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Abstract

Twelve di�erent types of polycrystal and single crystal Al2O3 (alumina and sapphire) specimens of varying grades of

purity were irradiated for three reactor cycles in a removable beryllium position in a High Flux Isotopes Reactor

(HFIR) at Oak Ridge National Laboratory at a temperature of 720±760 K up to a maximum dose of 3 dpa while a dc

electric ®eld of 200 V/mm was applied. The recently completed Temperature Regulated In Situ Test (TRIST) facility in

the HFIR was used to perform in situ measurements of electrical conductivity. In addition, three Al2O3 specimens were

simultaneously irradiated without a continuously applied dc electric ®eld. In situ electrical conductivity measurements

were performed on the specimens before, during and following each irradiation cycle. Behavior of electrical conduction

in Al2O3 was studied, with special emphasis on detection of any long-term increase of the electrical conductivi-

ty. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

More and more sophisticated irradiation studies are

being demanded, as research and development of fusion

reactor materials are advancing. There, studies of irra-

diation e�ects in high ¯ux ®ssion reactors are appreci-

ated well [1,2]. A typical example is in situ experiments

for studying dynamic irradiation e�ects in high ¯ux ®s-

sion reactors [2,3]. Functional properties of ceramic

materials will be a�ected dynamically by irradiation,

which can be studied only by in situ type measurements.

A Japan/USA collaboration on fusion reactor materials

known as the JUPITER (Japan/USA Project on Irra-

diation TEst of fusion Research) project was established

in 1995 after an extensive preparation for a few years. It

was initiated to mobilize research activities of both

parties, namely those in organizations under Japanese

Ministry of Education and those in organizations under

US Department of Energy. The project will utilize ex-

pensive instrumented-irradiation facilities in high ¯ux

®ssion reactors, cooperatively and e�ciently.

Dynamic irradiation e�ects on electrical properties of

ceramic insulators have been attracting strong concerns,

in conjunction with use of ceramic insulators in impor-

tant instruments near the burning plasma. The JUPI-

TER project approved an in situ study of electrical

conductivity of ceramic insulators as one of its major

research topics. The experiment used the recently com-

pleted Temperature Regulated In Situ Test (TRIST)

controlled irradiation facility in the High Flux Isotope

Reactor (HFIR) at Oak Ridge National Laboratory.

And the experiment was denoted as HFIR±TRIST±ER

(Electrical Resistivity). Reliable in situ experiments in

high ¯ux reactors have many technical di�culties to

overcome. Extensive e�orts for improving then-existing

techniques have been done collaboratively [4±6]. Pre-

liminary irradiation tests were done in the High Flux

Beam Reactor (HFBR) in Brookhaven National Labo-

ratory [4] and in the Japan Materials Testing Reactor

(JMTR) in Japan Atomic Energy Research Institute [5].

The TRIST±ER irradiation study was carried out in

the HFIR from March, to June in 1996. The study

yielded quantitative data concerning so-called radiation

induced conductivity (RIC) of several di�erent aluminas

(Al2O3) and sapphires (single crystal Al2O3). The study

also looked for evidence of a long term (permanent)
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increase of electrical conductivity under irradiation,

which is so-called radiation induced electrical degrada-

tion (RIED) originally reported by Hodgson [7] under

electron irradiation.

Detailed analysis of the obtained data did not reveal

catastrophic increase of electrical conductivity up to 3

displacement per atom (dpa) in single crystal alumina

specimens, which were reported to be most susceptible

to the RIED under electron irradiation [8]. Details of the

irradiation techniques [6,9] and irradiation history [10]

for the TRIST±ER experiment were already reported

and the primary results either have or will be reported

elsewhere [9,11,12]. The present paper gives general

overview of the Japan/USA collaborative joint venture

of the TRIST±ER1 irradiation experiment.

2. Experimental procedures

Twelve di�erent Al2O3 specimens of varying grades

of purity shown in Table 1 were irradiated for 3 reactor

cycles in a HFIR removable beryllium position at a

temperature of 720±760 K up to a maximum dose of 3

dpa while a dc electric ®eld of 200 V/mm was applied. In

addition, three Al2O3 specimens were simultaneously

irradiated without a continuously applied dc electric

®eld. The irradiation temperature and the electric ®eld

were chosen to be in the range where previous irradia-

tion experiments on Al2O3 have reported pronounced

RIED following low-dose (�0.1 dpa) irradiation. In situ

electrical conductivity measurements were performed on

the specimens before, during and following each irradi-

ation cycle. Polycrystal and single crystal aluminas are

leading candidates as an electrical insulator in a fusion

reactor, as they have the most extensive database and

well-established industrial experiences. Their electrical

conduction is thought to be understood relatively well,

namely, electron-conduction dominant at concerned

temperatures [13]. Accumulation of results of in situ

measurements, however, are inferring that dynamic

electrical conductivity of Al2O3 would depend on some

of material properties which might not be controlled

well in conventional manufacturing processes, such as

impurities and grain size. Thus, it is important to study

in situ electrical conductivity of variety of Al2O3 in the

same irradiation conditions. Fig. 1 shows the structure

of subcapsule used in the present study [6].

Table 1

Specimen list for the HFIR TRIST±ER1 in situ electrical conductivity capsule

HFIR position Material Appl. Voltage Vendor and grade

1 Al2O3, single crystal 150 V Crystal systems (Hemex UV grade) a-axis

2 Al2O3, single crystal 150 V Crystal systems (Hemex UV grade) c-axis

3 Al2O3, single crystal 150 V Crystal systems (Hemex regular) c-axis

4 Al2O3, single crystal 150 V Crystal systems (Hemex regular) a-axis

5 Al2O3, polycrystalline 150 V Vitox (99.9% purity, Morgan Matroc, Anderman Div.)

6 Al2O3, polycrystalline 150 V Kyocera A-480 (99.9% purity)

7 Al2O3, polycrystalline 150 V Wesgo AL300 (97.0% purity)

8 Al2O3, polycrystalline 150 V Kyocera A-479 (99.0% purity)

9 Al2O3, polycrystalline 150 V Coors AD998 (99.8% purity)

10 Al2O3, polycrystalline 150 V Wesgo AL995 (99.5% purity)

11 Al2O3, polycrystalline 0 V Wesgo AL995 (99.5% purity)

12 Al2O3, single crystal 0 V Crystal systems (Hemex regular) c-axis

13 Al2O3+Cr, single crystal 150 V Union carbide (UV grade), 60° from c-axis

14 Al2O3, single crystal 150 V Kyocera SA 100 (1 �1 0 2 orientation)

15 Al2O3, single crystal 0 V Kyocera SA 100 (1 �1 0 2 orientation)

Fig. 1. Cross sectional view of subcapsule for in situ electrical

measurement.
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The subcapsule was ®lled with helium to provide an

inert environment for the irradiation. Although a good-

vacuum environment is preferable for electrical mea-

surements, it is impossible to maintain a suitable low

pressure in subcapsules in the HFIR reactor due to

material outgassing e�ects and the long distance from

the reactor core to experimentally-accessible regions

where vacuum pumps could be located. Also, e�ective

heat-removal from irradiated specimens is essential for

the temperature control, under a high rate-gamma-

heating irradiation. The present subcapsule was de-

signed to have good heat-removal paths from the spec-

imen to the outer wall of the irradiation capsule which

was e�ectively cooled by ¯owing water [6,10]. The heli-

um environment would help to minimize unexpected hot

spots caused by localized gamma-heating and by un-

noticed thermal barriers. The low voltage side electrode

and its electrical lead, which are the measuring side of

electrical current for bulk conduction, utilized a stan-

dard guarded con®guration consisting of a center elec-

trode, guard ring electrode and a triaxial mineral

insulated cable.

The subcapsule was designed to minimize unexpected

electrical paths between high and low voltage side elec-

trodes. However, realization of the ideal guarded-con-

®guration is nearly impossible in a ®ssion reactor

irradiation. A heavily ionized helium gas environment

will make unexpected electrical paths. Energetic photo-

electrons generated by intense high energy gamma-rays

will transport and redistribute electrical charges among

materials composing of the subcapsule and a capsule

accommodating the subcapsules. To analyze e�ects of

such unexpected electrical leakage, extensive measuring

program was developed using National Instrument

Labview III program. Electrical currents among high

and low voltage side electrodes and a guard ring elec-

trode were measured as a function of applied voltage in

the course of irradiation.

3. Experimental results and discussions

The following is a summary of results obtained in the

HFIR±TRIST±ER experiment.

The phenomenon of RIED was not con®rmed up to

3 dpa in the helium environment in the present irradia-

tion conditions as shown in Fig. 2. However, most of the

measurements on the 15 specimens were prematurely

terminated before the end of irradiation and measure-

ments for the full 3 dpa irradiation dose were only ob-

tained on 3 specimens. According to bench-top tests, the

premature interruption of the measurements is thought

to be due to a conventional electrical-breakdown of a

glass seal of high side Mineral Insulated (MI) cables

[9,11]. Analyses of electrical currents did not reveal any

evidence for initiation of catastrophic increase of the

Fig. 2. Electrical conductivity of crystal system sapphire as a function of time.
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electrical conductivity prior to the premature interrup-

tion of measurements. Some specimens showed increase

of electrical conductivity in the initial stage of irradia-

tion up to about 0.1 dpa [12], but it was generally very

slight (less than a factor of 5 increase compared to the

initial RIC value).

As described in a separate paper [12], ruby (chromi-

um-doped sapphire) showed a substantial (about three

orders of magnitude) increase of electrical conductivity

during irradiation up to a dose of about 0.1 dpa. The

conductivity of all specimens either remained constant

or gradually decreased with increasing dose above about

0.1 dpa [9]. The voltage/current (V±I) relation was

measured through the irradiation and the non-ohmic

behavior of electrical conduction of aluminas and sap-

phires was con®rmed up to 3 dpa as shown in Fig. 3 [14].

This non-ohmic behavior demonstrates that continuous-

current-measurements with a ®xed voltage (conventional

measurements) would not be appropriate to evaluate

change of electrical conductivity under irradiation. The

newly developed measuring program made it possible to

evaluate the V±I behavior through the irradiation. In the

present analyses, the electrical conductivity was evalu-

ated by di�erentiating a current-voltage curve (dI/dV) at

negative applied voltages [5]. This procedure minimized

e�ects of leakage current and other parasitic currents

that might be independent of an applied voltage.

The non-ohmic behavior was observed in a previous

JMTR experiment [5], where a prototype subcapsule was

irradiated under the JUPITER program. There, the

non-ohmic behavior was concluded to be caused by a

leakage current through ionized gas (the gas e�ect). In

the JMTR prototype subcapsule, there existed an elec-

trical path through a gas environment from the high side

to the low side. In the TRIST±ER experiment, e�orts

were exerted to minimize a possibility of current leakage

from the high voltage side to the low voltage side. The

observed non-ohmic behavior does not appear to be

simply attributable to a gas e�ect in the HFIR±TRIST±

ER subcapsules. The cause of the non-ohmic behavior is

under analysis and e�ects such as the di�erence in work

functions between the metal electrode and the alumina

specimen appear to be partly responsible for the non-

ohmic behavior [14].

A fundamental irradiation study under the Japan/

USA collaboration was proposed for studying the non-

ohmic behavior and also the physical mechanisms re-

sponsible for the observed large o�set currents in the

HFIR±TRIST±ER experiment (Fig. 3). A large electri-

cal current was observed even at 0 V, when the electrical

current was measured as a function of applied voltage

from +100 V to )100 V with a voltage step of 20 V. This

current at 0 V, denoted as an o�set current, sometimes

exceeded a few tens of micro-amperes at the beginning

Fig. 3. Non-ohmic behavior of alumina of Kyocera A479. Measured current as a function of applied voltage.
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of irradiation as shown in Fig. 4. A steady state o�set

current is in the range of several micron ampere and was

observed for all of the TRIST±ER subcapsules. The

o�set current usually went from ground to the low side

of a specimen and from the high side of a specimen to

ground. Occasionally, a reverse o�set current was ob-

served. As described above, a new experiment was pro-

posed to study cause of the o�set current in the JMTR

and will be carried out in 1998. This o�set current

phenomenon may have an important impact on the

accuracy of magnetic probes (used in conjunction with

current integrators) which are used to detect the position

of the plasma. The plasma position must be accurately

known in order to make adjustments in the tokamak

magnetic ®eld which allows long-term operation of the

plasma. Also, there is some possibility that the o�set

current might reveal microstructural modi®cation of

alumina under irradiation. A charge separation might be

the cause of the observed o�set current. There is another

possibility that the o�set current is caused by a phe-

nomenon so-called radiation induced electromotive

force (RIEMF) [15].

The observed RIC was approximately linearly de-

pendent on ionizing dose rate in the range of 102±104

Gy/s, though it showed some sublinear behavior above

103 Gy/s at the beginning of irradiation. The magnitude

of the RIC depended on the grade of Al2O3 in the fol-

lowing way up to 103 Gy/s.

Normal grade polycrystal � High grade polycrys-

tal � doped sapphire(Ruby) � normal grade sap-

phire � UV-grade sapphire.

At the ionizing dose rate of 104 Gy/s, the dependence

of the RIC on the grade of Al2O3 became very weak. All

of the examined alumina specimens showed an RIC

value of about 10ÿ6 S/m at 104 Gy/s.

4. Conclusions

Admitting that there were technical problems, which

were especially represented by the premature interrup-

tion of the measurements on 12 specimens, RIED was

not observed phenomenologically in the TRIST±ER

experiment. The maximum dose rates of electronic ex-

citation and atomic displacement were about 104 Gy/s

and about 5 ´ 10ÿ7 dpa/s, respectively. The maximum

total doses were about 6 ´ 1010 Gy and 3 dpa, respec-

tively. Above these doses, mechanical properties of

alumina would degrade substantially [2] and their usable

limit of total dose would be in the range of a few dpa

based on degradation of thermomechanical properties.

The TRIST±ER supplied the engineering database of

polycrystal and single crystal aluminas that are the pri-

mary candidate for the electrical insulators in a fusion

reactor. Also, the TRIST±ER supplied ample data for

studying fundamental aspects of electrical conduction

Fig. 4. Observed o�set current as a function of time.
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through di�erent grades of aluminas under a ``fusion

relevant'' irradiation condition. Here, the fusion rele-

vant irradiation environment means irradiation envi-

ronments that have an appropriate ratio of an electronic

excitation rate and an atomic displacement rate.

The TRIST±ER has provided convincing data that

RIED would not be a problem for fusion reactor de-

velopment, as long as e�ects of irradiation atmosphere

are not contributing to the irradiation behavior such as

preferential removal of oxygen from surface of alumina,

``surface RIED'', etc. It is concluded that the TRIST±

ER completed its primary mission, namely studying

electrical conduction behavior of ceramic insulators

under a fusion relevant irradiation environment and

clarifying whether or not RIED would be a problem. To

con®rm the above mentioned conclusion; that RIED did

not occur in a helium environment up to 3 dpa, post

irradiation examination of irradiated specimens will be

needed. In particular, the temperature dependence of the

electrical conductivity of irradiated specimens should be

evaluated in a post irradiation examination.

There still exist several scienti®c and technical con-

cerns about the electrical conduction behavior of ce-

ramic insulators under irradiation. The TRIST±ER

experiment revealed interesting aspects of electrical

conduction of polycrystal and single crystal aluminas

under irradiation, such as non-ohmic behavior and a

large o�set current. The large o�set current would have

a possibility to become a serious problem in a plasma

diagnostics using alumina insulators. Also, there is some

possibility that the o�set current might reveal micro-

structural modi®cation of alumina under irradiation.
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