinguished from
each other on the basis of their ability to reach a steady state after the a.c. per turbation. The processes
taking place in the oxide film and in the coolant may be interfacial reactions and electron and ion
transfer, i.e. diffusion and migration.

In poorly conductive solutions these measurements can be carried out by using the TLE
arrangement, in which the gap between the working electrode and the counter electrode is typically
few micrometers [1].

2.1.2. Other Thin Layer Electrochemical Measurements

2.1.2.1. Controlled Potential and Current measurements

Conventional controlled potential and controlled current measurements provide the basis for
understanding the electrochemical behaviour of metals in specific environments at specified
potentials. These measurements can be carried out in poorly conductive electrolytes using the TLE
arrangement. In BWR coolant conditions current -voltage curves have successfully been obtained for
example with AISI316 L specimens [2].

2.1.2.2. Thin Layer Wall-Jet (TLWJ) Measurements

Electrochemical detection of soluble species in a flowing system can be performed by
maintaining the potential of the detecting electrode at a specified value and monitoring the oxidation
or reduction current as a function of time. The most widely used amperometric detectors are based on
the thin-layer and wall-jet configurations.

The thin layer electrochemical arrangement shown in Figure 2 can also be used to detect
soluble products of the specimen at open circuit or during polarisation at high temperatures and
pressures simulating PWR and BWR coolant conditions. In the Thin Layer Wall-Jet design, the test
solution is pumped through the counter electrode onto the working electrode surface. As the
corrosion reaction takes place on the working electrode surface, the dissolved reaction products are
transported with the test solution stream to the ring/detecting electrode. Depending on the ring
potential, the reaction products are oxidised or reduced and the resulting current is measured [3].

As the potential of the ring electrode is changed, different soluble species can be detected in the
solution. By changing the pumping rate or the distance between the working electrode and the counter
electrode, it is possible to change the flow rate of the test solution on the working electrode surface
[3].

2.2. Solid Contact Measurements

An additional benefit of the TLE arrangement is that the working electrode and the counter
electrode can be brought into contact with each other thus enabling the Contact Electric Resistance
(CER, using direct current) and Contact Electric Impedance measurements (CEI, using alternating
current). When comparing the solid contact measurement with the thin layer electrochemical
measurements, in the solid contact measurements the contribution of the electrolyte to the measured
resistance or impedance value can be virtually overruled. That is, the measured resistance value or
impedance spectrum can be related to the properties of the oxide film alone.

2.2.1. Contact Electric Resistance (CER) Measurements

In the CER technique the counter electrode and the working electrode used in the TLE
arrangement are connected and disconnected at a certain frequency to expose the specimen to the
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environment. A small current is passed through the contact surfaces. The electric resistance of the
contact surface of the working electrode generates a voltage signal which is amplified and recorded.
Thus, changes in the electronic resistance of the surface film of the specimen can be measured. The
counter electrode can be made of a noble metal, e.g. Mdium, which does not have a surface film in the
electrolyte and in the potential range used in the measurement. The contact area is typically 0.015 cm2

[2].

The maximum measurement frequency is roughly lHz, which enables us to follow the kinetics
of several surface related processes, such as adsorption, passivation and growth of oxide film. The
technique can also be used to distinguish the changes in the film resistance due to structural changes
or changes in electron transport in the film [4]. The TLE arrangement shown in Figure 1 is applicable
for the CER measurements in the high temperature and high pressure environments.

2.2.2. Contact Electric Impedance (CEI) Measurements

The contact electric impedance measurements are carried out by using the same experimental
TLE set-up as for the CER measurements. The specimen and the counter electrode are brought to
mechanical contact with each other but in this case an a.c. perturbation is applied to the system.

CEI can be used to investigate in-situ the mechanism of electronic conductivity of the oxide
layers formed [5]. The CEI measurements carried out at low ac frequencies approach direct current
conditions. In such measurements the impedance values approach the resistance values of the oxide
films, respectively.

2.3. Corrosion Tests of Zirconium Alloys Using the CER Technique

The contact electric resistance (CER) technique has been applied in different fields of technology,
e.g. in research on the effect of LiOH on the stability of oxides of Zirconium alloys [4]. The growth of
the oxide layers of three different zirconium alloys was measured in-situ using the CER method in static
autoclaves in simulated PWR coolant conditions at 300 °C. The water contained 350 ppm of B added as
boric acid. 1M LiOH solution was injected at high temperatures using a liquid chromatography pump.
Nitrogen bubbling was used to remove oxygen from the water before starting the test [6].

2.3.1. Materials and electrodes

The composition of the three fuel cladding materials used in this CER experiment is presented in
Table!

TABLE I. COMPOSITION OF THE ZIRCONIUM ALLOYS (WT %) [6].

Sn Fe Cr Ni Nb

0.001 1.0ZrNbl

Zircaloy-4

Zircaloy-2

1.0

1.34

1.33

0.1

0.2

0.17

0.015

0.10

0.10 0.05

Each CER specimen was a 20 mm long piece of cladding tube and the other CER tip was made of
Indium. Before starting the tests the contact surfaces were polished to remove any air borne oxides.
After polishing the contact surfaces were rinsed with de-mineralised water and the specimens were
assembled into the specimen holder for the CER measurements [6].

The potential was measured both with an external 0.1 M Ag/AgCl reference electrode and with a
reversible H7 H2 electrode by polarizing a Pd wire cathodically [6].

282



2.3.2. Experimental results

Zirconium alloy oxides formed during their exposure to high temperature coolant conditions are
considered to be insulators. The electric resistance of the oxides of three different Zirconium alloys as a
function of exposure time in simulated PWR coolant conditions is shown in Fig. 4.

The results of the CER measurements indicated that all three alloys behaved in a similar manner
[4]. There was first a period of instability after which the film resistance started to grow up steadily.
After reaching a specific value the film resistance of each alloy appeared to remain rather stable.
However, the time required for each alloy to reach the more or less stable level of film resistance varied
from alloy to alloy.

After removing the specimens from the autoclave the oxide thickness of all specimens was analysed. The
measured oxide thickness ranged from 0.6 to 0.8 (im. The measured hydrogen and lithium concentrations
in the oxide films of all three alloys were within the same order of magnitude.

The difference in the time required to reach a stable level of resistance or the absolute value of
this level was obviously not caused by the variation of the oxide thickness or by the incorporation of
impurities into the oxide layers, but to be due to the characteristic resistive properties of each specific
oxide layer.

The initial growth of the oxide layers of zirconium and zirconium alloys follows a cubic or
parabolic time relation. When the 'transition point', corresponding to the weight gain of 30 mg/dm3, is
attained the rate of oxidation becomes linear with a rate constant higher than the slope at the end of
cubic period. Since the volume of ZrO2 is 1.56 times the volume of Zr, the oxide scale is under
compression. In the cubic regime for oxide layer thickness higher than approximately 1 um, lateral
cracks appear to relieve the stresses. The linear rate after the transition point is caused by the vertical
cracking outside of the still intact barrier layer adjacent to the metal surface [7]. The broken oxide
layer on the barrier layer exhibits no transport resistance.

100000

E 10000
6
w
o

CO
CO
LJJ

LL

1000 -=

100 -

10 -=,

PWR water

350 ppm B as Boric acid

T=300C

ZriNb

i—|—i—i—i i i | i i

0 50 100 150 200 250 300 350

TIME (Hrs)

FIG. 4. Resistance of surface films of Zircaloy-2, Zircaloy-4 and ZrNlb alloys as a function of time in
PWR water environment (2000 ppm HSBO3, 300°C) [4].
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The period of steady growth of resistance, shown in Fig. 4 is proposed to result from the growth
of the barrier layer. In general, the growth of zirconium oxide layer takes place by diffusion of oxygen
ions through vacancies in the oxide lattice, from outside of the layer to the metal-oxide interface. In
this case the growth rates of the oxides are proposed to be limited by the diffusion rate of the oxygen
anion vacancies. The time required to reach a stable level of resistance (so called 'incubation' time) is
a measure for the diffusion rate of oxygen anions. The longer the time, the better the corrosion
properties of the alloy and the smaller the weight gain in a long-term exposure [4].

After the stable level of resistance has been reached, the transfer of electrons may become a
rate limiting process for the oxide growth. In such a case it is probable that the zirconium alloy having
the highest electronic resistance of the surface film also exhibits the lowest weight gain.

In Table II Zircaloy-2, Zircaloy-4 and ZrNbl are compared with each other based either on the
time required to reach the stable level of resistance ('incubation' time) or based on the absolute level
of resistance reached in the CER measurements. The order of the weight gain measurements of the
same alloys based on in-reactor data are shown in the same table.

The results of the CER measurements are analogous to the results of in-reactor weight gain
measurements [4]. The highest value of resistance for ZrNbl correlates with the lowest value of
weight gain of the same alloy. A similar type of correlation applies to Zircaloy-2 and Zircaloy-4. An
additional benefit related to the CER measurements is the saving in testing time. The CER tests
required roughly 10 days, whereas the conventional weight gain tests generally require 150 to 700
days.

TABLE H. COMPARISON OF CORROSION PROPERTIES OF Zircaloy-2, Zircaloy-4 AND ZrNbl
BASED ON IN-REACTOR WEIGHT GAIN DATA (BURNUP FROM 42 - 68 MWD/KGU) [8,9]
AND RESISTANCE MEASUREMENTS BY CER TECHNIQUE.

Alloy

Zircaloy-2

Zircaloy-4

ZrNbl

In-reactor weight gain,
Ref. [8], [9]

2nd lowest weight gain value

3rd lowest weight gain value

lowest weight gain value

Electronic resistance of
oxide film

2nd highest resistance

3rd highest resistance

highest resistance

'Incubation' time

longer

shortest

longer

3. CONCLUSIONS

All the electrochemical measurements discussed in this paper can be performed by using a
single measurement device, the thin layer electrode (TLE) arrangement, developed at VTT. A typical
procedure to carry out corrosion tests using the TLE arrangement is to start with CER measurements
of the material to be studied. The changes in the resistance of the oxide film as well as the corrosion
potential of the material are monitored simultaneously during the first stages of exposure. The
possibility to distinguish changes in the oxide film resistance due to structural changes and changes in
charge carrier density of an oxide is one of the main advantages of the CER technique. After the growth
of the oxide film has been stabilised the electronic conductivity of the oxide film can be further
studied by means of contact impedance spectroscopic measurements.

Understanding and modeling of the corrosion mechanisms taking place on oxide surfaces and
within oxide films requires far more experimental data. The TLE arrangement has been developed to
overcome this deficiency, especially when performing electrochemical measurements in low
conductivity media at high temperatures and pressures. The small size of the specimens makes the
TLE arrangement especially suitable for research on irradiated materials.
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