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ABSTRACT

The eleotrioal conductivities of beryllia, sirconia, And thoria were measured from 300°K to temperatures as high as 2000°K, and In
a reaetor radiation environment corresponding to power densities up to
6 kW/liter,

This experimental data was used to oaleulate the corw

stants in the mathematical model of Dau (1965), whioh predicted a
functional behavior of the form

Or

=

PG exp(-W/kT) T3/2.

The values of the constants G and W are listed below for each
material.

W is expressed in ev, G in (kW/l-ohm-om)"^, and P in kW/l.

W

G

BeO

.012 ± .009

4.3 x 10-16

Zr02

.099 ± .015

8.3 x lO-1^

Th02

.081 i .014

1.47 x 10-15

Certain combinations of insulating materials and metallic
electrodes may eause permanent changes in the insulator as a result of
the combined influence of high temperature and high leakage currents.
This phenomenon was observed for zirconia and thoria at temperatures
over 1000°K and leakage currents approaching one ampere. Experimental
evidence indicated that the metal oxide lattice was depleted of oxy
gen, leaving metal atoms behind.

viii
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The eleotrical breakdown strength of beryllia was measured
over the temperature range of 300°K to 1000®K and in an x-ray field up
to 2 KR/h. The experimental data confirmed theoretical predictions
that the square of the breakdown field strength is proportional to the
logarithm of the Initial temperature and decreases with sample thick
ness.
Experimental data was used to predict a critical temperature
for beryllia of 113^°K ±13°•

This value for the critical temperature

indicates that the value of beryllia as an insulator for localized
high voltage stresses at temperatures over 1000°K is seriously ques
tioned, and additional investigation is needed in this area.
The theoiy that the breakdown field strength for beryllia is
independent of radiation environment was confirmed for fields up to
2 KR/h.

This radiation field is several orders of magnitude lower

than that produced ty a nuclear reactor operating at power levels up
to 6 kW/liter; therefore, the need for additional Investigation is in
dicated in this area.

INTRODUCTION

General
The current interest in the exploration and conquest of space
as dramatized by the recent deep space probe to photograph Mars, and
future plans for manned lunar exploration all serve to emphasize the
urgent need to develop reliable power systems of sufficient capacity
to provide for the necessary instrumentation, communication, and life
support systems for long term space missions.
Many studies have been made concerning the optimum manner for
providing the necessary electrical power for various space missions.
Figure 1 is representative of these studies.

They show that, based on

size and weight, the optimum system for missions of one month or long
er will use either solar or nuclear energy, and that for power demands
in excess of 50 kilowatts the optimum system will use nuclear energy.
The development of suitable electrical power systems is cur
rently following two rather distinct paths.

One is based on conven

tional power systems where a working fluid is heated by the reactor
and then expanded in a turbine which drives a generator.

The other is

based on direct conversion of reactor heat into electrical power where
the reaotor provides heat either by means of an intermediate working
fluid, or where the conversion device receives heat directly from the.
reaotor fuel elements.
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Capability of Various Spaoe Auxiliary Power Systems
Aooording to Pover Level and Mission Duration (After
Atomios International, I960).

To date, the only "in space" testing of any reaetor power sys
tem is th'e SNAP 10A system desoribed by Wilson et al. (1965)•

This

system used thermoelectric devices mounted externally to the core with
heat transferred from the core to the thermoelectric devices by NaK
liquid metal coolant.

Heat is rejected directly into space from indi

vidual radiators mounted on each device.
More sophisticated systems vith the promise of higher power
densities are thermionic diodes mounted directly on the reactor fuel
plates, or vith the reaotor fuel element aotually serving as the emit,
ter of the diode.
All of these direct conversion systems share certain common
features.

Being "heat engines" the maximum efficiency is limited to

the Carnot efficiency.

When operating in space the only means of heat

rejection is by thermal radiation. Sinoe the required heat rejection
rate is proportional to the fourth power of the radiator temperature,
the weight of the radiator is a sensitive function of the heat rejec
tion temperature, further emphasising the need for high temperature
systems.
These direct conversion systems also share a somewhat more
subtle problem.

Both thermionic diodes and thermoelectric devices

produce eleetrioal power at very low voltage, usually less than two
volts.

To obtain higher voltages two or more of these devioes must be

connected in series. SNAP 10A, for example, used 120 modules, each
module containing 24 thermoelectric devices, producing a total of 500
watts at 26.5 volts (Wilson et al. 19&5). Since the working fluid is
liquid metal, each devloe must be electrioally insulated from all
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other devices, and at the same time the insulating material must have
good thermal conductivity.

This insulating material must also endure

the high radiation field inherent with the operation of nuolear
reactors.
One class of materials which seems to offer promise of ful
filling these requirements is the metal oxide ceramics such as alumi
na, beryllia, thoria, and 2iroonia.
The effect of temperature on the eleotrical conductivity of
these materials has been reported by numerous investigators, particu
larly for alumina and beryllia.

Figures 2, 3* and ^ show typical re

sults for beryllia, ziroonia, and thoria.

Until the past few years

studies of the effects of radiation on the eleotrioal conductivity
have been limited to long term reactor irradiation, with the general
oonoluslon that long term irradiation lowers the electrical conductiv
ity, but these effeots can usually be removed by annealing the mate,
rial at high temperatures.
Vul (1962) reported the effect of ganna radiation on mullite,
quarts, and polyethylene.

Haidler (1964) and Dau (1965) conducted an

intensive investigation of the effect of temperature and reactor radi
ation on the conductivity of alumina.

This author ohose to continue

the study of the effects of radiation and temperature on the electri
cal conductivity of beryllia, thoria, and ziroonia, and to make a pre
liminary investigation of the effect of temperature and radiation on
the electrical breakdown of beryllia.
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Physical Properties of Sel«ctsd Metal Oxides
Low electrical conductivity and high heat conductivity are two
of the desired properties of the insulating material used in direct
conversion systems.

Other important properties are thermal shook re

sistance, thermal coefficient of expansion, and mechanical properties
at high temperatures and low pressure. For "in-core" systems, the nu
clear properties of the material must also be considered. Representa
tive values of these properties for alumina, beryllia, thoria, and
zirconia are listed in Table I.

Beryllium Oxide
Beoause of its excellent nuclear properties, beryllium and its
compounds have been the object of considerable investigation for ap
plications to nuclear reactors.

In the early days of the development

of nuclear power Admiral Hymen G. Riokover recognised the Importance
of beryllium, and, at his suggestion, White and Barke (1955) served as
editors for a publication, The Metal Beryllium, to make information on
beryllium more widely available.
Beryllium oxide, or beryllia, has been the object of oonsiderable investigation over the past two decades.

Lillle (1961) conducted

a literature searoh concerning the properties of beryllium oxide and
colleoted data on thermal expansion, thermal conductivity, and elastic
properties, and compiled an extensive bibliography.

Later, and as a

consequenoe of intense interest in the use of beryllium oxide for nu
clear propulsion applications, Rothman (1963) prepared a more exten
sive report on mechanical properties and crystalline structure of

TABLE
PHYSICAL PROPERTIES OF SELECTED METAL OXIDES

AI2O3

BeO

Zr02*

ThOg

2.094

.0168

.0854

Thermal Conductivity* (Watts om"^ °C~^)
100®C
600»C
1200°C

0.291
0.0871
0.0528

linear Coefflplant of Expansion* (Percent)
600°C
800°C
1200°C

0.42
0.62
1.10

0.46
0.68
1.14

0.41
0.56
0.62

0.5
0.71
1.14

2015

2550

2677

3300

Excellent

Fair

Poor

114
28.5

300
114

214
28.5

Melting Point* (°C)

Thermal Shock Resistance
Excellent
Compression Strength* (1000 psi)
20°C
1200°C

427
71

Thermal Neutron Absorbtion Cross Section**
A1
Be
Zr
Ih
0

0.23 barns
0.010 barns
0.18 barns
7*5 barns
< 0.0002 barns

a. Campbell
b. Goldman and Stehn
*
Lime Stabilised (Yttria stabilized material used in this investi
gation)
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beryllium oxide, and inoluded data on electrical conductivity and ra
diation damage effects.

Belyaev (1962) has compiled a much more ex.

tensive Investigation as to the state of the art covering production
and fabrication, thermal, mechanical, electrical, and chemical proper,
ties, applications, and health hazards associated with the production,
fabrication, and use of beryllium oxide.
The melting point of beryllium oxide as determined by various
investigators lies in the range 2^30°C to 2810°C (from data oompiled
by Belyaev in 1962).

However, samples heated above 2050°C show evi

dence of considerable physical damage so that this temperature has been
designated the "critical temperature"-'- (Austerman 1961), and for many
applications represents the maximum allowable temperature.
Gilbreath and Simpson (1958) reported the results of reactor
radiation on many of the physical properties of beryllium oxide.

Of

the properties measured (bulk dimension and lattice spacing, compres
sive strength, elastic modulus, thermal conductivity and magnetic sus
ceptibility), only the thermal conductivity was appreciably altered.
Their conclusions were that long term reactor irradiation definitely
lowers the thermal conductivity, but heating in a vacuum for 1.5 hours
at 900°C restores the thermal conductivity to the pre-irradiation
value.
The eleotrical conductivity of beryllium oxide has also re
ceived its due share of attention from the various investigators.
work of Foex (19^2) is most often referenced in the literature and

1. Not the "critical temperature" discussed in connection
with breakdown phenomena later in this paper.

The
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predates the work of other investigators by many years.
data are reported by Rothman (1963) and Pryor (1963).

More recent

None of these

investigators reported on the combined effeots of irradiation and tem
perature on the eleotrical properties of beryllium oxide.
Beryllium and its oompounds are toxic, and reports of occupa
tional diseases caused by these oompounds first appeared in 1935
(Belyaev 1962). In this country the first reported cases occurred in
19^3.

The disease may take the form of an acute irritation of the

respiratory traot (the acute form) or a chronic form called beryllio
sis in vhieh lung involvement is the principal feature. In addition
a variety of skin reactions may oocur including dermatitis, ulcers,
and benign tumors (Eisenbad 1955).
The amount of beryllium exposure capable of producing acute
disease is low compared to other chemical irritants.

Eisenbud (1955)

reports ohronic beryllium poisoning caused by exposure to concentra
tions as low as a few micrograms per cubio meter.

Belyaev (1962) re

ports that acuta illness always occurs at concentrations exceeding 100
milligrams per cubic mater, and under the influence of concentrations
of soluble beryllium oompounds exceeding one milligram per cubic
mater, poisoning is observed in almost 100 percent of the cases.
Facilities for the processing of beryllium ores and the manu
facturing of beryllium oompounds must be designed to minimize the
health hazard to operating personnel.

Copious amounts of ventilation,

dust collecting systems, and general good housekeeping habits are all
conducive to this end.
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Zirconium Oxide
Zirconium oxide, or ziroonla, with a melting point of 2677°C
(Runok 1956) has an unusually low thermal conductivity and, therefore,
is well suited for applications where good thermal insulation and high
melting temperature are required. Ziroonla Is insoluable in water and
resistant to adds at high temperatures. In the pure form ziroonla
inverts in crystalline structure causing severe volume changes when
heated or cooled.

If oertain oxides such as oalcium oxide are added,

a cubic crystalline form is obtained at about 1700°C, and this Iso
metric form does not transform on cooling.

Zirconium oxide may be

stabilized in this manner by the addition of oxide impurities (Norton
19^9)•

Typical stabilizing ingredients are the oxides of calcium,

magnesium, and yttrium.

Thorium Oxide
Thorium oxide, or thoria, has the highest melting point of all
the oxides, 3300°C ± 100° (Runck 1956).
it is the least affected by most metals.

Of all the refractory oxides
Thoria has rather poor

thermal shook resistance and in addition is naturally radioactive with
a half-life of 1A x 1010 years, decaying either by spontaneous fis
sion or by the emission of an alpha particle (Goldman and Stehn 1961).
In addition to its importance as a oeramlc material, thoria is
of interest in reactor technology because it is a fertile material.
When

absorbs

a

neutron, by a prooess of two successive stages of

beta decay, it will be converted into the fissionable isotope U2^3
(Gflasstone 1955).

1

13
232
90Th

+

onl

2
90Th 33

2
91P* 33

0

JJ

-e0

-v

90lh233

+

_e0 +

9lPa233

2
92U 33

is also radioactive and decays by alpha particle emission

with a half-life of 1.62 x 10^ years (Goldman and Stehn 1961).
Thoria occurs as cubic crystals with no inversions on heating.
The combination of relatively low thermal conductivity and high ther.
nutl expansion contributes to its poor thermal shook characteristics
(Runok 1956).

THEORETICAL CONSIDERATION OF THE
ELECTRICAL CONDUCTIVITY- IN CERAMIC INSULATORS

The results of experimental measurements of the eleotrical
conductivity of ceramic insulators reported in the literature are not
always in good agreement, sometimes differing by several orders of
magnitude.

The reasons for these disagreements are not always appar-

ent. Some Important faotors that influenoe measured values are tern,
perature, oontaot resistance and electrode attachment, crystalline
structure, Impurities, the ambient atmosphere, and external radiation
fields.

The combined effect of these variables cannot always be cal

culated so that theoretioal treatments generally aonsider the in
fluence of each variable to be independent.

This approach usually

requires that certain of these parameters be evaluated from experi
mental results. Since this investigation is concerned with the effect
of temperature and radiation on electrical conductivity, this same
philosophy applies to the theoretioal discussion that follows.
The effeot of temperature on eleotrical conductivity is well
discussed in the literature (Kittel 1956, Dekker 1957, Kingery i960,
and others).

Dau (1965) developed this treatment further to include

the effect of reactor irradiation as well as temperature.

While his

work was specifically directed to effect of temperature and radiation
on the eleotrical conductivity of alumina, it can be extended to other
oxide ceractios.
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If a potential V is applied aoross some resistance R, then a
current I will flow through the resistance as determined by the famil
iar Ohms lav:
I

=

J.

(2-1)

Defining the eonduotance C as l/R, this may be written as

C -

(2-2)

In a similar manner, if the electrical current density j is
defined as the charge transported through a unit area in unit time
(amperes/on2), and E as the eleotric field strength (volts/cm), then
the electrical conductivity o(ohm-cm)~l is defined as

o

= |.

(2-3)

If there are n charge carriers per unit volume, each with val
ence z and drift velocity v,

j =

nzev,

(2-4)

where e is the electronic charge. If v is expressed in centimeters
per second, e in coulombs, and n in carriers per cubic centimeter,
then j will be in amperes per square centimeter.

Combining Equations

(2-3) and (2-4)
a

= ^

(2-5)

It is now convenient to define the mobility u,

u * v

E*

(2-6)
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so that
a

- nzeu

(2-7)

If there are more than one type of charge carrier present, and
Oi is the conductivity associated with the 1th oharge carrier type,
the total conductivity of the material a will be the sum of the con
ductivities associated with each charge carrier type.

(2-8)
Charge carriers may consist of positive and negative ions
(ionic conductivity) or electrons and holes (electronic conductivity).
If Oj. and aQ are the ionic conductivities, Equation (2-8) becomes
o

=

+ oe

(2-9)

The effect of temperature and radiation on the total conduc
tivity can thus be determined by considering the independent effects
on the ionic and electronic conductivities.

Ionic Conductivity
A crystalline material consists of ions bound by electrostatic
attraction (Dekker 1957)* therefore, in order for ionic conduction to
take place, these ions must be able to migrate through the crystal
lattice.

In a pure crystal lattice, wV-'-h no defects, direet exchange

of the position of two ions is not energetically possible because of
the high energy strain necessary for two atoms to squeeze by each
other.

Thus migration of the erystal Ions is postulated to take place

through the meohanism of crystal defects (Kingery I960).

These
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defects can consist of vacant lattice sites, or interstitial posi
tions.

Vacancies or interstitial ions may arise from two important

types of defects, the Frenkel defect and the Sohottky defeot.
A Frenkel defeot is oaused by an ion moving from a lattice
site into an interstitiid position resulting in an equal number of va
cancies and interstitial ions (Kingery i960). Since an ion in an in
terstitial position has greater potential energy than one in a lattloe
site, the number of ions having sufficient energy to overoome the po
tential barrier between a lattice site and an interstitial position as
a function of temperature is given by Kingery (i960) as

nf

=

N exp(-Ef/2kT),

(2-10)

where
nf

a

number of Frenkel defeots,

N

a>

number of lattloe sites,

Ef e

potential difference between an
interstitial and lattice position,

k

*

Boltzman constant,

T

9

absolute temperature.

The Sohottky defeot consists of positive and negative ion va
cancies in thermal equilibrium (Kingery i960).

As with Frenkel de

fects, the formation of an ion vacancy requires the expenditure of
energy so that the temperature dependence of the number of vacancies
is given by an expression similar to Equation (2-10) (Kingery I960):

riy

=

N exp(-Es/2kT),

(2-11)
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where:
nv

=

number of vaoandes,

Es

=

energy required to form
a pair of vacancies.

While both types of defeots can occur, usually the defeot re
quiring the lower activation energy will predominate to the extent
that only one type need be considered.

It is then convenient to ex

press the number of ions able to move into an interstitial or vacanqy
position by the relation

n

N exp(-E/kT),

(2-12)

where
n »

number of defects,

E =

energy required to move an ion into the defeot
position, i.e., the activation energy,

N *

number of lattice sites.

The effect of temperature on the ion mobility is given by the
Einstein relation (Kittel 1956),

U

* ic?

Ze'

' where the diffusion coefficient is derived from Pick's law.

(2-13)
The dif

fusion coefficient also varies with temperature according to the rela
tion (Kittel 1956)

D -

D0 exp(-H/kT),

(2-14)
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where H is the activation energy for the process.

Combining Equations

(&>7)» (2-12), (2-13), And (2-14) yields the Nernst-Elnstein equation

O - (NZ2e2 D0/kT) exp(-E/2kT) exp(-H/kT).

(2-15)

In this expression the exponential terms dominate so that the
ionic conductivity is commonly expressed as

a

« 00 exp[-(E + 2H)/2kT].

(2-16)

When impurity ions are also present the concentration of lattiee defects at low temperatures is determined by the impurities and
is independent of temperature (Kingery i960). Under these conditions
the temperature dependence is determined by the temperature dependence
of the mobility.

a

« 0O exp(-H/kT).

(2-17)

As a consequence of Equation (2-l6) and (2-17) Xoffe (I960)
suggest that the experimental results for an impurity Insulator be
represented try the relation

o

**

01 exp(-E^/kT) + a2 exp(-E2/kT),

(2-18)

where E^ and E2 are the aotivation energies associated with the crys
tal ions and the Impurity ions respectively.

Radiation Effects on Ionio Conductivity
Long term fast neutron irradiation can lnorease the number of
Frenkel defects in the crystal lattice, and such additional defects
are related to the integrated neutron dose. Under short term exposure
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Haidler (1964) concluded that neither the number of defects nor the
ionic mobility is affected by irradiation. This conclusion has been
verified experimentally by Dau and Davis (1963) and Haldler (1964) for
alumina.

This conclusion is also confirmed from the experimental re

sults of this investigation for beryllia, zirconia, and thoria.

Electronic Conductivity
The mathematical analysis of electronic conduction based on
the band theory of solids follows similar paths in the literature, and
only the highlights will be listed here.
Perfeot crystalline insulators at absolute zero can be consid
ered as having an empty conduction band separated from a completely
full valence band by a forbidden gap of band with Eg.
tors this band width is of the order cf several ev.

In good insula

Since all the

eleetrons are bound in the valence band, conduction will not take
place unless sufficient energy is available to raise electrons from
the valence band into the conduction band.

Should an electron be

raised into the conduction band, it will generate a hole in the valenoe band which, in turn, may also act as a charge carrier. If, at
thermal equilibrium, the number of holes in the valence band is equal
to the number of electrons in the conduction band, we speak of "in
trinsic" conduction.
At temperatures different from zero, the density of electrons
in the conduction band n0, and the density of holes in the valence
band pQ is given by (Dekker 1957)>

n0 • p0 • 2(2nkT/h2)3/2 (•/

exp(-Eg/2kT), (2-19)

ZL
where
h

=

Planok's oonstant,

me*

=

effective mass of the electron,

ra^* *

effective mass of the hole.

Equation (2-19) assumes that the Fermi level F0 is more than
2kT above the energy level of the valence band.

If me* = mn*, the

Fermi level will lie exactly halfway between the top of the valence
band Ey and the bottom of the conduction band Ec (Dekker 1957)•
The presence of impurities in the insulator will materially
alter the distribution of electrons and holes, and n0 is no longer
neoessarily equal to p0. The effect of Impurities is to introduoe
occupied electronic levels which lie in the forbidden region. If
these levels lie olose to the conduction band, it is relatively easy
to excite electrons from these ndonorn levels into the conduction
band.

Similarly, if there are levels slightly above the valenoe band,

electrons oan be excited from the valence band into these "acceptor"
levels, thus increasing the concentration of holes in the valenoe
band.

Usually one of these processes will dominate, giving rise to

the term "n" type material due to donor levels or "p" type material
for acceptor levels.
Assuming an n type material, the concentration of conduction
carriers n0 due to impurity concentration

with ionization energyAE

is given tgr Dekker (195?) as

- (aia/Zi) (HtmJ kT/h2)3/2 «xp(-AE/2kT).

(2-20)
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The eonsequenao of Equations (2-19) &nd (2-20) is that elec
tronic oonduotion is determined by impurity concentrations at low tem
peratures and by intrinsic oonduotion at high temperatures.
The mobility of an eleotron in a material containing ionized
impurities has been determined by Conwell and Weiskopf (1950) as

27/2f 2 <kI)3/2

u

Ntt^/2 ®3 m^l/2 ^0g

x

>

(2_a)

16C2 d2 (kT)2

where
C

=

dielectric constant,

N

=

ion density,

2d

=

ionic distance.

The temperature dependence of the logarithmic term is rela~
tively weak so that the T3/2 power in the numerator dominates; there,
fore, the mobility can be represented as

u

«

constant (kTp/2.

(2-22)

Substituting Equations (2-20) and (2-22) into Equation (2-7)
leads to an expression of the form

O

=

constant T^ exp(-E/2kT).

(2-23)

Radiation Effects on Electronic Conductivity
Dau and Davis (1963) demonstrated that increased conductivity
in insulators when exposed to nuclear reactor irradiation is due pri
marily to the gasna photons which excite electrons from the valence
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band into the conduction band.

These authors also found that the

electrical conductivity changed linearly with the intensity of the
gamma field. Dau and Davis (19&3)

Haidler (196*0 demonstrated

this linear dependence for alumina, and Vul (1962) for quartz, sulfur,
organic insulation, and mullite.
Dau (1965) showed that electronic mobility was not affected by
fast neutron irradiation up to approximately 10^ nvt.
The effect of a gamma field is to excite electrons from the
valence band into the conduction band, accompanied by the generation
of an equal number of holes in the valence band*

Not all of these

eleotron-hole combinations contribute to increased conductivity beoause of recombination.
It is possible for an electron to return from the conduction
band directly to the valence band, but more likely it will return by a
sequential transition through the mechanism of traps (Azaroff and Brophy 1963).
T*aps are impurity atoms or crystal imperfections capable of
capturing an electron or hole,

traps may consist of reoombination

oenters where an electron combines with a hole directly, or a second
(

type where an electron is trapped and then later re-emitted. Hie reemitted electron may be raised to the conduction band or returned to
the valenoe band. The effeot of this type of trap is to alter the
energy distributor and freedom of motion of the electrons (or holes)
(Kittel 1956).

2k
Using this model, Dau (1965) developed an expression for elec
tron conductivity under the combined influenoe of temperature and ra
diation field.

<7r -

f B exp(-W/kT) e 27/2 6*2 (kT)3/2
AyNt Ntt^/2 e^ rae**/2 log

1 • 36

£2

. (2-24)

d2

_ (kT)'
e

Here
f

* number of free electrons formed per second,

B

=

constant independent of temperature and radiation,

VI

=

ionization energy of electrons in trap,

A

=

trapping level,

Y

»

probability of a trapped electron returning to
the valence band,

*

trap density.

Because not all of these constants can be evaluated with a
sufficient degree of certainty, Dau (1965) proposed they be combined
into one constant independent of temperature and ganma dose rate, and
another independent of temperature but proportional to the dose rate,
then to evaluate these constants from experimental results.

Equation

(2-24) then reduces to

ar

«

PG exp(-W/kT) T3/2,

(2-25)

vhere P and G are constants independent of temperature, and.P is pro
portional to the radiation dose rate*

One important result of
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Equation (2-25) Is that radiation induced conductivity at a given ton.
perature is a linear function of the dose rate.
The total conductivity consists of the ionic conductivity plus
the contribution of electronic conductivity sc that the total conduc
tivity can be expressed as (Dau 1965)

cr(T,P)

=

a1(T)+or(T,P),

(2-26)

where

o(T,P)

=

total conductivity as a function of
temperature and radiation,

<*1(T)

«

or(T,P) *

conductivity without a radiation field,
contribution to the conductivity as a
result of a radiation field.

While Equation (2-26) was developed for alumina, the assumptions used
in this derivation are also valid for other oxide ceramics such as
those considered in this Investigation.

Quasi-Fermi Level Analysis of Radiation Induced Conductivity
Bohren and Davis (1965) developed a somewhat different model
for radiation Induced conductivity based on a shift in the Fermi level.
Assuming only that the mobility is unchanged by irradiation and that
|e-Fq| » kT in the range of integration, the density of electrons in
the conduction band, and of holes in the valence band is given by
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»

exp(F0/kT) /

exp(-E/kT) g(E) dE,

(2-27)

E°

exp(E/kT) g(E) dE,

A•

(2-28)

where

Hq

c

eleotron density in the conduction band,

P0

=

hole density in the valenoe band,

F0

=

Fernd. level,

g(E) dE =

density of states in the energy range
between E and dE,

f

E0

*

energy at bottom of the conduction band,

Ey.

*

energy at the top of the valenoe band.

In a similar manner the density of electrons rij, and holes pj.
as a result of irradiation is given by a pair of equations similar to
Equation (2-27) and Equation (2-28), except that the Fernd level FQ is
replaced by the quasl-Fermi levels Fn (for electrons) and Fp (for
holes):

rij. =

exp(Fn/kT) j
®c

Pr

exp(Fp/kT) J

exp(-E/kT) g(E) dE,

(2-29)

f" Ey
»

exp(-E/kT) g(E) dE,

(2-30)

mPO

provided |s - Fn| « kT and |e - Fp | « kT. Dividing Equation (2-29)
by Equation (2-27), and Equation (2-30) by Equation (2-28), yields
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nr/n0

=

®xp(Fn - Fo) kT»

(2-31)

Pp/Po =

exp(Fp - F0) kT.

(2-32)

Expressions (Fn - F0) and (Fp - Fc) represent a shift in the
Fermi level. The derivation of Equations (2-31) and (2-32) depend
only on the assumptions that the Fermi statistics are valid in a nonequilibrium situation and that |e - F|» kT, and not on the form of
g(E) d£.
If the mobility is independent of the radiation field, the ra
diation induced conductivity becomes

f
Or

=

eunn0 exp

n

"Tf°JI

IfP

+ eupp0 «ocp|

f 1
~T °|,

(2-33)

and if one type of carrier predominates,

or

=

a0«xp(^)t

(2-3*0

where A F is the absolute value of the shift in the Fernd level.

ELECTRICAL BREAKDOWN IN OXIDE CERAMICS

If an electric potential is applied across a crystalline insu
lator, a small current vill flow through the material. If this poten
tial is increased above some critical value, a very large current will
flow generally accompanied by catastrophic changes in the crystal
structure.

The critical value of this electrio potential is called

the breakdown voltage.

The breakdown voltage divided ty the material

thickness is called the breakdown field strength, dielectric strength,
or simply, the electrical strength.
The dielectric strength is determined not only by the inherent
properties of the material, but also by external variables such as
geometry of the sample and electrodes, the initial temperature of the
material, the manner in whioh the field is applied and the ambient
atmosphere. These external variables contribute to the disagreement
that often exists not only between theory and experiments, but in the
results of different experiments.
Theories of electrical breakdown developed by Zener, von
Hippel, and Frohlich are prominent in the literature, but these the
ories apply only to "perfect" crystals at low temperatures (below room
temperatures) and are not applicable to

NpraoticalN

insulators con

taining defects and impurities or at higher temperatures (Sharbaugh
and Devins 19&1).
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0*Duyer (1964) lists three general classes of electrical
breakdown.
1. Intrinsic breakdown occurs at low temperature (for many mate,
rials, room temperature and below) and is not usually a function of
the size of the sample or configuration of the electrodes, or of the
nature of the applied potential, so that intrinsic breakdown is con
sidered as oharacteristio of the dielectric Itself.
2.

Thermal breakdown occurs at high temperature and the break-

down field strength depends strongly on the geometry of the sample and
electrodes as well as the surrounding atmosphere.

Ordinary thermal

breakdown occurs when the field is applied for relatively long periods
of time. The special case of impulse breakdown oocurs when a high
field is applied rapidly for short periods of time. Impulse breakdown
is generally independent of geometry, but the value of breakdown vol
tage must be coupled with the time rate of application of the electric
field.
3*

Avalanche breakdown is related to intrinsic breakdown and

oocurs at low temperatures in thin slabs of dielectric with low con
ductivity.
Azaroff and Brophy (19&3) Also consider electrolytic breakdown
and gas-discharge breakdown.

The former is due to conducting paths in

the insulator, the latter due to occlusion of gas molecules in the
crystal structure.
This investigation is ooncerned with electrical breakdown at
high temperatures and for slowly applied fields, so that only ordinary
thermal breakdown need be considered.
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If an electric field is applied to an Insulating material,
ordinary jovile heating results. This heat is either stored in the
material or lost by thermal conduction or thermal radiation.

These

prooesses are described by the general heat equation,

OF 2

»

°v 3t -

div<K

S™*1 T>

+ 8^" To^

<3-1)

where

a

=

electrical conductivity,

F

=

applied voltage,

0

s

heat capacity per unit volume

K

»

thermal conductivity,

s

=

Stephen-Boltzman constant,

€

- emissivity,
ii

initial temperature.

For the most general case
o * o(T,P) where P is an external radiation field,
F

»

K C *

F(t,r) where r is an arbitrary point in space,
K(T),
£(T).

The functional dependence of F, o, K, and £ coupled with ap
propriate boundary conditions will not usually permit a complete ana
lytical solution of Equation (3-1)•

Such a complete solution, if it

could be found, would specify the temperature as a function of time
and position, but not all of this information is needed. Failure of
the dielectric will depend on the temperature of the hottest part of
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the material under stress; therefore, a solution need only specify the
temperature of the hottest part as a function of time for a given ap.
plied field.
O'Owyer (1964) shows in a qualitative way the results of nu
merical solutions of Equation (3-1) for four oases. (His solutions
neglect the radiation losses, and the geometry was not speoifled.)
Case I. If the field is applied slowly so that thermal
equilibrium always exists, the time dependent term of Equation
(3-1) vanishes so that

-div(K grad T) =

oF2.

(3-2)

For values of F below the critioal value, the temperature
rises to some maximum value below the critical temperature
and breakdown does not take place.
Case II. If F is increased to the oritieal value Fc, the
temperature approaches the oritioal temperature Tc in an as
ymptotic manner, and breakdown occurs.

This value Fe is call

ed the thermal breakdown strength.
Case III. If the field is applied suddenly, the conduc
tion term of Equation (3-1) may be ignored so that

0*3? " ®f2-

'

The temperature rises rapidly and in a short period of time
exceeds the oritieal temperature. The corresponding value of
F is the Impulse thermal critical applied voltage, and the
time in which the field Is applied must also be speoifled. ..

<3"3)
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Case IV. In the general case, where all terns of Equation
(3-1) must be considered, the temperature approaches the crit
ical value asymptotiaallyt then Increases without limit. The
initial rise is similar to Case II, but lit th« critical tern,
perature the rapid increase in the eleotrieal conductivity re
sults in complete thermal instability with corresponding rapid
increase in temperature.

It should be noted that the critical value is constant and not
necessarily the melting point of the material; in fact, it may be very
much lower (O'Dwyer 1964).

Ill
IV

Critical Temperature
II

Time

Pig. 5

Qualitative Solutions of Equation (3-1) for Four Special Cases
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The qualitative solutions illustrated tgr Fig, 5 suggest that
an analysis of ordinary steady state thermal breakdown for certain
speoific oases oan be made on the basis of thermal stability; i.e.,

Heat generation rate

®

Heat loss rate.

(3-*0

A speoific case of interest in this investigation is an infi
nite disc of thickness d with a uniform cylindrical source of heat of
radius r0. The results of this analysis will then be extended to a
finite disc with a nonuniform heat source.
The uniform cylindrical heat source results from the applica
tion of an electric field F to the cylinder with electrical conductiv
ity o(T,P).

At steady state the cylinder will attain a maximum uni

form temperature ^mv The electrical conductivity as given by Equation
(2-26) is
a(T,P) «=

If

ox(T) + ar(T,P).

(3-5)

is sufficiently high, neither the contribution of the

Impurity conductivity nor the radiation induced conductivity will be
significant so that the effeotlve conductivity can be represented by
the first term of Equation (2-18),

aB *

exp(-Ej^/kTm).

(3-6)

For a given applied eleotric field the heat generation rate Qg
is Just
Qg • QjJF^vtr0%d.

(3-7)

y*
The heat lost by the central cylinder due to thermal radiation
can be expressed by

Qr

2TTr0dsC(Tm4 - T04).

=

(3-8)

The heat lost by thermal conduction Q0 can be expressed by the
Fourier heat flow equation

Qc

=

-2TtrdK(T)7T.

(3-9)

If the specimen is in a vacuum, heat can only be conducted
away from the central cylinder in the radial direction;, therefore,V T
reduces to the one dimensional form
dr
Substituting Equations (3-7)» (3-8), and (3-9) into Equation
(3-*0 yields

rc2anF2

=

2sr0C(C- T04) - 2«*(T)g,

(3-10)

or

/
ro

- 2»roe(Tm'1.To")]^ = f" - 2K(T)dT, (3-11)
^m

where R is the radius at which the temperature of the disc is T0.
In ceramic insulators heat is conducted through the orystal
lattice by lattice waves or phonons.

The thermal conductivity is de

termined by the phonon scattering, and since at high temperatures the
number of phonons is proportional to the temperature, the thermal con
ductivity is proportional to l/T (Kittel 1956). In the temperature
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range 300°K to 1500®K, the thermal conductivity of beryllia can be
represented by
K(T) =

(3-12)

where Kg has the value 2kk watts/cm (Belyaev 1962).
_

Substituting Equation (3-12) into Equation (3-ll)» completing

the integration, and solving for F^# leads to

F2 = *£<%*.T„")

- InTol.

(3-13)

If the field strength F is less than the critical value

Tm

will be less than T0I and thermal breakdown does not take plaoe.

At

the critical value *c* Tm = T0, and the system is on the threshold of
thermal breakdown.

The breakdown field strength is then

Fc2 = |^(T="
.To")•-^-jdnTo.lnT„].

<3-W)

For T0 less than 1300°K, the first term is small compared to
the second so that

F«2

=

nT
ge,05l^B/ra)& °

*

lnI°l-

(3"15)

If the critical temperature is sufficiently high so that o0 is
in the region where ionic conductivity predominates, and the contribu
tion of the radiation induced conductivity is not significant, then
the thermal breakdown field strength will be independent of an exter.
nal radiation field and dependent only on the natural logarithm of the
Initial temperature of the speolmen.

The results of the foregoing analysis oan be applied to a disc
of finite R0 radius, if the following assumptions are valid:
1. R0 » r0.
2.

The field is applied slowly, but the total time required to
reach the critical field strength is short so that the temper,
ature at r * R0 is still approximately T0.

3.

The disc is thin enough that the field strength is uniform
through the thickness of the disc.

Condition 3 probably cannot be satisfied even with very thin
discs.

If a critical test potential Vc is applied to a disc of thick

ness d, the breakdown field strength has previously been defined as
V,o
d

(3-16)

Equation (3-15) yields the true value of the breakdown field
strength only if the applied potential is uniformly distributed
through the thickness of the disc, otherwise the results must be con
sidered as an average field strength. For the problem under consider
ation, the electrodes oan be considered as spherical balls of radius
re separated by a distance d. Using the method of images, Attwood
(19^9) shows that the ratio of maximum to average field strength oan
be expressed by

(3-17)

f
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If d » re, Equation (3-17) reduces to

% =

(3-18)

F

2 re

or
-

j-..

(3-19)

The peak field strength occurs at the surface of the sphere;
therefore, thermal breakdown may be expected to consist of e progres
sive failure with the initial failure starting at the eleotrodes and
progressing inwards.
In the experimental determination of the thermal breakdown
field strength, only the average value of the field strength is meas
ured.

Equation (3-15) as modified by Equation (3-19) then becomes

7*2

=

Q^X

/r»>[l"Tc "

aar

^

Equation (3-20) cannot be used to prediot the value of the
thermal breakdown field strength unless the effective radius of the
central cylinder rQ and the effective radius of the eleotrodes re are
known. However, Equation (3-20) can be written in the form

Fc2

=

^[A - B lnT0].

(3-21)

which prediots that the square of the breakdown field strength is pro
portional to the logarithm of the initial temperature and decreases
with sample thickness.

EXPERIMENTAL PROCEDURE

Introduction
The experimental equipment and procedures used for electrical
conductivity measurements is similar to that developed by Dau (1965)
for conductivity measurements on alumina.

The vacuum system was im

proved by the addition of an oil diffusion pump which not only in
creased the pumping speed but resulted in an ultimate vacuum in the
order of 10 microns.

Modification and additional shielding of the

measuring circuit virtually eliminated the disturbances reported by
Haldler (1964) and Dau (1965).

The methods used to assemble test

specimens followed by Haidler and Dau were not suited to the materials
used in this Investigation, and the development of suitable techniques
constituted a major experimental problem.
Conventional methods of making high voltage breakdown measure,
ments require that the test speoimen be Immersed in an insulating liq
uid or gas with an electrioal strength greater than the material being
tested.

Insulating oils such as transformer oil or castor oil are

often used. These materials are not suited for high temperatures or
high radiation fields; therefor*, it was neoessary to conduct these
breakdown tests in a high vacuum in a system designed especially for
this purpose.
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Preparation of Test Specimens for Conduotivity Measurements
Test material was purohased from commercial suppliers in the
form of hollow cylinders.

The dimensions of these oyllnders and the

manufacturer are listed in Table II.

TABLE II
DIMENSIONS OF TEST SPECIMENS
Material

Length

P.P.

BeO

5 en

1.42

cm

1.06

cm

Brush Beryllium Co.

ZrOg*

5 cm

1.82

om

1.49

cm

Zirconium Corp. of Amer.

Th02

5 cm

2.004 cm

1.730 cm

Zirconium Corp. of Amer.

• Stabilised with

I.D.

Supplier

Ytfiy

These cylinders were coated with nickel over the entire inner
surface, and on a 2-cm band on the outer surface. These niokel coat
ings were applied by a vacuum deposition method in the manner suggest
ed by Holland (1956).

The evaporation source was a tungsten rod

wrapped with nickel turnings.

Evaporation was accomplished in a vac.

uum of 5 x 10"^ torr or better*
A ,007-in. thick titanium foil wrapped on a hollow mullite
cylinder of appropriate diameter was forced inside the specimen.

A

similar foil wrapped around the outer band of niokel and tightly bound
with tungsten wire completed the outer eleotrode.

Signal leads of

.010-in. tungsten wire insulated by alumina and mullite insulators
served to make the electrical connections from the test specimen to

the oooler regions of the specimen tube where copper wire with con
ventional rubber insulation completed the measuring circuit.
Chromel-alumel thermocouples placed against the Inner and
outer walls (tungsten-tungsten-20# rhenium for all tests over 1200°C)
in a manner similar to that used by Dau and Haidler were used to de
termine the specimen temperature.
The specimens were heated by an electrical heater plaoed in
the mullite cylinder.

For temperatures up to 1500°K the heaters were

made from .020-in. molybdenum wire designed to have a resistance of
1 ohm at 1500°K.

For test runs scheduled to exceed 1500°K heaters

were fabricated from .020-in. tungsten wire or from triple braided
tungsten rope using .010-ln. tungsten wire.

Maximum temperatures ob

tained with these special heaters exoeeded 2000°K.
Figure 6 is a sketch of the cross seotlon of a typioal test
specimen. Figure 7 is a sketch of a completed assembly showing the
mullite and alumina tubing used for insulation of the eleotrical
leads.

Assembly of Test Equipment
The oompleted test element was plaoed in a J-om diameter, 30
cm long, quartz tube.

A ,002-cm molybdenum foil, 12 om wide, wrapped

around the lower end of the quartz tube, served as a heat shield.
After all electrical connections had been completed and tested the
assembly was plaoed in the in-core vacuum system, illustrated by Fig. 8.
Figure 9 is a schematic diagram of all the electrioal connections.
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Diagram of ELectrical Circuits for Conductivity Measurements
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Test Procedure for Conductivity Measurements
The in-core vacuum system was plaoed in the "glory hole" of
the University of Arizona TRIGA reaotor.

This system is designed so

that the test specimen is located in the geometrical center of the re
actor core.

The pressure was reduced to approximately 10 microns

using a combination of an oil diffusion pump and a mechanical backing
pump, equipped with suitable liquid nitrogen cold traps.
Heater power was supplied with highly regulated dc power from
a Power Designs Ino. Model 3625OA high current power supply capable of
furnishing 25 amperes at 36 volts.

To obtain speoimen temperatures

above 1500°K the heater power requirements exceeded 800 watts; there
fore, this do power supply was replaced with a variable voltage ao
supply rated at 2500 watts.

A typical curve of heater power versus

speoimen temperature is given in Appendix A.
The electrical heater was used to raise the temperature to
some steady state value. Values of temperature and leakage current
through the speoimen were recorded with the reactor at zero power.
The reaotor was then operated at power levels of 25, 50, and 100 kW,
corresponding to power densities of 1.5, 3» and 6 kW/liter, and tem
perature and leakage current recorded at eaoh power level.

This proc

ess was repeated throughout the temperature range of interest for each
test material.

For ziroonia and thoria the temperature was increased

until the leakage current exceeded 100 milliamperes. The temperature
range on beryllia was extended to 2000°K.

k5
Test Speoimens for Breakdown Voltage Measurements
High purity (99*8^) beryllium oxide discs 1.6 cm In diameter
were purohased from the Brush Beryllium Company.
two thicknesses, 0.0381 cm and 0.165 em.

These discs were of

To provide an intermediate

thiokness, cylindrical fragnents 0.0762 cm thlok were also used.

Breakdown Voltage Test Equipment
The test specimens were supported between two .0762-am diame
ter tungsten rods with sharply pointed ends.

The lower electrode was

damped inside an aluminum oxide oylinder which also contained the
electrical heater made from the filament of a 300-watt inoandescent
lamp.

The aluminum oxide served to support the lower electrode and

the heater, and acted as a heat shield.

The lower electrode and one

side of the heater was grounded to the vacuum system base plate.
The upper electrode was plaoed in a mullite cylinder and sup- „ .
ported by a clamp attached to a high voltage stand-off insulator.

All

exposed high voltage leads were coated with vacuum grease to reduoe
oorona effects.
The entire assembly was mounted on a chromium-plated steel
base plate under a glass bell jar 15 in. in diameter. A sketch of the
completed assembly is shown in Fig. 10.

The thin sheet of mica be

tween the heater and the test specimen prevented evaporated tungsten
from being deposited on the lower side of the test speoimen.

Breakdown Voltage Test Procedure
After the test speoimen was positioned between the electrodes
the bell jar was plaoed over the assembly, and the system evacuated to
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Apparatus for High Voltage Breakdown Measurements
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a pressure of less than 5 x 10"^ torr, using an air-cooled oil diffu
sion pump, a liquid nitrogen cold trap, and a mechanical fore pump.
Heater power was supplied by a 110-volt variable autotrans
former, and monitored by an ae wattmeter. The speoimen temperature
was determined by a ohromel-alumel thermocouple resting on the sped,
men in the vicinity of the electrodes.

A curve of heater power versus

specimen temperature is given in Appendix A.
Once a stable temperature had been obtained, a Spellman model
2040 high-voltag® do power supply with a range of 10 to 40 kilovolts
was connected to the electrodes, and the voltage slowly increased un
til breakdown occurred. This power supply had a high internal imped
ance and a maximum current of 2 mA; therefore, breakdown was charac
terized by a sharp drop in the output voltage.
After the breakdown voltage had been determined over the tem
perature range of 300°K to 1000°K for each of the three sample thick
nesses, the tests were repeated in a radiation field. Original plans
were to insert the test specimens in the TRIGA reactor core, but the
high vacuum requirements and the high voltage insulation problems in
dicated this was not practical.

As an alternate an x-ray target was

attached to the University of Arizona 1 MeV Radiation Dynamics linear
electron accelerator.

Photon fields of 2 KR/h were obtained in the

vioinity of the test speoimen.
The test procedure was identioal to that for the "no radiation
field tests," except the accelerator was operated to produce the
2 KR/h field during the interval that high voltage was applied to the

1#
specimen.

It should be noted that 2 KR/h is several orders of magni

tude below the photon field of a reaotor operating at a pover density
of 6 kW/liter (approximately 5 * 10^ R/h).

EXPERIMENTAL RESULTS

Conductivity Measurements
The conductivity of a hollow cylinder can be calculated by
the relation

o =

I lntro/ri)
«
2ttLV

(5_1)
J

where
I

=

measured current through the specimen,

rg

=

outer radius of the cylinder,

r^

=

inner radius of the cylinder,

L

=

length of the cylinder,

V

=

voltage applied across the cylinder.

Equation (5-1) assumes that the inner and outer electrodes are
the same length as the cylinder and that conduction takes place in the
radial direction only.

The specimens used in this experiment had an

outer eleotrode shorter than the inner; therefore, a correction for
two-dimensional flow is required. On the basis of an experimental
model of similar geometry, Dau (1965) found that the conductivity
could be calculated within an error of £L$ from the relation

« -

<5-2)
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vhere
t
A*

=

thickness of the cylinder,

=

effective area which is 1.06 greater than
the actual area of the outer electrode.

Combining the values of t, A*, and V into a single constant
C^, the conductivity is then calculated from

o

The appropriate values of

=

C^I.

(5-3)

in units of (ampere-ohm-cm )""* for each

material are listed below.

BeO
8.46 x lO"4

Zr02

Xh02

6.05 x 10"^

4.56 x 10"4

Appendix B oontains a tabulation of the calculated values of
the electrical conductivity of beryllia, zirconia, and thoria as a
function of temperature and radiation field.

These data are also pre

sented in Fig. 11, 12, and 13, where log conductivity is plotted ver
sus reciprocal temperature. For comparison, the results of Haidler .
(1964) for alumina are presented in Fig. 14.

Except for zirconia

these curves are of the form predicted by Equation (2-18), repeated
here for convenience.

a

=

0^ exp(-%/kT) + <?2 «xp(-E2/kT).

(5-4)

O 0 Power
# 6 kW/liter
10'

10'

10"

10'
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•• #-
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io-

10

Fig, 11

SlectrioAl Conduotlvity of Baryllia
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Fig. 13

SLeotrleal Conductivity of Thori*
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The constants in this equation can be evaluated by using the
least squares method to fit the low temperature data to an equation of
the form
y

=

a + bxf

(5-5)

where
a

=

<?2»

b

=

E2/k,

y

=

In o,

x

=

l/T.

A similar procedure is then used to fit the high temperature
data to the first term. Figures 11 and 13 were used as a basis for
separating the data into the appropriate temperature regions.

Since

zireonia did not exhibit a "two-region" curve characteristic of the
other materials, only the constants for the first term of Equation
(5-M could be evaluated for this material. It is surmised that im
purity conduction would become apparent* if the conductivity measure
ments on zirconla were extended to lower temperatures.
Calculated values of these constants are listed in Table III
together with similar constants for alumina determined lay Haidler
(1964). .
Equation (2-25) predicts the radiation induced conductivity to
be
ar

=

PG exp(-W/kT) T3/2.

(5-6)

56
This can be written as

ln(or/T3/2) =

ln(PG) - W/kT.

(5-7)

In a manner similar to that Just described, the trapping level
W and the constant PG can be determined from the experimental data.
These constants are listed in Table IV.

The constants for alumina

were determined by Dau (1965).
One anomaly was found during the course of the conductivity
experiments. It was expected that these samples oould be thermally
cycled and still obtain reproducible results. This was found to be
true for beryllia throughout the temperature range at 300°K to 2000°K,
but was true for zlroonia and thoria only at temperatures below 1000°K.
At higher temperatures reproducible data could no longer be obtained.
The conductivity remained at a relatively high level and was no longer
dependent on the radiation field.

Figure 15 illustrates this behavior

in a sample of zirconia.
It is evident that the influence of high temperatures and re
sulting high leakage ourrents resulted in a permanent physical change
in the properties of the material.

It is believed that this change

was caused by the removal of oxygen atoms leaving metal atoms inter,
spersed through the crystal structure.

This hypothesis is supported

by several observations:
1. In order for this process to take plaoe at a detectable rate,
the leakage current must be relatively high.

At temperatures

over 1000°K the leakage ourrents for zirconia and thoria are
in the milliampere range and at 1400°K are nearly 1 ampere.
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table iii
L-

constants for temperature dependent conductivity

fl

2l

^2

h

2.24 x 10-11

0.190 ± 0.082

beo

0.0723

1.31

Zr02

0.659

0.827 ± .043

mm

Th02

0.0278

O.966 ± .034

3.88 X 10-9

0.361 ± 0.045

ai2o3

0.067

1.12

6.30 X 10-7

0.471 ± 0.029

± .031

± .04

m

—

table iv
constants for radiation dependent conductivity
W ev

PG (ohm-om)~^

G (kW/l-ohra-cm)""

BeO

0.012 ± .009

2.57 x 10-15

4.30 x IO-16

Zr02

0.099 ± .015

4.97 x lO"1^

8.30 x 10-15

Th02

0.081 ± .014

8.86 x 10-14

1.47 x 10-15

AI2O3

0.086 ± .0014

3.7

x 10'lif

6.1

x 10-15

Conduotlvlty (ohm-cm)
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2. In order for a continuous migration of oxygen atoms to take
place, oxygen must be permanently removed at the positive
electrode. Since titanium acts as a "getterthe titanium
electrodes could serve to remove this oxygen.

If this were

the case, the positive eleotrode should show evidence of oxi
dation, the negative should not.

Postirradiation examination

of the test specimen confirmed that the positive eleotrode was
very much discolored, whereas the negative eleotrode showed
little or no such change.

A more detailed analysis could not

be made as the specimens were quite radioactive.
3.

The specimens were discolored only in the regions between the
electrodes.

This discoloration was readily removed when heat

ed in air.

Beryllia showed no permanent changes in the eleotrical conduc
tivity as a result of temperature cycling.

The conductivity of beryl

lia is substantially lower than that of zirconia and thoria; therefore,
leakage ourrents In this material never approached the ampere range
even at very high temperatures.

It is quite possible that if a sample

of beryllia were maintained at about 2000°K for.an appreciable time, a
similar metal reduction process would take place.
The shift in the Fermi level can be determined from Equation
(2-3*0 in the same manner ussd to find the depth of the trapping lev
els.

These values have been calculated by Bohren and Davis (1965)

from the data obtained in this experiment and also from the data for
alumina obtained by Dau (1965)*

These results are tabulated below.
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Material

Shift in
Fermi Level

BeO

0.23

Zr02

OA2

Th02

0.40

AI2O3

0.39

Voltage Breakdown
The experimental results of the breakdown field strength of
beryllia as a funotion of temperature and radiation field are tabulat.
ed in Appendix B.

These data are also presented in Fig. 16, where the

square of the breakdown field strength is plotted against temperature.
The least squares method was used to fit these data to an equation
corresponding to Equation (3-21). The resulting curves are also shown
in Pig. 16.
Figure 1? is a plot of breakdown field strength versus sample
thickness with temperature as a parameter.
Figures 16 and 1? support the prediction that the square of
the breakdown field strength is proportional to the logarithm of the
initial temperature and that the breakdown field strength deoreases
with sample thiokness.
The critioal temperature can be determined by extrapolating
these curves to the X axis.

This critical temperature can also be

found as the ratio of the intercept to slope.
eaoh thiokness are

Calculated values for

Solid data points
are for 2KR/h
Radiation Field.

0\0.0381 om

0.0762 cm

300

Fig. 16

800

1000

ELeotricftl Breakdown of Beryllia

2000

o.l

0.2

Specimen Thickness (en)
Fig. 17

Breakdown Strength of Beryllia Versus Staple Thickness
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Thickness
0.0381 cm

1152°K

0.0762 cm

1100°K

0.165

1150°K

cm

These data suggest that a oritical temperature of 113^°K £L3°
is characteristic of beryllia.

Thi6 temperature is in the region

where ionic conductivity is the dominant process; therefore, the
breakdown voltage should be independent of radiation. While the ex
perimental evidence supports this conclusion, it should be emphasised
that available radiation fields were several orders of magnitude lower
than that which would be encountered in a nuclear reactor operating at
6 kW/liter.

Error Analysis
The calculation of the electrical conductivity depends on the
knowledge of the effective electrode area, sample thickness, applied
voltage, and the current through the specimens.

If the percent error

of eaoh of these quantities is known, the percent error of the conduc
tivity can be calculated by use of the rule: "When the result is a
function of quotients and/or products of a series of measurements, the
square of the percent error of the result is equal to the sum of the
squares of the percent errors of the individual measurements."
(Sohenck 19^1). The uncertainty in the calculated value of the con
ductivity is then

(£0,2 , (^A)2

2
+ (^t)

+ <4S)2 + (-^i)2.

(5-8)

The electrode area was calculated from the outer diameter and
the width of the electrode.

These measurements were made with a ver

nier caliper; therefore, they are known within ±0.025 cm.

The uncer

tainty In the electrode area is then ±2$>The voltage was measured with a voltmeter having an accuracy
of ±2$ of full scale.

The resulting error in the voltage measurement

is then
The specimen thickness was measured with a micrometer.

The

uncertainty in the thickness is then ±2f>.
The accuracy of the pieoammeter is ±2$ of full scale in the
range 10"^ to 10""® amperes and ±4/f in the lower ranges. Since the
majority of the readings were taken near midscale, the corresponding
accuracy of the current is

in the higher ranges and ±8$ in the

lower ranges.
Using the values, the conductivity is then

±7$ O >

±10$ a

<

10"11 (ohm-cm)""^-,

10"^ (ohm-cm)""^-.

Thermocouples of the type used in the conductivity measure
ments are considered to have an error of ±2° below 580°K and ±3/^f of
reading at higher temperatures (Continental Sensing, Inc. 1963).

The

millivolt output of the thermocouples was measured within ±0.1 milli
volt or r€L°K.

The uncertainty in the reference Junction temperature

was taken as ±2°K. The oombined uncertainty in the temperature read
ings is then-4

65

±5°K for T < 580°K,
±3°K ±0.75% of reading for T > 580°K.

The power supply used for the voltage breakdown measurements
was calibrated to within

of full scale. However, the majority of

the readings were taken at midscale or lower. This faot combined with
the difficulty in determining the actual point at which breakdown oc
curred leads to a significantly greater uncertainty.
tainty is estimated to be £L5%»

The total uncer

CONCLUSIONS

The high temperature insulating properties of beryllia, tho
ria, and sirconia were found to be independent of reactor Irradiation.
As with alumina* these materials undergo a change in the electrical
oonduotivity of several orders of magnitude due to irradiation at low
temperatures.

The radiation-induced conductivity is believed to be

due to impurities in the material.
Beryllia is at least as good an insulator as alumina at high
temperatures so that a choice between alumina and beryllia can be made
on other factors such as ease of fabrication, toxicity, and other
physical properties.

The thermal conductivity of beryllia is higher

than that of alumina, particularly at low temperatures.

Beryllia is

subjeot to radiation damage from the generation of gas due to reac
tions such as

ifBe? + y

—- 2He^ + 2He^ + gn^.

Neither thoria or zirconia compare with alumina and beryllia
as high temperature insulators and probably would not be considered
for this purpose.

Thoria has the additional disadvantage of having

very poor thermal shock resistance.
Since the presence of even small amounts of impurities strong*
ly influences the behavior of these insulators when subjected to ra
diation fields, th® results of this investigation cannot be used to
make quantitative predictions about the behavior of other metal oxides.
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The materials tested to date do share oertain charaoterlstlos, and it
is reasonable to expect that other metal oxides such as yttria will
also have the same charaoterlstlos.
At temperatures in the order of 1000°K the thermal breakdown
strength of beryllia was found to be extremely low. Since the thermal
oonductivity plays a key role in the meohanism of thermal breakdown,
it is expected that materials with low thermal conductivities will
have correspondingly low thermal breakdown strength.
The thermal breakdown strength of beryllia was found to be in.
dependent of the maximum available radiation fields of 2 KR/h,

Addi

tional testing will be required to confirm that the breakdown strength
of beryllia is Independent of external radiation fields approaching
that associated with the operation of nuclear reactors with power den
sity in excess of 6 kW/liter.

APPENDIX A
TYPICAL HEATER POWER REQUIREMENTS
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Hester Power Requlrments for Conductivity Measurements
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APPENDIX B

SUMMARY OF EXPERIMENTAL DATA
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SDMMART OF CONDUCTIVITy DATA FOB BERYLLIA

Beryllia at 0 kW/Liter
T(°K)
302
305
315
314
351
391
436
460
477
502
557
587
592
632
642
701
706
796
835
852
931
1011
1015
1031
1092
1091
1132
1168
1187
1192
1250
1433
1433
1433
1487
1518
1532

1/T x 104 (OK)"1
33
32.8
31.6
31.8
28.5
25.6
22.8
21.8
20.99
19.9
17.95
17.1
16.9
15.8
15.6
14.25
14.1
12.5
12.00
11.7
10.7
9.87
9.85
9.7
9.15
9.15
8.81
8.55
8.44
8.40
8.00
6.97
6.97
6.97

6.70
6.60

6.52

• (-14) indicates 10"14.
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0 (ohnucm)1.48 (-14
1.77 (-14
2.18 (-14
2.29 (-14
2.29 (-14
7.25 (-14
1.68 (-13
1.44 (-13
2.88 (-13
1.26 (-12
1.53 (-12
4.88 (-12
4.15 (-12
1.45 (-11
2.7 (-11
3.38 (-11
3.6 (-11

2.96 (-10
2.37 (-10
9.7 (-10
1.01 (- 8
3.38 (- 9
5.91 (- 9
3.37 (- 8
1.86 (- 8
1.69 (- 8
3.54 (- 8
6.6 (- 8
6.43 (- 8
1.56 (- 7
1.44 (- 7
1.19 (- 6
6.7 (- 7
6.17 (- 7
1.26 (- 6
7.21 (- 6
2.03 (- 6

Barvllla at 0 kWLiter—Continued
l/T x 104 (OK)"1

g (ohm-cm)-1

1576

6.45

5.5 (- 6)

1618

6.15
6.08
6.00

1.02 (- 5)
1.10 (- 5)
9.3 (- 6)

5.87
5.60
5.45

2.03 (- 5)
1.69 (- 4)
2.62 (- 4)

1646
1665

1701
1787
1831

Beryllla at 1.5 kW/Llter

T(°K

302
305

322
314
351
391
443
465
475

508
560
587

l/T x 104 (QK)"1
33
32.7
31.0
31.8
28.5
25.6
22.6
21.5
21.0
19.7
17.85
17.1
16.8
15.8

q (ohm-ca)-1
4.22 (-12)
4.39 (-12)
2.28 (-12)
4.55 (-12)
4.64 (-12)
2.03 (-12)
3.72 (-12)
7.01 (-12)
6.91 (-12)
5.83 (-12)
1.01 (-11)
1.14 (-11)
1.78 (-11)
2.71 (-11)

Beryllla at 3 kW/Liter

T(°K)

1/T x 10** (OK)"1

a (ohm-cm)-1

304

32.9

306

32.7

8.90 (-12)
8.43 (-12)
4.55 (-12)
8.45 (-12)
8.45 (-12)
2.87 (-12)
1.18 (-11)
1.55 (-11)
1.10 (-11)
1.99 (-11)
1.77 (-11)
2.82 (-11)
2.77 (-11)

331
314
351
391
469
475
515
561
587
598
631

30.3

31.8
28^5
25.6
21.3
21.0
19.4
17.80
17.1
16.7
15.8

Beryllla -at 6 kW/Llter

T(°K)
304
307
338
314
351
391
449
454
480
522
566
587
604
631
714
715
846
951
1040

l/T x 104 (°K)"1

'

^

32.9
32.6
29.6
31.8
28.5
25.6
22.3
22.0
20.88
19.2
17.70
17.1
16.5
15.8
14.00
14.6
11.82
10.5
9.62

g (ohm-cm)-1

_

1.53 (-11)
1.27 (-11)
7.25 (-12)
1.27 (-11)
1.27 (-11)
4.94 (-12)
1.14 (-11)
1.68 (-11)
2.74 (-11)
1.61 (-11)
3.28 (-11)
2.75 (-11)
4.47 (-11)
4.81 (-11)
9.3 (-11)

7.88 (-11)
3.92 (-10)
1.45 (- 8)
4.06 (- 9)

1111

9.01

2.11 (- 8)

1145
1255
1573

8.35
7.95
6.35

6.95 (- 8)
1.48 (- 7)
5.75 (- 6)

SUMMARY OF CONDUCTIVITY DATA FOR ZIRCONIA

Ziroonia at 0 kW/Liter

34.6
31.3
29.1
27.7
26.2
23.9
22.0
18.7
17.0
13.3
11.4
9.21
8.97
7.71

1

289
319
344
360
381
419
455
534
587
754
874
1082
1112
1297

l/T x 10^ (®K)"1

O

T(°K)

4.22
1.03
3.37
1.35
3.98
7.85
4.34
7.55
6.07
1.94
1.26
9.0
1.21
5.44

.em)"1
-15)
-13)
-13)
-12)
-12)
-11)
-10)
- 9)
- 8)
- 6)
- 5)
- 5)
- 4)
- 4)

Zirconia at 1.5 kW/Liter

T(°K)
291
321
347
360
382

0 (ohm.•cm)"1

l/T x 104
34.4
31.2
28.8
27.7
26.2

2.05 (-12)
2.37 (-12)
3.49 (-12)
4.97 (-12)
7.24 (-12)

Ziroonia at 3 kW/Lltor

T(°K)

l/T x 104 (OK)"1

0 (ohm-era)"1

296
324
352
361
385

33.9
30.9
28.4
27.6
26.0

4.83 (-12)
4.71 (-12)
7.55 (-12)
1.01 (-11)
1.30 (-11)
75

Zlroonla at 6 kW/Liter

T(°K)
304
332
356
365
390
421
456
534
589
757
1136
1314

1/T x 10** (OK)"1
32.9
30.2
28.1
27.4
25.6
23.8
21.9
18.7
17.0
13.2
8.80
7.60

q (ohm-cm)-1
6.95 (-12)
7.75 (-12)
1.24 (-11)
1.54 (-11)
2.18 (-11)
9.1 (-11)
4.7 (-10)
7.25 (- 9)
6.07 (- 8)
1.94 (- 6)
l.ZL ( - 4 )
4.83 (- 4)

SUMMARY OF CONDOCTIVITY DATA FOR THORIA

Thoria at 0 kW/Liter
T(®K)
311
378
410
445
469
516
541
589
684
810
817
984
971
1175
1269
1333
1389
1470

l/T x 10^ (OR)-1

o (ohm-cm)"-'
4.8
2.75
9.86
1.05
8.29
5.3
1.6
7.11
1.94
5.86
4.51
1.90
1.99
1.32
2.03
1.32
4.28
4.28

32.2
26.5
24.4
22.5
21.3
19.4
18.5
17.0
14.6
12.3
12.2
10.2
10.3
8.5
7.9
7.5
7.2
6.8

-15)
-14)
-14)
-13)
-13)
-12)
-11)
-11)
-10)
- 9)
- 8)
- 7)
- 7)
- 6)
- 6)
- 5)
- 5)
- 5)

Thoria at 1,5 kW/Liter

T(°K)

l/T x 104 (OK)"1

q (ofan-om)"1

315
380
413
472
516
543

31.7
26.3
24.2
a.2
19.4
18.4

1.38 (-12)
6.60 (-13)
1.05 (-12)
2.49 (-12)
1.2 (-11)
2.38 (-11)
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Thoria at 3 kW/Llter

T(°K)

l/T x 10^ (OK)"1

a (ohm-cm)-1

339
383
418
474
520
547

29.5
26.1
23.9
21.1
19.1
18.2

3.17 (-12)
3.4 (-12)
3.95 (-12)
3.85 (-12)
2.14 (-11)
3.50 (-11)

Thoria at 6 kW/Liter

T(»K)
347
391
425
460
476
525
553
594
697
988
1273

l/T x 104 (OK;-1

q (ohm-cm)-1

28.9
25.6
23.5
21.7
21.0
19.1
18.1

5.41 (-12)
5.64 (-12)
6.55 (-12)
8.45 (-12)
9.18 (-12)
3.38 (-11)
4.75 (-11)
1.55 (-10)
8.31 (-10)
2.15 (- 7)
2.94 (- 6)

16.8
14.3
10.1
7.8

VOLTAGE BREAKDOWN DATA FOR BERYLLIA

Disc 0.0381 cm Thick
Radiation
field KR/h

T(°K)

Kllovolts/cm

300
429
560
657

642
578
433
420

0
0
0
0

776
8*<8

336
263

o
0

879
912

157
354

0
0

1030
300
612
676

118
630

0
2
2
2

685

526
444
354

860-

370

2

2

Cylindrical Fragment 0.0762 cm Thick
Radiation
Field KR/h

T(°K)

Kilovolt3/cm

300
464
552
555

486
407
381
289

0
0
0
0

600

368

0

707
712
841
884
926
300

282
374
263
151
66
512

0
0
0
0
0
2
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Dlso 0.165 en Thick

T(°K)

Kilovolt3/em

Radiation
Field KR/h

867
1010

109
61

0
0

585
605
631

151
163
66

2
2
2

681
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