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Abstract

Oxygen sensors based on zirconia solid electrolyte stabilized by MgO, CaO or Y2O3 were irradiated with neutrons in

the Japan Materials Testing Reactor (JMTR) of the Japan Atomic Energy Research Institute (JAERI), and the

characteristics of electromotive force of these sensors under and after irradiation were measured. The electromotive

force of YSZ sample decreased with increasing irradiation ¯uence up to 1 ´ 1023 mÿ2 (E > 1 MeV). The electromotive

force of the MSZ sensor irradiated for ¯uences up to 9 ´ 1021 mÿ2 (E > 1 MeV) was almost equal to the reference value

of the electromotive force. It was shown that after irradiation, the decrease in the electromotive force of the CSZ sensor

was smaller than those of MSZ and YSZ sensors, although the electromotive forces of MSZ, CSZ and YSZ sensors

were smaller than the reference value. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

An oxygen potential sensor is indispensable to the

development of breeding materials for a fusion reactor

[1,2]. It is useful to study the surface reaction of breeding

materials, since the amount of H2 (additions in sweep

gas) absorbed in the breeding materials such as Li2O,

Li4SiO4, LiAlO2, Li2ZrO3 and Li2TiO3 must be exam-

ined under controlled oxygen potential in the sweep gas

to clarify the capability of tritium release and tritium

recovery on the surface of breeding materials. The sur-

face reaction in breeding materials is one of the key is-

sues that control the performance of the fusion blanket

with respect to tritium release and tritium recovery. The

purpose of this paper is to investigate neutron irradia-

tion e�ects on the electromotive force of oxygen poten-

tial sensors [3], from the view-point of capabilities of the

sensor. Oxygen potential sensors based on zirconia solid

electrolyte stabilized by MgO, CaO and Y2O3, named

MSZ, CSZ and YSZ [4], respectively, were irradiated

with neutrons in JMTR of JAERI, and characteristic

tests of oxygen sensors were carried out.

2. Experimental

2.1. Production of oxygen sensors

A schematic drawing of the oxygen sensor is shown

in Fig. 1. The solid electrolytes [5±7] were made of three

kinds of zirconia (supplied by the Nikkato Corporation,

of dimensions 6 mm in outer diameter, 4 mm in inner

diameter and 50 mm in length) which were stabilized by

11 mol% CaO, 9 mol% MgO and 8 mol% Y2O3, re-

spectively.

The Ni/NiO reference electrode [8] was produced by

mixing 99.9% Ni powder (63 lm particle size or less) and

99% purity NiO powder (about 9 lm) in the molar ratio

of 7:3. For this electrode, a Ni rod of 2 mm in diameter

and 50 mm in length was used.

The Fe/FeO electrode [9] was produced by mixing

over 99.9% Fe powder (50 lm or less) and 99.9% FeO
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powder (177 lm or less) in the molar ratio of 4:1. This

electrode was constructed in a cell case (14 mm of outer

diameter, 60 mm of length) made of electrolytic iron.

2.2. In situ tests

In situ tests of the YSZ sensor were carried out in

order to study the temperature dependence of electro-

motive force (EMF) and the changes in EMF with time

under irradiation. The YSZ sensor was loaded in a

capsule, and was irradiated with neutrons up to

1.1 ´ 1023 mÿ2 (E > 1 MeV). The temperature of the

sensor during the irradiation was about 980±1040 K,

and irradiation time was 250 h. A hybrid-recorder

(Yokokawa Electronic Corporation, HR-1300) was used

to measure the EMF and temperature of oxygen sensors.

Time dependence of EMF is shown in Fig. 2, while

temperature dependence is given in Fig. 3.

2.3. Post-irradiation tests

The three types of oxygen sensors were loaded into

hydraulic rabbits, and were irradiated up to 8.9 ´ 1021±

8.9 ´ 1022 mÿ2 (E > 1 MeV) at 503 K in JMTR.

Irradiation time was 14±140 h. After irradiation, the

hydraulic rabbits were disassembled in the hot labora-

tory of JMTR, and post-irradiation tests of oxygen

sensors were carried out.

The oxygen sensors were inserted in an electric fur-

nace in order to study the temperature dependence of

the EMF, and the EMF of the oxygen sensors was re-

peatedly measured from 873 K to 1273 K. The test was

carried out in a He gas atmosphere.

DC resistance measurements were carried out in or-

der to study the activation energy of oxygen ion con-

duction. AC impedance measurements were also carried

out in order to study the activation energy of the dipole

of the stabilized zirconia solid electrolyte by means of an

impedance-gain analyzer supplied by Sora Toron Cor-

poration.

3. Results and discussions

3.1. In situ tests

(1) Life tests of EMF of YSZ sensors: The time de-

pendence of EMF for the YSZ sensor under irradiation

is shown in Fig. 2. The temperature of the sensor was

kept constant at about 973 K during these tests. The

EMF of the YSZ sensor was 231 mV at the start of the

tests and decreased to 180 mV after an irradiation

¯uence of 1 ´ 1022 mÿ2 (E > 1 MeV). After that, the

EMF of the YSZ sensor increased to 216 mV at a ¯uence

of 5 ´ 1022 mÿ2 (E > 1 MeV), and then decreased to 110

mV at a ¯uence of 1 ´ 1023 mÿ2 (E > 1 MeV).

(2) Characteristic tests of EMF of YSZ sensors: The

temperature dependence of EMF of the YSZ sensor

under irradiation is shown in Fig. 3. The dotted line

shows the reference EMF as calculated from thermo-

dynamic data. The EMF of unirradiated YSZ sensor

was nearly equal to the theoretical EMF. When the YSZ

sensor was irradiated with neutron ¯uences of 1 ´ 1022

and 5 ´ 1022 mÿ2 (E > 1 MeV), EMF were about 0±40

mV smaller than that of the unirradiated sensor. Fur-

thermore, when the YSZ sensor was irradiated to a

neutron ¯uence of 1 ´ 1023 mÿ2 (E > 1 MeV), the EMF

was reduced to a value about 100 mV smaller than that

of unirradiated sensor.

Fig. 1. Structure of oxygen sensors: (1) Solid electrolyte; (2) Ni/

NiO pole; (3) Fe/FeO pole; (4) Ni electrode; (5) Cell case; (6) Ni

leads.
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3.2. Post-irradiation tests

(1) Characteristic tests of EMF of oxygen sensors:

The temperature dependence of EMF of oxygen sensors

is shown in Fig. 4. The EMF of the MSZ sensor

irradiated with neutron ¯uences of 8.9 ´ 1021 mÿ2

(E > 1 MeV) and that of the unirradiated YSZ sensor

were equal to the reference EMF calculated from

Fig. 2. Relationship between testing time and EMF under irradiation.

Fig. 3. Relationship between temperature and EMF under irradiation.
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thermodynamic data [10]. The EMF of all sensors (MSZ

sensor, CSZ sensor, and YSZ sensor) was 5±55% smaller

than the reference value, when neutron ¯uence (E > 1

MeV) increased up to 8.9 ´ 1022 mÿ2. There is a threshold

in decreasing EMF between neutron ¯uences of

8.9 ´ 1021 and 8.9 ´ 1022 mÿ2 (E > 1 MeV). It is note-

worthy that the decrease in EMF of the CSZ sensor was

signi®cantly smaller than those of MSZ and YSZ sensors.

(2) DC resistance measurement: The activation en-

ergy of oxygen ion conduction was obtained from the

relation between the absolute value of DC resistance and

the temperature of the oxygen sensor. These results are

shown in Table 1(a).

The activation energy of the oxygen ion was 1.657 eV

for the unirradiated YSZ sensor, and was 1.358 eV for

the YSZ sensor irradiated to a neutron ¯uence of

8.9 ´ 1022 mÿ2 (E > 1 MeV). It appears that the mobility

of the oxygen ion increased with increase of neutron

¯uences. The activation energy of the oxygen ion was

0.757 eV for the CSZ sensor irradiated to 8.9 ´ 1022 mÿ2,

and was 1.732 eV for the MSZ sensor irradiated to

8.9 ´ 1021 mÿ2.

(3) AC impedance measurement: A typical result of

AC impedance measurements is shown in Fig. 5, as a

Cole±Cole Plot [11]. The semicircle of the neutron-irra-

diated sensor was lower than that for unirradiated ma-

terial, and new semicircle was measured. The explanation

for this e�ect seems to be that new relaxation behavior of

the electrical dipole is changed by neutron irradiation, or

that the hydrogen which H2O is dissociated into H2 and

O2 by neutron irradiation is adsorbed in the interface of

stabilized zirconia and electrode [12].

Table 1

Activation energies

Samples Neutron ¯uence (n/mÿ2) Activation energy (J/mol) Activation energy (eV)

(a) Activation energy of oxygen ion

YSZ Unirrad. 159795 1.657

YSZ 8.9 ´ 1022 131012 1.358

CSZ 8.9 ´ 1022 73025 0.757

MSZ 8.9 ´ 1021 167037 1.732

(b) Activation energy of dipole of stabilized zirconia

YSZ Unirrad. 128626 1.334

YSZ 8.9 ´ 1022 60200 0.624

CSZ 8.9 ´ 1022 98895 1.025

Fig. 4. Relationship between temperature and EMF after irradiation.
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The cause of EMF decrease of the oxygen sensor by

neutron radiation can be explained as follows. There is

an new electric ®eld was caused in the solid electrolyte of

the oxygen sensor by neutron irradiation, and excited

free electron by neutron irradiation is brought about.

Thus an electron current ¯ows, the oxygen ion conduc-

tion decreases [13], and as a result, the EMF of oxygen

sensors decreases. Furthermore, the irreversible reaction

by decomposition of stabilized zirconia and electrode

EMF too.

Activation energies of electrical dipoles were ob-

tained from AC impedance measurements, and are

shown in Table 1(b). The activation energy of electrical

dipoles was 1.334 eV for the unirradiated YSZ sensor,

and was 0.624 eV for the YSZ sensor and 1.025 eV for

the CSZ sensor irradiated with neutron ¯uences of

8.9 ´ 1022 mÿ2 (E > 1 MeV). It means that the electrical

dipole becomes easy to move with increase of neutron

¯uences. And activation energy of the electrical dipole

decreased with increasing neutron ¯uence and the

change in activation energy of CSZ was negligibly

smaller than those of YSZ and MSZ. Therefore, the

decrease in the EMF of the CSZ sensor was smaller than

those of MSZ and YSZ sensors.

4. Conclusion

Characteristics of oxygen sensors were investigated

by irradiation tests and post-irradiation tests. Conclu-

sions are summarized as follows.

1. From the irradiation tests, the EMF of YSZ sensor

was 231 mV at the start of the test at 973 K. That val-

ue was 20% and 60% smaller than the starting value

at ¯uences 1 ´ 1022 and 1 ´ 1023 mÿ2 (E > 1 MeV),

respectively.

2. From the post-irradiation tests, EMF of the sensors

were 5±55% smaller than reference ones when oxygen

sensors were irradiated to a neutron ¯uence of

9 ´ 1022 mÿ2 (E > 1 MeV). The decrease in the

EMF of the CSZ sensor was smaller than that for

MSZ and YSZ sensors.

3. Activation energy of the electrical dipole decreased

with increasing neutron ¯uence, and changes in acti-

vation energy of CSZ were negligibly smaller than

those of YSZ and MSZ.
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