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Abstract

The oxygen potential in oxide fuel pellet is an important parameter to understand behavior of high
burn up fuel and its integrity. Zirconia solid electrolyte which is durable under irradiation and high
temperature is considered as candidate material for the oxygen potential. Combined use of solid
electrolyte and Ni/NiO as a solid standard electrode will realize small size oxygen sensor which can be
easily loaded in the fuel rod. Prototypes of the oxygen sensor made of these materials were irradiated
with neutrons in the Japan Materials Testing Reactor (JMTR), and characteristics of electromotive force
(EMF) by sensors were examined under irradiation. For a prototype using zirconia solid electrolyte
stabilized by Y2O3 (YSZ), measured EMF under irradiation was nearly equivalent to the value nuder
unirradiated condition, and very stable within a range of neutron fluence (E>lMeV) up to 1.52X 1023nr2

and for the time of 600h. However, the measured EMFs were slightly smaller than the theoretical
values. The reason for this decrease of the EMF was thought as due to insufficient adhesion forces
between solid electrolyte and standard electrode. After modification of the sensor to increase adhesion
force, EMF was measured again under irradiation. The results showed improvement of the
characteristics of the sensor in which measured EMFs were almost equivalent to the theoretical values.

1. Introduction

From the viewpoint of utilization of the high burn up fuels in LWRs, it is important to study the
oxygen potential of the high burn up fuel pellet, in order to certify the safety of the high burn up fuel.
However, there are no chemical oxygen potential sensor which can be used under irradiation and high
temperature. In the Japan Materials Testing Reactor (JMTR) of the Japan Atomic Energy Research
Institute (JAERI), oxygen potential sensor using zirconia solid electrolyte has been developed for use of
in-situ measurement. In the development test, three kinds of zirconia solid electrolyte stabilized by
CaO, MgO, Y2O3, respectively, were used. Oxygen sensors developed in JMTR use Ni/NiO solid
standard electrode by considering advantage to make the sensors small enough to be inserted into fuel
rod. Fe/FeO was used as the simulated fuel pellet in the tests, because the oxygen potential in Fe/FeO is
close to the value in UO2. Three kinds of tests were carried out as follows.
(1) Life span tests: The oxygen sensors using Ni/NiO standard electrode was exposed to the condition
with high temperature for long time, in order to obtain characteristic change of the sensor and the change
of EMF with time.

(2) In-situ tests: The neutron irradiation tests of the oxygen sensors were carried out in JMTR in order
to study the neutron irradiation effects on EMF of oxygen sensors, and the characteristics of EMF of
oxygen sensors under irradiation were examined within a range of neutron fluence (E>lMeV) up to 1.52
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X 1023nr2, and time up to 600 h.
(3) Improvement of reference electrode: During development tests, it was found that measured EMF
was smaller than the theoretical value. The reason of decrease of EMF was thought to be caused by the
gap between solid electrolyte and reference electrode,which was appeared by sintering of reference
electrode. For this reason, the tests with increased adhesion forces were carried out by putting extra
weight on the standard electrode.

2 Experimental

2-1 Materials of cell for oxygen sensors
The cells in the oxygen sensor can be shown as follows.

(+) Ni/NiO I solid electrolyte Fe/FeO (-)

The solid electrolytes [2-4] consist of 3 kinds of zirconia (product of Nikkato Corporation., 6mm
outer diameter, 4mm inside diameter, 50mm or 100mm length) which were stabilized by 1 lmol % CaO,
9mol % MgO, 8mol % Y2O3, respectively. Ni/NiO reference electrode [5] was produced from 99.9%
Ni powder (size of 63 p.m or less) and 99% purity NiO powder (about 9^m) with mol ratio of 7:3. For
the electrode, Ni rod of 2mm in diameter and 50mm in length was used. Fe/FeO electrode [6] was
produced by mixing over 99.9% Fe powder (50 p m or less) and 99.9% FeO powder (177 p m or less) in
the mol ratio of 4:1. A cell case made of electrolytic iron of 1 lmm in outer diameter was used.

2-2 Life span test
Schematic drawings of oxygen sensor is shown in Fig.l. Life span test of CSZ, MSZ, YSZ

sensors were carried out in order to understand the characteristics change with tome of sensors using
Ni/NiO reference electrode. Schematic diagram of measuring equipment for life span test is shown

Fig.2. Oxygen sensors (CSZ, MSZ, YSZ sensor)
were loaded in a vessel made of stainless steel
(47mm outer diameter, 360mm length) filled with

f] \[\ pure He gas, and sealed. This vessel was inserted in
the electric furnace, and EMF of the oxygen sensors
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Fig.2. Schematic diagram of measuring
equipment for life span test
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Fig.l. Structure of oxygen sensors
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was measured at about 973K. The longest test duration time was 2000h. A hybrid recorder was used to
measure the EMF and temperature of oxygen sensors.

2-3 In-situ tests
In-situ tests of oxygen sensors was carried out in order to study the temperature dependence of EMF

and the changes in EMF with time under irradiation. Oxygen sensors were loaded in a capsule for in-

1170

Fig.3. Structure of the capsule for irradiation tests

situ tests, and was irradiated by neutron in
JMTR. Schematic drawing of this capsule is
shown in Fig.3. Shape of oxygen sensors are
the same as the sensors used for life tests.
Oxygen sensors were irradiated with neutron for
fluences up to 1.5X1023nr2 (E>lMeV) , and

temperature of sensors during the irradiation was
about 973K~973K, and irradiated time was

about 600h.

2-4 Improvement of reference electrode
Schematic drawing of the oxygen sensor for

improvement test of reference electrode are
shown in Fig.4. CSZ was used for this sensor.
Oxygen sensor is loaded in a quartz tube, and
extra Ni weights was put on the Ni/NiO
reference. This tests were carried out when Ni
weight was Og, 7.8g, 38g, 92g respectively.
This was inserted in the portable electric furnace
(ISOTEC Corporation, Pegasus 91L), and
characteristic of EMF of the oxygen sensors
were measured at temperatures between 973 K~

1273K repeatedly. The equilibrium EMF was
measured after holding for about lh at each
constant temperature. After characteristic test of
oxygen sensors, temperature of oxygen sensor
kept constant to be 1273K, and the change of the
EMF of oxygen sensors was examined.
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Fig.4. Schematic drawing of the oxygen
sensor for improvement test
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3-1 Life span test
The time dependence of EMF of CSZ, MSZ,

YSZ sensor is shown in Fig.5. Temperature of
sensors was about 1023K, and EMFs of CSZ,
MSZ, YSZ sensor at the start of the tests were
239mV, 227mV and 232mV, respectively.
EMF of the CSZ, MSZ, YSZ sensor decreased
with time to 31 Oh, to 210mV, 180mV and
210mV with 0.094mV/h, 0.15mV/h, 0.071mV/h
respectively. After that oxygen sensors were
cooled to the room temperature in the electric
furnace, and these were heated up to 1023K
again. At this time EMF of the CSZ, MSZ, YSZ
sensor were 238.2mV, 233mV and 237.7mV
respectively, and EMF of these sensors were
increased compare with EMF at 31 Oh. Oxygen
sensors were cooled to the room temperature 5 times during the test. After the cooling, EMF was
recovered each time when they were heated up to 1023K again. However recovery of EMF was
decreased in repeating cooling,and measured values of EMF seemed to stabilize at about 200mV. The
reason of decrease of EMF was due to lowering contact between solid electrolyte and reference electrode
by sintering of reference electrode.

3-2 In-situ tests
In-situ tests of oxygen sensors were carried out in order to study the changes in EMF with time and

the temperature dependence of EMF under irradiation. The time dependence of EMF of oxygen sensors
under the irradiation is shown in Fig.6. EMF of the CSZ, MSZ, YSZ sensor was 142mV, 187mV and
210mV respectively at the start of the neutron irradiation tests, and decreased to 95mV and 130mV and
185mV after the irradiation for fluences up to about 6X1022nr2 (E>lMeV) respectively (region 1).

After that, EMF of these sensors were recovered up to 1 lOmV and 140mV and 205m V at the fluence of
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Fig.5. Relationship between testing time
and EMF.
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Fig.6. Relationship between testing time and
EMF under irradiation at 973K.
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EMF under irradiation.
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about 7.5 X 1022nr2 (E>lMeV) respectively (region 2), and kept almost same value after the irradiation
for fluences up to 1.5X 1023nr2 (E>lMeV) respectively (region 3). EMF of YSZ sensor kept constant
about 200mV, although EMF of CSZ and MSZ sensor decreased. The temperature dependence of EMF
under the irradiation is shown in Fig.7. For the YSZ sensor, the characteristic test was carried out
between 973K—1073K at the fluences (E>lMeV) of 3.1 X 1021nv2, 4.6 X 1022nr2, 7.1 X 1022nr2, 9.6X

1022nr2 and 1.3 X 1023nr2. The characteristics of EMF of this type of sensor under irradiation were

nearly equal to the non-irradiated one from 973K to 1073K. These results shows the effect of irradiation
on EMF of this type of sensor is negligible. Relatively wide dispersion of the EMF at 973K was
reflecting EMF fluctuation observed during life span test.

3-3 Improvement of reference electrode
For existing sensor, there was a problem that EMF was smaller than the theoretical value. The

reason of decrease of EMF was not enough adhesion forces between solid electrolyte and standard
electrode by sintering of reference electrode. For this reason, the tests for increasing this adhesion
forces were carried out with Ni weight putting on the standard electrode. The temperature dependence
of oxygen sensor is shown in Fig.8. The dotted line is calculated value required from the
thermodynamic data[7]. The EMF of all sensors was nearly equal to calculated value over 1073K.
However, there is the dispersion on the EMF of sensors at 973K. EMF of the sensor with 92g weight
was almost equal to the calculated value, though EMF of the sensors with Og, 7.8g, 38g weight were
smaller than the calculated value at 973K. The time dependence of EMF of the sensor with 92g weight is
shown in Fig.9. EMF of this sensor was about 285mV during about 600h at 1273K.
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Fig.8. Relationship between testing time and
EMF of the improvement sensor at 1273K.
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Fig.9. Relationship between temperature and
EMF of the improvement sensor.

Characteristic tests of oxygen sensors under irradiation and non-irradiation conditions were carried
out. Conclusions are summarized as follows.
(l)Life span test

The EMF of the sensors decreased at the start of life span test, but recovered by re-heating after
cooling, eventually become stable at about 200mV after 2000h.
(2)In-situ tests

The EMF of YSZ sensor kept constant about 200mV within a neutron fluence of 1.5X 1023nr2

(E>lMeV) at 973K. The characteristics of EMF of YSZ sensor under irradiation were same as these of
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non-irradiation between 973K to 1073K.
(3)Improvement of reference electrode

EMF of the sensor with 92g weight was almost equal to the theoretical value at the temperature from
973K to 1273K, though EMF of the sensors with Og, 7.8g, 38g weight were smaller than the theoretical
value at 973K. EMF of the sensor with 92g weight was about 285m V during about 600h at 1273K.
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