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I NTRODUCTION 

Pyrolytic boron nitride is a relatively new form of 

boron nitride . It was firct produced in the United Statec 

about 1964 by Union Carbide Corporation (1) . This new 

material is finding many useful applications and its unique 

properties are provid ing solutions to many heretofore 

unsolved problems . 

T\~O specific prope r ties of pyrolytic boron nitride 

finding usefulness in electronics applica~ions are those of 

high elect r ical resistivity and high dielectr ic strenGth . 

~ork has been done by Westinghouse (2) using pyrolytic boron 

nitride as the dielectric for hiGh temperature capacitors . 

The value of pyrolytic boron nitride in this application is 

evident from the compa~ative data in the reference (2) . These 

data suggest that i t is now possible ~o produce capaci~ors 

that will function adequately at temper atur es ~P to 1100° F , 

as compared to ~he previous limitation of app~oximately 

750° F . In electronics this is a most signi ficant advance -

men~ since most othe r major electronic components suer. as 

se~iconductors , vacuum tubes , and res i stors have a:ready 

been deve loped which can operate at temper atures up to 

1000° F . Hence , in the past the capacitor has been a ~ajor 

li~iting component i n the development of high ~emperature 

elect~onic devices . The discovery of pyrolyt~c bo~o~ 

~~v~ide appears t o hold the solution to this problem . 
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For the nuclear engineer, the log ical ext ension of this 

development is to question the behavior of this new material 

in a radiation environment such as that encountered in space 

or in close proximity to a nuclear reactor . Following the 

current development of compact nuclear reactors for space 

deployment, a need might be expected to arise for a high 

temperature capacitor with low electrical losses under 

intense irradiation . Based on the remarkable performance 

of pyrolytic boron nitride capacitors in an unirradiated 

environment, this material logically becomes a prime candi -

date for this application . 

To begin the determination of the suitability of pyrolytic 

boron nitride for the application discussed, an i n vestigation 

of the effects of gamma radiation on the electrical conduc -

tivity of pyrolytic boron nitride was proposed . Such work 

would provide an indication on the advisability of fur ther 

investigations of electrical properties of pyrolytic boron 

nitride in a radiation environment . 

With these considerations in mind an investigation was 

undertaken to determine the effects of co60 gamma radiation 

on the electrical . conductivity of pyrolytic boron nitride . 
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CONDUCTIVITY IN PYROLYTIC BORON NITRIDE 

Background 

Pyrolytic boron nitride can be produced by introducing 

boron trichloride and ammonia into a deposition chamber at 

1 mm Hg and 3450° F . Under these conditions a highly pur e 

boron nitride, called pyr olyt i c bor on ni t ride , c r ystallize s 

on a g r aph i te substrate . 

BC13 + NB3 34500 F) BN 
lmm~ 

+ 3HC1 

The crystals formed in th i s manner are hexagonal, with 

lattice parameters oriented as indicated in Figure 1. 

c 

Boron 
nitride 

a 

Figure 1 . Lattice orientation in pyrolytic boron nitride 
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In the process developed by Union Carbide (1, 3) pyrolytic 

boron nitride is produced with total impurities less than 

100 ppm and with a crystallite orientation of 1000 : 1 . 

Pyrolytic bor on nitride is anisotropic with respect to 

many of its prope r ties , including that of resistivity. 

Pyrol yt i c b oron n i t r ide exhibits many favorable 

properti es , i n addition to those already indicated , which 

make it particul arl y attr active for high temperature 

electrical application . It is machinable much like phenolic 

plastics , although this investigator learned that it flakes 

easily along the 11a 11 lattice direction . Pyrolytic boron 

nitride sublimes at 5432° F and exhibits an oxidation rate 

that is negligible up to 1400° F , approximately 0 . 1 mg/cm2 -

min at 2600° F and approximate l y 8 . 0 mg/cm2 - min at 3600° F . 

It is chemically inert to most substances up to 2000° F; 

and i t has a dielectric str ength of 4000 volts/mil at room 

temperature . 

Dark Conductivity in Pyrolytic Boron Nitride 

The conductivity, a , of a material is given by 

0 = 
m 
J.: 

j = l 
n.q . u . 

J J J ( 1) 

where nj is the concentration of carriers of the jth type, 

qj is the charge of th~ jth type car rier and µj is the 

mobility of the jth type carrier . 
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There are several classifications of mechanisms, depend -

ing on the type of carriers, by which electricity is con -

ducted in ceramic materials . Five principal classifications 

are listed below (4) : 
Cation- cationic --Conduction is by mobile cations where 

motion of the ion - carrier is in one direction only . 

Anion - cationic --Conduction is by mobile positive and 

negative ion - carriers . 

Electron - cationic --Conduction is by cations which 

emanate from the anode . An electron travels from the cathode 

and reduces the cation in the material . 

Electron - anionic --Conduction is by the motion of anions 

which are liberated at the anode or in lattice defects and 

are neutralized to become atoms and defect centers . 

Purely electronic --Conduction is by electrons traveling 

in one direction while an equal number of nholes" move in 

the opposite direction . 

Bogoroditskii (4) reports that conduction in unirradiated 

boron nitride is "purely electronic" . This can be confirmed 

experimentally by observing whether or not "electrochemical 

aging 11 occurs . I n the case of 11purely electronic" conduction 

no aging will occur . Electronic conduction is characteristic 

of materials with atomic lat tices such as that of boron 

nitride ( 4) . 

The purity of electronic conduction in any material 

depends of course on the degree of the chemical purity . 
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Understandably the introduction of impurities into a mate r ial 

such as boron nitride may increase its electrical conductivity 

by introducing other conduction mechanisms. It is therefore 

possible for a sample of boron nitride containing impurities 

to exhibit electronic conduction plus one or mor e of the 

other f our conduction mechanisms . It is in fact the presence 

of impurities in semiconductor materials that contribute to 

their unique electrical properties (5, 6, 7, 8, 9) . Since 

the conductivity in semiconductors applies equally to 

insulators (10), much of the discussion to follow is taken 

from publications on semiconductors . 

In the case of pure electronic conduction Equation 1 

becomes 

= (2) 

where ne and nh refer to concentrations of "free" electrons 

and "holes" respectively, e is the charge of an electron, 

uh and ue refer to the mobilities of the "holes" and "free" 

electrons respectively (9) . A "free" electron is one which 

has been elevated to an energy state called the conduction 

band . Normally, electrons are elevated to the conduction 

band by thermal excitation . The conduction band is an 

energy state higher than the valence state separated by an 

energy gap . Figure 2 illustrates the relation of these 

energy states (6) . Electrons in the conduction band are 
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Ii\ 
Conduction band 

:>:. 
EC bD 

H 
Q) 
s:: 
Q) 

s:: Energy gap , Eg 0 
H 

..!.) 
() 
(l) 
rl Ev µ::i 

Valence band 

Figure 2 . Electronic energy bands in an electronic con -
ductor 

considered ~o be free to serve as carriers of electricity . 

A 11
hole 11 is a positive site , the result of an electron 

deficiency created by the departure of an electron previously 

elevated to the conduction band . Both 11 hole 11 and 11 free 11 

electron are considered to be carriers of electricity . 

The concentration of 11free 11 electrons and 11holes 11 in a 

material is temperature dependent . In the case of intrinsic 

conductivity, i . e . , conductivity attributable to the pure 

ma~erial, ne and nh are equal . An expression for ne and nh 

is given by (8) 

(3) 
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where k is Boltzmann 's constant, h is Planck's constant , 

me and mh are the effective masses of electrons and "holes ", 

Eg is the energy gap and T is the temperature in degrees 

Kelvin . 

Combining Equation 3 with 2 yields 

( ) -E ( 'lh) (j i = 21 e I (
2hnk

2
T) 3/2 3/4 / 2kT memh e g ue + 

( 4) 

where ~i refers to intrinsic conductivity . The mobilities , 

ue and 1h, are also temperature dependent . In the case of 

atomic lattices , which applies to boron nitride , the 

mobility varies as T- 3/2 according to Ioffe (7) . 

11e + 11h = MT - 3/2 + NT - 3/2 = PT - 3/2 

M, N, and P are constants with P = M + N. 

Combining Equations 4 and 5, noting that the terms 

T- 3/2 and T+3/ 2 cancel, and combining and redefining con -

stants yields the expression 

= Ae-B/T 

where A and B are constants . Extrinsic conductivi ty, "e , 

is that conductivity resulting from the presence of impu-

rities or imperfections in a material . Thus, the total 

conductivity of a material with extrinsic conductivity is 

given by 

(5) 

( 6) 
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( 7) 

An expression for rre can be derived which is similar to that 

for cri, leading to the expr ess ion of the form (7) 

= -D/T Ce 

where C and D are constants . 

( 8 ) 

Combining Equations 6 and 8 yields an expression for 

the total conductivity without irradiation 

= (9) 

For materials whose conductivity varies accor ding to 

Equation 9 a plot of lna versus l/T yields a plot similar to 

Figure 3. 

lnCT 

l/T 

Figure 3 . Intrins ic and extrinsic conductivity r egions 
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The presence of two distinct straight lines in Figure 3 

results from the differences in values of B and D in 

Equation 9 . It is found that normally D is considerably 

less than B indicating that the first term dominates the 

plot in the high temperature region (region I ) a n d the 

second term dominates in the low temperature r egion (region 

II) . In other words , conductivity is predominately i ntrinsic 

at high temperatur es and predomin ate l y extrin sic a t l ow 

temperat ures . 

Radiation Induced Conductivity in 

Pyrolytic Boron Nitride 

The effects of temperature , impurities, and imperfec -

tions on the conductivity of a material such as boron nitride 

in an unirradiated environment has been discussed in the 

previous section and can be expressed by Equation 9 . Intro -

ducing a material such as boron nitride into a gamma radia -

tion field introduces an additional source of c a r riers of 

electrici ty . On the basis of work reported by Vul (11) it 

is postulated that conductivity resulting from irradiation 

may be expressed by 

= 

where G(v) is a dose rate factor , F and n are constants, 

and t is irradiation time . 

An expression for total condu cti v i ty in a r adiation 

( 10 ) 
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field is obtained by combining Equations 9 and 10 . 

a = (11) 

As already indicated conductivity in pyrolytic boron 

nitride is electronic . The availability of electrons in 

the conduction band in the absence of radiation car. be 

considered to result from thermal excita~ion of electrons 

in valence bands . The introduction of gamma radiation 

provides an additional source of free electrons to serve as 

carriers . Three principal mechanisms by which gamma 

radiation is absorbed in materials are the phocoelectric 

effect, the Compton effect, and pair production (10, 12) . 

In the photoelectric effec·t a gamma photon interacts 

wi~h an orbital electron in such a way that the whole of tte 

photo~ energy, less the binding energy of the electron, is 

transferred to kinetic energy of the electron . 

The Compton effect results when a photon transfers part 

o~ its energy to an elec tron as kinetic energy wi~h the 

rerr.aining energy being re-emitted as a lower energy 8amma 

photon . 

Pair production results when a photon of sufficiently 

high energy transforms into a posi~ron and a negatron i~ the 

vicinity of an atomic nucleus . Photon energy in excess of 

1 . 02 Mev is divided between the two particles as kine~ic 

energy . 
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Each of the three mechanisms produces free electrons 

that could serve as carriers; however , the predominant 

mechanisms for the gamma energy spectrum of Co60 are the 

Compton and photoelectric effects (10, 12) since the co60 

gamma energies are 1 . 17 and 1.33 Mev . 

It has been reported that the absorption of gamma 

radiation in pyrolytic bor on nitride produces F centers 

much as occurs in alkali halides (13, 14). An F center in 

pyrolytic boron nitride is a positively charged nitrogen 

vacancy which has captured an electron as shown in Figure 4 . 

Figure 4 . Nitrogen vacancy in boron nitride 
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It is reasonable to expect that production of these F 

centers will affect the conductivity of pyrolytic boron 

nitride and will be exhibited as time dependent conductivity . 

In the work reported (13) the gamrna dose used was 1 . 5 x 

1 08 R . In this experimental thesis time dependency was in -

vestigated up to a mucn smaller dose since the ~axirr.u~ dose 
6 rate available is l ess than 10 rad/hr . 

The dose rate dependency is shown in Equation 10 by the 

parameter G(Y) . This parameter i s a function of the number 

of electrons libera ted by irradiation , nir' and the mobility 

of the liberated elec trons , uir · 

(12) 

For a slab sample of thickness x , nir can be determined by 

the r elat i on (15) 

- A.X 
nir = ¢ (o)M(l - e ) 

whe re ¢ (o) is gamrna flux , M is the number of secondary 

(13) 

electrons produced , and A is the absorption coefficient of 

the material. The thickness of the sample used in this 

investigation is so small compared to the half - thickness for 

gamma absorption that Equation 13 can be simplified to : 

( 14) 

- x since e expands by Taylor series to approximately 1 - x when 
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x << 1 . Equation 14 indicates that there is no significant 

f lux depression in the sample and therefore electron libera-

tion is uniform throughout the sample . Thus , since dose 

rate i s proport i onal to flux , 

ct.. R (15) 

where R r epr esents dose rate . 

Vul (11) reports an approximate linear relation of dose 

rate to conduct i vity; however , should the production by 

radiation of electron 11 tra)s 11 significantly a l ter the 

total concentr ation of "traps ", mobility might be expressed 

by a powe r of the dose rate , such as 

where s and bare constants . 

Then , at a constant temperature and steady state , 

Equation 10 becomes 

= rG(Y) = 

where a , r, and c are constants . 

Equation 11 becomes 

= 

( 16) 

( 17) 

( 18) 
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EXPERIMENTAL DISCUSSION 

General 

As mentioned previously, one purpose of investigating 

the electrical conductivity of pyrolytic bor on nitride was 

to determine the value of this material f or space applica-

tions . It is therefore desirable that conduct ivity measur e -

ments be made in a radiation field as near as possible to 

that of actual space radiation . Electron , proton and 

bremsstrahlung radiat i on const i tute the three types of 

radiation that a re o~ primary concern for space - electronic 

appl i cations (12) . In space maximum electron energies range 

from 1 to 5 Me v and proton energies range from 20 to several 

hundred Mev . The maximum energyof bremsstrahlung radiation 

is dependent upon that of the primary electron producing the 

radiation . With a tolerable amount of shielding electronic 

components could be shielded from electrons and low energy 

protons . For the purposes of this investigat~on it will be 

assumed that the space environment of concern is one where 

the electronic components are s~ielded from all electrons 

and pr otons and that bremsstrahlung (gamma) radiation is the 

only radiation of concern . 

The Battelle Memorial Institute reports (12) tha~ gamma 

radiation from Cobalt - 60 sources provides a reasonab~e 

approximation of the effects to be expected from 11 5 - Mev 11 

bremsstrahlung radiation . The r efore , a Cobalt - 60 source of 
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approximately 5000 curies was used to perform this investi-

gation . A description of the source facility is given later 

in detail . 

Apparatus and Equipment Restrictions 

Design of the measuring apparatus and selection of 

associated equipment was dependent on a number of res trictive 

conditions which had to be provided for reliable conductivity 

measurements . 

Magnitude of conductivity 

There is no information available on the electrical 

conductivity or resistivity of pyrolytic boron nitride below 

1800° F . Figure 5 shows the resistivity of pyrolytic boron 

nitride for temperatures above 1800° F as reported by Union 

Carbide (3) . Included in Figure 5 for comparison are 

resistivities for hot pressed boron nitride and fused 

alumina . A linear extrapolation of 11 c 11 direction resistivity 

(dotted line) suggests that resistivities of 1012 to 1014 

ohm- cm may be expected for the unirradiated material in the 

temperature range 800° to 1400° F . On the basis of this 

extrapolation the conductivity measuring apparatus had to 

be designed to measure resistivities up to 1014 ohm- cm . 

Low electrical leakage in equipment 

To design an apparatus capable of measuring resistiv-

i ties up to 1014 ohm- cm, required that electrical leakage 
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Hot pressed 
BN 

Temperature (F) 

Pyrolytic BN 
k:::- "c 11 direction 

11 a" direction 

Figure 5 . Electrical resistivities of bor on nitride and 
alumina 

across insulators at all terminals , junctions , feed - throughs , 

plugs , and jacks be of a minimum value . This restriction 

made careful selection of insulators and speci men supports 

manda-cory . 

High tempera ture capability 

In line with work by Westinghouse (2) on high tempera-

ture capacitors with pyrolytic boron nitride as the dielec -
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tric a temperature capability of at least 1100° F was 

selected . The completed apparatus had an upper limit of 

1350° F , which proved to be fortunate since the temperature 

ran~e of significance, with regard to irradiated behavior 
0 0 of pyrolytic boron nitride, was in the range goo to 1300 F 

(480° to 700° C) . 

Measurement in vacuum 

It was mandatory that conductivity measurements be 

conducted in a vacuum chamber for three important reason s . 

The first reason was to protect the apparatus from exces -

sive oxidation and to prevent burn - out of the heater coil when 

operating at uppe r temperature limits . 

The second reason was to reduce to a minimum background 

conductivity attributable to gaseous conduction . Gaseous 

conduction was reported by Peters (16) as a signi~icant 

problem in high temperature conductivity measurements of 

alumina . Since it was expected that pyrolytic boron nitride 

would have lower conductivity than alumina th is problen 

becomes even more significant . Furthermore , gaseous conduc -

tion is greatly increased in a radiation field due to 

ionization effects . These effects can be reduced to a 

tolerable level by utilizing a vacuum system . 

The third reason was to reduce electrical leakage due to 

surface conduction of samples and insulators . ~ois~ure is 

the primary cause of surface conduction in most materials, 
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therefore, eliminating moisture from a material g r eatly 

increases its insulating ability . Alumina, which was 

selected for wide application in the apparatus is partic -

ularly susceptible to moisture - promoted surface conduct ion . 

Cohen reports (17) that r emoval of mo i stur e from alumina a t 

ambient pressures requires temperatures in excess of 1000° C 

and for this reason recommends vacuum operat ion to r educe 

surface conduction in alumina . 

Based on the work o f Dau a nd Davis (18) in measurements 

of electrical conduc tivity of alumina in a reacto r environment , 

a vacuum upper limi t of 25 microns was selected as a design 

objective . 

Appar atus size 

The single most r estr ictive and limi t i ng requirement was 

that of appar atus size . The apparatus had to be constructed 

sufficiently small so that i~ could be inserted into tr.e 

gamma irradiation facility . The overall maximum allo1tJable 

dimensions of the a pparatus was 4-1/4 inches in d i ameter 

and 15 inches in length . I t was desirabl e that the d iameter 

of the sec t ion containing the sample be less than 2 inches 

in order to achieve nearly the maximum gamma dose r ate 

available in the facility . The end result of these restric -

tions i·1as a limitation on sample size to less thar.. 1/2 of an 

inch in diameter . Su ch a small sample is on l y marginally 

acceptabl e by standards set by the American Soc i ety for 
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Testing and Materials(l9), which recommends that the diamete r 

of the contact electrode be greater than four times the 

thickness of the sample . It wil l be shown later that this 

standard was just bar ely achievable . 

Equipment Selection and Design 

General 

The basic conductivity measuring circui t selected for 

this work, shown i n Figure 6 , utilizes two unguarded elec -

trodes . Preliminar y tests were conducted using a guarded 

circuit (19) in wh ich determination was made that surface 

conduction in pyrolytic boron nitride was negligible in 

the temperature range of concern . This information provided 

the basis for using an unguarded circuit . 

Figure 7 shows a block diagram of the total system 

used for this research . Each component of the system is 

discussed in the following paragraphs . 

Gamma irradiation facility 

The gamma radiation source was provided by the gamrr:a 

i~radiation facility shown in Figure 8 . This facility 

contains approximately 5000 curies of Cobalt - 60 and is 

designed so that a test specimen mounted in the irradiation 

cha~ber (shown near the top center of the photo) can be 

lo~ered to a selected position in the center of a ring of 

six moveable stainless steel cans containing Cobalt - 60 . 
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batte ry protection 
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Figure 6. Conductivity measuring circuit 
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Figure 7. Block diagram of conductivity measuring equipment 
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Figure 8 . Gamma irradiation facility 
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The dose rate received by the sample can be varied by rotating 

a ha.nd - wheel (shown at top right of photo) which causes all 

of the cans of Cobalt - 60 to rotate inward simultaneously . 

A maximum dose rate on the order of 104 rads/min can be 

achieved in the facility . Scales are provided for accurate 

verticle positioning of the specimen and horizontal positioning 

of the Cobalt - 60 cans . 

Measuring apparatus and vacuum irradiation chamber 

Investigation of the gamma induced conductivity of sodium 

chloride by Carlson (20) using the gamma irradiation fac ility 

described above was performed using a tubular measuring 

apparatus in which the specimen was centered inside two 

concentric quartz tubes . Heat was provided by a nichrome 

heating element positioned between the two quartz tubes . The 

overall apparatus was approximately 1-5/8 inches in diameter 

and 4-7/8 inches in length and could be loaded into a 

slightly larger vacuum irradiation chamber . The chamber 

could be attached to the gamma facility and lowered into the 

gamma field . The design of this apparatus served as an 

initial guide for the design of an apparatus for the work 

of this thesis . 

The measuring apparatus constructed for conductivity 

measurements of pyrolytic boron nitride is shown in Figure 

9 and a photograph of the disassembled apparatus is shown 

in Figure 10. Based on the restriction demanding low 



Figure 9 . Conductivity measuring apparatus and vacuum 
irradiation chamber 

1 . Specimen 

2 . 5/16 11 O. D. alumina support tubes 

3 . Chromel -alumel measuring thermocouple 

4 . Pressed boron nitride brace 

5 . 1- 3/18 11 diameter brass end plate 

6 . Pyrolytic boron nitride thermal masses 

7 . Chromel- alumel control thermocouple 

8 . Guard circuit lead support 

9 . 3/4 11 I . D . and 1 11 I. D. alumina tu bes 

10 . Pyrolytic boron nitride insulators 

11 . Copper gasket 

12 . Cermaic feed - throughs (8) 

13 . Vacuum connector for 1/4" O.D. tubing 

14 . Teflon feed - through 

15 . Chamber mounting bracket 

16 . l/4f' bolt (10) 

17 . Pressure plate springs (3) 

18 . l-3/8ff brass pressure plate and end plate 

19 . 1/16" s tee 1 bolt ( 3) 

20 . 1/8 11 alumina "hot ff lead guide 

21 . 2.1 gauge nichrome heater coil 
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Figure 10 . Partially disassembled conductivity measuring appar atus 
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elec~rical leakage, 97 percent pure alumina tubing was 

selected as the basic insulating and support material in 

the apparatus . Alumina was se lected because of its high 

thermal and electrical resistances . Values for resis tivities 

of alumina at high temperatures, 1150° to 1450° F , have been 

r eported ranging from 1012 ohm- cm (21) to 109 ohm-cm (3) 

depending on experimental conditions and purity of alumina 

used . As temperature decr eases the resistivity of alumina 

increases rapidly . Figure 5 shows a resistivity for alumina 

of 1014 ohm - cm at 752° F . 

The high resistivity of alumina at relatively low 

temperatures was used to an advantage in the apparatus by 

using two small tubes of alumina to support the test . specimen 

in the heated portion of the apparatus while supporting the 

tubes several inches from the heat source . Thus , the tempera-

ture of the support tubes will be much lower where they are 

supported than the ~est specimen and hopefully provide insula-

tion of at least 1014 ohms between specimen and apparatus . 

To provide additional assurance of electrical insulation 

for the test specimen two 1/4 inch thick d isks of pyrolytic 

boron nitride were positioned on each side of the specimen . 

These parts served the additional function of acting as 

thermal masses, helping to stablize the temperature in the 

specimen . To further insulate the specimen the upper support 

tube was held at the cool end by two parts also made of 

pyrolytic boron nitride . The lower support tube was he l d 

/ 
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in place by a spoo l shaped part made of hot pressed boron 

nitride . With the upper support tube touching only the 

specimen and t h e two pyrolytic boron nitride supports, 

insulation of the specimen at a higher resistance than that 

of the specimen was guaranteed . 

The heater coil was made of thr ee feet of 21 gauge 

nichrome wire which permitted h ea t ing at 80 watts using a 

maximum of 16 volts d . c . and 5 amperes . 

Two 28 gauge chromel - alume l thermocouples were used in 

the apparatus . One was positioned next to the heater coil 

~o provide quick re sponse for the temperature controller 

and the other was embedded in the lower 1/4 inch pyrolytic 

boron nitride disk supporting the specimen . The latter 

thermocouple served also as one of the l eads in the measuring 

circuit . 

The irradiation vacuum chamber, shown also in Figure 9 , 

was fabricated of stainless steel, and was vacuum sealed by 

compressing a copper gasket between the upper and lower 

flange s of the chamber . The upper flange contained e i ght 

electrical feed - throughs wi~h ceramic insulation , one 

specially designed teflon insulated feed - through , and a 

fitting for 1/4 inch copper tubing . The c e r amic insulated 

feed - throughs were electrically insulated from t he flange by 

a resistance greater than 1 012 ohms . The teflon i nsulated 

feed - thr ough had an electrical insulation better than 1015 

ohms outside of the radiation field . Under the effects of 
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radiation the resistance of the teflon remained sufficiently 

high to be tolerable . Figure 11 illustrates the cross 

section of the teflon feed - through showing how a vacuum seal 

was obtained by compression of a tapered teflon insulator . 

i 
Pressure i ring 

I 1:11/ I ):( !.----~_! 

Teflon _? 
1 

t"'. Flange 
I 

~ ~ \ I ll ~ 

Figure 11 . High resis tance teflon feed - through 

Radiation damage to the teflon insulation was expected 

to exceed tolerable limits after several hours of irradiation . 

Battelle (22) reports that milu to moderate damage occurs in 

teflon TFE after a gamma exposure of approximately 106 ergs/ 

gm (approximately 104 rad) . For this reason the feed - thr ough 

was designed to permit frequent replacement . In actual use 

the first feed - through failed structurally after approximately 

36 hours total irradiation time . The first indication of 
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damage to the tef lon came when the feed - thr ough failed to 

maintain an effective vacuum seal . The feed - through was 

checked before each use for unacceptable electrical leakage 

and structural damage . It was found that struc tural ly 

damaged teflon behaves somewhat like soap and can be detected 

easily with a finger nail or the tip of a knife . 

Electronic equipment 

The battery shown in Figure 6 is a 510 volt low current 

Burgess Model U320 dry cell . A battery was selected r ather 

than a filtered d . c . power supply to avoid problems of noise 

inherent in most filtered power supplies . The vo l tage 

selected was based on ASTM recommendations (19) . The battery 

was suspended by teflon spaghetti inside a g rounded aluminum 

box to exclude electronic noise . The body of the battery 

~ouched nothing other than the tef lon spaghetti which was 

necessary to avoid electrical leakage through the skin of the 

battery . 

The electrometer used to make current measurements was 

a Keithley Instrument Model 610B with a capability of meas -
-15 

uring currents as low as 10 amperes with a one percent 

accuracy at full scale . 

The battery voltage was monitored with a Hewlett -

Packard model 412A d . c . vacuum tube voltmeter with an 

accuracy of ±10 volts at 500 volts . 
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The cables used in the measuring circuit were teflon 

insulated to assure low electrical l eakage . Also , all 

electrical connectors used in the circuit were teflon 

insulated . 

Vacuum system 

The vacuum line to the irradiation chamber consisted 

of a combination of copper and rubber tubing with an inte r -

mediately positioned thermocouple vacuum gauge (Figure 12) . 

The vacuum pump used was a Cenco Hyvac 14 with a 0 . 1 mic r on 

capability . The location of the vacuum gauge d i d not 

pe r mit measurement of the absolute vacuum in the irradia-

tion chamber, however, it was learned by experimentation 

that such measurement was not necessary and that satis -

factory v~cuum conditions could be achieved in the chamber 

by maintaining the vacuum at the gauge at approximately 10-

15 microns . The validity of such procedure was established 

by making a series of background conductance measurements 

(measurements without a specimen in the chamber) to deter mine 

the vacuum reading at which backgr ound conductance was 

reasonably low and stable . 

Temperature control system 

As mentioned before one chromel - alumel the r mocouple 

junction was positioned next to the heater coil for contr ol 

by p roviding immediate sensing of temperature changes in the 
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apparatus . The signal from this thermocouple was fed into 

a Leeds and Northrup Series 80 C. A.T . controller and 

Speedomax H recorder . The output of the controller, in 

the form of a d . c . error voltage , was fed into a Leeds and 

Northrup universal silicon controlled rectifie r power package 

which generated a controlled a . c . output . This fed into an 

Electro filtered d . c . power supply, model D- 612T, which 

pr ov i ded controlled power to the heater coi l s in t he 

irradiation chamber . To use the control system one ha d 

only to' set the desired temperature on the r ecor der . 

Temperature read on the recorder was of course that 

temperature at the l ocation of the thermocouple junction and 

not at the location of the specimen . To obtain the tempera-

ture of the specimen a second chromel - alumel ther mocouple 

was used . The junction of this thermocouple was positioned 

in contact with the specimen as illustrated i n Figure 9 . The 

E . M.F . of this thermocouple was measured on a Honeywell 

Model 2745 potentiometer permitting accurate tempe r atur e 

conversion by use of thermocouple tables . 

This completes the description of the equipment used 

to measure the conductivity of pyrolytic boron nitr ide . 

Photographs of the equipment are shown i n Figur es 13, 14 , · 

and 15 . 



Figure 13 . Partially assembled irradiation chamber with 
conductivity apparatus assembled for back-
ground measurements 
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Figure 14 . Completely assembled irradiation chamber 
mounted on gamma irradiation facility 
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Figure 15 . Complete experimental system including 
irradiation f acility) temperature control 
and measuring instrumen ts) conductivity 
measuring instruments) and vacuum system 
components 
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Experimental Procedures 

Specimen preparation 

Strips of 1/16 inch thick pyro l ytic boron nitride were 

obtained from Union Carbide Cor poration from wh ich circular 

specimens were cut with a fine - toothed jewelers saw . The 

precise specimen thickness was measured with a micrometer 

to a 0 . 7 percen~ accuracy . Each sample was washed i n acetone, 

methanol and water, and dried thoroughly at approximately 

100° C before paint ing on the electrodes wi th silver elec -

1;rode paint . 

The electrodes were applied in the fo llowi ng steps : 

1 . El ectrode No . 1 was painted on with a teflon brush . 

2 . The specimen was placed in a furnace with the 

unpainted side resting on another piece of 

pyrolytic bo r on ni~ride . 

3. The specimen was baked for approximately 2 hours 

at 100° c, then 1 hour at 300° c, then 1/2 hour 

a i; 600° C and finally l/~ hour at 700° c . 
4 . The specimen was then removed f r om the furnace, 

allowed to cool, and electrode No . 2 painted on . 

5 . Steps 2 and 3 were repeated with the previously 

painted side facing down . 

The specimens were always handled with tweezers and 

carried and stored i n dust free envelopes . 
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Equipment prep~ration 

Prior to assemblin~ the equipment wlth or wi thout a 

specimen the following steps were taken : 

1. The electrometer was turned on at least 24 hours 

before the intended time of data collection . 

2 . The upper alumina support tube , with associated 

pieces of boron nitride insulation , were thoroughly 

washed with acetone, methanol , and water and dried . 

3 . The inside and outside of the irradiation chamber, 

including top flange with insulated feed - throughs, 

were Nashed with acetone, methanol, and 1:iater . 

The following were completed to prepare equipment for 

data collection : 

1 . The irradiation chamber was vacuum seal ed for each 

use with a new copper gasket . 

2 . A 1/4 inch O. D. copper tube was attached to the 

chamber with a standard brass farrelled fitting 

and seal ed with Glyptal . 

3 . After allowing 6 to 12 hours for the Glyptal to dry 

the vacuum pump was turned on, 12 watts power 

applied to the heater coil , and 12 to 36 hours 

allowed for degassing of the system. Degassing 

\·Ias considered complete \'/hen the vacuum gauge 

indicated 15 microns or less . 
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4 . The measuring apparatus was heated once to its 

maximum temperature and cooled prior to taking 

data readings . 

5 . The measuring circuit battery was checked for 

. proper voltage before , during and after each use . 

Thermocouple calibration 

Since temperatures obtained from thermocouple tables 

are based on ideal conditions i t was necessary to calibrate 

the measuring thermocouple . This \·ms accomplished by loading 

the conduc-civity measuring apparatus first with sample of 

aluminum and second with a sample of lead, each held in a 

small quartz cup . The quartz cup was placed in the position 

normally occupied by the boron nitride specimen . The 

apparatus was heated and cooled several times past the 

melting point of the metal . By observing the thermocouple 

output as the metal solidified, a constant E . M. F . was noted 

for a short period of time at the melting point of the metal . 

By following this procedu:"e v1ith two metals a reasonably 

accurate temperature correct ion was obtained which could be 

applied to all temperature measurements recorded . The 

correction obtained in this manner was +31° F for lead and 

+29° F for aluminum, for an average correction of 30° F . 

The aluminum used had a purity of 99 . 99 percent , the lead 

99 . 999 percent . 
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Dose rate determination 

All data taken in the irradiation facility were initially 

correlated to a source position indicator reading . This 

reading was taken from the hand wheel wh ich is used to 

rotate the source cans inward . A method was required whereby 

the hand wheel could be converted to a corresponding dose 

rate . This was accomplished by replacing the specimen in the 

measuring apparatus with a vial of Fricke dosimetry solution 

and irradiating the vial at the desired hand wheel position 

for 60 seconds . The change in absorption coefficient of the 

Fricke solution , as determined with a Beckman DU spectre -

photometer, permitted determination of the dos e rate with an 

accuracy of ~ 4 percent . 

Data collection 

Five types of data runs were made : 

1 . :Oackground data--data taken with the complete system 

assembled without a specimen by varying temperature 

and dose rate . 

2 . Unirrad i ated specimen data - - data taken by varying 

the temperature of specimen outside of the radiation 

field . 

3 . Irradiated specimen data- - data taken by varying the 

temperature of specimen for each of three different 

dose rates . 
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4 . Dose rate dependency data--data taken at a constant 

temperature with varying dose rate . 

5 . Time dependency data--data taken at a constant 

temperature and dose rate for a 30- minute 

time period . 

In making data measurements careful attention had to 

be given to the relation of interacting re sistances in the 

measuring circuit . Figure 16 illustrates the need for 

care by identifying each component of the circuit as a 

resistor . 

Figure 16 . Measuring circuit resistances 

In Figure 16 Rs is specimen resistance, RP is resista~ce o~ 

the battery protection resistor, Rb is the internal resist -

ance of the battery and R i s the loading resistor in the m 
electrometer . An arbitrary requirement was made that Rp, 
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Rb and ~ introduce an error in the measured value of Rs no 

greater than one percent, thus requiring that 

R was a 1 megohm resistor wh ich could be i gnored . Also 
p 

the internal batte ry resistance could be assumed to be low 

enough to be negligible . Thus , in making measurements the 

input resistance to the electrometer was always maintained 

so that 

Data processing 

The assumption was made for the purpose of this work 

that ohms law is valid for a ll data taken . Then 

R = E/I 

where R is r es istance, E voltage and I current . 

Resistivity is defined by the following r elation (19) 

r = RA 
h 

Where A is cross sectional area of the specimen and h is 

the thickness of the specimen . The cross sectional area 

was determined by taking the average of the areas of the 

two electrodes on the specimen . Conductivity is simply t he 

reciprocal of resistivity . 
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1 = f') 

After computing conductivi-::;y values, plots -..·:ere rr:ade of 

lnrr versus l/T and rr versus dose rate . From these plots the 

constants in Equation 18 were determined . The best straight 

line fit for the data plots were obtained by the method of 

least squares . 
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RESULTS A.~D DISCUSSION 

General 

The most s i gnificant and difficult problem that had to 

be overcome in this experiment was that of radiation induced 

electrical conductance of air, both inside and outside of 

the irradiation chamber . It was learned that air conductance 

inside the apparatus could be reduced to a relatively stable 

background by care ful vacuum degassing as outlined in the 

previous section . Air conductance outside of the chambe r 

was reduced to a tolerable level by complete shielding with 

teflon of that portion of the IJhotlJ lead which was below the 

radiation shield . In radiation induced conductivity measure-

ments , background conductance ranged from 1 percent to 46 

percent of the total conductance depending on temper ature 

and dose rate . Background conductance was found to be 

negligible in the absence of radiation in the temperature 

range o~ conce~~ . 

Three gal'!'.rr:a radiation dose rates 1.'lere used i n this 

experiment . These rates, as determined by Fricke dosimetr y , 
3 ~ were 3 . 49 x 10 rad/min , 6 . 31 x 10~ rad/min , and 1 . 35 x 

104 rad/min . 

The battery voltage r emained at a constant 500 ~10 

volts throughout all data collection . 

The data reported herein were taken with two specimens . 

Tv;o separate runs were conducted with each specimen providing 
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a total of four sets of data for each dose rate . Specimen 

No . 1 neasured 0 . 153 ± 0 . 001 cm in thickness and had an 
..!... 2 aver age electrode a r ea of 0 . 506 ~ . 024 cm . Specimen No . 2 

measured 0.153 ± . 001 cm in thickness and had an average 

electrode area of 0 . 482 ± . 027 cm2 . 

Conductivity of Unirradiated Specimens 

The conductivity of unirradiated pyrolytic boron nitride 

specimens used in this wor k is shown as a function of 

r eciprocal temperature in Figure 17 . The slope of th is 

plot and the absence of a "knee 11 as shown in Figure 3 sug-

gest that the da ta represent intrinsic conductivity only 

and that extrinsic conductivity is non - existent or insignifi -

cant over the temperature range of this investigation . This 

is probably due to the high purity of the specimens which 

limits the availability of extr insic carriers . The difference 

in the plots of specimens 1 and 2 may be the result of con-

tamination of one of the specimens or a syste~atic error in 

the temperature measurements between runs . 

There was no detectable time dependency of tne conduc -

t ivity at 550° C over a period of 30 minutes , which suggests 

that the conduction mechanism i n pyrolytic boron nitride is 

predominantly electronic as stated by Bogoroditskii (4) . 
The constants A and B in Equation 9 were determined from 

the composite plot in Figure 17 to be 1 .99 x 103 ohm- 1cm- 1 and 



Figure 17 . Conductivity of unirradiated specimens 
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3 . 26 x 104 °K respectively . The values of the constants C 

and D in Equation 9 cannot be determined from data obtained 

in this experiment , however, it can be said that their 

values are such that the second term in equation is rende red 

insignificant in the temperature range investigated . Thus , 

C can be considered to be approximately zero . 

From the constant B the value of the energy gap or 

thermal activation energy, Eg, in Equation 4 is determined 

to be 5 . 62 ev since 

B = Eg 
2k 

Conductivity in Irradiated Specimens 

(19) 

The conductivity of pyrolytic boron nitride under the 

influence of the gamma dose rate is shown as a function of 

reciprocal temperature in Figure 18 . Also shown for compari -

son , wi thout repeating data points , is the least squares 

fit of the data in Figure 17 . It is noted that the effect 

of the r adiat ion is to produce a two region plot such as 

appears in an unirradiated material which exhibits extrinsic 

conductivity as well as intrinsic conductivity . Just as in 

the case of extrinsic conductivity, gamma radiation induced 

conductivity ~s overshadowed by intrinsic conductivity above 

a certain dose rate dependent temperature . This is illus -

trated in Figure 18 by the fact that the conductivity of 

the specimen irradiated at 6 . 31 x 103 rad/min is essentially 



Figure 18 . Conductivity of gamma irradi ated pyrolyt i c 
boron nitride 
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equa l to the conductivity o~ the unirradiated specimen a b ove 

670° C . Similar ly) there is a temperature below wh ich 

radiation induced conductivity is c l early dominant and a 

function of both temperature and dose ra te . 

Figure 19 shows c on ductivity as a function of dose rate 

at a cons t ant temperature of 550° C. This p lot indicates 

that conductivity is not a linear function of dose rate . By 

plot ting ln a versus ln R it was found that a good fit was 

achieved for Equation 16 . Values determined for a and c 

respectively wer e 1 . 11 x 10- l5 ohm- 1cm- 1 and 0 . 734 . 

Continuing the assumption made earlier that the tempera -

ture dependency of radiation induced conductivity is 

exponential and noting v isual ly that the data plots are 

roughly linear for each dose rate in the radiation effects 

region) a straight line was fitted for each dose rate . The 

values of F for these plots are J in order of i ncreasing 

dose rate J 4 . 09 x 103 °K J 2 . 27 x 103 °K, and 1 . 71 x 103 °K . 

The i~consistency in these three values may be tre r esul t of 

experimental e rror . It may also suggest that carrier mobility 

in the radiation field is not an exponential function of 

reciprocal temperature . Further investigation , to include 

measurement of radiation induced conductivity at lower 

temperatures ) would be required to better define t he mobil ity 

term . The confidence level of the straight line fitting in 

Figure 19 was qui te l ow; however ) for the purpose of this 
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research exponential behavior was assumed and the middle 

value of 2 . 27 x 103 °K was selected as a good representative 

value for F in Equation 18 . The value of b in Equation 18 

was determined to be 1 .73 x lo - 14 ohm- 1 cm- l . 

The results of a 30 minute test at the constant tempera-

ture of 600° C and a constant dose rate of 1 . 35 x 104 rad/ 

min (a total dose of 4 . 04 x 105 rads) showed no detectable 

time dependency of the radiation induced conductivity . Thus 

the value of 11 n 11 in Equation 11 is zero for a period of 30 

minutes or less . This result suggests that gamma radiation 

produced carriers are predominately "free'' electrons elevated 

to -che conduction band by the photoelectric and Compton 

effects . The production of nitrog en vacancies as reported 

by Khusidman (13) is apparently undectable at this low total 

dose and therefore is not a significant factor for a dose of 

4 x 105 rads or less . 

~.-! ith all constants in Equation 18 now de-cermined the 

expression for conductivity as a function of temperatu~e and 

dose rate can now be written 

(20) 



60 

SU1"JVJP.RY AND CO?TCLUSIO.I 

The significan~ accomplishments of this research are 

summarized as follows : 

1 . An expression, Equation 20, has been determined 

which reflects the radiation effects on the elec t rical 

conductivity of pyrolytic boron nitride in the temperature 

ranGe from 500° C to 750° C and a dose rate range from zero 

to 1 . 35 x 104 rads/r.iin . 

2 . The thermal activation energy of the unirradiated 

spec ir.ien \·:as determined to be 5 . 62 ev . 

3 . The dependency of conductivity on dose rate up to 

1 . 35 x 104 rads/min was sho\·m to be non - linear . 

4 . The conductivity was shown to be independent of 

time up co a total dose of 4 x 105 rads for the temperature 

and dose rates used in tr.is cxperlment . 

In conclusion it appears hichly probable pyrolytic 

boron nitride will be suitable for many dielectric and 

insulator applicat ions in radiation fields comparable to 

dose rates studied in this research . 
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SUGGESTIONS FOR FURTHER WORK 

Data o b tained in this research was limited in accuracy 

by a fairly large background current resulting from radiat i on 

induced air conductance . An experiment is sugg ested that 

would provide refinement of the data reported herein by 

designing an apparatus which permits the introduction of 

the 11hot 11 batter y l ead into the vacuum behind the radiat ion 

shield rather than in front o~ the shield as was done in 

this research . Furt~er refinement might be achieved by 

designin8 a vacuum system with large diameter connections 

to the irradiation chamber, permittine achievement of a 

lower vacuum . 

It is also suggested that an investigation be undertaken 

to determine the effect s of a large gamma dose , on the order 
7 of 10 rads, on the electrical conductivity o ~ pyrolytic 

boron nitride . The prospects of detecting a large dose 

e~fect i s suggested by the work of Khusidman (13) . Such an 

investigation would require long irradiat i on periods at h i gh 

temper atures , therefore making necessary the provi s i on for 

cooling of temperature sensitive parts of the apparatus . 
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TABLES 



63 

Ta b l e 1 . Conductivity da ta f or unirrad iated s pec i me n 

Sample/ 
r un 

1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 

l / T 
oK - 1 

x l o-4 

12 . 1 
11.8 
11 . 2 
10 . 8 
10 . 6 
10 . 3 
10 . 1 

9 . 9 

12 . 6 
12 . 0 
11 . 6 
11 . 1 
10 . 8 
10 . 4 
10 . 2 
10 . 0 

9 . 7 

11.8 
11. 5 
11. 2 
10 . 9 
10 . 6 
10 . 4 
10 . 1 

9 . 9 
9 . 8 

11 . 7 
11.4 
11. l 
10 . 8 
10 . 5 
10 . 3 
10 . 0 

9 . 6 

I 
ampere s 
x 10 - 10 

. 54 
1.4 
5 . 7 

18 
45 

140 
280 
620 

. 16 

. 77 
2 . 5 
7 . 8 

25 
75 

210 
360 

1200 

2 . 1 
6 . 4 
2.5 
6 . 2 

18 
J..,6 

125 
310 
450 

. 35 
1.2 
3 . 7 

10 
27 
20 

190 
680 

R 
ohms 

x 1010 

930 
360 

88 
28 
11 

3 . 6 
1.8 
. 81 

3600 
650 
200 

64 
20 

6 . 7 
2 . 4 
1.4 

. 042 

2400 
780 
200 

81 
28 
11 

4 . 0 
1.6 
1.1 

1400 
420 
140 
50 
19 

7 . 1 
2 . 6 
. 74 

r 

ohm- lcm- 1 
x lo- 13 

. 34 

. 88 
3 . 6 

11 
29 
88 

180 
390 

. 085 
• J.., 7 
1. 5 
4 . 8 

15 
46 

130 
220 
730 

. 13 

. 41 
1. 6 
3 . 9 

11 
29 
79 

200 
290 

. 23 

. 76 
2 . 3 
6 . 4 

17 
45 

120 
430 
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~able 2 . Conduc~ivity data for Gar.una dose of 3490 rad/min 

Sarr.ple/ 
run 

1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

l/T 
oK- 1 

x io-4 

12 . 9 
12 . 2 
11.3 
11 . 0 
10 . 8 
10 . 5 
10 . 3 
10 . 1 

9 . 9 

12 . 3 
11 . 7 
11 . 2 
10 . 9 
10 . 7 
10 . 4 
10 . 2 
10 . 0 

12 . 9 
12 . 5 
12 . 3 
12 . 2 
12 . 0 
11.8 
11.5 
11. 2 
::..0 . 9 
10 . 6 
10 . 4 
10 . 1 

9 . 9 

I 

amperes 
x io-9 

.so 

. 72 

. 99 
1 . 6 
2 . 0 
4 . ) 
ll~ 
2) 
68 

. 72 

.99 
1. 3 
1.8 
3 . 2 
7 . 6 

21 
41 

0 . 5 
0 . 6 
0 . 6 
0 . 7 
0.8 
0.8 
0.9 
1.1 
1.5 
2 . 6 
5 . 7 

14 
30 

R 

ohms 
x 1010 

100 
70 
51 
32 
25 
10 

3 . 7 
1. 7 
. 74 

70 
51 
38 
28 
16 

6 . 6 
2 . 4 
1. 2 

100 
83 
83 
71 
62 
62 
56 
45 ...,..., 
.).) 

19 
8 . 8 
3 . 6 
1 . 7 

0 

ohm- lcm- 1 
x io- 13 

3 . 1 
4 . 4 
6 . 0 
9 . 6 

12 
31 
83 

180 
410 

4 . 4 
6 . 0 
8.1 

11 
19 
46 

130 
260 

3 . 2 
3 . 8 
3 . 8 
4 . 5 
5 . 1 
5 . 1 
5 . 7 
1 .0 
9 . 6 

17 
36 
88 

190 



Table 2 . (Continued) 

Sample/ 
run 

2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 

l/T 
OK- 1 

x lo-4 

12 .9 
12 . 5 
12 . 3 
12 . 2 
12 . 0 
11.8 
11 . 5 
11 . 4 
11 . 1 
10 .8 
10 . 5 
10 . 3 
10 . 0 
9 .8 

65 

I 
amperes 
x lo-9 

0 .6 
0 .6 
0 . 7 
0 .8 
0 .8 
0 .8 
0 .9 
0 .9 
1.3 
2 . 0 
4 . 4 

10 
25 
56 

R 
ohms 

x 1010 

83 
83 
71 
62 
62 
62 
56 
56 
38 
25 
11 

5 .0 
2 . 0 
.89 

rr 

ohm- lcm- 1 
x lo-13 

3 .8 
3 .8 
4 .5 
5 . 1 
5 . 1 
5 . 1 
5 . 7 
5 . 7 
8 .4 

13 
29 
63 

160 
360 
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Table 3 . Conductivity data for gamma dose of 6310 rad/min 

Sample/ 
run 

1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

l/T 
OK- 1 

x 10 - 4 

12 . 9 
12 . 2 
11. 3 
11 . 0 
10 . 8 
10 . 5 
10 . 3 
10 . 1 

9 . 9 

12 . 3 
11. 7 
11.2 
10 . 9 
10 . 7 
10.4 
10 . 2 
10.0 

12 . 3 
12 . 2 
11 . 8 
11 . 5 
11.2 
10 . 9 
10 . 6 
10 . 4 
10 . 1 

9 . 9 

I 
amperes 
x lo-9 

. 87 
1.0 
1. 2 
1. 6 
2 . 1 
5.2 

14 
30 
69 

. 87 
1.1 
1 . 3 
2 . 4 
3 . 3 
8 . 2 

21 
42 

1.0 
1 . 1 
1. 3 
1. 3 
1.4 
1. 8 
2. 9 
5 . 9 

14 
30 

R 
ohms 

x 1010 

58 
50 
42 
31 
24 

9 . 6 
3 . 6 
1. 7 
. 73 

58 
45 
38 
21 
15 

6 .1 
2 . 4 
1 . 2 

50 
45 
38 
38 
36 
28 
17 

8 . 5 
3 . 6 
1. 7 

0 

ohm- lcm- 1 
x lo- 13 

5 . 3 
6 . 1 
7 . 3 
9 . 9 

13 
32 
85 

180 
420 

5. 3 
6 . 8 
8 . 1 

15 
20 
50 

130 
250 

6 . 3 
7 . 0 
8 . 4 
8 . 4 
8 . 8 

11 
19 
37 
88 

190 



Table 3. (Continued) 

Sample/ 
run 

2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 

12 . 9 
12 . 5 
12 . 2 
12 . 0 
11.8 
11.5 
11 . 4 
11.1 
10 . 8 
10 . 5 
10 . 3 
10 . 0 

9 . 8 

67 

I 
amperes 
x lo-9 

1.0 
0 . 9 
1.0 
1. 1 
1.1 
1.2 
1. 3 
1. 6 
2 . 4 
4.8 

11 
26 
57 

R 
ohms 

x 1010 

50 
54 
50 
45 
45 
42 
39 
31 
21 
10 

4 . 5 
1. 9 
. 88 

(I 

ohm- 1cm-l 
x lo- 13 

6 . 3 
5 . 8 
6 . 3 
7 . 1 
7 . 1 
7 . 6 
8 . 1 

10 
15 
32 
71 

170 
360 
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Table 4 . Conductivity data for gamma dose of 13500 rad/mi~ 

Sample/ 
run 

1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 
1/2 

2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 
2/1 

l/T 
OK - 1 

x lo-4 

12 . 9 
12 . 2 
11 . 3 
11 . 0 
10 . 8 
10 . 5 
10 . 3 
10 . 1 

9 . 9 

12 . 3 
11 . 7 
11.2 
10 . 9 
10 . 7 
10 . 4 
10 . 2 
10 . 0 

12 . 3 
12 . 2 
11 . 8 
11 . 4 
11.1 
10 . 8 
10 . 5 
10 . 3 
10 . 0 

9 . 8 

I 

amperes 
x 20 - 9 

1.5 
1. 7 
2 . 0 
2.0 
2 . 4 
5 . 6 

16 
31 
71 

1.6 
1.8 
2 . 2 
3 . 0 
3 . 6 
8 . 6 

22 
43 

1.9 
2 . 1 
2.3 
2 . 3 
2 . 6 
4 . 2 
5 . 1 

10 
23 
58 

R 

ohms 
x 1010 

33 
29 
25 
25 
21 

8 . 9 
3 . 1 
1. 6 
. 70 

27 
28 
23 
17 
14 

5 . 8 
2 . 3 
1.2 

26 
24 
22 
22 
19 
12 

9 . 8 
5 . 0 
2.2 
. 86 

(J 

ohm- lcm- 1 
x 20 - 13 

9 . 3 
11 
12 
12 
15 
34 
99 

190 
440 

9 . 9 
11 
13 
18 
22 
53 

130 
260 

12 
13 
14 
14 
17 
26 
31 
63 

140 
370 



Table 4 . (Continued) 

Sample/ 
run 

2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 

l/T 
OK - 1 

x 10 - 4 

13 . 3 
12 . 9 
12 . 5 
12 . 2 
12 . 0 
11.8 
11 . 2 
10.9 
10 . 6 
10 . 4 
10 . 1 

9 . 9 

69 

I 
amperes 
x lo -9 

1.5 
1.9 
2 . 0 
2 . 1 
2 . 2 
2 . 2 
2 . 4 
3 . 0 
4 . 5 
7 . 7 
1.6 

37 

R 
ohms 

x 1010 

33 
26 
25 
23 
23 
23 
21 
17 
11 

6 . 5 
3 . 1 
1.4 

(J 

ohm- lcm- 1 
x lo- 13 

9 . 6 
. 12 
13 
14 
14 
14 
15 
19 
29 
49 

100 
230 
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Table 5 . Data for determination of dose r ate dependency 
of conductivity at 550° C 

Sample 

1 

1 

1 

2 

2 

2 

2 

2 

Dose rate 
rad/mi n 

x 103 

3 .49 
6 . 31 

13 . 50 

3 . 49 

4 . 75 
6 . 31 

8 .95 
13 . 50 

I 
amperes 
x lo- 9 

. 72 
1. 0 

1 . 7 

. 72 

.95 
1.1 

1.4 

2 . 1 

R 
ohms 

x 1010 

71 

50 

29 

71 

53 

45 
36 

24 

r; 

4 .5 
6 . 1 

11 

4. 5 
6 . 0 

7 . 0 

8 .8 

13 
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Table 6 . Background current data for irradiated apparatus 
wichout specimen 

12 . 9 
12 . 4 
12 . 2 

11.8 
11 . 5 
11 . 2 
11 . 1 

10 .9 
10 .8 
10 .6 
10 .4 
10 . 3 
10 . 1 
10 . 0 

9 . 7 

a Gamma dose 

bGamma dose 

cGam.'ila dose 

amperes 
x io-10 

3 . 8 
3 . 8 
3 .8 

3 .9 
4 . 1 
4 . 4 
4 . 3 

4 . 3 
4.4 
4 .4 
4 .8 
5 . 0 
5 .2 
5 . 7 
6 . 5 

rate of 

rate of 

ra-ce of 

3 . 49 x 103 

6 . 31 x 103 

1 . 35 x 104 

amperes 
x io-10 

7 . 2 
7 . 4 
7 .4 

7 . 5 
7 . 7 
7.9 
8 . 2 

8 . 2 
8 . 5 
8 .5 
9 . 1 
9 . 5 
9 . 6 

10.2 

11 .4 

rad/min . 

rad/min . 

rad/min . 

amperes 
x io-10 

9 . 1 
9 . 1 
9 .2 

9 . 3 
9 . 6 
9 ,9 

10 .2 

10 .4 
10 .5 
11 .0 
11 .2 
11.8 
12 . 2 
13 .0 

14 . 4 
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ERROR ANALYSIS RESULTS 

The uncertainty in the single values of conductivity 

due to measuring apparatus error and specimen dime~sional 

variation is 5 . 6 percent . 

The confidence levels of the straight line leas~ square 

fit of specimen conductivities for condition indicated are 

Unirradiated 95% 

3 . 49 x 103 rad/min 86% 
6 . 31 x 103 rad/min 56% 

1.35 x 104 rad/min 33% 

The uncertainties of the mean conductivity val ues 

correspondin~ to the straight line least square fit for the 

unirradiated specimens are 91 percent for values in the 

lo- 14 ohm- lcm- 1 range and 38 percent for all other values . 

The uncertainties for mean conductivity values of 

irradiated specimens are 

3 . 49 x 103 ro..d/min 11% 

6 . 31 x 103 rad/min 9% 

1 . 35 x 104 rad/min 12% 
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