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Electrical conductivity of Wesgo AL995 alumina under fast electron
irradiation in a high voltage electron microscope
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Electrical conductivity of a 29%:m-thick Wesgo AL995 alumina has been measured before and
during 1 MeV electron irradiation in a dc electric field of 300 kV/m at temperatures up to 723 K.
The difference between the activation energies before @092 eV) and during (0.19
+0.06 eV) irradiation indicates a substantial impact of irradiation on the conductivity of Wesgo
AL995 alumina. The electrical conductivity of Wesgo AL995 alumina is lower by approximately 2
orders of magnitude than its requirement for the magnetic coils in the international thermonuclear
experimental reactofITER). Thermal disruption may not impact on Wesgo AL995 alumina
insulating material in ITER because of the absence of thermally stimulated conductivity peaks in it.
Although no substantial bulk degradation is observed under irradiation up to a fluence of 7.0
X 1072 e/m? (7.97x10 ° dpa) at 723 K, surface degradation is detected that could limit the
application of Wesgo AL995 in ITER as a potential insulator. 2002 American Institute of
Physics. [DOI: 10.1063/1.1494845

I. INTRODUCTION and 295um, respectively. Titanium was deposited in vacuum

Alumina is considered to be a potential insulating mate-to make the three-electrode system. A center electrode of 2

rial for numerous applications in fusion devices for heatingmm and a guard electrode of 3.5 mm inner and 4.5 mm outer
qlameter were prepared on the top and a base electrode of 4.5

and current drive and diagnostics, because of its superio mw repared on the bottom of th ‘nen. Th N
sustaining behavior against radiation among all cerami as prepared on the bottom of the specimen. 1he con-
act resistance of both the guard and center electrodes was

insulators: For insulator applications it is necessary to un- )
derstand the basic electrical properties of alumina. Radiatio§0_409’ being me_asured by a_t_ester. The 'Femp_er_ature de-
pendence of electrical conductivity before irradiation was

induced conductivitfRIC), thermal stimulated conductivity measured in a bell jar at 18 Pa from room temperature
TSO), and radiation induced electrical degradati®iED)? )
( ), and radiation induced electrical degradatt ) (RT) to 723 K. Temperature was increased at the rate of 3

of alumina under irradiation are the critical issues for its . . L . . .
K/min. The irradiation experiments were carried out in a

application to fusion devices. Although many results for .
RIC, TSC, and RIED have been published, the RIED phe 9" voltage electron microscop@VEM) under 1 MeV
lectrons beam-on and -off conditions at temperatures rang-

nomenon is still controversial. Namely, several researcly

groups failed to observe RIED in some grades of alumin ”(;%JVF?”“ IRTdt.Ot.723 K, ;’he prelssturct::h of th? H\fE'\tA v(\j/asf
where RIED should occur. Furthermore, severe surface deg: a. lrradiation was done only o the center electrode o
e specimen. Both bulk and surface conductivity were mea-

radation together with poor electrical contacts could cause al ) o . e
apparent bulk RIEB. sured under irradiation with an electric field of 300 kV/m.

In order to confirm surface and bulk degradation, elec-Detalls of the specimen holders are given elsewhete.

trical conductivity measurements have been done on Wesgo

AL995 alumina over a wide range of ionizing dose rateslll. RESULTS AND DISCUSSION

under various radiation sources and detected no bulk RIER femperature dependence of conductivity

to 3 dpa regardless of radiation sourée®.This article gives ) . o

additional insights not only into RIED but also into RIC and  Figure 1 shows the electrical conductivity of Wesgo
TSC of Wesgo AL995 alumina wita 1 MeV electron irra- AL995 alumina against the reciprocal temperatures ranging

diation relevant to the international thermonuclear experiffom RT to 723 K with and withoua 1 MeV electron irra-
mental reactofITER) operating condition. diation dose rate of 8:710* Gy/s in the dc electric field of

300 kV/m. The electrical conductivity increases with increas-
ing temperature, but with different activation processes. The
estimated activation energy before irradiation is @:4902

In the experiments, the specimen was taken from and 0.46-0.01 eV during increasing and decreasing tem-
single bar of Wesgo AL995 alumina used in the round robinperatures, respectively, and it reduces to 8:096 eV dur-
tests. The diameter and thickness of specimen was 5.5 miRg irradiation. In fact, the conductivity slowly changes up to
an irradiation temperature of about 500 K and then is

dAuthor to whom correspondence should be addressed; electronic maiﬁbryptly raised at higher temperatu'_'es- The preirradiation re-
matiar@su.rcast.u-tokyo.ac.jp sistivity of Wesgo AL995 at RT is 3%101° QO m (2.8

Il. EXPERIMENTAL PROCEDURE
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various temperatures. The RIC is defineddyyjc=o— oy,
800 700 600 500 400 300

105 — . T T whereo and o are the conductivity with beam-on and -off,
© Increasing temp. (0 dpa/s, 0 Gy/s) h respectively. The electrical conductivity proportionately in-
T 0%} e o oob 6 creases with increasing dose rate and irradiation temperature.
& 4 o D.,,i,.gimd_(1,6x10-9dp.,s,3,7,(104@@ No substantial difference in the RIC during increasing and
; 107 decreasing beam intensity is found at all temperature except
= at 723 K. Temperature sensitivity of the conductivity rather
g 10y than irradiation flux is found in Wesgo AL995 and is com-
% 109 paratively weaker than that of the Kyocera alumihde-
O ] cause of the thermal effect of the impurities present in the
,§ 10-10} Wesgo AL995 alumina. Generally the electrical conductivity
3 under irradiation is expressed by the equatior o
B qo-mf + kR, whereay is the conductivity without irradiatiork is
a material dependent constaf,is the ionizing dose rate,
10-12 . . : : and §'is the ionizing dose rate exponent. The valuedefas
1.0 15 20 25 30 35 estimated from the experimental curves shown in Fig. 2 by

Reciprocal Temperature [ x 1073 /K | fitting the above equation. The estimated values ofary
: from 3.3x 10 **to 1.8x 10 2 s/(GyQ m) andé vary from
FIG. 1. Electrical conductivity as a function of reciprocal temperature for a0.9110 _0'59 for a 293:m-thick spemmgn at RT and 723 K,
295um-thick Wesgo AL995 alumina specimen before, during, and afterrespectively. Delta values of nearly unity are well understood
irradiation wit a 1 MeVelectron flux of 1.4 10'%/m? s in an electric field  to be related to charging and trapping of electrons in defect
of 300 kv/m. and impurity levels below the conduction balid* A de-
crease in thé value with increasing temperature is observed,

R h i th ¢ .
%10~ S/m) in this experiment, being smaller than Othermdlcatlng changes in the number of trapping centers and/or

experimental results. The amplitude of volume conductivity Tﬁe RIC results of Wesgo AL995 alumina of our work

Em? the O\Zjera]\cltl actlvlanon be_ha(ljwofr .Of V(\j/_estgo AngS alumm_acompared with those of other groups of round robin tests are
€ o[e and a e_rta tong_ﬂ?et[:o 0 f'"'a ation 'ndOL:_: z)éger"shown in Fig. 3. Our results include the data from RT to 723

ment are consistent wi ose€ of Vorono and Rodgson. i ¢ temperatures increased by about 100 K. The applied

Unfortun_ately,. the RIC versus temperature result is NOLjectric field and the ionizing dose rate are 300 kV/m and
present in their study. The agreement between the common 10— 10 Gyls, respectively. The compiled data vary in the

data in both studies indicates the reliability and benefit of theionizing dose rate of 16-1C° Gy/s. The irradiation tempera-

round robin experiments on Wesgo AL995. ture ranges between 673 and 773 K in most of the RIC mea-
o surements except for the HFIR te$tS,where the tempera-
B. Dose rate dependence of conductivity tures are maintained at314 and 440 K. The applied electric
Figure 2 shows the electron dose rate dependence of fig!d ranges between 100 and 500 kV/m. However, the rela-
295-um-thick Wesgo AL995 alumina on RIC under 1 MeV Ve amplitude of the compiled works of Wesgo AL995 sat-

electrons with increasing and decreasing beam intensity 487y the requirements of conductivity of 16 S/m and dose
rate of 2000 Gy/¢Ref. 9 for the magnetic coils in the ITER.

The results presented here also indicate that the ITER re-
10-6 . . . . quirements will be met.

y =4.9207X10-8 + 1.8375X10-12x R=10.99749

C. Thermally stimulated conductivity (TSC)
107
Since the thermal disruption effect under the ITER con-

dition is found in sapphiré’ TSC measurements are also
realized as being important in Wesgo AL995 alumina. For
TSC measurements, the irradiations are composed of alter-
nating times of irradiation for 1800 s followed by annealing
at the temperature for 3600 s and then annealing at a higher
temperature by about 100 °C for 3600 s as shown in Fig. 4.
The conductivity measurements were done during isothermal
periods at 5 min after the increase in annealing temperature
10-10 ‘ to allow the specimen to reach thermal equilibrium. When
104 105 turning on the beam at RT, the electrical conductivity is
Electron Dose Rate [ Gy/s ] abruptly raised from 1810 ! to 3.5 10 ° S/m and then
FIG. 2. Temperature dependence of RIC of a 286-thick Wesgo AL995 It Changes a I|ttlg due to the accumu.latlon of point defects
alumina specimen under 1 MeV electrons irradiation with increagpgn ~ @Cting as trapping centers. The difference between the
symbo) and decreasingfilled symbo) beam intensity from 296 to 723 K. beam-on and -off conductivity decreases with increasing

10-8

4

Radiation Induced Conductivity [ S/m ]

y =-2.8821 X 10-11+3.2748 X 10-14x R=10.99514
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FIG. 3. Compilation of ionizing dose rate dependence of electrical conductivity of Wesgo AL995 alumina of different works at temperatures i@ameken 67
773 K except for the mentioned temperatures compared with those of our work. The present work includes data at RT, 383, 474, 574, 673, and 723 K.

temperature unlike Kyocera alumifiandicating strong ther- D. Dose dependence of conductivity
mal dependence of conductivity in Wesgo AL995 alumina.
No transient conductivity peak similar to that in single crys- 1. Bulk conductivity

Lalllne ;(fyo::(eérgsall(umlr;a Wéﬁhﬂf" pastgblelectrodeg utrr:der Bulk conductivity of a 295am-thick Wesgo AL995 alu-
eam-olt a IS Tound. The possible reason IS e i, irradiated wit @ 1 MeV electron flux of 1.4

difference in the type of specimen where Kyocera alumina, 118 o125 i an electric field of 300 kv/m of this study
used is single crystal and Wesgo AL995 alumina is polycrys-Comloareol to the existing data of RIED experiments on

talline alumina with grains of~30 um. If any charge is Wi Co i iy 365,6,8,10,16p i
: y LGS esgo AL995 alumina is shown in Fig.%5:%810.167 glight
released from the traps in Wesgo AL995 alumina, it might be 9 9 g

. . ) discrepancy in the absolute values of some data of compila-
circulated on the surface alon.g the grain bqundarles. The fa |Ion results may appear. No bulk RIED is found in this study.
that t.hert.a are no TSC peaks in poncrysta.IIme Wesgo AL99 he postirradiation conductivity at 723 K is lower than that
alumina indicates that any temperature disruption effects Ot the preirradiation. The specimen thickness, applied elec-
the electrical conductivity of Wesgo AL995 alumina would ;

t be a limiting factor to it lication in ITER i tric field, as well as temperature used in different experi-
not be a fimiting tactor to {ts appiication in as magnetic jants ranges from a few micrometers to 1 ma0-1000
coils insulating materials.

kV/m, and 600—800 K, respectively. Moslaagal® failed to

find RIED in Wesgo AL995 alumina to 0.014 dpa using 104

MeV « particles in a dc electric field of 100 kV/m at 723 K.

A decreasing trend of conductivity in Wesgo AL995 alumina

was found by Kesternictet al®>!” to a total dose of 2.5

% 102 dpa under 28 MeV He ion irradiation with 350 kV/m

at 723 K. Both the works of Farnum and Clin&fcshowed

the decrease of conductivity by 1 order of magnitude

throughout the total damage level under neutron irradiation.

No RIED was observed to a dose of 0.02 dpa but surface and

gas conduction was observed. Another research group at

ORNL has done extensive irradiation measurements on

Wesgo AL995 alumina with fission neutrons to 1.4 dpa at

610-640 K and found no evidence of RIEDMorono and

Hodgsor® have found no bulk RIED detected in Wesgo

50 AL995 to a dose of~10 “ dpa with a 1.8 MeV electron
Irradiation Elapsed Time [x 10 5] irradiation for dc electric fields of 100 and 500 kV/m, but

FIG. 4. Temperature dependence of electrical conductivity for a,285- bulk degradation has been detected at 1000 kV/m. They ex-

thick Wesgo AL995 alumina specimen under irradiatiorhveitl Mevelec-  Plained the electric field threshold f(_)r Rl_ED by a simpl_e
tron flux of 1.4< 10'%/n? s at beam-on and -off conditions. model based on electron acceleration in the conduction

—
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~=0-=-This work
--@-- Kesternich et al. (160 pm -thick, 1995)

5
10 —&— Morono & Hodgson (1 mm-thick, 1998)
~—&— Morono & Hodgson (1 mm-thick, 1996)
106 —=&—  Moslang ( 400 um -thick, 1994)
o-o — & - Farmum & Clinard (1 mm-thick, 1995) o
1077 ’ & —a— Snead et al. (750 um-thick, 1995) FIG. 5. Compilation of RIED mea-
! L:L‘ surements of different works on
108 (Iacl. RIC) Bean?—off b ~ a —a Wesgo AL995 alumingsee Refs. 3, 5,

P ¢ 6, 8, 10, and 1pirradiated at tempera-
—_— -"."."-.q '

109 tures of ~623-830 K compared with
3 \_w this work. The damage rate of this
1010 work is 1.6<10"° dpals.

Electrical Conductivity [ S/m ]

10-11 1 5 1 < 1 3 L 3 1 : |0
10 10° 10 10° 10° 10 10 10

Accumulation Dose [ dpa ]

band!® Inconsistency in the electrical conductivity about 1 shows overload current. Specimen overload current is found
order of magnitude among RIED results is observed in Figafter irradiation to a damage level of 7:970 ° dpa. The

5. We have found thickness dependent electrical conductivitpverload surface current did not return even after keeping the
of sapphiré® and Wesgo AL996 alumina irradiated with 1  specimen at 723 K for 60 min while turning off the applying
MeV electrons in a dc electric field of 300 kV/m at 723 K, voltage to the specimen. In addition, the surface current did
however the thickness dependence of conductivity is not renot revert to that of the RT in the applied electric field con-
garded in Fig. 5. Although no bulk RIED is detected in dition. This evidence indicates that the surface of the speci-
Wesgo AL995 alumina under various irradiation sourcesmen is degraded. As previously mentioned Wesgo AL995
more international round robin experiments should be perwas found to be very sensitive to surface electrical degrada-
formed not only on a single specimen, but also under similation irradiation with a 1.8 MeV electron to the top whole
experimental conditions for specimen thickness, appliegurfaces in vacuufil® Large grain size and/or low density

electric field, etc. of Wesgo AL995 alumina was thought to be responsible for
this degradation. The surface of the degraded specimen be-
2. Surface conductivity tween the center and guard electrodes and the surface of

Figure 6 shows the dose dependence of surface condu¥irgin Wesgo AL995 alumina specimen were examined at RT
tivity of a 295-um-thick Wesgo AL995 alumina with a 1 USing & scanning electron microscd®EM) under the same
MeV electron irradiation flux of 1.4 10'8 e/m?s at 723 K. ~ conditions. The SEM x-ray analysis of degraded and virgin
The surface conductivity increases very quickly after turningSurfaces has shown that impurity segregation along the grain
on the beam to a value higher than that of the unirradiatiorPoundaries is responsible for the apparent surface breakdown
and then decreases with time until 20022 e/m2. After Of Wesgo AL995 alumina at the electric field assisted

. 4 .
that, the surface conductivity increases until the specimefonduction: The surface degradation of Wesgo AL995 alu-
mina may seriously limit its application in ITER.

108 T T T
Overload current at

109 beam on and off IV. CONCLUSIONS

The difference between the activation energies before
109 ] 0.49+0.02 eV and during 0.180.06 eV irradiation indi-

cates a substantial impact of irradiation on the conductivity
of Wesgo AL995 alumina. The electrical conductivity of
Wesgo AL995 alumina is lower by approximately 2 orders of
magnitude than the conductivity requirement for the mag-
1072} 7 netic coils in ITER. Thermal disruption may not impact on

Wesgo AL995 alumina in ITER because of the absence of
1013} . TSC peaks in it. Although no substantial bulk degradation is
Beam off observed under irradiation up to a fluence of 7.0
- ) ‘ . X 1072 e/m? (7.97x 10 ° dpa) at 723 K, the surface degra-

0 20 40 6.0 8.0 dation of plasma facing insulating materials may be seriously

2 2 affected in the ITER environment. Finally it is suggested that

Electron Dose [ x10™ ¢/m” ] the international round robin experiments should be per-

FIG. 6. Surface conductivity of a 29am-thick Wesgo AL995 alumina with forme,d not only on a single speumgn, but qlso under S|m!lar

a 1 MeV electron irradiation flux of 14101%/m? s in a dc electric field of ~ €XPerimental conditions for specimen thickness, applied

300 kV/m at 723 K. electric field, etc., unless any experimental constraint arises.

101 E
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