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ARMY REACTORS PROGRAM 
PROGRESS REPORT 

The Laboratory's participation in the Army Nuclear Power Program con- 

tinued to include consultation, inspection, and general support in various 

areas of pressurized-water reactor technology. A large part of this ef- 

fort was devoted to research and development work on metallurgical aspects 

of prc sauri zed-water sys1;erns. 

A survey was made of the methods of determining fuel burnup. Two 

recommendations for reporting fuel burnup resulted from this work. For 

low-enrichment fuels where an appreciable fraction of fissions occur in 

plutonium, the recommended means for reporting fuel burnup is fission 

density. For highly enriched fuels the preferred means of reporting burn- 

up is per cent depletion. 

The mechanisms and kinetics of the loss or boron during heating at 

1135°C in various dynamic environments were determined. Powder compacts 

of 5 wt elemental boron in various metals and oxides were heat treated 

in vacuum, high-purity argon, wet helium, and hydrogen. The loss mechanism 

in the environments other than hydrogen is thought to involve oxidation 

and volatilization of the boron influenced by the structure of the compact 

and by the sintering environment. Loss of boron in hydrogen occurred with- 

out significant influence of the matrix material or of the water content 

of the hydrogen. The loss mechanism in hydrogen is postulated to be a 

hydrogen-boron reaction resul Ling in a gaseous product. Compacts of 0.25 

wt % boron were heat treated at varying times in hydrogen which contained 
three water vapor levels. The rate of sarrrple sintering appeared to have 

a proportional effect on the boron loss. The loss appeared to be con- 

trolled by the rate of diffusion of the gaseous reactants in and the re- 

action product out of the sample. Wrought specimens of 0.13 wt % boron- 
stainless steel alloy were tested in helium and hydrogen. The rate of 

loss in these specimens is controlled by the rate of solid-state diffusion 

of boron to the gas-metal interface, assuming that the gas can react with 

the boron at the interface to maintain a low boron surface concentration. 



I n  order t o  improve the d i s t r i bu t i on  of U02 i n  t h e  s t a i n l e s s  s t e e l  

matr ix  of t h e  U02-dispersion-type f u e l  p la te ,  a model has been developed 

t o  quan t i t a t ive ly  charac te r ize  the  U02 dispers ion microstructure of r o l l -  

c l ad  f u e l  p l a t e s  r e l a t i v e  t o  an "ideal" dispersion.  Two indexes have been 

formulated. The ove r - a l l  index character izes  t he  U02 a s  t o  t h e  amount of 

fragmentation t h a t  occurred during the  fabr icat ion,  and the  s t r inger ing  

index ind ica tes  t h e  ex ten t  of p a r t i c l e  s t r inger ing  t h a t  occurred. Using 

t h i s  method of d ispers ion character izat ion,  a comprehensive study of the  

processing var iab les  which a f f e c t  dispersion qual i ty  i s  planned. 

I n  order t o  avoid the l o s s  of boron from U02-stainless s t e e l  d isper-  

s ion f u e l  p l a t e s  during fabr icat ion,  s tud ies  have been ca r r ied  out on a 

r e f r ac to ry  g l a s s  coritalnfrlg 4 w L D203. Thi3 rnatcrial hac shown consi d -  

erable  mes5,tj. It r e s i s t s  s t r inger ing  i n  the  f u e l  matrix at  t he  f u e l  p l a t e  

r o l l i n g  temperature and shows no reac t ion  with t h e  s t a i n l e s s  s t e e l  o r  U02. 

Compacts and p l a t e s  containing t h i s  boron g l a s s  i n '  burnable. poison pro-, 

por t ions  were fabr icated,  and the  post fabr icat ion boron analysis  showed 

no boron l o s s .  

By using low-sil icon elemental powder, -the wldesirable reac t ion  be- 

tween Eu203 and S i  w a s  eliminated; and '13 f u l l - s i z e  SM-1 type absorbers 

were fabr ica ted  a t  ORNL. However, s ince  t h i s  time, o ther  f ab r i ca to r s  have 

encountered a new swelling pro'blem with  t he  Eu203-stainless s t e e l  matrix 

during fabr ica t ion .  'I'herefore, additiorlal s tud ies  have bccn undertaken 

t o  explore t h i s  problem and the  recen t ly  discovered problem where 30 and 

40% Eui03 specimens have shown unsat is factory corrosion behavior. S in te r -  

ing s tud ies  have been performed on the  Eu203 powder t o  study such var iab les  

as powder preparation, s i n t e r i ng  environment, powder-environment reactions,  

and t he  v o l a t i l e  cons t i tuen ts  i n  the  powder. The p o s s i b i l i t y  of improving 

t h e  corrosion proper t i es  of Eu203 by s t ab i l i z i ng  t he  cubic phase of Eu203 

i s  being studied along with t he  general corrosion behavior of Eu203 com- 

pac t s  a t  varying temperatures i n  H20. Furthermore, t he  s t a b i l i t y  of 

i n  s i l icon-bear ing s t a i n l e s s  s t e e l  i s  being invest igated.  

Work has continued on t h e  boron-gradient neutron absorber concept. 

I n  t h e  o r ig ina l  i r r a d i a t i o n  t e s t  work on the  3% enriched boron (92% B ~ O )  

d ispers ion i n  iron,  it was found t h a t  t h i s  mater ia l  could withstand a 



bumup of 4% of the  B" atoms. Because of t h e  se l f -shie lding character  

of boron, the  surface burnup of t h i s  sample was a s  high a s  30 a t .  $. I n  

order t o  circumvent high local ized burnup and the  associated mater ia l  dam- 

age, the  boron loading was gradated i n  t h e  compact. A f u l l - s i z e  absorber 

based on t h i s  design was prepared f o r  i r r a d i a t i o n  t e s t i n g  i n  SM-1. 

I n  order t o  reduce the  cost  of t he  Eu203-stainless s t e e l  absorber and 

t o  increase t h e  useful  l i f e  of t he  boron gradient  control  rod, a design 

has been under study f o r  preparing a composite con t ro l  rod having ' the  upper 

section made of a boron-gradient dispersion and the  lower t i p  made of Eu203 

and s t a in l e s s  s t e e l .  Ful l -s ize  p l a t e s  have been prepared. Preparation . 

of a control  rod based on t h i s  design f o r  t e s t i n g  i n  SM-1 i s  now i n  pro- 

g ress .  

Two f u e l  elements have been examined a f t e r  s ign i f ican t  exposure i n  ' 

SM-1. As reported previously, f u e l  element No. 72, removed a f t e r  10.5 

M w y r  of reac tor  operation, was examined. The mes~urcd u~~~ d e p l e t i o ~ l  was 

an average of 16% and a maximum of 30%. The element was dimensiona.1-ly 

s tab le  except f o r  r ippl ing of the  outer  f u e l  p la tes .  Signif icant  brazed- 

jo int  corrosion was noted, and a small number of in tergranular  cracks were 

observed i n  the  cladding of some of t h e  f u e l  p la tes .  Fuel element No. 79, 

which operated 16.4 Mwyr i n  SM-1, was a l s o  examined a t  ORNL. The average 

u~~~ depletion was 42%, and the  peak depletion was 57%. No sign of gross 

d~t,er-iora.l;ion o r  cracking was noted i n  t he  f u e l  nlatrix. The assembly was 

dimensionally s table ,  and the  brazed jo int  corrosion did not appear t o  

have degraded fu r the r  than previously noted i n  element No. 72. The i n t e r -  

granular cracks noted i n  element No. 79 were much more numerous than i n  

element No. 72, and some transgranular cracking was seen which had not 

been noted previously. 

Thc examinatiom of t he  rrriniature boron-iron samples i n  t he  f i n a l  

phase of t h e  MTR i r r a d i a t i o n l t e s t  has been performed. The r e s u l t s  show 

general agreement with data  previously reported on t h e  fu l l - s i z ed  sect ions  

removed from SM-1. 

I n  support of t h e  Eu203-stainless s t e e l  con t ro l  rod development pro- 

gram, 12 miniature t e s t  specimens containing 20, 30, o r  40 wt % Eu203 



were placed i n  t h e  E"TR f o r  t e s t .  Six specimens have been removed t h a t  

received unperturbed, in tegrated,  thermal-neutron f l u x  exposures of up 

t o  14.8 x 10" neutrons/cm2. No dimensional changes were noted, and the  

microstructure of t he  dispers ions  appeared t o  be unaltered.  

Pos t i r r ad i a t i on  t e s t i n g  of in ten t iona l ly  defected Eu203 dispers ion 

samples has been performed. It was found t h a t  radia t ion exposure has a 

s l i g h t  e f f e c t  on reducing t h e  corrosion res i s tance  of the  compact, but  

t h e  amount of Eu203 incorporated i n  t he  dispersion has a more s ign i f ican t  

e f f e c t  than the  i r r ad i a t i on .  

. A con t ro l  rod rack made of 17-4 ~JH sl ,ainless s t c c l  waa rcmovod a f t e r  

being operated i n  t h e  SM-1 reac tor  f o r  th ree  years.  The rod was inspected 

f o r  cracks, sectioned, arld exa~lliiled metall6grnphfc~Ely.  flu d t fcc  l ; ~  wc-rc 

found . 
Surveil lance specinlens of ASTM A-212, grade B, a t c c l  have been re- 

moved from the  SM-1 reac tor  and t e s t ed  a t  ORNL. The r e s u l t s  ind ica te  t h a t  

t h e  t r a n s i t i o n  temperature of t h i s  mater ia l  has sh i f t ed  36OF at the  upper 

end of t h e  t e s t  bar. This s h i f t  increases down the  bar  a s  t he  in tegrated 

fas t -neutron f l u x  increases,  and a t  t he  lower end of t he  bar  the  shifL was 

found t o  be 138°F. 

v i i i  



1. REVIEW AND GENERAL SUPPORT 

As pa r t  of t he  Army Reactors Program at ORNL, an attempt i s  made t o  

maintain a general  awareness of the  a c t i v i t i e s  and current  problems i n  

t he  A r m y  Reactor programs so t h a t  consultat ion and support can be r ead i l y  

provided when requested by t h e  Division of Reactor Development, Army Re- 

ac tors .  During the  current  repor t  period such ass is tance was provided on 

a va r i e ty  of problems requiring short-term e f f o r t s  of several  members of 

the  Laboratory s t a f f .  The more s ign i f ican t  a c t i v i t i e s  of t h i s  nature a r e  

discussed here. 

SM-1 Support 

After core I of t he  SM-1 had reached i t s  end of l i f e  (16.4 Mwyr on 

April 28, 1960), t he  f u e l  elements were rearranged and several  new f u e l  

elements were addcd. I n  the  rearrangement operation the  caps were removed 

from the  con t ro l  f u e l  baskets and t h e  Eu2O3 cont ro l  rods were withdrawn 

f o r  inspection.  During t h i s  inspection, it was discovered t h a t  t he  con- 

t r o l  rod i n  shim posi t ion 2 was stuck i n  i t s  basket .  ORNL was requested 

t o  pa r t i c ipa t e  i n  the  invest igat ion of t h i s  problem. Close v i sua l  exami- 

nation showed t h a t  t he  Eu203 con t ro l  rod was i n  good condition and t h a t  

t he  rod s t icking was due t o  t he  basket having been deformed inward i n  the  

vicirliLy of t he  cap s l o t s  jus t  above t h e  control  rod. The con t ro l  rod was 

f reed from the  basket; the  basket was repaired;  and t he  control  rod was 

re inser ted  i n t o  t he  reac tor .  

The modified core was then operated u n t i l  April 15, 1961, t h e  end of 

i t s  l i f e .  It achieved a t o t a l  power production of 17.98 M w y r .  I n  t h i s  

modified core, wlricl-I c:onsisted mainly of core I f u e l  elements, Lhere were 

th ree  high-burnup f u e l  assemblies which were being considered f o r  place- 

ment i n  core 11. These elements, along with t he  f i v e  Eu203 con t ro l  rods, 

were inspected b y  ORNL personnel. No signs of d i f f i c u l t i e s  were noted i n  

any of these  components during the  v i sua l  examination. ORNL recommended 

t h a t  t h e  f i v e  Eu203 control  rods be re ta ined i n  core 11. I n  addit ion,  

since the  pos t i r rad ia t ion  examination of t he  two SM-1 f u e l  elements removed 



at  10-Elwyr exposure did not show any e f f ec t s  t o  cause concern over the 

general  s t a b i l i t y  of these f u e l  elements, ORNL a lso  recommended t h a t  any 

two of the  th ree  high-burnup elements be re inser ted i n t o  the reactor  with 

core 11. 

Since the u~~~ burnup l imi ta t ion  of these f u e l  elements and, there- 

fore,  the  l i k e l y  modes of f u e l  element f a i l u r e  axe not known, arrangements 

were made t o  expedite examination of t he  i r rad ia ted  SM-1 f u e l  elements a t  

OWL. The de ta i led  examination of element No. 79 (16.4-Mwyr exposure) re -  

vealed t h a t  the  cladding was beginning t o  show what appeared t o  be s t r e s s  

cracks.  Since the re  I s  no evidence t o  show how f a r  these cracks could 

propagate, ORJXL recommended t h a t  the  high-burnup f u e l  elements be removed 

from the  SM-1 reac tor  u n t i l  t h e  significance of t h i s  cracking can be 

es tabl ished.  The removal was accomplished during October 1961. It was 

fu r the r  recommended tha t ,  i f  circumstances preclude fur ther  t e s t i ng  i n  

t he  SM-1, consideration should be given t o  t e s t i ng  one of these high- 

burnup elements t o  f a i l u r e  i n ' a  GETR loop. 

An SM-1-type assembly containing 14 f u e l  tubes of the  PM-1 design 

f a i l e d  a f t e r  2 Mwd of operation i n  SM-1. The f a i l u r e  involved two f u e l  

tubes t h a t  b l i s t e r ed  and released f i s s i o n  products t o  the reactor  coolant. 

ORNL personnel ass i s ted  i n  reviewing and making recommendations on t h i s  

problem. The f a i l u r e  was found t o  be caused by water logging. The f u e l  

element was redesigned, and recent t e s t s  indicate  t h a t  t he  modif3,cations 

which were made have eliminated the  elements' suscept ib i l i ty  t o  f a i l u r e  

by water logging. 

Two spare SM-1 f u e l  elements t h a t  require reworking were sent t o  ORNL. 

While i n  storage a t  SM-1, it was noted tha t  one element had a dent i n  the 

end box and another assembly was d i r t y .  These elements were repaired, 

cleaned, a id .  returned t o  3 4 - 1 .  

Code Develo~ment Program Review 

Consulting service f o r  the  Army's Code Developm.ent Program continued 

t o  be provided. I n  t h i s  program The Martin Company i s  developing an in t e -  

grated system of nuclear reactor  codes which should be a very useful 



ana lys i s  t oo l .  The usual stepwi se analysis  procedure ( i  . e . , multigroup 

slowing-down f l u x  determination, reduction t o  few groups, homogenization 

of c e l l s ,  fu l l -core  r e a c t i v i t y  determination, reac tor  burnup) w i l l  be 

handled i n  a s ingle  tu rn  a t  t h e  computer with a consequent subs tan t ia l  

reduction i n  t he  over-a l l  time required f o r  reac tor  analysis .  

I n  t he  synthesizing of t h i s  so-called P i l o t  Code, emphasis has been 

placed on t h e  u t i l i z a t i o n  of ex i s t ing  codes wr i t t en  i n  the  For t ran machine 

language ra ther  than on the  writirlg of new codes. I n  support of t h e  code 

development program i s  a c r i t i c a l  experiment program aimed a t  generating 

experimental da ta  over a wide range of metal-water r a t i o s  and over a wide 

range of boron. a.nd T J ~ ~ ~  f u e l  loadings that may be of interes-l; i n  fu tu re  

SM-1-type reac tor  designs. The c r i t i c a l  experiment data,  therefore ,  should 

serve t o  t e s t  t h e  range of app l i cab i l i t y  of t he  P i l o t  Code, as well ass tan 

suggest a reas  of fu tu re  code improvement. 

ORNL par t i c ipa t ion  i n  t h i s  program consisted of reviewing technical  

repor t s  prepared by The Martin Company, at tending quar ter ly  information 

meetings, and providing technical  consul ta t ion t o  t he  Division of Reactor 

Development, Army Reactors. O u r  main influences on t h i s  program have been: 

(1 )  t o  encourage t he  des,ign and execution of experiments which would 

c r i t i c a l l y  t e s t  t he  ana ly t ica l  methods (e.g. ,  f i n e  thermal and ep i -  

thermal f l u x  d i s t r ibu t ions  through a f u e l  element, homogeneous- 

heterogeneous f u e l  element subst i tu t ion,  and measurement of cadmium 

r a t i o s  throughout t h e  core),  

(2) t o  encourage in te rac t ion  of ana ly t ica l  and experimental e f f o r t s  by 

rapid  analysis  of experimental data,  

( 3 )  t o  encourage t h e  inclusion of an option i n  t he  P i l o t  Code t o  compute 

the  e f f ec t i ve  delayed-neutron f r ac t i ons  t h a t  a r e  useful  i n  t h e  analysis  

of c e r t a in  c r i t i c a l  experiment data,  and 

( 4 )  t o  assure t h a t  each par t  of' t h e  P i l o t  Code give consis tent  treatment 

of geometry and physics . 

General Sumort  

Core I of SM-1A arr ived a t  For t  Greely, Alaska, June 16, 1960. Upon 

inspection the .  core was found t o  have dents, scratches, and r ipp l ing  i n  



t h e  t op  and bottom f u e l  p l a t e s .  A t  t h e  request  of t he  Division of Reactor 

Development, Army Reactors, an ORNL metal lurgis t  v i s i t e d  For t  Greely t o  

inspect  t h i s  core. On t h e  b a s i s  of t h i s  inspection, t h e  reac tor  designer, 

Alco Products Incorporated, recommended r e j ec t i on  of seven of the  f u e l  

elements. These a r e  t o  be shipped t o  ORNL f o r  fu r ther  examination and 

d i spos i t ion .  

Consultation was provided on the  fabr ica t ion  of PM-2A core I1 and on 

t h e  fabr ica t ion  of Eu2O3 cont ro l  rods f o r  PM-2A and SM-1A. Evaluations 

and recommendations were made on t h e  Army advanced f u e l  element development 

program for pre ssilri zed-water. reactors,  the hazards ansly 'si  s pror,edl.zre on 

SM-1, on t h e  reac tor  con t ro l  system of' SPI-1, auld Lhe reysoce3~1ing of SM.-l 

C61"C 1; 

Additional e f f o r t s  i n  t h e  nature of consultat ion and design review 

were made f o r  t he  Army program i n  general .  ORNL authors presented two 

papers at  t h e  Army Nuclear Seminar l a s t  f a l l .  These papers were: " ~ e t -  

erogeneous Control Rod s tud ies"  by B. W .  Colston, E. E. Gross, and M. L. 

Winton, and " ~ n a l y s i s  of Reactor Excursions Terminated by Steam  orm mat ion" 
b y  R .  S. Stone. 

P i l e  period simulators were loaned t o  t he  SM-1 and SM-1A reac tors .  

Transport c a r r i e r s  were provided f o r  Army f u e l  shipments between SM-1, 

ORNL, BMI, and NRTS. 



2. SURVEX OF METHODS OF DETERMINING FUEL BURNUP 

R .  L. -Stover G .  K.  Moeller 
L. D .  Schaffer 

The burnup of nuclear f u e l  i s  generally understood t o  be a measure 

of the  u t i l i z a t i o n  of t he  f u e l .  Different  viewpoints on t he  meaning of 

t h i s  u t i l i z a t i o n  have resu l ted  i n  various de f in i t i ons  of burnup. 

. An invest igat ion of the  various methods of representing burnup r e -  

sul ted i n  two recommended de f in i t i ons  : ' 

Burnup i n  terms of f i s s i o n  densi ty  

number of f i s s i o n  events 
, 

volume (cm3) of fuel-bearing mater ia l  

Bunup i n  terms of per cent  depletion of f i s s ionab le  atoms =- 

where 

No = number f iss ionable  atoms per  cm3 of fuel-bearing mater ia l  before 
i r rad ix t ion ,  

N' = number f iss ionable  atoms per cm3 of fuel-bearing mater ia l  a f t e r  
i r r ad i a t i on .  

Fiss ion densi ty  i s  of pa r t i cu l a r  i n t e r e s t  i n  low-enrichment uranium 

f u e l s  because of ten an appreciable f r ac t i on  of t he  f i s s i o n s  occurs i n  

plutonium. Radiochemical analysis  of f i s s i o n  products was found t o  be 

t h e  most accurate method of determining f i s s i o n  density.  

Percent depletion i s  of pa r t i cu l a r  i n t e r e s t  i n  highly enriched uranium 

f u e l s  because it can be measured d i r ec t l y .  It i s  most e a s i l y  determined 

'R. L. Stover and G. K .  Moeller, Methods f o r  Determining Fuel Burnup, 
MIT-OR-6, July  5, 1961. 



from r e l a t i v e  isotopic  measurements before and a f t e r  the i r rad ia t ion .  Iso-  

t op i c  r a t i o s  can be determined experimentally by a number of methods, the 

most accurate being mass spectrometry. 



3. FUEL EIXMEDT DEVELOPMENT 

~ i n e t i c  s and Mechanisms of Deboroni zat  ion  

J. H. Cherubini 

A bas ic  study of the  l o s s  of boron from s t a i n l e s s  s t e e l  matrices has 

been completed and reported.' The mechanisms and k ine t i c s  of th .e  1-oss of 

boron during heabing a t  1135OC i n  various dynamic environments were de te r -  

mined from (1) powder compacts of 5 wt % elemental boron dispersed i n  ma- 

t r i c e s  of Fe, C r ,  N i ,  Si ,  Fe203, Cr203, N i O ,  and Si02, (2)  compacts of 

aus t en i t i c  s t a in l e s s  s t e e l  a l l oy  powder containing 0.25 wt % B, and (3)  

wrought specimens of 0.13 w t  % B--stainless s t e e l  a l loy.  

The cumpacts containing 5 w t  $ B were heat t r e a t ed  i n  vacuum, high- 

pu r i t y  argon, wet helium, and hydrogen. With t he  exception of those 

sampl-es which were heat t r e a t ed  i n  liydrogen, s ignif icant ,boron losses  oc- 

curred only when a supply of oxygen, e i t h e r  from the  sample i t s e l f  o r  as 

a de l ibera te  addi t ion t o  the  hea t - t rea t ing  environment, was avai lable .  

Correspondingly, t h e  l o s s  mecha~tsrn i s  postulated t o  be t he  oxidation of 

boroli t o  boron sesquioxide and i t s  v o l a t i l i z a t i o n  from the  sample. The 

l o s s  r a t e  i s  controlled by the  v o l a t i l i z a t i o n  r a t e  of the  oxide which i s  

d i r e c t l y  influenced by t he  s t ruc ture  of t h e  compact and t h e  s in te r ing  

environment. 

Independent of the  chemical nature of t he  matrix, boron losses  were 

incurred during heat  treatment i n  hydrogen. Variat ions of t he  water con- 

t e n t  of t he  hydrogen from 7 t o  460 ppm did  not s i gn i f i c an t l y  influence 

t he  to ' tal  boron l o s s  o'bserved. The synthesis  of boron and hydrogen i n to  

a gaseous boron-hydrogen species i s  postulated a s  a predominating l o s s  

ruechanism i n  the  environment. 

Compacts of aus t en i t i c  s t a in l e s s  s t e e l  powder containing 0.25 w t  % B 

were heat t r e a t ed  at 1135OC from 1/4 t o  16 hr i n  hydrogen atmospheres of 

t h r ee  d i f f e r en t  water vapor l eve l s  : 1, 100, and 460 ppm. The losses  

'J. H. Cherubini, Determinations of t h e  Mechanisms and Kinet ics  of . 

Deboronization, ORNL-3141, Aug . 31, 1961. 



observed i n  each environment f o r  the f i r s t  few hours of heat treatment 

followed the  re la t ionship:  

where 

AB = t o t a l  boron l o s s  i n  mg,  

t = t o t a l  heat- t reat ing time i n  hr, 

C = a constant.  

However, the  r a t e  of boron l o s s  of samples heated i n  the d r i e s t  hydrogen 

decreased abruptly a f t e r  2 hr a t  temperature. Under the other  cnviron- 

menial cnrl&i.l;ions,, a s i m i l w  decrezst! w8.s observed a f t o r  '7 hr. The degree 

of sample s inter ing 'was found t o  be the predominant fac tor  i n  determining 

the.boron l o s s  r a t e .  The r a t e  of decrease of ' t u t d  a ~ ~ i i g l r  nr~rface area 

by s in te r ing  was observed t o  have a proportional e f f ec t  i n  decreasing the  

r a t e  of boron lo s s .  

The ra te-control l ing s tep  i n  the  deboronization of master a l loy  com- 

pacts  was the  r a t e  of d i f fus ion  of gaseous reactant i n to  and react ion prod- 

u c t s  out of the sample. This i n  to rn  was controlled by the e f fec t ive  d i -  

ameter, length, and number of channels permeating the compa.ct a id  ex-posed 

t o  the  s in te r ing  environment. Consequently, the  var ia t ion  of t he  heat-  

t r e a t i n g  conditions a f f e c t s  the  t o t a l  boron l o s s  only a s  it influences the 

r a t e  of compact s in te r ing  . 
The. r a t e  of deboronization of the  wrought metal smples  i s  controlled 

by the  r a t e  of so l id -s ta te  dif fusion of boron t o  the gas-metal in terface,  

providing the  heat - t rea t ing  alniospliere can reac t  with the  boron a t  the  

interface so as  t o  maintain a very low boron surface concentration. De- 

boronizat-ion of wrought specii~ieiis was ob~erved  i n  both hydrogen ( l e s s  than 

15  ppm H ~ O )  and helium (15 000 ppm ~ ~ 0 ) .  

Improved Dispersions of U02 i n  Stainless  S tee l  
f o r  High-Burnup Fuel Elements 

J. H. Cherubini 

The SM-1-type f u e l  elellleiits c o n s i ~ t  of a s e r i e s  o f  p la t e s  containing 

26 wt % U02 and 0.13 wt % BqC dispersed i n  s t a in l e s s  s t ee l .  The f u e l  i s  



prepared by hydrogen-firing hydrated U03 c rys t a l s  a t  1700°C. The i r regu-  

l a r  shape of t h i s  U02 and the  roll-cladding method used i n  fabr ica t ing  

t he  composite p l a t e s  are  responsible f o r  t he  general s t r inger ing and f rag-  

mentation of the  f i s s i l e  compound. Such a condition appears t o  be s a t i s -  

factory t o  achieve the  present design l i f e  of t he  SM-1 type of core. How- 

ever, f o r  the  70- t o  100-Mwyr-life cores present ly  under consideration 

by Alco Products, Inc . , it would be desi rable  t o  improve t h e  d i s t r i bu -  

t i o n ' o f  U02 i n  the  s t a in l e s s  s t e e l  matrix of the  f u e l  p la te  so t h a t  the  

maximum spacing e x i s t s  between centers  of t he  dispersed phase pa r t i c l e s .  

In t h i s  manner, t he  suscep t ib i l i t y  of the  f u e l  material  t o  drradiat ion 

damage from overlapping zones of f i s s ion  fragment r e c o i l  damage can be 

reduced. 

Sphcrsidal U02 has been proposed a s  t he  f i s s i l e  material  f o r  pro- 

ducing a microstructure with po ten t ia l ly  superior rad ia t ion  s t a b i l i t y .  . 

Unfortunately, t h i s  type of oxide var ies  from batch t o  batch and a method 

of characterizing the  qual i ty  of a pa r t i cu l a r  dispersion r e l a t i v e  t o  an 

"ideal" dispersion i s  needed t o  describe the  microstructure of ro l l - c l ad  

UNCLASSIFIED 
f u e l  p la tes .  A model f o r  quanti- 
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r e s u l t  from t h e  fragmentation of parent pa r t i c l e s  and are  discrete ly  d i s -  

t r i bu t ed  throughout the  matrix; and type C pa r t i c l e s  have been elongated 

i n  the  r o l l i n g  d i r ec t ion  e i t h e r  by p l a s t i c  f l ov  o r  f ractur ing and s t r ing-  

e r ing  during the  r o l l i n g  process. 

I n  t he  proposed method of indexing, a longitudinal microsection i s  
- 

examined and numbers, x and 7, proportional t o  the t o t a l  length of pa r t i c l e s  

projected on both t h e  ax i s  p a r a l l e l  (x )  and perpendicular ( Y )  t o  the r o l l -  

ing  direct ion,  a re  determined. The volume f rac t ion  ( v )  of the  pa r t i c l e s  

i n  t h e  pa r t i cu l a r  f i e l d  of view i s  then established by a point-intercept 

method, ObviuusPy; i f  the yarl ... i-cle:, a rc  idea l  spheres, each, pa r t i c l e  zp- 
- - P -.. 

pears a s  a c i r c l e  and x = y, i f  str ingered x > y. I n  o rde r . t o  Compare i n -  

d ices  from d i f f e r en t  dispersions an0 C U I ' T ~ C . ~ ,  f o r  1 0 ~ a l j . z e f I  i.nh~m,ogeneities 

i n  a pa r t i cu l a r  sample, t he  x and values a re  divided by the  volume f rac-  
- 

t i o n  of dispersoid present yielding t h e  empir ical  quanti t ies,  x and yv. v 
The i d e a l  index, 

! 

which presupposes no p a r t i c l e  degradation i n  the  fabr icat ion sequence, i s  

calculated next. The average or ig ina l  pa r t i c l e  radius i s  R. Then, the  

d.eparture from ideali-ty, - I, i s  a measure uf  the cxtent of dispersoid 

fragmentation and i s  d i r e c t l y  re la ted  t o  Llle number of type B pa r t i c l e s  
- - 

present.  The s t r inger ing  index, x - yv, i s  d i r e c t l y  re la ted  t o  the  f r e -  
v 

quency of occurrence and extent of elon.gation i n  type C pa r t i c l e s .  

Photomicrographs of dispersions containing approximately 33 w-1, $ 

spheroidal U02 (-100 -1-140 mesh) i n  a matrix of type 34'7 s t a in l e s s  s tee l ,  

reduced 87% i n  thickness a t  1200°C by r o l l  cladding, are  presented i n  

Figs.  3.2, 3.3, and 3 . 4 .  Each dispersion.was fabr icated i n  an iden t ica l  

manner, except t h a t  the  f i r s t  two samples were a l so  cold . rol led with 3.5% 

thickness reduction. Nevertheless, d i f ferences  i n  dispersion qual i ty  a re  

a t t r i bu t ed  t o  the  pa r t i cu l a r  l o t  of U02 contained i n  each sample. This 

re la t ionsh ip  i s  quant i ta t ively ver i f ied  i n  Table 3.1. The dispersion suf- 

f e r ing  t h e  grea tes t  amount of s t r inger ing has an associated s t r inger ing 

index of 7.90; the  intermediate, 3.38; and the  best ,  0.72. The over-al l  



Fig. 3.2. Plate  F128A Containing 35 wt % -100 +14O Mesh Spheroidal 
U02 (~at,c.h J-01-EN) i n  a Matrix of Type 347 Stainless Steel.  Cold rol led 
3.5% a f t e r  87% hot reduction i n  thickness. As polished. 100X. 

UNCLASSIFIED 
Y-44507 0.04 

Fig. 3 . 3 .  Pla te  F131A Containing 35 wt % -100 +14O Mesh Spheroidal 
UOz ( ~ a t c h  J-07-EN) i n  a Matrix of Type 347 Stainless Steel.  Cold rol led 
3.5% a f t e r  87% hot reduction i n  thickness. A s  polished. 100X. 



Fig. 3.4. P la te  F282 Containing 35 wt $ -100 +14O Mesh Spheroidal 
UOz ( ~ a t c h  H-O~-HA) i n  a Matrix of Type 347 Stainless Steel .  As hot rolled. 
Etchant: Glyceria regia.  100X. 

Table 3 .1 .  Fabricabi l i ty  Indices for  Three U02 Dispersions 

Volume Mean Par t i c l e  - - Over-all Stringering 
'late Fraction Diameter 1 x yv Index 

No. 
Index 

(v> Y - 
(mi1.s) (7 - 1) (zv - Y ~ ~ )  

j ndices of a l l  Lllree samples are  equivalent and, ji-dgi-ng from Fig. 3.3, 

the  extent of fragmentation incurred i s  small. This indicates tha t ,  with- 

i n  wide l imi t s  of s t a r t ing  material quality, only a nominal amount of frag- 

mentation i s  experienced by spheroidal UOz par t ic les .  

A comprehensive study of the  processing variables which af fec t  dis-  

persion quality i s  planned using t h i s  method of dispersion characteriza- 

t ion .  I n  the area of powder metallurgical compact preparation, the vari-  

ables t o  be studied include the ef fec t  of pressing and coining pressure 

and compact sintering. Cursory experiments indicate that ,  a t  l eas t  with 



spherical oxides, green compacts produce fuel  dispersions of comparable 

quality t o  those conventionally processed by sintering and coining. I n  

addition, other experiments show that roll-cladding temperature and reduc- 

tion schedule profoundly affect the dispersion morphology. 

Borosilicate Glass Burnable Poisons fo r  Composite Fuel Plates 

T. D. Watts 

As reported previously, a l l  the boron-bearing compounds considered 

as potential burnable poisons i n  U02-stainless s tee l  dispersion fuel  plates 

have exhibited varying degrees of reaction with the austenitic s tee l  ma- - - .  
t r i x  during fabrication i n  the temperature range from 1000 t o  1200QC. Such 

reac.tion promotes erra t ic  loss of boron from the fue l  plates. Studies 

directed toward circumventing this problem have continued, and a refrac- 

tory glass containing 4 wt $ B203 has been shown t o  have considerable merit 

i n  the proposed agplication. Preliminary screening studies have indicated 

that  t h i s  particular glass, i n  the form of spherical beads, wi l l  r es i s t  

stringering a t  rol l ing temperatures high enough (1050°C) fo r  fabrication 

of conventional APF'R fuel  plates. Glasses with higher B203 contents, such 

as ordinary pyrex (12 wt $ ~ 2 0 ~ ) )  are extremely plast ic  a t  fuel  plate fabri-  

cation temperatures and stringer severely. 

Based on t h i s  favorable experience, further studies were underta.kek2 -5 
t o  assure the compatibility of the glass with both U02 and type 347 stain-@ 

l e s s  steel.  Compacts and mLniature roll-clad plates containing only glas4 
> 

beads i n  a type 347 stainless s tee l  matrix were heat treated fo r  times up - 8 

t o  24 4: at temperatures up t o  1100°C. As  expected, metallographic ex - ,  

amination revealed no reaction. Several of the heat-treated compacts were 

chemically analyzed for  boron. Within the accuracy of the analysis, there 

w a s  no boron loss. 

The actual compatibility between U02 and glass was not considered t o  

be a very great problem, since most of the glass part icles would be sepa- 

rated from the U02 part icles by the matrix material, which comprises 

3~ Ann. Prog. Rep. Jan. 31, 1960, OW-2907, pp. 18-23. 



approximately 70 vol $ of the core. However, the probability of a glass 

par t ic le  being i n  contact with a U02 part icle does exist.  In  order t o  

f a c i l i t a t e  a study of the effect of such contact, attempts were made t o  

produce compacts without the  stainless s tee l  matrix. These compacts had 

no appreciable green strength and crmmbled when ejected fromthe pressing 

die.  It was, therefore, necessary t o  study the compatibility of glass and 

UOz i n  the presence of the stainless s tee l  matrix. Compacts containing 

only 40 vol $ matrix material were pressed and shown t o  have adequate 

green strength for  handling. These compacts were r o l l  clad a t  1050°C and 

examined metallographically. Sufficient numbers of glass particles were 

i n  contact with U02 t o  reasonably evaluate the compatibility. Similar 

plates were then heat t reated fo r  periods up t o  24 hr a t  temperatures up 

t o  llOO°C. These plates were examined metallographically, and no evidence 

of a reaction could be found. 

During fabrication of miniature plates with the proposed 244-2 reactor 

fue l  loading (38 wt $ UOn + 0.4 w t  $ natural boron), many of the UOz par- 

t i c l e s  fractured and stringered. This loading was predicated on using en- 

riched B ~ O  i n  the glass. I n  a few cases, the U02 stringered around a glass 

particle, but i n  no instance did a glass particle break or stringer. Fig- 

ure 3.5 i s  a typical photomicrograph showing glass particles i n  contact 

Fig. 3.5. Core Structure i n  Annealed Fuel Plate Containing Boron- 
Bearing Glass Beads, UOz, and Type 347 Stainless Steel. As polished. 200X. 



with U02. A -170 +325 mesh s ize fract ion was selected f o r  both the fue l  

and poison. This plate had been annealed a t  1100°C f o r  30 hr a f t e r  r o l l -  

ing a t  1050°C. The in tegr i ty  of the g lass  beads and absence of reaction 

may be seen. 

Chemical analyses of samples containing the 34-2 f u e l  loading with the 

boron i n  the form of refractory g lass 'a re  presented i n  Table 3.2. These 

r e su l t s  include measurements on annealed compacts a s  well as  rol led plates .  

Wi1;hin the accuracy of the determinations, no boron loss  i s  indicated. 

Table 3.2. Boron Analyses of Miniature 
~ u e l "  Compacts After Various 

Treatments 

Total boron charged: 0.0014 g 
Weight of boron-containing glass:  0.1189 g 

Total Boron 
Type of Sample Analyzed 

(g 1 

As-pressed compact 0.0014 
Sintered and coined compact 0.0015 

0.0014 Heat -treated compactb 
Roll-clad compactC 0.0014 
Annealed plated 0.0014 

a Compacts contained 38 wt % U02 plus 
~ u f f i c i e n t  glass  beads t o  give a boron load- 
ing equivalent t o  0.4 wt $ natural 'boron. 

b ~ e a t  treatment was 24 hr a t  1100°C. 
C Rolling temperature was 1050°C. 

!P la t e s  were annealed 3 hr a t  1150°C. 

I n  view of the excellent s t a b i l i t y  and behavior of t h i s  material i n  

a s ta in less  s t ee l  matrix, studies w i l l  be continued with emphasis placed 

on a scale-up t o  fu l l - s ize  f u e l  plates .  



I+. CONTROL ROD DEVELOPMENT 

Euro~ium Oxide Studies 

R .  A. McNees R .  A. Po t t e r  

I n  t h e  ea r ly  phases of t h e  development of europium oxide-stainless 

s t e e l  absorbers f o r  t h e  APPR program, one of the  p r inc ipa l  problems en- 

countered was a reac t ion  between t h e  Eu203 and t h e  s i l i c o n  i n  the  austen- 

i t i c  s t a i n l e s s  s t e e l .  This problem was thoroughly invest igated and the  

r e s u l t s  were recorded. ' Use of low-silicon elemental m.et.al. puwde:rSs c i r -  

cumvented t h e  reac t ion  problem and 13 f u l l - s i z e  absorbers were ult imately 

f ab r i ca t ed  with no d i f f i c u l t y .  

However, when s imi la r  components were subsequently manufactured by 

commercial fabr ica tors ,  a new and s ign i f ican t  problem was encountered. 

The Eu203-stainless s t e e l  compacts swelled during t h e  i n i t i a l  s in te r ing  

s t e p  of t h e  standard f ab r i ca t i on  procedure3 and created d i f f i c u l t y  i n  t he  

subsequent coining operation.  This swelling was not believed t o  be as-  

socia ted with a europia-s i l icon reaction,  since t he  l e v e l  of s i l i con  ap- 

peared t o  be acceptable on t h e  ba s i s  of previous work. Studies were there-  

f o r e  undertaken t o  explore t he  mechanism of t h i s  swelling problem. 

The unsa t i s fac tory  corrosion behavior i n  300°C water of in ten t iona l ly  

defec t ive  Eu203 - s t a i n l e s s  s t e e l  specim.ens containing 30 and 40 w t  $ oxide 

i s  a l s o  being invest igated.  Previous corrosion s tudies4 indicated l i t t l e  

a t t a c k  of t h e  dispers ion i n  an aqueous medium; however, these  r e s u l t s  were 

obtained on a specimen containing 20 wt % ~ ~ 2 0 3  r a the r  than 37 w t  % Eu203, 

a s  erroneously reported.  Techniques f o r  overcoming t h i s  lack of corrosion 

r e s i s t ance  by s t a b i l i z a t i o n  of the  cubic s t ruc ture  of Eu2O3 a re  being studied.  

'APPR Ann. Prog. Rep. Jan. 31, 1960, OWL-2907, pp. 2 3 2 7 .  

2 ~ .  F. Lei t ten ,  Jr., The S t a b i l i t y  of Europium Oxide i n  Silicon-Bearing 
S t a i n l e s s  Steel ,  ORNL-2946; Aug. 9, 1960. 

3 ~ .  F . Leit ten,  Jr . e t  a1 . , Specif icat ions  and Fabrication Procedures 
on Europium-Bearing Absorber Rods f o r  React ivi ty  Control i n  Core I1 of 
34-1, ORNL-2733, Ju ly  29, 1959. 

4APm Ann. Prcg. Rep. Jan. 31, 1960, ORNL-2907, pp. 30-32. 



Sintering Behavior 

Experiments have been conducted t o  study the  effects  of var ia t ions  

i n  powder his tory and s inter ing environment on the  dimensional behavior 

of Eu203 a t  1350°C. The underlying assumption i n  these s tudies  i s  tha t ,  

i f  the pure Eu2O3 compacts exhibit  contraction on heating, similar be- 

havior can be expected from dispersion compacts. The data  l i s t e d  i n  

Table 4.1 describe the behavior of cy l indr ica l  compacts of th ree  d i f f e r en t  

t ypes  of Eu203 when heated t o  t h i s  temperature f o r  1 hr i n  a i r  or  i n  dry 

hydrogen. These da ta  show tha t  l a rge  volume changes occur when low-tem- 

perature calcined ( 8 0 0 " ~ )  cubic Eu203 , i s  heated t o  1350°C. The volume 

changes, coupled with the problems raised when blending the f lu f fy ,  cubic 

Eu203 with the metall ic powders used i n  forming the  core of the  absorber 

plaLe, yresenr a number of p rac t ica l  d i f f i c u l t i e s .  Consequently, such a 

powder does not appear suitable,  even though shrinkage during s inter ing 

i s  noted. 

Table 4.1. Dimensional Changes of Eu203 Compacts 
After Heating t o  1350°C f o r  1 hr 

Sintering Dimensional Changes ($) 
 ater rial"' 

Atmosphere Length Diameter 

A Air -4.3 - 6 . 3  
IIydl-ogerl -5.2 -5.2 

B Air -0.4 -1. .4 
Hydrogen +2.8 +1.9 

C Air +O. 4 +0.3 
Hydrogen +1.6 i0 .6  

a 
A - Powder, cubic form from calcinat ion o f  Elk ( C e o 4 )  3 

a t  800°C i n  air. 

B - Powder, monoclinic form, a f t e r  heating cubic 
powder t o  1700°C i n  air f o r  3 hr. 

C - Powder, monoclinic form, a f t e r  heating cubic 
powder t o  1700°C i n  hydrogen f o r  3 hr.  

b~ondi t ion ing  treatments f o r  a l l  three  powders were. 
perforaled several months pr ior  t o  the present study. Com- 
pacts were cyl indr ical  pe l le t s ,  114 x 114 in. ,  pressed t o  

10 000 ps i .  



The behavior of the  denser monoclinic powders prepared by hcating the 

cubic form of Eu203 t o  1700°C f o r  3 hr i n  e i t h e r  a i r  o r  hydrogen indicates  

t h a t  the  environment used during such heating probably does not determine 

t h e  expansion behavior of compacts subsequently heated t o  1350°C. I n  ad- 

d i t i on ,  t he  s in te r ing  atmosphere does not appear t o  be s ign i f ican t .  

Another experiment was conducted t o  determine whether the  pa r t i c l e  

s i z e  of t h e  s t a r t i n g  powder i s  a contributing f ac to r  i n  the  expansion of 

Eu203 compacts during s in te r ing .  A portion of Eu203 from batch 10-1, 

which had been hydrogen-conditioned a t  1700°C f o r  3 hr, was separated into 

four pa r t i c l e - s i ze  frac.Lioas. These f rac t ions  were used. t6 prepare C Y ~ ~ I L =  

d r i c a l  compacts by cold pressing and heating t o  1350°C i n  dry hydrogen 

f o r  1 hr. The changes i n  dimenslont: amid weigllta mr. ohom i n  Table 4 . 3 ,  

These da t a  indicate  t h a t  i n i t i a l  pa r t i c l e  s ize  i s  probably not an important 

f ac to r  i n  the  expansion behavior of Eu203  compact.^. On the other hand, 

t he  apparent cor re la t ion  between the  amount of weight l o s s  from two of the 
. . 

compacts and t h e i r  expansion behavior may be s ign i f ican t .  

Table 4.2. ,Dimensional and, Weight Changes i n  
Eu203 Compacts Prepared from Sized Material 

Heated t o  1350°C i n  Dry Hydrogen 

Size Dimensional a.n.d. Weight Changes (%) 
Fract ior~ 

(mesh) Length Diame Ler Weight 

As received +3.0 +3.8 ( a >  
-60 +lo0 +3.0 -1-3.9 ( a  > 
-100 +270 +3 .3  +2.8 ( a >  
-270 +325 +1.5 +1.6 -3.6 
-325 +2.5 +2.7 -6.2 

a 
Green compacts were too  f r a g i l e  t o  handle be- 

fore  heating. A l l  compacts were very weak a f t e r  
f i r i n g .  

I n  view of t h i s  possible correla t ion between weight l o s s  and volume 

expansion of Eu203 compacts, an invest igat ion was s t a r t ed  of the  vo la t i l e  

mater ia ls  i n  Euz03 powder. A sample of oxide (batch 10-o), which had been 

air f i r e d  a t  1700°C f o r  1 hr several months p r io r  t o  use, was heated t o  



1450°C i n  a thermogravimetric apparatus a t  a pressure of approximately 

10'~ mm Hg . A t o t a l  weight l o s s  of 8.4% was experienced, with almost a l l  

the l o s s  occurring between 1050 and 1350°C. The r a t e  of l o s s  was barely 

perceptible a t  1020°C but was very rapid a t  llOO°C, with indicat ions  t h a t  

a t  1060°C a marked increase i n  r a t e  occurred. After samples had been heated 

a t  1350°C u n t i l  no fur ther  weight l o s s  was observed, increasing the tem- 

perature t o  1450°C resul ted i n  no addi t ional  weight loss .  

Sa.mples of t h e  oxide were taken before heaLing, a f t e r  heating f o r  

only 10 min at 1100°C so tha t  the  react ion producing the weight l o s s  had 

not been completed, a;rld af.l;er heating t o  1450°C. The x-ray d i f f rac t ion  

pat tern of the  oxide before heating showed not only the expected monoclinic 

Eu203 pat tern but a l so  four addi t ional  peaks due t o  an "unknown phase" 

which was not cubic Eu203. After heating i n  vacuum t o  1450°C only the 

monoclinic pat tern remained, the  four peaks due t o  the  "unknown phase" 

having disappeared completely. The x-ray d i f f r ac t ion  pat tern of the sample 

of material  t h a t  had been heated t o  1100°C f o r  10 min showed, i n  addit ion 

t o  the  monoclinic pattern,  a reduced in t ens i ty  of the "unknown phase'' and 

the strongest peak of the  cubic Eu203 pat tern.  It i s  postulated t h a t  the  

observed weight l o s s  was due t o  decomposition of a compound such a s  europium 

hydroxycarbonate, with evolution of C02 and H20, and tha t ,  concurrent with 

t h i s  process, cubic Eu203 was produced which subsequently transformed 

slowly t o  the monoclinic form a.t 1100°C. It i s  generally accepted Lhat, 

t he  low-temperature body-centered cubic form of Eu203 transforms i r r e -  

v e r ~ i b l - ~  t o  the  rr~onoclinic ~ t r u c t u r e  a t  te~u~peratures above approximately 

1050°C. 

The p l a u s i b l e n e ~ ~  of t h i s  postulaLe a s  t o  the  decomposition of a 

hydroxycarbonate i s  indicated by the chemical analyses of batch 10-0, a 

lr/OO"C air-conditioned powder, which contained 96.7% Eu2O3, and batch 10-1, 

a 1700°C hydrogen-conditioned oxide, which contained 95.5% Eu203. The 

presence of 0.4% carbonate was detected i n  both oxides several  months a f t e r  

preparation. The temperature range over which a sample of oxide from 

batch 10-1 l o s t  weight i n  vacuum was essen t ia l ly  the same a s  f o r  oxide 

10-0, although only a 5% weight l o s s  was noted with the  former a f t e r  heat- 

ing t o  1450°C. I n  contras t  t o  the  vacuum heating behavior shown by oxides 



10-0 and 10-1, a sample of Eu203 prepared only a week ea r l i e r ,  by calcina- 

t i o n  of Eu2(c204)3 i n  a i r  a t  1000°C f o r  2 hr, l o s t  no weight i n  the tem- 

perature range from 1000 t o  1400°C. The sample did show a 1% weight l o s s  

during i n i t i a l  evacuation and heating, presumably because of desorption 

of moisture. 

The e f f ec t s  of s in te r ing  a t  1230 t o  1350°C f o r  1 hr i n  hydrogen on 

the  behavior of hydroxycarbonate-contaminated Eu203 powder compacts i s  

compared with the e f f e c t s  of such s in te r ing  on the behavior of the non- 

conta,mi.nated oxide compacts i n  the following statemerrl;~: 

1 . A com-pact prepared from ~ i y c ' 1 r o ~ c a r b o i ? a t e - ~ o n t ~ n a t e d  powder 

showed a diameter change of +3.0% and a weight change of -4.0%. 

2. The same powder a.ft&r. heating t o  ConstulL wel8llL a.t l&STl°C and 

a pressure of mrn Hg was compacted and when s intered showed a diameter 

change of +U. 2% and a weight change of +0.05$. 

3. Pure monoclinic Eu203 prepared by heating pure cubic Eu203 t o  

1750°C f o r  1 hr i n  H2 was compacted and when sintered showed a diameter 

change of 4 . 2 %  and a weight change of +0.1%. 

4 ,  Pure monoclinic Eu203 prepared by heating pure - cubic Eu203 t o  

1600°C f o r  1 hr i n  a i r  was compacted and when s intered showed a diameter 

change of -2.0% and a weight change of +O. 2%. 

From these data,  it appears t h a t  properly prepared E'u203 powder doco 

not contain the hydroxycarbonate contaminant and t h a t  the powder t h a t  

i s  contaminated can be made usable by heating t o  1450°C a t  a pressure of 

-10'~ mm H ~ .  

The decomposition postulate i s  fu r the r  strengthened by the r e s u l t s  

of d l f f e r e u t i a l  thermal analysis  of oxide 10-0. Two d i f fe ren t  heating 

ra tes ,  10 and 25"~/min, were used a t  a pressure of approximately 1 mm Kg. 

During the  loOc/min heatup, an endothermic reaction was recorded from ap- 

proximately 940 t o  1250°C. A t  the  more rapid r a t e  of heating, the  r e -  

ac t ion  s t a r t ed  a t  approximately 1025°C and reached a maximum a t  approxi- 

mately 1285°C. These observations indicate  t h a t  the  d i f f e r e n t i a l  thermal 

analysis  technique may be used t o  determine the pressure of hydroxy- 

carbonate i n  Eu203 powder and t o  predict  the  s inter ing behavior of such 

powder. 



One f i n a l  point  which evolved a s  a coro l la ry  t o  t h e  s in te r ing  s tud ies  

i s  a l so  noteworthy. It was observed t h a t  p e l l e t s  of Eu203 a f t e r  being 

heated i n  a molybdenum induction furnace t o  1600°C f o r  2 hr i n  hydrogen 

were completely covered with a yellow-orange c ry s t a l l i ne  deposit .  The 

c ry s t a l s  were wel l  developed, ranged i n  s ize  up t o  0.1 mm, and formed a 

loosely adhering c r u s t  over the  surface of the  p e l l e t s .  Spectroscopic 

analysis  showed t h a t  the  c r y s t a l s  contained approximately 10% Si,  although 

the  powder from which the  compacts were made contained l e s s  than 100 ppm 

S i .  The same type of behavior, although l e s s  extensive, was observed i n  

a molybdenum res is tance f m a c e  under the  same condit ions.  Although t h e  

exact i d e n t i t y  of t h e  compound formed relnaills unsett led,  it i s  apparen.t, 

t h a t  Eu2O3 i s  a very e f f i c i en t  "get ter"  f o r  a i y  vo l a t i l e ,  s i l icon-contain- 

ing Compounds formed i n  t he  furnace. Although no evidence f o r  s i l i c o n  

contamination of t h e  atmosphere had previously been found, t he  furnaces 

do contain 'so1ne s i l i ca te -base  insu la t ing  m t e r i a l s .  It had been assumed', 

p r i o r  t o  t h i s  experience, t h a t  these  insu la t ing  mater ia ls  were not hot 

enough t o  allow f o r  s i l i con  v o l a t i l i z a t i o n  i n  a hydrogen environment, but  

apparenLly t h i s  i s  not t r ue .  I n  l i g h t  of the  undesirable e f f e c t s  caused 

by s i l i con  during fabr ica t ion  of s t a i n l e s s  s t e e l  -matrix absorber p la tes ,  

t h i s  observation points  up t h e  need f o r  c lose  control  over a l l  furnace 

equipment used i n  both Eu203 preparation and absorber p l a t e  fabr ica t ion .  

Aqueous Corrosion Behavior of Eu203 

The pos s ib i l i t y  of improving t h e  aqueous corrosion proper t ies  of Eu203 

by s t ab i l i z i ng  the  cubic modification of the  oxide has been suggested by 

t he  work of Shaeffer and R O ~ . ~  I n  t he  present study, s tab i l i za t ion .  of t he  

cubic form t o  temperatures g rea te r  than 1100°C was attempted by heating a 

mixture of cubic Eu203-5 wt % cubic Dy203 t o  1600°C i n  air f o r  1 hr .  X-ray 

d i f f rad t ion  analysis  showed the  product t o  be a mixture of monoclinic 

and cubic w2o3, which probably ind ica tes  t he  lack of reac t ion  

' 5 ~ a r e  - ~ a r t h  Polymorphism and Phase Equi l ib r ia  i n  Rare -Earth Oxides - 
Water Systems, J. Am. Ceram. Soc ., W(11):  56370  (1959). 



between the  two s t a r t i n g  materials.  Under similar condiLions using cubic 

Y2O3,  the  monoclinic form of was again obtained. Further work on 

chemical s t ab i l i za t ion  of the  cubic form of Eu203 i s  planned by using la rger  

proportions of oxide addit ives,  longer heating periods, and higher tempera- 

tu res ,  a s  well  a s  coprecipitated oxides f o r  more intimate mixing. 

I n  order t o  e s t ab l i sh  base-line behavior, the  water corrosion behavior 

of f i v e  compacts of Eu203 was investigated.  The compacts were made by 

cold pressing, at 10 000 psi ,  Eu203 powder t h a t  previously had been heated 

t o  1700°C i n  hydrogen f o r  3 hr and then s inter ing t o  1230°C f o r  1 hr i n  

hydrogen. Each compact Y'epl1esellLtlCl a stparatc batoh of e~wopia .  Nnne nt' 

the  compacts showed any apparent reaction a f t e r  18 hr i n  H20 a t  25OC, but 

a l l  suffered f a i r l y  rapid decompositl6n i n  bul l lug w a L e ~ .  W%cr 2 hr a t  

100°C, a l l  p e l l e t s  showed evidence of attack,  and t h e  p e l l e t  from so-called 

"~ar -" / "  materlal  (a reference oxidc notable f o r  having been sa t i s f ac to r i l y  

incorporated in to  absorber p l a t e s )  was completely decomposed. After an 

addi t ional  3 hr, another p e l l e t  was completely decomposed, and the  other 

th ree  samples showed extensive a t tack.  After cooling and standing over- 

night i n  room-lemperabure water, thcse p e l l e t s  appeared swollerl ad were 

too weak t o  handle with forceps. It was observed t h a t  those compacts 

which were dark gray i n  appearance decomposed more slowly than the l i g h t e r  

colored compa.cts, but no explanation f o r  t h i s  difference can be advarrlceed 

a t  t h i s  time. X-ray d i f f r ac t ion  analysis  of powder taken frurn each of the 

compacts a f t e r  t he  water corrosion experiment showed t h a t  a second phase, 

t en t a t ive ly  i den t i f i ed  a s  EU(OH)~, was present. i n  addit ion t o  monoclinic 

Eu203. Although no da t a  a re  available f o r  the  x-ray d i f f r ac t ion  pat tern 

of EU(OH)~,  it w a s  posstble . lo  -index seven l i n e s  fro111 the  pat tern of the  

second phase by assuming it would be similar t o  L ~ ( o H ) ~ ,  which i s  hexagonal 

and i sos t ruc tu ra l  with s ~ ( o H ) ~  ahd ~ d ( 0 1 1 ) ~ .  It was observed t h a t  the  in-  

t e n s i t y  of the  EU(OH)~ d i f f r ac t ion  pat tern was strongest i n  the  residue 

from the  compact which f i r s t  decomposed i n  boi l ing water. Apparently, the 

aqueous corrosion res is tance of Eu203 compacts i s  re la ted  t o  res is tance 

of the material  t o  hydrolysis. 



Stab i l i t y  'of Europium Oxide i n  Silicon-Bearing 
S ta in less  S tee l  

C .  F. Leitten, Jr. 

The s t a b i l i t y  of Eu203 dispersed i n  silicon-bearing s t a in l e s s  s t e e l  

powder compacts was studied2 i n  the  temperature range 900 t o  1250°C. The 

e f f ec t s  of s i l i con  content of the  s t a in l e s s  s t e e l  powder, oxide-conditioning 

treatment, and hcat- t reat ing t'ime and atmosphere were a l so  investigated.  

Independent of the  conditioning.process employed, Eu203 reacted with 

the austenl-Lic s t a in l e s s  s tee l ,  a s  manifested by compact volume increases 

and the deposition of an europium-bearing, yellow-green f i lm  on the  specimen 

surfaces. The degree of reaction was observed t o  increase with increasing 

s i l i con  content i n  the  s t e e l .  Volume increases of approximately 6% were 

noted i n  s t a in l e s s  steel-base compacts containing 2 wt % Si  when heat . . 

t rea ted  a t  1230°C f o r  1 3./2 hr. The presence of a reactiorl product was t :  .. . 

a lso  dbserved i n  the  Eu203 pa r t i c l e s  i n  the  high-silicon-bearing s t a in l e s s  

s t e e l  compacts as  a r e s u l t  of reaction.  Stainless  steel-base dispersions 

containing 0.11 w-b $ S i  showed  light volw~ie decreases on heat t rea t ing ;  

however, the deposition of the reaction f i lm was a l so  noted on these speci- 

men surfaces. The presence of a reaction product i n  the  oxide pa r t i c l e s  . . . .. 

was not observed i n  these compacts. 

Elemental. iron, nickel, and chromiw~ w i t h  s i l i con  content l e s s  than 

58 ppm were s table  with Eu203 a t  a temperature of 1230°C. Depending on 

the  oxygen content of the  chromium, s l i gh t  in te rac t ions  of Eu203 and 

chromium oxide were noted a t  the pa r t i c l e  interfaces .  The i n s t a b i l i t y  

noted between &u203 and chromium containing 0.12 wt % Si  was manifested 

by a volume increase and the deposition of the  yellow-green reaction fi lm. 

No reaction product, however, was noted i n  the  europium oxide par t ic les .  

The heat- t reat ing atmosphere did not appear t o  a f f ec t  the presence of 

the  reaction i n  the  investigated'  material  combinations but d id  a f f ec t  the  

degree of reaction.  Specimens heat t rea ted  i n  hydrogen appeared t o  have 

la rger  volume grow1;hs than compacts heat t rea ted  i n  helium o r  vacuum. The 

degree of react ion was observed t o  increase with time and temperature, 

independent of the  .'atmosphere. 

. . 



Ef fo r t s  t o  e s t a b l i s h  bas ic  standards f o r  i den t i f i c a t i on  of t he  varirn.1~ 

r eac t i on  products involved s tud ies  of t h e  europium-silicon a l l oy  system 

and of Eu203 dispers ions  i n  s i l i c o n  and Si02. The reac t ion  of Eu203 with 

s i l i c o n  and with Si02 at  1200°C generally resu l ted  i n  compact volume in -  

c reases  and t h e  deposi t ion of t h e  yellow-green f i lm  on t he  specimen sur-  

faces .  The formation of EuSi2 was pos i t ive ly  es tabl ished a s  a react ion 

product i n  t he  s i l icon-base  compacts. Few d i f f i c u l t i e s  were encountered 

i n  preparing t he  var ious  europium-silicon a l loys  by a r c  melting, o ther  

than. a considerable l o s s  of europium,. which was noted i n  each al loy,  a.s a 

r~tsinlt of vaporization.  A pn'el inl i~ia~y 3 tud j  waE made on t-hese a l loys  i n  

t h e  composition range 9 t o  91% Eu. The possible existence of a t  f e a s t  

t h r e e  s i l i c i d e s  was no.Led 'by examnatloel u r  *=ray d i f f r ao t i on  pa t . t . ~ rns .  

The c a s t  microstructure of a l loys  between 9 and 63 w t  % Eu consisted of 

s i l i c o n  and EuSi2. 

Boron-Gradient Neutron Absorbers 

R .  J. Beaver T. D.  Watts 

I r r a d i a t i o n  t e s t  d a t a  obtained on 3 w t  % dispers ions 'o f  boron i n  i ron  

have shown t h a t  it may be poss ible  f o r  such mater ia l  t o  withstand a s  much 

as 7 at .  % 'burnup of  toms without significant ,  damage. Microstructural  

examination of t he  i r r ad i a t ed  specimens has revealed t ha t ,  bccause of t he  

se l f -shie lding,  boron i n  surface l aye r s  of t h e  dispersion i s  burned t o  

appreciably higher values than i n  the  underlying mater ia l .  For example, 

i n  undamaged spe,cimens which were subjccted t o  an average B ~ O  burnup of 

4 a t .  %, t h e  B~ burnup at  t h e  surf  ace was a s  high as 30 at .  %. Specimens 

exposed t o  an average burnup of 11 at .  % had s. surface burnup of 70 at .  $, 

and severe damage i n  t h e  surface l aye r s  was observed. It may be possible 

t o  circumvent t h i s  problem by designing t he  absorber so t h a t  t h e  B ~ O  burn- 

up w i l l  be uniform throughout t h e  thickness.  As shown i n  Fig .  4.1, t he  

boron d i s t r i b u t i o n  increases  from the  surface of the  neutron absorber p l a t e  

6 ~ .  F. Leit ten,  Jr., e t  al . ,  J. Nuclear Materials, 2: -1367% (1959). 
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Fig. 4.1. Profile of Boron Concentration Gradient and B ~ O  Burnup 
L i m i t s  i n  Half Thickness of an SM-1 Reactor Neutron Absorber Plate Designed 
t o  Obtain an Average Burnup of 258 of B'O Atoms with No Significant Damage. 
Other half thickness i s  symmetrical with the section i l lustrated.  

t o  the interior  i n  step-wise fashion. The data of Fig. 4.1 i l l u s t r a t e  a 

conservative design based on 3 wt $ W e  specimens, which showed that  this 

material can successfully withstand a burnup of 4.7 X 1021 atoms of B1° 

per cubic centimeter of material. This particular gradient i s  based on 

the assumption that  an average burnup of 25 at. $ B1 can be obtained with- 

out significant damage. It i s  anticipated that  the t e s t  section w i l l  not 

become damaged through one core l i f e  i n  the SM-1 reactor. 

A ful l-size neutron absorber section has been prepared fo r  irradia- 

t ion test ing in  the SM-1 reactor, The purpose of this t e s t  i s  t o  demon- - - 

s t ra te  the re l i ab i l i ty  of the boron-gradient concept. The wer -a l l  design 

of the section i s  similar t o  the design of the neutron absorbers presently 



operating i n  the SM-1 reactor, except the core section of the composite 

f u e l  p l a t e  contains the  boron gradient described above. The boron i s  92% 

enriched i n  the B" isotope and i s  dispersed i n  type 200 s ta in less  s t e e l  by 

conventional powder-metallurgy methods. Fabrication studies indicated tha t  

t h e  most compatible s inter ing temperature was 1050°C. With t h i s  exception, 

the  procedures used t o  rnake the  powdered compacts and fabricate  composite 

p la t e s  were ident ica l  with those previously reported f o r  manufacturing the 

europium-bearing absorber sections. 

As  par t  of the  fabricat ion development f o r  this component, an evalua- 

t i o n  w a s  conducted t o  determine whether boron losses or  significant in ter -  

diffusion of boron occurred as a r e su l t  of ro l l ing  a t  a temperature of 

1150°C and subsequently annealing at 1000°C, From the  data presented i n  

Table 4.3, it may be concluded tha t  s l ight  interdiffusion occurred, but 

the  losses were not important. A hardness traverse w a s  a lso made across 

the  gradient. The r e s u l t s  a re  presented i n  Fig. 4.2, which metallographi- 

c a l l y  depicts the  boron gradient i n  the  as-polished condition. As ex- 

pected, the  hardness values correlate  well with the  boron concentration; 

t h a t  is, 257 DPH f o r  a concentration of 1.14 w t  % B and 348 DPH f o r  the 

s t a in les s  s t ee l  containing 3 -44 wt $ B . 
The absorber box w a s  welded with no d i f f icu l ty .  It successfully 

passed a reac t iv i ty  measurement i n  the Alco Products Cr i t i ca l  ' l es t  P'acili ty 

and i s  presently under t e s t  i n  the 244-1 reactor.  Pertinent de ta i l s  of the 

boron content are  l i s t e d  i n  Table 4.4, and the c r i t i c a l  dimensional meas- 

urements are  i l l u s t r a t ed  i n  Fig, 4.3. 

Table 4.3. Boron Aflalysis of FabricaLed 
Gradient Plate  

Layer 
No. 

Charged Boron Analyzed  oro on" 
( w t  %) ( w t  $1 

''The r e s u l t s  show some leveling off of 
the  section due t o  interdiffusion. 
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-I--- 2.24 wt % BORON r 3.44 wt % BORON 

1 2.24 wt  % BORON + 1.26 w t  % BORON + 1.14wt% BORON 

I 
C 1 

STAINLESS STEEL 

HARE 

175 

.ADDING 
CORE 

257 

INESS 

DPH 

INTER 

DPH 

DPH 

348 DPH 

313 DPH 

263 

CORE 
.ADDING 

197 

DPH 

DPH 

INTER 

DPH 

Pi. 4.2. TI%mNe~se  Ptecit.for;d. 02 Baran Gfdieat 3)iLEtz;e Showing 
of Be,rcr~ Ooncen'tmtioa in Austmi%Jr: S%aWltsss Steel on Hmdnesss Va 

B O L % % ~ & .  7% ( ~ ~ i g - 1  F&UC&~ IY$) 

FACE 



Table 4 .A. D a t a  on Boron Gradient Absorber Section 
Under Test i n  SM-1 Reactor 

Ident if icat ion number: BG-1 
Number of cores per plate:  8 

Core Makeup 

 oro on" s tainlessb Stee l  
(g > (€3) 

Boron Concentration 
(wt $1 

Total  

a 92% enriched i n  the  B'' isotope. 

b~ominal composition: 0.03% C, 20.70% Mn, 16.37% C r ,  
0.49% N i ,  balance Fe. 

C Loading per plate .  

Boron-Gradient Control Rod with a Tip End Containing 
Nu203 i n  Stainless Steel  

R. J. Beaver T.  D. Watts 

A n  e f for t  has been made t o  reduce the cost of the previously developed 

Euz03-stainless s t e e l  neutron absorber section by limiting the i rradiat ion-  

r e s i s t an t  but high-cost europium oxide t o  the t i p  end (6 1/2 i n . )  of the  

20 5/8-in.-long absorber section. The balance of each absorber plate  con- 

t a i n s  a boron gradient of the  type described i n  the previous section. Thus, 

material  cost, as ref lected by the price of europium oxide, i s  s igni f i -  

cant ly reduced, and yet it i s  f e l t  t h a t  the  l i f e  of the absorber w i l l  not 

be impaired, since only the t i p  end i s  burned out t o  any great extent. The 

conceptual design of this type of plate  i s  shown i n  Figs. 4.4 and 4.5. 
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TYPE 304L STAINLESS STEEL CLADDING 

I I 

TYPE 304L STAINLESS STEEL CLADDING 

Fig. 4.5. Longitudinal Section of Composite Plate Showing Arrangement 
of Eu20s-Stainless S tee l  Tip with Boron Gradient Follower. 

Full-size sample p la tes  have been prepared from 3'7 w t  $ &u203--elemental 

s ta in less  s t ee l  compacts prepared by established techniques3 and boron- 

gradient compacts prepared i n  the manner previously described. Radio- 

graphic examination of the  p la tes  showed them t o  be dimensionally accept- 

able f o r  i r radia t ion  tes t ing  i n  the  SM-1 reactor.  

Metallographic observations revealed considerable intermixing of the 

boron dispersion with the  Eu203 dispersion at  the  junction of these two 

materials. Because of this mixing, the silicon-bearing s ta in less  s t e e l  

matrix of the  boron region i s  i n  intimate contact with Euz03. Thus, a 

condition i s  created f o r  reaction of Eu203 with silicon.* The mixing i s  

i l l u s t r a t e d  i n  Figs. 4.6 and 4.7. There i s  some indication of a s l ight  



reaction of the europium oxide with the type 200 stainless s tee l  used as  

the matrix i n  the gradient region. This i s  evidenced by the darker ap- 

pearance of Eu203 particles adjacent t o  the interface between the t i p  and 

the body of the plate. T h i s  slight reaction i s  not f e l t  t o  be hardul. 

Fabrication of a ful l-size component fo r  test ing i n  the SM-1 reactor i s  

i n  progress . 

Eu203 BORON-GRADIENT 
STAINLESS STEEL TIP 4 FOLLOWER 

UNCLASSIFIED 
Y-44404 

L37 w t  % Eu203-STAINLESS STEEL L B'O-STAINLESS STEEL 

Fig. 4.6. Longitudinal Section of Euz03-Tip Neutron-Absorber Plate 
Showing Mixing of the ~ ' ~ - s t a i n l e & s  S t m l  Dispersion with the Dispersion 
of 37 wt $ Eu2034tainless Steel at the 3unction of These Two Materials. 
A s  polished. lOOX 
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Fig. 4.7. Longitudinal Section a Short Distance from the Junction 

of the  Dispersion of 37 wt $ Eu20gStainless Steel  and the B'O-stainless 
Stee l  Mixture Showing the Intermingling of These Materials. As  polished. 
10ox. 



5. IRRADIATION TESTING OF FUEL AM) ABSORBER WIERIALS 

Postirradiation Examination of SM-1 Fuel Elements 

A. E. Richt 

The effects of irradiation on fuel elements that have been removed 

fromthe active l a t t i c e  of the SM-1 reactor are being studied. The fuel  

element consists of 18 composite fue l  plates joined by brazing in to  a pai r  

of side plates t o  form an integral assembly. The flat, r e c t w u l m  plate 

i s  composed of a 0.020-in. -thick core section containing 25 w-b $ U02 and 
0.13 wt $ BqC i n  a matrix of type 302B stainless steel.  The fue l  section , 

i s  clad with 0.005 in. of type 304L stainless s tee l  by r o l l  bonding.' 
I 

Results of postirradiation examination of the f i r s t  stationary fuel  

element (S-72), which was removed a f te r  10.5 Mwyr of operation, were r;e- 

ported previously.2 No dimensional changes of significance occmed, al- 

though rippling of the outer fuel  plates i n  the assembly was observed. 

Examination of the Coast Metals N.P. brazed joints revealed significant 

localized attack by the reactor coolant water. Very infrequent inter- 

granular cracking i n  the stainless s tee l  cladding was also noted. Meas- 

ured burnup i n  terms of per cent u~~~ depletion was 16$ (average) and 38% 

(maximum) . 
Postirradiation examination of a second stationary fuel  element (S-791 

i s  now essentially complete. This element operated fo r  16.4 Mwyr i n  the 

SM-1 reactor, and measured burnup values indicate average and maximum 

u~~~ atom depletions of 42 and 57$, respectively. The -peak f ission burn- 

up expressed as fissions per cubic centimeter was 22.5 x lo2'. 
Over-all dimensional measurements of t h i s  fuel  element did not show 

any changes of significance. However, examination of the contour of the 

' 3 .  E . Cunningham e t  a1 . , Specifications and Fabrication Procedures 
fo r  APF'R-1 Core I1 Stationary Fuel Elements, ORNL-2649, Jan. 29, 1959. 

*APPR Ann. Prog. Rep. Jan. 31, 1960, ORYL-2907, p. 32. 

3 ~ e t .  Div. Ann. Prog. Rep. July 1, 1960, ORNL-2988, p. 311. 



outer  p la t e s  revealed a la rger  magnitude of rippling than i n  the element, 

S-72. The ef fec t  i s  i l l u s t r a t e d  i n  Fig. 5.1. Measurements of spacing be- 

tween p la tes  1 and 2 demonstrated the influence of rippling i n  the f i r s t  

p l a t e  on the  underlying spacing. This e f fec t  i s  shown graphically i n  

Fig. 5.2, which a lso  shows the  measurements of the spacings between plates  

9 and 10, which a re  near the midplane of the fue l  element. A s  reported 

previously f o r  f u e l  element S-72, the inner plate  spacings did not change 

s ignif icant ly,  indicating tha t  rippling of the  inner fue l  plates  i s  probably 

negligible.  

Metallographic examination of the  f u e l  matrix fa i led  t o  reveal any 

cracking o r  other gross deterioration. A s  expected, considerable porosity, 
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Fig. 5.2. Plate Spacing Measurements of SM-1 Fuel Element S-79. 

attributable t o  fission-gas precipitation, w a s  found i n  the UOa. I n  addi- 

tion, the presence of two unidentified phases was noted. An effort  i s  being 

made t o  identify these phases. These microstructural effects are i l l u s -  

trated i n  Fig. 5.3. 

As shown in Fig. 5.4, the Coast Metals W.P. joint was severely cor- 

roded by the pressmized-water environment. Corrosion appeared t o  be con- 

fined t o  the b r i t t l e  eutectic mixture in the braze metal f i l l e t .  A com- 

parison with the corrosion of joints i n  fuel  element 5-72 ind i c~ ted  that  

the longer in-pile exposure of fuel  element S-79 had not significantly in-  

creased the degradation of the brazed Joint s. 

The rather severe corrosion t o  these joints w a s  surprising i n  view of 

out-of -pile corrosion t e s t s  conducted on t h i s  alloy.4 It i s  postulated 

that, the deterioration shown may be due t o  the generation of cracks i n  

this alloy by stresses induced during reactor operation. Cracking would 

be followed by an acceleration of attack from a crevice corrosion process. 

As i l lus t ra ted i n  Figs. 5.5 and 5.6, both intergranular and trans- 

granular cracking of the 0.005-in.-thick type 3ML stainless s tee l  clad- 

ding were observed in  element S-79. Only a very few i n t e r m d m  cracks 

i n  the cladding had been noted previously in fuel  element S-72. Although 

bR. J. Beaver e t  al., An Investigation of the Corrosion Resistance 
of Brazing Alloys fo r  Austenitfc Stainless Steel Fuel Elements i n  565OF 
Pressurized Water, ORNL-2834 ( in  press). 



Fig. 5.3. T i c a l  Microstructures of SM-1 Fuel P la te  After 47% Fis-  
sion Burnup of U2' (22.5 x lo2' ~ i s s i o n s / c r o ~  ) . (a) Etched with H2S04- 
H202-H20. (b) Etched with glycerol regia. 500X 



Fig. 5.4. Typical Microstructure of Fuel P la te  t o  Side Pla te  Brazed 
Joint  Showing Corrosion of Eutectic Mixture. Specimen w a s  i n  the  SM-1 re -  
actor  about three years. Etchant : glycerol regia . 75X (or iginal  reduced 
23%) 

Fig. 5.5. Cra~king  of Fuel P la te  Cl&dtng i n  SM-l Fuel Elewnt  S-79. 
Etch& : glycerol regia . lQOX (Original reduced 21$1 



Fig. 51.6. Graeking Pat%ems Zf i  Fuel Pla%e, C'L~c~ding. VZew sh~m t o  
a polL@*Bed. and e%ehe& fuel plate  surface. I2-tchm.t: g ' lpx ro l  reg3.a. 75X 

some cracks penetrating t o  the  surface of the  fue l  section can be seen, 

no penetrations in to  the  matrix were found. The cause f o r  the in te r -  

granular cracking may be related t o  the  f a c t  tha t  the fabrication process 

r e s u l t s  i n  carburization of the  type 304L s ta in less  s t ee l  cladding and 

ultimately the material becomes sensitized as well a s  very coarse grained.5 

The cause f o r  the transgranular cracking may be due t o  a stress-corrosion 

phenomenon, although it i s  not obvious why it w a s  not observed i n  the  

previously examined f u e l  element. 

5 ~ .  J. Beaver e t  al., Investigation of the Factors Affecting Sensi t i -  
zation of Army Package Power Reactor (APPR-1) Fuel Elements, ORNL-2312, 
Sept. 18, 1957. 



6 ~ .  J. Beaver e t  d., Specifications for  Army Package Power Reactor 
(APPR-1) Fuel and Control Rod Components, ORNL-2225, July 24, 1957. 

Postirradiation Examination of Neutron Absorbers 
Containing 3 wt Boron i n  Iron 

A. E. Richt 

The f i r s t  neutron-absorber section for  the SM-1 control rod consisted 

of stainless steel-clad plates containing 3 wt $ B i n  iron. The boron 

used was 908 enriched in  the B ~ O  isotope. A t  the time of this develop- 

ment, an irradiation testing program was in i t ia ted  a t  the MTR on miniature 

versions of these composite  plate^.^ Although the irradiation testing 

temgerature was only 150°F, it was assumed that  postirradiation heat t rea t -  

ments a t  600°F would more than adequately simulate the 500°F surface tem- 

perature of Lhe neutron-absorber plates i n  the SM-1 plant. I n i t i a l  re- 

sults' from this program indicated that  early fai lure was l ikely  t o  occur 

i n  the ful l-size neutron absorbers i n  the SM-1. Examination of two of 

these ful l-size rods exposed i n  the SM-1 reactor fo r  two-thirds af the 

core l i f e  supported these findings, and the iron-boron neutron absorbers 

were replaced with absorbers containing 37 wt $ Eu203 i n  stainless steel.  

The f i na l  phase of the MI!B irradiation test ing program has been com- 

pl$ted and the results  are summarized i n  Fig. 5.7. These data show thick- 

ness increases of the miniature composite plates as  a function of B1° burn- 

up a f te r  irradiation a t  150°F. No other dimensional changes occurred. A s  

reported previously, significant changes i n  thickness were a result  of 

fa i lure  a t  the core-to-cladding interface .* Helium pressure i s  no doubt 

responsible fo r  the failures. 

The summary i n  Fig. 5.7 shows that  specimens with 5% burnup of B1' 

atoms did not exhibit significant increases i n  thickness. Metallographic 

examination revealed that  the core-to-cladding interface w a s  s t i l l  intact .  

A t  burnups of 11% and greater, fa i lures  at the core-to-cladding in teeace  

occurred and a l l  specimens exhibited significant thickness increases. 

7 ~ .  F. Leitten, Jr., Phase 111 Absorber Rod Sample Irradiation - 
Irradiation Request ORNL-Ml?R-28, ORNL CF-57-7-19, July- 5, 1957. 

8 ~ .  F. Leitten, Jr., e t  al., J. Nuclear Materials, 2: 136-44 (1959). 



Fig. 5.7. Effect of E ~ l m u p  on Swelling of 
~ e - ~ l '  Miniature Absorber Plates  a t  a Temperature 
of Approximately 130°F. 

Since no da ta  e x i s t  i n  t h e  range of 7 t o  10% burnup, i-t i s  aoL possible 

to es t ab l i sh  the exact burnup a t  which f a i lu re  by separation at  the core- 

to-cladding in tef lace  occurs. 

A l l  specimens exhibiting f a i lu res  a t  the core-to-cladding interface 

a f t e r  i r rad ia t ion  showed additional increases i n  thickness when heat t rea ted  

a t  600°F. Those with bonding s t i l l  in t ac t  were unaffected by the heat 

treatment. The r e s u l t s  shown i n  Fig. 5.7 a re  i n  general agreement ~ 5 t h  

da ta  previously reported on the  fu l l - s i ze  absorber sections which were re-  

mved from the  f i r s t  core of the  SM-1 r e a c t ~ r . ~  



Irradiation Testing and Postirradiation Examination of Dispersions 
of Eu203 in  Stainless Steel Irradiated a t  150°F 

A. E. Richt 

The neutron-absorber boxes presently operating i n  the SM-1 reactor 

are composed of stainless steel-clad plates containing a dispersion of 

37 wt $ Eu203 i n  stainless steel.g During the development of t h i s  type 

of dispersion, an irradiation program'0 was in i t ia ted  t o  t e s t  miniaturized 

composite plates i n  the ETR a t  a temperature of approximately 150°F. 

Specimens submitted for  testing contained 20, 30, and 4.0 wt $ Eu2O3 dis- 

persed i n  stainless steel .  Several of these specimens were examined a f t e r  

irradiation t o  the exposures l i s t ed  i n  Table 5.1. Dimensional measure- 

ments of the specimens an8 metallographic examination of the matrix ma- 

t e r i a l  did not reveal any loss  of structural integrity. No dimensional 

Table 5.1. Irradiation History of Eu203- 
Bearing Miniature Absorber Plates 

-- 

Specimen Core Loading Integrated Fluxa 
NO. (wt $ ~ ~ 2 0 3  ) (neutrons/cm2 ) 

%nperturbed; from ETR estimates. 

changes were noted and the irradiated microstructure was indistinguishable E 
from the as-fabricated structure. 

9 ~ .  F. Leitten, Jr., e t  al., Specifications and Fabrication Procedures 
i n  Europium-Bearing Absorber Rods fo r  Reactivity Control i n  Core I1 of 
SM-1, ORNL-2733, July 29, 1959. 

'OC. F. Leitten, Jr., The Irradiat ioa of Miniature Eu20s-Bearing Ab- 
sorber Plates - Irradiation Request ORNL-MlB-39, ORNL CF-59-9-25, 
Sept. 14, 1959. 



Post i rradiat ion s tudies  were conducted t o  determine the  corrosion be- 

havior of in ten t ional ly  defective samples a f t e r  i r rad ia t ion .  These t e s t s  

were run i n  s t a t i c  autoclaves i n  300°C water pressurized at 1200 psi .  

Specimens placed i n  these t e s t s  had edges sheared t o  e q o s e  the Eu203- 

s t a in l e s s  s t e e l  material  t o  t h e  aqueous environment. The r e s u l t s  of t e s t s  

on the  i r r ad ia t ed  specimens a r e  compared with the  unirradiated material, 

s imi lar ly  exposed, i n  Fig. 5.8 and Table 5.2. A s  shown i n  Fig. 5.8, ex- 

posure of the  i r r ad ia t ed  material  t o  t h i s  environment has resulted i n  

UNCLASSIFIED 

UNIRRADIATED IRRADIATED 

Fig. 5.8. Structure of Corrosion-Tested Euz03 Dispersion Absorber 
Specimens. 



Table 5.2. Corrosion Test Results on Defected Eu203-Bearing 
Absorber Plates 

Irradiated m203 Weight Change ($) Thickness Change ($) 

specimena Concentration 
No. ( w t  $1 Unirradiated Irradiated Unirradiated Irradiated 

Control Sample Control Sample 

- -- 
a Samples exposed t o  300°C water for  88 hr. 

spl i t t ing of the Eu203-stainless s tee l  mixture. This effect appears t c  

be a function of N203 concentratLon, since it was sl ight  fo r  the di-sper- - 
sion containing 20 wt 8 k;lzOs but severe for  the  4.0 w t  8 Eu203 samrple. 

t o  have suffered severe spli t t ing.  There i s  some iadicartion, however, 

fected. Comparative thickness changes caused by t h i s  corrosive attack are 

summarized i n  Table 5.2. These data show, as expected, large increases 
B 

i n  thickness for  samples containing 30 and 40 w t  Euz03. The exact nature * 
of t h i s  phenomenon has not been discovered, but it is  clear that  disper- 

sions containing 4.0 wt 8 Eu203, whether i n  the irradiated or  unirradiated 

condition, are prone t o  deterioration when exposed t o  high-teqerature 

water, SLx specimens remain in-pile. The status of these irrad5ation 

experiments i s  summarized i n  Table 5.3. I 

Table 5.3. Status of Lmatliations on 
Eu203 -Be,axi ng Miniature 
Absorbers (Om-MFR-39) 

Specimen Accumulated ~3.d Desired Flux 
No. (neutrons/cm2 ) (neutrons/cm2 ) 

39-3 21.8 28.8 
39-4 27.4 45.7 
39-7 24.9 28.8 
39-8 27.8 45.7 
39-11 26.2 28.8 
39-12 24.3 45.7 

'on July 17, 1961. 



Pos Lirxlailiation Inspection of 17-11 PH Stainless Steel. 
Control Rod Rack 

K. K.  Klindt A. E. Richt 
W. C .  Thurber 

I n  view of the  stress-corrosion fa i lu res  experienced a t  the  Dresden 

Reactor i n  control rod components fabricated from 17-4 PH s ta in less  

s t ee l , l l r l*  the O a k  Ridge National Laboratory was requested t o  examine a 

portion of one of the  SM-1 control rod drives manufactured from similar 

material. The particulax part  t o  be examined was a multitoolh shaft  o r  

rack approximately 41 In.  long thaL had 'treet~ exposed %o t he  rcactor cloolmt 

i n  SM-1 f o r  approximately three years. During t h i s  period the plant op- 

erated at about a 508 load fac tor  and the rack Was exposed Lu dylleuuic 

440°F pressurized water of neutral  pH. 

UNCLASSIFLED 
RHC 9001 

Fig. 5.9. Cross Sectiorl Through Tooth i n  17-4 PH Stainless Steel 
Control Rod Drtve Rack Showing Absence of Stress  Corrosion M t e r  Extended 
Exposure t o  High-Temperature Water i n  SM-1 Reactor. Etchant: glycerol 
regia.  75X 



I n  t he  hot c e l l ,  the rack was r ead i ly  disassembled from i t s  a t tach-  

ments. It was then subjected t o  v i sua l  inspection, followed by magnetic- 

p a r t i c l e  and dye-penetrant surface examinations. No defects  were revealed 

by any of these inspections. 

Finally,  the  component was sectioned i n  several  locat ions  and examined 

metallographically t o  confirm the  r e s u l t s  of the  nondestructive t e s t s  . 
The microscopic analysis confirmed t h e  previous r e s u l t s . ,  A t yp i ca l  sec- 

t i o n  through one of the  t e e t h  i n  the  rack i s  shown i n  Fig. 5.9; t he  in-  

t e g r i t y  of t he  par t  i s  obvious. 

The excellent  service of t h i s  rack and s i x  s imilar  u n i t s  i s  believed 

t o  r e s u l t  from the f a c t  t h a t  these  shaf t s  were heat t r ea t ed  a t  1000°F 

a f t e r  fabr icat ion t o  reduce res idual  s t resses .  Favorable water chemistq.  

and tlsc abseilce uf  boiling i n  the  coolant may a l so  have contributed t o  t he  

sa t i s fac tory  performance. 



6. NOTCH-IMPACT TESTS Ol" SM-1 SURVEILLANCE SPECIMENS 

R.  G .  Berggren M. S. Wechsler 

Surveillance specimens of ASTM A-212, grade B, s t e e l  from the SM-1 

pressure vessel were placed i n  the SM-1 reactor a t  s tar tup.  Eight cap- 

sules  were placed on the core support plate  15.0 in .  from the ve r t i ca l  

center l ine of the reactor  with the bottom notch of the impact bars 16.7 

i n .  above the core center.  Each capsule contained three subsize Izod i m -  

pact specimens w i - L h  s i x  notches each. Si.n.ce there i s  a steep fast-neutron 

f l u x  gradient i n  t h i s  position, each nol;ch of a specimen Was ex1>crs~d Lo 

a, il-ifferent fast-neutron f lux.  One capsule was removed from the reactor 

a f t e r  16.4 M w y r  of operation, and t e s t s  were conducted on . h e  impact specl- 

mens a t  ORNL. The exposure temperature of the  capsule was aboi.,,t t ha t  of 

t h e  e x i t  coolant (450°F). 

Notch 1 was f a r t h e s t  from the reactor core and, therefore, received 

the  lowest fast-neutron dose. Notch 6 was nearest the reactor core but 

apparently did not receive the highest fast-neutron dose. Notch 5 ap- 

peared t o  receive the highest dose. There were three specimens i n  the 

capsule so tha t  three  t e s t s  were possible a t  each dose level .  Unirradiated 

specimens from the  same plate  were tested i n  the hot c e l l  along with the 

i r rad ia ted  surveillance specimens. 

The r e su l t s  of these t e s t s  are presented i n  Fig. 6.1. The increasing 

t r ans i t ion  temperature with increasing fast-neutron f lux  or  dose i s  ap- 

parent. The data  f o r  notch 2 show some sca t te r .  The data point a t  78OF 

and 5.2 f t - l b  f o r  notch 2 i s  suspect because of material inhomogeneity 

evidenced by a "step" i n  the fracture surface. The apparent n.n.omly for  

the  notch 6 curve may he due t o  a spurious r e su l t  f o r  the t e s t  a t  120°F 

o r  t o  a difference i n  exposure temperature. The observed t rans i t ion  tem- 

perature increases ranged from 36OF f o r  notch 1 t o  138OF f o r  notch 5. 

Metallographic examination and radiochemical analysis are being performed 

on these samples. 

Mockup experiments are  being performed by Alco,Products, Inc.  i n  

order t o  determine the re la t ion  of the fast-neutron f lux  a t  the SM-1 
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Fig.  6.1. Resul ts  of Impact Energy Tes t s  on Surveil lance Specimens 
of ASTM A-212, Grade B, S t ee l  from SM-1 Pressure Vessel Material  After  
16.4 Mwyr i n  SM-1 Core. 

r eac to r  pressure vesse l  t o  the  capsules i n  t he  reac to r  support s t ruc tu re .  

This work i s  not  ye t  complete, but  present  es t imates  ind ica te  t h a t  the  

maximum pressure vesse l  dose i s  comparable t o  notch 2 i n  t he  capsules.  

If t h i , s  i s  s~ ib s t an t i a t ed  i n  the  f i n a l  a n a l y s i s ,  t h i s  w i l l  mean t h a t  the  

m a x i m u m  t r a n s i t i o n  temperature s h i f t  i n  the  pressure vessel  s t e e l  was 

52°F a t  16.4 Mwyr. 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



UC-80 - Reactor Technology 
TID-4500 (16th ed. ) 

In t e rna l  Dis t r ibut ion 

1. T. D.. Anderson 
2. S. E. Beal l  
3 .  R .  J. Beaver 
4.  M. Bender 
5. R .  G .  Berggren 
6. D .  E.  Bi l l ington 
7. R .  E. Rlanco 
8 .  E. P. Blizard 
9. A. L. Boch 

10.  C .  J. Borkowski 
11. G .  E .  Boyd 
12.  R .  B. Briggs 
13. F. R .  Bruce 
14.. D .  W .  Cax-dwell 
15. J. H. Cherubini 
16. T. E. Cole 
1 .  B. W .  Colston 
18. W .  B. C o t t r e l l  
19. J. A. Cox 
20. F. L. Cul ler  
21. J. E. Cunningham 
22. E.  P. Epler 
23. W. K.  Ergen . 

24. A. P. Fraas 
25. J. H. Frye, Jr. 
26. W .  R .  G a l l  
27. J. C .  Griess 
28. W .  R.  Grimes 
29. E. E .  Gross 
30. ,I. P. I-Iammond 
31. T. H. Handley 
32. W .  0 .  Harms 
33. V. 0 .  Haynes 
34. M. R .  H i l l  
35. W. H. Jordan 
36. S. I. Kaplan 
37. Po R. Kasten 
38. 0. H. Klepper 
39. K.  K. Klindt 
40. R .  B. Korsmeyer 
4 P. G. Lafyat is  
42. J. A. Lane 

43. C .  E.  Larson (K-2 . G. W .  Leddicotte 
45. C .  F. Le i t t en  
46. R .  N.  Lyon 
47. H. G .  MacPherson 
48. W .  D .  Manly 
49. E.  R .  Mann 
50. K. C .  McCurdy 
51. R .  A. McNees 
52. A. J. Mil ler  
53. E.  C . Miller  
54. K. Z. Morgan 
55. F. H. Nei l1  
56. M. L. Nelson 
57. W .  R .  Osborn 
58. P. P s t r i a r c a  
59. A. M. Perry 
60. D. P h i l l i p s  
61. R .  A. Po t t e r  
62. M. E. Ramsey 
63. A. E. Richt 
64. J . T . R o b e r t s  
65. M. W. Rosenthal 
66. A. F. Riipp 
Gr/. H. W .  Savage 
68. A. W .  Savolainen 
69. L. U. Schaffer 
70. M. J. Skinner 
71. G .  M. Slaughter 
72. A. H. Sne l l  
73. I. Spiewak 
74, ,T. A. Swartout 
'75. J. W .  Tackett 
76. W .  C .  Thurber 
77. D. B. Trauger 
78. T. D .  Watts 
79. A. M. Weinberg 
80. M. S. Wechsler 
81. C .  L. Whitmarsh 
82. M. L. Winton 



83-85. ORNL Y-12 Technical Library Document Reference Section 
86-120. Laboratory Records Department 

121. Laboratory Records, ORNL R. C . 
122-124. Central Research Library 

External Distribution 

Alco Products, Inc. (Attention: H. R. Clayton) 
Alco Products, Inc. (Attention: J. R. Gallagher) 
Alco Products, Inc . ( ~ t t e n t i o n :  K. ~ a s s c h a u )  
Division of Reactor.Development (Army Reactors),.AEC, Washington 

(Attentfon: W. C .  Gribble) 
'ni v i s i o n  of Reactor Deve lup~fie~~. l. (~~ari=timc Reac  tor,^ ) , A'EC , 

Washington, (Attention: E .  K. Sullivan) 
The W t i n  Company, Nuclear Division (Attention: J. F. ~ ' ~ r i e n )  
New York Operations Office, U C ,  New Turk (A~;.~;en.l;ion: I. M. Aii.1.e~) 
Reactor Division, AEC, OR0 ( ~ t t e n t i o n :  D.  F. Cope) 
Research and Development Division, AEC , OR0 
Union Carbide Corporation ( Attewtion: R. W . W.Ra.mee) 
Given d is t r ibut ion  as  shown i n  TID-4500 (16th ed,,  Rev.) under 

Reactor Technology category (75 copies - OTS) 




