
OAK RIDGE NATIONAL LABORATORY 
operated by 

UNION CARBIDE CORPORATION 
NUCLEAR DIVISION 

for the 
U.S. ATOMIC ENERGY COMMISSION 

ORNL- TM- 

A N  IRRADIATION EXPERIMENT TO STUDY THE COMPATIBILITY OF 
B E 0  WITH GRAPHITE AT 1500'C 

PART I I. OPERATION AND POSTlRRADlATtON EVALUATION 

C. A, Brandon 
D. R. Cuneo 
G.  B. Engle 
E. L. Long, Jr. 

HOTlCE ~ h i r  document contains intormotion of o preliminary natwre 
and was prepared piimarily for internal use at the Ook Ridge Notion01 
Laboratory. It i s  subject to revision or cqmction ond thdt'efor~ d-s 
not represent o final repart. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



ntSs repor? was prep014 as am 8cc~unt of sponsord work. bit& the United lit*., 
nor h ~ n r i s r i o n ,  nim any person adins on khdlf dR W P W ~ t s z i w ~ .  

A. Makes any worr&y ar rqr~msenidlon. ayna.sed cw impnplird. with respect t o  the OECOI~C~, 

completenss, mr usefulnass of the iniotmetian raMalned in rhir rap@, or that the use of 

ony Information, apparatus, mathad, or prncess disrlosad in this report ma)r not infrim 
prt~eto ly  04 ri~bttbt*; or 

& Assumer m y  l i ~ b t l i t i e s  with respect to the use of, 4r h r  dumwa rewlt ing ~ F D ~ I  th m e  uf 

any informstPm, oppmetws, method, or process dlsclaaed in th is  *port. 

As used i n  the obove, ''pomcm w i n g  on bshalf ef the bmmirs3m** insider a- aaipf.uyae or 
~ontr-01 of the Conmisrion, or  employ^ of such  ont tractor, to the ex$ent thot suck m r p l m y  

or contractor of the Gonanission, or employee of such cantsactor pr~pams, di-mimatas, OI 

provides ocaess to, ony infora~lfiem pursuant t s  his employment pl contract r Wh * Conrmiaaion, 
or his employment with surh c m t r e q ~ ~ .  



- .  

Contract N O .  W-7405-eng-26 

REACTOR DIVISION 

AN IRRADIATION EXPERIMENT TO STUDY THE COMPATIBILITY OF 
BE0 WITH GRAPHITE AT 1-500" C 

PART 11, OPERATION AND POSTIRRADIATION EVALUATION 

C. A .  Brandon 
D .  R .  Cuneo 
G .  B, Engle* 
E. '  L. Long, Jr. 

L E G A L  N ~ T I C E  ! 

. This report was prepared as an account of ~overnrdent  sponsored work. Neither the United ' 
States, nor the Commission, nor any person acUng ob behalf of the Commission: 

A. Makes any wnrranty o r  representation, expressed or  implied, with respect to the accu- 
racy, completeness, or usefulness of the information contained In this report, or that the use 8 

of any informallon, apparatus, method, o r  process disclosed in thls report may not infringe 
privately owned rights; or 

B. A s ~ u m e s  any llnhilities with respect to the use of, or for damages resulting from the ;' 
use of nny Information, apparatus, method, o r  process disclosed in this report. 

As used in the above. "person acting on behalf of the Commission" includes any em- 
! 

ployee or contractor of the Commlesion, o r  employee of such coniractnr. (to tho cxtent Ulat 
, such employee o r  oontracha  uf the Commission, o i  employee of such contractor prepares, 

disseminates, o r  provides access to, any informatioh pursuant to N s  employment o r  contract ' 
with the Commission, o r  his employment with such dontractor. 

- -- - 

i 

OCTOBER 1967 

.OAK RIDGE NATIONAL LABOIUTOHY 
Oak Ridge, Tennessee 

operated Is) 
WN'IO~T CARBIDE CORPORATION 

f o r  t h e ,  
U.S. ATOMIC ENERGY COMMISSION 

- I- ,._ -- 
*General Atomic Division nf General Dynamics Corpura.l;ion, Sa.n Uiego, 

Ca l i fo rn ia  



THIS PAGE 

WAS INTENTIONALLY' 

LEFT BLANK 



CONTENTS 

Page 

ABSTRACT ........................ i . . . . . . . . . . . . . . . . .  .................. 1 

INTRODUCTION ................................................. 1 

.. MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ' . . 9 . . . .  3 

. F a c i l i t y  Descript ion .......................................... 4 
I r r a d i a t i o n  condit ions 7 a ...................................... 

................................... Specimen Temperature 7' 

Neutron Exposure ....................................... 7 

............................... Capsule Disassembly ............ ; 8 

Chemical Compatibi l i ty ....................................... 10  

.......................................... Dis t r ibu t ion  of 6 ~ i  18 

Physica l  Behavior of Be0 and.Graphite  ....................... 21 
CONCLUSIONS ... . . . . . . . . . .s.... . . . . . . . . . . . . . . . . . . . . . . . ' . . . . . . . . . . . . . . . .  2 1  

........ ACKNOWLEDGEMENTS ............................................ ; 25 

APPENDIX A . Determination of ~ e u t r o n  Exposure f o r  BeO-Graphite 
Compatibility I r r a d i a t i o n  Test from Flux Monitors ............... 29 

. . 



AN IRRADIATION EXPERIMENT .TO STUDY THE COMPATIBILITY 'OF 
BE0 WITH GRAPHITE AT 1500" C 

. , 

PART' 11. OPERATION AND POSTIRRADIATION EVALUATION 
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D .  R .  Cuneo 
G .  B. Engle* . 
E .  L. Long, *Tr. 

ABSTRACT 

An i r r a d i a t i o n  experiment was conducted a t  Oak Ridge National  
Laboratory a s  a p a r t  of a cooperative program w i t h ' ~ e n e r a 1  Atomic 
t o  develop advanced ga's cooled reac to r  technol.oe;y. The lapped su r -  
f aces  of Be0 and g raph i t e  r i n g s  were maintained i n  in t ima te  contac t  

. ' during 9 months exposure a t  1280-1500"~ t o  1 x neutrons/cm2, 
E > .18 Mev. P o s t i r r a d i a t i o n  examination.of the  contac t  .surfaces 
ind ica ted  no chemical. r e a c t i o n  had occurred. 

These r i n g s  and o ther  components of the  i r r a d i a t e d  assembly 
6 were examined f o r  Li .  A massive Be0 core (2- in .  diam by 4.5-in.  

length) ' .  was -found t o  have re t a ined  a major por t ion  of the  ~i 
generated wi th in .  i t  during the  i r r a d i a t i o n .  

No gross  r a d i a t i o n  induced.physica1, damage was observed i n  
e i t h e r  Be0 or  graphi te  components. The physical' changes observed 
were i n  genera l  agreement with previously repor ted  r e s u l t s .  

INTRODUCTION 

An i r r a d i a t i o n  experiment t o  s tudy the  compat ib i l i ty  of Be0 with graph- 

i t e  was conducted a t  the  Oak Ridge National  Laboratory a s  p a r t  of the  ad- 

vanced.gas-cooled reac to r  technology research  and development program being 

c a r r i e d  out  cooperat ivety wi th-Genera l  Atomic. The experiment was designed 
- .  

t o  study the  e f f e c t s  of f a s t  neutron r a d i a t i o n  on the  chemical compa t ib i l i ty  
6 of Be0 i n  contac t  with g raph i t e  a t  1500°C, t h e  d i s t r i b u t i o n  o f  the  L i  which 

i.s formed i n  the  BeO, and the  physica l  behavior of Be0 and . . graph i t e .  

*General Atomic Division of General ~ ~ n a k i c s  Corporation, San Diego, 
. Cal i fo rn ia .  

. . 



Information on these  e f f e c t s  w i l l  be useful  i n  the fu r ther  evaluation of 

t h e  BeO-graphite moderator system f o r  high-temperature gas-cooled reactors .  

The p r inc ipa l  r eac t i on  between Be0 and carbon i s  expected t o  be: 

Motzfeldtl has shown t h a t  i n  t he  absence of rad ia t ion  very l i t t l e ,  i f  any, 

rea.ct ion occurs a t  1500°C. An objective of t h i s  experiment,was t o  deter-  

mine i f  the  formation of Be2C proceeds t o  a detectable  extent  i n  the  pres- 

once of ra.ilj.ation. Formation of Be C would cause swelling of Be0 components . 2 . *J: 
res i i l t ing  i n  physical  damage. I n  addi t ion the  e x i ~ t a n c e  of a high concerl- 

t r a t i o n  of CO i n  the  r eac to r  coolant gas could cause a t r ans f e r  of carbon 

from the  core (by means of disproportionation of CO t o  carbon and ~ 0 ~ )  

Be0 . is  of p a r t i c u l a r  i n t e r e s t  a s  a morlcrator f o r  .advanced gas- 

cooled reac tors  because of i t s  benef ic ia l  e f f e c t  on the  neutron economy re -  

s u l t i n g  from the  (n,2n) f a s t  neutron react ion.  However, another nuclear 

reac t ion ,  (n ,a ) ,  r e s u l t s  i n  the  formation of the  long-lived nuclear poison 
6 Li ( thermal cross  sec t ion  =.945b). 

The n c t  worth of beryll ium moderation i s  strongly'depeadent upon t h e  

accumulation of 'Lri j.n the  coree2 ' Recently S t i e g l i t z  and' zumwalt3 have 

s tudied t he  r e l ea se  of " L i  at; 1000 t o  1600°C from. .Re0 granules and p e l l e t s  

which had been i r r a d i a t e d  t o  'about lel neutrons/cm2 (E > 1 Mev) a t  380" C 

and 490°c, respect ively .  They est imate t h a t  near ly  complete re lease  (99%) 

o f  "LI. r a n  he expected f o r  . a  reactor  using Be0 granules a t  a tempera.ture 

of 1000°C. Their da t a  from the  p e l l e t s  were inconclneive bu t  strongly SWa r 

g e s t  much lower r e l ea se  r a t e s .  d:' 

The present  i r r a d i a t i o n  experiment.was ca r r ied  out  i n  the  F-1 core :., 

por i t i on  of t h e  ORR i n  a perturbed f a s t  f l ux  of 5 x 1013 ne~t rons /ca l*~sec  

'Motzfeldt, K. Acta Uien. Scand. 18(2) :  495, 1964. 
'w. D. Manly, Some Physics Aspects f o r  Be0 Core Design, Proceedings 

of F i r s t  Tnternat ional  Conference on Beryllium Oxide, Sidney, Austra l ia ,  
Oct. 21-25, 1963, published by North-Holland r u b l i ~ ~ h i n g  Company, Amsterdam, 
1964. 

3 L. J. S t i e g l i t z  and L. R .  Zumwalt, Release of 6 ~ i  from I r r ad i a t ed  
Beryllium-Oxide Moderator Material ,  Nuclear Applications, Vol. 2, p. 394, 
October 1966. , 



(E  > 0.18 ~ e v ) .  The i r r a d i a t i o n  begail March 14, 1565 and was terminated 

December 13, 1965. During the l a s t  f i v e  months of the t e s t ,  t he  tempera- 

t u r e  decreased gradually from 1500 t o  1 2 8 0 " ~ .  The t e s t  was terminated, 
2 

even though thG exposure achieved, 1 x 1021 neutrons/cm , was only approxi- 

mately one-half the  desired value, t o  avoid operation i n  a temperature 

range of <1200° C where the '  Be0 might have swelled and crackede4 

The scope of 'the experiment included development of an i r r ad i a t i on  f a -  

c i l i t y ,  p re i r rad ia t ion  character izat ion of mater ia ls ,  con t ro l  and monitor- 

ing of i r r a d i a t i o n  conditions, and the  pos t i r rad ia t ion  evaluation of re -  

s u l t s .  The i r r ad i a t i on  f a c i l i t y  and pre i r rad ia t ion  character izat ion have 

been described previously.5 The i r r a d i a t i o n  conditions and postirra.d.j,ation 

evaluation a re  described and discussed i n  t h i s  . repor t .  

MATERIALS 

The Be0 and graphite  specimen^ were machined from stock suf;t'icienkly 
\ 

.oversized t o  provide a number of control  samples.. The BeO, designated UOX,* 

had a densi ty  of 2.87 'g/cm3 and a pu r i t y  of >99.5%. , The graphi te ,  designa- 

t ed  780SH, was obtained i n .  the  form of logs approximately b i n .  i n '  diameter. 

The graphi'te. was prepared wiAh Texas petroleum coke bonded with coal-tar  
. . 
pi tch  and a s inglc  p i t ch  impregnation wa.s added t o  increase the  s t rength 

and ,density.  The mate r ia l  was estimated by the  manufacturer t o  have been 

graphit ized i n  the range 2700 t o  2800" C. A more complete descr ipt ion of 

the  graphite i s  given i n  reference 6 .  Fabrication procedures for' the  sam- 

p les  used i n  t h i s  experiment a r e  de t a i l ed  i n  reference 5. 

*Supplied by Brush Beryllium Company. 
=Supplied by Speer Carbon Company. 
4 G .  W. Keilholtz,  J .  E. Lee, Jr., R .  E .  Moore, 1rra .dia t ion Damage t o  

Sintered Beryllium Oxide as a Fwlction of Fa.st Neutron Dose a.nd Flux a t  
110°, 605" and llOO°C, ~ u c l .  Sci .  Eng. 36, 'pp.  329-338, 1966.. 

C .  A .  Brandon, An I r r ad i a t i on  Experiment t o  Study the  Compatibility 
of Be0 with Graphite a t  ,1500" C,  USAEC Report, ORNL TM-1255, Oak Ridge 
National Laboratory, November 1965. 

6 G .  B. Engle, Dimensional and Property Changes of Impregnated and 
I so top ic  Graphites I r rad ia ted  a t  '300"-1500" C ,  GA-7326, Apr i l  1967. 
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EXPERIMENTAL PROCEDURE 

F a c i l i t y  Description 

The i r r a d i a t i o n  f a c i l i t y  i s  described i n  d e t a i l  i n  reference 5 and 

only a b r i e f  summary w i l l  be given here. A dlagramnmnaLlc secttion of the 

capsule assembly and a photograph of t he  major components a r e  shown i n  

Figs .  1 and 2, respect ively .  The assembly consisted of a graphite sleeve , 

which was f i t t e d  over a Be0 core. The reac t ion  in te r face  consisted of the 

lapped curfaces of a, Be0 r i n g  and a graphi,Le ~ < i n g  t h a t  were abutted. 

Notches were provided i n  t he  lapped surrace uf Lhe graphitc . r i ng  to allnw 

an i n e r t  purge gas t o  penetra te  close t o  t he  reac t ion  surfaces and remove 

gases t h a t  might form. These r ings  were contained within the  assembly by 

supporting the  Be0 r i n g  on a shoulder midway along the  length  of the  Be0 

core.  The graphi te  r i n g  was placed ins ide  the  l a rger  i n t e r n a l  diame%er ul' 
. . 

t he  graphi te  sleeve and r e s t ed  atop t he  Be0 r ing .  Posi t ive  contact  over 

t he  reac t ibn  i n t e r f ace  was assured by alignment of the  .lapped surfaces of 
' 

t he  specimen r i ngs .  The alignment was maintained by the  mating of a 

spher ica l  radius  on t he  g r u p l ~ i t t  r i n g  and a conical s h o U d e r . i n  the  graph- . 

i t e  sleeve.  Contact pressure  was maintained by the  weight of the  graphite 

sleeve end. 'the fo rce  from a molybdenum spring placed abop t l ~ e  anoembly. 

The design temperature was achieved w i t h t h e  gamma heating uf tile ma- . 

t e r i a l s  and by the  thermal insu la t ion  of a s e r i e s  of moLy'bdenum r e f l e c t o r s  

spaced t o  form gaps which were f i l l e d  with s t a t i c  gas. Temperature control  

wan maintained by. varying t he  composi%f on u f  -khe contirnuouo helium-argon 

purge. The specimen temperatures were monitored' by s i x  tungsten-5% rhenium 

versus tungsten-26% rhenium thermocouples t h a t  were posit ioned within f i ve  

molybdenum wel ls  t h a t  penetrated t o  various depthc within t he  Be0 core and 

one wel l  t h a t  penetrated t o  the  mid-plane of the  graphi te  slccve. 

Two c t a in l e s s  steel.  flux-monitor wires were posit ioned within the wall  

of the  s t a i n l e s s  s t e e l  primary container. A holder was at tached t o  the  

outer  surface of the  secondary container l o r  per iod ica l ly  rcglnc.ea:ble f 3 . u ~  

monitors. 

The continuous high-purity helium-argon purge was di rected upward be- 

twee'n t he  Be0 core and the  graphi te  sleeve,  through the  notches a t  the  
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Fig. 1. BeO-Graphite Compatibility Irradiation Test Capsule Assembly 
Section. ' 



Fig .  2 .  Capsule l a r t s  f o r  Ee0 G r ~ p h i t e  C o n p t i b i l i t y  I r - zd ia t io9  
Test i n  E e r ~ p e c t i v e  Layout. 



reaction interface,  and exhausted a t  the top of the capsule. The helium 

-and argon used i n  the purge were purified by passing through molecular- 

sieve drying towers and hot titanium sponge ( a t  1 4 0 0 " ~ ) .  The gases were 

mixed jus t  upstream of the -titanium sponge and then passed through -150 

f t  of ultrasonically cleaned tubing before entry in to  the capsule. A 

moisture monitor was positioned i n  the purge l i n e  a t  the closest  posit ion 

(-70 f t )  ahead of the capsule. The periodically determined moisture con- 

t en t  of the purge did not exceed 5 ppm. 

I r rad ia t ion  Conditions 

The specimen temperatures and the f a s t  neutron flux were the primary 

conditions which were controlled and/or monitored during the i r rad ia t ion .  

Specimen Temperature 3 

During the i n i t i a l  reactor s tar tup the purge gas consisted of. 1 0 6  
I.. 

helium. Argon was gradually added over a period of a few hours inti1 a 

maximum Be0 temperature of 1600° C was achieved with 10@ argon. The com- 
i. = 4' 

position of the purge was then adjusted t o  obtain the desired te iperature ;$ . 
of 1500°C a t  the interface between the specimen rings.  This temperature & - " : :-:",; was not measured d i rec t ly  but was defined as the average of the thermo*. 

couples positioned, i n  the Be0 a m  graphite near the rings i n  the approxi- 

mate plane of the interface.  During the first four months, the interface 

temperature was maintained a t  -1500°C by periodic adjustmen%$ of the purge 

gas. 

During the l a s t  f ive months of the t e s t  the interface temperature de- 

creased from 1500 t o  1280°C even though a purge of pure argqn was maintained 

continuously. This condition i s  believed t o  have resulted from the deterio- 

ra t ion  of the re f lec t ive  thermal insulation. The longest exposure a t  a 

temperature below 1280°c occurred when the temperature was lowered t o  950°C 

fo r  two days while' a leak between the two containments was investigated. 

Neutron Exposure 

Two types of neutron flux-monitors were used during the i r rad ia t ion  

t e s t .  Two s ta in less  s t e e l  monitor wires which were sealed i n  the t e s t  



capsule were removed during the post i r radiat ion hot c e l l  examination. 

The r e s u l t s  from these wires gave a value fo r  the integrated exposure of 

the  t e s t  materials. Each of a ser ies  of f lux  monitor canes were exposed 

f o r  -two weeks i n  a holder attached t o  the outside of the capsule. The 

r e s u l t s  from these canes provided a periodic indication of the exposure 

during the course of the t e s t .  

Each f lux  monitor cane tubular assembly contained three sealed quartz 

ampules spaced 0.80-in. apar t  along the longitudinal axis of the capsule 

with the center ampule i n  the  plane of the interface between the specimen 

r ings.  Each ampule contained a cobalt-aluminum al loy (0.0964 wt $ cobalt)  

wire, a nickel wire, end an i ron  wire. 
6 9 The thermal f l u x  was determined from the ~ o ( n , ~ ) ~ O  Co reaction and 

the  f a s t  f lux  (E > 0.18 Mev) from the S 8 ~ i ( n , p ) S 8 ~ o  and 54~e(n,p)s4Mn re- 

actions.  The neutron dosimetry calculations a re  detai led i n  Appendix A.  

The f a s t  neutron f lux  (E > 0.18 Mev) a t  the centerline of the specimens was 

-5 x ld. neutrons/cma sec and the corresponding f a s t  neutron exposure 

(E > 0.18 ~ e v )  was -1 x neutrons/&. The neutron flux a t  the center- 

l i n e  was assumed t o  be the average over the volume of the Be0 and graphite 

components. 

EXPERIMENTAL RESULTS 

Capsule Disassembly 

Since the most probable reaction product fo r  Be0 and graphite, Be2C, 

i s  reportedly hygroscopic, the disassembly of the capsule was performed i n  

a dry box within a hot c e l l .  Nitrogen sweep gas, with an ef f luent  dew point 

below &nus 46" C, was used i11 the dry box during the disassembly, The dry 

box was made of plexiglas  t o  permit v isua l  observation during the dis- 

Visual observations made during disassembly of the c a p x ~ ~ l e  indicated 

t h a t  no gross i r r ad ia t ion  induced physical damage had occurred t o  any of 

the Be0 or graphite components. A segment was broken from the lower end 

of the graphite cylinder, Fig. 3,  but t h i s  i s  believed t o  have resul ted 
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Fig. 3 .  BeO-Gra&ite cornpa t i b i k t y  ~ r r a d i a t i o n  ~ e s t , '  Graphite -Cylinder, 
(a ) preir radiat ion,  (b )  postirradiation.  



from mechanical action during the removal of the graphite from the molyb- 

denum heat shield tha t  had deformed around it. The EeO cover p la te  was 

recovered i n  four pieces, Fig.' 4, however, i t  had become t ight ly  wedged 

i n  the molybdenum cover p la te  and was a l so  probably broken during dis- 

assembly. No differences, other than marks, probylbly due t o  contact with 

graphite, are evident from comparison of the pre- and post-irradiation 

photographs of the Be0 core and core support shown i n  Figs. 5 and 6 re- 

spec t ive ly  . 
The inner molybdenum heat shield, shown i n  Fig. 7, had two large (-112- 

in .  x 4 /4- in . )  holes. Opposite these holes, on the surface of the graphite, . 
I 

there were,deposits t h a t  oppeared metallic. The deposits were determined 

by x-ray diffract ion t o  be Mo C; The clearance between the graphite sleeve 
w 

2 
and the 0.003-in.-thick molybdenum heat shield was designed t o  be 0.034-in. 

Either the inner heat shield contacted the graphite or the Mo2C was formed 

i n  the vapor phase and deposited on the graphite sleeve. 

Most of the t~mgsten-5$ rhenium versus tungsten-26% rhenium thermo- 

couples and the molybdenum thermocouple wells were i n  good condition. One 

thermocouple, t h a t  had fa i l ed  during the t e s t ,  was found t o  have a broken 

lead wire immediately above a rather large junction bead. The thermocouple 

and well located i n  the graphite could not be removed intact .  These are 

evident i n  the top view of the graphite cylinder, shown i n  Mg. 3 .  
The in ter ior  of the, primary container was coated with a black deposit 

a s  were the tubes and thermocouple extensions i n  the region immediately 

above th6 capsule. Some af the Be0 insulation beads used with the high 

temperature the rmoco~les  were also darkened. The beads war the thermo- 

couple junction, the hot tes t  region, were not discolored (see Fig. 8). 

The deposit was carbon apparently resULtiYlg from the dlsyrupurtiiunation sf 

CQ and CQ7: and carbon. 

Chemical Compatibility 
I 

The principle areas studied for-evidence of a reaction between the Be0 

and graphite were the, lapped surfaces of the Be0 and graphite rings, which 

had been i n  intimate contact throughout the t e s t .  These surfaces are shown 

i n  Figs. 9 and 10. Visual examinations made during the capsule disassembly 



Fig. 4. BeO-Graphite Compatibility Irradiation Test, Be0 Cover Plate, 
(a ) preirradia tion, (b ) postirradiation. 



Fig. 5 .  BeO-Graphite: Coma tfbility Irradiation Test, Be0 Core, (a) preirradiation, 
(b) postirradietion. 





Fig. 7. Postirradiation View of Be0 Graphite Compakibility 
Irradiation Test , Inner Heat. Slrrfeld wi LL 1/2" x 3/4" Holc~ . 



Fig. 8. Postirradiation View of BeO-Graphite Compatibility Irradiation Test 
Thermocouples Showing Black Deposits, (a), '1IE: Bos. k.,,- %pd 5, (b) TE Nos. 1, 3,  9. . .. ,,. * .., .'r --. - , .-- . , '  I ..I 

, y - * J . \  ' 
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Fig. 9. BeO-Graphite Compatibility Irradiation Test, Be0 Ring, (la) 
lapped surf ace, preirradiation, (lb) back side, preirradiation, (2a) lap- 
ped surface, postirradiation, (2b) back side, postirradiation. 



Fig. 10. &O-Graphite Compatibility Irradiation Test, Graphite Ring 
( l a )  lapped surface, prei rradiation, ( lb )  back side,  preirradiation, 
(2a) lapped surface, postirradiation, (2b) back s ide,  postirradi ation.  



a t  a magnification of 10X showed no evidence of reaction products on the 

surfaces. X-ray diffraction results on the Be0 ring surface revealed only 

Be0 with no evidence of G2c. Metallographic examination of the surfaces 

a t  a magnification of 200X ( see Fig. 11) also showed no reaction products. 

Distribution of 6 ~ i  

The (n,2n) reaction i n  beryllium offers a possible enhancement of the 

breeding r a t i o  by about 0.08 i d  a large Be0 reactor .2 If a major portion 

of the Be0 i s  not associated w i t h  N e l  and -cywe(luently i s  not reyrucsased 

with the fuel  but remains permanently i n  the reactor, " ~ i  poisoning from 

the (n,a) reaction, would saturate i n  a short t i m e  compared t o  reactor l i f e  

and ndgate the benefits of the (n,2n) reaction. Therefore, it i s  important 

t o  determine under what conditions the '%i will diffuse out of the BeO, ' , 

where it i s  formed. Thus, .the determination of the distribution of 6 L i  

was one of the major objectives of th i s  experbent. 

A procedure first suggested'by ~tnales' and la te r  d f X e d  by st iegli tz3 

uses the nuclear reactions 'Li(n, t ) 4 ~ e  followed by l6 0($ ,n) l8~  t o  determine 
8 L i  i n  an oxygen-lithium mixture. This method was 'used t o  dettenpiae the 

concentrations of '~i i n  samples selected fram various cmpanen$s of the 

irradiatkon capsule. The results  are shown i n  Table 1. 

No sigtzificant .differences were found antong the concen&atioas in s i x '  

core-drilled samples from the b O  @ore. The gamples were taken from three 

longitudinai locations and divided t o  yield averages for  the inner and outer 

half radi i .  Whilq the " ~ i  concentrations are low, i r i  the pg/g range, they 

are a t  l eas t  an prder of magnitude greater than concentrations found i n  un- 

irradiated control BeO. Based on the average concentration, the irradiated 

core contained -400 pg of ' ~ i ,  which i s  a major portion of the calculated 

725 Pg of 'Id. produced. 

The production of 'Li was calculayd on the basis of the neutron flux 

and irradiat ion time. The result  of the calculatian i s  subject t o  large . 

uncertainties related t o  the flux spectrim i n  the fac i l i ty  and the varia- 

tions i d  the (n,cr) cross sections with neutron energy. The unccr Ltllnty 

7 ~ .  A. Smales,,Ann. Reports Chem. Soc. 46, p. 290, ,1949. 
I 



Fig. 11. Be0 and Graphite Surfaces t h a t  were i n  Contact During Ir- 
radiat ion (a) Be0 and (b )  Graphite. 
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Table 1. 6'k Concentrations i n  Capsule Components of BeO-C 
Compatibility Irradiation Test 

Component Sampled Concentration of L i  
(p,g/g of component) 

Portion of Mo effluent gas l ine  2 09 
Graphite cylinder 

Graphite ring 

Be0 ring' 

Be0 core d r i l l  near tor, 

Vuter 112 
Inner 1/2 

13e0 core &ill new center , 
Outer 1/2 1.1 
Inner 1/2 2 .O 

Be0 core d r i l l  near bottom 

outer 1/2 2 .3 
Inner 1/2 1.7 

.. -Portion of primary stainless s tee l  con- 0 
tainment 

jwr; -1,- - - . -  - - - "  --. ! " + - ~ " q u = - - r  ". x+;:: - ?4'.'3;:' 
rL& - 2. , - I 

' ,,, * L @ + ,  L*"<& \ . -c ,T::-,&2rL H A ,  . -LJb.l i 3 -  +. 8 . . - -*. t . + 1 

- i n  the calculated prduct ion and the scatter  i n  the measured concentra- 

d t 1-%ions, make a quantitative determinaf ion of the released ' ~ i  questions ble . 
- Since a major portion of the calculated production was accounted for  and 

no appreciable concentrations of "Id. were found i n  other parts of the cap- 

aae, it yas conc2uded that  most of the 'Li formed in  the core remined 

9n the core. 

A sinale comparison of the concentrations i n  t h e  Be0 r i g  and i n  the 

BeO-core indicates tha t  the ' ~ i  retention m y  be a function of surface- 

to-volume r a t i o  of %he component. The tsulace-to-volume ra t ; i ao f  thc sing 

wa.s about 6 times that  of 'the core whereas the " ~ i  concentration i n  the 

ring i s  about one-tenth tha t  of the core. Work by St iegl i tz  and zumwalt3 

has shown that  vir tually a l l  (99.69) of 6 L i  i s  removed from small (-20 t o  

;40 mesh) granules of Be0 which had been irradiated a t  380-490~ C and sub- 

eequently heated a t  1400" c for  U.5 hours i n  a moving gas stream. 



Physical Behavior of Be0 and G r a ~ h i t e  

Weight and dimensional changes f o r  the Be0 \and graphite components 

of the experiment a r e  summarized i n  Table 2. The shrinkage i n  the graph- 

i t e  was uniformly about 1%. These dimensional changes a r e  i n  f a i r  agree- 

ment with other work by ~ n ~ l e '  on similar graphites.  Dimensional changes 
6 a r e  expected t o  become more anisotropic with increasing exposure. The 

Be0 core expanded both r ad i a l ly  and longitudinally.  about 1/2%. The other 

Be0 pieces showed expansions varying from 0.2% f o r  the ID of the r i ng  t o  

0.85 f o r  the  cover p la te  and 3% f o r  the minor thickness of the core sup- 

por t .  These large expansions a r e  probably r ea l .  Work by Keilholtz and 

~ o o r e ~  ha E shown t h a t  'radia tion-induced Be0 expansion i s  more pronounced 

a t  lower temperatures and these components were i n  cooler portions of the  

assembly and i n  large temperature gradients.  The weight changes a r e  not 

large and the l imited data indicate  a surface-to-volume rela t ionship f o r  

weight loss  i n  the BeO. 

Metallographic examina.tlo11 of a segment of the  Be0 r i ng  showed marked 

changes from the unirradiated control .  The gra in ' s ize  doubled and the 

grain boundaries a r e  outlined by gas bubbles, Fig. 12. Similar examination 

of the graphite indicated no s ign i f ican t  changes, Fig. 13. 

CON CLUSIONG 

The lapped surface of a r i ng  of polycrystal l ine  graphite was i r rad ia ted  

In eontact with a lapped surface of a r ing  of high pur i ty  Be0 a t  1280 t o  

1500" C t o  a dose of -1 x 1 0 ~ ~ n e u t r o n s / c m ~  (E > .18 ~ e v )  . These abutted 

r ings  were 1 in .  ins ide diameter by 1.25 in .  outside diameter. Results of 

x-ray d i f f rac t ion  and metallographic examination indicated no evidence of 

the react ion product BezjC. 

There were no s ign i f ican t  differences i n  6 ~ i  concentration among s i x  

samples taken from two r a d i a l  and three a x i a l  posit ions i n  the  i r rad ia ted  

Be0 core (1-in. diam by 4.5-in. length) . Based on the average concentra- 

%ion, a mjor yvrLiuu ul: Lhe calculated "LI production had remained within 



Fig.  12. Comparison of Irradiated Be0 with Unirsadiated Control for Be0 
Graphite Cnmpatlbility Irradiation Test. (a) Control (b) Irradiated. 



b 

Fig. 33, Comparison of Irradiated Graphite with Unirradiated Control for 
Be0 Graphite Compatibility Irradiation Test (a) control (b) irradiated. 



Table 2. Weight and Dimensional Changes i n  Irradiated BeO and Graphite Parts of 
Be0 Graphite Compatibility Irradiation Test Capsule 

/ 

- 

Dimensional Change a t  Orientation Indicated Weight Change 

Past and 
Measurement oO 90" 180" 270" 

Grams 
talsa $ ~ i l s ~  Ld, ~ 1 1 # s ~  $ mlaa $ 

% 

Graphite sleeve 
Outside diameterC ' 

1 (a> -17.2 -1.0 
2 

(el 
-6 .3  -1.0 -17.1 -1.0 

3 -19.2 -1.1 -20.8 -1.2 
Inside diameterC 

1 -10.3 -1.0 
2 (a> 

Length -49.2 -1.02 -48.3 -1.00 -49.5 -1.02 
Graphite ring 

Outside diameter -1l.5 -1.0 -1l.4 -1.0 -0.0312 -0.7 
Ipside diame~er -10.0 -1.0 -9,Il -0.9 
Height -3.9 -1.1 -4.3 -1.2 -4.9 -1.3 -4.9 -1.3 

Be0 ring 
Outside diameter +5.5 W.4 +5.4 +0.4 -0.0355 -0.7 
Inside diameter +2.3 +0.2 +2.5 w.2 
Length m.4 w.2 W.7 w.3 +1.5 W.6 +1.2 W.5 

Be0 central cylinder 
Outside diameterC 

1 +4.7 M.5 4 . 9  W.5 -0 2697 -0.15 
2 +4.7 M.5 +4.7 W.5 
3 -6.1 -1-0.6 4 . 0  -1-0.6 
4 +5,3 M.3 +4.7 uO:5 
5 +'(.6 e . 6  90.2 -10.7 
6 48.5 +o.y +8.6 w.7 

Length +26.9 + O d  +27.1 w.6 +%.7 .10.6 +27.1 4-0.6 
Be0 cover plant 

Majorthickness +2.5 W.8 +2.6 W.8 +2.9 +O.9 +2.2+0.7 -0.0615 -0.33 
Minor thickness +1.0 +0.8 +1.0 +0.8 M.2 +1.1 +i.l W.3 
~iamctord 

Be0 core support 
Major thickness +2.3 M.7 +l .g  W.5 +1.5 *0.5 +2.0 +0.6 -0.1059 -0.58 
M-&or thickness +5.3 -1-2.8 +5.6 +3.0 +5.3 +2.8 +5.1 +2.7 
D i m  ter +9.8 +O.h +9.5 W.5 

R Utmensious, while &vcn to  0.1 dl, AYF: %umbers refer t,n locatLon of preirrad 
generally believed good t o  f0.5 m i l .  measurements given i n  Ref. 5 

b ~ e i g h t s  are believed good t o  f 0.5 mg. $art broken during disassembly. 
e Thermocouple stuck i n  cylinder. 



t he  Be0 core. Re la t ive ly  small  amounts of 6 ~ i  were found i n  the  capsule 

components o ther  than BeO. We conclude t h a t  most of the  6 ~ i  generated i n  

massive Be0 components during i r r a d i a t i o n  i n  t h e  temperature range 1280 t o  

1500°C w i l l  no t  d i f f u s e  out  ot' t he  component. 

No gross  i r r ad ia t ion .  damage o r  pronounced physica l  changes occurred 

i n  e i t h e r  the  Be0 o r  g raph i t e .  Graphite shrinkage was uniformly -1% i n  

a l l  d i r e c t i o n s  whereas the  Be0 expanded -0.6%. The Be0 g r a i n  s i z e  doubled 

during i r r a d i a t i o n  whereas no changes were observed i n  t h e  g raph i t e  micro- 

s t r u c t u r e .  A small  weight l o s s  was observed f o r  each Be0 and g raph i t e  com- 

ponent . 
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Appendix A ' . 

DETERMINATION OF NEUTRON EXPOSURE FOR EEO-GRAPHITE COMPATIBILITY 
IRRADIATION TEST .FROM FLUX MONITORS , ,  

Two types of neutron f l u x  monitors were used during the  i r r a d i a t i o n  

t e s t .  Two s t a i n l e s s  s t e e l  monitor wires were sealed i n  the  t e s t  capsule 

t o  provide a measure of the  i n t e g r a t e d  exposure. A s e r i e s  of f l u x  moni- 

t o r  canes were exposed f o r  about two weeks each t o  provide a pe r iod ic  i n -  

d i c a t i o n  of the  exposure r a t e  during the  course of the  i r r a d i a t i o n .  

Each tubular  cane assembly1 contained th ree  sea led  quar tz  ampules 

spaced 0.80-in. a p a r t  along the  long i tud ina l  a x i s  of the  capsule with t h e  
' 2  

center  ampule i n  the  plane of t h e  i n t e r f a c e  between t h e  Be0 and g raph i t e  

specimen r i n g s .  Each ampule contained a cobalt-aluminum a l l o y  .(0.0964. w t  

. $ coba l t )  wire, 'a n i c k e l  wire,  and an i r o n  wire.  

Neutron f l u x  values ca lcu la ted  from ac t ivg t ion-  a n a l y s i s  da ta  of each 

'monitor  a r e  l i s t e d  in -Tab le  A - 1 .  The thermal f l u x  was determined from the  

5 9 ~ o ( n , y ) 6 0 ~ o  r e a c t i o n  and t h e  f a s t  f l u x  ( E  > .18 ~ e v )  from t h e  5 8 ~ i ( n , p )  
58 Co, and 5 4 ~ e ( n , p ) 5 4 ~ n  reac t ions .  The ~ 0 1 ~ ~ ~ ~ r o ~ r a m  which was used t o  

compute 'neutron.f l&, accounts f o r  the  thermal neutron burnup of 5 8 % ~  
when c a l c u l a t i n g  the  f a s t  f l u x  from 5 8 ~ i  a c t i v a t i o n ,  bu t  does hot  inc lude  

the  e f f e c t  of reac tor ,  down time during the .  i r r a d i a t i o n  period.  . The e f f e c t  

of  r eac to r  down time wgs neglected f o r  t h e  wires i n  t h e  removable monitor 

canes . .    or the  s . t a in less  s t e e l  monitor wires,  the  e f f e c t  o f ' r e a c t o r  down . 

time was approximated by averaging the  r e s u l t i n g  f l u x  value from two 

cases :  (1). using the  a c t u a l  . f o i l  decay time (from the  end of i r r a d i a t i o n  

. t o  counting) and no react ,or  down time and (2 )  adding t h e  t o t a l  r eac to r  

down time during i r r a d i a t i o n  t o  the  decay time. a t  the  end 'of t h e  i r r a d i a -  

t i o n .  

The average f a s t  f l u x  value a t  each of t h r e e  i n  the  plane 

.through t h e  BeO-graphite specimen i n t e r f a c e  were used t o  es t imate  the  

$ Q c t  f l u  gradienl; through the  capsulit and t h e  f a s t  f l u x  a t  t h e  capsule 
- 

'C . ,  A .  Brandon, J. A .  Conlin, I. T. Dudley, W .  R .  ~ i x o n ,  BeO-Graphite 
compat ib i l i ty ,  p. 210, GCIP Semiann. Progr.  Rept.. Sept .  30,  1965, ORNL- 
3885, Oslc Ridge National  Laboratory. 

2 
W. C .   organ, "FOILS: A Program f o r  Computing Ndut;ron Exposures 

from F o i l  Act iva t ion  ~ a t a , "  HW-81367, 1964, 



Table A - 1 ,  Flux Monitor Resulks from BeO-Graphite Compatibility I r r ad i a t i on  Test 

PIonitor 1rradiat;on T?kermal Eeutron Fs s t  Neutron Flux (E  > .18 hlev) 
Monitor Period Equivalent ' Moni t3r . .. Flux ( r ~ j ~ n -  *SF>) 

(n/cm2 see) 
Type Mwd L J C ~  t+n* 59 CO(n,). 160 CO 

---.----A -.-----. - 
From To 5 3 ~ i ( n , p ) 5 8  co 54~e(n,p)541/ln 

1013 1o13 

Ampule 3-14-65 4-6-65 553.6: +1 i/4 10 -80 8,18 10.10 
3-14-6 5 4-6-65 553 -6 o 10.40 8.36 9.43 
3-14-65 4-6-65 553.6 - l l / h  10.80 8..32 9 0 51 

. 9-6-65 5-2-65 726.5 *l 1 / L  9.78 6.12 10.4 
!I-6-65 5-2-65 726 - 5 O 9 0 94 6.65 6.25 
4-6 -65 5-2-6 j 726.5 -1 114 10~10 7 .33 g . o l  
5-8-65 6-7-65 877.5 Al 114 10.20 7.69 .9.16 
5-8-65 6-7-65 877 a 5 0 10.10 7.77 9.02 
5-8-65 6-7-65 877.5 -1114. 10.10 7474 10.2 

W 
0 

7-9-65 7-27-65 411.1 +1 114 10.80 8.32 8.82 
. 7-9-65 7-27-65 411.1 O 10.60 8.23 8.74 

7-5-65 7-27-65 k11.1 -1 I/; 11 .,lo 8,48 9 .62. 
8-26-65 9-16-65 534,O + 1 1 / 4  I C  -50 8.27 9 .33 
8-26-65 9-16-65 534.0 o lC.30 8.14. 9,48 .. 

'8-26-65 9-16-65 534.0 -1 114' lc,, 10 8.06 9 -25 
10-19-65 11-5-65 424.8 +1 114 6 79 7.10 7.59 . 

10-19-65 11-5-65 424.8 .o 9 ,21 7.21 7.47 
10-19-65 11-5-65 424.8 -1 1/4 9.21 7 .39 7.77 

ss wire 3-14-65 12-12-65 7085~3 +2 27/32 6.58 5.61 4.18 ' 

3-14-65 12-12-65 7065.3 + 1 1 / 2  6 .,41 5 089 4 -30 
3-14-65 12-12-65 7085.3 o 6.30 5.75 4 033 
3-14-65 12-12-65 7085.3 - 1 1 j 2  6 5.40 4.13 
3 -14-65 12-12-65 7085.3 -2 9j16 6.69 6 .03 4.42 

I , 3-14-65 12-12-65 7085.7- +2 27/32 4 . 73 4.50 3.44' 
3-14-65 12-12-65 7085.: +1 1/2 2.44 4.69 3.46 
3-14-65 12-12-65 7085.3 o 4 .33 4.59 3.38 
3-14-65 12-12-65 7085.7 -1 1;2 4.52 4 .70 3 .54 
3-14-65 12-12-65 7085.7 -2 9./16 5 012 4 "89 3.58 

*Mea.n-axia.1 distance of nonitor f rom s~ecimen in te r face ,  inches. Posit ive values a re  above i n t e r -  
face  and negative values a r e  below. 



cen te r l ine .  The neutron f lux  a t  t h i s  po in t  was assumed t o .  be the  average 

value over t h e  specimen r i n g s .  The r e s u l t i n g  average f a s t  neutron f l u x  

(E  > 1 1 8 ~ e v )  was 5' x loi3 and t h e  average t o t a l  f a s t  neutron dose (E > .18 
~ e v )  was 1 x 1021 nvt .  Minimyn and maximum f a s t  neubron doses i n  the  s,peci- 

men r i n g s  were est imated t o  be 0.76 x ldZ1 nvt ,  r e spec t ive ly ,  . . 

. . 
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