
OR N L-4600 
UC-25 - Metals, Ceramics, and Materials 

FUELS A N D  MATERIALS DEVELOPMENT PROGRAM 

QUARTERLY PROGRESS RE PORT 

FOR PERIOD ENDING JUNE 30, 1970 

RY 

U N I O N  CARBIDE CORPORATION 
f o r  the  

U.S.  ATOMIC ENERGY C O M M l § S l O N  



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. 
 



Printed in the United States of America. Available from 
National Technical Information Service 

U S .  Department of Commerce, Springfield, Virginia 221 51 
Price: Printed Copy $3.00; Microfiche $0.65 

This report was prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the United States Atomic 
Energy Commission, nor-.-any.-.of their employees, nor any of their contractors, 
subcontractors, or 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. 



_. - - - __-___-_ - 

LEGAL NOTICE 
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com- 
pleteness or usefulness of any information, apparatus, 

I product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

ORNL-4600  

C o n t r a c t  No. W-7405-eng-26 

METALS AND CERAMICS D I V I S I O N  

FWELS AND MATERIALS DEVELOPMENT PROGRAM QUARTERLY PROGRESS 

REPORT FOR PERIOD ENDING JUNE 30, 1970 

U 

C omp i 1 ed by 

P. Pa t r ia rca  

E d i t e d  by 

D. J. R u c k e r  

NOVEMBER 1970 

OAK RIDGE NATIONAL LABORATORY 
Oak R i d g e ,  T e n n e s s e e  

operated by 
UNION CARBIDE CORPORATION 

f o r  the 
U.S. ATOMIC ENERGY COMMISSION 

DIS!l’RlBUTION OF THIS DOCUMENT 1s U N V  



0 
iii 

FOREWORD 
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This qua r t e r ly  progress repor t  describes research and development 

on nuclear fue l s  and materials performed at  t h e  Oak Ridge National 

Laboratory f o r  t h e  U.S. Atomic Energy Conmission. This work i s  e i t h e r  

sponsored by or of p a r t i c u l a r  i n t e r e s t  t o  t h e  Fuels and Materials Branch 

of  t h e  Division of Reactor Development and Technology. 

Progress on these  programs i s  reported f o r  t h e  t h r e e  major d iv is ions  

of  t h e  work - Fas t  Reactor Technology, Space Power Technology, and 

General Reactor Technology - under t h e  appropriate AEC a c t i v i t y  t i t l e s  

l i s t e d  below. 
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PHYSICAL AND MECHANICAL METALLURGY OF REFRACTORY 
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I N S U M T O R S  

CORROSION S T U D I E S  OF ADVANCED RFFRACTORY METALS 

PART 111. GENERAL REACTOR TECHNOLOGY 

FUELS 

RELEASE OF F I S S I O N - G A S  FROM FUEL MATERIALS DURING 
IRRADIATION 

DEVELOPMENT OF FUEL ELEMENT FABRICATION 

TECHNICAL ASSISTANCE I N  PROCUREMENT OF FUEL EL&3ENTS 

CLADDING AND OTHER STRUCTURAL MATERIALS 
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SUMMARY 

PART I. FAST REACTOR TECHNOLOGY 

. 

1. DEVELOPMENT OF FAST-REACTOR OXIDE FVELS 

A t o t a l  of 1 . 2  kg of Pu sol and 4.5 kg of 93% enriched U s o l  w a s  

prepared t o  meet t h e  requirements of t h e  oxide fue l s  program. About 

1 kg of dense ( 2 3 5 U o . 8 , F u 0 . 2 ) 0 2  microspheres was a l s o  prepared. About 

1 . 5  kg of ( 2 3 5 U 0 . 7 5 , p U ~ . 2 5 ) 0 2  microspheres 350 t o  595 pm i n  diameter and 

about 0 . 2  kg of add i t iona l  microspheres l e s s  than 44 i m  i n  diameter were 

prepared f o r  f u e l  development s tud ies  a t  Argonne National Laboratory. 

All- of t h e  f u e l  has been prepared f o r  t h e  f u e l  pins  f o r  t he  37-pin sub- 

assembly f o r  t h e  s e r i e s  I1 i r r a d i a t i o n  t e s t s  i n  t h e  Experimental Breeder 

Reactor-I1 (EBR-11).  Nine of these  f u e l  pins were loaded with Sphere- 

Pac microspheres and two were loaded with p e l l e t s .  Nine of these  f u e l  

pins were tagged with Xe. 

A g rea t  e f f o r t  w a s  made t o  s t a t i s t i c a l l y  character ize  a n a l y t i c a l  

data  on (U,Pu)O2 f u e l  before i r r a d i a t i o n ,  including methods f o r  deter-  

mining Pu content of ( U , F u ) 0 2  microspheres by p r a y  spectroscopy and 

a-ray autoradiography and var ia t ions  i n  analyses f o r  t h e  r a t i o  of 0:metal 

i n  (U,Pu)O*. In  addi t ion t o  t h i s  effort both l i g h t  and r ep l i ca  e lec t ron  

microscopy and a-ray autoradiography were used t o  character ize  t h e  micro- 

s t r u c t u r e  of so l -ge l  (UO. 8,&0. 2 ) 0 2  f ab r i ca t ed  f o r  t h e  instrumented t e s t s  

i n  t h e  Engineering Test Reactor (ETR). 
of exce l len t  and consis tent  qua l i ty .  

A l l  of these  show t h e  f u e l  t o  be 

A so l -ge l  Sphere-Pac capsule t h a t  contains (U,Pu)O2 a t t a ined  a cal-  

culated burnup of 9.7 f i s s i o n s  per i n i t i a l  ac t in ide  metal atom (FIMA) i n  

t h e  ETR, and t h e  i r r a d i a t i o n  of t h e  capsules i s  continuing a t  a peak 

heat r a t e  of 15 kw/ft t o  a burnup of 10  a t .  %. 
examination of two capsules t h a t  contain U 0 2  and ( U , P u ) O 2  Sphere-Pac 

f u e l s  t h a t  have been i r r a d i a t e d  t o  a peak burnup of 6.5% FIMA w a s  com- 

p le ted  during the  quarter .  

The pos t i r r ad ia t ion  

The t h i r d  instrumented capsule i r r a d i a t e d  
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i n  t h e  Oak Ridge Research Reactor (ORR) ,  which contains one Sphere-Pac 

f u e l  pin and one so l -ge l  p e l l e t  f u e l  pin of t h e  same composition and 

smear densi ty ,  w a s  removed from t h e  reac tor  a f t e r  operating successful ly .  

This experiment, which provided d i r ec t  comparison of  p e l l e t  and Sphere- 

Pac fue l s  t o  cen t r a l  f u e l  temperatures near 2 O 0 O o C ,  indicated,  again, 

t h a t  Sphere-Pac and p e l l e t  fue l s  have e s s e n t i a l l y  t h e  same e f f ec t ive  

thermal conductance during i r r a d i a t i o n  a t  low burnup. 

Two instrumented capsules were constructed t o  inves t iga te  f u e l  

swelling and chemical i n t e rac t ion  of f u e l  and cladding and t o  compare 

Sphere-Pac and p e l l e t  fue l s  under peak conditions f o r  a liquid-metal- 

cooled fast breeder r eac to r  (LMFBR). These capsules were in se r t ed  i n t o  

t h e  ETR i n  May 1970. 

We continued des t ruc t ive  examination of s i x  f u e l  pins t h a t  contain 

Sphere-Pac and p e l l e t  fue l s  that  were subjected t o  power t r a n s i e n t s  i n  

the  Transient Reactor Test F a c i l i t y  (TREAT). 

extensive r e s t ruc tu r ing  of t h e  f u e l  and t h e  presence of la rge  gas bubbles 

formed from the  re lease  of adsorbed gases from t h e  molten f u e l  during t h e  

power t r a n s i e n t  . 

Metallography indica tes  

Encapsulated Sphere-Pac (U,Pu)O2 f u e l  pins were removed from EBR-I1  

subassembly X050 a f t e r  having a t t a i n e d  t h e  ca lcu la ted  peak burnup of 

6.2% FIMA. Two of these  pins a r e  t o  be returned t o  ORNL a f t e r  neutron 

radiographs have been made, and th ree  others  have been scheduled t o  be 

r e inse r t ed  i n  a new subassembly f o r  continued i r r a d i a t i o n  t o  a peak 

burnup of 11.8% FIMA. This add i t iona l  burnup has been approved s o  t h a t  

t h e  th ree  encapsulated pins can serve as lead  experiments f o r  t h e  unen- 

capsulated t e s t s  f o r  t h e  s e r i e s  I1 i r r a d i a t i o n  t e s t s .  

2. DEVELOPMENT OF ADVANCED LMFBR FUEIS 

Ten f u e l  pins consis t ing of cold-pressed-and-sintered (U,Pu)N pel-  

l e t s  c lad  with type 316 s t a i n l e s s  s t e e l  were fabr ica ted  f o r  i r r a d i a t i o n  

t e s t i n g  i n  t h e  Engineering Test Reactor. 

radial  gap f i l l e d  with NaK-19 (Na-19% K )  between t h e  f u e l  and cladding 

t o  simulate N a  bonding. 

These pins have a 0.010-in. 

Q 

n 



Arc-melted, nominally U-20’$ F’u al loy,  f i l l y  enriched i n  235U, t h a t  

was ordered from WADCO w i l l  be shipped October 21, 1970. The PU content 

was lowered t o  about 18% t o  reduce pyrophorici ty  which we be l ieve  i s  due 

t o  t h e  presence of  t h e  5 phase. 

The use of phosphoric ac id  t o  dissolve UN before quan t i t a t ive  

ana lys i s  f o r  N2  improved precis ion and eliminated t h e  loss of N 2  t h a t  

occurred previously.  This method i s  now t o  be appl ied t o  the  ana lys i s  

of mixed n i t r i d e s .  

The l a t t i c e  constants of (U,F’u)N s o l i d  solut ions were found t o  

deviate  s i g n i f i c a n t l y  from Vegard’s l a w .  

3. EFFECT OF POWER CYCLING ON LMFBR FUELCLADDING BEHAVIOR 

This program inves t iga tes  t he  e f f e c t  of power cycling on f u e l  

behavior and t h e  mechanical i n t e rac t ion  of f u e l  and cladding f o r  a 

liquid-metal-cooled fast breeder r eac to r  (LMFBR). The i n i t i a l  objec- 

t i v e s  of t h e  study a r e  t o  compare t h e  mechanical i n t e rac t ion  of mixed 

oxide f u e l  and cladding during thermal cycling conditions t y p i c a l  of 

those t o  be expected i n  an LMFBR. The f i r s t  two capsules f o r  power 

cycling in-reactor  w i l l  be designed as prototype f u e l  pins  f o r  t h e  

Fast-Flux Test F a c i l i t y  Reactor and w i l l  operate i n  t h e  poolside f a c i l -  

i t y  of t he  Oak Ridge Research Reactor i n  such a fashion as t o  measure 

in- reac tor  t h e  a x i a l  extension of t h e  f u e l  column and cladding and t h e  

i n t e r n a l  gas pressure of t h e  f u e l  p in  during operation. The design 

e f f o r t  on t h e  f i r s t  capsule (MINT-1)  i s  progressing s a t i s f a c t o r i l y .  The 

capsule design i s  now being de ta i l ed ,  and we expect t h a t  t h e  capsule 

w i l l  be in se r t ed  i n  Septeniber o r  November 1970. 

4.  LMFBR mTEL ELEMENT DESIGN AND MODEL DEVELOPMENT 

We determined t h e  va r i a t ion  of gra in  s i z e  with radial pos i t ion  f o r  

a Sphere-Pac (U,Pu)O* f u e l  p in  a f t e r  thermal-reactor i r r a d i a t i o n  a t  a 

l i n e a r  heat  r a t e  of 10.5 kw/ft t o  a burnup of 0.5% f i s s ions  per i n i t i a l  

ac t in ide  metal atom (FIMA). 

f o r  gra in  growth i n  t h e  i r r a d i a t e d  (U,Fu)02 w a s  only one- f i f th  of t h a t  

determined f o r  out-of-reactor g ra in  growth i n  U02 and Th02. 

We determined t h a t  t h e  ac t iva t ion  energy 

Electron 
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microprobe analysis  w a s  used t o  determine t h e  d i s t r i b u t i o n  of Pu across 

a t ransverse  sec t ion  of a Sphere-Pac (U,Pu)02 pin i r r a d i a t e d  i n  t h e  

Engineering Test Reactor a t  a l i n e a r  heat  r a t e  of 13.6 kw/ft t o  a burnup 

of 0.7% FIMA. 

region of columnar gra ins  adjacent t o  t h e  c e n t r a l  void showed t h a t  t h e  

Pu content decreased and t h e  U content increased with decreasing f u e l  

temperatures. 

and low Pu content i n  vapor-deposited f u e l  tend  t o  confirm t h e  theory 

of t r anspor t  down t h e  temperature gradient  of a gas phase r i c h  i n  U. 

A r a d i a l  scan made simultaneously f o r  and U i n  t h e  

Observations of high Fu content near t h e  c e n t r a l  void 

The computer subroutine used i n  t h e  FMflDEL computer code f o r  

mechanical ana lys i s  of cladding w a s  separated f r o m t h a t  code and exten- 

s ive ly  modified s o  t h a t  it can handle power-cycling conditions and cal-  

cu la te  r a t c h e t t i n g  of p l a s t i c  s t r a i n s  during power cycling. A simple 

problem formulated t o  t e s t  t h e  code confirmed t h a t  t he  subroutine func- 

t i o n s  properly.  

performance t o  convert it f o r  use w i t h  power cycling. We continued our 

compilation of ava i lab le  data  on t h e  physical  and t e n s i l e  proper t ies  of 

type 316 s t a i n l e s s  s t e e l  and our discrete-element analysis of t h e  creep 

of s t a i n l e s s  s t e e l  tubing f o r  use i n  liquid-metal-cooled fast breeder 

reac tors .  

We a r e  now a l t e r i n g  t h e  in tegra ted  model for cladding 

CLADDING AND OTHER STRUCTURAL MATERIALS 

5. MECHANICAL PROPERTIES OF ALLOYS I N  FEACTOR ENVIRONMENTS AND 
DEVELOPMENT OF LMFBR CLADDING AND STRUCTURAL MATERIALS 

Specimens of type 304 s t a i n l e s s  s t e e l  were i r r a d i a t e d  a t  370 t o  

600°C t o  fast-neutron fluences of 2 t o  6 .7  x l o 2 *  neutrons/cm2. 

i r r a d i a t i o n  a t  370 t o  470°C, t h e i r  microstructures consis ted of voids 

and f au l t ed  i n t e r s t i t i a l  d i s loca t ion  loops. 

increased with increasing fluence a t  constant temperature. Specimens 

i r r a d i a t e d  a t  600" C contained a d is loca t ion  network, a few unfaulted 

d is loca t ion  loops, and voids. 

about la rge  changes i n  t h e  creep proper t ies  a t  600°C. 

s t r a i n  w a s  reduced by a l l  exposures. 

After 

The void concentration 

These changes i n  microstructure brought 

The f r ac tu re  
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Nickel 270 w a s  i r r a d i a t e d  a t  370 t o  525°C t o  fast -neutron fluences 

up t o  1 .4  x lo2 '  neutrons/cm2. A comparison with other  s tud ie s  showed 

t h a t  t h e  void configuration w a s  very dependent upon t h e  source and con- 

d i t i o n  of t h e  mater ia l  but t h a t  t h e  macroscopic swel l ing w a s  independent 

of such var iab les .  These findings and observed inhomogeneous void dis-  

t r i b u t i o n s  lead  us t o  propose t h a t  t h e  voids a r e  nucleated by preexis t ing  

gas bubbles or He produced during i r r ad ia t ion .  

Specimens of Mo, M0-0.5% T i ,  and Mo-50% Re were i r r a d i a t e d  at 425°C 

t o  a fast-neutron fluence of 1 . 5  t o  3.5 x 

t e s t s  a f t e r  i r r a d i a t i o n  showed t h a t  t h e  d u c t i l i t y  w a s  reduced d r a s t i c a l l y  

f o r  a l l  a l loys  a t  t e s t  temperatures of 400 t o  800°C. 

neutrons/cm2. Tensile 

We observed i n  previous i r r a d i a t i o n  experiments t h a t  Incoloy 800 

had lower f r a c t u r e  s t r a i n s  when i r r a d i a t e d  a t  500°C than at higher tem- 

peratures .  The p o s s i b i l i t y  of a thermal i n s t a b i l i t y  w a s  checked fu r the r  

by aging mater ia l  t h a t  had been so lu t ion  annealed and mater ia l  t h a t  had 

receive& a f u r t h e r  treatment a t  800°C t o  agglomerate carbides.  Creep 

t e s t s  a t  650°C showed t h a t  aging strengthened both mater ia ls  and t h a t  

t h e  d u c t i l i t y  of t h e  sample t h a t  had been so lu t ion  annealed w a s  reduced 

whereas t h a t  of t h e  mater ia l  annealed t o  agglomerate carbides was 

unaffected.  

6. FABRICATION DEVELOPMENT FOR LMFBR STAINUSS STEEL TUBING 

Our investigation of the use of artificial defects to simulate 

n a t u r a l  defects  i n  tubing i s  continuing. Additional specimens have been 

prepared f o r  t e s t i n g  mechanical proper t ies  a t  e levated temperatures. 

Modifications t o  t h e  p lane tary  swager were completed. By combining 

t h e  more conventional process of  mandrel drawing with p lane tary  swaging, 

we a r e  examining t h e  p o s s i b i l i t y  of improved q u a l i t y  and proper t ies  for 

type 316 s t a i n l e s s  s t e e l  tubing. It appears t h a t  tubes manufactured by 

t h i s  combined process a r e  about 10% st ronger  but l e s s  d u c t i l e  than tubes 

produced by mandrel drawing alone. 

t h e  swager head and bench speed increased t h e  s t rengths  with no s i g n i f i -  

cant changes i n  d u c t i l i t y .  

Increasing t h e  r o t a t i o n a l  speed of 
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A 

7. WELDING DEVELOPMENT FOR LMFBR VESSELS AND COMPONENTS 

Submerged-arc weldments were prepared i n  1- in . - thick type 304 

s t a i n l e s s  s t e e l  with a v a r i e t y  of commercial f luxes and a range of 

energy input conditions.  Tests of mechanical propert ies  showed these  

welds t o  be cons is ten t ly  weaker but  much more duc t i l e  than similar 

shielded metal-arc welds. Composite ( fusion-l ine)  specimens showed 

lower s t rength  i n  t h e  base metal but ruptured i n  the  s t ronger  weld metal 

due t o  t h e  e a r l y  i n i t i a t i o n  and shor t  duration of th i rd-s tage  creep i n  

t h e  weld metal. Welds made with various energy inputs showed more sub- 

s t a n t i a l  var ia t ions  i n  mechanical propert ies  a f t e r  longer t e s t  times. 

Corrosion s tudies  by means of t h e  Strauss  Test on hea t - t rea ted  

weldment specimens a r e  being performed at  Combustion Engineering, Inc. ,  

at Chattanooga, Tennessee, i n  conjunction with extensive metallographic 

heat-treatment s tud ies  a t  ORNL. 

An i r r a d i a t i o n  program involving 226 weldment specimens w a s  designed; 

a l l  specimens were machined, and i n s t a l l a t i o n  i n t o  t h e  i r r a d i a t i o n  assem- 

b l y  w a s  begun. 

Metallographic s tud ies  have continued, emphasizing t h e  e f f e c t  of t h e  

amount and morphology of t h e  d e l t a - f e r r i t e  phase on subsequent metallur- 

g i c a l  reac t ions  and mechanical proper t ies  a t  e levated temperatures. 

8. SHIELDED METAL-ARC WELDING FOR LMFBR COMPONENTS 

Pr ior  inves t iga t ions  ind ica ted  t h a t  perhaps t h e  decreasing d u c t i l i t y  

wi th  increasing time t o  rupture a t  650°C (1200°F) exhibi ted by t h e  s tan-  

dard lime-Ti02-coated electrode w a s  due pr imari ly  t o  formation of sigma 

phase at  t h e  phase boundaries. However, new creep-rupture t e s t s  a t  

593°C (1100°F) ind ica te  t h a t  t h e  loss i n  d u c t i l i t y  i s  s t i l l  severe a f t e r  

1000 h r  a t  t h e  t e s t i n g  temperature. 

of carbides causes some of t he  phase-boundary i n s t a b i l i t y .  

This may imply t h a t  p rec ip i t a t ion  

Three experimental batches of lime-coated electrodes were added t o  

t h e  program. These new batches contain addi t ions of ferro-ti tanium, 

ferro- t i tanium plus B, and ferro- t i tanium plus B and P. These addi t ions 

s i g n i f i c a n t l y  increase rupture  l i f e  and rupture  d u c t i l i t y .  



x i x  

Further t e s t s  a t  650°C (1200°F) ind ica t e  t h a t  addi t ions of C 

increase t h e  s t rength  somewhat while only s l i g h t l y  improving the  duc t i l -  

i t y .  However, addi t ions of B and P, as indicated above, tend t o  increase 

t h e  rupture  time and d u c t i l i t y  more than C .  

9. PROPERTIES OF FERRITIC STEEL WELDS 

This i s  a new program i n  which we compare t h e  we ldab i l i t i e s  of  

four  types of  f e r r i t i c  s t e e l  f o r  liquid-metal-cooled steam generators:  

plain-C s t e e l s  ( fo r  background d a t a ) ;  2.25% C r - l %  Mo low-alloy s t e e l ;  

low-C (0.02% C )  2.25% C r - l %  Mo s t e e l ;  and s t a b i l i z e d  2.25% C r - l $  Mo 

s t e e l .  The o v e r a l l  weldabi l i ty  of these  mater ia ls  w i l l  be assessed by 

use of such weldabi l i ty  t e s t s  as t h e  VARESTRAINT, Lehigh r e s t r a i n t ,  

TIGAMAJIG, and Duffer ' s  Gleeble t e s t s .  

A thorough search i n t o  t h e  weldabi l i ty  of these  s t e e l s  has included 

correspondence and discussion with various domestic and foreign organi- 

zat ions and firms. To date ,  we have received conf l i c t ing  repor t s  con- 

cerning t h e  weldabi l i ty  of t he  s t a b i l i z e d  2.25% C r - l %  Mo s t e e l s .  

now procuring research quan t i t i e s  of these  mater ia ls .  Specimens f o r  

Lehigh r e s t r a i n t  t e s t s  were machined from t h e  s tandard 2.25% C r - l %  Mo 

s t e e l  p l a t e  and were ordered from SAE 1010 s t e e l  p l a t e .  A Jominy t e s t  

w a s  run on the  s t a b i l i z e d  mater ia l ,  and specimens f o r  Duffer ' s  Gleeble 

and TIGAMAJIG weldabi l i ty  t e s t s  were a l s o  made from t h i s  mater ia l .  

Great care  w a s  taken t o  assure  i d e n t i c a l  microstructures i n  the  as- 

received mater ia l  and t h e  prepared specimens. 

We a r e  

10. NONDESTRUCTIVE TESTING TECHNIQUES FOR LMFBR 

We a r e  developing new methods, techniques,  and equipment f o r  nonde- 

s t r u c t i v e l y  evaluat ing mater ia ls  for liquid-metal-cooled f a s t  breeder 

reac tors  (LMFBR) with emphasis on measuring cold work i n  s t a i n l e s s  s t e e l  

tubing . 
We a r e  developing an eddy-current instrument t o  measure both s i z e  

and depth of defects  and have constructed new modular c i r c u i t s  f o r  t h e  

instrument. Ultrasonic sch l ie ren  techniques a r e  being compared with 



both d e l t a  and conventional u l t r a son ic  techniques f o r  t h e  examination 

of f l a w s  i n  welds of both A1 and s t a i n l e s s  s t e e l .  

Construction and assembly of components i s  continuing on t h e  high- 

s e n s i t i v i t y  impedance br idge t o  be used i n  t h e  measurement of changes i n  

magnetic permeabili ty r e l a t e d  t o  cold work i n  s t a i n l e s s  s t e e l  tubing. 

We began s tud ie s  w i t h  the  e lec t ron  microscope on samples t h a t  contain 

various degrees of cold work to r e l a t e  micros t ruc tura l  changes t o  t h e  

r e s u l t s  o f  nondestructive t e s t s .  

11. SODIUM CORROSION STUDIES 

The pa r t i t i on ing  of 0 between V a l loys  and N a  a t  600°C w a s  i nves t i -  

gated. The addi t ion  of Mo t o  V lowered t h e  concentration of 0 en ter ing  

i n t o  s o l i d  so lu t ion  during equ i l ib ra t ion  with Na.  Vanadium a l loys  t h a t  

contained Zr addi t ions were i n t e r n a l l y  oxidized by 0 i n  N a .  The e f f e c t  

of N contamination on t h e  creep proper t ies  of  unalloyed V w a s  determined 

a t  600°C. In te rac t ion  of N with V a t  N2  pressures t o  3.4 x t o r r  

lowers t h e  creep s t rength ;  however, on t h e  basis of time required t o  pro- 

duce a given s t r a i n ,  V was s t ronges t  a t  a N 2  pressure of 1 . 5  x lom6 t o r r .  

A b ime ta l l i c  thermal-convection loop composed of V and type 321 

s t a i n l e s s  s t e e l  w a s  examined following operation with N a  f o r  3000 h r  a t  

a maximum temperature of 700°C. 

N,  and 0; however, t h e  amount picked up a t  700°C was l e s s  than  t h a t  f o r  

an e a r l i e r  loop with type 304 s t a i n l e s s  s t e e l  r a the r  than type 321 s t a i n -  

l e s s  s t e e l .  The t e n s i l e  proper t ies  of  t h e  h o t t e s t  V i n s e r t s  were not 

not iceably changed by t h e  t e s t  exposure. 

In se r t  specimens of V increased i n  C ,  

?"ne e f f e c t  of  N a  leakage on t h e  oxidation of type 304L s t a i n l e s s  

s t e e l  w a s  s tud ied  i n  a N2 + 1% 02 mixture t h a t  contained 100 ppm H20. 

Sodiumwas passed through a defect  i n  a s t a i n l e s s  s t e e l  tube a t  760°C 

and i n t o  a contiguous thermal in su la t ion  layer  which a l s o  w a s  a t  760°C. 

Unlike e a r l i e r  t e s t s  i n  which we had heated t h e  tube but not t he  insula-  

t i o n ,  t he re  w a s  no plugging of N a  i n  t h e  defec t ;  t h e  N a  w a s  quickly 

absorbed by t h e  insu la t ion  with negl ig ib le  oxidation of t he  s t a i n l e s s  

s t e e l .  n 

L .  
. . 
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12. DEVELOPMENT OF FAST-REACTOR NEUTRON-ABSORBER MATERIAIS 

Transmission e lec t ron  microscopy techniques were developed f o r  B4C 

with t h e  use of an ion-bombardment mi l l ing  machine. Transmission elec-  

t r o n  photomicrographs ind ica te  t h a t  B4C i s  capable of twinning and also 

show t h e  crystal lographic  or ien ta t ion  of t he  voids wi th in  t h e  grains .  

Additional specimens a r e  undergoing thermal i r r a d i a t i o n  a t  500°C 

and w i l l  be removed a t  an estimated 3 .1  x l o 2 ’  depletions/cm’ (15% 

burnup of ’OB). 

Fabricat ion of  Ta disks containing B4C as a dispersoid was unsuc- 

ces s fu lbecause  of extensive reac t ion  between t h e  mater ia ls  a t  t h e  fab- 

r i c a t i o n  temperatures. 

Powder samples of commercial-grade TaB and TaB2 a r e  now being 

characterized. X-ray d i f f r ac t ion  indicates  t h a t  TaB2 i s  s i n g l e  phase 

whereas TaB contains Ta3B2 and T a  i n  addi t ion t o  TaB. 

PART 11. SPACE POWER TECHNOLOGY 

FUELS 

13. DEVELOPMENT OF URANIUM MONONITRIDE FUELS 

Pos t i r rad ia t ion  examination of t h e  bottom pin of capsule UN-3 

revealed inc ip i en t  f a i l u r e  of t h e  T-111 cladding. This pin was a dupli -  

ca te  of  t h e  middle pin i n  t h e  same capsule t h a t  f a i l e d  a f t e r  5800 h r  a t  

peak temperatures above 1400°C. 

CLADDING AND OTKER STRUCTURAL MATERIALS 

14. CLADDING MATERIALS FOR SPACE ISOTOPIC HEAT SOURCES 

We continued our  e f f o r t s  t o  develop a l loys  with optimum s t rength  

and r e s i s t ance  t o  oxidation f o r  use as cladding mater ia ls  f o r  space 

i so topic  heat  sources. P a r t i a l  replacement of C r  with T i  i n  t h e  ordered 

Pt&r a l l o y  increased hardness and c r i t i c a l  temperature f o r  ordering. 
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Additions of H f  t o  form ordered P t 3 H f  i n  Pt-Mo and P t - W  sol id-solut ion 
a l loys  a r e  a l s o  being inves t iga ted  t o  improve s t rength  and r e t a r d  gra in  

growth a t  high temperatures. 

The weight losses  of a l loys  R3Cr and P t - O . 6 % W - l %  Hf i n  a i r  oxida- 

t i o n  t e s t s  a t  1 0 0 0 " ~  approximated t h a t  of pure ~t while ~ t 3 ( ~ r o .  84,wo. 16) 

gained weight a t  the  same low r a t e .  

15. PHYSICAL AND MECHANICAL METALLURGY OF FiEFRACTORY ALLOYS 

The existence of a s t a b l e  m i s c i b i l i t y  gap i n  t h e  Ta-Zr  system w a s  

confirmed by x-ray s tudies  of a Ta-43.5 w t  $J Zr a l loy .  

pyramid hardness (DPH) of t h i s  a l l o y  decreases from about 500 t o  about 

300 DPH a f t e r  aging f o r  4 x l o 3  min a t  850°C. 

uniform Hf-rich p a r t i c l e s  i n  Ta-Hf a l loys  i s  a t t r i b u t e d  t o  the  possible  

existence of a metastable misc ib i l i t y  gap with a c r i t i c a l  temperature 

of about 1400°C. 

i s  comparable t o  t h e  r a t e s  of t h e  complex H f - T a  base a l loys  developed 

by t h e  I l l i n o i s  I n s t i t u t e  of Technology Research I n s t i t u t e ,  Chicago. 

Crack-free zones observed a t  t h e  surfaces of ruptured creep specimens 

of a l l o y  C-129Y a r e  a t t r i b u t e d  t o  i n t e r s t i t i a l  contamination. Measure- 

ments of t h e  width of these  zones agree with t h e  d i f fus ion  r a t e s  of 

i n t e r s t i t i a l s  i n  Nb. The compatibi l i ty  of Ta and Pt with various metals 

a t  1200°C w a s  s tud ied  t o  f i n d  a su i t ab le  t r a n s i t i o n  b a r r i e r  between 

tubular  welds of these  metals. The thermal conductivity of Ta ,  estimated 

from experimentally derived low-temperature phonon conductivity and 

Lorenz funct ion values ,  i s  within 3% of t h e  recommended values t o  3000 K. 

The diamond 

The p rec ip i t a t ion  of 

The oxidation r a t e  of Ta-65 wt '$ H f  a t  1000°C i n  a i r  

16. TUNGSTEN METALLURGY 

In our development of chemical vapor deposit ion we produced la rge  

sheet  deposits of W wi th  a l o w  F impurity content by cooling t h e  deposi- 

t i o n  chamber. Preliminary experiments were performed on t h e  deposit ion 

of W wi th  a (llO} or ien ta t ion  from W C 1 6 .  A study of t h e  e f f e c t  of gas 

composition on formation of nodules and poros i ty  i n  W-5% Re deposits 

showed t h a t  t he  bes t  deposits a r e  produced at a s toichiometr ic  mixture 
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of H2, wF6, and ReF6. Bend t e s t s  of chemically vapor deposited W speci-  

mens joined by gas W-arc welding showed t h a t  0.050-in.-thick mater ia l  

had a d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature g rea t e r  than 550°C 
whereas 0.030-in. - t h i ck  mater ia l  bent a t  450°C. 

Data on t h e  secondary creep r a t e  a t  1200 t o  2200°C f o r  arc-melted 

W ,  W-5% Re, W-26% Re, W-25$ Re-30% Mo and chemically vapor deposited W 

a r e  presented. 

melted W with da ta  from th ree  o ther  sources. The creep r a t e  var ied with 

t h e  hyperbolic s i n e  of  t h e  s t r e s s .  The creep s t rength  of W-25% Re i n  an 

atmosphere of 

This e f f e c t  i s  opposite t o  t h a t  observed i n  unalloyed W. 

We obtained excel lent  agreement of our data  f o r  arc-  

t o r r  O2 w a s  g rea t e r  than i n  a vacuum of loe8 t o r r .  

17. FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSUMTORS 

Advanced mater ia ls  (sapphire A1203, s ing le -c rys t a l  M g O ,  and trans- 

parent ,  po lycrys ta l l ine  Y203) were i r r a d i a t e d  a t  l a w  temperature (below 

150°C) i n  t h e  Engineering Test Reactor (ETR) t o  fast fluences up t o  

2 x lo2 

no microfracturing. One MgO specimen and one Y203 specimen broke during 

i r r a d i a t i o n ,  but  a l l  sapphire specimens survived without f rac tur ing .  

neutrons /em2 (> 1 Mev) . Metallographic examinations revealed 

Polycrys ta l l ine  alumina expanded more i n  volume and sustained 

g rea t e r  micros t ruc tura l  damage i n  i r r ad ia t ions  i n  t h e  Experimental 

Breeder React,or-I1 (EBR-11) than i n  t h e  ETR f o r  comparable f a s t  f luences 

w i t h  energies above 1 Mev. This is explained on the  basis of differences 

i n  t h e  neutron-energy spec t ra  of t h e  two reac tors .  

18. ALKALI-METAL CORROSION STUDIES 

We completed t e s t i n g  a forced-c i rcu la t ion  loop of T-111 with L i  a t  

high temperature. 

t u r e  of 1370°C. A vent l i n e  t h a t  f a i l e d  a f t e r  1735 h r  w a s  successfu l ly  

repaired.  Additional thermocouples were a t tached  t o  t h e  loop during 

t h i s  r e p a i r ,  and we obtained a very accurate  measurement of t he  tempera- 

t u r e  d i s t r i b u t i o n  and L i  f l o w  r a t e  during subsequent operation. Our 

ana lys i s  of t h e  f a i l e d  vent l i n e  indicated t h a t  t he  f a i l u r e  was not 

The loop operated f o r  3000 h r  a t  a maximum tempera- 
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produced by any e f f e c t  of t h e  L i .  Rather, it appears t o  have been 

caused by t r a c e s  of N i  t h a t  had contaminated t h e  f a i l e d  a rea  before or 

during f ab r i ca t ion  of t h e  loop. 

PART 111. GENERAL REACTOR TECHNOLOGY 

FUELS 

Q 

19. FISSION-GAS RELEASE AND PHYSICAL PROPERTIES OF 
FUEL MATERIALS DURING IRRADIATION 

The preliminary evaluat ion of  da ta  shows t h e  thermal d i f f u s i v i t y  

t o  be a function of f i s s ion - ra t e  densi ty .  The mathematical process of 

evaluat ing da ta  i s  working we l l ,  and t h e  method of measuring thermal 

d i f f u s i v i t y  during i r r a d i a t i o n  by per turba t ion  techniques has been 

establ ished.  The evaluat ion of t h e  phys ica l  condition of mixed oxide 

f u e l  specimens by ana lys i s  of f i s s i o n  gas w a s  confirmed by ana lys i s  

a f t e r  i r r a d i a t i o n .  

20. DEVELOPi'43NT OF FUEL ELEMENT FABRICATION 

Fabricat ion of t he  i r r a d i a t i o n  experiment t o  be i n s e r t e d  i n t o  t h e  

High Flux Isotope Reactor (HFIR) f o r  t h e  purpose of e s t ab l i sh ing  t h e  

i r r a d i a t i o n  performance of Advanced Test Reactor (ATR) types of f u e l  a t  

high burnup i s  continuing. 

Pos t i r r ad ia t ion  examination of  t h e  HFIR f u e l  element 49-1 i s  i n  

progress with no evidence of any b l i s t e r s  of t h e  f u e l  core. The use of 

A1203 p a r t i c l e s  i n  t h e  f i l l e r  s i d e  of t he  shaped HFIR core was successfu l  

i n  reducing f ab r i ca t ion  b l i s t e r s  i n  a proof t e s t  run by t h e  manufacturer 

of t h e  f u e l  elements. 

Good co r re l a t ion  w a s  obtained between the  void volume generated i n  

p l a t e s  f ab r i ca t ed  a t  ORNL and at Texas Instruments, Inc. 

Deformation behavior of shaped cores t o  be used f o r  UA1, cores i s  

being s tudied.  
A 



21. TECHNICAL ASSISTANCE I N  PROCURFmNT OF FUEL ELEMENTS 

Various p o s s i b i l i t i e s  a r e  being examined t o  explain why some f u e l  

p l a t e s  have small holes o r  cracks i n  t h e  cladding t h a t  expose t h e  f u e l  

composite t o  t h e  r eac to r  coolant. 

C U D D I N G  AND OTHER STRUCTURAL MATERIALS 

22. BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION 

The status of t h e  work under t h i s  program, which w a s  terminated on 

June 30, 1970, i s  summarized. 

23. J O I N I N G  RESEARCH ON NUCIEAR MATERIALS 

Elevated-temperature (650" C )  t e n s i l e  data obtained f o r  welds on 

Incoloy 800 base metal showed t h a t  t h e  Inconel 82T commercial f i l l e r  

metal  has t h e  b e s t  s t rength  and d u c t i l i t y  proper t ies .  The welds made 

from f i l l e r  metals prepared from an electroslag-remelted commercial 

heat  of Incoloy 800 and t h e  experimental heat  t h a t  contained P had 

s t rengths  comparable t o  t h a t  of t h e  Inconel 82T welds. The d u c t i l i t y  

of t h e  Inconel 82T f i l l e r  metal a t  650°C was considerably b e t t e r  than 

t h a t  of  e i t h e r  of t h e  other  two f i l l e r  metals. 

We began s tudies  of t he  d u c t i l i t y  of Inconel 600 a t  intermediate 
temperatures. Preliminary data ind ica t e  t h a t  t h i s  a l l o y  w i l l  lose  

d u c t i l i t y  i n  t h e  600°C temperature range. A t e rna ry  composition, 

Ni-15.5% Cr-8% Fe, had not recovered i t s  d u c t i l i t y  a t  900°C. 

The quan t i t a t ive  t e l e v i s i o n  microscope i s  being used t o  determine 

t h e  co r re l a t ion  between t h e  Magne-gage readings cu r ren t ly  being used t o  

measure q u a l i t a t i v e l y  t h e  amount of f e r r i t e  i n  t h e  microstructure of t h e  

experimental s t a i n l e s s  s t e e l  a l loys .  

The inves t iga t ion  of t h e  i n t e r r e l a t i o n s h i p  between f e r r i t e  and 

martensite on t h e  proper t ies  of s t a i n l e s s  s t e e l  weldments i s  continuing. 

Martensite w a s  produced by cold ro l l i ng .  Its presence is  v e r i f i e d  by 

t h e  Magne gage. Metallographic s tud ies  by means of b r i g h t - f i e l d  o p t i c a l  



microscopy did not s a t i s f a c t o r i l y  d i f f e ren t i a t e  t h e  martensite and s l i p  

and mechanical twins. Some success w a s  obtained wi th  phase-contrast 

microscopy. We a r e  now inves t iga t ing  t h e  use of a magnetic-particle 

etching technique t h a t  appears t o  permit t h e  i d e n t i f i c a t i o n  of t h e  

martensite . 

24. NONDESTRUCTIVE TESTING 

A matrix method using Green's functions was developed; it improves 

methods of ca lcu la t ing  solut ions t o  problems of electromagnetic induction. 

Computer programs were used t o  design an eddy-current c o i l  with super ior  

accuracy f o r  t h e  measurement of e l e c t r i c a l  conductivity.  

Our s tudies  of frequency ana lys i s  of u l t rasonic  s igna ls  emphasized 

charac te r iza t ion  of hidden f l a w s .  Analyt ical  expressions t h a t  we devel- 

oped were confirmed experimentally f o r  the  determination of both angular 

o r i en ta t ion  and diameter of r e f l e c t o r s  using analysis  of t h e  frequency 

s p e e t  rum. 

Fluorescent x rays exci ted i n  U by r ad ia t ion  from a Fm source were 

used t o  measure changes. i n  A1 thickness  placed on t h e  U. We began pre- 

l iminary development of techniques f o r  using a c losed-c i rcu i t  t e l ev i s ion  

system as p a r t  of a high-speed, high-resolution densitometer. 

25. IMPROVEMENT OF HASTELLOY N AND RELATED COMPOSITIONS 

The mechanical proper t ies  of s eve ra l  hea ts  of modified Hastelloy N 

were evaluated a f t e r  i r r a d i a t i o n  a t  760°C t o  a thermal fluence of 

3 x neutrons/cm2. We s tudied  a l loys  containing addi t ions of T i ,  

H f ,  and Nb, both s ing ly  and i n  corribination; those containing a t  l e a s t  

0.5% H f  seemed t o  have t h e  highest  d u c t i l i t i e s .  

l i t t l e  e f f e c t  on t h e  creep s t rength  except t h a t  one a l l o y  t h a t  contained 

3% T i  w a s  very s t rong but had low d u c t i l i t y .  

of these  a l loys  were procured f o r  study. Transmission e lec t ron  micros- 

copy revealed severa l  differences i n  t h e  microstructures of t h e  comer- 

c i a 1  a l loys  and those  of our laboratory melts. 

These addi t ions had very 

Some small commercial heats  

a 

n 
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26. ADVANCED MAmRIALS FOR STEAM GENERATORS 

A comparison of t he  general  corrosion a t  650°C of our weldments of 

a l loys  f o r  steam generators with r e s u l t s  for unwelded specimens exposed 

at 620°C by t h e  General E lec t r i c  Company, Val leci tos ,  showed t h a t ,  i n  

s p i t e  of t h e  temperature difference,  our materials  were corroded only 

1/2 t o  2/3 as much as t h e i r s .  

contained 20 ppm 0 and 2.5 ppm H, compared t o  undetectable leve ls  i n  OUT 

work, we a t t r i b u t e  t h e  lower corrosion of our specimens t o  differences i n  

surface condition. 

Although the  steam used by General E lec t r i c  

Studies designed t o  show differences i n  corrosion a t  595 and 650°C 

of root  passes ( the ones exposed t o  t h e  steam s ide  of heat exchangers) 

of weldments as a function of d i f f e r ing  composition and surface condition 

revealed la rge  differences i n  amounts of corrosion. A t  t h e  extremes, t h e  

corrosion rates of  type 304 s t a i n l e s s  s t e e l  welded with type 308 s t a in -  

l e s s  s t e e l  and Incoloy 800 welded with Inconel 82 with t h e  as-welded 

f i n i s h  were two orders of magnitude higher than those of Hastelloy X 

joined t o  Incoloy 800 with Inconel 82 with t h e  as-welded, ground, sand- 

b las ted ,  and electropol ished f in i shes .  
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FUELS 

1. 4 EVELOPMENT OF FAST-REACTOR OXIDE FUELS 

P. Pa t r ia rca  A .  L. Lotts  

The objec t ive  of t h i s  program i s  t o  obtain an economically optimized 

(U,Pu)02 f u e l  cycle f o r  a l iquid-metal  f a s t  breeder reac tor  (LMFBR) by 

extending the  performance capab i l i t y  and advancing the  fabr ica t ion  tech- 

nology of oxide fue l s .  

and g rea t e s t  p o t e n t i a l  f o r  r e l i a b l e  operation i n  f i r s t -gene ra t ion  LMFBR's. 
They have been t e s t e d  i n  f a s t - f l u x  environments but  as  ye t  have not been 

exposed under ac tua l  pro to typic  conditions.  Currently, t he  burnup and 

heat r a t e  a r e  l imi ted  t o  about 50,000 Md/metric ton  and 16 kw/ft, respec- 

t i ve ly ,  based on i r r a d i a t i o n  experiments with fbe l s  t h a t  a r e  not neces- 

s a r i l y  optimized f o r  thermal, chemical, and mechanical performance. 

These f u e l s  have t h e  most advanced technology 

The capab i l i t y  of oxide fue l s  can possibly be improved by ad jus t ing  

s t ruc tu res  o r  void d i s t r i b u t i o n  i n  t h e  fue l s .  We emphasize i r r a d i a t i n g  

f u e l s  derived from t h e  so l -ge l  process w i t h  thoroughly character ized 

s t ruc tu res  and void d i s t r ibu t ions  d i f f e r e n t  from those o f  t he  oxide f u e l s  

i r r a d i a t e d  heretofore .  These include f u e l s  fabr ica ted  by Sphere-Pac, 

v ib ra to ry  compaction, extrusion, and p e l l e t i z a t i o n .  We compare t h e  per-  

formance o f  these with t h e  performance of  reference f'uels such as  p e l l e t s  
derived from mechanically blended powders and coprecipi ta ted m a t e r i a l .  

The development of computer programs t o  ass is t  i n  t h e  ana lys i s  of  t e s t  

r e s u l t s  and the  development of a mathematical model t o  p red ic t  t he  per-  

formance of a f u e l  p in  a r e  in tegra ted  w i t h  t h e  t e s t  program. 

Preparation of (U,PU)O~ Fuel Materials 

W. T. McDuffeel 

Preparation of Pu02 Sol 

We prepared eight  standard Pu02 sols (150 g each) .  A l l  were blended 

The mixed w i t h  enriched U02 sol prepared from 93% enriched U02 (NO3 >z. 



4 

sol was then converted i n t o  dense microspheres. Six of t h e  sols were 

blended t o  obtain a r a t i o  of Pu: (U+Pu> of 0.25. 

Sphere-Pac f i e 1  is being prepared f o r  f'uel development s tud ies  i n  progress 

a t  Argonne National Laboratory (ANL). The remaining two sols were blended 

t o  obtain a r a t i o  of Pu: (U+Pu) of 0.2.  

microspheres were formed t o  obtain mater ia l  f o r  development s tud ies  a t  

ORNL on f i e 1  f ab r i ca t ion  and &el  d isso lu t ion .  

From t h e  blended sol,  

From t h i s  blended so l ,  dense 

Preparation of Enriched U02 Sol  

We prepared a t o t a l  of f i f t e e n  l o t s  of U02 s o l  (about 300 g U) from 

93% enriched U as  U02 (NO3 ) 2  f o r  use  i n  s tud ies  of f i e 1  fabr ica t ion .  

Preparation of (U, h)02 Microspheres 

2 3 5 ~  Dense ( 0.8, P u o .  2 >02 Microspheres . - We prepared about 1 kg of 

dense (235U~.8,Pu~.2)02 microspheres (420 to 595 pm i n  diameter) .  This 

mater ia l ,  which i s  of high q u a l i t y  ( lustrous,  high density,  and very 

uniform i n  appearance and t ex tu re )  i s  t o  be used i n  reprocessing s tud ie s  

a t  ORNL. Before it can be used i n  i r r a d i a t i o n  specimens, however, t h e  

r a t i o  of 0:metal w i l l  have t o  be adjusted from t h e  present  l e v e l  (2.05 t o  

2 . 1 5 )  t o  l e s s  than 2.0.  
Dense ( 2 3 5 ~  0,~5,Pu0,25)02 Itlcrospheres. - We a r e  preparing 2.5 kg 

of Sphere-Pac f'uel f o r  development s tud ie s  a t  ANL. 
(a t o t a l  of about 3.5 kg of heavy metal)  was blended i n  l o t s  t h a t  con- 

ta ined  a t o t a l  of about 100 t o  200 g of  heavy metal t o  obtain a r a t i o  of 

Pu: (U+Pu) of 0.25; t h e  mixed sols were then converted i n t o  dense micro- 

spheres. About 65% of t h e  microspheres a r e  t o  be 350 t o  595 pm i n  

diameter; t h e  remainder a r e  t o  be l e s s  than 44 pm i n  diameter. 

now prepared 1 .5  kg of t h e  l a r g e r  s i z e  f r a c t i o n  and 0.5 kg of t h e  smaller 

s i z e  f r ac t ion  t h a t  meet a l l  spec i f i ca t ions  of homogeneity, uniform texture ,  

and density,  and about 0.2 kg of t he  smaller s i z e  f r ac t ion  has been pre-  

pared, b u t  has not ye t  been f i r e d .  

blended and have t h e  r a t i o  of 0:metal adjusted.  

A mixed !U,Pu)02 s o l  

We have 

A l l  of t h e  mater ia l  has ye t  t o  be 

n 
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Development of Fabricat  ion Processes 

J. D. Sease 

Fast  reac tors  t h a t  operate a t  high spec i f i c  powers w i l l  r equi re  

fue l  pins  of small diameter with f i e 1  ranging from 80 t o  90% o f  theore- 

t i c a l  dens i ty  and a high f i s s i l e  loading. 

dures for Sphere-Pac and p e l l e t i z a t i o n  and f o r  fabr ica t ing  i r r a d i a t i o n  

capsules.  

Our work i s  t o  develop proce- 

Sphere-Pac (R.  A.  Bradley, W. J. Lackey) 

The purpose of t h i s  work i s  t o  develop techniques for loading f u e l  

pins  t o  spec i f ied  dens i t i e s  by the  Sphere-Pac process.  The development 

i s  being conducted concurrently with t h e  loading of t h e  f u e l  pins  f o r  

t h e  s e r i e s  I1 i r r a d i a t i o n  t e s t s  i n  t h e  Experimental Breeder Reactor-I1 

(EBR-11) ( r e f .  2). 
I n  loading t h e  f irst  seven f u e l  pins ,  we observed t h a t ,  i n  general, 

t h e  smear dens i ty  of t he  i n f i l t r a t e d  bed increased l i n e a r l y  w i t h  t h e  

dens i ty  of t h e  coarse bed. There was, however, considerable v a r i a t i o n  

i n  both the  dens i ty  of t h e  coarse bed and f i n a l  smear dens i ty  of t h e  

p ins  loaded from the  same batch o f  microspheres. In  addi t ion,  we had 

not iced i n  previous t e s t  loadings' t h a t  t he  dens i ty  of t h e  coarse bed 

var ied  as  much as  5% between batches, up t o  1% between operators,  and 

about 1.5% on dupl icate  loadings o f  t h e  same batch by the s a m e  operator. 

These r e s u l t s  were not conclusive, however, because t h e  loading conditions 

were not standardized and the  number of  loadings was small. Therefore, 

we performed a s t a t i s t i c a l l y  designed experiment t o  determine t h e  source 

and magnitude of t he  v a r i a t i o n  i n  t h e  dens i ty  of t h e  coarse bed. 

Two r i f f led  samples were obtained from each of  11 batches of micro- 

spheres.  Two operators loaded each of  these  22 samples i n t o  a 

7-in.-long X 0.222-in.-ID tube i n  t h e  same manner t h a t  t h e  coarse micro- 

spheres a r e  loaded i n t o  f i e 1  p ins .  The pos i t i on  of t h e  rod i n  t h e  v ibra-  

t o r ,  t h e  amplitude and time of v ibra t ion ,  and t h e  r a t e  of feed were 

constant.  The dens i t i e s  obtained i n  these  t e s t  loadings a r e  summarized 
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i n  Table 1.1. Based on an ana lys i s  of variance of these data,  we can 

draw t h e  following conclusions : 

1. We a re  more than 99% sure  t h a t  there  i s  a va r i a t ion  between 

batches.  

2. There was not  s u f f i c i e n t  evidence t o  ind ica t e  a d i f fe rence  

between operators .  

3. There was not s u f f i c i e n t  evidence t o  ind ica t e  a d i f fe rence  

between the  two samples from a p a r t i c u l a r  batch.  

4. The standard deviat ion describing a s ing le  opera tor ' s  a b i l i t y  

t o  reproduce h i s  work with t h e  same sample of microspheres was 0.40. 

Table 1.1. Densit ies of Coarse Beds Obtained i n  
Test Loading of PUM-13A Microspheres 

Density o f  Coarse Bed, % of theo re t i ca l  

Average of  Four 
Loadings for  Batch 

Batch Sample 
Operator 1 Operator 2 

1 
2 Feed 1 

1 
2 Feed 2 

1 
2 Feed 3 

56.88 
57.75 
59.48 
58.48 
60.02 
59.95 

58.04 
57.74 
58.40 
58.50 
59.53 
59.40 

57.61 

58.72 

59.73 

60.81 1 60.71 60.79 
2 60.86 60. 85 

1 60.58 59.66 
2 60.42 60.30 

1 61.20 60.16 
2 60.54 60.69 

1 61.34 61.14 
2 61.27 61.33 

1 61.02 61.34 
2 61.19 61.07 

1 60.98 61.07 
2 60.58 60.92 

1 60.90 61.08 
61.15 61.17 

1 61.29 59.97 
2 61.04 61.35 

Feed 4 

60.24 Feed 5 

60.65 Feed 6 

Feed 7 

Feed 8 

Feed 9 

Feed 10 

Feed 11 

61.27 

61.16 

60.92 

61.08 

60.92 
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l e  .1 show, t h e  average values f o r  ".-e den- 

s i t i e s  of t h e  coarse beds loaded from t h e  11 batches var ied  from 

57.6 t o  61.3% of theo re t i ca l .  

by va r i a t ions  i n  the  dens i t i e s  of t h e  d i f f e r e n t  batches of microspheres. 

This experiment shows t h a t  t h e  dens i ty  of t h e  coarse bed from a 

We be l ieve  t h a t  t h i s  v a r i a t i o n  i s  caused 

given batch of microspheres can be reproduced t o  l e s s  than kl% i f  t h e  

loading conditions a re  properly control led.  In  subsequent experiments, 

we var ied t h e  feed r a t e  and t h e  time and amplitude of v ibra t ion ,  but  

none o f  these  had a s ign i f i can t  e f f e c t  on the  dens i ty  of t he  coarse bed. 

Since the  dens i ty  of the  microspheres has t h e  g rea t e s t  e f f e c t  on 

the  dens i ty  of t h e  coarse bed and thus on t h e  f i n a l  smear density,  it 
appears t h a t  a l t e r i n g  the  dens i ty  of t h e  microspheres i s  t h e  most p r a c t i -  

c a l  way of cont ro l l ing  t h e  dens i ty  of Sphere-Pac fue l  p ins .  

Ser ies  I1 Unencapsulated Fuel Pins  f o r  I r r ad ia t ion  i n  t h e  Experimental 
Breeder Reactor-I1 (R. A. Bradley, W. J. Leonard, T. B. Lindemer, 
R .  B. P ra t t ,  W. H. Pechin) 

We a r e  f ab r i ca t ing  19 unencapsulated f u e l  p ins  f o r  i r r a d i a t i o n  i n  
a 37-pin reac tor  subassembly shared with Babcock Ek Wilcox Company. 

spare  f u e l  pins  a r e  being fabricated.  

design, fabr ica t ion ,  inspection, shipping, and p o s t i r r a d i a t i o n  examina- 

t i o n  of i t s  own f u e l  p ins .  

Sphere-Pac f u e l  produced by t h e  so l -ge l  process.  

Two 
Each s i t e  i s  responsible f o r  

Our t e s t  p ins  a r e  fueled with p e l l e t i z e d  and 

During t h e  pas t  quarter  we have been involved w i t h  f u e l  preparation, 
qua l i f i ca t ion  and preparat ion of raw mater ia ls ,  welding development, 

f ab r i ca t ion  and inspect ion of components and assemblies, and wr i t i ng  of 

process and qua l i ty  assurance procedures. 

Ijy t h e  c r i t i c a l - p a t h  schedule indicated t h a t  t h e  p ro jec t  was 70% complete 

a t  t h e  end of June. 

Analysis of a c t i v i t i e s  l i s t e d  

Fuel Preparation. - The s e r i e s  I1 experiment f o r  i r r a d i a t i o n  i n  t h e  

EBR-I1 requi res  13 f u e l  p ins  loaded with (Uo. 8 ,  P u o .  2 )02 (93% enriched U) 
microspheres by t h e  Sphere-Pac process, 8 f u e l  p ins  loaded with so l -ge l  

p e l l e t s  of  t h e  same composition, and 17 archive pins .  

spec i f i e s  a f i e 1  smear dens i ty  of  80, 85, or 90% of t h e o r e t i c a l  f o r  

p e l l e t  fuel and 80 o r  85% of t h e o r e t i c a l  f o r  Sphere-Pac f u e l  and a r a t i o  

The design 
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of 0:metal of e i t h e r  1.940 rt 0.005 o r  1.980 ? 0.005. The requirements 

f o r  these  pins  were presented previously.  4 

A l l  microspheres f o r  t h e  Sphere-Pac pins  were received, examined by 

a autoradiography and by y spectroscopy,5 and found t o  be uniform i n  Pu 
content.  After  t h e  microspheres had been blended i n t o  batches s u f f i -  

c i e n t l y  l a rge  t o  permit loading a l l  p ins  of a p a r t i c u l a r  type from a 

s ing le  batch o f  microspheres, each batch of microspheres was heat  t r e a t e d  

t o  obta in  t h e  required r a t i o  of 0:metal. 

i n  these  batches a r e  given i n  Table 1 . 2 .  

The r a t i o s  of 0:metal achieved 

Table 1 . 2 .  Ratio of Oxygen t o  Metal i n  (U,Pu)O2 Microspheres 

Batch Desired Ratio 
0 : Met a 1 

Ratio 0:Metal 
After  Final  

Heat Treatment 
~~~ - 

SP 80C 
SP 85c 

SPF 

SPL 80C 

SPL 85C 
SPLF 

1.980 

1.980 

1.980 
1.940 

1.940 
1.940 

1.985 

1.976 
1.988 
1. 959a 

1.961 

b 

a 

bNot ye t  ava i lab le .  

Preliminary r e s u l t  based on one sample. 

Although the  0:metal r a t i o  of t h e  Sphere-Pac f i e 1  with 80 and 85% 

of t h e o r e t i c a l  dens i ty  i s  1.96 ins tead  of t h e  1.94 desired,  we have 

decided t o  accept t h i s  r a t i o  r a the r  than delay t h e  loading of t h e  f i e 1  

p ins .  

The f ab r i ca t ion  of t he  p e l l e t s  f o r  t h e  EBR-I1 f i e 1  p ins  was described 

previously;6 however, p a r t  of the  p e l l e t s  required heat treatment t o  

reduce the  r a t i o  of 0:metal t o  1.94. 
We produced p a r t  of t he  p e l l e t s  with a low-ratio of 0:metal by heat 

t r e a t i n g  pres in te red  p e l l e t s  a t  1450°C i n  a cold-wall f'urnace with a W 
A 



9 

element and T i  g e t t e r .  

and a por t ion  of t he  p e l l e t s  w i t h  80% of t h e o r e t i c a l  smear dens i ty  were 

produced i n  t h i s  manner. 

The p e l l e t s  ,with 85% of t h e o r e t i c a l  smear dens i ty  

Because of poor process cont ro l  with t h i s  method and because of 

o ther  demands on the  furnace we were using, t h e  work with t h e  g e t t e r  

method was discontinued f o r  t h e  present .  

remainder of t he  p e l l e t s  w i t h  low r a t i o  of 0:metal and 80% of t h e o r e t i -  

c a l  smear dens i ty  by our usual  heat treatment (reduction with A r 4 %  H2 

i n  alumina tube f i rnaces )  . 

We plan t o  produce t h e  

Hardware Qua l i f i ca t ion .  - I n  addi t ion  t o  23 s a t i s f a c t o r y  f i e 1  tubes, 

7 addi t iona l  tubes were taken through the  chain of inspection, and 6 

tubes s a t i s f a c t o r i l y  met a l l  t h e  requirements. We qua l i f i ed  mater ia l  

fo r  f ab r i ca t ion  and inspected about 460 individual  hardware components 

for t h e  2 1  h e 1  pins  and 17 archive pins .  Af te r  f i n a l  inspection, each 

necessary component was assembled, packaged, and assigned t o  a s p e c i f i c  

f ie1 o r  archive tube.  

Equipment Fabrication. - We modified t h e  equipment b u i l t  f o r  c a l i -  

b ra t ing  the  void volume of f i e 1  pins  t o  adapt it f o r  loading f i e 1  pins  

t o  a known volume of He and Xe i n  a measured r a t i o .  Each f u e l  element 

i s  tagged with a unique mixture of normal and i so top ic  Xe t h a t  can 

e a s i l y  be i d e n t i f i e d  by reac tor  instrumentation t o  f a c i l i t a t e  i d e n t i -  

fying any f i e 1  elements t h a t  might f a i l  during i r r a d i a t i o n .  

ment has been used t o  charge a l l  f i e 1  pins  manufactured t o  date .  

This equip- 

Procedures. - A l l  procedures f o r  f ab r i ca t ion  processes (except 

ceramic f i e 1  processes ), q u a l i t y  control ,  t es t ing ,  and inspect ion have 

been prepared. These include (1) loading of f i e l ,  (2) preparat ion and 

assembly of nonfUel components, and ( 3 )  f i n a l  assembly and manufacture 

of the  f i e 1  p in .  Each de ta i l ed  operat ional ,  quali ty-assurance,  standard- 

iza t ion ,  and t e s t  procedure i s  arranged i n  a format as  a u x i l i a r y  proce- 

dures f o r  use  i n  conjunction with these  process procedures. 

Manufacture of Fuel Pins.  - Nine Sphere-Pac and two p e l l e t  p ins  

were loaded, and nine of these  were tagged w i t h  Xe. 

achieved i n  these  11 pins a re  summarized i n  Table 1.3. 

dens i t i e s  of t h e  nine Sphere-Pac f u e l  pins  vary from 82.3 t o  84.1% of 

theo re t i ca l .  We have been unsuccessf i l  i n  a l l  our attempts t o  achieve 

a smear dens i ty  of 80% of theo re t i ca l ;  therefore ,  we w i l l  use t h e  f u e l  

The dens i t i e s  

The smear 
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Table 1.3. Densities of Fuel Pins f o r  Ser ies  I1 I r r a d i a t i o n  i n  
Experimental Breeder Reactor-11 

Smear Density, % of theo re t i ca l  

Design Measured 
Fuel P in  Fuel Pin Type 

19-6-C Sphere-Pac 80 83.4 

19 -8 -A Sphere-Pac 80 82.6 

19-26-A Sphere -Pac 85 82.5 

19-37-A Sphere-Pac 85 83.1 

19 -52 -A Sphere-Pac 85 84.1 
19-56-A Sphere-Pac 85 84.0 

19-60-A Sphere -Pac 85 84.0 

19-60-B Sphere-Pac 85 84.0 

19 -7 -A 
19-66-B P e l l e t  0.2182 
19-76-A P e l l e t  0.2182 

Sphere -Pa c 85 84.0 
85 86.3 
85 86.1 

pins  a s  loaded. The remainder of t h e  f i e 1  p ins  have t h e  bottom end plug 

welded t o  t h e  tube, have been completely inspected t o  t h i s  stage,  and 

a r e  ready for  f i e 1  loading, i n s e r t i o n  o f  top hardware components, Xe 

tagging, and f i n a l  welding of  t h e  top plug and end cap. 

We made two weld dummy pins  and one Xe dummy p i n  before  we manu- 

fac tured  t h e  f i e 1  p ins .  We s h a l l  make another Xe d m  p i n  when we 

have completed manufacturing t h e  21  p ins .  

Character izat ion of (U, F’u)O2 Fuels 

C. M. Cox, J. D. Sease 

The development of so l -ge l  f i e 1  f ab r i ca t ion  requires  character iza-  

t i o n  of both t h e  chemical composition and physical  p roper t ies  o f  t h e  

mater ia l  t o  control  t h e  process and t o  i n t e r p r e t  meaningfil ly t h e  i r r a -  

d i a t ion  behavior. Thermodynamic s tud ie s  w i l l  contr ibute  t o  t h e  develop- 

ment o f  t h e  process f o r  producing the  f i e 1  and w i l l  a i d  i n  pred ic t ing  

f ie1  performance f o r  both i r r a d i a t i o n  t e s t i n g  and model s tud ies .  
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Determination of Pu Content of  (U, Pu)02 Microspheres by Gamma Spectroscopy 
(R.  A. Bradley, W. J. Lackey, W.  H. Pechin) 

The (U,Pu)Oz microspheres f o r  s ix  of t h e  f’uel p ins  f o r  t h e  s e r i e s  I1 
i r r a d i a t i o n  i n  the  EBR-I1 were prepared i n  11 batches.  

radiography showed no l a rge  va r i a t ions  i n  Pu content between microspheres 

wi th in  a batch, bu t  va r i a t ions  of less than about 3% Pu cannot be detected 

by t h e  technique used.7 

mine whether t he re  were va r i a t ions  i n  Pu content between batches o r  

between microspheres wi th in  a batch.  

Alpha-ray auto- 

Therefore, y-ray spectroscopy was used t o  de t e r -  

Samples were r i f f l e d  from each batch and analyzed by the  technique 

described previously.8 The r a t i o s  of Pu: (U+Pu) f o r  two individual  micro- 

spheres from each of t h e  batches a r e  shown i n  Table 1.4. This t a b l e  a l s o  

shows t h e  average value fo r  t he  two microspheres from each batch and tg 
95% confidence i n t e r v a l .  

t h e  standard deviat ion of t h e  ana ly t i ca l  technique; we found it t o  be 

0.465, which compared favorably with t h e  0.43 determined previously with 

a l a r g e r  number of samples. 

One microsphere was counted s i x  times t o  check 

8 

An analys is  of variance was performed t o  separate  t h e  sources of 

va r i a t ion  and t o  determine which ones were s ign i f i can t .  

93% confidence t h a t  t he re  is  a v a r i a t i o n  i n  F’u content from batch t o  

batch.  Within the  l i m i t s  of detect ion,  t he re  was no v a r i a t i o n  of Pu 
content wi th in  a batch.  

We can say with 

Precis ion and Source of  Variat ion of Analyses of Ratio of Oxygen t o  M e t a l  
i n  (U,Pu)02 (W. J. Lackey, R.  A.  Bradley, W.  H. Pechin, T. L. HebbleY) 

It i s  genera l ly  agreed t h a t  t he  0:metal r a t i o  of (U,Pu)02tx i s  an 

Thus, important parameter i n  determining t h e  performance of f’uel p ins .  

t o  conduct meaningful i r r a d i a t i o n  t e s t s ,  it is  necessary t o  be ab le  t o  

f a b r i c a t e  i n  a r e l i a b l e  manner mixed oxide f’uel with a known r a t i o  of 

0:metal. 

of 0:metal f o r  f u e l  from s ix  s i n t e r i n g  runs and a t  t he  same time t o  

determine the  sources t h a t  l ead  t o  va r i a t ions  i n  t h i s  r a t i o  and t o  de te r -  

mine t h e  prec is ion  of t h e  gravimetric ana ly t i ca l  technique used a t  ORNL. 
We decided t h a t  these  object ives  could b e s t  be accomplished by 

basing t h e  se l ec t ion  and order of submission of samples on a modification 

The purpose of t h i s  inves t iga t ion  was t o  determine t h e  r a t i o  
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Table 1.4. Plutonium Content of (U, F’u>O2 Microspheres (mJM-13A) 
as  Determined by Gamma-Ray Spectroscopy 

Ratio FU: (U+F’u) Batch Sample 
n 

Measured Average 

Feed 1 

Feed 2 

Feed 3 

Feed 4 

Feed 5 

Feed 6 

Feed 7 

Feed 8 

Feed 9 

Feed 10 

Feed 11 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

x 

21.32 
20.84 

21.08 
21.31 
19.96 
19.67 
20.76 
21.30 

20.50 
21.42 
20.42 
20.08 

20.93 
21.43 
20.93 
21.77 
20.85 
20.88 

21.57 
21.84 
20.96 
22.77 

x 

21.08 f 0.81 

21.20 ? 0.81 

19.82 _+ 0.81 

21.03 _+ 0.81 

20.96 f 0.81 

20.25 ri: 0.81 

21.18 ? 0.%1 

21.35 f 0.81 

20.87 f 0.81 

21.71 f 0.81 

21.86 k 0.81 

a Range ind ica tes  95% confidence in t e rva l .  

of a s t a t i s t i c a l  experimental design ca l l ed  Graeco-Latin Square. lo 

sources of  va r i a t ion  inves t iga ted  were ana lys i s  days, pos i t ion  i n  t h e  

ana lys i s  f’urnace, s i n t e r i n g  runs, and pos i t i on  i n  the  s i n t e r i n g  f i rnace .  

By using the  Graeco-Latin Square design, it was poss ib le  t o  determine 

without b ias  whether t h e  sources of v a r i a t i o n  l i s t e d  above influenced 

t h e  r e s u l t  of t h e  ana lys i s  for t h e  r a t i o  of 0:metal. 

The r e s u l t s  of t h e  s t a t i s t i c a l  ana lys i s  a r e  summarized i n  Table 1.5. 

The 

This ana lys i s  of variance showed a l a rge  e f f e c t  associated with ana lys i s  



Table 1.5. Analysis of Variance f o r  Determination o f  Ratio of Oxygen t o  Metal 

Source Degrees o f  sum of Mean Calculated 95% C r i t i c a l  
Freedom Square s Square F Value F Value 

Analysis days 

Pos i t ion  i n  analysis  f'urnace 

S in te r ing  runs 
Posi t ion i n  s in t e r ing  f'umace 

Res i dual 

TOTAL 

5 

5 
5 
2 

18 
35 
- 

0.00375489 0. 00075098a 

0.00007222 0.00001444 

0.00046856 0.00009371 

0.00002272 0.00001136 

0.00055084 0.00003060 

24.54 
0.47 
3.06 

0.37 

2.77 

2.77 

2.77 
3.55 

When t h e  ca lcu la t ion  was repeated w i t h  t h e  r e s u l t s  o f  t h e  bad ana lys i s  day excluded, t he  a 

mean square f o r  analysis  days was 0.00004540 with four degrees of  freedom. 
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days and a small but r e a l  e f fec t  associated with s i n t e r i n g  runs. The 

v a r i a t i o n  associated with ana lys i s  days was almost e n t i r e l y  caused by 

the  analyses for  one day a l l  being low by about 0.027 r a t i o  u n i t s ;  t h e  

reason f o r  t h i s  b i a s  i s  not d e f i n i t e l y  known, but  weighing e r ro r s  a r e  

suspected. Neither t he  pos i t i on  i n  t h e  ana lys i s  f i rnace  or the  s i n -  

t e r i n g  f i rnace  caused a de tec tab le  e f f e c t .  

Confidence3ntervals f o r  t h e  average r a t i o  of 0:metal i n  a fu tu re  

s i n t e r i n g  run a r e  shown i n  Table 1 .6 .  

we conclude t h a t  t h e  r a t i o  of 0:metal i n  fb tu re  s i n t e r i n g  runs should 

be determined by analyzing one sample per  s i n t e r i n g  run on each of t h ree  

days. 

t he  95$ confidence i n t e r v a l  f o r  t he  average o f  t h ree  measurements obtained 

i n  t h i s  manner would be 0.007 r a t i o  u n i t s .  

inves t iga t ion  i n  d e t a i l  is  being prepared. 

From these  confidence in t e rva l s ,  

Assuming t h a t  days on which biased analyses occur can be detected,  

A report  describing t h i s  

A s  a r e s u l t  of t h e  s t a t i s t i c a l  inves t iga t ion  described above, t h e  

Analyt ical  Chemistry Division i n s t a l l e d  a new balance f o r  determining 

the  r a t i o  of O:metal, and we have been submitting samples from a given 

s i n t e r i n g  run on d i f f e r e n t  days. An ana lys i s  of var iance on 48 deter -  

minations of 19 s i n t e r i n g  runs with the  o ld  balance and 41 determinations 

of 17 s i n t e r i n g  runs with t h e  new balance disclosed a marked improvement 

i n  t h e  prec is ion  of t h e  ana lys i s .  

deviat ion of t h e  analysis ,  including va r i a t ions  between p e l l e t s  and 

between days, was 0.011 r a t i o  u n i t s ;  with the  new balance, t he  standard 

deviat ion is  0.0039 r a t i o  u n i t s .  

With t h e  old balance, t h e  standard 

The current  method of submitting samples w i l l  permit t h e  use of a 

control  char t  t o  de t ec t  e r r o r s  beyond t h a t  associated with t h e  va r i a t ion  

of t h e  ana lys i s .  This char t  w i l l  be based on t h e  f a c t  t h a t  t h e  range i n  

t h e  r e s u l t s  of t h ree  analyses of t h e  same s i n t e r i n g  run should have a 

normal d i s t r ibu t ion .  Any s e t  of samples f o r  which t h e  range exceeds 

t h e  95% confidence i n t e r v a l  has probably been af fec ted  by human e r ro r  

and w i l l  be analyzed again.  

Microstructure of Unirradiated ( U , F u ) O 2  Fuel f o r  Instrumented Tests i n  
t h e  Engineering Test Reactor (W. J. Lackey, R.  A. Bradley) 

Optical  microscopy, r ep l i ca  e lec t ron  microscopy, and a-ray auto- 

radiography have been used t o  character ize  t h e  microstructure of  t h e  



Table 1.6. Confidence Intervalsa for the Average Ratio of Oxygen to Metal 
of a Single Sintering Run 

- 

90% Confidence Interval 95% Confidence Interval 99% Confidence Interval Number of Number of 
Analysis Analyses Biased Analysis Biased Analysis Biased Biased Analysis Biased Analysis Biased Analysis 

Days Detected Days Not Days Not Days Not Days Detected Detected Detected Detected 
Per Day Days Detected Days 

1 1 0.010 0.023 0.012 0.029 0.017 0.043 

2 1 0.007 0.016 0.009 0.021 0.012 0.030 

3 1 0.006 0.013 0.007 0.017 0.010 0.025 

1 2 0.008 0.023 0.009 0.028 0.013 0.043 

2 2 0.005 0.016 0.007 0.020 0.009 0.030 

3 2 0.004 0.013 0.005 0.016 0.007 0.025 

aThe confidence intervals are constructed by subtracting and adding the tabulated uncertainty t o  the average value of the rat io  
of 0:metal determined f o r  any particular sintering run. 
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so l -ge l  (U,, 8 ,  P u o ,  2 102 fabr ica ted  f o r  t h e  instrumented t e s t s  i n  t he  

Engineering Test Reactor (ETR). 

f i e 1  t o  be of excel lent  qua l i t y .  

Briefly,  a l l  of these  t e s t s  showed the  

Knowledge of t h e  microstructure  of  t he  f'uel serves th ree  purposes: 

i t  helps ensure t h a t  high-qual i ty  f'uel i s  being fabr ica ted ;  it reveals  

information concerning t h e  e f f e c t  of f ab r i ca t ion  var iab les  on the  pore 

morphology and gra in  s i z e  of sol-gel-derived f'uel; and it w i l l  be used 

f o r  f'uture comparison with t h e  microstructure o f  t h e  i r r a d i a t e d  f'uel. 

The f ie1 examined was i n  t h e  form of  coarse microspheres 

(batch PM-LlC), f i n e  microspheres (batch PM-11F), and a cold-pressed 

and s in t e red  p e l l e t  (batch ET3N). 

was s in t e red  a t  1450°C f o r  4 h r  o r  longer.  

procedure have been reported elsewhere. 

During fabr ica t ion ,  a l l  of t h e  f'uel 

Detai ls  of t he  f ab r i ca t ion  
l2 

Coarse Microspheres. - Both a- ray  autoradiography and l imi ted  

e lec t ron  microprobe analyses showed the  Pu content t o  be uniform between 

spheres wi th in  t h e  l i m i t s  of detection, which a r e  estimated as  24% Fu 
f o r  autoradiography and to. 5% Pu for microprobe ana lys i s .  

Optical  and e lec t ron  photomicrographs of t h e  coarse microspheres 

a r e  shown i n  Fig. 1.1. A t  magnifications below about lOOX, t h e  spheres 

appeared almost f'ully dense, bu t  numerous, small, s i n t e r i n g  pores were 

apparent a t  higher magnifications.  

pores appear as  dark areas  and cas t  a l i g h t  shadow. 

po ros i ty  var ied  from sphere t o  sphere. The dens i ty  of t h e  most porous 

sphere observed i n  e l ec t ron  photomicrographs was 95.4% of theo re t i ca l ,  

while t h a t  of the  most dense sphere was 99.1% of theo re t i ca l ;  t h e  average 

dens i ty  i s  thought t o  be 96 t o  97% of t h e o r e t i c a l .  

Nearly a11 of t h e  poros i ty  i n  t h e  most porous spheres was located 

I n  t h e  e lec t ron  photomicrographs, 

The quant i ty  of 

a t  g ra in  boundaries, bu t  t h a t  i n  the  dense spheres was trapped ins ide  

t h e  gra ins .  

The grains  were f a i r l y  equiaxed, and t h e i r  s i z e  was r e l a t i v e l y  

uni formwith in  a sphere; bu t  t he  gra in  s i z e  var ied  from sphere t o  sphere 

depending on t h e  poros i ty .  

about 1 .7  p i n  diameter, while those of t h e  most dense spheres were 

3 .2  pm i n  diameter. A diameter of  2 .0  wm is  suggested as  t yp ica l .  

The grains  of  t h e  more porous spheres were 
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Fig. 1.1. Coarse (Uo. 8 , P u - O .  2 ) 0 2  Microspheres f o r  Instrumented 
( a )  Optical  photomicrograph. Tests i n  t h e  Engineering Test Reactor. 

35X. (b) Optical photomicrograph of a dense sphere. 500X. ( c )  Electron 
photomicrograph o f  a dense sphere. 4800X. (d) Electron photomicrograph 
of  a porous sphere. 4800X. 



1% 

Fine Microspheres. - Photomicrographs of ,he f i n e  microsr ieres  a r e  

shown i n  Fig. 1 . 2 .  Because of our i n a b i l i t y  t o  separate  the  shapes of  

t h e  f i n e  microspheres, t h i s  mater ia l  contained some aspherical  p a r t i c l e s ,  

but  it was considered t o  be of excel lent  q u a l i t y  s ince  near ly  a l l  of t h e  

p a r t i c l e s  were spher ica l .  

hollow. Excluding t h e  hollow spheres, e lec t ron  microscopy showed the  

spheres t o  be very dense, perhaps exceeding 99.5% of theo re t i ca l .  

Approximately 2 t o  4% of t h e  spheres were 

Fig. 1 . 2 .  Fine (U0.8,Pu0.2)02 Microspheres f o r  Instrumented Tests 
i n  t h e  Engineering Test Reactor. ( a )  Optical  photomicrograph. 1OOX. 
(b)  Electron photomicrograph o f  t y p i c a l  spheres showing high dens i ty  and 
small g ra in  s i z e .  3320X. 

The gra in  s i z e  was uni formwith in  a given sphere and var ied  only 

The grains  of e s s e n t i a l l y  a l l  of  t h e  s l i g h t l y  from sphere t o  sphere. 

spheres examined were i n  t h e  range 1 . 2  * 0.2 pm i n  diameter. 

The surfaces of both t h e  coarse and f i n e  microspheres were of  an 

"orange pee l"  t ex tu re  as  a r e s u l t  of  grooving along the  gra in  boundaries 

caused by thermal etching during s in t e r ing .  
/-- 

I- 
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P e l l e t s .  - Alpha-ray autoradiography was used t o  determine i f  there  

were any inhomogeneity i n  the  d i s t r i b u t i o n  of PU i n  t h e  p e l l e t s .  

t he  examination of one p e l l e t ,  it appears t h a t  t he re  was no segregation 

of Fu. 

From 

The p e l l e t s  were 84 _+ 1% of theo re t i ca l  densi ty .  On t h e  b a s i s  of  

t h e  amount and morphology of t h e  porosi ty ,  t he re  a r e  three  d i f f e r e n t  

types of  microstructure i n  t h e  p e l l e t s  as  shown i n  Fig. 1.3. F i r s t ,  

t he re  i s  a very porous matrix containing elongated, i r r e g u l a r l y  shaped 

pores interconnected with the  surface of t h e  p e l l e t .  Dispersed through- 

out  t h e  matrix, t he re  a r e  very dense areas  as  l a rge  as  about 40 pm i n  
diameter. 

as  la rge  as  75 p-m i n  diameter and occasional ly  l a rge r  w i t h  an i n t e r -  

mediate amount of general ly  spher ica l  poros i ty  t h a t  i s  probably not 

interconnected with the  surface of t he  p e l l e t .  These observations agree 

with r e s u l t s  of analyses by mercury porosimetry t h a t  show t h a t  nearly 

a l l  of t he  poros i ty  i s  of t h e  open type.  

Final ly ,  about 5% of t h e  p e l l e t  cons is t s  of areas  f requent ly  

Fig. 1.3. Cold-Pressed and Sintered (Uo. 8 ,  P u o ,  2 ) 0 2  P e l l e t  fo r  
Instrumented Tests i n  t h e  Engineering Test Reactor. 
micrograph. 1OOX. (b) Electron photomicrograph of an area of  high 
dens i ty  surrounded by t h e  porous matrix.  3320X. 

( a >  Optical  photo- 
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This t r i p l e x  microstructure  r e s u l t s  from the  process used t o  prepare 

powder f o r  p e l l e t i z i n g .  The sol-gel-derived shards a r e  ground t o  -325 

mesh. During the  grinding process, t h e  extremely f i n e  f r ac t ion  of t h e  

powder i s  separated by t h e  co l l ec t ion  system from t h e  bulk of  -325 mesh 

mater ia l ,  and t h e  f ines  a r e  combined. 

from t h e  s i n t e r i n g  of a s ing le  piece of t he  -325 mesh shard. 

areas with intermediate poros i ty  a r e  thought t o  r e s u l t  from agglomeration 

of t he  extremely f i n e l y  ground mater ia l .  

a mixture of t he  -325 mesh mater ia l  and f ines .  Some o f  t h e  matrix poros i ty  

undoubtedly r e s u l t s  from the  shrinkage necessary t o  form the  very dense 

a reas .  

A dense area i n  the  p e l l e t  r e s u l t s  

The la rge  

The porous matrix cons is t s  of 

The grains  i n  the  dense areas  var ied from 1 t o  2 pm i n  diameter, 

w i t h  1.7 pm being t y p i c a l .  The gra in  s i z e  of the  matrix was d i f f i c u l t  

t o  measure, because of  t h e  shadows cas t  by t h e  numerous pores, but  was 

s l i g h t l y  l e s s  than t h a t  of t he  dense a reas .  

formed by agglomeration of t he  f i n e s  were about 0.8 pm i n  diameter. 

it becomes necessary i n  some f i t u r e  ana lys i s  t o  character ize  t h e  p e l l e t s  

by a s ing le  gra in  s ize ,  t he  value 1 .5  pm i s  recommended. 

c r ib ing  t h i s  work i n  g rea t e r  d e t a i l  i s  being prepared. 

The grains  i n  the  areas  

If 

A report  des- 

I r r a d i a t i o n  Testing of  (U, pU)02 Fuels 

C.  M. Cox 

The performance cha rac t e r i s t i c s  of mixed (U, Pu)02 fbe l s  a r e  being 

evaluated i n  a v a r i e t y  of i r r a d i a t i o n  t e s t s  f o r  p o t e n t i a l  appl ica t ion  i n  

an LMFBR. We a r e  now concentrating on comparative t e s t s  of sol-gel  fbe l  

fabr ica ted  as  p e l l e t s  o r  as  microspheres and then compacted by the  

Sphere-Pac technique. The program includes thermal-flux experiments, 

which permit use of instrumented capsules and the  achievement of high 

l eve l s  of burnup i n  r e l a t i v e l y  sho r t  times, and f a s t - f lux  experiments, 

i n  which t h e  d i s t r i b u t i o n  of f i s s i o n  r a t e  and the  e f f e c t s  of  rad ia t ion  

on t h e  cladding a r e  more t y p i c a l  of those f o r  operating conditions 

an t ic ipa ted  i n  an LMFBR. 
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Uninstrumented Thermal-Flux I r r ad ia t ion  Tests (A. R .  Olsen, D. R .  ~ h n e o ' ~ )  

A s e r i e s  of uninstrumented capsules i s  being i r r a d i a t e d  i n  the  

X-basket f a c i l i t i e s  of t he  ETR. Each capsule contains four  t e s t  pins  

arranged i n  tandem. The i n i t i a l  object ive o f  these  t e s t s  was t o  inves- 

t i g a t e  t h e  e f f e c t s  of fabr ica t ion  form with extended burnup on t h e  

r e l ease  of f i s s i o n  gas, migration of f i s s i o n  products, and f'uel swelling. 

Some capsules a r e  now being i r r a d i a t e d  s p e c i f i c a l l y  t o  provide short-  

cooled i r r a d i a t e d  f i e1  for s tudies  of LMFBR f'uel reprocessing. The 

r e s u l t s  from t h e  f irst  th ree  capsules i r r a d i a t e d  t o  low burnup i n  t h i s  

s e r i e s  were discussed.14 The current  s t a t u s  of a l l  t h e  t e s t s  i n  t h i s  

s e r i e s  i s  given i n  Table 1.7. 

Experiment 43-113, the  only capsule now being i r r ad ia t ed ,  was 

removed temporarily from t h e  r eac to r  because of an apparent change i n  

the  f lux  d i s t r i b u t i o n  i n  the  ETR a f t e r  t h e  Be r e f l e c t o r  was replaced 

a f t e r  cycle 106. Rather than r i s k  overpowering t h i s  experiment, we 

removed it u n t i l  new flux monitoring data  a r e  ava i lab le  sometime i n  

August . 
The normal pos t i r r ad ia t ion  examination of capsules 43-103 and 

43-115 was completed during t h e  p a s t  quarter .  A repor t  on these  cap- 

su les  w i l l  be presented a t  t h e  American Nuclear Society Annual Meeting. l5 

Data descr ibing t h e  eight  pins  from these  capsules a re  given i n  Table 1.8. 

Figures 1.4 t o  1 .6  a re  composite p i c tu re s  showing t h e  autoradiographs 

with t h e  comparable photomacrographs f o r  two UO;! f u e l  pins  and one 
(U,pU)O2 f i e 1  p in .  

autoradiographic examinations. 

Two i n t e r e s t i n g  phenomena have been observed i n  the  

The 6-Y autoradiograph fo r  t h e  UO;! p e l l e t  p in  (Fig. 1.4) shows only 

a f a i n t  concentric-ring p a t t e r n  of  varying a c t i v i t y .  Such pa t t e rns  a r e  

o f t en  used t o  def ine t h e  extent  of' melting of t h e  f i e 1  center .  16, l7 The 

f a c t  t h a t  t h i s  s t ruc tu re  was not d i s t i n c t  ind ica tes  t h a t  even though t h e  

heat  r a t i n g s  and gamma scans18 indicated melting of t h e  f i e 1  center,  t h i s  

condition d id  not e x i s t  during t h e  l a t t e r  s tages  of t h e  i r r a d i a t i o n .  

Even these  f a i n t  r ings were not seen on t h e  comparable Sphere-Pac U02 

p ins  shown i n  Fig.  1.5 o r  t he  Sphere-Pac (U,Pu)O2 p in  t h a t  operated a t  

t h e  highest  heat  r a t e ,  shown i n  Fig. 1.6.  



Table 1 .7 .  U n i n s t m e n t e d  Thermal-Flux Tests o f  (U,Pu)O2 Fuels 

Peak Temperature Peak Linear  Number a t  Inner  Surface 
o f  Eurnup Heat Rate o f  Cladding 

Peak 
S ta tus  

June 1970 
Fuel E q e r i m e n t  

( O C )  
Form Compos it ion  Pins  ($ F I M A ) ~  (w/cm) 

(235u0. 8 0 9 h O .  20)02.00 2 1.5b 1640b 1000 Examined 43-99 

43-100 

43 -103 

43-112 

43 -113 

43 -115 

43-116 

43-117 

43-118 

43-119 

43-123 

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 
P e l l e t  

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 

FTR P e l l e t s  

FTR P e l l e t s  

FTR P e l l e t s  

FTR P e l l e t s  

(23 5u0. 809 k0.2 0)02.00 

u02.02 (20% 2 3  5u) 
u02.00 (20% 2 3  5u) 

u02.02 (20% 235u3) 

u02.02 (20% 235u) 

u02.02 (20% 235u) 

( 238 u0.85~~0.15)01.97 

(238u0. 85,k0.15)01.97 

(238u0. 8 59 X O .  15 101.97 

( 2 3  %o. 859 k0.15 101.97 
238 ( uO.7 5 , h O .  2 5101.98 

(' 'u 0.7 5 9 k o  .2 5 ) 0 1.9 8 

(2 8uo. 7 5 9 h o  . 2  5 0 1.9 8 

( 'u 0 .7 5 9 K O .  2 5 ' 0  1.9 8 

2 

3 
1 

3 
1 

3 
1 

3 
1 

4 

4 

4 

4 

4 

b 1.4 

5 

0.7 

10' 

6.5 

1.5' 

1.5 

4.0 

8.0 
4.0 

l47Ob 

690 

500 

500' 

600 

600' 

430' 

430' 

430' 

350' 

900 

530 

360 

380' 

460 

460' 

360' 

360' 

360' 

310' 

Examined 

Examined 

Examined 

In - r eac to r  

Examined 

r 9.7% F I M A  

Processed 

In  p repa ra t ion  

In p repa ra t ion  

I n  p repa ra t ion  

I n  p repa ra t ion  
~ ~~~ ~ 

a 

bPins f a i l e d  i n  r e a c t o r  from overpowering. 

FIMA i s  f i s s i o n s  p e r  i n i t i a l  a c t i n i d e  metal  atom. 

C These a r e  t a r g e t  design va lues .  
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Table 1.8. Fabrication and Operating Data f o r  Intermediate Burnup Tests 

Fuel Center 
Peak Days a t  F i s s i o n  Gas Peak Linear Peak Temperature 

Heat Rateb Burnup Equivalent  Released 
($  FIMA)' m11 Power ( 5  "Kr) 

a t  I n s i d e  Surface I k d t  
of Cladding 4oooc 

Smear Densi ty  Fuel h e 1  

( O C )  iw /cm ) 
(kwln ) Test Pin ($ of t h e o r e t i c a l )  Forma Compos i t i o n  

~~ ~~ 

103-1 74 SP UO2.02 16.4 380 34 4.2 126.3 30 
103 -2 84 PC uo2.02 25.9 540 64 4.9 126.3 47 
103 -3 73 SP u02.02 21.6 470 44 5.5 126.3 44 
103-4 74 SP u02.02 17.9 400 38 4.5 126.3 41 

18 400 40 5.6 174.2 36 115-1 80 sp (U0.85jhO. 15)O1.97 

115-2 74 SP uo2.02 17.0 390 31 5.9 174.2 47 
20.6 460 46 6.5 174.2 44 

115-4 81 s p  (uO.85jhO. 15)OI-97 13.4 370 32 4.2 174.2 38 
115-3 82 sp (UO . 8  5 ,  h0.15 )O 1.9 7 

= Sphere-Pac; P = s o l i d  p e l l e t .  

bTime-averaged va lues  based on t h e  t o t a l  exposure i n  equiva len t  fill power days and a n  energy 
r e l e a s e  of 177 Mev/fission. 

%MA = f i s s i o n s  p e r  i n i t i a l  a c t i n i d e  metal atom. 

dFour m i l  average co ld  d iamet ra l  gap between f i e 1  and c ladding .  

n, w 



R-52144 0.25 in  - 

Photanacrcgraph a Autoradiograph p-7 Autoradiograph 

Fig. 1.4. Sphere-Pac (U~.~5,Pu0.~5)0~.97 I r r ad ia t ed  a t  14 kw/ft t o  4.2% FIMA (Smear Density %l% 
of m e o r e t i c a l ) .  

Photanarograph a Autoradiograph p-7 Autoradiograph 

Fig. 1 . 5 .  Sphere-Pac UO;! (20% Enriched) I r r ad ia t ed  a t  2 1  kw/ f t  t o  5 .9% FIMA (Smear Density 74% 
of Theore t ica l ) .  
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R-52146 

0 2 5  in - . - - . . . . 

P hotomacrogruph a Autoradiajraph p-7 Autorodicgraph 

Fig. 1 .6 .  Pe l l e t i zed  UO;! (20% Enriched) I r r a d i a t e d  a t  26 kw/ft t o  
4.9% FIMA (Smear Density 84% of Theoret ical) .  

One of t h e  most s t r i k i n g  fea tures  of t h e  autoradiographs was the  

spher ica l  i s lands  of higher Pu content i n  t h e  cooler, per iphera l  areas  

of  t h e  columnar grains  of a l l  t h ree  (U,Pu)O* pins,  a s  shown i n  the  

a-ray autoradiograph of Fig. 1 .6 .  

radiographs supports t h e  vaporization-condensation theory of r e s t ruc tu r ing  

without melting i n  t h e  region of columnar g ra in  growth. 

modes of r e s t ruc tu r ing  under consideration have been discussed i n  
detail.’’ 

cen t ra t ion  of U ( r e f .  20 ) .  The movement of t h i s  vapor down the  r a d i a l  

temperature gradient  i n  t he  f i e 1  leaves a higher concentration of Pu 
near the  cen t r a l  void and reduces the r e l a t i v e  concentration of Pu i n  

t h e  condensing area near t h e  per iphery of t h e  region of columnar gra ins .  

These va r i a t ions  a r e  shown by the  r e l a t i v e  a a c t i v i t i e s  i n  t h e  auto- 

radiograph made a f t e r  i r r a d i a t i o n .  

p ins  a l so  ind ica t e  f i e 1  homogenization i n  t h e  region of intermediate 

temperature near t h e  cen t r a l  void.  However, a t  t h e  temperatures near 

t h e  per iphery of t he  region of columnar grains ,  even during 4000 hr  of 

operation a t  power, t h e  diff’usion r a t e s  a r e  too slow t o  homogenize t h e  

f i e 1  i n  t h e  large-diameter spheres with t h e  surrounding condensate and 

f i n e  microspheres. 

with e lec t ron  microscopy and microprobe analysis .  

The appearance of t h e  a-ray auto- 

The various 

Brief ly ,  f o r  t h e  ( U , P u ) O 2  f’uels, t h e  vapor has a higher con- 

The autoradiographs from these  t e s t  

This phenomenon w i l l  be inves t iga ted  more thoroughly 
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A l l  hardware and f i e 1  f o r  capsules 43-117, 43-118, 43-119, and 

43-123 i s  on hand. 

performance and s a f e t y  analyses have been f in i shed;  and i r r a d i a t i o n  w i l l  

s t a r t  during the  f irst  quarter  of next year.  

The capsule f ab r i ca t ion  i s  about 50% complete; t he  

Instrumented Tests i n  the  Oak Ridge Research Reactor (R. B. F i t t s ,  
V .  A. DeCarlo,Zl D .  R.  Cuneo13) 

The instrumented i r r a d i a t i o n s  i n  the  Oak Ridge Research Reactor22 

(ORR) a r e  designedZ3 t o  monitor t h e  thermal performance of t e s t  fue l  

p ins .  The temperatures of t he  cladding and f u e l  cen ter  and the  r a t e s  

of  heat  generation a r e  continuously measured and recorded. These data  

a r e  being used t o  evaluate t h e  thermal cha rac t e r i s t i c s  of various f i e l s  

in - reac tor  and t h e  e f f e c t s  of i r r a d i a t i o n  conditions upon the  tempera- 

t u r e s  and r a t e s  of s t r u c t u r a l  change wi th in  t h e  operating f u e l s .  

The i r r a d i a t i o n  of t h e  t h i r d  capsule i n  this se r i e s ,  SG-3,  w a s  corn- 

p le ted .  

f u e l  w i t h  a smear dens i ty  of 82% of t h e o r e t i c a l  and a second f u e l  p i n  

wi th  83.5% dense so l -ge l  p e l l e t 2 5  f u e l  of t h e  same composition and smear 

densi ty .  T h i s  experiment provided a d i r e c t  comparison of these  fue l s  t o  

temperatures near 2000°C a t  t h e  center  of t he  f’uel. 

This capsule contains one f u e l  p i n  of (Uo.g,Fu0.2 )02 S p h e r e - P a ~ ~ ~  

The temperatures of t h e  cladding, NaK, and f u e l  center  were reported26 

a f t e r  about 60 days o f  operat ion of t he  experiment. The cen t r a l  tempera- 

t u re s  measured i n  both f u e l s  were cons is ten t  with calculated temperatures 

based upon t h e  thermal conduct ivi ty  given by Bailey -- e t  a l .  27 f o r  p e l l e t  

f u e l  of t h e  same densi ty .  

The i r r a d i a t i o n  of capsule SG-3 was s u c c e s s f i l l y  terminated on 

March 26, 1970. The Cd qhield i n s t a l l e d  around the  lower f u e l  p i n  

( p e l l e t )  maintained the  peak temperature a t  t h e  center  of  t h e  fue l  i n  

t h i s  p i n  a t  l e s s  than 600°C during t h e  l a s t  reac tor  cycle, while t h e  

center  of t he  f i e 1  i n  t h e  upper p i n  (Sphere-Pac) operated a t  2000°C. 

The data  obtained f o r  t h e  Sphere-Pac f i e 1  during t h e  f i n a l  power reduc- 

t i o n  a re  p l o t t e d  i n  Fig. 1.7. 
data  obtained midway i n  t h e  t e s t  and with t h e  calculated re la t ionship  

between temperature and r a t e  o f  heat generation f o r  a p e l l e t  f u e l  o f  

comparable i n i t i a l  densi ty .  Despite t h e  s h i f t  i n  t he  observed 

These r e s u l t s  a r e  compared w i t h  s imi l a r  
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i 2 3 4 5 6 7 8 9 i0 ii i 2  43 14 i 5  i 6  i 7  
HEAT GENERATION RATE l k w / f t )  

Fig. 1.7.  Central  Temperature of Sphere-Pac Fuel Versus Rate of 
Heat Generation. 

r e l a t ionsh ip  between heat generation and temperature over t h e  course o f  

t h e  experiment, t he  measured and predicted temperatures remained within 

58% of each o ther .  

of  these  data  ind ica t e  t h a t  a few of t h e  thermocouples d r i f t e d  s l i g h t l y .  

A f i n a l ,  de t a i l ed  ana lys i s  of  t he  data  w i l l  be made t o  v e r i f y  t h a t  t h e  

Sphere-Pac and p e l l e t  fue ls  have e s s e n t i a l l y  t h e  same e f f ec t ive  thermal 

conductance during i r r a d i a t i o n  a t  low burnup. 

The s h i f t  t h a t  was observed and t h e  de t a i l ed  analysis  

The capsule is  located i n  t h e  ORR pool awaiting inspect ion by 

neutron radiography. Af te r  neutron radiography, t he  SG-3 experiment 

w i l l  be sent  t o  the  High Radiation Level Examination Laboratory f o r  

examination. 

Instrumented Tests i n  Engineering Test Reactor (C. F. Sanders) 

Two instrumented capsules (43-120 and 43-121) were constructed t o  

inves t iga te  f u e l  swelling and the  chemical i n t e rac t ion  of f i e 1  and 

cladding of Sphere-Pac and p e l l e t  f u e l s  under peak LMFBR conditions.  
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These capsules were in se r t ed  i n t o  the  ETR during cycle 107 (May 1970). 
Design parameters were previously reported.  28 

conditions w i t h  t he  reac tor  a t  f'ull power f o r  these capsules a re  l i s t e d  

i n  Table 1 . 9 .  

The present  operating 

Table 1.9. Operating Conditions f o r  Capsules 43-120 and 43-121 
i n  t h e  Engineering Test Reactor 

Temperature of 
Pin Thermocoup 1 e Inner Surface Heat Rate 

Number Number o f  Cladding ( k w / f t )  
( O C )  

43 -120 - 1 

43 -120-2 

43 - 120 -3 

43 - 120 -4 

43 -12 1-1 

43 -121 -2 

43 -121-3 

43 -121 -4 

1 
2 

3 
4 
5 
6 

7 
8 
1 
2 

3 
4 
5 
6 

7 
8 

59 5 
575 
625 
630 
595 
545 

440 
3 80 
545 
545 
565 
610 

475 
a 

407 
407 

16.0 
15.4 

17 .O 
17.2 
16 .O 
14.5 

11.0 
9.5 

14.5 
14.5 
15.0 
16.4 

12.1 
a 

10.0 
10.0 

a Inoperative thermocouple; l o s t  during shipment. 

Transient Tests (E. J. Manthos, D. R .  C ~ n e o ~ ~ )  

Six f ie1 p ins  containing uni r rad ia ted  sol-gel-derived 

(Uo.8o,Pu0.20)01.98 were subjected t o  power t r ans i en t s  a t  t he  

Transient Reactor Test F a c i l i t y  (TREAT). 

though two Sphere-Pac p ins  received a t r ans i en t  t h a t  probably melted 

50 t o  60% of  the  f'uel. 

No f a i l u r e s  occurred even 
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Design, operating conditions, pos t i r r ad ia t ion  neutron radiographs, 

profilometry, and analyses of plenum gas were previously described. 2 9 ,  3 0  

Destructive examination of t h e  fue l  p ins  i s  i n  progress.  

The f u e l  burnup determined by radiochemical and ac t iva t ion  ana ly t i -  

c a l  techniques a r e  summarized i n  Table 1.10. These data  a re  transformed 

t o  values f o r  power and energy re lease  i n  Table 1.11. Although capsule 

TR-2 was subjected t o  a more severe t rans ien t ,  t h e  cumulative burnups 

of capsule TR-1 were higher because of a ca l ib ra t ion  t r ans i en t  before 

t e s t .  

Metallography was completed f o r  t h e  three  f u e l  pins  i n  capsule TR-2, 

and typ ica l  r e s u l t s  f o r  f u e l  p in  TR-2B a re  shown i n  Figs. l.% t o  1.10. 

Figure 1.8 i s  a t ransverse cross sec t ion  from 3/4  i n .  below t h e  midplane 

of t h e  fUe1. 

cooling from a molten s t a t e ,  which included about 50 vol $ o f  t he  f u e l  

a t  t h i s  cross sec t ion .  The in t e r f ace  between f i e 1  and cladding a f t e r  

e tching i s  shown a t  higher magnification i n  Fig. 1 .9 .  Figure 1 .9  shows 

appreciable gra in  growth even i n  t h e  per ipheral  spheres and evidence of 

a loca l ized  hot spot on the  inner  surface of  t he  cladding. 

t h a t  t h e  hot spot followed from a coarse microsphere being pressed 

against  t h e  cladding as  t h e  molten f i e 1  expanded about 10%. During 

cooling, t h e  f u e l  s in t e red  and pul led  away from t h e  cladding, thus 

leaving t h e  gap shown i n  Fig. 1.8. 

The columnar grains  a r e  believed t o  have formed during 

We be l ieve  

Another i n t e re s t ing  phenomenon i s  shown i n  Fig. 1.10, which i s  a 
longi tudinal  sec t ion  taken 1 1/2 t o  2 1/2 i n .  above the  midplane o f  the  

m e 1  column. 

t h e  cen t r a l  void a r e  surfaces  of la rge  gas bubbles formed from t h e  

r e l ease  of  gases adsorbed from t h e  molten f’uel. Note t h a t  t h e  gas 

bubbles seem t o  propagate both upward and downward. 

I n  t h i s  f igure  t h e  c i r c u l a r  surfaces  along the  ax is  of  

Fast-Flux I r r a d i a t i o n  Tests (A. R .  Olsen) 

The f a s t - f l u x  i r r a d i a t i o n  t e s t s  i n  t h e  EBR-I1  a r e  designed t o  

approximate conditions t o  be encountered i n  a commercial-scale LMFBR. 

The objec t ive  of these  t e s t s  i s  t o  e s t ab l i sh  t h e  e f f e c t s  of f i e 1  f ab r i -  

ca t ion  form (Sphere-Pac o r  p e l l e t ) ,  void d i s t r ibu t ion ,  and stoichiometry 

on t h e  swelling of t he  f’uel, mechanical and chemical i n t e rac t ions  of 



Table 1.10. Summary of €brnup Data f o r  m e 1  Pins I r rad ia ted  i n  Transient Reactor Test F a c i l i t y  

Distance 
Fuel From Top 
Pin Capsule Flange 5 ~ r  

( in .  ) 

Burnup, as  Determined by Indicated Method, 5 FIWa 

95% Confidence b Average 6Oco 6 Oco 1 0 6 ~ ~  1 4 1 ~ ~  1 0 3 ~ ~  
( in t e r io r )b  ( ex te r io r )  In t e rva l  

~ ~ 

x 10-6 x 10-6 x 10-6 x 10-6 x 10-6 x x lo+ x 

TR-1A 56 -7 4 -40 3.98 4.19 +O. 34 
k0.21 TR-1B 46.3 3.54 3.59 4.30 4.60 4.24 4.24 4-08 

m-1c 33.6 2.60 3.04 2.65 4.02 3.49 3.17 3.16 k0.21 

TR-2A 58 .4 2.59 3.12 3.53 3.68 3.31 3.45 3.29 k0.21 

TR-2B 46.8 2.65 3.00 3.57 4.25 3.16 3.42 3.34 k0.21 

TR-2C 34.7 2 .25  2.36 2.30 k0 .34 

w 
0 

a 

bPreliminary values.  

FIMA = f i s s ions  pe r  i n i t i a l  ac t in ide  metal atom. 
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a Table 1.11. Summary of Power and Energy Release Data f o r  Fuel Pins 
I r radiated i n  Transient Reactor Test F a c i l i t y  

N e 1  Pin 

TR- 1 A  TR-1B TR-1C TR-2A TR-2B TR-2c 

P S P S S P b 
Fuel fabr ica t ion  form 

Fuel smear density, $ of theore t ica l  88.9 80.9 79.7 82.0 80.9 80.2 

Linear heat rate a t  1 w 
reac tor  power,C w/cm x l o 5  

2.86 2.50 1 .91  2.85 2.64 1.70 

Reactor integrated power, Mwsec 140 140 140 172 172 172 

Reactor peak power, Mw 202 202 202 202 202 202 

Fuel p in  peak l i n e a r  heat ra te ,  

Fuel energy release,  cal/g 

176 154 118 175 162 105 

390 375 291 518 487 3 16 

C 
kw/ft 

C 

Based on an energy release o f  180 Mev/fission. a 

bP = s o l i d  p e l l e t s ;  S = Sphere-Pac microspheres. 

A t  the  midplane of t h e  f'uel column. C 

w 
tJ 
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* 0.25 in. * 

Fig. 1.8. Transverse Cross Section of Sphere-Pac Fuel Pin TR-2B. 
About 1OX. 

Fig. 1 .9 .  Transverse Cross Section of Sphere-Pac Fuel Pin TR-2B. 
About l O O X .  
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Fig. 1.10. Longitudinal Section of Sphere-Pac Fuel Pin TR-2B. 
About AX. 

fie1 and cladding, re lease  of f i s s i o n  gas, and d i s t r i b u t i o n  of f i s s i o n  

products i n  a (U,pU)02 f ie1  operating a t  t yp ica l  heat  r a t e s  t o  design 

l eve l s  of burnup. 

The f i v e  s e r i e s  I encapsulated pins ,  a l l  containing Sphere-Pac 

(235U~.8,Fu~. 2 )02, were removed from t h e  reac tor  with subassembly X050 
a t  the  end of cycle 4 2 .  The i n i t i a l  i r r a d i a t i o n  per iod was extended 

so t h a t  a calculated peak burnup of 6.2% f i s s ions  pe r  i n i t i a l  ac t in ide  

metal atom (FIMA)  was achieved. 

p ins  i s  given i n  Table 1.12.  Two of these  p ins  w i l l  be re turned t o  

ORNL i n  Ju ly  a f t e r  neutron radiographs have been made; t he  o ther  t h ree  

a r e  scheduled t o  be r e inse r t ed  i n  a new subassembly f o r  continued 

i r r a d i a t i o n  t o  a peak burnup of 11.8% FIMA. This addi t iona l  burnup 

was approved so t h a t  these  p ins  could serve a s  lead  experiments f o r  

t h e  s e r i e s  I1 t e s t s .  A revised sa fe ty  ana lys i s  f o r  t h i s  extended 

exposure was submitted t o  t h e  EBR-I1 experiment manager. 

The calculated burnup l e v e l  f o r  a l l  



Table 1.12. Calculated Burnup Levels f o r  Series I Sphere-Pac (Uo. 8 , h o .  2 >O,. 9 8  Capsules i n  
Experimental Breeder Reactor-I1 

Peak 
b Peak Burnup, % FIMA f i e 1  Smear Peak Lineara Temperature a t  

Capsule S ta in less  S tee l  Density Heat Rate Inner Surface I d e n t i t y  
Type 

Cladding ($J of t h e o r e t i c a l )  (b. /f t)  of  Cladding Current' Target 
( O C )  

S-1-A 304 

S-1-B 304 

s-1-c 3 16 

S-1-D 3 16 

S-1-E 316 

83 
86 

83 
80 
82 

12 

15 

15 

14 
14 

500 4.6 4.6 

5 80 5.6 5.6 

580 6.2 11.8 

540 5.7 11.8 

540 5.6 11.8 

a 

bFIMA = f i s s i o n s  per  i n i t i a l  ac t in ide  metal atom. 

Calculated with EBR-I1 f i s s i o n  r a t e s .  

C Calculated through EBR-I1 cycle 42. 
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The s e r i e s  I1 t e s t s  a r e  unencapsulated pins  t o  be i r r a d i a t e d  i n  a 

37-pin subassembly t o  be shared with pins  fabr ica ted  by Babcock &, Wilcox 

Company. Both Sphere-Pac and p e l l e t  f u e l  derived from t h e  so l -ge l  process 

a r e  included i n  t h e  ORNL t e s t  s e r i e s .  These t e s t s  a r e  coordinated w i t h  

those o f  Babcock & Wilcox Company t o  provide comparative t e s t s  of  a 

v a r i e t y  of  f u e l  forms, dens i t i e s ,  and r a t i o s  of 0:metal. A preliminary 

subassembly layout (Fig. 1.11) and r eac to r  t e s t  loca t ion  were establ ished.  

The f u e l  p in  descr ipt ions,  assignments o f  p in  posi t ions,  and proposed 

operat ing conditions a r e  l i s t e d  i n  Table 1.13. 

ORNL-DWG 70-6799 

TO REACTOR CENTER 

6N3t i PN4 

Fig. 1.11. Cross Section of J-37 ,Subassembly w i t h  Numbers Ident i fying 
Locations for  Placement of Pins for ORKL Ser ies  I1 and Babcock & Wilcox 
Company Test I r r a d i a t i o n s .  



Table 1.13. Preliminary Assignments of P in  Posi t ions 

Peak Linear Fiss ion Peak 
Subassembly Pin Sponsor a f i e \  Smear Density Heat Rate Heat Target 

Generation Burnup Tyye (% of theore t ica l )  
(% FIMA) (w/cm) ( k w / f t )  (kw) Location I d e n t i f i c a t i o n  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

os-1 
OP-7 
OS-4 
OS-9 
os-11 
OS-8 

OP-5 
OP-3 

ORNL SP 
O m  PELL 
ORNL SPL 
o m  SP 
om SPL 
O m  SP 
B & W  VP 
B & W  SP 
ORNL PEL 
ORNL PELL 

B & W  
B & W  

os-2 ORNL 
OS-6 ORNL 

B & W  
B & W  
B & W  

os-12 ORNL 
OS -7 ORNL 

B & W  

SP 
VP 
SP 
SP 
VP 
PEL 
PEL 
SPL 
SP 
SP 

80 
80 
80 

84-46 
80 
80 

81%3 
8143 
8446 
80 

81-83 
81-83 
8446 
84-86 
81-83 
81%3 
81-83 
8446 
84-86 
8143 

450 13.7 
450 13.6 
440 13.4 
460 14.0 
450 13.6 
440 13.4 
450 13.7 
440 13.5 
450 13.6 
440 13.4 

450 
440 
450 
440 
420 
450 
440 
450 
440 
420 

13.7 
13.5 
13.6 
13.4 
12.9 
13.7 
13.5 
13.6 
13 -4 
12.9 

13.8 
13.7 
13.5 
14.1 
13.7 
13.5 
13.8 
13.6 
13.7 
13.5 

13.8 
13.6 
13.7 
13.5 
13.0 
13.8 
13.6 
13.7 
13.5 
13.0 

6.0 
12.7 
5.9 
13.0 
12.7 
12.5 
12.8 
8.7 
12.7 
5.9 w 

12.8 
8.7 
6.0 
8.6 
8.3 
12.8 
8 -7 
12.7 
8.6 
8.3 
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Table 1.13. Continued 

Peak Linear Fiss ion Peak 
Target 

Sponsor Generation Burnup Type ($J of t h e o r e t i c a l )  (w/cm) (h/ft) 
Heat Smear Density Heat Rate a Fuelb Suba s s emb 1 y Pin  

(% FIMA)d 
Location Iden t i f i ca t ion  

(hi) 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 

B & W  
OP-4 ORNL 
os-10 ORNL 

B & W  
B & W  
B & W  

B & W  
B & W  
B & W  

OS-3 ORNL 

OS-5 ORNL 

OP-2 ORNL 
OP-1 ORNL 

OP-6 ORNL 

B & W  

B & W  

B & W  

SP 
PELL 
SP 
SP 
SP 
VP 
SP 
SP 
PEL 
PEL 

SPL 
VP 
PEL 
PEL 
PEL 
PEL 
VP 

81-83 
8 4 4 6  
84-86 
81-83 
8 1-83 
8143 
84-86 
8143 
81%3 
8143 

84+6 
81-83 
90 

84%6 
81-83 

90 
8 1-83 

420 
420 
450 
430 
420 
420 
420 
400 
420 
420 

420 
400 
430 
42 0 
400 
430 
390 

12.7 
12.8 
13.6 
13.1 
12.9 
12.7 
12.8 
12.3 
12.9 
12.7 

12.8 
12.3 
13.1 
12.8 
12.3 
13.1 
11.9 

12.8 
12.9 
13.7 
13.2 
13.0 
12 .8 
12.9 
12.4 
13.0 
12.8 

12.9 
12.4 
13.2 
12.9 
12.4 
13.2 
12.0 

5.6 
5.6 

12.7 
12.2 
8.3 
5.6 
5.6 

11.5 
8.3 
5.6 

5.6 
11.5 
5 .8  
5.6 

11.5 
12.2 
11.1 

w 
4 

a ORNL = Oak Ridge National Laboratory; B & W = Babcock & Wilcox Company. 

bVP = Vi-Pac; SP = Sphere-Pac; SPL = Sphere-Pac, r a t i o  of 0:metal = 1.95; PEL = p e l l e t ;  
PELL = p e l l e t ,  r a t i o  0:metal = 1.95. 

Assuming nominal dens i ty  f'uel and t h e  subassembly located i n  a 6N3 o r  6N4 pos i t ion  with the  C 

EBR-I1  operating a t  62.5 bk. 

dFIMA = f i s s ions  per  i n i t i a l  ac t in ide  metal atom. 
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These conditions were used t o  e s t ab l i sh  preliminary flow charac- 

t e r i s t i c s  f o r  t h e  subassembly. The c r i t e r i o n  for t h i s  design i s  a peak 

calculated temperature of 650°C (1200°F) a t  t he  inner  surface of t he  

cladding. 

a r e  avai lable ,  we submitted our prel iminary ca lcu la t ions  t o  ANL for 
comment. 

package. 

and es tab l i shed  a schedule f o r  t h i s  subassembly. The data  package i s  

scheduled for completion i n  August. Deta i l s  of t h e  f ab r i ca t ion  s t a t u s  

a r e  reported elsewhere. 

Since t h e  subassembly design i s  new and no d e t a i l s  on flow 

We a r e  continuing w i t h  t h e  necessary calculat ions f o r  t h e  data  

On May 28 we met w i t h  personnel from Babcock & Wilcox Company 

2 
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fl 2 .  DEVELOPMENT OF ADVANCED LMFBR FUELS 
e===== 

P. Pa t r ia rca  J. L .  Scot t  

The goals of  t h i s  program a r e  t o  inves t iga t e  t h e  proper t ies  and 

behavior o f  those U- and Pu-based ceramic f’uels t h a t  we term conductors - 
such as  the  mononitrides, carboni t r ides ,  and monocarbides - and t o  com- 

pare  t h e i r  p o t e n t i a l  as  l iquid-metal  f a s t  breeder reac tor  (LMFBR) f u e l  

wi th  t h a t  of (U,Pu)O2, which by comparison i s  an in su la to r .  Since t h e  

thermal conductivity of  t h e  ceramic conductors i s  about t e n  times t h a t  

of (U,Pu)O2, it i s  t h e o r e t i c a l l y  possible  t o  operate a conductor a t  t e n  

times t h e  power dens i ty  with t h e  same temperature a t  t h e  center  o f  t h e  

f’uel. I n  prac t ice ,  hea t - t ransfer  l imi ta t ions ,  thermal s t r e s s e s  i n  t h e  

cladding, and high r a t e s  of  swelling a t  high temperatures l i m i t  t h e  

power dens i ty  t h a t  can be achieved with thermal conducting f’uels t o  

about two o r  th ree  times t h a t  of (U,Pu)O* - s t i l l  a challenging improve- 

ment. Additionally,  t he  margins for t r a n s i e n t  overpower i n  t h e  ceramic 

conductors a r e  much higher than those for (U,Pu)O2. 

We seek t o  provide t h e  information necessary for evaluat ing t h e  

t r u e  p o t e n t i a l  of  n i t r i d e s ,  carboni t r ides ,  and carbides i n  comparison 

t o  each o ther  and t o  mixed oxides. We must def ine t h e  s t ruc tu res ,  com- 

pos i t ion ,  and q u a l i t y  control  required t o  achieve 150,000 Mwd/metric ton  

a t  peak l i n e a r  heat r a t ings  of 30 t o  50 kw/ft. We must a l s o  demonstrate 

t h e  possibility of  a low-cost f’uel cycle f o r  manufacturing f i e 1  with the 

needed p rope r t i e s .  

ductor of heat, we seek t o  e s t ab l i sh  t h e  physical  and thermodynamic 

c r i t e r i a  for t h e  new cladding mater ia l  t h a t  w i l l  probably be required 

t o  explo i t  t h e  conducting f u e l s .  

And s ince  a u s t e n i t i c  s t a i n l e s s  s t e e l  i s  a poor con- 

Our approach t o  es tab l i sh ing  t h e  p o t e n t i a l  of advanced LMFBR f’uels 

i s  t o  emphasize i r r a d i a t i o n  t e s t i n g  o f  Na-bonded ( U , F u ) N  a t  high heat 

r a t ings  t o  high burnups. 

fast reac tors .  

r i a l  f o r  i r r a d i a t i o n  t e s t i n g  and t o  e s t ab l i sh  t h e  range of  f i e 1  dens i t i e s  

and pore s i zes  t h a t  can be reasonably achieved. 

s tud ied  t o  assess  t h e  importance o f  impuri t ies  i n  fue l ,  Na, and cladding 

Tests a r e  being conducted i n  both thermal and 

Fabricat ion processes a r e  being s tudied  t o  provide mate- 

Compatibility i s  being 
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smpat ib i l i ty  and t o  resolve problems t h a t  a r i s e  from compositional 

changes i n  the  m e 1  a t  high burnup. Rnphasis i s  placed on type 316 

s t a i n l e s s  s t e e l  cladding throughout t h e  program. 

Synthesis, Fabrication, and Character izat ion of Ni t r ide  Fuels 

V.  J. Tennery 

Synthesis and Fabricat ion of Mixed Ni t r ides  (E. S. Bomar, F. J. Homan) 

The purpose of t h i s  por t ion  of our program i s  t o  develop methods 

for preparing ( U , P u ) N  powders of high p u r i t y  and t o  f ab r i ca t e  p e l l e t s  

of  var iab le  but  control led dens i ty  f o r  use i n  i r r a d i a t i o n  t e s t  capsules.  

We pr imar i ly  use cold pressing and s i n t e r i n g  but  have a l so  used a l imi ted  

amount of hot pressing.  

o r  phys ica l ly  mixed UN and FUN. 

S t a r t i ng  powders a r e  e i t h e r  prealloyed (U,Pu)N 

The d e n s i t i e s  of p e l l e t s  fabr ica ted  f o r  preparat ion of p ins  f o r  

i r r a d i a t i o n  i n  t h e  Engineering Test Reactor' (ETR) were analyzed s t a t i s -  

t i c a l l y  t o  determine t h e  source of observed va r i a t ions .  We found t h a t  

t h e  mean dens i t i e s  f o r  an a r r a y  corresponding t o  furnace pos i t i on  f e l l  

wel l  wi th in  t h e i r  calculated confidence in t e rva l s  bu t  t h a t  ha l f  t h e  mean 

dens i t i e s  f o r  an a r r a y  corresponding t o  s i n t e r i n g  runs f e l l  outs ide t h e i r  

ca lcu la ted  confidence in t e rva l s .  This led  t o  t h e  conclusion t h a t  p e l l e t  

pos i t i on  i n  t h e  furnace d i d  not inf luence t h e  s in t e red  dens i ty  but  t h a t  

t he re  was a s i g n i f i c a n t  d i f fe rence  between t h e  13 s i n t e r i n g  runs. 

I n  t h e  second s t e p  of t h e  analysis ,  we assumed t h a t  t h e  p e l l e t s  

made from a given batch of powder were divided i n t o  f i v e  d i f f e r e n t  popu- 

l a t i o n s .  Analysis of ind iv idua l  s e t s  of data  se lec ted  from each of the  

five sets of data  used confirmed t h e  assumption t h a t  t he  f i v e  represented 

d i f f e r e n t  populations.  Reexamination of t h e  mean dens i t i e s  f o r  t h e  13 

s i n t e r i n g  runs showed t h a t  t h e  means f e l l  wel l  wi th in  t h e  calculated 

confidence in t e rva l s  f o r  t h e  respect ive batches of powder with two excep- 

t i o n s .  These analyses therefore  ind ica t e  t h a t  t he  s in t e red  dens i ty  was 

independent of f'urnace pos i t ion ,  t h a t  t he  densi ty  (within t h e  85 t o  90% 

observed) i s  s t rongly  dependent on t h e  batch of powder from which t h e  
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p e l l e t  was fabricated,  and t h a t  the  s i n t e r i n g  run may have some small 

e f f e c t .  

We a l s o  performed experiments t o  obtain addi t iona l  information on 

the  e f f e c t  of severa l  f ab r i ca t ion  var iab les  on the  dens i ty  and micro- 

s t r u c t u r e  of s in t e red  (UO. 8 y k O .  2 )N p e l l e t s .  T h i s  i s  an extension of 

t h e  work reported previously, i n  which we found t h a t  cold-pressed- 

and-sintered p e l l e t s  t h a t  contained mechanical mixtures o f  UN and PuN 
densened only s l i g h t l y  when heated a t  2100°C with a N2 cover gas a t  

630 t o r r .  The most weight l o s t  during s i n t e r i n g  a t  2100°C was 4%. 

Preparation of P e l l e t s  f o r  I r r ad ia t ion  i n  the  Experimental Breeder 
Reactor-I1 (E.  S. Bomar) 

We decided t o  prepare t h e  ( U , F u ) N  p e l l e t s  t o  be used i n  f ab r i ca t ion  

of f ie1  pins  f o r  i r r a d i a t i o n  i n  t h e  Experimental Breeder Reactor-I1 

(EBR-11) by conversion of prealloyed U and Fu by t h e  hydride-ni t r ide 

method. 

We placed an order with WADCO f o r  preparat ion by a r c  melting of 2 kg 

of 80% U-20q’o F’u a l l o y  f i l l y  enriched i n  235U.  

cast ing,  a 500-g ingot spontaneously ign i ted  and burned i n  a glove box 

with an a i r  atmosphere. Neither t he  box nor i t s  o ther  contents were 

damaged. 

sphere of N2 with an impurity l e v e l  of 2 t o  6% 02 f o r  s torage before 

shipment. 

sively w h i l e  i n  storage. 

Short ly  a f t e r  t h e  i n i t i a l  

The remaining ingots  were t r ans fe r r ed  t o  a box with an atmo- 

The ingots  were subsequently found t o  have oxidized exten- 

We be l ieve  t h e  pyrophorici ty  of t h e  20% Pu a l l o y  i s  due t o  t h e  

presence of t h e  ( phase of t h e  U-Pu binary.  The composition of replace- 

ment cast ings was lowered t o  18% Pu t o  reduce t h e  amount of  ( phase t h a t  

could be formed. Ingots prepared a year ago t h a t  contained 18.4% PU, as  

analyzed a t  WADCO, gave no d i f f i c u l t y .  

A s e t  of metal containers with O-ring sea l s  were fabr ica ted  i n  
which t o  p lace  addi t iona l  cas t ings  f o r  shipment. Shipment i s  scheduled 

for October 21, 1970. 
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Character izat ion of Ni t r ide  Fuels (V . J. Tennery ) 

X-Ray Dif f rac t ion  Studies of Uranium-Plutonium Ni t r ides .  - We deter-  

mined t h e  x-ray l a t t i c e  constant of  a cont ro l  sample from each of t h e  

13 l o t s  of f i e 1  p e l l e t s  for t h e  i r r a d i a t i o n  t e s t s  i n  t h e  ETR. The param- 

e t e r  was determined by the  use of a S t r aman i s  f i lm loading Debye-Schemer 

camera and an extrapolat ion ca lcu la ted  on a d i g i t a l  computer. 

es tab l i shed  t h a t  compositions i n  t h e  pseudobinary UN-PUN system exhib i t  

self-damage by i r r a d i a t i o n  down t o  a t  l e a s t  20 mole $ PUN. The l a t t i c e  

constant increases  with time approximately according t o  the  observation 

of  Bjorklund and Douglass3 f o r  pure PUN except t h a t  the  damage l e v e l  a t  

a given time decreases i n  t h e  mononitrides i n  an apparently complicated 

fashion as  a funct ion of t h e  PU content.  With ( U 0 . 8 , P U O s 2 ) N ,  a change 

of 0.0007 Awas observed i n  t h e  l a t t i c e  constant due t o  self-damage a t  

25°C i n  79 days from t h e  time t h e  sample was cooled from high tempera- 
t u r e .  Therefore, t h e  l a t t i c e  constants reported here f o r  t he  ETR capsule 

ma te r i a l  were determined a t  sample ages between 39 and 68 days; t he  s e l f -  

damage e f f e c t  amounted t o  about 0.0006 A over t h i s  range of  ages. The 

measured constants  and sample ages on t h e  day t h e  x-ray p a t t e r n  was made 

a r e  given i n  Table 2.1. 

We have 

Only minor va r i a t ions  were noted i n  t h e  constant 

Table 2.1. Lat t i ce  Constants of ( U 0 , 8 1 , h o . l g ) N  Fuel f o r  
I r r a d i a t i o n  Tests i n  t h e  Engineering Test Reactor 

La t t i ce  
Constant 

Period From 
Sin ter ing  P e l l e t  Numbers Cooling t o  

(A ) 
Lot i n  Set  X-Ray Analysis 

(days ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

155-169 
170-184 
185-199 
2 00-2 14 
215-229 
230-244 
245-259 
260-274 
275-289 
2 9 0-3 00 
301-315 
316-330 
331-339 

48 
42 
43 
42 
39 
50 
49 
62 
68 
65 
64 
62 
62 

4.89093 f 0.00034 
4.89095 f 0.00032 
4.89149 t 0.00033 
4.89086 rl: 0.00037 
4.89103 f 0.00026 
4.89093 f 0.00027 
4.89090 * 0.00019 
4.89093 f 0.00019 
4.89080 f 0.00018 
4.89099 f 0.00026 
4.89061 -f 0.00016 
4.89109 rl: 0.00055 
4.89067 2 0.00011 
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i n  t h e  13 s e t s .  Five l o t s  o f  powder were used t o  produce the  p e l l e t s ,  

and no cor re la t ion  was found between the  constant and t h e  powder l o t .  

The only d i f f r ac t ion  l i n e s  observed on the  pa t t e rns  were those of  t h e  

mononitride phase. 

We produced severa l  samples of (U1,,Pux)N, i n  which x had nominal 

values of  0.2, 0.4, 0.6, 0.8, and 1.0,  by mechanically blending UN and 

PUN. We un iax ia l ly  pressed and heat t r e a t e d  p e l l e t s  of these composi- 

t i ons  a t  1800°C i n  about 600 t o r r  N2. We then crushed, ground, and 

re fabr ica ted  t h e  p e l l e t s  i n t o  r i g h t  cyl inders  about 1/4 i n .  i n  outs ide 

diameter and 1/4 i n .  high. 

again heat t r e a t e d  them a t  1800°C f o r  6 h r  i n  about 600 t o r r  N2. 
specimens densened t o  about 80% of t h e o r e t i c a l .  

o f  these  mononitride compositions were determined wi th in  a few days 

a f t e r  the  heat treatment t o  preclude the  e f f e c t  of self-damage through 

i r r a d i a t i o n  on t h e  measured l a t t i c e  constants.  The chemical content of 

each composition was determined and i s  given i n  Table 2 . 2  along w i t h  a 

ty-pical spectrographic ana lys i s .  

occupied N l a t t i c e  s i t e s  i n  f ix ing  the  composition of t h e  various p e l l e t s  

used i n  t h e  study. 

l i s t e d  below: 

We ground these  p e l l e t s  t o  -80 mesh and 

The 

The l a t t i c e  constants 

We assumed t h a t  t he  0 and C impuri t ies  

The x-ray data  obtained a r e  shown i n  Fig. 2 . 1  and 

P u N  Content 
(mole %> 

0 

19 
38 
58 
79 
100 

Lat t i ce  Constant 

L+.$$9l$ f 0.00017 

4.89060 t 0.00022 

4.89470 f 0.00015 
4.90018 k 0.00025 

4.90382 k 0.00013 

4.90486 * 0.00008 
The l a t t i c e  coristant of these  s o l i d  so lu t ions  does not obey a Vegard 

r e l a t ionsh ip  as  reported by A.n~e1j.n.~ 

agree very wel l  w i t h  published values f o r  UN ( r e f .  5 ) and FUN ( r e f s .  6, 7) 
when they  have impurity l e v e l s  o f  800 ppm 0 o r  l e s s .  

disagreement between our data  and those o f  Anselin i s  due t o  the  high 0 

contents of t h e  n i t r i d e  samples reported.  

The l a t t i c e  constants measured 

We be l ieve  t h e  

4 
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Table 2.2. Results of  Chemical Analysis of  ( U , F u ) N  Fuel f o r  
I r r a d i a t i o n  i n  Engineering Test Reactor 

S in te r ing  P e l l e t  A 1  i quot Compos it ion, w t  $ 
Mass a 

Balance pu N 0 C Lot Number Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

167 

182 

197 

2 12 

2 17 

242 

2 57 

272 

287 

298 

3 13 

328 

337 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 
1 
2 
1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 
1 
2 

76.68 18.23 
76.42 18.19 

76.13 18.51 
76.14 18.45 

76.28 18.15 
76.12 18.36 

76.31 18.22 
76.16 18.43 
76.35 18.28 
76.24 18.34 
75.70 18.29 
75.84 18.26 
75.46 18.73 
76.14 18.86 

76.36 18.42 
76.34 18.36 
76.19 18.26 
76.49 18.30 

75.99 18.48 
76.28 18.45 
76.24 18.27 
76.32 18.36 

76.46 18.34 
76.16 18.34 
76.28 18.36 
76.46 18.40 

5.14 
5.15 
5.10 
5.15 

5.49 
5.63 

5.30 
5.32 
5.20 
5.25 
5.46 
5.41 
5.22 
5.08 

5.19 
5.12 
5.25 
5.29 

5.32 
5.35 
5.21 
5.39 

5.19 
5.11 
5.10 
5.12 

0.070 
0,070 

0.030 
0.044 

0.062 
0.081 
0.375 
0.075 
0.078 
0.065 
0.029 
0.029 
0.059 
0.048 

0.098 
0.092 

0.072 
0.089 

0.029 
0.030 
0.026 
0.020 

0.039 
0.041 
0.019 
0.021 

0.029 
0.018 
0.021 
0.027 

0.043 
0.034 
0.039 
0.031 
0.029 
0.031 
0.019 
0.048 
0.020 
0.027 

0.013 
0.015 
0.023 
0.011 
0.015 
0.015 
0.020 
0.020 

0.018 
0.019 

0.017 
0.016 

100.15 
99.86 
99.80 
99.82 

100.03 
100.23 

99.94 
100.02 

99.95 
99.93 
99.50 
99.59 
99.50 
100.16 
100.08 
99.93 

99.80 
100.18 

99.84 
100.13 

99.77 
100.12 

100.06 
99.68 
99.78 
100.02 

a Mass balances a r e  a r b i t r a r i l y  t h e  sums of t h e  numbers shown f o r  
a p a r t i c u l a r  a l iquot  number. 
of  t r a c e  metal impuri t ies  t h a t  were present .  

These balances do not include about 0.02% 

G 
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Fig. 2 . 1 .  La t t i ce  Constant i n  t h e  UN-PuN System. [Refs. F. Anselin 
J. Nucl. Mater. = ( A ) ,  301-320 (1963); R. Lorenzell i ,  Contribution t o  the  
Study of t h e  System (U,Pu)C,N, ORNL-tr-3019 (March 1969); M. W.  Shupe 
-- e t  a l . ,  Quar t e r ly  Status  Report on t h e  Advanced Plutonium Fuels Program, 

June 30, 1969 and Third Annual Report, FY 1969, LA-4284-MS, 

We a r e  now measuring t h e  self-damage by i r r a d i a t i o n  i n  t h e  x-ray 

samples; preliminary results ind ica te  t h a t  the self-damage at 25°C in 

UN-PUN so l id  so lu t ions  i s  not proport ional  t o  the  Fu content.  

Studies of t h e  A n a h t i c a l  Techniaues f o r  Uranium-Plutonium Ni t r ides .  - 
- 

The chemical contents of a p e l l e t  se lec ted  randomly from each s i n t e r i n g  

l o t  of t h e  ETR f u e l  were determined by the  procedures described previously.  8 

The major ana ly t i ca l  problem remaining f o r  t h e  n i t r i d e s  represented 

by (Uo. 8 ,  P u o .  2 ) N  i s  t h e  d isso lu t ion  method used i n  t h e  analyses f o r  N. 

The method now used cons is t s  of s ea l ing  a weighed amount of sample i n t o  

a g l a s s  tube with a mixture of H C 1  and HF and heating the  tube i n  a fir- 

nace for 24 t o  36 h r .  After  complete dissolut ion,  t h e  sample is  analyzed 

by t h e  Kjeldahl method i n  t h e  conventional manner. Nitrogen i s  o f t en  

l o s t  during t h i s  d i sso lu t ion  procedure. Recently, we developed a new 



d i s so lu t ion  method f o r  UN t h a t  i s  f a r  simpler, provides g r e a t l y  improved 

precis ion,  and requi res  only  about 15 min. 
We determined t h e  U and Pu contents of t he  ETR samples coulometri- 

c a l l y  and checked the  r e s u l t s  by t i t r a t i n g  known so lu t ions  made from 

high-purity standard F'u and U. The 0 analyses were performed by iner t -  
gas f'usion, and the  C was analyzed by a conventional combustion technique. 

The chemical contents of se lec ted  p e l l e t s  corresponding t o  the  s e t s  

l i s t e d  i n  Table 2 . 1  a r e  given i n  Table 2 .2 .  

performed f o r  each of t h e  major elements, and, i n  some cases, t r i p l i -  

ca te  analyses were performed when t h e r e  was any question about t h e  

precis ion,  pr imar i ly  i n  t h e  analyses f o r  N. The values i n  Table 2 .2  

a r e  those accepted as  representa t ive  of  t h e  &e l  f o r  t he  i r r a d i a t i o n  

t e s t  i n  t h e  ETR. 

Duplicate analyses were 

We recen t ly  observed t h a t  UN could be r ead i ly  dissolved i n  phos- 
phoric  ac id  i n  a mat ter  o f  minutes i n  a beaker on a hot p l a t e .  

of these  specimens dissolved t h i s  way were analyzed f o r  N by t h e  

Kjeldahl method. We a l s o  dissolved UN i n  phosphoric ac id  with a small 

addi t ion  o f  Devarda's a l loy,  a reducing agent of ten  used i n  n i t r i d e  

d isso lu t ions  t o  prevent t h e  transformation of t h e  N t o  gaseous N 2 .  

Es sen t i a l ly  the  same r e s u l t s  were obtained with and without t h e  use  of 

Devarda's a l l o y .  

way t h a t  very l i t t l e  o r  none i s  converted t o  N2 gas during d i s so lu t ion  

and thus l o s t  t o  t h e  ana lys i s .  To date  we have complete r e s u l t s  f o r  

a l l  major elements i n  four  UN samples and r e s u l t s  for N only, determined 

both with and without t he  use of Devarda's a l loy,  f o r  two samples. 

each UN sample was s in t e red  according t o  a s l i g h t l y  d i f f e r e n t  program of 

temperature and N2 pressure,  some r e a l  va r i a t ion  may be expected i n  t h e  

N contents.  The r e s u l t s  a r e  shown i n  Table 2.3.  The nonmetal sums a r e  

very near t h e  t h e o r e t i c a l  value f o r  UN (5 36%). 

i s  now being t e s t e d  f o r  i t s  a p p l i c a b i l i t y  t o  mixed n i t r i d e  specimens. 

The r e s u l t s  of chemical analyses f o r  t he  various UN-FUN composi- 

Several 

The phosphate apparent ly  complexes t h e  N i n  such a 

Since 

T h i s  d i sso lu t ion  method 

t ions  l i s t e d  previously a r e  given i n  Table 2.4.  
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crs 
-- 

Table 2.3. Results of Nitrogen Analysis by Kjeldahl Method f o r  
Sintered UN Specimens Dissolved i n  Phosphoric Acid 

Sample 
Number 

Composition, wt $ 
U N o + c  

swn of 
Nonmetals 

( w t  %> 

5a 

6 

6a 

94.61 5.40 
94.60 5.38 
94.52 5.45 
94.49 5.42 

5.34 
5.37 
5.40 
5.45 
5.48 
5.46 

5.50 

5.48 

0.07 
0.07 

0.05 

0.09 
0.04 

0.04 
0.05 
0.05 
0.04 

0.04 

0.05 

0.05 

5.47 
5.45 
5.50 

5.51 
5.38 
5.41 
5.45 
5.50 
5.51 

5.50 
5.55 
5.53 

a Devarda's a l l o y  added t o  phosphoric ac id  for these  
a l iquo t s .  

Table 2.4. Results o f  Chemical Analyses o f  UN-PUN Sol id  Solutions 

FUN Composition, w t  % 
U Pu N 0 C 

Content 
(mole $> 

Specimen 
Number 

1 0 94.45 0 5.41 0.09 0.030 

2 19 77.00 17.40 5.47 0.08 0.026 
3 38 58.60 35.90 5.45 0.05 0.020 
4 58 40.20 54.80 5.45 0.04 0.030 

5 79 21.35 73.10 5.30 0.04 0.020 
6 100 94.39 5.40 0.10 0.020 
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A typ ica l  spectrographic ana lys i s  fo r  the  specimens used i n  t h e  

UN-PuN x-ray study i s  shown below f o r  specimen 2 from Table 2.4 which 

had the  composition (Uo.g,Puo. 1 9 ) N :  

Element 

A1 

C r  

cu 
Fe 

Mn 

Mo 

N i  

I?b 
S i  

Sn 

T i  

v 
Z r  

Concentrat ion 
(PPm) 
60 

12 0 

The PU and U were removed from t h e  sample by ion absorption before  

ana lys i s .  

Compatibility of Mixed-Nitride Fuels w i t h  LMFBR Cladding Alloys 

J. M. Leitnaker 

Our approach t o  compatibi l i ty  i n  high-performance f i e 1  systems is  

t o  character ize  in t e rac t ions  that  can occur between t h e  f i e 1  and cladding 

mater ia l .  A bas i c  understanding of these  reac t ions  may poin t  t o  methods 

f o r  t a i l o r i n g  t h e  f i e 1  so  t h a t  t h e  reac t ions  cannot occur and perhaps t o  

methods f o r  reducing r eac t ion  r a t e s .  

The Pu-Cr-N System (J. P. De Luca) 

The f i rs t  sample i n  the  Pu-Cr-N system, a 1/4-in.-diam p e l l e t  w i t h  

a Cr:PuN r a t i o  of about 2:1, was heated a t  1725°C for  2 h r  under 



51 

200 torr N 2 .  

s i s .  

however, t he  p e l l e t  d id  not slump during annealing. The phases have 

not yet  been ind iv idua l ly  iden t i f i ed .  X-ray ana lys i s  revealed pre-  

dominantly PUN and a l s o  C r 2 N  and severa l  un ident i f ied  l i n e s .  

It was then examined by op t i ca l  microscopy and x-ray analy- 

From Fig. 2 . 2  it appears t h a t  a l i q u i d  formed i n  t h e  Cr-PuN p e l l e t s ;  

Chromium 

Fig. 2 . 2 .  Plutonium Ni t r ide  (-325 Mesh) and Chromium Metal (-325 
Mesh) i n  a Molar Ratio of 1:2. 
200 t o r r  N 2 .  

Heated a t  1700°C f o r  2 hr under 

metal was not i den t i f i ed ,  although t h e  x-ray l i n e s  f o r  FUN may have 

masked t h e  C r  l i n e s .  The unident i f ied  l i n e s  may ind ica t e  the  presence 

o f  a h - C r - N 2  phase analogous t o  the  U-Cr-N2 phase i d e n t i f i e d  by Spear 

and Leitnaker. 9 

A second p e l l e t  o f  C r z N  and PUN i n  a 1:l molar r a t i o  was annealed 

8 h r  under 200 t o r r  N2 a t  1500°C. The r e su l t i ng  p e l l e t  i s  being 

analyzed. 
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Thermodynamic Inves t iga t ions  of High-Performance Fuel Systems 

J. M. Leitnaker 

The goal of our thermodynamics program f o r  high-performance fuels ,  

t he  carbides, n i t r i d e s ,  and carboni t r ides ,  i s  t o  be ab le  t o  p red ic t  t he  

l imi t ing  equilibrium behavior of f i e 1  and cladding i n  fas t - reac tor  envi- 

ronments. Our experiments, though l imi ted  t o  measurements out-of-reactor,  

a r e  of  value f o r  def ining and understanding the  fac tors  t h a t  a f f e c t  f i e 1  

performance. 

Thermodynamics of Plutonium Ni t r ide  (J. P. De Luca) 

For our study of t he  compatibi l i ty  of mixed n i t r i d e  f'uels w i t h  

cladding mater ia ls ,  we a r e  bui lding a system f o r  measuring N2 pressures  

over t h e  n i t r i d e s  and carboni t r ides  of  Pu t o  def ine the  e f f e c t s  of  tem- 

perature ,  pressure,  and composition on t h e  behavior of  t h e  f i e 1  toward 

cladding mater ia l s .  The system was described previously.  10 

We continued t o  c a l i b r a t e  and check t h i s  piece of equipment. The 

residual-gas analyzer and microbalance were both put  i n t o  operation and 

found t o  work s a t i s f a c t o r i l y .  

I r r a d i a t i o n  Testing of Ni t r ide  Fuels f o r  LMFBR Applications 

T. N. Washburn 

The object ive of t h i s  phase of  t h e  program i s  t o  e s t ab l i sh  t h e  

i r r a d i a t i o n  performance o f  t h e  U-Pu n i t r i d e s  and carbides.  The n i t r i d e s  

and carbides have a thermal conduct ivi ty  about 5 t o  10 times higher, a 

t h e o r e t i c a l  dens i ty  30% higher, and a metal content i n  t h e  compound 7% 

higher than the  oxides.  

s t rong contenders as  advanced f u e l  f o r  an LMFBR. 

These proper t ies  make the  n i t r i d e s  and carbides 

Thermal-Flux Tests (C. F. Sanders) 

The i n i t i a l  s e r i e s  of  thermal-flux i r r a d i a t i o n  t e s t s  cons is t s  of 

two uninstrumented capsules of four  f u e l  p ins  each t h a t  w i l l  be 
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i r r a d i a t e d  i n  t h e  ETR. These t e s t s  a r e  o f  t he  "screening" type and a r e  

being used t o  evaluate the  performance o f  (U,Pu)N f u e l  synthesized from 

metal. 

t o  burnups of 30,000 and 60,000 Mwd/metric ton.  

The f u e l  pins  operate a t  a peak l i n e a r  heat r a t i n g  of 30 k w / f t  

The f u e l  i s  cold-pressed-and-sintered (U, Pu)N p e l l e t s  with dens i t i e s  

from €36 t o  91% of theo re t i ca l .  

between t h e  f u e l  p e l l e t  and t h e  in s ide  surface of t he  type 316 s t a i n l e s s  

s t e e l  cladding. 

heat t r a n s f e r .  

The f'uel p in  has a 0.010-in. r a d i a l  gap 

The gap w i l l  be f i l l e d  w i t h  NaK-19 (Na-19% K )  t o  enhance 

We completed t h e  f ab r i ca t ion  of ten  f'uel pins,  e ight  of which w i l l  
be i r r a d i a t e d  i n  capsules 4 3 - N 1  and 43-N2. 

loaded i n t o  t h e  cladding, and the  f i e 1  pins  were t r ans fe r r ed  i n  a sealed 

container f o r  f i n a l  closure welding. 

f'uel p i n  and found t o  contain l e s s  than 95 ppm 0. 

of t h e  NaK bond were determined by standard eddy-current techniques. 

t h e  time t h e  f u e l  was loaded, we d id  not have a complete chemical analysis  

of t h e  f'uel; therefore ,  we decided t o  load each p in  from one batch o f  

f u e l .  This gave us a f i e 1  column about 2 .5  i n .  high ins tead  of t he  

design 3 i n .  high. 

The f i e 1  and NaK-19 were 

The NaK-19 was loaded'' i n t o  each 

The q u a l i t y  and l eve l  

A t  

During t h e  f i n a l  inspect ion of t h e  f'uel pins ,  we found th ree  defec ts .  

In  one p i n  (45-1-C) t he  cold NaK l e v e l  was about 3/32 i n .  below t h e  top 

of the  f u e l  column because the  NaK loading tube was sho r t .  I n  another 

p i n  (45-1-J) we detected a broken p e l l e t .  
been broken before loading, we concluded t h a t  it had been broken during 

handling o r  centrif 'uging o f  t h e  f i e 1  p in .  

was a void i n  t h e  NaK-19 bond between f i e 1  and cladding; we centrifuged 

the  p in  four more times but  could not remove t h e  void.  

Since t h i s  p e l l e t  had not 

The t h i r d  defect  (pin 45-1-G) 

Since we had t o  use one of the  p ins  w i t h  a defect ,  we chose 

p i n  45 -14 ,  which had the  low NaK leve l ,  because our calculat ions showed 

t h a t  t he  NaK l e v e l  during operation w i l l  be above t h e  fue l .  

ca t ion  of t h e  capsule w i l l  be completed next quar te r .  

The f a b r i -  

Table 2 .5  l i s t s  t h e  design conditions,  and Table 2.6 gives a summary 

of t h e  measured cha rac t e r i s t i c s  of each f i e 1  p in  fabr ica ted .  
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Table 2.5.  Design Conditions for  Mixed Ni t r ide  Capsules N - 1  and N-2 

Fue 1 

Fuel diameter, i n .  
Fuel density,  $ of theo re t i ca l  

Fuel length, i n .  
Cladding mater ia l  

Cladding diameter, i n .  

Cladding wal l  thickness,  i n .  
Bond between f i e 1  and cladding 

Gap between f i e 1  and cladding, i n .  
Capsule mater ia l  

Capsule diameter, i n .  

Capsule wal l  thickness,  i n .  
Instrumentation 

Heat ra t ing ,  kw/ft 

Temperature of  fie1 center,  "C 

Temperature of f u e l  surface,  " C  

Temperature of inner  surface of 

Temperature of ou ter  surface of  

Number of pins  per  capsule 

Nwnber of  capsules pe r  t e s t  

cladding, "C 

cladding, "C 

(UO. 8 ,  p'O. 2 ) N  
0.245 

8840 
2.5 

Type 316 

0.3 

0.0175 

Na K- 19 

0 * 010 

Type 304 

0.501 

0.025 

None 

30 

925 

610 

585 

s t a i n l e s s  s t e e l  

s t a i n l e s s  s t e e l  

495 

1 

The sa fe ty  ana lys i s  for  t h e  i r r a d i a t i o n  experiment was completed 

and subsequently reviewed and approved by the  ETR s a f e t y  personnel. 

After  t he  Be r e f l ec to r  was changed i n  t h e  ETR during April ,  t he re  

were unce r t a in t i e s  i n  peak f l u x  i n  var ious loca t ions .  Therefore, we 

performed a new f l u x  mapping fo r  these  experiments and decided t o  use 

pos i t ions  L-12-SE and F-10-NW. 
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Table 2 . 6 .  Fuel Pins f o r  Mixed Ni t r ide  Series  I I r r a d i a t i o n  Experiment 

I ,  

'I' c 

P e l l e t  f i e 1  P e l l e t  
Density Height Diameter 

($J of t h e o r e t i c a l )  ( in .  ) ( in .  ) 

P e l l e t  Tube Fuel P in  Batch Remarks 

~~ 

45-1-C 

45-2 -F 
45-1-K 

45-1-E 

45-1-J 

45-1-D 

45 -2 -G 

45-1-F 

45 -2 -E 

45-1-G 

N 1 - 1  

Nl-2 

N1-3 

N1-4 

Sample 

N 2  -1 

N2 -2 

N2 -3 

N 2  -4 
Sample 

A-7-C-2 

A-6-C-2 

A-6-C-1 

A-5-C-2 

A-4-C-1 

A-8 -C-2  

A-8-C-1 

A-7-C-1 

A-6-C-3 

A-5-C-3 

90.2 

87.2 

87.8 

85.5 

85.7 

88.5 

88.5 

89.2 

86.8 

86 .1  

2.473 

2.453 

2.448 

2.573 

2.593 

2.523 

2 S O 8  
2.487 

2.441 
2.573 

~~ 

0.240-0.243 NaK-19 l eve l  about 3 /32  i n .  low 
0 . 2 4 5 4 . 2 4 8  

0.245-0.248 

0.240-0.245 

0.239-0.243 Broken p e l l e t  

0 . 2 4 0 4 . 2 4 4  

0 . 2 4 0 5 4 . 2 4 4  

0 . 2 4 0 4 . 2 4 3  

0.247-0.248 

0.2405-0.244 Void i n  NaK-19 
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7.- __--- 
3 .  $ EFFECT OF POWER CYCLING ON LMFBR FUEL-CUDDING BEHAVIOR 

P. Pa t r ia rca  0. Sismanl A. L. Lotts 

This program inves t iga tes  t h e  e f f e c t s  of power cycling and t ran-  

s i e n t s  on f u e l  behavior and t h e  mechanical i n t e rac t ion  of f u e l  and 

cladding f o r  a liquid-metal-cooled fast breeder reac tor  (LMFBR), f i r s t  

f o r  mixed oxide f u e l  and s t a i n l e s s  s t e e l  cladding and l a t e r  f o r  other  

f u e l s  and claddings. The i n i t i a l  object ives  of t h i s  study a r e  t o  com- 

pare the  mechanical in te rac t ions  of f u e l  (flat-ended p e l l e t s ,  dished 

p e l l e t s ,  and pa r t i cu la t e  f u e l )  and cladding during thermal-cycling con- 

d i t i ons  t y p i c a l  of those t o  be expected i n  an LMFBR. The mechanical 

in te rac t ions  between ( U , F u ) 0 2  f u e l  and s t a i n l e s s  s t e e l  cladding w i l l  

a f f e c t  both t h e  sa fe ty  and economic cha rac t e r i s t i c s  of LMFBR's. Axial 

separat ions i n  t h e  f u e l  column tend  t o  make the  r eac to r  power coef f i -  

c ien ts  more pos i t ive .  In addi t ion,  concentrations of s t r e s s  i n  t h e  

cladding due t o  f u e l  "hourglassing," cracking, and r a t che t t i ng  combine 

with power cycling and reduced cladding d u c t i l i t i e s  t o  decrease t h e  

l i f e t ime  of t h e  f u e l  elements. These mechanical in te rac t ions  a r e  qui te  

important i n  def ining allowable schemes of f u e l  mnagement and reac tor  

operating conditions and thus have a s ign i f i can t  e f f e c t  on the  reac tor  

economy. 

Power Cycling I r rad ia t ion  T e s t s  

C .  M. Cox 

The i n t e n t  of our program i s  t o  measure in-reactor  t h e  a x i a l  

extension of t h e  f u e l  column and cladding and t h e  f u e l  pin i n t e r n a l  gas 

pressure during operation under ca re fu l ly  cont ro l led  conditions,  which 

include programed power cycles and an occasional overpower cycle.  The 

i r r a d i a t i o n  capsules w i l l  be designed s o  t h a t  t h e  f u e l  pin operates a t  

LMFBR prototypic  power and temperature conditions.  The i r r a d i a t i o n  

t e s t s  w i l l  las t  1 t o  2 years and w i l l  give burnup leve ls  of 5 t o  9%. 
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Power Cycling of Mixed Oxide Fuel with S ta in less  S t e e l  Cladding t o  
Moderate and High Burnup (R. B. F i t t s ,  R. L. Senn,2 J. G. Morgan,l 
J. D. Jenkins2)  

As described p r e v i ~ u s l y , ~  t h e  f irst  two capsules f o r  inves t iga t ion  

of power cycling w i l l  be designed as prototype Fast-Flux Test F a c i l i t y  

(FFTF) Reactor f u e l  pins  and w i l l  operate i n  t h e  poolside f a c i l i t y  of 

t h e  Oak Ridge Research Reactor (ORR) .  

The design e f f o r t  on t h e  f irst  capsule (MINT-1)  i s  progressing 

s a t i s f a c t o r i l y .  The capsule is  scheduled t o  be in se r t ed  i n t o  t h e  reac- 

t o r  i n  Septerriber or November 1970. The conceptual design i s  i l l u s t r a t e d  

i n  Fig. 3.1. 

The f u e l  pin i s  t o  be fabr ica ted  from 9.6 in .  of mechanically blended 

( U O . ~ ~ , F ~ ~ .  25)01. 97 s o l i d  p e l l e t s .  
i n  diameter by 0.200 i n .  long, have a dens i ty  of 89.4 k 0.5% of theore t -  

i c a l ,  and have dished ends. 

s t a i n l e s s  s t e e l ,  0.230 i n .  i n  outs ide diameter and 0.015 in .  i n  wal l  

thickness .  The r e su l t i ng  smear dens i ty  of t h e  f u e l  w i l l  be 84.4% of 

t h e o r e t i c a l .  The f u e l  pin w i l l  be immersed i n  NaK, which i s  t o  be used 

as a hea t - t ransfer  medium i n  t h e  capsule. 

The p e l l e t s  a r e  0.1943 k 0.0002 i n .  

The cladding i s  20% cold-worked type 316 

There a r e  12 thermocouples i n  t h i s  capsule:  6 monitor t h e  tempera- 

t u r e  gradient  along t h e  push rod and length-measuring system, and 6 a r e  

arranged i n  opposed pa i r s  along t h e  f u e l  pin.  They a re  t o  be brazed t o  

t h e  in s ide  of t h e  primary containment i n  t h e  NaKthat surrounds the  f u e l  

p in  t o  minimize t h e  p o s s i b i l i t y  of mechanical i n t e rac t ion  between t h e  

thermocouples and f u e l  pin.  

i s  under way. 

Development work on t h i s  brazing operation 

A pressure t ransducer  w a s  s e l ec t ed  f o r  measuring t h e  i n t e r n a l  pres- 

sure  of t h e  f u e l  pin during t h e  t e s t .  

diaphragm with a variable-permeance t ransducer .  

shown i n  Fig. 3.2. An analysis  of t h e  expected buildup of pressure from 

f i s s i o n  gas wi th in  t h e  f u e l  pin ind ica tes  t h a t  by t h e  end of  a 10% burnup 

t e s t  about 56 em3 of f i s s i o n  gases (45$ of t h a t  generated) w i l l  have been 

re leased  f r o m t h e  f u e l  column, and t h e  i n t e r n a l  gas pressure during oper- 

a t ion  w i l l  be about 20 a t m .  

It monitors t h e  def lec t ion  of a 

A conceptual design i s  
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TRANSDUCER CORE / 
/ FUEL LENGTH TRANSDUCER 

/PUSH ROD 

/TRANSDUCER CORE 

FUEL-CLADDING DIFFERENTIAL 
/LENGTH TRANSDUCER 

-NaK L E V E L  

I NSU LATOR 

/FUEL 

NOTE : 
t -THERMOCOUPLE LOCATIONS 

Fig. 3.1. Capsule f o r  Studies of Mechanical In t e rac t ion  of Fuel 
and Cladding. 
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S/e-in.-diam Ni-SPAN C 
/DIAPHRAGM 

/ 7 CORE / 

Fig. 3.2.  Proposed Pressure Transducer. 

The system f o r  measuring changes i n  length,  which w i l l  detect  and 

monitor mechanical in te rac t ions  of f u e l  and cladding, i s  based upon two 

variable-permeance devices similar t o  l i n e a r l y  var iab le  d i f f e r e n t i a l  

transformers.  These record t h e  pos i t ion  of two magnetic cores i n  a push 

rod t h a t  r e s t s  on t o p  of t h e  f u e l  s tack.  One of t h e  variable-permeance 

devices i s  a t tached t o  an extension of t h e  f u e l  cladding and measures 

t h e  r e l a t i v e  change i n  length between f u e l  and cladding ( d i f f e r e n t i a l  

t ransducer ) .  

t h e  absolute  change i n  the  length of t h e  f u e l  column (fuel-length trans- 

ducer).  

system f o r  ca l ib ra t ing  and zeroing t h e  measurement system during t e s t i n g  

is  being designed t o  fit i n  t h e  t o p  of  t h e  cladding extension. The main 

approach now being considered employs an electromagnet t o  r a i s e  t h e  push 

rod and thus t h e  magnetic cores t o  two known posi t ions t o  provide two 

points  on t h e  ca l ib ra t ion  curve of each variable-permeance device and 

permit t h e  detect ion and correct ion of any ca l ib ra t ion  changes t h a t  

might occur during t h e  approximately 1 1/2-year duration of t he  t e s t .  

The other  is at tached t o  t h e  outer containment and measures 

Thus, we can monitor t h e  growth of both f u e l  and cladding. A 

The expected movement of transducer bodies and cores during i r r ad ia -  

t i o n  w a s  analyzed t o  determine t h e  des i red  locat ion of these  items i n  

t h e  capsule. In  t h i s  ana lys i s ,  t h e  hardware components not associated 

with t h e  f u e l  were assumed t o  operate a t  approximately 170°C based upon 
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crs temperatures measured i n  t h e  extensometer capsules4 fo r  t h e  Medium 

Power Reactor Experiment. 

The design ana lys i s  i s  not s ens i t i ve  t o  t h i s  assumption s ince  '75% 

or more of t h e  loca t ion  changes a r e  associated with t h e  thermal expan- 

s ion  of t he  f u e l 5  and the  cladding6 around it. 
ca lcu la ted  f o r  t h e  instrument t h a t  monitors t h e  change i n  f u e l  length 

and f o r  t h e  one t h a t  monitors t h e  length d i f f e r e n t i a l  of t h e  f u e l  and 

cladding a r e  shown i n  Figs.  3 .3  and 3.4. These ca lcu la ted  readings a r e  

based on t h e  assumption t h a t  t he  capsules a r e  assembled i n  such a way 

t h a t  t h e  transducers and t h e i r  cores a r e  centered wi th  respect  t o  each 

other .  As  i s  apparent from these  p l o t s ,  t h e  readings t o  be obtained a r e  

qu i t e  s ens i t i ve  t o ,  and thus w i l l  measure, t h e  temperature (T ) at  which 

p l a s t i c  deformation of t he  f u e l  due t o  i n t e r n a l  and ex te rna l  s t r e s s e s  on 

t h e  f u e l  eliminate t h e  e f f e c t s  of thermal expansion. The curves were 

constructed using t h e  s impl i f ied  assumption t h a t  as soon as T i s  

reached, t h e r e  w i l l  be no more thermal expansion of t h e  fue l .  Thus, t h e  

transducer readings a r e  a function of t he  temperature of t h e  center  of 

t h e  f u e l  u n t i l  t h a t  temperature reaches T . Creep deformation of t he  

f u e l  and mechanical i n t e rac t ion  of t h e  f u e l  and cladding w i l l  a f f e c t  

these  curves i n  t h e  operating equipment. Creep of t h e  f u e l  w i l l  not 

cause la rge  changes, and mechanical i n t e rac t ion  w i l l  produce g rea t e r  

changes on t h e  transducer f o r  f u e l  length than on t h e  transducer f o r  t h e  

length d i f f e r e n t i a l  between f u e l  and cladding. 

The transducer readings 

P 

P 

P 

Based on t h e  r e s u l t s  of t h i s  ana lys i s ,  we s h a l l  asserrible t h e  capsule 

so  t h a t  t he  core of t h e  transducer f o r  t he  length d i f f e r e n t i a l  between 

f u e l  and cladding i s  located 0.120 in .  below t h e  centered pos i t i on  and 

s o  t h a t  t h e  core of t h e  transducer f o r  f u e l  length is 0.200 i n .  below 

center .  

to. 200-in. range of optimum transducer operation. 

These posi t ions w i l l  provide maximum u t i l i z a t i o n  of t h e  

We prepared a t e n t a t i v e  operating sequence fo r  t h e  MINT-1 capsule 

based upon the  plan t o  operate f o r  one-half of t h e  t e s t  [about 165 days 

t o  about 2.7% f i s s ions  per i n i t i a l  ac t in ide  metal atom (FIMA) 1 at  

10  kw/ft and the  remainder (165 days t o  '7% FIMA) a t  16 kw/ft with 

occasional cycles of 20% overpower. This sequence w i l l  s imulate the  
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HEAT GENERATION RATE (kw/ft) 

Fig. 3.3. Reading from Fuel-Length Transducer as a Function of Rate 
of H e a t  Generation and Temperature of P l a s t i c i t y  (T  ) f o r  t h e  Fuel. 
Transducer and core were i n i t i a l l y  centered. P 

HEAT GENERATION RATE (kw/ f t )  

Fig. 3.4. Reading from Fuel-Cladding D i f f e r e n t i a l  Transducer as a 
Function of Rate of Heat Generation and Temperature of P l a s t i c i t y  ( T  ) 
f o r  t h e  Fuel. Transducer and core were i n i t i a l l y  centered. P 
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operat ion of a f u e l  p in  i n  a per iphera l  pos i t i on  of t h e  FFTF Reactor f o r  

one-half of i t s  l i f e  followed by a movement i n t o  a c e n t r a l  core locat ion.  

The i r r a d i a t i o n  t e s t s  of mechanical i n t e r a c t i o n  w i l l  be used as 

one of t h e  reference cases f o r  t h e  working group on LMFBR f u e l  element 

modeling. We s h a l l  assume s teady-s ta te  operation of t h e  MINT-2 capsule 

at t h e  overpower heat  r a t e  of 19 kw/ft for t h e  f i r s t  ca lcu la t ions .  The 

p r i n c i p a l  differences between operation of t h i s  f u e l  p in  i n  t h e  ORR and 

i n  an LMFBR a r e  t h e  low cladding f lux ,  shown below: 

Neutron Flux 
[neutrons cmm2 s e c - l  

(> 0 . 1  MeV) 1 
Burnup 

(% F I M )  

0 
2 
4 
6 
8 
10 

x 1013 

1.50 
1.54 
1.57 
1.61 
1.66 
1.71 

The f l u x  depression i n  t h e  f u e l  i s  ind ica ted  i n  Fig. 3 .5 .  The very 

l a rge  power depression follows from t h e  high 239Pu concentration i n  

t he  0.19g-in. -diam 92% dense (Uo. 7 5 , h o .  2 5 ) O l .  98 f u e l  p e l l e t s .  
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Fig. 3.5. Effect  of Burnup on Radial Power P ro f i l e  of Fuel f o r  
MINT Capsule . 
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4 .  LMFBR FUEL ELEMENT DESIGN AND MODEL DEVELOPMENT 
<-y ,.-- 

P. Pa t r i a r ca  A. L. Lotts C .  M. Cox 

The object ive of t h i s  program i s  t o  develop a n a l y t i c a l  methods t o  

p red ic t  and evaluate t h e  performance of f u e l  p ins  and f u e l  elements f o r  

t h e  liquid-metal-cooled fast  breeder reac tor  (LMFBR) . 
c lose ly  coordinated with t h e  r e l a t e d  programs f o r  development of f i e 1  

and cladding. It provides methods f o r  designing and systematical ly  eval- 

uat ing i r r a d i a t i o n  t e s t s ,  evaluating the  influences of mater ia ls  proper- 

t i e s  on t h e  performance of f u e l  elements, and ident i fy ing  spec i f i c  a reas  

i n  which experimental research needs t o  be in t ens i f i ed .  

This work i s  

The program i s  divided i n t o  th ree  areas:  model in tegra t ion ,  f u e l  

performance, and cladding performance. The f u e l  and cladding performance 

tasks  a r e  or iented toward mathematical descr ip t ion  of t h e  various phenom- 

ena of t h e  f u e l  and cladding under i r r a d i a t i o n  such as swelling, gas 

formation, and mechanical, thermal, and chemical behavior. These ind i -  

v idua l  models a r e  incorporated i n t o  a generalized computer program t h a t  

simulates t h e  performance of an operating f u e l  p in .  The work on model 

i n t eg ra t ion  emphasizes t h e  behavior of f i s s i o n  gas and mechanical i n t e r -  

ac t ions  of f u e l  and cladding. 

Fuel Performance 

The object ive of t h i s  work i s  t o  develop improved a n a l y t i c a l  models 

t o  descr ibe in-reactor  swelling, r e l ease  of f i s s i o n  gas, and res t ruc-  

t u r ing  of (U, Pu) 02. 

gra in  growth and r ed i s t r ibu t ion  of ac t in ide  metals. We expect gra in  s i z e  

t o  have s ign i f i can t  influence on t h e  coalescence of bubbles of f i s s i o n  

gas, which i n  t u r n  w i l l  influence swelling of t h e  f u e l  and r e l ease  of 

gas .  Nabarro-Herring creep of t h e  f u e l  i s  a l s o  a funct ion of gra in  s i z e .  

Redis t r ibut ion of t h e  ac t in ide  metals a l t e r s  t h e  thermal gradient  i n  t h e  

f u e l  as wel l  a s  i t s  physical,  chemical, and mechanical p rope r t i e s .  

During t h i s  repor t ing  period, we emphasized in-reactor  
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Studies  of Grain Growth ( W .  J. Lackey) 

We determined t h e  va r i a t ion  of g ra in  s i z e  w i t h  radial pos i t ion  f o r  

a Sphere-Pac (u0 .g5,pu3 . 1 5 ) ~ 2  f u e l  p in  (43-1l2-4C) a f t e r  thermal-reactor 

i r r a d i a t i o n  a t  a l i n e a r  heat r a t e  of 10.5 kw/ft t o  a burnup of 

0.5% f i s s i o n s  per i n i t i a l  ac t in ide  metal atom (FIMA). 

of t he  sol-gel-derived coarse microspheres, as fabricated,  was about 

1 . 2  pm. 

occur, and t h e  out l ines  of t h e  spheres were c l e a r l y  v i s i b l e  throughout 

t h e  cross sec t ion  of t h e  f’uel p in  (F ig .  4 .1 ) .  

pera ture  and t h e  g ra in  s i z e  of t h e  coarse microspheres as a funct ion of 

radial pos i t i on  i s  shown i n  Fig. 4.2. Temperatures were obtained from 

a PR$FIL’ ana lys i s .  

occurred a t  temperatures as low as  about 1100°C. 

The gra in  s i z e  

A s  a r e s u l t  of t h e  low heat r a t e ,  columnar gra in  growth d id  not 

The va r i a t ion  of f u e l  tem- 

We estimated from Fig. 4.2 t h a t  g ra in  growth 

The agreement of t h i s  

Fig. 4.1.1 Sphere-Pac (Ur~.s5 ,Pu~.  15)02 a f t e r  I r r ad ia t ion  a t  a Linear 
Heat Rate of 10.5 kw/ft t o  0.5% Fissions per  I n i t i a l  Actinide Metal Atom. 
P a r t  of  two coarse microspheres and seve ra l  f i n e  microspheres a r e  shown. 
These spheres were located near t h e  thermal center  of t h e  f u e l  p in .  500X. 
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Fig. 4.2. Variation of Grain Size and Temperature with Radial  Posi- 
t i o n  f o r  a ( U ~ , ~ ~ , P ~ . , , ) O ~  f i e 1  Pin Operated a t  a Linear Heat Rate of 
10.5 kw/ft t o  0.5% Fissions pe r  I n i t i a l  Actinide Metal Atom. 

temperature with t h e  s i n t e r i n g  temperature (1100 t o  1150°C) may or may 

not be coincidental .  

Although g ra in  growth theory i s  not highly developed, it i s  reason- 

ab le  t o  f i t  t h e  experimental da ta  t o  

D2 - Dg = K t n  exp (-Q/RT) , (4.1) 

where 

D = f i n a l  g ra in  s i z e ,  pm, 

Do = i n i t i a l  g ra in  s ize ,  pm 

K = a constant,  

t = time, hr ,  

n = time exponent, t h e o r e t i c a l l y  uni ty ,  and 

Q = ac t iva t ion  energy f o r  g ra in  growth, cal/mole. 

The ac t iva t ion  energy determined from Eq. (4.1) i s  given by t h e  s lope 

of t h e  semilogarithmic p l o t  of (D2 - Dg) vs 1/T, which i s  shown i n  Fig. 4.3.  

From a least-squares  ana lys i s ,  we determined t h a t  t h e  ac t iva t ion  energy 

w a s  16.9 ? 3.6 kcal/mole (90% confidence i n t e r v a l )  l e s s  than one- f i f th  of 

t h a t  determined2 for out-of-reactor g ra in  growth i n  U02 and ThO2. 
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a t  a Linear Heat Rate of 10.5 kw/ft t o  0.5% Fissions Ger I n i t i a l  Actinide 
Metal Atom. 

By assuming t h e  time exponent, n, i n  Eq. (4 .1 )  t o  be uni ty ,  which 

i s  t h e  t h e o r e t i c a l  value, and by hawing  t h a t  t h e  equivalent hours a t  

f u l l  power during t h e  i r r a d i a t i o n  were 668, we obtained t h e  following 

e quat i on : 

D2 - Do" = 12.4 t exp (-16,90O/RT) . (4 .2 )  

A t  1550°C, t h e  pred ic t ions  of t h i s  equation genera l ly  agree with 

t h e  observations of MacEwan3 f o r  out-of-reactor g ra in  growth of U02. 

However, because of t h e  smaller ac t iva t ion  energy observed f o r  in - reac tor  

g ra in  growth, Eq. (4 .2 )  w i l l  p r ed ic t  s i g n i f i c a n t l y  l a r g e r  g ra in  s i zes  a t  
low temperatures and s i g n i f i c a n t l y  smaller g ra in  s i z e s  a t  higher temper- 

a tu re s  than those  observed i n  t h e  out-of-reactor inves t iga t ion .  

Equation (4 .2 )  must be regarded as preliminary u n t i l  t h e  time expo- 

nent has been properly evaluated. 

t o  account for t h e  p o s s i b i l i t y  of s t a b i l i z a t i o n  of gra in  s i z e  caused by 

t h e  presence of poros i ty  and f i s s i o n  products.  

Eventually it may a l s o  be necessary 
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Dis t r ibu t ion  of U and Pu ( W .  J. Lackey, J. L Mi l le r )  

Electron microprobe ana lys i s  w a s  used t o  determine t h e  d i s t r i b u t i o n  

of PU across  a t ransverse  sec t ion  of a Sphere-Pac ( ~ ~ , 8 5 , ~ ~ . ~ ~ ) 0 2  p i n  

(43-1l2-3C) i r r a d i a t e d  i n  the  Engineering Test Reactor (ETR) a t  a l i n e a r  

hea t  r a t e  of 13.6 kw/ft t o  a burnup of 0.7% FIMA. 

Brief ly ,  t he  microstructure was typ ica l .  There was  a c e n t r a l  void, 

columnar gra ins ,  equiaxed gra ins ,  and an unrestructured region cons is t ing  

of t h e  or ig ina lmicrospheres .  Fuel had been deposited a t  t h e  region of 

t r a n s i t i o n  from columnar t o  equiaxed gra ins ,  apparently by vapor t rans-  

p o r t  down the  temperat'ure gradient  onto t h e  hot s ide  of t h e  microspheres. 

The Pu and U concentrations were determined by measuring t h e  inten-  

s i t i e s  of t h e  Pu I@ and U Ma x rays.  

a standard procedure had not been establ ished f o r  converting t h e  x-ray 

i n t e n s i t i e s  t o  Pu and U concentrations;  therefore ,  s eve ra l  d i f f e r e n t  

standards were used f o r  t h e  analyses reported here .  Consequently, c lose  

comparisons of Pu contents from one s e t  of da ta  with Pu contents from 

another da ta  s e t  a r e  subject  t o  an e r ro r  of perhaps ?lo$ of the  reported 

value.  

percentage of Pu i s  expected t o  be ?0.6$ as determined from a s t a t i s t i c a l  

ana lys i s  of t r i p l i c a t e  determinations of t h e  Pu content of f i v e  coarse 

microspheres located adjacent t o  t h e  cladding. The s t a t i s t i c a l  ana lys i s  

a l s o  showed t h a t ,  wi thin the  l i m i t s  of detect ion,  t h e r e  was no va r i a t ion  

i n  Pu content from sphere t o  sphere. 

When these  analyses were performed, 

Within a given s e t  of data, t h e  standard deviat ion of t h e  reported 

A r a d i a l  scan was made simultaneously f o r  Pu and U i n  t h e  region 

of columnar gra ins  adjacent t o  t h e  c e n t r a l  void. The Pu and U contents 

read from t h e  s t r ip -cha r t  recorder a r e  p l o t t e d  i n  Fig. 4.4 as functions 

of t h e  dis tance from t h e  per iphery of t h e  c e n t r a l  void. 

Pu content decreased and t h e  U content increased with decreasing f u e l  

temperature. 

Notice t h a t  t h e  

Figure 4.5 shows t h e  va r i a t ion  i n  Pu content with radial pos i t i on  

f o r  a l a rge r  por t ion  of t h e  f u e l  rad ius .  

were obtained not by scanning but by measuring the  x-ray i n t e n s i t y  f o r  

a constant time with t h e  e lec t ron  beam a t  a f ixed  pos i t ion .  

s i t i e s  f o r  U and Pu were measured simultaneously. 

The da ta  shown i n  Fig. 4.5 

The inten-  

Although these  da ta  



70 

ORNL-DWG 70-6880 

- ---c -*-a \,--w-* 
r 

P-*----- T- U/(U t Pu) 

= 

L 
0 

0 20 40 60 80 f00 420 1 4 0  460 4 8 0  200 220 240 260 0 0  
t 

DISTANCE FROM PERIPHERY OF CENTRAL VOID (bin) [r 

Fig. 4.4. Variat ion i n  Pu Content with Radial  Pos i t ion  f o r  t h e  
Columnar Grains Near t h e  Central  Void f o r  ( u,. 85 ,PW. 1 5  ) 02 a f t e r  Irra- 
d i a t i o n  a t  a Linear Heat Rate of 13.6 kw/ft t o  a Burnup of 0.7% Fissions 
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should be regarded as preliminary,  s eve ra l  i n t e r e s t i n g  t rends a r e  ind i -  

cated.  

decreasing f u e l  temperature, i n  agreement with t h e  da ta  of  Fig. 4.4. 
The l i n e  between f r a c t i o n a l  f u e l  radi i  of 0.2 and 0.4 i n  Fig. 4.5 was 

drawn hor izonta l ly ,  based p a r t i a l l y  on t h e  knowledge t h a t  a radial scan 

over much of t h i s  region showed e s s e n t i a l l y  uniform Pu content .  

i n t e r e s t i n g  region i s  t h a t  i n  t h e  v i c i n i t y  of t h e  in t e r f ace  between colwn- 

nar and equiaxed grains ,  where f u e l  w a s  deposited on t h e  surface of t h e  

microspheres. There appears t o  be a minimum Pu content i n  t h i s  region, 

as shown i n  Fig.  4.5 and, as indicated but not conclusively proven, by 

t h e  r e s u l t s  of two r a d i a l  scans f o r  PU across t h e  deposited fue l .  Both 

the  high Pu content near t h e  c e n t r a l  void and the  low Pu content of t h e  

vapor-deposited f u e l  a r e  cons is ten t  with t r anspor t  down t h e  temperature 

gradient  of a gas phase r i c h  i n  U. 

F i r s t ,  t h e  Pu content near t h e  c e n t r a l  void decreased with 

A second 

8 
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Release of Fiss ion Gases from Mixed Oxide Fuels ( W .  H. Bridges) 

The survey of t h e  r e l ease  of f i s s i o n  gas from mixed oxide fue l s  by 

An e a r l i e r  version of t h e  FMfiDEL Cox4 i s  being continued and extended. 

code was  modified f o r  use i n  a s t a t i s t i c a l  ana lys i s  of t h e  ad jus tab le  

parameters used t o  descr ibe empir ical ly  t h e  r e l ease  of f i s s i o n  gas from 

(U,Pu)O2 f u e l s .  

be performed simultaneously by means of a computer code f o r  regression 

ana lys i s .  

The s t a t i s t i c a l  analyses f o r  a number of f u e l  p ins  w i l l  

Cladding Performance 

Most of t h e  work t h i s  quar te r  on models f o r  cladding performance 

involved modifications t o  t h e  mechanical ana lys i s  s o  t h a t  it would include 

load cycl ing.  

s t a i n l e s s  s t e e l  and development of a discrete-element s t r e s s  ana lys i s .  

We continued evaluation of t h e  proper t ies  of type 316 

Load Cycling (F.  J. Homan) 

The subroutine package used f o r  mechanical ana lys i s  of cladding i n  

t h e  FM6DEL computer code was separated from t h a t  code and extensively 
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modified s o  t h a t  it can handle power-cycling conditions and ca l cu la t e  

r a t che t t i ng  of p l a s t i c  s t r a i n s  during pawer cycling. Required f o r  t h e  

use of t h i s  subroutine a r e  a n a l y t i c a l  expressions f o r  t h e  pressures  of 

f i s s i o n  gas and of contact between f u e l  and cladding as functions of 

time. 

f o r  use i n  design s tudies ,  parametric analyses, and i n  f u l f i l l i n g  t h e  

a n a l y t i c a l  requirements f o r  placing i r r a d i a t i o n  experiments i n t o  a reac- 

t o r .  The loss  of prec is ion  associated with replacing a f u e l  model with 

mere a n a l y t i c a l  expressions seem l e s s  severe when one considers t h a t  

t h e  prec is ion  associated with such f u e l  models i s  only as good as t h e  

experimental da ta  ava i lab le ,  and da ta  on many important f u e l  phenomena 

(such as creep and hot pressing of mixed oxide f u e l s  while exposed t o  

neutron f l u x  l eve l s  t y p i c a l  of an LMFBR) can only be considered as pre- 

liminary. In  addi t ion,  t h e  s impl i f ied  input  and reduced computer time 

make a cladding model such as t h i s  very a t t r a c t i v e .  

This s implif ied model f o r  t h e  cladding provides a powerful t o o l  

A simple problem was formulated t o  i l l u s t r a t e  t h e  workings of t h e  

cladding subroutine.  

power cycles,  each 4000 hr long. 

tabulated i n  Table 4.1, and t h e  ca lcu la ted  r e s u l t s  a r e  p l o t t e d  i n  Fig. 4.6. 

We assumed t h a t  t he  l i f e t i m e  of t h e  f u e l  p i n  was  two 

The c h a r a c t e r i s t i c s  of each cycle a r e  

Table 4.1. Power Cycle Charac te r i s t ics  Assumed 
f o r  Test of Cladding Subroutines 

~~ 

Power No Power 

Duration, hr 3000 1000 

Neutron f lux,  1.54 x 1015 0 
neutrons cm-2 see-' 

Cladding temperature, "C 
Inside surface 478 
Outside surface 433 

200 
200 

Cladding outer  pressure,  p s i  60 60 

Gas pressure,  p s i  
Cycle 1 

Cycle 2 

pressure,  p s i  
Fuel-cladding contact 

Increasing 60 

300 t o  600 60 
100 t o  300 

3000 0 
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Fig. 4 .6 .  Time Variat ion of Loads, S t resses ,  and S t r a ins .  

The problem was run f o r  a r e l a t i v e l y  weak cladding (annealed type 316 

s t a i n l e s s  s t e e l )  and a s t rong cladding (20% cold-worked type 316 s t a in -  

less s t e e l ) .  

a r e  p l o t t e d  i n  Fig. 4.7 a t  400 and 600°C. 

derived from Fig. 4.7 a r e  shown i n  Fig. 4.8.  
s t r a i n  curve i s  a measure of  t h e  s t r a i n  hardening t h a t  takes  p lace  during 

The t e n s i l e  s t r e s s - s t r a i n  curves used f o r  t h e  two claddings 

The s t r a i n - s t r a i n  curves* 

The slope of t h e  s t r a i n -  
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Fig. 4.7. St re s s  Versus S t r a i n  for Type 316 S ta in l e s s  S tee l ,  Cold 
Worked 20% and Annealed. 

O.Oi4 

0.oi 2 

I 

P 
2 0.040 
5 

ti 

ti 

a 

0.008 u 
J 

+- z 
_J 

0.006 

e 
3 0.004 s 

0.002 

0 
0 

EQUIVALENT TOTAL STRAIN ( s e i )  

Fig .  4.8.- Stra in-St ra in  Curve f o r  Type 316 S ta in l e s s  S tee l .  



75 

P 

p l a s t i c  deformation (a  lower slope implies more s t r a i n  hardening; a 

p e r f e c t l y  p l a s t i c  mater ia l  would have a slope of un i ty)  and the  Y-axis 

i n t e rcep t  i s  a measure of t h e  e l a s t i c  s t r a i n  before p l a s t i c  deformation. 

It i s  i n t e r e s t i n g  t o  note t h a t  t he  s t r a i n - s t r a i n  curves f o r  a l l  four  

cases from Fig. 4.7 have near ly  t h e  same slope. This g r e a t l y  s impl i f ies  

t h e  t a s k  of accumulating data. Normally, it would be necessary t o  p l o t  

t he  s t r a i n - s t r a i n  curves f o r  each cladding ma te r i a l  over a range of 

temperatures - a time-consuming and d i f f i c u l t  procedure s ince  a s t r e s s -  

s t r a i n  curve i s  required f o r  each s t r a i n - s t r a i n  curve. 

s i m i l a r i t y  of slopes,  a good approximation of t h e  s t r a i n - s t r a i n  curve a t  
a given temperature can be obtained from t h e  proport ional  l i m i t  and 

e l a s t i c  modulus a t  t h a t  temperature. 

normally used i s  not s u f f i c i e n t  f o r  t h i s  type of ana lys i s  because s ign i f -  

i c a n t  p l a s t i c  deformation has occurred a t  t h a t  s t r e s s  leve l ;  instead,  t h e  

t r u e  proport ional  l i m i t  must be used. The b e t t e r  agreement obtained with 

t h e  s t r a i n - s t r a i n  curve using t h e  proport ional  l i m i t  i s  qu i t e  c l e a r  from 

t h e  information presented i n  Table 4.2. Unfortunately, most t e n s i l e  data  

a r e  reported as t h e  0.2% o f f s e t  y i e l d  s t r e s s  r a the r  than t h e  proport ional  

l i m i t .  

But due t o  t h e  

The 0.2% o f f s e t  y i e ld  s t r e s s  

The p l o t  of t h e  t angen t i a l  s t r e s s  versus time i n  Fig. 4.6 reveals  

t h a t  t h e  absolute  s t r e s s  l e v e l  a t  t h e  inner  and outer  surfaces  of t h e  

cladding increases  with time. This i s  due t o  t h e  influence of t h a t  p a r t  

of t h e  swelling of t h e  cladding due t o  decrease i n  void dens i ty .  The hot- 
t e r  inner  surface swells f a s t e r  than t h e  outer  surface and thus increases  

t h e  t e n s i l e  s t r e s s  a t  t h e  outer  surface and t h e  compressive s t r e s s  a t  t h e  

inner  surface.  

( a t  4000 h r )  i s  s l i g h t l y  l a r g e r  than t h a t  a t  t h e  i n i t i a l  loading, assum- 

ing t h a t  t h e  t e n s i l e  propor t iona l  limit does not change with time. Such 

an assumption, however, i s  not va l id .  

( p l a s t i c  deformation a t  elevated temperatures) increases  t h e  y i e ld  s t r e s s  

and ul t imate  t e n s i l e  s t r e s s .  Claudson -- e t  

y i e l d  s t r e s s ,  proport ional  l imi t ,  and ul t imate  t e n s i l e  s t r e s s  caused by 

neutron bombardment and dens i ty  loss .  An ana lys is  t o  descr ibe t h e  

increase  i n  propor t iona l  l i m i t  when these  phenomena occur simultaneously 

would requi re  an extensive evaluat ion of da ta  and i s  not ye t  avai lable;  

A s  a r e s u l t ,  t h e  p l a s t i c  s t r a i n  on t h e  second loading 

Llewellyn6 showed t h a t  warm working 

showed the  increase i n  
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Table 4.2. Summary of Calculated S t resses  and S t r a ins  

C a l c u l a t  ed 
Paramet era 

Temp e r  a t  UT e 
( O C )  

Annealed 20% Cold Worked 

400 
600 

b E, p s i  

C PL, p s i  400 
600 

400 
600 

C 0.2% ys, p s i  

PL/E 400 
600 

0.2% ys/E 400 
600 

E a t  E = 0' 
e t  P 

400 
600 

25.1 X lo6 
22.5 x lo6 

25.1 x lo6 
22.5 x lo6 

13,500 

18 , 300 

0.000538 
0.000444 
0.000730 
0.000667 
0.00055 0 
0.000449 

10 , 000 

E, 000 

72 , 000 
61 , 000 
81,000 
67,500 
0.00287 
0.00271 

0.00323 
0.0030 
0.00270 
0.00250 

a E = e l a s t i c  modulus 
PL = proport ional  l i m i t  
0.2% ys = 0.2% of f se t  y i e ld  s t r e s s  
E = equivalent t o t a l  s t r a i n  
Eet= equivalent p l a s t i c  s t r a i n  
P 

bLinear i n t e rpo la t ion  from data presented i n  Pipes and Tubes f o r  
Elevated Temperature Service, USS Bull. 26, ed. 59, p.  62, National Tube 
Division, United S ta t e s  S t e e l  Corporation, Pi t tsburgh,  Pennsylvania, 
1959. No d i s t i n c t i o n  i s  made between annealed and cold-worked mater ia l .  

C See Fig. 4.8, p. 77, t h i s  r epor t .  

but  a parametric treatment of t h e  problem of p l a s t i c - s t r a i n  r a t che t t i ng  

while t h e  propor t iona l  l i m i t  increases  with time i s  presented i n  Fig. 4.9. 
Here the re  a r e  f i v e  power cycles with c h a r a c t e r i s t i c s  similar t o  those 

described i n  Table 4.1, except t h a t  t h e  durat ion of t h e  cycles i s  d i f f e r e n t .  

The cycle now has 1900 h r  of operat ion a t  power followed by 100 h r  

with no power. In order t o  examine t h e  e f f e c t  of a proport ional  l i m i t  t h a t  

va r i e s  with time on t h e  p l a s t i c  deformation r a t che t ,  we establ ished a 

f a c t o r  t o  increase t h e  i n i t i a l  proport ional  l i m i t  with time. 

have been considered: (1) a constant f a c t o r  of 1, (2) a f a c t o r  varying 

from 1 t o  2, and (3) a f a c t o r  varying from 1 t o  5. 
from each case i s  shown i n  Fig. 4.9, with t h e  t angen t i a l  s t r e s s e s  a t  t h e  

inner  and outer  surfaces  of t h e  cladding f o r  t he  f i r s t  case.  

Three cases 

The r a t che t  r e su l t i ng  
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Changes i n  the  s t r e s s  l e v e l  a f t e r  i n i t i a l  loading a r e  d i c t a t ed  by 

Since t h e  proport ional  l i m i t  and ul t imate  t e n s i l e  t h e  creep l a w  used. 

s t rength  change with time, it would be expected t h a t  t h e  creep s t rength  

would a l s o  change. A t r u l y  rigorous ana lys i s  would include a creep l a w  

f o r  each cycle; but, due t o  i n s u f f i c i e n t  data,  t h e  same creep law was 

used f o r  a l l  cycles for t h e  th ree  cases p l o t t e d  i n  Fig. 4 . 9 .  

We a r e  a l t e r i n g  t h e  in tegra ted  model f o r  performance of f u e l  and 

cladding t o  convert it f o r  use with power cycling. 

Physical  and Tensi le  Proper t ies  of Type 316 Sta in l e s s  S t e e l  ( W .  H. Bridges) 

The ava i lab le  da ta  on t h e  phys ica l  and t e n s i l e  proper t ies  of type 316 

s t a i n l e s s  s t e e l  were compiled. The da ta  f o r  phys ica l  p roper t ies  cover 

t h e  density,  melting range, spec i f i c  heat,  thermal expansion, thermal 

conductivity,  thermal d i f f u s i v i t y ,  emissivity,  and e l e c t r i c  r e s i s t i v i t y .  

The data for t e n s i l e  proper t ies  include t h e  t e n s i l e  and y i e ld  s t rengths  

a t  room temperature and elevated temperatures, Poisson's r a t i o ,  modulus 

of e l a s t i c i t y ,  and d u c t i l i t y .  The ava i l ab le  information was developed i n  

t h e  l i g h t  of such influencing f ac to r s  as cold work, t h e  e f f ec t  of N a  

and gas environments, and, i n  p a r t i c u l a r ,  t h e  e f f e c t s  of i r r a d i a t i o n  on 

t h e  various p rope r t i e s .  

A continuation of t h i s  e f f o r t  w i l l  include t h e  creep and s t r e s s -  

rupture  proper t ies ,  fa t igue ,  and other  mechanical proper t ies  of value i n  

r eac to r  design and modeling s tudies .  

Discrete-Element Analysis of t h e  Creep of S ta in l e s s  S t e e l  Tubing f o r  
LMFl3R Application ( B .  R.  Deweyg) 

We completed a computer program f o r  t h e  ana lys i s  of s t r e s s  i n  tubing 

where the re  e x i s t s  a radial va r i a t ion  of temperature and ma te r i a lp rope r -  

t i e s  and ran l imi ted  t e s t  cases .  This "discrete-element' '  ana lys i s  models 

t h e  tubing as a s e r i e s  of concentric,  hollow, c i r c u l a r  cyl inders  and 

solves t h e  in t e rac t ion  problem t h a t  r e s u l t s  from the  assemblage. 

Some experimental da ta  on t h e  creep and s t r e s s  rupture  of type 304 

s t a i n l e s s  s t e e l  tubing have been reported r ecen t ly  by Shively and Mahoney, lo 

who suggested t h e  creep law 



79 

where cr i s  equivalent s t r e s s ,  T i s  temperature, and the  other  parameters 

a r e  constants:  

mater ia l  w a s  t e s t e d  as received. The computed comparisons a r e  given i n  

Table 4 . 3  and 4.4. 
s t r e s sed  above t h e  proport ional  l i m i t .  

e 
A = 1.662 (lo5), n = 2.63 ,  Q = 88,840, and R = 2 .  The 

At t h e  spec i f ied  i n i t i a l  loading, t h e  tubing was not 

Table 4 . 3 .  Biaxial  Creep of Cold-Worked Type 3% 
Sta in less  S t e e l  Tubing a t  649°C 

Exp e r  h e n t a l a  Computed Circumferential  
S t ra ins ,  4 I n t e r n a l  

P r e s s w e  Time Circumferential  
S t r a i n  

Outer Wall 
( h r )  

Inner Wall (%I ( p s i )  

1750 103 0.050 0.031 0.042 
1750 408 0.168 0 .121  0.178 
1750 7 03 0.319 0.210 0.308 
1750 1008 0.403 0.300 0.440 

1460 103 0.084 0.016 0.028 
1460 5 03  0.151 0.092 0.137 
1460 1008 0.235 0.185 0.275 

0.550 1460 2016 0.571 0.370 

a J. H. Shively and M. W. Mahoney, Thermal Gradient Effects  
on Stress-Rupture Behavior of Thin-Walled Tubing, AI-AEC-12896 
(January 1 9 7 0 ) .  

Table 4.4. St re s s  Rupture of Cold-Worked Type 3% Sta in l e s s  S t e e l  
with Inner and Outer Temperatures of 713 and 685°C 

I n t e r n a l  Rupture Experimentala Computed S t r a ins  a t  
Pres sur e Time Peak S t r a i n  Rupture Time, 4 

( p s i )  ( h . d  ( 4 )  Inner Wall Outer Wall 

1530 177 2.2 1.6 2.9  

1160 558 2 .8  2 . 1  5 . 2  

1160 392 2.5 1.5 3.7 

a J. H. Shively and M. W. Mahoney, Thermal Gradient Effects  on 
Stress-Rupture Behavior of Thin-Walled Tubing, AI-AEC-12896 
(January 1 9 7 0 ) .  

Note t h a t  t h e  computed s t ra in  gradients  shown i n  Tables 4 . 3  and 4.4 
a r e  enhanced by t h e  thermal va r i a t ion  of mater ia l  p roper t ies ;  t h e  cont r i -  

bution due t o  thermal s t r e s s  apparently re laxes  r a the r  quickly.  
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CLPLDDING AND OTKER STRUCTURAL MATERIALS 

< 5 . ’  MECHANICAL PROPERTIES OF ALLOYS I N  REACTOR ENVIRONMENTS AND 
DEVELOPMENT OF LMFBR CLADDING AND STRUCTURAL MATERIALS 

-> - 
)/-? 

J. R. Weir, Jr. H. E. McCoy, Jr. 

This program i s  concerned with t h e  e f f e c t s  of i r r a d i a t i o n  on the  

mechanical proper t ies  of various metals of p o t e n t i a l  use i n  nuclear reac- 

t o r s .  

s t e e l ,  both mater ia l s  of i n t e r e s t  f o r  l iquid-metal  fast  breeder reac tors  

(LMFBR). 

t h e  r e su l t i ng  changes i n  density,  microstructure,  and mechanical proper- 

t i e s  a r e  being measured. 

V, and Nickel 270. 

p a r t i c l e  acce lera tors  t o  simulate neutron damage. 

The mater ia l s  of primary concern a r e  types 304 and 316 s t a i n l e s s  

These a l loys  a r e  being exposed t o  high neutron fluences,  and 

Other mater ia ls  under study include Incoloy 800, 

Some a t t e n t i o n  i s  a l s o  being given t o  t h e  use of 

.. 

Austeni t ic  S ta in less  S tee l s  

Effect  of Fast-Neutron I r r ad ia t ion  on t h e  Creep-Rupture Propert ies  of 
Type 304 S ta in l e s s  S t e e l  a t  600°C ( E .  E .  Bloom, J. 0. S t i e g l e r )  

The e f f e c t s  of i r r a d i a t i o n  damage on t h e  mechanical proper t ies  of  

cladding mater ia ls  a t  temperatures above about 350°C a r e  of concern f o r  

LMFBR appl ica t ions .  For specimens i r r a d i a t e d  and t e s t e d  a t  temperatures 
t h a t  produce a damage s t r u c t u r e  that  cons is t s  of voids and d is loca t ion  

loops, t h e  t e n s i l e  y i e ld  s t rength  i s  increased and t h e  uniform elongation 

i s  reduced. I-’ 

type 304 s t a i n l e s s  s t e e l  i r r a d i a t e d  a t  450 f 50°C t o  1.1 X 

(> 0 . 1  MeV). 

pera ture  (Tm),  t h e  d u c t i l i t y  was reduced by t h e  onset of  p l a s t i c  i n s t a b i l -  

i t y  ( l o c a l  necking) induced by the  increased flow s t r e s s  and reduced 

r a t e s  of work hardening. 

con t ro l  d u c t i l i t y .  

p roper t ies  as a funct ion of fas t -neutron fluence and pos t i r r ad ia t ion  t e s t  

temperature. 

Holmes -- e t  a l .  inves t iga ted  t h e  t e n s i l e  proper t ies  of 

neutrons/cm2 

A t  t e s t  temperatures below 0.5 of t h e  absolute  melting tem- 

Above 0.5 Tm, He embrittlement was thought t o  

Carlander -- et a l .  ’ inves t iga ted  t h e  change i n  t e n s i l e  

For specimens i r r a d i a t e d  a t  temperatures of 370 t o  470°C 
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and t e n s i l e  t e s t e d  a t  45OoC, t h e  changes i n  y i e ld  s t rength  and uniform 

elongation were found t o  s a t u r a t e  a t  about 2 X 

(> 0 . 1  Mev). 

neutrons/cm2 
I 

Previous inves t iga t ions ,  i n  which specimens were i r r a d i a t e d  i n  ther -  

m a l  r eac tors ,  showed t h a t  a t  t e s t  temperatures above about 550°C t h e  He 

produced by transmutation s i g n i f i c a n t l y  reduced the  d u c t i l i t y ,  par t icu-  

l a r l y  a t  t h e  low s t r a i n  r a t e s  encountered i n  creep-rupture t e s t s .  '7 

This loss  of d u c t i l i t y  w a s  ascr ibed t o  t h e  increased r a t e  a t  which cracks 

were i n i t i a t e d  and propagated due t o  t h e  presence of He a t  t he  g ra in  

boundaries. The e f f e c t  of i r r a d i a t i o n  t o  high fast-neutron fluences on 

t h e  creep-rupture proper t ies  has not been inves t iga ted .  O f  p a r t i c u l a r  

i n t e r e s t  a r e  t h e  changes i n  proper t ies  t h a t  occ'ur when t h e  specimen con- 

t a i n s  t h e  void and d is loca t ion  loop s t ruc tu re  formed a t  i r r a d i a t i o n  

temperatures below about 650°C and when t h e  t e s t  i s  conducted a t  a tem- 

pera ture  a t  which He embrittlement i s  an important f ac to r  ( i . e . ,  above 

about 550°C). 

p roper t ies  of specimens t h a t  were i r r a d i a t e d  under d i f f e r e n t  conditions 

i n  order t o  r e l a t e  t h e  changes i n  creep-rupture proper t ies  t o  t h e  micro- 

s t r u c t u r e  produced by i r r a d i a t i o n .  

The objec t ive  of t h i s  work was t o  study the  creep-rupture 

Sheet specimens of type 304 s t a i n l e s s  s t e e l  were machined from a 

safety-rod thimble6 i r r a d i a t e d  i n  t h e  Experimental Breeder Reactor-I1 

(EBR-11) .  

0.10 em th ick ,  and 116.6 em long, was placed i n  t h e  reac tor  i n  t h e  

annealed condition and had an average g ra in  diameter of 0.045 mm. 

was  i r r a d i a t e d  i n  a row 3 pos i t i on  of t h e  reac tor  t o  a peak fluence of 

6.7 X lo2* neutrons/cm2 (> 0 . 1  Mev) . 
neutron fluence and i r r a d i a t i o n  temperature along t h e  length of t h e  

thimble, a s  shown i n  Fig. 5.1. Because of t h e  small dimensions of t h e  

thimble, only two specimens of a given i r r a d i a t i o n  temperature and fluence 

condition were obtained. We inves t iga ted  t h e  e f f e c t s  of varying f a s t -  

The thimble, a hexagonal tube about 3.2 cm across each f la t ,  

It 

There was a gradient  i n  both 

neutron fluence and i r r a d i a t i o n  temperature by removing specimens from 

those segments o f  t he  thimble located below and above t h e  reac tor  core. 

In  order t o  expand t h e  range of i r r a d i a t i o n  temperature beyond t h a t  

ava i l ab le  through an examination of t h e  safety-rod thimble, specimens of 

type 304 s t a i n l e s s  s t e e l  were i r r a d i a t e d  i n  an experimental subassembly 
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Fig. 5.1. Fast-Neutron Fluence and I r r ad ia t ion  Temperature f o r  
Experimental Weeder Reactor- I1 Safety-Rod Thimble. 

located i n  row 2 of t h e  EBR-11. The specimens were i r r a d i a t e d  i n  speci-  

men holders such as t h e  one shown schematically i n  Fig. 5.2.  A gas gap 

between t h e  holder surface and t h e  in s ide  surface of t h e  tube element 

provided a b a r r i e r  t o  r a d i a l  hea t  f l o w  and allowed temperatures above 

t h a t  of t h e  r eac to r  coolant t o  be obtained. The experiment was  designed 

and ca l ib ra t ed  on t h e  bas i s  of  nuclear heating r a t e s  as a funct ion of 

pos i t i on  within t h e  reac tor  a s  determined i n  a previous experiment. The 
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Fig. 5 .2 .  Schematic Drawing of Specimen Holder Used i n  I r r ad ia t ion  
Experiments i n  Experimental Eireeder Reactor-11. 

ca lcu la ted  i r r a d i a t i o n  temperature w a s  600°C f o r  a peak gamma heating 

r a t e  of 3.5 w/g. Gamma heat ing r a t e s  of 3.0 and 4.0 w/g would give irra- 

d i a t ion  temperatures of 570 and 630°C, respec t ive ly .  

Pos t i r r ad ia t ion  creep-rupture t e s t s  were performed i n  a i r  a t  600 k 5°C 

i n  lever-arm creep machines located i n  hot c e l l s .  Specimen elongation as 

a funct ion of  time was  determined by a l i n e a r  d i f f e r e n t i a l  transformer 

t h a t  measured t h e  r e l a t i v e  movement of t he  upper and lower specimen g r ips .  

Creep-rupture t e s t s  on specimens machined from an uni r rad ia ted  EBR-I1  

safety-rod thimble were run t o  determine t h e  change i n  proper t ies  due t o  

i r r a d i a t i o n .  Tested specimens were examined by o p t i c a l  metallography, 

transmission microscopy, and scanning e lec t ron  microscopy. 

Specimens i r r a d i a t e d  t o  fas t -neutron fluences of 2 X 1O2I t o  

6.7 X 

contained voids and f au l t ed  i n t e r s t i t i a l  d i s loca t ion  loops. The d e t a i l s  

of t h e  microstructures were reported elsewhere. A t  low fast-neutron 

fluences [below 

neously d i s t r ibu ted .  Dislocation loops were c lus te red  around grown-in 

d is loca t ion  l i nes ,  and voids were of ten  located on d is loca t ion  l i n e s .  

For specimens i r r a d i a t e d  t o  a constant fas t -neutron fluence,  t h e  concen- 

t r a t i o n s  of voids and d is loca t ion  loops decreased and t h e i r  s i z e  increased 

neutrons/cm2 (>  0 . 1  MeV) a t  temperatures between 370 and 4'70°C 

neutrons/cm2 (> 0 .1  MeV)] t h e  damage was heteroge- 
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with increasing temperature. Examples of t he  s t ruc tu res  of d i s loca t ion  

loops and voids f o r  specimens i r r a d i a t e d  a t  370 t o  380°C and 460 t o  470°C 
a r e  shown i n  Figs.  5.3 and 5.4, respect ively.  Regions about 1000 A wide 

adjacent t o  gra in  boundaries were denuded of these  defec ts .  A t  f luences 

above about 1 X neutrons/cm2 (> 0 . 1  MeV) the  concentration of loops 

was so high t h a t  measurements by quant i ta t ive  microscopy were impossible. 

After  i r r a d i a t i o n  a t  570 t o  630°C t o  fluences of 2.5 t o  3.5 X 

neutrons/cm2 (> 0 .1  MeV), t he  damage s t ruc tu re  consis ted of  a d i s loca t ion  

network, a few unfaulted d is loca t ion  loops, and voids up t o  about 600 A 

i n  diameter. A t y p i c a l  microstructure i s  shown i n  Fig. 5.5. The dark, 

rectangular  p a r t i c l e  i s  a t h i n  sheet p r e c i p i t a t e .  

Fig. 5.3. Dislocation Loops i n  Type 304 Sta in less  S t e e l  I r r ad ia t ed  
a t  (a )  370°C t o  0.8 X 
0.9 X neutrons/cm2 (> 0 . 1  Mev). ” 

neutrons/cm2 (> 0 . 1  Mev) and ( b )  460°C t o  

The creep-rupture proper t ies  a t  600°C of sheet specimens removed 

from an uni r rad ia ted  safety-rod thimble and of rod specimens of t h e  same 

hea t  (BO) i r r a d i a t e d  i n  t h e  experimental subassembly a r e  shown i n  Fig. 5.6. 

The s t rength  proper t ies  of these  two heats  of type 304 s t a h l e s s  s t e e l  

a r e  t y p i c a l  f o r  t h i s  a l loy ,  and t h e  va r i a t ion  i n  proper t ies  between 

these  two hea ts  i s  wel l  within t h e  va r i a t ion  between heats ,  as discussed 
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Fig. 5.4. Voids i n  Type 304 Sta in l e s s  S t e e l  I r r ad ia t ed  a t  ( a )  370°C 
t o  1 .2  X 
neutrons/cm2 (> 0.  I Mev) . 

neutrons/cm2 (> 0 . 1  Mev) and (b )  460°C t o  2 . 1  X 

Fig. 5.5. Dislocat ion Network and Voids i n  Type 3% Sta in l e s s  S t e e l  
I r r ad ia t ed  a t  600°C t o  3.5 X neutrons/cm2 (> 0 . 1  Mev). 

by Smith.* 

t o  40% f o r  t he  safety-rod thimble specimens and from 9 t o  25% for speci-  

mens from heat  BO. 

Duct i l i ty ,  as measured by t o t a l  elongation, ranged from 16 
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Fig. 5.6. Creep-Hupture Propert ies  of Two Heats of Type 304 Stain- 
l e s s  S t e e l  a t  600°C. 

The e f f e c t  of fast-neutron fluence on t h e  rupture l i f e  of safety-rod 

thimble specimens i r r a d i a t e d  a t  370 t o  460°C and t e s t e d  a t  600°C and 

27,500 p s i  i s  shown i n  Fig. 5.7. The rupture  l i f e  of t h e  uni r rad ia ted  

safety-rod thimble a t  t h i s  temperature and s t r e s s  w a s  185 h r .  

i r r a d i a t e d  a t  370°C ruptured sooner than specimens i r r a d i a t e d  a t  460°C. 
For each i r r a d i a t i o n  temperature, t h e  rupture  l i f e  decreased sharply with 

increasing fast-neutron fluence.  A specimen i r r a d i a t e d  a t  410°C t o  about 

6.5 X lo2‘ neutrons/cm2 (> 0 . 1  Mev) had a rupture  l i f e  of 0.55 hr ,  a 

f a c t o r  of 330 l e s s  than t h a t  of t h e  uni r rad ia ted  mater ia l .  The t o t a l  

elongation as a function of fluence f o r  these specimens i s  shown i n  

Fig.  5.8. 
,unirradiated specimens t e s t e d  a t  these  conditions t o  values of 2 t o  3% 

f o r  specimens i r r ad ia t ed  t o  fluences of 4 X 1021 neutrons/cm2 (> 0.1 Mev). 

The d u c t i l i t y  decreased continuously with increasing fast-neutron fluence 

and was e s s e n t i a l l y  independent of  i r r a d i a t i o n  temperature from 370 t o  

460°C. 

Specimens 

The t o t a l  elongation was  reduced from values of I5 t o  25% f o r  

Typical curves f o r  s t r a i n  versus time for specimens i r r a d i a t e d  a t  

370°C a r e  shown i n  Fig. 5.9. The primary s tage  of creep l a s t e d  only a 

very shor t  time i n  i r r a d i a t e d  specimens, usua l ly  l e s s  than 1 hr,  as  com- 

pared t o  12 h r  f o r  an uni r rad ia ted  specimen. Secondary creep r a t e s  were 

reduced by t h e  i r r ad ia t ion ,  but  f o r  specimens i r r a d i a t e d  t o  fluences 

g rea t e r  than about 1 X neutrons/cm2 (> 0 . 1  MeV) f r ac tu re  occurred 
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Fig. 5 . 9 .  Effect  of I r r ad ia t ion  a t  370°C on t h e  Creep of Type 304 
Sta in l e s s  S t e e l  a t  600°C and 27,500 p s i .  

i n  such shor t  times t h a t  t h e  creep r a t e s  have l i t t l e  s ign i f icance .  None 

of t h e  i r r a d i a t e d  specimens entered t e r t i a r y  creep. 

Creep-rupture proper t ies  of specimens i r r a d i a t e d  a t  600°C t o  fast- 

neutron fluences of 2.5 t o  3.5 X 

i n  Fig.  5.10. For these  i r r a d i a t i o n  conditions,  t h e  rupture  l i f e  changed 

l i t t l e  o r  not a t  a l l ;  however, t h e  d u c t i l i t y  was s i g n i f i c a n t l y  reduced. 

For example, an uni r rad ia ted  specimen t e s t e d  a t  27,500 p s i  had elongated 

about 5 %  a t  t h e  onset of t e r t i a r y  creep and a t o t a l  of 9% a t  f r ac tu re  as  

compared t o  an i r r a d i a t e d  specimen t e s t e d  a t  t h e  same s t r e s s  t h a t  

neutrons/cm2 (> 0.1 MeV) a r e  shown 
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Fig. 5.10. Effect  of I r r ad ia t ion  a t  600°C t o  2.5 t o  3.5 X 
neutrons/cm2 (> 0.1 MeV) on the  Creep-Rupture Propert ies  of Type 304 
Sta in l e s s  S t e e l  a t  600°C. 
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elongated a t o t a l  of 2.1% with no t e r t i a r y  creep. Minimum creep r a t e s  

of i r r a d i a t e d  specimens were about one quar te r  of those of t h e  unirra-  

d ia ted  mater ia l .  The net  r e s u l t  of t he  reduced minimum creep r a t e s  and 

reduced d u c t i l i t i e s  w a s  t h a t  i r r a d i a t i o n  d i d  not change t h e  rupture l i f e .  

A l l  i r r a d i a t e d  specimens f rac tured  in te rgranular ly .  Figure 5.11 i s  

a scanning e lec t ron  photomicrograph of a specimen i r r a d i a t e d  a t  410°C t o  

6.7 X neutrons/cm2 (> 0 . 1  Mev) and t e s t e d  a t  600°C and 27,500 p s i  

s t r e s s .  The in te rgranular  f r a c t u r e  began on t h e  l e f t  s ide  of t h e  speci-  

men and propagated t o  the  r i g h t .  The r i g h t  por t ion  f a i l e d  l a s t  i n  a 

shear mode, presumably a t  a very high s t r e s s  l e v e l  and high s t r a i n  r a t e .  

Optical  metallography confirmed t h a t  even i n  those specimens i r r a d i a t e d  

t o  r e l a t i v e l y  low fluences t h e  f r ac tu res  were intergranular  with no evi- 

dence of deformation within t h e  matrix and l i t t l e  o r  no cracking a t  t h e  

gra in  boundaries i n  t h e  region adjacent t o  t h e  f r ac tu re .  Thus, it appears 
t h a t  a grain-boundary crack, once i n i t i a t e d ,  propagates rap id ly  t o  cause 

f a i l u r e .  

For t h e  specimens from t h e  EBR-I1  safety-rod thimble, t he  i r r a d i a -  

t i o n  temperature w a s  lower than t h e  t e s t  temperature. Thus, it was impor- 

t a n t  t o  determine t h e  changes i n  microstructure  t h a t  occurred during t h e  

t e s t .  Figure 5.12 i s  a transmission photomicrograph of t he  a rea  near t h e  

f r a c t u r e  of t h e  same specimen as shown i n  Fig. 5.11. The specimen had 

been a t  600°C f o r  about 4 h r  before f a i l u r e  occurred. Before t e s t i n g ,  

t h e  s t ruc tu re  consis ted of voids and f au l t ed  d is loca t ion  loops. During 

t h e  t e s t ,  t h e  d is loca t ion  loops unfaulted t o  produce t h e  d is loca t ion  

s t ruc tu re  shown i n  Fig. 5.12. 

of t h e  d is loca t ion  loops can occur during annealing 1 hr  a t  600°C. 

it i s  probable t h a t  t h e  d is loca t ion  loops unfaulted during t h e  3-hr hold 

a t  600°C before appl ica t ion  of t h e  s t r e s s .  

of d i s loca t ions  were very s imi la r  t o  those i n  a specimen i r r a d i a t e d  under 

t h e  same conditions and then annealed f o r  2 h r  a t  600°C. The lack of 

d i s loca t ion  tangles  and t h e  s i m i l a r i t y  of microstructures between s t ressed  

and unstressed specimens a r e  evidence t h a t  l i t t l e  deformation occurred 

within t h e  matrix. The void concentration and d i s t r i b u t i o n  of void s i zes  

i n  t h e  t e s t e d  specimen were about t h e  same as those i n  specimens i n  the  

i r r a d i a t e d  condition. 

Previous resu l t s ’  showed t h a t  unfaul t ing 

Thus, 

The dens i ty  and configurations 
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Fig.  5.11. Fracture of Type 3% Sta in l e s s  S t e e l  I r r ad ia t ed  a t  410°C t o  6.7 X 10'' neutrons/cm2 
(> 0 . 1  MeV) and Tested a t  600°C and 27,500 p s i .  
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Dislocation Structure  of Type 304 Sta 
t o  6.7 X neutrons/cm2 (> 0 . 1  Mev) 

i n l e s s  S t e e l  Irra- 
and Tested a t  600 "C  

It i s  wel l  documented4, 5,10 t h a t  t h e  He produced during t h e  irradia- 

t i o n  caused a reduction i n  d u c t i l i t y  and rupture  l i f e  due t o  i t s  e f f e c t s  

on grain-boundary f r ac tu re  processes.  The specimen i r r a d i a t e d  a t  410°C 

t o  6.7 X lo2* neutrons/cm2 (> 0 . 1  MeV) contained about 12 ppm He ( r e f .  ll), 
exhibi ted about 0.1% t o t a l  elongation, and ruptured i n  0.5 h r  ( a  f a c t o r  

of 330 l e s s  than t h e  time f o r  t h e  uni r rad ia ted  ma te r i a l ) .  King'' showed 

t h a t  a uniform concentration of 20 ppm He reduced t h e  rupture  l i f e  of 

annealed type 304 s t a i n l e s s  s t e e l  from 900 t o  40 h r  a t  600°C and 

30,000 p s i .  

neutron i r r a d i a t e d  specimens cannot be e n t i r e l y  due t o  t h e  He produced 

by i r r a d i a t i o n .  The in te rgranular  f r a c t u r e  observed a t  elevated temper- 

a tu re s  i s  believed t o  be i n i t i a t e d  by grain-boundary s l id ing .12  In t h e  

i r r a d i a t e d  specimens, t h e  regions adjacent t o  t h e  g ra in  boundaries were 

denuded of t h e  damage s t ruc ture ,  and deformation along t h e  boundaries 

probably occurred s imi l a r ly  i n  uni r rad ia ted  and i r r ad ia t ed  specimens. 

When t h i s  deformation occurred, s t r e s s e s  were concentrated a t  cons t ra in ts  

such as jogs and grain-boundary junctions.  In  an unirradiated specimen, 

these  s t r e s ses  can be reduced by deformation within t h e  matrix. For irra- 

d ia ted  specimens, deformation i n  t h e  matrix i s  impeded by t h e  defect  

The reduction i n  rupture  l i f e  and d u c t i l i t y  of t h e  fast- 
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9 

s t ruc tu re .  

s t r e s s  along g ra in  boundaries i s  l i k e l y  t o  be enhanced by t h e  presence 

of He. 

The propagation of cracks nucleated i n  these  regions of high 

Thermomechanical Treatments of Type 316 Sta in less  S t e e l  (Die te r  Fahr) 

In many cases t h e  mechanical proper t ies  a f t e r  i r r a d i a t i o n  have been 

dependent upon t h e  microstructure of t h e  mater ia l .  The spec i f i c  e f f ec t s  

of var iab les  such as  gra in  s ize ,  d i s t r i b u t i o n  and s i z e  of p rec ip i t a t e s ,  

and number and configuration of d i s loca t ions  have not been c l e a r l y  

defined f o r  type 316 s t a i n l e s s  s t e e l .  

thermomechanical treatments f o r  f u t u r e  reac tor  experiments on t h e  bas i s  

of t h e  r e su l t i ng  microstructures.  The p r inc ipa l  c r i t e r i a  f o r  s e l ec t ion  

consider t h e  i n t e r r e l a t i o n  between p r e c i p i t a t e s  and the  nucleation of 

voids, t he  e f f e c t  of d i s loca t ions  (as vacancy s inks)  on swelling, t h e  

p o s s i b i l i t y  of trapping He bubbles by means of p r e c i p i t a t e s  within the  

matrix t o  prevent t h e i r  ul t imate  concentration within t h e  g ra in  boundary, 

i r rad ia t ion- inducib le  p rec ip i t a t ion ,  g ra in  s i ze ,  and e f f e c t s  of prec ip i -  

t a t i o n  on creep proper t ies .  

Studies a r e  under way t o  se l ec t  

Type 316 s t a i n l e s s  s t e e l  specimens with 20% cold work were annealed 

f o r  1 and 10 h r  a t  450, 550, 650, and 750°C. Electron photomicrographs 

d i d  not r evea l  any difference i n  microstructure between t h e  cold-worked 

ma te r i a l  and t h a t  annealed a t  temperatures as high as 650°C (Figs .  5.13 

and 5.14). 
observed (F ig .  5.15), and r e c r y s t a l l i z a t i o n  and gra in  growth had taken 

place a f t e r  10 h r  a t  750°C (Fig.  5.16) , leaving many p r e c i p i t a t e s  within 

t h e  gra ins  and only a few along t h e  gra in  boundaries. 

of t h e  p r e c i p i t a t e  p a r t i c l e s  s t rongly suggests t h a t  p r e c i p i t a t i o n  took 

place within t h e  s l i p  bands and along t h e  gra in  boundaries of t h e  cold- 

worked gra ins .  There was p r a c t i c a l l y  no p r e c i p i t a t i o n  a t  twin boundaries 

t h a t  formed during g ra in  growth. 

After 1 hr  a t  75~0°C~ some rec rys t a l l i zed  grains  could be 

The d i s t r i b u t i o n  

The e f f ec t s  of small amounts of cold and "warm" work on t h e  recrys-  

t a l l i z e d  grains  and t h e  in t e rac t ion  between d is loca t ions  and t h e  estab- 

l i shed  p r e c i p i t a t i o n  s t ruc tu re  w i l l  be studied. Other inves t iga t ions  

concentrate on improving t h e  pos t i r r ad ia t ion  mechanical proper t ies  of 
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Fig. 5.13. Electron Photomicrograph of Type 316 Sta in less  S t e e l  
a f t e r  20% Reduction i n  Area a t  Room Temperature. 52,OOOX. 

- - - - _. .. 
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Fig. 5.14. Electron Photomicrograph of Type 316 Sta in less  S t e e l  
a f t e r  20% Reduction i n  Area a t  Room Temperature and Annealing f o r  10 hr  
a t  650°C. 49,250x. 
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.. . . 

Fig. 5.15. Electron Photomicrograph of Type 316 Sta in less  S t e e l  
a f t e r  20% Reduction i n  Area a t  Room Temperature and Annealing f o r  1 hr 
a t  750°C. 56,500X. 
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Fig. 5.16. Electron Photomicrograph of Type 316 Stainless Steel 
after 20% Reduction in Area at Room Temperature and Annealing for 10 hr 
at 750°C. 35,500x. 
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type 316 standard and Ti-modified st: J e s s  s t e e l s  by means of thermo- 

mechanical treatments while main ta iung  an u l t r a f i n e  gra in  s i ze .  

Formation of  Voids i n  I r r ad ia t ed  Nickel 270 (J.  0. S t i eg le r ,  E. E. Bloom) 

Since t h e  i n i t i a l  observation by Cawthorne and F ~ l t o n ’ ~ ~ ~ ~  t h a t  three-  

dimensional c a v i t i e s  o r  voids a r e  produced i n  s t a i n l e s s  s t e e l  during fast- 

neutron i r r a d i a t i o n  a t  elevated temperatures, many inves t iga t ions  have 

v e r i f i e d  t h e  phenomenon and shown it t o  be a common occurrence i n  metals 

and a l loys  i r r a d i a t e d  between about 0 .3  and 0.5 of t h e i r  absolute  melting 

temperature. Although voids a r e  commonly observed, t he  k ine t i c s  govern- 

ing t h e i r  nucleation and growth vary widely between d i f f e r e n t  mater ia l s .  

For example, voids a r e  observed i n  N i  ( r e f s .  E, 16) a f t e r  i r r ad ia -  

t i o n  t o  fluences only s l i g h t l y  g rea t e r  than 

fluences i n  excess of lo2’ neutrons/cm2 a r e  required t o  produce observable 

voids i n  s t a i n l e s s  s t e e l . 7  Rela t ive ly  small  differences i n  t h e  impurity 

l e v e l  i n  metals a l s o  inf luence t h e  nature,  mount ,  and d i s t r i b u t i o n  of 

t h e  damage produced a t  elevated temperatures. 

lo2’ neutrons/cm2), both voids and d is loca t ion  loops form i n  high-purity 

(99.9999%) A l ,  but only loops occur i n  mater ia ls  of commercial puri ty .17 

Voids a r e  eventual ly  produced i n  t h e  A1 of commercialpurity,  but only a t  

fluences i n  excess of neutrons/cm2. Even among t h e  a u s t e n i t i c  s ta in-  

l e s s  s t e e l s ,  wide va r i a t ions  i n  void s i z e s  and concentrations a r e  observed 

f o r  equivalent i r r a d i a t i o n  exposures. 

voids produced i n  type 347 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  t h e  EBR-I1  a t  

about 660°C were both smaller and more numerous than those formed i n  

type 304 s t a i n l e s s  s t e e l .  

of 0.18 w t  % T i  t o  type 304 s t a i n l e s s  s t e e l  s i g n i f i c a n t l y  reduced t h e  

concentration of voids a f t e r  i r r a d i a t i o n  i n  EBR-I1  t o  a fluence of 

1 . 6  X 

neutrons/cm2, while 

A t  l m  fluences (about 

Lauritzen -- e t  a l .  l8 showed t h a t  t he  

Bloom and S t i e g l e r l g  showed t h a t  t h e  addi t ion  

neutrons/cm2 a t  about 450°C. 

Helium has been shown t o  have a s t rong inf luence on void formation. 

In  experiments i n  which damage was introduced by cyclotron i r r ad ia t ion ,  

Nelson and Mazey2O showed t h a t  a uniform concentration of a few p a r t s  

pe r  mil l ion of He ( a l s o  introduced by cyclotron) g r e a t l y  increased the  

concentration of voids. 

neutron i r r a d i a t i o n .  Fa r re l l ,  King, and Wolf enden2 showed t h a t  

Bloom and St iegler2’  v e r i f i e d  t h i s  f inding f o r  
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parts-per-mil l ion quan t i t i e s  of H or He, uniformly d i s t r ibu ted ,  g r e a t l y  

increased void concentrations i n  A l .  

It i s  c l e a r  from t h i s  discussion t h a t  mater ia l  var iab les  a r e  a t  

l e a s t  as  important as i r r a d i a t i o n  conditions i n  determining the  damage 

produced i n  metals and a l loys  a t  elevated temperatures. 
of impuri t ies  i n  t h e  damage process i s  c l a r i f i e d ,  a t h e o r e t i c a l  under- 

standing of t he  mechanisms t h a t  cause nucleation and growth of voids 

w i l l  be clouded by apparently conf l ic t ing  experimental observations.  

Unt i l  t he  r o l e  

In t h i s  repor t  we present some observations on r e l a t i v e l y  pure N i .  

Although t h e  observations a r e  i n  conf l i c t  with those of other  examina- 

t i o n s  of N i ,  we bel ieve t h a t  t h e  differences a r e  r e a l  and s ign i f i can t  

and t h a t  an understanding of these  c o n f l i c t s  w i l l  cont r ibu te  t o  an under- 

standing of t h e  broader problem. 

The ma te r i a l  used i n  t h i s  inves t iga t ion  w a s  t he  commercial product 

Nickel 270, which i s  99.98% pure with respect  t o  me ta l l i c  elements. 

chemical ana lys i s ,  including nonmetallic impuri t ies ,  i s  given below: 

A 

Element Content 
( w t  %I 

Mo 
C r  
T i  
C 
Fe 
S i  
Mn 
W 
Z r  
v 
co 
cu 
Nb 
A1 
S 
P 
B 
0 
N 
H 
N i  

< 0.02 
0.03 

< 0.02 
0.004 
0.07 

< 0.01 
0.08 
0.01 

< 0.01 
< 0.01 
0.10 
0.04 
0.005 
0.001 
0.003 
0.001 
0.0006 
0.0021 
0.0011 
0.0018 
balance 
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The mater ia l  was  machined i n t o  t e n s i l e  specimens 0.32 cm 

and 2.86 cm long (gage length) ,  which were then annealed 

700°C before i r r a d i a t i o n .  

i n  diameter 

1 hr  i n  A r  a t  

The specimens were i r r a d i a t e d  t o  fluences of 1.1 X t o  

1 .4  X lo2' neutrons/cm2 (> 0 . 1  MeV) i n  subassemblies i n  row 2 of t he  

core of t h e  EBR-11. Specimens were mo.unted i n  holders i so l a t ed  from the  

in s ide  surface of t h e  tube element by a gas gap. Temperatures higher 

than ambient were obtained by varying t h e  s i z e  of t h e  gap and t h e  gas - 

He o r  A r .  The temperatures reported were calculated from measured r a t e s  

of gamma heat ing . 
Disks about 0.5 mm t h i c k  were cut f r o m t h e  gage length of t h e  speci-  

mens and thinned for transmission e lec t ron  microscopy by t h e  automated 

technique described by DuBose and S t i e g l e r .  2 3  

quan t i t a t ive  measurements were determined by measuring the  projected 

widths of twin boundaries. Foil thicknesses and the resulting void con- 

cent ra t ions  a r e  believed t o  be accurate  t o  within a f a c t o r  of 2 .  

F o i l  thicknesses f o r  

Voids were observed f o r  a l l  t h e  i r r a d i a t i o n  conditions reported 

here .  Although many of t h e  void c h a r a c t e r i s t i c s  var ied with temperature 

or fluence,  t h e  void concentration was  reasonably constant.  The values, 

given i n  Table 5.1, range between 2 and 3 X loi4 voids/cm3, except f o r  

t h e  specimens t h a t  received t h e  lowest and highest  f luence.  For t h e  

specimen t h a t  received t h e  lowest f luence (1.1 x loi8 neutrons/cm2), a l l  

t h e  voids were l e s s  than 60 A i n  diameter, and it i s  l i k e l y  t h a t  a con- 

s iderable  f r a c t i o n  of t h e  voids was not v i s i b l e .  

received t h e  highest  l e v e l  of f luence t h e  voids were l a rge  enough t h a t  

t h e  voids must have touched and merged, which would tend t o  reduce the  

concentration. Within t h e  accuracy of our measurements, we can see no 

systematic va r i a t ion  i n  void concentration over t h e  ranges of tempera- 

t u r e  and fluence reported here .  

In specimens t h a t  

Although a va r i a t ion  i n  i r r a d i a t i o n  temperature did not influence 

t h e  concentration of voids, it d id  a l t e r  t he  s i zes  and shapes of t h e  

voids t h a t  were present .  Variations i n  shape a r e  i l l u s t r a t e d  i n  

Figs.  5.17 t o  5.19. 

t h e  voids had well-defined cubic shapes. In  seven of e ight  cases i n  which 

t h e  shape of t h e  voids was  ca re fu l ly  analyzed, t h e  pro jec t ions  were 

A t  t h e  lower i r r a d i a t i o n  temperatures (385 t o  410°C) 
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Table 5.1. Summary of Void Charac te r i s t ics  

Calculat  ed 
Frac t iona l  

Volume Increase 

Average 
Size Concentration I r r a d i a t i o n  Fluence 

Temperature [ neutrons/cm2 ( voids/cm3) 

( A) (%> ( O C >  (> 0 . 1  Mev)] 

385 
4 10 
440 
470 
525 
370 
370 
470 

1.4 x lo2' 
1.4 X lo2' 
1.4 X lo2' 
1.4 X lo2' 
1.4 x lo2' 
1.1 x 1018 
3.2 x 1019 
1.5 X 

2.9 
3.2 
2.0 
3.2 
2.4 
1.2 
2.9 - 1.0 

126 
133 
151 
160 

<: 60 

> 300' 

0.05; 
0. 07b 
0. 06b 
0.06 

a 

bAssuming a spher ica l  shape. 

Assuming a cubic shape. 

Voids ranged between 300 and about 1500 A i n  diameter. Since a C 

l a rge  f r a c t i o n  in te rsec ted  f o i l  surfaces,  no r e l i a b l e  s i z e  d i s t r ibu t ions  
could be obtained. 

Fig. 5.17. Cubic Voids i n  Nickel 270 I r r ad ia t ed  i n  t h e  Experimental 
Breeder Reactor-I1 a t  385°C. 
projec t ion  but ro t a t ed  about 45" i n  t h e  plane of t he  photograph. 

Octahedral voids would show a similar 
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d 
Fig. 5.18. Nearly Equiaxed Polyhedral Voids i n  Nickel 270 Irra- 

i a t e d  i n  t h e  Experimental Breeder Reactor-I1 a t  470°C. 

E. 
( 

Fig. 5.19. Elongated Voids Formed i n  Nickel 270 I r r ad ia t ed  i n  t h e  
xperimental Breeder Reactor-I1 a t  525°C. 
110) d i rec t ions .  

The voids a r e  elongated along 

-. . . 
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cons is ten t  with a cubic shape and incons is ten t  with an octahedral  shape. 

One case was  ambiguous. A t  intermediate temperatures (440 t o  470"C), 

many of t h e  voids tended t o  become nearly equiaxed polyhedra. It w a s  

d i f f i c u l t  t o  say whether they were t runcated cubes or t runcated octa- 

hedra, s ince t h e  surfaces formed by t h e  t runca t ion  could not be d i s t i n -  

guished from the  bas ic  surfaces .  A t  t h e  highest  i r r a d i a t i o n  temperature 

(525"C), about one-third of t h e  voids were elongated along (110) direc-  

t i ons ,  as  can be seen i n  Fig. 5.20. The maximum r a t i o  of length t o  

width w a s  about 5 .  Similar elongated voids on a much coarser  s ca l e  have 

been observed i n  A 1  i r r a d i a t e d  a t  about t he  same homologobs temperature.*' 

Fig. 5.20. Clusters  of Voids Formed i n  Nickel 270 I r r ad ia t ed  i n  
the  Experimental Breeder Reactor-I1 a t  370°C t o  a Fluence of 3 .2  X 10'' 
neutrons/cm2 (> 0 . 1  MeV). 

The average s i z e  of t he  voids appeared t o  increase with increasing 

i r r a d i a t i o n  temperature a t  constant fluence, as can be seen i n  Table 5 .1 .  

The average s i z e  of t h e  diameter of t h e  voids may be a misleading measure 

of t h e i r  s ize ,  s ince  t h e  shape of t h e  voids var ies  with i r r a d i a t i o n  tem- 

pera ture .  

edge of a cube, and a t  440 and 470°C it represents  t h e  average diameter 

A t  385 and 410"C, it represents  t h e  average length of t h e  



104 

of t h e  more equiaxed polyhedra. S l igh t  increases  were noted i n  the  

length of t h e  edges of t he  cubes between 385 and 410°C and i n  t h e  diam- 

e t e r  of t he  polyhedra between 44.0 and 4 7 O o C ,  but t h e  much l a rge r  increase 

i n  t h e  average s i z e  of t h e  voids between 410 and 440°C may be associated 

with t h e  change i n  shape. Since t h e  volume of a cube with an edge length 

of d i s  appreciably l a rge r  than t h a t  of a more equiaxed polyhedron with 

an average diameter of d, t h e  average void volume and consequently t h e  

swelling a r e  much l e s s  s ens i t i ve  t o  changes i n  i r r a d i a t i o n  temperature 

than i s  the  average s i z e  of t he  voids. 

Many instances of heterogeneous void d i s t r ibu t ions  were observed. 

An extreme example, Shawn i n  Fig.  5.21, i l l u s t r a t e s  t h e  tendency com- 

monly observed for t h e  voids t o  form c l u s t e r s .  The s t a t i s t i c a l  t e s t  f o r  

randomness described by Ashby and E b e l i ~ ~ g ~ ~  and by Minter and Foreman26 

was  appl ied t o  t h i s  mater ia l .  Photomicrographs were marked i n t o  squares 

containing an average of about t w o  voids per  square, and the  number of 

voids per  square was counted. For a random d i s t r ibu t ion ,  t h e  p robab i l i t y  

P(n) of  f inding n voids i n  a square, assuming a Poisson d i s t r ibu t ion ,  was 

where p i s  the  average number of voids per  square. A p l o t  of t h e  r e l a -  

t i v e  frequency of occurrence of voids per  square f o r  t h e  a rea  of Fig. 5.20 
i s  shown i n  Fig. 5 .21 along with a Poisson d i s t r i b u t i o n  for a random a r ray  

ORNL-DWG 70-8148 
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t h a t  has t h e  same average number of voids per  square. 

no resemblance t o  one another. 

n = 0 and a t  n = 9 a re  c h a r a c t e r i s t i c  of a c lus te r ing  phenomena. 

s eve ra l  cases i n  which the  void d i s t r i b u t i o n  appeared s u p e r f i c i a l l y  t o  

be homogeneous, t a i l s  were observed a t  high values of n, again ind ica t ing  

c l u s t e r  ing . 

The curves bear 

The maxima i n  t h e  experimental curve a t  

In 

Examination of Fig. 5.20 ind ica tes  t h a t  s i z e  was influenced s t rongly  

by t h e  l o c a l  concentration of voids. 

i n  regions of higher void concentration than i n  regions of lower void 

concentration. The de ta i l ed  nature of t h e  d i s t r i b u t i o n  of void s izes ,  

therefore ,  r e f l e c t s  i n  p a r t  t he  s p a t i a l  d i s t r i b u t i o n  of t h e  voids. This 

w i l l  c e r t a i n l y  have a pronounced e f f e c t  i n  cases where heterogeneous dis-  

t r i b u t i o n s  a r e  involved, but a l s o  may influence t h e  de t a i l ed  shape of t h e  

d i s t r i b u t i o n  curve f o r  homogeneous a r rays .  

The voids were appreciably smaller 

Void concentrations and s i zes  a l s o  were influenced by g ra in  bound- 

a r i e s  and a d is loca t ion  loop s t ruc tu re  t h a t  w a s  present .  Narrow bands 

adjacent t o  gra in  boundaries, poorly defined but about 0 . 1  pm th ick ,  were 

denuded of voids. The void cancentration d id  not suddenly jurrp t o  a con- 

s t a n t  value but gradual ly  increased t o  a maximum a t  a dis tance o f  about 

1 pm from t h e  boundary. A t  somewhat grea te r  dis tances ,  t h e  d is loca t fon  

s t ruc tu re  began t o  develop, and the  void concentration dropped by about 

30%. 

void concentration i s  p lo t t ed  as  a funct ion of dis tance f r o m t h e  boundary 

i n  F ig .  5.23. Void s i zes  i n  t h e  region c loses t  t o  t h e  boundary were 

l a r g e r  than i n  regions of highest  concentration o r  i n  d is loca t ion  s t ruc-  

t u re s ,  where they were e s s e n t i a l l y  equal. 

ing the  s i z e  of t h e  denuded zone, we did not attempt t o  measure t h e  very 

s m a l l  var ia t ions  w i t h  i r r a d i a t i o n  temperature. Narrow denuded zones were 

a l s o  observed adjacent t o  coherent twin boundaries. We measured t h e  con- 

cent ra t ion  of voids adjacent t o  twin boundaries but i n  regions containing 

t h e  d is loca t ion  s t ruc tu re ,  which should, therefore ,  have been t y p i c a l  of 

t h e  g ra in  i n t e r i o r s .  

A photomicrograph i l l u s t r a t e s  t h i s  phenomenon i n  Fig. 5.22, and 

Because of d i f f i c u l t y  i n  defin- 

These r e s u l t s  a r e  bas i ca l ly  d i f f e r e n t  from those of a similar study 

by S t r a a l s ~ n d ~ ~  of Nickel 270 i r r a d i a t e d  i n  the  EBR-I1  i n  t h e  same fluence 

range a t  480°C. The r e s u l t s  of t h i s  study a r e  given i n  Table 5 .2 .  The 
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Fig. 5.22. Void Distribution Near a Grain Boundary. 
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void concentrations are appreciably lower and the sizes larger than those 
that we measured (see Table 5.1). 
with increasing fluence. 

that used in these studies showed a third type of behavior, which is also 
presented in Table 5.2. 

In addition, the concentration increased 
Other work28 on material of higher purity than 

The void concentrations were much higher than 



Table 5.2. Void S ta t i s t ics  f o r  Nickel Measured by Other Laboratories 

Average Calculated Cone e n t r a t  ion 
( voids /cm3 ) 

Material I r r a d i a t i o n  
Pur i ty  Temperature Fluence 

(ne,utrons/cm* ) Size Change i n  Volume Reference 
(%I ( "C)  (A) (4'0) 

~ 

99.98 
99.98 
99.98 
99,997 
99.997 
99.997 
99.997 
99.997 

480 
480 
480 
380 
5 00 
575 
640 
75 0 

1.3 X lo2' (> 0.1  MeV) 9 X lo1' 250 
1 x 1O2I (> 0 . 1  MeV) 9.4 x 1013 350 
3 X 1021 (>  0.1 MeV) 1.8 x io i4  360 
5.2 X l o i9  (>  1 Mev) 4 x 101~ 83 
5.7 X l o i9  (> 1 MeV) 8 x 1014 165 
6.2 X (> 1 MeV) 2.5 x ioi4 245 
5.2 x l o i9  (> 1 Mev) 8 x 270 
5.2 x (>  1 MeV) 1 x 1011 - 400 

0.012 
0.22 
0.51 
0.11 
0.16 
0.17 
0.07 

< 0.001 
a 

bJ. L. B r i m h a l l  and B. Mastel, Sc r ip t a  Met. - - 4, 51 (1970). 

J. L. Straalsund, Ba t t e l l e  Memorial I n s t i t u t e  P a c i f i c  Northwest Laboratory, p r i v a t e  comunica- 
t i o n .  
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those we measured, and t h e  concentration decreased with increasing irra- 

d i a t ion  temperature. 

These differences,  not only i n  numbers but a l s o  t rends,  a r e  far 

g rea t e r  than any poss ib le  experimental e r ro r .  A s  such, they demonstrate 

t h a t  t h e  response of N i  t o  neutron i r r a d i a t i o n  i s  dependent on more than 

. t h e  i r r a d i a t i o n  conditions alone. 

In t h e  specimens t h a t  we i r r ad ia t ed ,  a complex d is loca t ion  s t ruc tu re  

formed, t h e  nature  of which var ied with i r r a d i a t i o n  temperature and 

fluence.  

Figs.  5 . 2 4  through 5.26. 

neutrons/cm2, patches of pe r fec t  d i s loca t ion  loops were dispersed through- 

out t h e  specimen, as shown i n  Fig. 5 . 2 4 .  Because of t h e  magnetic charac- 

t e r  of t h i s  mater ia l ,  we were unable t o  tilt t h e  specimens through la rge  

enough angles t o  determine t h e  character  of t h e  loops; we presume t h a t  
they  a r e  i n t e r s t i t i a l .  

neutrons/cm2, t h e  s t r u c t u r e  consis ted of a coarse d is loca t ion  network 

The development of t h i s  s t ruc tu re  a t  370°C i s  i l l u s t r a t e d  i n  
After i r r a d i a t i o n  a t  a fluence of  1.1 X 

After  i r r a d i a t i o n  a t  a f luence of 3.2 x lo1' 

Fig. 5 .24 .  Patches of Dislocation Loops Formed i n  Nickel 270 Irra- 
d ia ted  i n  t h e  Experimental Breeder Reactor-I1 t o  a Fluence of 1.1 X 
neutrons/cm2 (> 0 . 1  MeV) a t  370°C. 
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Fig. 5.25. Dislocation Structure  i n  Nickel 270 I r r ad ia t ed  i n  t h e  
Experimental Breeder Reactor-I1 t o  a Fluence of  3 .2  X 10’’ neutrons/cm2 
a t  370°C. 

Fig. 5.26. Dislocation S t ruc ture  i n  Nickel 270 I r r ad ia t ed  i n  t h e  
Experimental Breeder Reactor-I1 t o  a Fluence of 1.4 X lo2’ neutrons/cm2 
a t  385°C. Note t h e  denuded zone near t h e  gra in  boundary. 
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with a high concentration of small loops located near t h e  d is loca t ion  

l i n e s  a s  can be seen i n  Fig.  5 .25 .  Relat ively la rge  patches were f r e e  

of e i t h e r  d i s loca t ion  l i n e s  or loops. After i r r a d i a t i o n  a t  a fluence of 

1.4 x lo2' neutrons/cm2, t h e  s t ruc tu re  was  bas i ca l ly  t h e  same except 

t h a t  most of t h e  patches were f i l l e d  (Fig.  5 .26) .  There were a l s o  l a rge  

denuded zones near gra in  boundaries, as i l l u s t r a t e d  i n  Fig. 5.26. These 

denuded zones were 1 t o  3 pm thick,  but t he re  was  considerable va r i a t ion  

within a s ing le  sample. No consis tent  t rends with temperature or fluence 

were evident.  

The d is loca t ion  s t ruc tu re  became more coarse with increasing i r r a -  

d i a t ion  temperature, a s  shown i n  Fig. 5 . 2 7 .  In  a l l  cases the  s t r u c t u r e  

remained a coarse d is loca t ion  network with c lose ly  associated d is loca t ion  

loops. Note t h e  apparent displacement of t h e  d is loca t ions  i n  t h e  v i c i n i t y  

of loops. Similar e f f e c t s  were notedI7 i n  A l .  

Fig. 5 . 2 7 .  Dislocation S t ruc ture  i n  Nickel 270 I r r ad ia t ed  i n  t h e  
Experimental Breeder Reactor I1 t o  a Fluence of 1.4 X lo2' neutrons/cm2 
a t  470°C. Compare with Fig. 5.26. 
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Mechanisms of Nucleation and Growth of Voids i n  Nickel 270 (J .  0. S t i eg le r ,  
E .  E. Bloom) 

Several  mechanisms have been proposed t o  account for t h e  nucleation 

of voids during neutron i r r ad ia t ion :  

1. homogeneous nucleation, 9~ 30 

2. nucleation i n  displacement spikes,  

3. 

4.  

5 .  preexis t ing  nuc le i .  30 

30 

nucleation i n  spikes with t h e  a id  of He s t ab i l i za t ion ,30  

nucleation on He b ~ b b l e s , ’ ~ , ~ ~  and 

To date,  none has won general  acceptance. 

Two pieces  of evidence s t rongly suggest t h a t  i n  t h i s  case we a r e  

dealing with preexis t ing  void nuclei :  

va r i a t ion  of t h e  concentration of voids with i r r a d i a t i o n  temperature o r  

f luence and ( 2 )  t h e  heterogeneous d i s t r i b u t i o n  of voids. Certainly t h e  

heterogeneous d i s t r ibu t ions  of voids a r e  a t  odds with a homogeneous 

nucleat ion process o r  with nucleation i n  displacement cascades. It i s  

d i f f i c u l t  t o  ass ign any r o l e  i n  t h e  nucleation process t o  t h e  He produced 

by transmutation, f o r  a t  t h e  fluence of 1.1 X 

order of magnitude more voids were present  than He atoms.31 

(1) the  lack  of a systematic 

neutrons/cm2 about an 

On t h e  bas i s  of any of these  four  mechanisms, we would expect a 

decreasing concentration of voids with increasing temperature due t o  a 

decrease i n  vacancy supersaturat ion with increasing temperature. This 

occurs for t w o  reasons : 

temperature, and, hence, vacancy l i f e t imes  and average vacancy concen- 

t r a t i o n s  decrease; and ( 2 )  t h e  equilibrium concentration of vacancies 

aga ins t  which supersaturat ion i s  measured increases  with increasing tem- 

pera ture .  The s i z e  of a c r i t i c a l  nucleus increases  w i t h  increasing tem- 

perature ,  and i n  terms of t h e  f irst  four  mechanisms l i s t e d  above, t h e  

r a t e  of nucleation must decrease. 

it d id  not occur i n  t h i s  system. We conclude t h a t  preexis t ing  nuc le i  

a r e  responsible  f o r  t h e  voids observed here  and t h a t  a l l  such e n t i t i e s  

present  i n  t h e  mater ia l  a r e  la rge  enough t o  serve as void nuc le i  over t h e  

range of i r r a d i a t i o n  conditions encountered here.  

(1) vacancy mobili ty increases with increasing 

Although t h i s  i s  commonly observed, 2 8  

- 
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The nature  of t h e  nuc le i  i s  not obvious from t h e  photomicrographs; 

severa l  p o s s i b i l i t i e s  e x i s t .  Smal l  gas bubbles have proper t ies  consis- 

t e n t  with the  void cha rac t e r i s t i c s  t h a t  were observed. Such bubbles 

could be c lus te red  or d i s t r ibu ted  nonrandomly as  a consequence of a com- 

p lex  consolidation and f ab r i ca t ion  h i s to ry .  3 2  This p a r t i c u l a r  grade of 

N i  i s  a powder-metallurgy product f o r  which t h e  powders a r e  prepared by 

t h e  carbonyl process.  G a s  bubbles can be formed i n  it i n  t h e  absence of 

i r r a d i a t i o n  by high-temperature annealing treatments alone. 

Nonwetting,precipitate p a r t i c l e s  have most of t h e  cha rac t e r i s t i c s  

o f  bubbles or holes and could a l s o  serve as nuc le i .  The elongated voids 

produced during i r r a d i a t i o n  a t  525°C suggest t h a t  p r e c i p i t a t e  p a r t i c l e s  

may be involved i n  t h e  nucleat ion of voids. 

elongated voids have occasionally been 

t o  be associated with p r e c i p i t a t e  p a r t i c l e s .  

produced i n  high-purity A1 a l s o  have been shown t o  be associated w i t h  

p r e c i p i t a t e  p a r t i c l e s .  

In quenching experiments, 

3 4  and were shown always 

Elongated supervoids2 

In summary, we cannot i d e n t i f y  the  nuclei ,  but have presented a 

considerable amount of c i rcumstant ia l  evidence t h a t  places  t h e  blame on 

s t r u c t u r a l  defects ,  probably gas bubbles or p a r t i c l e s .  

Further evidence f o r  t h e  r o l e  of gas i s  given by t h e  cubic shape of 

t h e  voids produced a t  t h e  lower i r r a d i a t i o n  temperatures. In s tud ies  of 

N i  of higher p u r i t y  than t h a t  we used, Brimhall and Maste115,28 showed 

voids t o  be octahedral.  Relat ive as we l l  as absolute  surface energies 

a r e  believed t o  be influenced s t rongly  by adsorbed gases.  

The v a r i a b i l i t y  i n  t h e  response of d i f f e r e n t  N i  specimens t o  neutron 

i r r a d i a t i o n  supports t h e  argument t h a t  chemical or s t r u c t u r a l  defects  

inf luence t h e  nature  and extent  of t h e  damage. The opposite behavior 

observed f o r  two l o t s  of Nickel 270 c i t e d  i n  Tables 5 . 1  and 5.2 ind ica tes  

t h a t  mater ia l  var iab les  a r e  more important than i r r a d i a t i o n  var iables  i n  

f ix ing  the  s t a t e  of t h e  damage. Since d i s t r ibu t ions  of bubbles or p a r t i -  

c l e s  would be sens i t i ve  functions of t h e  e n t i r e  processing h i s to ry  of t h e  

mater ia l ,  it i s  not surpr i s ing  ( i n  re t rospec t  a t  l e a s t )  t o  f i n d  such 

s t r i k i n g  differences i n  t h e  behavior of mater ia ls  of l i k e  pu r i ty .  Rela- 

t i v e  as  we l l  as  absolute  surface energies a r e  believed t o  be influenced 

s t rongly by adsorbed gases.  
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It does not appear t h a t  any s ing le  mechanism of nucleation can 

explain t h e  range of observations made on r e l a t i v e l y  pure N i .  We o f fe r  

t h e  following combination of processes, consis tent  within themselves, t o  

account f o r  t h e  observations.  We bel ieve t h a t  small gas bubbles serve 

as  t h e  nuc le i  f o r  voids.  The bubbles may be preexis t ing ,  as  we found i n  

t h i s  work, i n  which case t h e i r  concentration, s ize ,  and d i s t r i b u t i o n  w i l l  

depend c r i t i c a l l y  on t h e  h i s t o r y  of t he  mater ia l  i n  question. 

t i ve ly ,  bubbles may be produced by neut ronica l ly  generated gases, namely 

He, which may p r e c i p i t a t e  heterogeneously, a t  l e a s t  ea r ly  i n  t h e  i r r ad ia -  

t i o n .  

b i l i t y  t h a t  a newly generated He atom w i l l  reach an ex i s t ing  bubble 

g r e a t l y  exceeds t h e  p robab i l i t y  t h a t  it w i l l  encounter a t r a p  or i n t e r a c t  

with another atom o r  group of atoms t o  form a s t ab le  bubble. The l a t t e r  

condition a l s o  w i l l  depend c r i t i c a l l y  on t h e  chemical and s t r u c t u r a l  

s t a t e  of t h e  mater ia l .  

Alterna- 

The concentration of such bubbles w i l l  increase u n t i l  t h e  proba- 

We propose t h a t  i n  our N i  a grown-in population of bubbles o r  cavi- 

t i e s  served as  the  nuc le i  f o r  voids. Heliun generated during t h e  irra- 

d i a t ion  w a s  s u f f i c i e n t l y  mobile t h a t  most of it reached t h e  ex i s t ing  

voids and t h a t  few, i f  any, new voids were formed. In  t h e  case of t h e  

ma te r i a l  s tudied by Straalsund,27 few, i f  any, su i t ab le  nuclei  must have 

ex is ted  before t h e  i r r ad ia t ion ,  and t h e  voids t h a t  were formed were 

generated during t h e  i r r a d i a t i o n .  There i s  no obvious explanation f o r  

t h e  differences between these  two l o t s  of mater ia l ;  both were annealed 
a t  700°C immediately before i r r a d i a t i o n .  Evidently, t he re  were slight 

chemical differences or var i a t ions  i n  t h e  h i s t o r i e s  of consolidation and 

f ab r i ca t ion .  The same conclusion a l s o  holds f o r  t h e  higher p u r i t y  mate- 

r i a l  examined by Brimhall and Mastel.28 Techniques of a higher l e v e l  of 

sophis t ica t ion  than a r e  cur ren t ly  ava i l ab le  w i l l  be necessary before 

these  differences can be unraveled. Perhaps, as has been suggested pre- 

viously,  l7 neutron i r r a d i a t i o n  a t  elevated temperatures may provide a 

use fu l  means f o r  developing or rendering v i s i b l e  small defect  configura- 

t i o n s  present  i n  high-purity mater ia ls .  

The observation drawn from Fig. 5.20 - t h a t  i n  regions where t h e r e  

a r e  high concentrations of voids t h e  voids a r e  smaller than i n  regions 

where the re  i s  a low concentration of voids - implies t h a t  vacancies move 
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appreciable  dis tances  during t h e i r  l i f e t imes .  Voids do not, therefore ,  

grow independently of one another; t he  s i z e  of t h e  void depends not only 

on t h e  i r r a d i a t i o n  fluence and t h e  temperature but a l s o  on t h e  population 

of voids i n  i t s  v i c i n i t y .  This implies t h a t  t h e  ove ra l l  swelling o r  void 

volume i s  not g r e a t l y  influenced by t h e  void concentration. This i s  

supported by t h e  data  i n  Tables 5.1 and 5.2.  

Straalsund, 2 7  which contained a low dens i ty  of la rge  voids, showed only 

a s l i g h t l y  smaller change i n  volume than t h e  mater ia l  used i n  t h i s  study, 

which contained 30 times more voids.  

obtained by Brimhall and Maste128 showed a comparable change i n  volume, 

although d i r e c t  comparison i s  not poss ib le  because of differences i n  

fluence.  The microstructure i s  very sens i t i ve  t o  subt le  mater ia l  var ia-  

t i ons ,  but t h e  change i n  bulk dens i ty  i s  not.  Presumably, mechanical 

proper t ies ,  which depend on t h e  s i z e  and concentration of defects ,  will 
be s e n s i t i v e  t o  t he  ma te r i a l  va r i a t ions .  

The mater ia l  examined by 

The data on higher p u r i t y  mater ia l  

I r r a d i a t i o n  Damage t o  Refractory Metals 

Molybdenum Materials ( F. W .  W i f  f en) 

Specimens of r e f r ac to ry  metals and a l loys  were i r r a d i a t e d  i n  sub- .  

assembly XO-34  i n  row 2 of t h e  EBR-I1  i n  a program i n i t i a t e d  by General 

E lec t r i c ,  Nuclear Systems Programs, Cincinnat i .  Examination of some of 

t h e  specimens f r o m t h i s  subassembly i s  under way a t  ORNL. 
Molybdenum, Mc-O.5$ T i ,  and M0-50$ Re specimens from t h i s  subassembly 

were t e s t e d .  

a rc -cas t  mater ia l  supplied by Climax Molybdenum Company. 

was supplied as l/4-in.-diam wrought bar and had been produced by reducing 

arc-cast  mater ia l  by extrusion, r o l l i n g ,  and swaging t o  f i n a l  s i z e .  The 

Mo was s t r e s s  re l ieved  15 min a t  87OoC, and t h e  Mo-O.5$ T i  was s t r e s s  

re l ieved  15 min a t  1090°C. 

1/8-in.-diam X 1 1/8-in.-long gage sec t ion  were ground from t h e  rods.  

After t h e  specimens had been machined, they were given a f i n a l  anneal of 

1 hr  a t  1350°C i n  vacuum f o r  t h e  Mo, and a t  1450°C f o r  t h e  Mo-O.5$ T i .  

The Mc-50$ Re was supplied by t h e  Chase Brass and Copper Company, Rhenium 

Division. 

The Mo and t h e  Md.576 T i  specimens were fabr ica ted  from 

This mater ia l  

Standard buttonhead t e n s i l e  specimens with a 

It w a s  produced from s in t e red  powder and reduced by w a r m  swaging. 
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Specimens machined from t h i s  mater ia l  were given a f i n a l  anneal of 1 hr 

a t  1400°C i n  vacuum. The g ra in  s i z e  and chemical ana lys i s  of t h e  mate- 

r i a l  used i n  t h i s  experiment a r e  not yet  ava i lab le .  A p a r t i a l  composi- 

t i o n  derived from the  vendor's analysis  of similar mater ia l  i s  given i n  

Table 5 .3 .  

will be given l a t e r .  

A more complete chemical ana lys i s  of t h e  i r r a d i a t e d  specimens 

Table 5 .3 .  P a r t i a l  Chemical Composition of Molybdenum Alloys 

Element, % Element, ppm 
Mo Re T i  C N 0 H 

Alloy 

Molybdenum Bal  30 1 7 < 1  

Mc-O.5$ T i  Bal 0.52 400 2 10 < 1  

M~-50% Re -1 5 0" 20 < 0 . 1  2 0.1 
a Nominal, ana lys i s  not yet ava i lab le .  

Four t e n s i l e  specimens of each of t h e  th ree  a l loys  were i r r a d i a t e d  

a t  425°C i n  a He-f i l led tube of subassembly XO-34. 

1 i n .  below t h e  r eac to r  midplane and received a f luence of 3.45 X 

neutrons/cm2 (> 0 . 1  MeV); t h e  M04.576 T i  specimens were 3 1/2 i n .  below 

t h e  midplane and received 3.0 x lo2* neutrons/cm2; and t h e  Mc-50% Re spec- 

imens were 10 in .  below t h e  midplane and received 1.5 X neutrons/cm2. 

The Mo specimens were 

The specimens were t e n s i l e  t e s t e d  i n  flowing He on an Instron 

Universal Testing Machine. Specimens were held f o r  a constant equi l ibra-  

t i o n  time of 30 min between reaching t e s t  temperature and t h e  s t a r t  of 

t h e  t e s t .  Test temperatures, s t r a i n  r a t e s ,  and t e s t  r e s u l t s  a r e  shown 

i n  Table 5 .4 .  The cont ro l  r e s u l t s  were obtained from specimens i n  t h e  

annealed condition; they had not  been aged to dupl ica te  t h e  thermal his-  

tory of t h e  i r r a d i a t i o n  exposure. The s t r e s s e s  shown i n  Table 5.4 a r e  

engineering values, based on t h e  i n i t i a l  cross  sect ion,  and the  d u c t i l i t y  

values were taker, from t h e  crosshead motion. After i r r ad ia t ion ,  t h e  

t e n s i l e  proper t ies  of t h e  Mo and M 0 - 0 . 5 %  T i  were almost i den t i ca l .  

mater ia ls  increased g r e a t l y  i n  s t rength  proper t ies  due t o  i r r a d i a t i o n  

f o r  a l l  of t h e  t e s t  conditions invest igated.  

a t  s t r a i n  r a t e s  of 0.02 and 0.002 min'l had no d u c t i l i t y  a f t e r  i r r a d i a t i o n .  

Both 

Specimens t e s t e d  a t  400°C 



Table 5 . 4 .  Tensile Properties of Molybdenum Alloys I r rad ia ted  a t  425°C 

Yield Stress ,  p s i  
Ultimate Tensile ~ Uniform Total  P l a s t i c  

Stress ,  p s i  -- Elongation, $J Elongation, % Test S t r a i n  Unirra- Irra- 
diated Unirra- I r ra-  Unirra- Irra- Unirra- Irra- 

Temperature Rate diated 
( min- ) 

diated ( O S 2 %  (maXimWn) d ia ted diated d ia ted  diated diated o f f s e t  ) 
( O C )  

400 
550 
550 
65 0 

400 
400 
400 
650 

400 
650 
800 

0.02 
0.02 
0.0002 
0.02 

0.02 
0.002 
0.0002 
0.02 

0.02 
0.02 
0.02 

Molybdenum r3.45 X neutrons/cm2 (> 0.1  MeV)] 

12,600 113,300 36,300 1l3,300 27.3 
10,500 101,000 33,5 00 101,000 31.7 
9,400 85,000 32,100 85,000 28.1 

10,700 86,300 32,400 86,300 29.7 

M d . 5 %  T i  [3.0 X neutrons/cm2 (> 0.1 Mev)] 

14,400 118,000 44,500 1l8,OOO 34.0 
15,000 102,600 41,700 102,600 32.9 
17,100 101,200 40,700 101,200 30.9 
14,000 94,400 40,300 94,400 29.3 

Mo-50% Re [ 1 . 5  X neutrons/cm2 (> 0.1  Mev)] 

63,300 144,300 87,400 144,300 20.8 
45,000 147,300 76,100 147,300 12.5 
41,900 141,400 68,000 141,400 12.1 

0.1 
0.2 
0 .1  
0.1 

0.1 
0 
0.1 
0.1 

0.1 
0.2 
0 

39.4 
41.8 
37.1 
42.3 

50.1 
47.5 
47.3 
39.6 

31.7 
20.3 
21 .1  

0.1 
0.2 
6.5 

0 . 1  
0 
7.0 
7.9 

0.1 
0.2 
0 

, 
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UTS=86, 260 psi 

A t  a s t r a i n  r a t e  of 0.0002 min-l, t h e  elongation t o  f r a c t u r e  a t  400°C 

was 7%, but a l l  of t he  elongation was nonuniform and t h e  maximum load 

occurred a t  only 0.1% p l a s t i c  elongation. 

ma te r i a l  i r r a d i a t e d  a t  425°C a l s o  showed t h e  influence of s t r a i n  r a t e .  

Both t h e  Mo and t h e  M A . 5 %  T i  elongated about 8% before f a i l u r e  i n  

t e s t s  a t  650°C a t  0.02 min'l. 

550 and 650°C had only nonuniform d u c t i l i t y .  A t y p i c a l  s t r e s s - s t r a i n  

curve fo r  an i r r a d i a t e d  specimen t h a t  had some d u c t i l i t y  i s  presented 

i n  Fig. 5.28 (note  t h a t  t h e  curve has not been corrected f o r  machine 

modulus). 

specimens, t h e  maximum load occurred a t  l e s s  than 0.2% p l a s t i c  elonga- 

t i o n .  

d i a t ion  temperature must await fu r the r  inves t iga t ion  of t h e  e f f e c t s  of 

annealing a t  these  temperatures on the  microstructure produced by 

i r r a d i a t i o n .  

Two t e s t s  a t  550°C of t h e  

The specimens t h a t  d i d  have d u c t i l i t y  a t  

In t h i s  t e s t ,  as  i n  a l l  of t he  other t e s t s  on t h e  i r r a d i a t e d  

Detailed explanation of t h e  t e s t s  a t  temperatures above t h e  irra- 

MOLYBDENUM 

Fig. 5.28. Molybdenum I r r ad ia t ed  t o  3.45 X 10" neutrons/cm2 
(> 0 . 1  Mev) i n  t h e  Experimental Breeder Reactor-I1 a t  425°C. 
0.02 min'' i n  helium a t  650°C. 

Tested a t  

The Mo-50$1 Re d id  not behave t h e  same as the  other  two mater ia l s .  

It, too, showed a very pronounced hardening as a r e s u l t  of t h e  i r r a d i a -  

t i o n  but showed no d u c t i l i t y  a t  400, 650, or  800°C f o r  t e s t s  a t  a s t r a i n  

r a t e  of 0.02 min-I. 
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This subassembly a l s o  included capsules t h a t  contained sheet speci- 

mens of s eve ra l  r e f r ac to ry  metals and a l loys .  The th ree  capsules were 

exposed t o  a fluence of 2 .5  x 
centered 5 5/8 i n .  below t h e  midplane of t h e  reac tor .  

i n  He-f i l led tubes operated near 425 and 600°C. 

i n  an Ar atmosphere a t  a temperature near 800°C. 

neutrons/cm2 (> 0 . 1  MeV) a t  a pos i t i on  
\ 

The two capsules 

The t h i r d  capsule was  

Preliminary microscopy on Mo and Nb samples from these  capsules 

showed a very high densi ty  of small voids i n  t h e  Mo a t  600 and 800°C and 

i n  t h e  Nb a t  425 and 600°C. There a r e  probably no voids i n  the  Mo irra- 

d i a t ed  near 425"C,  although examination i s  not ye t  complete. Niobium 

i r r a d i a t e d  near 800°C contained voids of s i g n i f i c a n t l y  lower dens i ty  and 

l a rge r  s i z e  than i n  samples i r r a d i a t e d  a t  425 and 600°C. 

Incoloy 800 

Effect  of Aging on Mechanical Proper t ies  ( D .  G. Harman) 

The ASMF, Boiler and Pressure Vessel Code shows t h a t  f o r  temperatures - 
l e s s  than 650°C Incoloy 800, because of t h e  lower 0 .2% y ie ld  s t rength,  

has lower design s t r e s ses  than do types 304 and 316 s t a i n l e s s  s t e e l .  A t  

higher temperatures, where creep and s t ress - rupture  proper t ies  a r e  

l imi t ing ,  t h e  b e t t e r  creep r e s i s t ance  of Incoloy 800 r e s u l t s  i n  higher 

allowable code s t r e s s e s  than those f o r  t h e  s t a i n l e s s  s t e e l s .  The ASME 

code s t r e s s e s  f o r  these  mater ia ls  a r e  l i s t e d  i n  Table 5.5. 

Our experimental Incoloy 800 with 0.1% C has appreciably higher 

y i e ld  s t rengths  than does t h e  commercial a l loy ,  which has 0.04% C, and 

would have higher design s t r e s s e s .  

We previously reported t h a t  a l l  of our Incoloy 800 a l loys  t h a t  con- 

t a ined  0.1% T i  had superior  creep d u c t i l i t i e s  a f t e r  i r r a d i a t i o n ,  but 

t h a t  t h e  a l l o y  with 0.1% C was s e n s i t i v e  t o  t h e  i r r a d i a t i o n  temperature. 

Creep d u c t i l i t i e s  a f t e r  i r r a d i a t i o n  a t  500°C were l e s s  than those a f t e r  

i r r a d i a t i o n  a t  700 or 760°C. 

on t h e  other  hand, showed equal ly  good d u c t i l i t i e s  a f t e r  i r r a d i a t i o n  a t  
each of these  temperatures. 

The a l loys  with lower C content and 0.1% T i ,  

To a i d  i n  t h e  i n t e r p r e t a t i o n  of these  r e s u l t s ,  we a r e  running ten- 

s i l e  and creep-rupture t e s t s  on samples aged f o r  various times a t  500°C. 
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Table 5.5. Maximum Allowable Design Stresses  f o r  Types 304 
and 316 Sta in less  S t e e l  and Incoloy 800 

~~ ~~ ~ 

For Temperatures Maximum Allowable Design St ress ,  p s i  

("C) 304 3 16 Grade IIb 
Not Exceeding Type Sta in less  Steel" Incoloy 800 

38 
93 
149 
204 
260 
3 16 
37 1 
427 
482 
5 38 
5 93 
649 
704 
760 
8 16 

x io3 x lo3 x io3 

20 
20 
19.8 
17.6 
16.4 
15.6 
15.1 
14.8 
10 
9.45 
8.25 
5.5 
3.4 
2.05 
1.25 

20 
20 
20 
19.4 
18.2 
17.1 
16.2 
15.6 
10.3 
9.8 
9.45 
6.95 
4.0 
2 
1.15 

15.6 
13.4 
12.1 
11.1 
10.4 
10 
9.6 
9.3 
9.1 
8.9 
8.8 
7.1 
4. 15 
2.5 
1.5 

a 
Values from 38 t o  427°C from "Section 111, Nuclear Vessels," 

pp. 28-29 i n  ASME Boiler and Pressure Vessel Code, The American 
Society of Mechanical Engineers, New York, 1965. Values from 482 
t o  816°C from "Additions and Revisions t o  Table PG-23.1," pp. 4-5 
i n  Summer 1965 Addenda, ASME Boiler and Pressure Vessel Code, Power 
Boilers,  The American Society of Mechanical Engineers, New York, 
1965. 

b"Case 1325," p.  166 i n  ASME Boiler and Pressure Vessel Code 
Case In te rpre ta t ion ,  The American Society of  Mechanical Engineers, 
New York, 1965. 

We completed t h e  t e n s i l e  t e s t i n g  of  two a l loys  with high C content (0.10 

and 0.26% T i )  a f t e r  they were aged f o r  1000 o r  2000 h r  a t  500°C. 

r e s u l t s  a r e  compared with those from unaged samples i n  Table 5.6. 
s i l e  s t rength  and d u c t i l i t y  were p a r t i c u l a r l y  sens i t i ve  t o  s t r a i n  r a t e  

i n  both t h e  aged and unaged conditions.  Annealed specimens had lower 

d u c t i l i t i e s  a t  t h e  slower s t r a i n  r a t e s ,  while those t r e a t e d  t o  agglomerate 

carbides (100 h r  a t  500°C) showed j u s t  t h e  opposite t rend .  

t h e  importance of grain-boundary s l i d i n g  i n  the  deformation of these  

a l loys  and t h a t  t he  main e f f e c t  of t h e  anneal a t  800°C was t o  agglomerate 

These 

Ten- 

This shows 



Table 5.6. Tensile Propert ies  of High-Carbon Incoloy 800 a t  650°C a f t e r  Aging 
f o r  the Indicated Time a t  500°C 

S t r a i n  Strength,  psi Elongation, $/hr 
Rat e 0.2% Yield Tensi le  Uniform Tota l  

(min-l)  0 hr 1000 h r  2000 h r  0 hr 1000 h r  2000 hr  0 hr 1000 hr  2000 hr 0 h r  1000 h r  2000 h r  
-~~~ ~ 

x io3 x io3 x io3 x 103 x 103 x 103 
Allov with 0.1% T i  

Annealed 30 min 0.05 15.8 20.0 l 8 . 5  56.0 79.0 70.7 33.9 35.6 32.3 38.6 37.2 35.2 
a t  1150°C 0.002 17.0 19.2 19.5 49.2 54.6 57.0 19.8 16.4 20.5 22.5 19.8 24.4 

Annealed p lus  0.05 13.5 19.7 62.4 59.5 23.0 20.9 30.4 31.5 
100 h r  at  0.002 18.5 16.8 38.0 35.0 40 .1  41.6 10.8 12.0 10.2 46.0 47.9 43.2 
800°C 

Alloy with 0.26% T i  

Annealed 30 min 0.05 18.5 22.1 15.9 72.2 69.2 64.6 32.8 32.1 36.3 36.8 37 .1  40.7 
a t  1150°C 0.002 18.9 21.1 19.4 76.3 60.5 57.7 39.6 20.5 23.2 32.5 25.2 27.9 

Annealed plus 0.05 17.9 17 .1  52.0 52.0 22 .1  24.2 36.2 38.5 
100 hr  a t  0.002 14.9 34.2 39.1 39.7 u . 5  9.0 49.5 46.0 
800°C 
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carbides along t h e  g ra in  boundaries. 

had s t rengths  s imi la r  t o  those of t h e  a l l o y  t h a t  contained 0.1% T i  but 

had cons is ten t ly  higher d u c t i l i t y  values.  

The a l l o y  t h a t  contained 0.26% T i  

The r e s u l t s  of creep-rupture t e s t s  a t  650°C f o r  t h e  a l l o y  t h a t  con- 

t a ined  0.1% T i  and 0.1% C a f t e r  aging 2000 h r  a t  500°C a r e  compared i n  

Table 5.7 with those from t h e  unaged mater ia l .  

t i o n  annealed and those t h a t  were t r e a t e d  t o  agglomerate carbides were 

strengthened as a r e s u l t  of thermal aging. The sample given t h e  800°C 
treatment showed no decrease i n  elongation due t o  aging, but t h e  annealed 

specimen did.  

creep curves from these  t e s t s  a r e  shown. 

Samples t h a t  were solu- 

This i s  more evident i n  Figs. 5.29 and 5.30, where t h e  

Table 5.7. Effect  of Aging a t  500°C on t h e  Creep-Rupture Proper t ies  
a t  650°C of Incoloy 800 with 0.10% T i  and 0.1% C 

Minimum 
Creep 
R a t  e 

Tota l  
Elongation 

Time, h r  
Aging Rupture 

( %/hr ) ( 8 )  
39.6 0.040 Annealed 30 min a t  1150°C 0 146 

2000 216 29.3 0.0185 

Annealed 30 min a t  1150°C 0 22.7 57.8 1.10 
p lus  100 h r  a t  800°C 2000 67 .? 56.8 0.44 

Figure 5.31 shows both t e n s i l e  and creep elongation as a funct ion 

of t h e  r a t e  of deformation f o r  t h e  a l l o y  t h a t  contained 0.1% T i  and 0.1% C 

and shows t h e  superior  performance of t h e  samples given t h e  800°C t r e a t -  

ment when t e s t e d  a t  t h e  slower r a t e s .  We had an t i c ipa t ed  a g rea t e r  loss  

i n  d u c t i l i t y  due t o  aging t h e  as-annealed samples because of t h e  post-  

i r r a d i a t i o n  r e s u l t s .  Apparently, t h e  treatment t o  agglomerate carbides 

provided improved r e s i s t ance  t o  f r a c t u r e  a t  g ra in  boundaries. 

. 
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ORNL-DWG 70-9033 

GED 2000 hr  AT 500°C 

0 25 50 75  400 125 150 175 200 225 
TIME (hr l  

Fig. 5.29. 
and 30,000 p s i .  
were annealed 30 min a t  1050°C. 

Effect of Aging on Creep of Incoloy 800 Tested a t  650°C 
Specimens a r e  from t h e  heat with 0.1% T i  and 0.10% C and 

ORNL-DWG 70-9034 

0 IO 20 30 40 50 60 70 80 
TIME (hr l  

Fig. 5.30. 
and 30,000 p s i .  
and were held 100 h r  a t  800°C following t h e  1050°C anneal. 

Effect  of Aging on Creep of Incoloy 800 Tested a t  650°C 
Specimens a r e  from t h e  heat with 0.10% T i  and 0.10% C 

/-- 

I_- 
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0.01 0.1 1 10 100 1000 

TENSILE STRAIN RATE OR MINIMUM CREEP RATE ( % / h r )  

Fig. 5.31. Effect  of Aging on t h e  Elongation of Incoloy 800 a t  
650°C. Specimens contain 0.10% T i  and 0.10% C .  
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6. 7(FABRICATION DEVEDPPMENT FOR IMF'BR STAINLESS STEEL TUBING 
\ 
-zY=z=- 

W. 0. H a r m s  W. R. Martin 

This program f o r  t he  development of techniques f o r  fabr ica t ing  

cladding f o r  f a s t  reac tors  involves manufacturing thin-walled tubing of 

high qua l i ty .  O u r  s tud ies  a re  designed t o  show the  re la t ionships  among 

processing var iab les ,  mechanical proper t ies  a t  e levated temperature, and 

the  physical  defec ts  of t he  tubing. 

Ef fec t  of Fabricat ion Variables During Mandrel-Plug Drawing 
on t h e  Q u a l i t y  and Proper t ies  of Type 316 S ta in l e s s  S t e e l  Tubing 

W. R. Martin 

Inves t iga t ion  of the  Use of A r t i f i c i a l  Defects to Simulate N a t u r a l  
Defects (R. W. McClung, K. V. Cook) 

The second ha l f  of a s e r i e s  of tubular  specimens' was prepared f o r  

tube-burst  t e s t i n g .  The specimens a r e  shor t  lengths  of 0.250 x 0.016-in. 

20% cold-worked tubing t h a t  contain simulated flaws [notches produced by 

electrodischarge machining (EDM)] with depths of 10, 35, and 65% of the  

w a l l  th ickness  and lengths of 0.125 and 0.030 i n .  

specimens t h a t  dupl ica tes  these  i s  being made f o r  t e s t i n g  i n  t h e  annealed 

condition. Twelve ex t ra  cont ro l  specimens (without notches ) a r e  included 

fo r  a t o t a l  of 96 specimens. 

tubes drawn according t o  t h e  "commercial" schedule RA1-1 ( r e f .  2 ) .  

A second s e r i e s  of 

The l a s t  54 specimens were sectioned from 

A s  reported previously,3 it appears t h a t  we can predic t  t he  e f f e c t  

of both a sinking pass and a drawing schedule on simulated f l a w s  

(EDM notches).  

s t a i n l e s s  s t e e l  tubing designated BA2-1 and BA1-6, using a 0.002-in. -deep 

EDM notch as  a reference standard. We a re  machining EDM notches t h a t ,  

when a l t e r e d  by the  tubing f ab r i ca t ion  schedule, should produce very 

narrow 0.0001-in. -wide X 0.250-in. -long simulated f l a w s .  The depths 

of t he  a l t e r e d  notches i n  the  0.250-in. -OD x 0.016-in. -wall-thickness 

tubing should be about 10 and 20% of the  w a l l  thickness.  

We have inspected both 0.535- and 0.295-in. -OD type 316 
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Effec t  of Planetary Swaging on the  Structure  and 
Creep Propert ies  of Type ,316 Sta in l e s s  S t e e l  

A.  C .  Schaffhauser 

Drawing of Type 316 Sta in less  S t e e l  Tubing by Planetary Swaging 
(G. A .  Reimann) 

We resumed the  study of p lane tary  swaging t o  determine i t s  s u i t -  

a b i l i t y  as  a process f o r  producing high-quality cladding f o r  reac tor  

f u e l .  Since previous work4 had indicated t h a t  t he  dr ive motor had 

i n s u f f i c i e n t  capac i ty  t o  f u l l y  u t i l i z e  the  c a p a b i l i t i e s  of t he  p lane tary  

swager, a new 7 1/2-hp variable-speed motor was purchased and i n s t a l l e d .  

This motor permitted us t o  e l iminate  t:he geared reducer, formerly needed 

t o  ensure s u f f i c i e n t  torque, and resu l ted  i n  a f ive fo ld  increase i n  

speed, t o  2100 rpm (no load) .  

We subs t i tu ted  WC ba l l s  f o r  t he  biz11 bearings used previously,  and 

surface f i n i s h e s  were markedly improved. B a l l  bearings,  even with t h e i r  

high hardness (about 62 on the  Rockwell C s c a l e ) ,  tend t o  obla te ,  develop 

surface imperfections,  and accumulate [adhered metal  p a r t i c l e s .  

Since we learned t h a t  tube working t h a t  involves s inking ( subs t an t i a l  

decrease of ins ide  diameter) by p lane tary  swaging produced premature 

tube f a i l u r e , 4  we have concentrated on i roning s teps  ( w a l l  th inning with 

minimal decrease i n  ins ide  diameter).  

accomplished by conventional d i e  and azndre l  techniques.  

Sinking, when required,  was 

The new drive motor permits us t o  operate t h e  p lane tary  swager a t  

speeds of up t o  2000 rpm i n  con t r a s t  w i t h  t he  previous maximum of 400 rpm. 

E f f o r t s  t o  p lane tary  swage 1.0-in.  -OD :< 0.072-in. -wall-thickness type 304 

s t a i n l e s s  s t e e l  a t  400 rpm were S U C C ~ S S ~ U ~ , ~  and t h i s  experiment was 

repeated a t  higher head and draw speeds. Planetary swaging was  successful  

a t  1000 rpm a t  a draw speed of 8 in./min, but  excessive heat  was generated 

i n  the  deformation zone a t  the  maximum speed of 2000 rpm, and the  tube 

f a i l e d .  A t  swager speeds of 1000 to 1200 rpm, draw speeds were var ied 

between 6 and 48 in./min. 

more pronounced a s  draw speed was increased, p a r t i c u l a r l y  above 36 in./min, 

and i f  such draw speeds appear advantageous, a coolant system should be 

A h e l i c a l  pa t t e rn  on the  tube surface became 



A 

i n s t a l l e d  t o  remove the  heat  generated by correspondingly higher head 

speeds. 

A s  noted previously,  we obtained b e t t e r  r e s u l t s  by seve ra l  l i g h t  

passes r a t h e r  than by few heavy passes,  and reductions of much more than 

10% seldom produced cons i s t en t ly  good r e s u l t s ,  regardless  of head or  

draw speed. 

p lane tary  swaging than those of type 316 s t a i n l e s s  s t e e l  when s t a r t i n g  

geometries and reduct ion schedules were similar. Tubes with a t h i c k  

wal l ,  r e l a t i v e  t o  the  outs ide diameter, a re  much more d i f f i c u l t  t o  work 

without development of f l a w s .  For example, surface cracks and f lak ing  

developed a f t e r  a s ingle  10% reduction on a 0.448-in.-OD x 0.044-in.-wall- 

thickness tube (wall about 10$ of  outs ide  diameter),  but  t h e  same reduc- 

t i o n  on a 0.415-in.-OD X 0.027-in.-wall-thickness tube (wall about 6 1/2% 

of outs ide  diameter) was obtained w i t h  no d i f f i c u l t y ,  and several  passes 

could be obtained on t h i s  tube by various combinations of d r a w  and heat 

speeds. A s imi l a r  r e l a t ionsh ip  was found with 1- in .  s i z e s :  

wa l l  thickness could be worked success f i l l y ,  while a 0.100-in. wal l  th ick-  

ness could not .  

Tubes of ty-pe 304L s t a i n l e s s  s t e e l  were more amenable t o  

a 0.072-in. 

To compare the  proper t ies  of planetary-swaged tubing t o  those obtained 

by conventional drawing prac t ice ,  we subjected seve ra l  sec t ions  o f  tubing 

t o  burst  t e s t s  a t  room temperature a f t e r  swaging them t o  0.250 in .  i n  

outs ide diameter by 0.015 i n .  i n  w a l l  th ickness .  The samples were 

fabr ica ted  from type 316 s t a i n l e s s  s t e e l  obtained from Allegheny-Ludlum 

S t e e l  Corporation heat 65808, which had been evaluated previously a f t e r  

conventional drawing. 

Planetary swaging was used t o  obta in  the  f i n a l  20% cold working 

needed t o  achieve f i n a l  s i z e  from a sample measuring 0.258 i n .  i n  

outs ide diameter by 0.219 i n .  i n .  ins ide  diameter (0.0195 in .  i n  w a l l  

th ickness) ,  which w a s  obtained by conventicnal drawing. Except f o r  t he  

pass used t o  produce khe sample f o r  p lane tary  swaging, t he  same drawing 

and annealing schedule was used t h a t  produced tubes t e s t e d  as  

~ ~ 1 - 1  ( r e f .  5). 

Five planetary-swaging passes and a 0.217-in.-diam mandrel were used. 

The tubing w a s  deformed using 1/2-in. -diam WC b a l l s  and 1/4-in. -diam 

hardened s t e e l  balls a t  1100 t o  1200 rpm a t  draw speeds from I2 t o  c 
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36 in./min. 

diameter, depending on working var iab les ,  a r ee l ing  s t e p  was not required 

t o  loosen t h e  tube from the  0.217-in.-diam mandrel. Five samples were 

cu t  from each tube and pressurized t o  f a i l u r e .  The r e s u l t s  a r e  presented 

i n  Table 6.1. 

Since the  f i n a l  tube was  0.2190 t o  0.2197 i n .  i n  ins ide  

The l e v e l  of cold work i n  the  planetary-swaged samples was ca lcu la ted  

t o  be 21.7$, compared t o  18.9% ca lcu la ted  f o r  the  conventionally drawn 

tubing. This differknce i s  i n s u f f i c i e n t  t o  account f o r  t he  g rea t  

d i f fe rence  i n  proper t ies .  Also, note t h a t  with o ther  f a c t o r s  remaining 

constant ,  t he  draw speed had a s ign i f i can t  e f f e c t  on proper t ies .  The 

tubes were u l t r a s o n i c a l l y  inspected before p lane tary  swaging, yet a number 

of defec ts  were discovered i n  the  specimens a s  a r e s u l t  of examination 

a t  2OX under a binocular microscope a f t e r  burs t ing .  

planetary-swaging process cont r ibu tes  t o  the  generation of these  defec ts .  

It appears t h a t  t he  

Table 6 .1 .  Room-Temperature Propert.ies of  Type 316 S ta in l e s s  S tee l  
Tubing Processed by Mandrel Drawing and Planetary Swaging 

Aver age 

Fiber Elongation S t ress  
(x)s i ) 

B a l l  Swager Draw Average 

( i n . )  ( rpm) ( i n .  /inin) 

Sample 
I d e n t i f i c a t i o n  Diameter Speed Speed 

( %) 

BA1-1  Conventionally drawn 158,700 3.1 

BA2 -1 0.5 1100 12 168,100 1.6 

BA2 -1 0.25 1200 12 188,200 1.3 
BA2 -1 0.25 1200 18 194,200 1.1 

BA2 -1 0.25 1200 36 198,000 1.4 

Notes 

1. K. V. Cook, Fuels and Materials Development Program Quart. Progr. Rept. 
March 31, 1970, ORNL-4560, p. 110. 

2. G.  A.  Reimann, Fuels and Materials Development Program Quart. Progr. 
Rept. Dec. 31, 1969, ORNL-4520, pp. l34-141. 

3. K. V. Cook, Fuels and Materials Development Program &ar t .  Progr. Rept. 
Dec. 31, 1969, ORNL-4520, pp. 150-152. 
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4.. G. A.  Reimann, Fuels and Materials Development Program Quart. Progr. 
Rept. Sept. 30, 1969, O R N L - ~ ~ ~ O ,  p. 96. 

5 .  G. A.  Reimann, Fuels and Materials Development Program Quart. Progr. 
Rept. June 30, 1969, ORNL-0, p. 178. 
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7. < 1 WELDING DEVELOPMENT FOR LWBR VESSELS AND COMPONENTS 

J. R. Weir, Jr. G. M. Slaughter 

We a re  evaluat ing the  behavior of weldments i n  a u s t e n i t i c  s t a i n l e s s  

s t e e l  a t  370 t o  650°C as a funct ion of both the  welding process and the  

var iab les  within a process f o r  appl ica t ion  t o  l iquid-metal  fast breeder 

reac tor  ( LMFBR) vesse ls  and components. 

( t h e  f i n e s t  s t r u c t u r a l  d e t a i l  t h a t  can be resolved by an o p t i c a l  

microscope) markedly inf luences the mechanical proper t ies  of a weldment 

a t  e levated temperatures. Since the  s i z e  and type of substructure  i n  

a weldment a re  s i g n i f i c a n t l y  influenced by f a c t o r s  t h a t  the  welder can 

control ,  our approach i s  t o  determine the  e f f e c t s  of d i f f e r e n t  welding 

processes and of t he  var iab les  within each process ( cu r ren t ,  voltage,  

t r a v e l  speed, e t c . )  upon mechanical proper t ies .  

The s o l i d i f i c a t i o n  substructure  

?"ne research f o r  t h i s  program i s  c lose ly  i n t e r r e l a t e d  w i t h  t h a t  

f o r  Shielded Metal-Arc Welding f o r  LMFER Components. For example, 

t he  mechanical proper t ies  and metallograp&ic_+studies on t h e  two 

programs d i r e c t l y  complement each o ther ,  and occasional cross-referencing 

of information i s  useful .  

Study of Submerged -Arc Process 

Preparat ion of Weldment Specimens ( G .  M.. Goodwin) 

Weldments were prepared i n  1- in . - thick type 304 s t a i n l e s s  s t e e l  with 

a v a r i e t y  of  commercially ava i lab le  f luxes  and a range of  energy input 

conditions.  We machined t e s t  specimens of s eve ra l  types from each 

weldment, including t ransverse and longi tudina l  ( i . e . ,  perpendicular 

and p a r a l l e l  t o  t he  welding d i r ec t ion )  specimens of a l l  weld metal  and 

t ransverse  specimens that  contained weld metal, fusion l i n e ,  and heat  - 
a f fec t ed  zone. 

Inves t iga t ions  of Mechanical Propert ies  ( D .  G. Harman, G. M. Goodwin) 

O u r  inves t iga t ions  of t he  mechanical proper t ies  of 1-in. - thick 

submerged-arc weldments a re  continuing on specimens from welds prepared 
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with the  Arcos S-4 flux. 

t y p i c a l  of those t o  be used f o r  f ab r i ca t ion  o f  LMFBR vesse ls .  

cont ro l led  t h e  t r a v e l  speed a t  30, 18, and 4.5 in./min t o  provide energy 

input values of 40.8, 68, and 272 kJ/in. ,  respect ively.  

These welds represent  mater ia ls  and procedures 

We 

We previously reported' some preliminary creep-rupture r e s u l t s  

obtained a t  650°C (1200°F) f o r  welds made with medium energy input .  

We showed t h a t  t he  submerged-arc weld was cons i s t en t ly  weaker ( ruptured 

i n  about one-tenth the  time) but  much more d u c t i l e  a t  the  longer rupture 

times than shielded metal-arc welds t e s t e d  a t  t h i s  same temperature. 

We a l s o  reported tha t  the  creep-rupture proper t ies  a t  650°C were not 

de l e t e r ious ly  a f fec ted  by annealing a t  1065 "C a f t e r  welding or by 

such an anneal  followed by  aging 10 h r  a t  800°C. The treatment a t  
800°C i s  designed t o  avoid sens i t i z ing  the  g ra in  boundaries of the  

adjacent base metal  a t  service conditions.  

creep curves obtained a t  650°C at  25,000 and 18,000 psi ,  respect ively,  

from welded, annealed, and annealed-plus-aged specimens from a weld 

made with medium energy input and machined t ransverse  t o  t h e  we ld  

d i r ec t ion  w i t h  a fus ion  l i n e  wi th in  t h e  gage sec t ion .  

Figures 7 . 1  and 7.2 show 

Although it i s  not possible  t o  determine quan t i t a t ive ly  the  amount 

and r a t e  of deformation from a specimen that  contains the fus ion  l i n e ,  

va l id  comparisons can be made. Note t h a t  t he  t o t a l  creep deformation 

decreases with increasing rupture time (compare Figs. 7 .1  and 7.2) .  

This was not t r u e  f o r  t he  t ransverse  specimens that  contained a l l  weld 

metal  and t h a t  were t e s t e d  under the  same condi t ions.  It i s  a l so  apparent 

t h a t  both t reatments  a f t e r  welding s i g n i f i c a n t l y  increased the  amount 

of th i rd-s tage  deformation i n  t h e  a rea  of t he  fusion l i ne .  

I n  each case,  t he  specimens t h a t  contained the  fusion l i n e  ruptured 

wi th in  the  weld metal. It w i l l  be shown l a t e r  t h a t  t h e  y ie ld  s t rength  

of t he  weld metal  i s  considerably higher than t h a t  of t h e  heat-affected 

base metal  when t e s t e d  as welded. Since we would then expect the  weld- 

metal  por t ion  of such specimens t o  creep a t  a slower r a t e  than the  

base-metal port ion,  it i s  surpr i s ing  that  they  ruptured i n  the  weld 

metal. Apparently t h e  t e s t  i s  accelerated t o  f a i l u r e  as t h e  weld metal  

reaches the  creep s t r a i n  necessary fo r  i n i t i a t i o n  of t he  t h i r d  stage of 
creep. 
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Fig,  7.1. Ef fec t  of Heat Treatment on Creep of Transverse Specimens 
Tested a t  650°C ( 1200°F) and 25,000 p s i .  That Contained the  Fusion Line. 

Specimens were welded with medium energy input and were t e s t e d  i n  a i r  
i n  th ree  condi t ions:  (1) as  welded, ( 2 )  a f t e r  annealing 30 rnin a t  
1065 "C ( 1950"F), and (3 )  a f t e r  annealing 30 rnin a t  1065 "C ( 1950 OF) 
and aging 10 h r  a t  800°C (1472 OF). 

ORNL-DWG 70-8846 
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Fig. 7.2. Ef fec t  of Heat Treatment on Creep of Transverse Specimens 
That Contained the  Fusion Line. 
Specimens were welded with medium energy input and were t e s t e d  i n  
a i r  i n  three  conditions:  (1) as welded, ( 2 )  a f t e r  annealing 30 min a t  
1065 "C (1950"F), and (3)  a f t e r  annealing 30 min a t  1065 "C (1950°F) and 
aging 10 h r  a t  800°C (1472 OF). 

Tested a t  650°C (1200°F) and 18,000 ps i .  
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Reduction i n  a rea  i s  perhaps more s ign i f i can t  than the  creep 

extension f o r  these composite specimens. The reductions i n  area f o r  

t he  specimens t e s t e d  a t  25,000 p s i  ( s ee  Fig. 7.1) a re  16, 30, and 38% 

f o r  t h e  welded, annealed, and annealed-plus-aged conditions,  respect ively,  

while those f o r  t he  specimens t e s t e d  a t  18,000 p s i  ( s ee  Fig. 7.2) were 

6.8, 9.7, and 15.5%. 
and s t r e s s  l e v e l  on creep d u c t i l i t y .  

Again, note the  s ignif icance of heat treatment 

We continued our comparisons of t he  submerged-arc and shielded 

metal-arc processes by means of t e n s i l e  t e s t s  a t  650°C. 

buttonhead specimens machined from 1/4 x 1/4 x 2-in. specimen blanks 

cu t  longi tudina l ly  t o  the  weld d i r ec t ion  from a lalyer midway through the  

weld depth (1 in .  from both t o p  and bottom sur faces) .  

va r i a t ion  i n  the  proper t ies  of t he  specimens t e s t e d  as welded as we 

t raversed from base metal  through the  deposited weld metal and back t o  

base metal. Since we included 1 t o  1 1/2 i n .  of base metal from each 

s i d e  of t h e  welds, we were able  t o  measure the  proper t ies  o f  both t h e  

base metal and heat-affected zone. 

We t e s t e d  

We found a 

Figure 7.3 shows the  t e n s i l e  s t rength  and d u c t i l i t y  of a submerged- 

a r c  weld made with medium energy input  and Arcos flux and of t he  standard 

shielded metal-arc weld made w i t h  an electrode coated with lime-TiO2. 

A s  expected from our creep-rupture r e s u l t s ,  t he  submerged a r c  weld was 

not as s t rong as the  shielded metal-arc weld. The o v e r a l l  observations,  

however, were i d e n t i c a l  f o r  both welding processes. 

y ie ld  s t rength  and the  ul t imate  t e n s i l e  s t rength  were highest  a t  t he  

fusion l i n e .  The ul t imate  s t rengths  of t he  weld metal  were comparable 

t o  those of t he  heat-affected zone, but t he  y ie ld  s t rengths  were much 

higher.  

for t he  ul t imate  s t rengths ,  the  s t r e s s - s t r a i n  curves peaked very ear ly ,  

and the  uniform elongation was as low as 1%. 
weld metal  w a s  about one -half t h a t  f o r  t he  base -metal specimens most 

d i s t a n t  from the  welds (25% compared with 50%). 

Both the  0.2%-offset 

Because t h e  y ie ld  s t rengths  of t he  weld metal  were near those 

The t o t a l  elongation o f  t he  

We have t e s t e d  the  creep-rupture proper t ies  of specimens from the  

welds made with low,  medium, and high energy input a t  593 "C (1100°F). 

The r e s u l t s  from t e s t s  a t  28,000 p s i  a re  l i s t e d  i n  Table 7.1. The 
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Fig. 7.3. Tensile Propert ies  of Submerged Arc and Shielded Metal- 
Arc Weldments a t  650 "C ( 1200 OF). 
t o  the  weld d i r ec t ion  from both base p l a t e  and weld metal  and were 
t e s t e d  i n  a i r  a t  0.002 min'l. 

Speciimens were machined longi tudina l  

Table 7.1. Ef fec t  of Energy Input on the  Creep-Rupture Fropert ies  
of Submerged Arc Welds a t  593°C and 28,000 p s i  

Energy Rupture Minimum Trave 1 
Speed Input Time Elongation Creep 

Rate 
( % / h 4  

( i n .  /min) (kJ / in .  ) ( h r )  ( %) 

30 40.8 119.7 24.0 0.1195 
18 68 129.8 23.1 0.1190 

272 123.5 16.4 0.0905 4.5 
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small difference i n  proper t ies  i s  surpr i s ing  considering the  wide range 

i n  energy input and r e su l t i ng  microstructure.  

t h ree  t e s t s  a r e  shown i n  Fig. ?.A.  Preliminary r e s u l t s  from t e s t s  a t  a 

lower, s t r e s s  of 25,000 p s i  ind ica te  t h a t  some s ign i f i can t  differences 

may show up a f t e r  the  longer t e s t  t imes,  

with medium energy input ruptured a f t e r  283 h r ,  but one from the  weld made 

with low energy input i s  s t i l l  i n  t e s t  a f t e r  340 hr .  

The creep curves f o r  these 

A specimen from the  weld made 

ORNL-DWG 70-8845 
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Fig. 7.4 Effec t  of Energy Input on the  Creep Curves of Submerged- 
Arc Weld Specimens Tested a t  593°C (1100°F) and 28,000 ps i .  
were machined t ransverse t o  the  weld d i r ec t ion ,  and the  gage sec t ions  
were a l l  weld metal. 

Specimens 
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... 

Corrosion Studies 

Considerable 

( G .  M. Goodwin, Nancy C. Cole) 

concern has been expressed about t h e  p o s s i b i l i t y  of 

corrosion damage - other  than t h a t  assoc ia ted  wi th  N a  corrosion - t o  t h e  

ves se l  and components f o r  t h e  Fast-Flux Test F a c i l i t y  (FFTF) Reactor 

during fabr ica t ion ,  shipping, i n s t a l l a t i o n  a t  t h e  s i t e ,  and outages a f t e r  

a time of operation. In order t o  evalui3te t h e  response of s eve ra l  types 

of weldments t o  a p a r t i c u l a r  type of aqueous corrosion, we prepared com- 

pos i t e  wafer specimens, 1 x 2 x 1/4 in.  t h i ck ,  t h a t  contain weld metal, 

base metal, and heat-affected zones. These wafers were heat  t r e a t e d  

as shown i n  Table 7.2 and w i l l  be t e s t e d  a t  Combustion Engineering, 

Inc. ,  Chattamoga, Tennessee, by the  Strauss  Test (ASTM A393-63), which 

cons i s t s  of a bend t e s t  a f t e r  72 h r  i n  an ac id i f i ed  copper sulfate  

solut ion.  The specimens w i l l  be examined metal lographical ly  a f t e r  

t e s t i n g  t o  determine the  r e l a t ionsh ip  between the  s t ruc tu re  produced 

by welding and heat treatment and i t s  reponse t o  the  Strauss  Test. 

Heat-Treatment Studies (Nancy C .  Cole, G. M. Goodwin) 

We are  conducting extensive s tudies  of the  e f f e c t  of heat treatment 

on base metal, heat-affected zones, and specimens of a l l  weld metal  

from a number of d i f f e r e n t  welds t o  determine, i n  general ,  t he  following. 

The Required Relationship of Time and Temperature f o r  Solution 

Treating. - We a re  studying a temperature range of 925 t o  1120°C 

(1700 t o  2050°F) and so lu t ion  times from 1 t o  10 hr ,  and have found t h a t  

f o r  c e r t a i n  compositions of weld metal, t he  f e r r i t e  phase i s  s t ab le  even 

a f t e r  severa l  h r  a t  1065°C (1950"F), though the  f e r r i t e  does agglomerate 

c on s i de r ab l y  . 
The Effect iveness  of So-called "Carbide Agglomeration" Treatments 

After  Solution Treating a t  1065 "C (1950°F) f o r  1 h r  . - We a r e  examining 

the  e f f e c t s  of holding temperatures of 730 t o  855°C (1350 t o  S 7 5 " F )  

fo r  times from 1 t o  100 h r .  

The Relationships of Time and Temperature f o r  t he  Formation of 

Sigma Phase and the  P rec ip i t a t ion  of Carbides. -The temperature range 

of i n t e r e s t  i s  540 t o  800°C (1000 t o  1472°F) f o r  aging times from 

1 t o  1000 hr .  We expect t h a t  we can metal lographical ly  discr iminate  
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Table 7.2. Summary of Heat -Treatments for Weldment Specimens 
f o r  Evaluation by Strauss Test 

Heat Treatment b Specimen We Ida 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

w 
14 

FO1 
FO1 

FO 1 

FO 1 

FO 1 

FO 1 

FO 1 
SA -6 

SA -6 

SA -6 

SA -6 

SA -6 

SA -6 

SA -6 

1065°C ( 2  h r ) ,  65"C/hr t o  800°C (10 h r ) ,  40°C/hr t o  455"C, WQ 

1065°C ( 2  h r ) ,  65"C/hr to 800°C (10 h r ) ,  95"C/hr t o  455"C, WQ 

1065°C ( 2  h r ) ,  65"C/hr t o  800°C (10 h r ) ,  l50"C/hr t o  455"C, WQ 

1065°C ( 2  h r ) ,  65"Chr  t o  800°C (10 h r ) ,  205"C/hr t o  455"C, WQ 

800°C (10 h r )  , 95 "C/hr t o  455 "C, WQ 

650°C ( 10 h r )  , 40 "C/hr t o  455 "C, WQ 

1065°C ( 2  h r ) ,  65"C/hr t o  800°C (10 h r ) ,  40°C/hr t o  455"C, WQ 

1065°C ( 2  h r ) ,  65"C/hr t o  800°C (10 h r ) ,  95"C/hr t o  455"C, W Q  

1065 "C ( 2  h r )  , 65 "C/hr t o  800°C ( 10 h r )  , l50"C/hr t o  455 O C ,  W Q  

1065°C ( 2  h r ) ,  65"C/hr t o  800°C (10 h r ) ,  205"C/hr t o  455"C, WQ 

800°C (10 h r ) ,  200"F/hr t o  455"C, WQ 

650°C (10 h r ) ,  4O"C/hr t o  455"C, WQ 

a 

bTimes i n  parentheses ind ica te  hour times a t  temperature. 

F01 = Shielded metal-arc weld, lime coating; Sa-6 = Submerged-arc weld, Hobart Flux. 
WQ = Water Quench. All 

heat  treatments performed i n  a i r .  

r w 
03 
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between f e r r i t e ,  sigma phase, and carbides  and have noted s ign i f i can t  

d i f fe rences  i n  the  temperature and r a t e  of formation o f  sigma phase i n  

t h e  weld metal  as a funct ion of t he  composition and s t ruc tu re  of the  

weld metal. The longer-term heat treatments a r e  continuing, and a de ta i l ed  

ana lys i s  w i l l  be presented i n  subsequent repor t s .  

I r r a d i a t i o n  Studies ( G. M. Goodwin) 

We prepared 226 composite samples composed of a sample of a l l  weld 

metal  and a sample of weldment f o r  i r r a d i a t i o n  i n  the  Experimental 

Breeder Reactor-I1 (EBR-11) dur ing the  f i r s t  quar te r  of f i s c a l  year 

1971. O f  these 226 specimens, 168 make up an 8 x 5 x 3-in. s t a t i s t i c a l l y  

designed experiment t h a t  involves e igh t  d i f f e r e n t  welds, f i v e  specimen 

pos i t ions ,  and th ree  heat treatments.  The remaining 58 specimens a re  

comprised of add i t iona l  welds, heat  treatments,  and specimen loca t ions  

that  could not be included i n  the  main experiment because of t he  number 

of va r i ab le s  involved. A l l  specimens were machined, and we began 

i n s t a l l i n g  them i n t o  the  i r r a d i a t i o n  assembly. 

Metallographic Studies (Nancy C .  Cole, G. M. Goodwin) 

Extensive metallographic analyses a re  necessary t o  provide the  l i n k  

between various welding procedures, t he  s o l i d i f i c a t i o n  substructure  t h a t  

t hey  produce, and high-temperature mechanical proper t ies .  The as-welded 

microstructure cons i s t s  of aus t en i t e  with a small amount of f e r r i t e .  

This f e r r i t e  i s  desired f o r  producing welds f r e e  of cracks; however, 

during service a t  high temperature, it tends t o  promote formation of  t he  

hard, b r i t t l e  sigma phase, which i n  t u r n  reduces the  d u c t i l i t y  of t he  

weld. 

Since f e r r i t e  apparent ly  plays an important r o l e  i n  determining the  

behavior of a weld i n  service,  we a re  8,ttempting t o  determine improved 

ways t o  measure i t s  amount and charac te r ize  i t s  morphology. The amount 

of f e r r i t e  i s  not e a s i l y  determined, and much s c a t t e r  i s  encountered. 

Many var iab les  a r e  involved, both i n  the  production of t he  welds and 

t h e  techniques for  measuring the  f e r r i t ; e .  

technique, which uses the  quant i ta t ive  t e l e v i s i o n  microscope, as the  

primary method f o r  study. 

We have chosen a des t ruc t ive  
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We previously reported5 a comparison of the  amount of f e r r i t e  

measured on welds from four  d i f f e r e n t  processes. The measured f e r r i t e  

content var ied from a mean of 3.1% f o r  a shielded metal-arc weld t o  a 

mean of 8.2% f o r  a gas metal-arc weld. 

made with a f i l l e r  metal  designed t o  have l e s s  than 3% f e r r i t e ;  however, 

t he  other  t h ree  welds were made with type 308 s t a i n l e s s  s t e e l  f i l l e r  

metal. Also noted was the  f a c t  t h a t  t he  amount of f e r r i t e  measured 

wi th in  a given weld var ied by a f a c t o r  of 2 within each of the  processes. 

The shielded metal-arc weld w a s  

Subsequent s tud ies  on these welds confirmed t h i s  s c a t t e r ,  as shown 

i n  Table 7.3. The mean f e r r i t e  content l i s t e d  represents  an average of 

12 or  more readings on d i f f e r e n t  a reas  within t h a t  locat ion.  Not only 

d i d  the  f e r r i t e  content vary between welding processes, but the  amount 

of f e r r i t e  var ied between welds made by a given process, between samples 

from a given weld, and between loca t ions  ( e .g . ,  t he  fusion l i n e  and the  

center  of t he  weld) wi th in  the  cross  sec t ion  of a given weld. Note 

Table 7.3. F e r r i t e  Measurements i n  Austentic S ta in l e s s  S t e e l  

We I d  
F e r r i t e  Content 

( %> 
Range Me an 

Shielded Metal Arc 

Submerged Arc 

Gas Tungsten Arc 

Gas Metal Arc 

Submerged Arc 

Weld B, Sample 22 
Weld A, Sample 64 
Weld A,  Sample 6 1  

Gas Metal Arc 

Center 

Root 

Surface 

Fusion Line 

2.2-4.2 
4.4-10 
4.9-10.2 
5.4-11.5 

7.3-w . 3 
10.3-15.3 
9.4-19.8 

6.3-13.5 
4.6-8.3 

9.3-w . 7 
6.7-9.4 

3.1 
7.5 
8.0 
8.2 

10.1 

12.6 
14.3 

9.9 
6.6 
11.7 

8.1 
A 
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t h a t  t h e  v a r i a t i o n  wi th in  one cross  sec t ion  i s  as large o r  l a rge r  than 

the  va r i a t ion  between the  submerged-arc, gas metal-arc, and gas W-arc 

processes. However, t he  d i s t r i b u t i o n  of the  f e r r i t e  between processes 

va r i e s  considerably more than it does within one c ross  sec t ion  of one 

weld. 

give a complete p ic ture  of the  morphology of t he  f e r r i t e  and how it 

a f f e c t s  t he  proper t ies  of the  weld. 

fy ing  the  s i t u a t i o n  a re  under way. 

Thus, merely measuring the  amount of f e r r i t e  i n  a weld does not 

Additional s tud ies  aimed a t  c l a r i -  

Notes 

1. W. 0. Harms and G. M. Slaughter, "Shielded Metal-Arc Welding for 
LMFBR Components," (Chapter 8, p.  142, this r epor t .  

2. J .  R. Weir and G. M. Slaughter, Fuels and Materials Development 
Program Quart .  Progr. Rept. Marck 31, 1970, ORNL-4560, pp, 111-118. 

3. G. M. Goodwin, D. G. Harman, and :Nancy C .  Cole, Fuels and Materials 
Development Program Quart. Progr. Rept. March 31, 1970, ORT\TL-4560, 
pp. 113-118. 

4.  T. L. Lyman (Ed.  ), Metals Handbook, 8 th  ed. ,  pp. 419, 422, Vol. I, 
American Society f o r  Metals, Metals Park, Novelty, Ohio, 1961. 

5. G.  M. Goodwin and N. C .  Cole, E l s  and Materials Development 
Program Quart .  Progr. Rept . June 30, 1969, ORnL-4440, pp. 167-174. 
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€!.)&?XELDED METAL-ARC WELDING FOR F B R  COMPONENTS 
7 

W. 0. H a r m s  G. M. Slaughter 

The object ive of t h i s  program i s  t o  evaluate the  shielded metal-arc 

( s t i c k  e lec t rode)  welding process f o r  f ab r i ca t ing  and repa i r ing  c e r t a i n  

s t a i n l e s s  s t e e l  components fo r  l iquid-metal  fast  breeder reac tors  ( W B R ) .  

We very s l i g h t l y  modified the  f l u x  coat ings of e lec t rodes  and a re  de t e r -  

mining the  influence of minor elements on the  mechanical propert ies  of t he  

weld metal  a t  e levated temperature. Flux coatings t r a d i t i o n a l l y  have been 

evaluated and selected by  the  r e l a t i v e  ease with which weld metal  can be 

deposited, and bead contour, a r c  s t a b i l i t y ,  and deposi t ion e f f i c i ency  are  

usua l ly  prime considerat ions.  

a t  e levated temperatures has not been se r ious ly  considered. 

Ba t t e l l e  Memorial I n s t i t u t e  Pac i f ic  Northwest Laboratory (BNWL) f o r  a 
program of i r r a d i a t i o n s  f o r  t he  Fast  Flux Test F a c i l i t y  (FFTF) Reactor. 

The e f f e c t  of t he  coating on the  proper t ies  

A s  par t  of t h i s  e f f o r t ,  we a r e  also providing weld specimens t o  

Ef fec t  of Variations i n  Flux Coating 

Preparation and Creep-Rupture Testing of Weldments ( N .  C .  Binkley, 
G. M. Goodwin, D. G. Harman) 

We reported’ t h a t  t h e  shielded metal-arc weldments d i sp l ay  decreasing 

creep elongations with increasing time t o  rupture a t  650°C (1200°F). 

showed t h a t ,  f o r  t h e  standard lime-Ti02 coating, t he  d u c t i l i t y  loss  was 

associated with a meta l lurg ica l  i n s t a b i l i t y  a t  t he  phase boundary. 

suspect t h a t  t he  f e r r i t e  t h a t  i s  concentrated i n  these locat ions i s  perhaps 

transforming t o  the  b r i t t l e  sigma phase a t  the  t e s t  temperature and t h a t  

t h i s  i s  responsible f o r  t h e  loss of creep d u c t i l i t y  f o r  t he  welds of 

o ther  compositions as wel l .  

We 

We 

Sigma phase forms most r e a d i l y  a t  650°C (1200°F) but  has been reported 

We expected t h a t  f o r  service temperatures ranging from about 500 t o  760°C. 

t h e  embrittlement t h a t  would occur a t  temperatures below 650°C would be 

more sluggish and, consequently, more d i f f i c u l t  t o  demonstrate a t  t e s t i n g  

times commensurate with the  laboratory f a c i l i t i e s  committed t o  t h i s  program. 

4 
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Creep-rupture t e s t s  of specimens from welds made with e lec t rodes  with the  

standard lime-Ti02 coating a t  593°C (1100°F) d i d  show the embrittlement 

t o  be sens i t i ve  t o  temperature i n  the  d i r ec t ion  expected. The r e l a t ionsh ip  

of rupture time with s t r e s s  and elongation i s  shown i n  Fig. 8.1 f o r  both 

t e s t  temperatures f o r  t h i s  weld. We were qui te  surpr ised t h a t  t he  creep 

ORNL-DWG 70-9032R 

RUPTURE TIME (h r )  

Fig. 8.1. Creep-Rupture Propert ies  of Shielded Metal-Arc Weldment 
from Standard Lime -Titania Coated Electrode Tested i n  the  As-Welded 
Condition. 

d u c t i l i t y  a t  593°C decreased as rapid1;y as i s  shown here.  Values of l e s s  

than 5% can be expected for times g rea t e r  than 1000 hr ,  even a t  the  lower 

temperature. 

boundaries has genera l ly  been found t o  be most ser ious between 550 and 

600°C f o r  wrought a u s t e n i t i c  a l loys ,  t he  ro l e  of carbides i n  the  i n s t a b i -  

l i t y  of phase boundaries i n  weld metal  i s  being invest igated.  

Since embrittlement due t o  formation of carbides  a t  g ra in  

We recen t ly  included three  experiinental lime-base coatings i n  our 

s tud ies  of compositional var ia t ions .  'These were formulated by Combustion 

Engineering personnel a t  Chattanooga, 'Tennessee, and t h e i r  t e s t s  show 

them t o  have improved d u c t i l i t y  a s  coqpared with welds made with the  

standard lime -coated electrode.  The new formulations contain a 
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fe r ro- t i tan ium addi t ion,  ferro- t i tanium plus  B, and ferro- t i tanium plus B 

and P. 

from standard lime-coated electrode.  We a re  preparing t e s t  specimens 

from the  welds made a t  Combustion Engineering and have a l s o  obtained 

e lec t rodes  so as  t o  prepare welds using equipment and personnel common 

t o  the  r e s t  of our program. 

Figure 8.2 shows t h e i r  t e s t  r e s u l t s  along with ours f o r  the  weld 

ORNL-DWG 70-903tR 

COMPOSITION VARIABLE (w t  70) 

STANDARD 0.02 O.OO! O.O!( 

0 0.04 0.005 0.015 

60 

R U P T U R E  TIME ( h r )  

Fig. 8.2. Ef fec t  of  Compositioned Variations on the  Creep-Rupture 
Proper t ies  of Weldments from Lime-E,ase Coated Electrodes Tested a t  650°C 
i n  the  As-Welded Condition. 

The s t a t u s  of our  t e s t s  a t  650°C and 18,000 p s i  of the  welds made 

with the  cont ro l led  l ime- t i tan ia  coatings i s  shown i n  Table 8.1. We 

previously showed C t o  be only  moderately e f f ec t ive  i n  increasing the  

rupture time.’ Close examination of the  creep curve from the  high-C weld 



Table 8.1. Effect  o f  Compositional Variables on Creep Propert ies  of 
Shielded Metal-Arc Welds i n  S ta in less  S tee l  a t  650°C and 18000 p s i  

Coating 
Rupture Tota l  Minimum Creep 

Life E longat ion Rate 
( h r )  ( 4) ( %/h4 

Commercial lime -TiOz,  
0.044C-O.47Si-0.012P- 
0.016S-O.001 B 

Low (0.035%) C 

High (0.074%) C 

Low (0.29%) S i  

High (0.73%) S i  

Low (0.009%) P 

Medium (0.023%) P 

High (0.034%) P 

Low (0.006%) S 

High ( 0.027%) S 

Medium (0.004%) B 

High (0.006%) B 

576 

490 

6000" 

5 92 

7 10 
To be t e s t e d  

To be t e s t e d  

165 5 
526 

548 
2670 

To be t e s t e d  

0.50 1.9  x 

4.5 1.0 x 
0.46 < 5.0 x 
3.2 1.0 x 

0.2  2.0 x 

0.97 2.5 x 

0.75 8.3 x 
0.67 3.9 x 

1.0 1.1 x 

a Temperature d r i f t  caused specimen to rupture ea r ly .  Rupture 
time extrapolated from t e s t s  of higher s t r e s s .  

showed a s l igh t  increase i n  creep r a t e  rnidway i n  the  t e s t  due t o  a 

temperature d r i f t  caused by a f a u l t y  component i n  our temperature standard.  

Since the  t o t a l  creep s t r a i n  i s  l imi ted  t o  very small values,  a s l i g h t  

change i n  minimum creep r a t e  severe ly  a f f e c t s  t h e  rupture t i m e .  

two o ther  s t r e s s  l eve l s  subs tan t ia ted  t h i s .  These r e s u l t s  show t h a t  

addi t ions of C increase s t rength  but  decrease d u c t i l i t y ,  while addi- 

t i o n s  of B and P increase s t rength  more and o f f e r  some promise i n  

ind ica t ing  so lu t ions  t o  t h e  problem of 'Loss o f  d u c t i l i t y .  

Tests a t  

Tensile proper t ies  of t he  standard lime-Ti02 weld a re  compared with 
2 those of a submerged-arc weld elsewhere. 



Notes 

2. D. G. Harman and G. M. Goodwin, "Investigations of Mechanical 
Properties," pp. 131-136, this report. 

. .. 
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OF FERRITIC STEEL WELDS 

J. R. Weir, Jr. G. M. Slaughter 

The use of f e r r i t i c  s t e e l s  fo r  tubing, piping, and headers i n  high- 

i n t e g r i t y  steam generators requires  t h a t  t h e i r  ove ra l l  weldabi l i ty  and 

t h e  mechanical proper t ies  of  weld meta:L and heat-affected zone a t  e le -  

vated temperatures (290 t o  595°C) be assessed. The s u s c e p t i b i l i t y  of 

both t h e  weld metal and t h e  heat-affected zones t o  cracking i s  of 

p a r t i c u l a r  i n t e r e s t .  

This program deals with four  c lasses  of f e r r i t i c  s t e e l  t h a t  a r e  

candidates f o r  use i n  e i t h e r  liquid-metal-cooled o r  water-cooled reac- 

t o r s .  The purpose of t h e  program i s  t o  compare t h e  we ldab i l i t i e s  of 

these  various s t e e l s  and t o  determine tihe advantages and l imi t a t ions  of 

each. We emphasize determining s u s c e p t i b i l i t y  t o  cracking associated 

with t h e  weld and t h e  e f f ec t s  of welding on mechanical proper t ies  a t  t h e  

expected serv ice  temperatures. 

Plain- Carbon S t  ee Is 

Procurement and Preparation of Specimeris - (N. C.  Binkley, D. A. Canonico) 

We have procured a la rge  p l a t e  (1 in .  x 4 f t  x 6 f t )  of plain-C 

s t e e l  with t h e  same C l e v e l  (0.010% C )  as t h e  s tandard and s t a b i l i z e d  

v a r i e t i e s  of 2.25% Cr-1% Mo f e r r i t i c  s t e e l s .  Lehigh r e s t r a i n t  specimens 
(Fig.  9 .1 )  a r e  being prepared from t h i s  p l a t e .  In addi t ion ,  some of t h e  

p l a t e  w i l l  be fu r the r  reduced i n t o  tes t ,  tubing, rod, and th inner  p l a t e  

f o r  TIGAMAJIG specimens. F i l l e r  mater ia l  f o r  t h e  plain-C s t e e l  (SAE1010) 
i s  being procured. 

Conventional 2.25% Crl% Mo Low-Alloy Stee ls  

Procurement and Preparation of Specimeris - (N. C. Binkley, D. A. Canonico) 

We procured a la rge  p l a t e  (1 in .  >: 4 f t  x 8 f t )  of ASTM A387-D s t e e l  

(standard 2.25% C r - l %  Mo f e r r i t i c  s t e e l ) .  

were prepared f r o m t h i s  p l a t e  with varying amounts of r e s t r a i n t  dependent 

upon t h e  depth of t h e  sawcuts. Much of' t h e  p l a t e  remains f o r  add i t iona l  

specimens. 

Lehigh r e s t r a i n t  specimens 



14% 

O R N L - D W G  7 0 - 8 8 5 7  r L 
T 

~ 

~ ' 1 2  HOLE - 

SAWCUTS 

DIMENSIONS ARE 
I N  INCHES 

Fig. 9.1. Lehigh Res t ra in t  Specimen. 

Low-Carbon Low-Alloy Stee ls  

Procurement of Mater ia l  (N. C. Binkley, D. A. Canonico) 

We a r e  attempting t o  procure an experimental heat  of l o w - C  (0.02% C )  

2.25% C r - l %  Mo s t e e l .  This heat  w i l l  then have t o  be r o l l e d  t o  shape. 

S t ab i l i zed  Law-Alloy Stee ls  

Li te ra ture  Search (N. C. Binkley, D. A. Canonico) 

We began a thorough l i t e r a t u r e  search i n t o  t h e  weldabi l i ty  of 

t hese  s t e e l s .  As par t  of t h i s  search, we began correspondence and d is -  

cussions with various domestic and European organizations and firms t h a t  

may have experience i n  t h e  welding of t hese  s t e e l s ,  which have been used 

f o r  some time i n  Europe i n  steam generators.  

To date ,  two r e p l i e s  and an acknowledgment have been received from 

One reply,  from Interatom ( In te rna t iona le  Atomreaktorban GrribH) Europe. 

of Germany, indicated t h a t  t h e i r  experience with t h e  welding of s t a b i l i z e d  
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2.25% C r - l %  Mo f e r r i t i c  s t e e l  had been qui te  favorable.  

r e f e r r ed  us t o  other  sources,  and we contacted these .  Gebr. Bokler and 

Company of Germany sent  us welding f i l l e r  metal t h a t  they supply comer-  

c i a l l y  i n  Europe s p e c i f i c a l l y  f o r  welding t h e  s t a b i l i z e d  f e r r i t i c  s t e e l s .  

A European suppl ie r  of these  s t e e l s  , Ugine-Kuhlmann of Paris , acknow- 

ledged our inqui ry  and should respond in t h e  near fu ture .  

Interatom 

Discussions with manufacturing companies i n  t h i s  country revealed 

t h a t  they  have not had t h e  favorable experiences with t h e  s t a b i l i z e d  

2.25% Cr- l$  Mo f e r r i t i c  s t e e l s  t h a t  t h e  foreign companies repor t .  

have encountered ser ious problems associated with hot cracking i n  t h e  

heat-affected zone (possibly due t o  t h e  formation of FezNb). 

They 

Procurement of Mate r i ah  (N. C.  Binkley, D. A. Canonico) 

Two d i f f e r e n t  hea t s  of Sandvik HT8?x6 were received from Sandvik 

S tee l ,  Inc. 

being used i n  Europe i n  steam generatom. 

seamless tubing t y p i c a l  of t h e  tubing used f o r  steam generator i n t e rna l s .  

The other  hea t  of HT8x6 w a s  received as bar  s tock  i n  two 1- in .  -diamx 2 - f t -  

long rounds. 

f e r r i t i c  s t e e l  i n  p l a t e  form, but it Kppears t h a t  no p l a t e  products have 

ever been made of t h i s  mater ia l .  Thus, we s h a l l  have t o  order an experi-  

mental heat  and roll it t o  p l a t e .  

The HT8x6 i s  a Nb-stabilized 2.25% Cr- l$  Mo s t e e l  t h a t  i s  

One heat i s  i n  t h e  form of 

We a l s o  attempted t o  procure some s t a b i l i z e d  2.25% C r - l %  Mo 

Preparation of Specimens (N. C.  Binkleiy, D. A. Canonico) 

Most of t h e  specimens prepared t o  date have been from t h e  l imi ted  

amount of Sandvik HT8x6 s t a b i l i z e d  2.25% Cr-l$ Mo s t e e l .  

bar of t h i s  s t e e l  w a s  used t o  prepare a Jominy hardenabi l i ty  specimen. 

The r e s u l t s  of t h i s  t e s t ,  presented i n  Fig. 9.2, i nd ica t e  t h a t  t h e  

hardenabi l i ty  of t h i s  mater ia l  i s  poor, due, no doubt, t o  t h e  formation 

of Nb carbides t h a t  decreases t h e  amount of C ava i lab le  t o  enhance 

hardenabi l i ty .  

1/4-in. p l a t e  f o r  TIGAMAJIG specimens o r  drawn i n t o  1/4-in. rounds f o r  

Gleeble specimens. 

t h e  weld-associated s u s c e p t i b i l i t y  of t h i s  mater ia l  t o  cracking. 

t h e  Gleeble, t h e  mater ia l  can be t e s t e d  f o r  hot d u c t i l i t y  as w e l l  as 

The 1-in.-diam 

The remainder of t h e  ba r  s tock  w a s  e i t h e r  f l a t t e n e d  i n t o  

With t h e  TIGAMAJIG, we hope t o  be ab le  t o  determine 

With 
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DISTANCE FROM QUENCHED END (1116 i n . )  

Fig. 9.2. Results of Jominy Hardenabili ty Test. 

subjected t o  various thermal cycles t h a t  simulate the  cycling that  

would be encountered i n  various regions of a heat-affected zone. The 

HT8x6 tubing we received is from a d i f f e ren t  heat than t h e  HT8x6 bar .  

Some of t h e  tubing w a s  s l i t  longi tudina l ly  and f l a t t e n e d  i n t o  s t r i p s  

about 1/16 i n .  t h i ck .  These s t r i p s  were made i n t o  f l a t  specimens f o r  

t e s t s  o f  hot d u c t i l i t y ,  both "on heating" and "on cooling." The zero 

d u c t i l i t y  temperature w i l l  be es tabl ished.  

In a l l  cases,  t h e  mater ia l ,  when reformed i n t o  d i f f e ren t  specimen 

shapes, w a s  heat  t r e a t e d  t o  produce t h e  same microstructure as i n  t h e  

received mater ia l .  The reported Sandvik heat treatment ( 1 0 5 0 ° C  normal- 

i z ing  f o r  20 min, a i r  cooled t o  5OO0C, tempered a t  7 5 0 ° C  f o r  1 h r ,  and 

a i r  cooled t o  room temperature) w a s  used with success. 

of t h e  received b a r  s tock  of HT8x6 (Fig. 9 .3 )  compare favorably with 

t h a t  of t h e  1/4-in. p l a t e  heat t r e a t e d  f o r  t h e  TIGAMAJIG specimens 

(Fig. 9 .4) .  Similar ly ,  t h e  microstructure o f  t h e  received tubing 

(Fig. 9.5) compares favorably t o  t h a t  of t h e  hea t - t rea ted  s t r i p  r o l l e d  

f o r  Gleeble specimens (Fig. 9 .6) .  

Microstructures 
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Fig. 9.3. Microstructure of Received B a r  Stock of Sandvik HT8x6. 
200x. 

Fig. 9.4. Rolled P la te  of Sandvik HT8x6 Heat Treated t o  Simulate 
Condition of Received Material. 200~. 
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Fig.  9.5.  Microstructure of  Tubing as Received from Sandvik Heat 
HT8x6. 2OOx. 

Fig. 9.6. Rolled S t r i p  (0.063 in .  Thick) of Sandvik Heat HT8x6 
Heat Treated t o  Simulate Condition of Received Tubing. 200x. 
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NONDESTRUCTIVE TESTING TECHNIQUES FOR IMFBR - --- 
W. 0. H a r m s  R. W. McClung 

We are developing new methods, techniques, and equipment f o r  

nondestruct ively evaluat ing mater ia ls  or components r e l a t e d  t o  the  

l iquid-metal  fast breeder reac tor  (LMFBR). 

a r e  electromagnetic induction, u l t rasonics ,  and penetrat ing rad ia t ion .  

Special  emphasis i s  being given t o  developing techniques f o r  measuring 

the  degree of cold work i n  s t a i n l e s s  s t e e l  tubing w i t h  a small diameter. 

Among the  methods s tudied 

Development of Advanced Nondestructive Testing 

Development of Eddy-Current Instrument ( C .  V. Dodd) 

We are continuing t h e  development of an eddy-current instrument t o  

measure both the  s i ze  of defec ts  and t h e i r  depth below the  surface.  We 

have designed and constructed a video ampl i f ie r  f o r  t he  modular phase- 

s ens i t i ve  eddy-current instrument t h a t  w i l l  be used i n  t h i s  program. 

Ultrasonic Schlieren Techniques f o r  Evaluation of Welds ( H .  L. Whaley, 
K. V. Cook) 

We a re  using the  sch l ie ren  technique i n  conjunction w i t h  two 

u l t r a son ic  techniques f o r  t e s t i n g  welds t o  study the  response of u l t r a -  

sound t o  various types of weld defec ts  i n  samples of 1- in . - thick b u t t -  
welded A1 and s t a i n l e s s  s t e e l  p l a t e s .  Weld samples f o r  t h i s  study con- 

t a i n  i n t e n t i o n a l  defec ts  such as porosi ty ,  inclusions,  incomplete 

fusion, and incomplete penetrat ion.  

f l a t  before inspect ion.  The three  techniques by which each sample i s  

being examined a re  described b r i e f l y  below. 

The crown of each weld was ground 

Schlieren. - The sample i s  scanned by means of a manually operated 

mechanical system i n  each of two d i f f e r e n t  experimental configurat ions : 

(1) the  transducer ax i s  i s  a l igned normal t o  the  p l a t e  and centered on 

t h e  weld; ( 2 )  t he  transducer i s  s e t  a t  an angle of incidence needed t o  

give a shear  beam perpendicular t o  t h e  weld in t e r f ace .  

p l e  p l a t e s  a r e  s l i g h t l y  bowed, maintenance of  alignment i s  d i f f i c u l t .  

Because t h e  sam- 

A 
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v i s u a l  image of t he  u l t rasonic  pulse i s  observed a s  it t r a v e l s  through 

the  water a f t e r  having propagated through the  weld a rea  of t he  sample. 

Indicat ions of t he  defec ts  present i n  the  weld a re  given by va r i a t ions  

i n  the  shape and i n t e n s i t y  of t he  image of t he  pulse. 

Conventional Pulse-Echo Ultrasonic Test.  - The t w o  bas ic  systems of 

r e l a t i v e  alignment of sample and transducer used i n  t h i s  t e s t  were the  

same as f o r  t he  sch l ie ren  t e s t .  I n  t h i s  case,  however, e lec t ronic  

instrumentation de tec ts  and displays (as  t r a c e s  on a cathode-ray screen) 

the  u l t r a son ic  s igna ls  r e f l ec t ed  t o  the transducer from the  sample. The 

disadvantage of t h i s  technique, as compared t o  the  sch l ie ren  technique, 

i s  t h a t  a l l  r e f l ec t ions  t h a t  m i s s  t he  transducer a re  " invis ib le .  

the  s e n s i t i v i t y  t o  small f l a w s  may be s i g n i f i c a n t l y  g rea t e r  than f o r  

t he  v i s u a l  technique. The mechanical system f o r  scanning was manually 

control led.  

However, 

Delta Weld-Testing Technique. - The Delta technique' i s  a r ecen t ly  

developed method of u l t r a s o n i c a l l y  inspect ing welds t h a t  u t i l i z e s  the  

f a c t  t h a t  ultrasound may be sca t t e red  from a d iscont inui ty  i n  a mater ia l  

i n  one or more of a number of ways. With the  configurat ion shown i n  

Fig. 10.1, a f l a w  so or iented a s  t o  prevent de tec t ion  by a conventional 

pulse-echo t e s t  w i l l  s t i l l  be detected i f  it s c a t t e r s  s u f f i c i e n t  energy 

t o  t h e  rece iver .  The t r ansmi t t e r  and rece iver  a re  clamped i n  a s ingle  

O R N L - D W G  7 0 - 8 4 7 2  

8 = A N G L E  OF I N C I D E N C E  

T R A N S M I T T I N G  
T R A N S D U C E R  

R E C E I V I N G  T R A N S D U C E R  * 

C E N T E R  OF 
W E L D  CROWN 

1- 

-I 

T h l C K N E S S  
OF P L A T E  

Fig. 10.1. Basic Delta Configuration. 
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mechanical f i x t u r e  t h a t  maintains t h e i r  r e l a t i v e  posi t ioning as they  a re  

scanned across  the  p l a t e .  The weld i s  scanned boustrophedonically by 

a precise  automatic, mechanical system. 

a rea  i s  made f o r  each sample. 

more d i f f i c u l t  than f o r  conventional techniques s ince a given d iscont inui ty  

may be recorded more than once because various types of sca t te red  energy 

(from a given f l a w )  may reach the  rece iver  a t  d i f f e r e n t  pos i t ions  i n  

i t s  scan. 

A plan-view recording of t he  weld 

In t e rp re t a t ion  of r e s u l t s  i s  somewhat 

A s  data a re  accumulated, we a r e  co r re l a t ing  the  r e s u l t s  between the  

d i f f e r e n t  t e s t s  and w i t h  radiographs of each sample. 

data should increase our knowledge of t he  in t e rac t ion  of ultrasound with 

defec ts  i n  welds. 

Comparison of these  

Measurement of Cold Work i n  S ta in less  S t e e l  Tubing 

Design and Construction of Impedance Bridge ( C .  V. Dodd, W. A. Simpson) 

We a re  inves t iga t ing  methods f o r  nondestruct ively measuring the  

degree of cold work i n  s t a i n l e s s  s t e e l  tubing tha t  has a small diameter. 

We emphasize the  use of electromagnetic induction f o r  de tec t ing  the  

changes i n  magnetic permeabili ty produced by cold work. 

We constructed a high-impedance d i f f e r e n t i a l  ampl i f ie r  t h a t  w i l l  be 

used w i t h  the  phase -sensi t ive eddy-current instrument t o  a i d  i n  the  

i n i t i a l  adjustment of t he  bridge. We received the  s t ab le  a l t e r n a t i n g -  
cur ren t  source t h a t  i s  needed for t he  impedance bridge. 

Metal lurgical  Correlat ion 

We a re  examining both the  f l a t  samples and t h e  tubular  samples of 

type 316 s t a i n l e s s  s t e e l  with various degrees of cold work by means of 

t he  e l ec t ron  microscope. 

amounts of martensitically-formed f e r r i . t e  as a funct ion of cold work f o r  

f u r t h e r  co r re l a t ion  with the  measurements of changes i n  r e l a t i v e  

pe rmeab i lit y . 

This w i l l  al low measurement of t he  r e l a t i v e  
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Notes 

1. B. T. Cross e t  a1  The Delta Technique - A Research Tool - A Qua l i ty  - -- j  

Assurance Tool, TR-68-11? Automation Indus t r ies ,  Inc. ,  Boulder, 
Colorado (March 1968). 
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11. LDILJM CORROSION STUDIES 

W .  0. Harms  J. H. DeVan 

The purpose of t h i s  program i s  t o  inves t iga te  t h e  chemical and 

meta l lurg ica l  e f f e c t s  produced i n  s t r u c t u r a l  mater ia ls  during exposure 

t o  molten Na .  The program i s  designed t o  guide t h e  se l ec t ion  of con- 

t a i n e r  mater ia ls  f o r  liquid-metal-cooled fast  breeder r eac to r  (LMFBR) 

systems and provide guidel ines  f o r  specifying in su la t ing  mater ia ls  f o r  

use with s t a i n l e s s  s t e e l  components i n  t h e  Fast  Flux Test F a c i l i t y  

(FFTF) Reactor. 

Comparative Corrosion Tests on Refractory Alloys 

J. H. DeVan 

Although V a l loys  a r e  highly r e s i s t a n t  t o  d isso lu t ion  by N a ,  they  

a r e  qui te  r eac t ive  with nonmetallic impuri t ies  i n  N a ,  p a r t i c u l a r l y  with 

C ,  N, and 0. Accordingly, we a r e  inves t iga t ing  t h e  mechanisms by which 

V a l loys  a r e  a t tacked i n  N a  a t  impuritiy l eve l s  t y p i c a l  of se rv ice  condi- 

t i o n s  i n  a reac tor .  O u r  program i s  concerned with four  b a s i c  aspects  

of t h e  oxidation process f o r  V a l loys  i n  N a :  (1) t h e  p a r t i t i o n i n g  of 

0 between V a l loys  and N a ;  ( 2 )  t h e  e f f e c t s  of a l loy ing  addi t ions  of C r  

and Z r  on t h e  d i f fus ion  coef f ic ien t  of 0 i n  V ;  (3) the  e f f e c t s  of C r  and 
Zr i n  V on t h e  oxide formed and on t h e  d isso lu t ion  of t h e  a l loys  i n  N a ;  

and ( 4 )  t h e  s o l u b i l i t y  of V i n  N a  as a f f ec t ed  by t h e  presence of 0 i n  

e i t h e r  metal. We a r e  a l s o  examining t h e  k ine t i c s  of t h e  t r a n s f e r  of C ,  

N,  and 0 between V a l loys  and types 304 and 321  s t a i n l e s s  s t e e l  i n  a N a  

c i r c u i t .  

Ef fec t  of Oxygen on t h e  Compatibil i ty of Vanadium and Vanadium Alloys 
wi th  Sodium (R. L. Klueh) 

S t a t i c  capsule t e s t s  a r e  being used t o  s tudy t h e  e f f e c t s  of a l loy ing  

addi t ions  on t h e  oxidation behavior of V a l loys  i n  impure Na .  We recen t ly  

compared t h e  oxidation behavior of V-1.3% Z r ,  V-5$ Z r ,  and V-20$ Mo with 

t h a t  of unalloyed V. Each of t h e  allqys w a s  encapsulated ind iv idua l ly  
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with an unalloyed V specimen i n  a type 304 s t a i n l e s s  s t e e l  capsule and 

exposed t o  N a  with 2000 ppm 0 (added as Na20) for 100, 200, 300, and 

600 h r  a t  600°C. 

sca les  of varying thicknesses .  Table 11.1 shows t h e  changes i n  weight 

and 0 concentration as determined by fast-neutron ac t iva t ion  ana lys i s  

f o r  t h e  V and V a l loy specimens. 

mensurate with t h e  change i n  0 concentration and indicated t h a t  t he re  

was l i t t l e  o r  no miss t r a n s f e r  from t h e  s t a i n l e s s  s t e e l  capsules t o  

t h e  V. 

A l l  specimens gained weight and had b lack  surface 

Generally t h e  weight gains were com- 

Table 11.1. Oxygen Concentration of Vanadium and Vanadium Alloys 
Exposed t o  Sodium Containing 2000 ppm 0 at 600°C" 

Oxygen Concentration (ppm) 

T i m e  Vanadium Vanadium Alloy 

Alloy After  Before After  (hr ) Vanadium 

Testb Test Test 

Weight Change (mg) 

Vanadium 

100 

200 

3 00 

600 

100 

200 

300 

600 

5.6 

3.7 

5.0 

4.8 

5 .2  

4.5 

3.7 

3.6 

V-1.3% Z r  

5 . 1  

4.0 

5.8 

6.0 

V-5% Z r  

7.2 

6.7 

7 .4  

7.5 

V-20% MO 

3 940 

3030 

4250 

4020 

3910 

3850 

3600 

3320 

175 

110 

13 2 

12 1 

22% 

220 

212 

196 

45 10 

3740 

5000 

5200 

5330 

5220 

5520 

5670 

100 

200 

300 

600 

5.4 

4.7 

6.9 

7.4 

2.2 

0.4 

1 . 5  

1.2 

4090 

4120 

5980 

6470 

184 

134 

15 5 

133 

2830 

2490 

2910 

2980 

All specimens were 1 x 1 /2  x 0.04 in .  a 

bVanadium contained about 80 ppm before t e s t .  
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The data i n  Table 11.1 indica te  t h a t  0 w a s  r ed i s t r ibu ted  between 

V-20$ Mo and V during t h e  f i r s t  300 h r  of t e s t  and then remained fixed 

between 300 and 600 hr .  Diffusion calculat ions show t h a t  equilibrium 

should be approached by 600 hr .  

t e s t s  allow a comparison of t h e  equilibrium 0 d i s t r ibu t ion  coef f ic ien t  

f o r  unalloyed V ( K  ) with t h a t  of a l loys  i n  which 0 i s  i n  dissolved form. 

A s  discussed previously, '  these  capsule 

V 

IC:, where C represents  t he  

f i n a l  concentration of dissolved 0 i n  the a l l o y  and V, respect ively.  

If we assume 0 i n  t h e  V-20$ Mo a l l o y  t o  be completely i n  s o l i d  so lu t ion ,  

t h e  data i n  Table 11.1 show t h a t  t h e  0 d i s t r i b u t i o n  coef f ic ien t  f o r  t h e  

a l l o y  i s  one ha l f  t h a t  f o r  unalloyed V. This change i n  t h e  0 p a r t i -  

t ion ing  coef f ic ien t  i s  very near ly  t h e  same as t h a t  reported'  f o r  a 

comparable Cr addi t ion t o  V i f  we compare t h e  addi t ions on t h e  bas i s  of 

atomic percent.  

co" 0 
We showed' t h a t  K v alloY/KV = 

These ca lcu la t ions  of d i s t r ibu t ion  coef f ic ien t  a r e  not appl icable  

t o  t h e  V-Zr a l loys ,  s ince a major f r ac t ion  of t h e  0 i n  these  a l loys  i s  

i n  p rec ip i t a t ed  form ra the r  than s o l i d  solut ion.  That i s ,  t h e  0 d i f fuses  

i n t o  t h e  V - Z r  a l l oys ,  r eac t s  with t h e  Zr and p rec ip i t a t e s  an oxide of Zr. 
The k ine t ics  of t h i s  process decrease with time, s o  equilibrium i s  

approached very slowly. A s  i s  evident i n  Table 11.1, both V-Zr a l loys  

continued t o  increase i n  0 between 100 and 600 h r ,  an increase t h a t  has 

been v e r i f i e d  metallographically.  

I n t e r s t i t i a l  Contamination of Vanadium and I ts  Alloys (H. Inouye) 

Unalloyed V w a s  s t r e s sed  t o  12,000 p s i  a t  600°C i n  Nz a t  reduced 

pressures t o  determine t h e  e f f e c t s  of N contamination on t h e  creep 

propert ies .  Table 1 1 . 2  compares t h e  r e s u l t s  of t h ree  t e s t s  i n  N2 a t  

pressures of about t o r r  with one t e s t  a t  a base pressure of 

7 x t o r r .  

Based on t h e  c r i t e r i o n  of t h e  minimum creep r a t e ,  t h i s  s e r i e s  of 

t e s t s  showed t h a t  t he  in t e rac t ion  of N with V t o  a pressure of 

3.4 x t o r r  lowers t h e  creep s t rength .  However, on t h e  b a s i s  of 

t h e  time required t o  produce a given s t r a i n  (up t o  lo$), V i s  s t ronger  

i n  1 . 5  x t o r r  N2 than i n  a l l  t h e  other environments t e s t e d ,  including 
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Table 11.2. Effect  of Nitrogen Pressure on t h e  Creep Properties 
of Vanadium Stressed t o  12,000 p s i  a t  600°C 

~ ~~ 

Nitrogen Time (hr )  Required t o  Produce Given S t r a in  Minimum 
Pressure Creep Rate 

( t o r r )  1% 2% 5% 10% (hr'') 

7.0 10-9" 5.0 13.5 73 255 2.2 

1.5 x 26 50 13 6 3 27 2.8 

3.4 x 2.5 7.0 40 120 4.0 

5.1 x 2.5 5.5 8 8.5 b 

a Base pressure.  Nitrogen w a s  not added t o  vacuum system. 

bSpecimen d id  not exhib i t  a definable creep r a t e .  

t h e  base pressure.  This e f f e c t  i s  a t t r i b u t e d  t o  t h e  absence of a 

primary creep s tage a t  t h i s  pressure.  

The creep behavior i n  5 x lom6 t o r r  N 2  w a s  unusual i n  t h a t  an 

abrupt s t e p  i n  t h e  creep curve occurred, as shown i n  Fig. 11.1. This 
specimen ruptured i n  118 h r  a t  a s t r a i n  of 26%. 
i n  creep curves have been observed i n  Nb doped wi th  0 ( r e f .  2) and i n  

Nb-0.6% Zr during contamination with 0 ( r e f .  3). The acce lera t ion  s tage  

of creep i n  Nb-0 a l loys  w a s  a t t r i b u t e d  t o  "recovery" and i n  Nb-0.6% Zr 
t o  t h e  p rec ip i t a t ion  of Zr from so lu t ion  as a Zr oxide. The decelera- 

t i o n  s tage  i n  t h e  Nb-0 a l loys  w a s  a t t r i b u t e d  t o  t h e  formation of a 

s t a b l e  substructure  and, i n  t h e  case of Nb-0.6% Zr, t o  t h e  formation of 

NbO a t  t h e  gra in  boundaries. It i s  not known whether comparable mecha- 

nisms a re  responsible f o r  t h e  anomalous behavior of t h e  V specimen 

t e s t e d  i n  t h e  program a t  a N 2  pressure of 5 x lom6 t o r r .  

Similar d i scon t inu i t i e s  

Mass Transfer of I n t e r s t i t i a l  Impurit ies Between Vanadium Alloys and 
Ty-pe 304 Sta in less  S tee l s  (D. H. Jansen) 

We are  operating a s e r i e s  of therml-convect ion loops t o  determine 

t h e  extent of i n t e r s t i t i a l  mass t r a n s f e r  between V and s t a i n l e s s  s t e e l  

i n  N a .  The heated port ion of each loop i s  constructed of V, and t h e  

cooled port ion is  of e i t h e r  type 304L or type 321 s t a i n l e s s  s t e e l .  
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ORNL-DWG 70- 5342 

0 4 8 12 16 20 24 28 32 
TIME (h r )  

Fig. 11.1. Creep Behavior of 0.021-in. -Thick Vanadium Sheet i n  
Vacuum and Low-Pressure Nitrogen. Specimens were creep t e s t e d  a t  600°C 
a t  a s t r e s s  o f  12,000 ps i .  

Results of t h e  f i r s t  t e s t  i n  t h i s  s e r i e s ,  i n  which the  cooled 

port ion of  t h e  loop w a s  constructed of  type 304L s t a i n l e s s  s t e e l ,  were 

reported last  qua r t e r .4  We have now examined a second loop t h a t  oper- 

a t ed  under t e s t  conditions5 i d e n t i c a l  t o  those of t h e  f i r s t  loop but  

contained a cooled sec t ion  of type 321 s t a i n l e s s  s t e e l .  The loop oper- 

a t e d  f o r  3000 h r  with N a  t h a t  w a s  hot t,rapped with Z r  before  it w a s  

f i l l e d .  Sodium entered t h e  heated sectmion a t  562°C and l e f t  it a t  712°C. 

Seven V and th ree  type 321 s t a i n l e s s  s t e e l  i n s e r t s  i n  t h e  form of round 

t e n s i l e  specimens4 were posit ioned end-,to-end i n  t h e  heated V leg.  

s t a i n l e s s  s t e e l  and three  V specimens were contained i n  t h e  cold leg. 

Seven 

Figure 1 1 . 2  shows t h e  weight changes of i n s e r t  specimens according 

t o  t h e i r  temperature and r e l a t i v e  pos i t ion  i n  t h e  loop. 

[Fig. 11 .2 (b ) ]  gained weight, as i n  t h e  f irst  loop.' 

l a rges t  weight changes occurred near t h e  entrance of t h e  hea ter ,  and t h e  

changes decreased with increasing temperature along t h e  hea ter ,  t h e  

reverse  of what occurred i n  t h e  f i r s t  loop. Thus we suspect t h a t  t h e  

weight changes of V specimens i n  t h e  heated entrance were not produced 

by N a  but  r a t h e r  by a problem encountered before  t h e  loop w a s  f i l l e d  

with N a .  As t h e  loop w a s  being outgassed i n  preparat ion f o r  f i l l i n g ,  a 

leak  developed i n  t h e  braze j o i n t  t h a t  connected t h e  d i s s imi l a r  metals 

of t h e  hea ter  and cooler sect ions a t  t h e  i n l e t  t o  t h e  hea ter .  The braze 

A l l  V specimens 

However, t h e  
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~- 321 STAINLESS STEEL TUBING ---A 
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\ *  
TEMPERATURE PROFILE . 
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Fig. 11.2. Loop Temperatures and Specimen Weight Changes as Func- 
tions of Loop Position. (a) Loop temperatures as determined by Chromel-P 
vs Alumel thermocouples, (b) weight changes of vanadium specimens, and 
(e) weight changes of stainless steel specimens. 
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j o i n t  was subsequently repaired,  and the  loop w a s  f i l l e d  with N a  and 

operated without fu r the r  d i f f i c u l t y .  However, although t h e  loop w a s  

ins ide  a vacuum chartiber when t h e  leak  i n  t h e  braze j o i n t  occurred, t h e  

V specimens i n  t h e  heater  sec t ion  appear t o  have picked up N during t h e  

leak. This i s  a l s o  borne out by t h e  r e l a t i v e l y  small weight changes of 

t he  V specimens i n  t h e  cooled region, which were a t  a much lower tem- 

perature  (300°C or l e s s )  a t  t h e  time of t h e  leak  but  whose temperature 

w a s  comparable t o  t h a t  of specimens i n  t h e  heated sec t ion  during opera- 

t i o n  of t h e  loop. These l a t t e r  specimens, as  we l l  as t h e  specimen a t  

t h e  heater  e x i t ,  gained 1 t o  3 mg/cm2. 

ab le  pos i t ions  i n  t h e  f i r s t  t e s t  (which incorporated type 304L s t a i n l e s s  

s t e e l )  were not iceably higher,  2 t o  8 mng/cm2. This comparison ind ica tes  

t h a t  i n t e r s t i t i a l  contamination of V a t  600 t o  700°C i s  somewhat l e s s  

when coupled with type 321 s t a i n l e s s  s t e e l  than with type 304L s t a i n l e s s  

s t e e l .  

Vanadium specimens from com-par- 

The t e n s i l e  proper t ies  a t  room temperature and i n t e r s t i t i a l  content 

of se lec ted  V i n s e r t s  a r e  shown i n  Tab:Le 11.3. Note t h e  r e l a t i v e l y  high 

N concentrations of specimens near t h e  e x i t  from t h e  hea ter .  Except for 

these  l a t t e r  specimens, t h e  t e n s i l e  propert ies  of t h e  V i n s e r t s  were not 

not iceably changed by exposure t o  Na.  

The s t a i n l e s s  s t e e l  specimens i n  t h i s  t e s t  (type 321) showed essen- 

t i a l l y  t h e  same pa t t e rn  of weight change as t h e  type 304L s t a i n l e s s  

s t e e l  specimens i n  t h e  f i r s t  loop. 

a t  temperatures above 650" C experienced weight losses  t h a t  increased 

with increasing loop temperature, and specimens below 650°C showed small 

weight gains.  

mens and t h e  corresponding e f f e c t  on t h e  t e n s i l e  proper t ies  a r e  compared 

i n  Table 11.4. Within t h e  limits of a n a l y t i c a l  accuracy, t he re  a r e  no 

apparent changes i n  t h e  bulk concentrations of N or C. 
w a s  no s u b s t a n t i a l  change i n  t h e  t e n s i l e  proper t ies  of t h e  s t a i n l e s s  

s t e e l  specimens at  room temperature. Thus, changes i n  t h e  weight of 

t h e  s t a i n l e s s  s t e e l  specimens can be a t t r i b u t e d ,  f o r  t he  most p a r t ,  t o  

t h e  movement of me ta l l i c  r a the r  than i n t e r s t i t i a l  elements. 

As  shown i n  Fig. 11 .2 (c ) ,  specimens 

The i n t e r s t i t i a l  changes for t h e  s t a i n l e s s  s t e e l  speci-  

Similar ly ,  t he re  
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Table 11.3. I n t e r s t i t i a l  Content and Tensile Properties 
a t  Room Temperature of Vanadium Specimens After 

Exposure t o  Sodium fo r  3000 hr 

I n t e r s t  it i a l  Content (ppm) Strength Specimen 
Temperature" Elongation Propert ies  ( p s i )  

Yieldb Tensile 0 N C 
(%) ( " C )  

592' 1.0 46.4 53.0 240 15 00 160 
632c 0.2 58.1 58.1 220 2500 150 
702c 27.5 28.0 36.5 230 120 200 
63 8d 41.0 19.7 30.7 120 51 200 
606d 39.0 1%. 6 29.8 140 42 120 

Cont r ol 40.0 13.6 26.6 180 72 290 

a 

b A t  0.2% o f f s e t .  
Located i n  heated region. 

dLocated i n  cooled region. 

In  sodium. 

C 

Table 11.4. I n t e r s t i t i a l  Content and Tensile Properties 
a t  Room Temperature of Ty-pe 321 Sta in less  S t e e l  

Specimens Exposed t o  Sodium f o r  3000 h r  

I n t e r s t i t i a l  Content (ppm) Strength 
Elongation Propert ies  ( p s i )  Specimen 

Temp e r a t  urea 

Yieldb Tensile 0 N C 
(%I ("C) 

x io3 x io3 
605c 56.0 41.6 91.3 13 100 840 
695' 44.5 41.0 96.3 32 110 920 
643d 49.5 43.1 97.8 23 98 850 
615d 44.5 44.7 98.2 
602d 48.0 42.2 96.1 22 79 840 

Control 8 78 890 

a 

bAt  0.2% o f f se t .  

In  sodium. 

c Located i n  heated region. 

dLocated i n  cooled region. 
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In te rac t ions  of Sodium w i t h  Nonmetallic Materials 

J. H. &Van 

Compatibility of S ta in less  S t e e l  and Insulat ion f o r  LMFBR Systems 
( C .  D. Bopp6) 

The serv ice  temperatures of LMFBR's a r e  considerably above those 

of present power reac tors .  Among t h e  p o t e n t i a l  problems associated with 

higher operating temperatures a r e  t h e  possible  in t e rac t ion  of thermal 

insu la t ion  with construction mater ia ls  and t h e  oxidation of these  con- 

s t ruc t ion  mater ia ls  i n  t h e  event of a N a  leak. Accordingly, we a r e  

studying t h e  reac t ion  of commercial insu la t ing  mater ia ls  with a u s t e n i t i c  

s t a i n l e s s  s t e e l s  between 370 and 760°C. 

e f f e c t  of N a  on t h e  oxidation of s t a i n l e s s  s t e e l s ,  both insu la ted  and 

uninsulat  e d. 

A r e l a t e d  s tudy deals with t h e  

Effect  of Sodium on t h e  Oxidation of S ta in less  S tee l .  - We con- 

cluded our study of t h e  e f f e c t s  of a Na leak  on t h e  oxidation behavior 

of a u s t e n i t i c  s t a i n l e s s  s t e e l s .  This s tudy w a s  intended t o  evaluate 

t h e  e f f e c t  of t h e  s i z e  of a leak  on t h e  r a t e  a t  which N a  escaped and on 

t h e  in t e rac t ion  of N a  with type 304L s t a i n l e s s  s t e e l  and thermal insula-  

t i o n .  

1% 02, and 100 ppm (by weight) H20. 

In  t h e  f i n a l  t e s t  i n  t h i s  s e r i e s ,  we examined t h e  e f f e c t  of N a  

The t e s t s  were conducted a t  76Cl"C i n  an atmosphere of 99% N2, 

leakage on s t a i n l e s s  s t e e l  and insu la t ion  when the  s t a i n l e s s  s t e e l  and 

surrounding insu la t ion  were each at 760°C (i. e.  , t he re  w a s  no tempera- 

t u r e  gradient  through t h e  in su la t ion ) .  

induced crack i n  t h e  s t a i n l e s s  s t e e l  specimen t h a t ,  at room temperature, 

produced an A r  l eak  r a t e  of 2 x lo4 a t m  cm'/sec. This leak  r a t e  w a s  t h e  

same as t h a t  of t h e  fourth t e s t 7  i n  which t h e  s t a i n l e s s  s t e e l  but not 

t h e  insu la t ion  w a s  heated t o  760°C. In t h e  fourth t e s t ,  we observed a 

heavy concentration of N a  oxides near t h e  leak  and r a t h e r  extensive oxi- 

dat ion of t h e  s t a i n l e s s  s t e e l  specimen. In our las t  t e s t ,  however, most 

of t h e  leaking N a  sublimed through t h e  in su la t ion  and w a s  deposited on 

t h e  w a l l  of our t e s t  apparatus. 

t i o n  of t h e  s t a i n l e s s  s t e e l  than had occurred i n  t h e  fourth t e s t .  This 

The l eak  w a s  an a r t i f i c i a l l y  

Accordingly, t he re  w a s  much l e s s  oxida- 
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f inding corroborated our previous conclusion7 t h a t  t h e  damage t o  

s t a i n l e s s  s t e e l  from a N a  l eak  i s  g rea t ly  reduced when thermal insula-  

t i o n  or externa l  surroundings a f fo rd  a s i n k  f o r  N a .  
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/’ 12. DEVELOPMENT OF FAST-REACTOR NEUTRON-ABSORBER MATERIALS 

G. M. Adamson, Jr. W .  R. Martin 

The prime candidate mater ia l  f o r  t he  s a f e t y  and shim rods i n  t h e  

Fast-Flux Test F a c i l i t y  (FFTF) Reactor and liquid-metal-cooled fast 

breeder reac tors  (LMFBR) i s  boron carbide (nominally B4C) p e l l e t s  i n  a 

s t a i n l e s s  s t e e l  cladding. In s p i t e  of t h e  widespread use of B4C as a 

neutron absorber i n  thermal reactors: ,  bas i c  data have never been obtained. 

The mater ia l  has never been f u l l y  character ized f o r  s t ruc tu re ,  homogeneity 

range, e f f e c t  of fabr ica t ion  var iables , ,  and t h e  e f f e c t s  of varying com- 

posi t ion.  The object ive of our work i s  t o  character ize  t h e  mater ia l  

s u f f i c i e n t l y  t o  provide measurable cont ro l  parameters t o  properly eval-  

uate  f ab r i ca t ion  techniques and t h e  e f f ec t s  of i r r ad ia t ion .  The i r r a -  

d i a t ion  s tudies  w i l l  emphasize bas i c  e f f e c t s  of mater ia ls  var iab les  i n  

both thermal- and f a s t - r eac to r  environments. A secondary e f f o r t  of t h i s  

program w i l l  be tkie preliminary charac te r iza t ion  of  a l t e r n a t e  mater ia ls  

t h a t  possess possible  advantages O V ~ F  134C f o r  use i n  fast reac tors .  

Characterization of Boron Carbide 

S t ruc tu ra l  Changes t h a t  Result from fhnealing of Powders (G. L. Copeland) 

We completed mass spectrographic ana lys i s  of some of  t h e  Norbide 

325F powders t h a t  increased i n  densi ty  when annealed r a the r  than decreased 

as usual.’  

ments t h a t  were possible  contaminants during annealing. Thus, t h e  higher 

dens i t i e s  were probably due t o  erroneous measurements. 

The r e s u l t s  show no de tec tab le  differences i n  t h e  heavy e l e -  

Transmission Electron Microscopy of Boron Carbide (C:K. H. DUBose, 
D. N. Braski,2 G. L. Copeland) 

We have developed a technique f o r  preparing t h i n  films of boron 

carbide (nominally B4C) f o r  transmission e lec t ron  microscopy. Boron 

carbide has r e s i s t e d  successful  thinning by conventional techniques due 

t o  i t s  hardness, b r i t t l e n e s s ,  and chemical iner tness  and because some 

voids a r e  general ly  present that  a r e  a t tacked p r e f e r e n t i a l l y  as  t h e  f i l m  
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i s  thinned. These d i f f i c u l t i e s  have been overcome through use of an 

ion-bombardment mil l ing machine. 

duced from a very dense B4C p e l l e t  hot  pressed from Norbide 325F powder. 

The e lec t ron  transmission photomicrograph i n  Fig. 1 2 . 1  shows t h a t  t h e  

f i l m  w a s  uniformly thinned i n  t h e  a rea  of t h e  voids.  The edges of t h e  

voids were p a r a l l e l  t o  c r y s t a l  planes,  as shown by comparison t o  dis-  

locat ions i n  t h e  film. The twins and gra in  boundaries a r e  revealed 

c l ea r ly  i n  Figs. 12.2 and 12.3. We a re  attempting t o  produce t h i n  films 

from mater ia ls  of lower density.  Transmission electron microscopy should 

prove t o  be a valuable t o o l  i n  t h e  s tudy of i r r a d i a t e d  materials.  

A t h i n  f i l m  of high qua l i t y  w a s  pro- 

Chemical Composition and Size Distr ibut ion of a Coarse, Crushed Boron 
Carbide Powder fG. L. CoDeland) 

We purchased from the  Norton Company 40 lb of nuclear-grade Norbide 

4 F  B4C powder f r o m  a s ing le  m e l t .  The 4 F  designation indicates  t ha t  t h e  

ingot w a s  crushed t o  pass 4 mesh and t h a t  a l l  f i n e r  s i z e s  t h a t  r e su l t ed  

f r o m t h e  crushing were included with no fu r the r  c lass iTicat ion.  We 

separated t h e  powder i n t o  seve ra l  s i z e  f r ac t ions  t o  determine t h e  s i z e  

d i s t r i b u t i o n  and ana lyzed the  various s i z e  f r ac t ions  f o r  B, C ,  and 0. 

The r e s u l t s  a r e  shown i n  Table 12.1. The r e s u l t s  do not completely 

agree with our previous r e s u l t s ,  which showed a marked decrease i n  t h e  

r a t i o  of B:C as t h e  s i z e  of t h e  p a r t i c l e s  d e ~ r e a s e d . ~  

r a t i o  of B:C tended t o  increase f o r  t h e  middle s i z e  ranges and decrease 

again f o r  t h e  f i n e r  s i z e  ranges. However, s ince most of t h e  mater ia l  

w a s  l a r g e r  than 16  mesh, fu r the r  crushing i s  required t o  provide s ign i f -  

i can t  separat ion of ind iv idua l  grains .  Further character izat ion of t h i s  

l o t  i s  i n  progress.  The -20 +50 f r ac t ion  w a s  chosen f o r  inclusion i n  

t h e  i r r a d i a t i o n  t e s t  i n  t h e  Experimental Breeder Reactor-I1 (EBR-11)  . 
Pe l l e t s  f o r  t h e  i r r a d i a t i o n  t e s t  were hot pressed f r o m t h e  -20 +50 f rac-  

t i o n  a f t e r  fu r the r  crushing t o  -80 +325 mesh and -325 mesh. 

In  t h i s  case, t he  
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Fig. 12 .1 .  Transmission Electron Photomicrograph of Hot-Pressed Boron 
Carbide P e l l e t  Showing Polyhedral Voids. 
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Fig. 12 .2 .  Transmission Electron Photomicrograph of Hot-Pressed Boron 
Carbide P e l l e t  Showing Twins. 
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Fig. 1 2 . 3 .  Transmission Electron Photomicrograph of Hot-Pressed Boron 
Carbide P e l l e t  Showing Grain-Boundary Tr ip le  Point. 
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Table 12.1. Size Dis t r ibu t ion  and Chemical Composition of a Sample 
of Norbide 4 F  Boron Carbide 

Atomic 
Ratio 

Chemical Composition ($) U. S. Standard i n  Size 
Mesh Size Range B C 0 B :C 

( w t  4) 
~~ ~ ~~~ 

+8 28.32 
-8 +16 46.93 

-16 +20 1.08 
-20 +50 14.46 

-50 +80 4.30 
-80 +loo 1.30 
-100 +325 3.51 
-325 0.09 

WEIGHTED AVERAGE 

78.7 
79.4 
79.9 

79.6 

75.2 
77.3 
76.8 

67. 8 
7%. 9 

21.0 

21.3 

18.2 
19.1 

19.6 
20.0 
19.0 

18.0 
20.7 

0.2 

0.3 

0.6 
0.6 

1.0 
0.9 

1.2 

7.2 
0.4 

4.16 

4.14 
4.87 
4.62 

4.26 
4.29 
4.49 
4.17 
4.23 

I r r a d i a t i o n  Behavior of Boron Carbide 

Thermal-Reactor Tests (G. L. Copeland) 

Nine addi t iona l  capsules of t h e  design previously used4 a r e  being 

i r r a d i a t e d  i n  t h e  isotopes s t r i n g e r  of t h e  Oak Ridge Research Reactor 

(ORR).  

d i a t ed  previously at 350°C t h a t  a r e  now being i r r a d i a t e d  a t  500°C. 

These t h r e e  a r e  Norbide 325F powders, as received and a f t e r  vacuum 

annealing 1 h r  a t  1500 and 2000°C. The other  s i x  capsules contain 

Norbide 235F blended with B t o  increase t h e  r a t i o  of B:C t o  4.5. 

mater ia l  w i l l  be i r r a d i a t e d  at  350 and 500°C a f t e r  vacuum annealing f o r  

1 h r  at  1000, 1500, and 2000°C. 

from t h e  r eac to r  i n  Ju ly ,  a f t e r  about 15% burnup of 'OB (31 x lo2' 

depletions /cm3 ) . 

The mater ia ls  include t h e  t h r e e  powders i d e n t i c a l  t o  those irra- 

This 

The capsules a r e  scheduled t o  be removed 

Fast-Reactor Tests (G.  L. Copeland, G. W. Keilholtz ')  

Fabrication of t h e  p e l l e t s  and capsules f o r  t h e  EBR-I1  i r r a d i a t i o n  

t e s t s  a r e  proceeding s a t i s f a c t o r i l y .  A l l  data packages necessary f o r  
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t h e  review a t  t h e  EBR-I1 s i t e  a r e  near completion and w i l l  be t ransmit ted 

near t h e  end of July.  The shipment of the  experiment i s  scheduled f o r  

mid-August. 

Invest igat ion of Materials Other than Boron Carbide 

Mixtures of Boron Carbide and Tantalum (G. L. Copeland) 

Mixtures of B4C and Ta ( re f .  6 )  were blended, cold pressed, and 

vacuum s in t e red  a t  2000°C. These mixtures reacted completely t o  form 

TaB2 and TaC during the  1-hr s i n t e r i n g .  The B4C w a s  completely consumed 

i n  a l l  t h e  samples examined by x-ray d i f f r ac t ion .  

excess Ta w a s  present ,  the  B w a s  completely converted t o  TaB2 and some 

f r ee  C w a s  present i n  addi t ion t o  TaC. No o ther  borides o r  carbides 

were observed. These r e s u l t s  ind ica te  t h a t  t h e  reac t ion  between B4C and 

Ta i s  f a s t  enough t o  preclude fabr ica t ion  at reasonable temperatures 

even i f  t he  two were compatible f o r  s u f f i c i e n t  time at lower operating 

temperatures. 

In samples where 

Characterization of TaB and TaB2 (G. L,, Copeland) 

We have received samples of TaB and TaB2 from the  Shieldal loy 

Corporation t h a t  were manufactured by Ilermann C .  Starck of West Germany. 

We a re  now character iz ing t h e  mater ia l s .  

t h a t  t h e  TaB2 i s  s ing le  phase whereas the  TaB contains Ta3B2 and Ta i n  
addi t ion t o  TaB. Chemical ana lys i s  shows t h e  compounds t o  be very pure:  

it sh&ed t h e  TaB sample t o  be 5.20$ B and 94.32% Ta f o r  a B:Ta atomic 

r a t i o  of 0.922 and t h e  TaB2 sample t o  be 10.8$ B and 88.84% Ta f o r  a 

B:Ta atomic r a t i o  of 2.03. Further inves t iga t ion  of these  mater ia ls  i s  

i n  progress.  

X-ray d i f f r a c t i o n  ind ica tes  

Notes 

1. R. S. Mateer and G. L. Copeland, Fuels and Materials Development 
Program Quart. Progr. Rept. Sept. 30, 1969, ORNL-4480, p. 135. 

2. Isotopes Division. 
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3. R. S. Mateer and G. L. Copeland, Fuels and Materials Development 
Program Quart. Progr. Rept. Sept. 30, 1969, ORNL-4480, p. 133. 

4. G. L. Copeland, Fuels and Materials Development Program Quart. Frogr. 
Rept. Eec. 31, 1969, ORNL-4520, p. 190. 

5.  Reactor Chemistry Division. 

6. G. L. Copeland, Fuels and Materials Development Program Quart. P r o p .  
Rept. March 31, 1970, ORNL-4560, p. 159. 
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13. d EYELOPMENT OF URANIUM MONONITRIDE FUELS 

P. Pa t r ia rca  J. L .  Scot t  

Uranium mononitride (UN)  i s  p o t e n t i a l l y  a t t r a c t i v e  as f u e l  f o r  

space -nuclear r eac to r s  because of i t s  (excellent s t a b i l i t y  a t  high temper- 

a tu re s ,  high thermal conductivity,  and good i r r a d i a t i o n  s t a b i l i t y  up 

t o  1000°C. 

nisms of f u e l  swelling and gas re lease  a t  temperatures above 1000°C. 

Results w i l l  be used t o  develop a model f o r  predict ing the  performance 

of UN as a funct ion o f  temperature, burnup, and cladding r e s t r a i n t .  

The purpose of t h i s  program i s  t o  determine the  bas ic  mecha- 

I r r ad ia t ion  Testing 

T. N. Washburn 

The bas ic  object ive of t he  ORNL program' f o r  i r r a d i a t i o n  t e s t i n g  of  

UN i s  t o  inves t iga te  the  performance c a p a b i l i t y  of t h i s  f u e l  mater ia l  a t  

high temperatures and low heat r a t ings .  f i e 1  temperatures of i n t e r e s t  

a r e  1000 t o  1500°C, with temperatures of 900 t o  1400°C a t  t he  outs ide 

surface of t he  cladding and l i n e a r  heat r a t ings  from 5 t o  10 kw/f t .  

Fuel proper t ies  of most i n t e r e s t  a r e  swelling r a t e ,  re lease  of f i s s i o n  

gas, and compat ib i l i ty  with the  cladding mater ia ls .  The i r r a d i a t i o n  
t e s t s  a r e  conducted i n  the  poolside f a c i l i t i e s  of the  O a k  Ridge Research 

Reactor ( O R R ) .  These f a c i l i t i e s  allow adjustment of  t he  pos i t ion  o f  the  

t e s t  capsule r e l a t i v e  t o  the  r eac to r  face and thereby make it possible  t o  

maintain a constant temperature a t  a se lec ted  reference point  on the  

t e s t  specimen as the  reac tor  f l u x  p ro f i l e  changes or as the  f i s s i l e  con- 

t e n t  of t he  t e s t  f u e l  i s  diminished. 

Pos t i r r ad ia t ion  Examination o f  Capsule UN-3 ( D .  R. Cuneo,2 E .  L. Long, Jr.) 

We previously reported on the  nondestructive port ion o f  t he  post-  

i r r a d i a t i o n  examination of t h e  th ree  f u e l  pins  of  capsule UN-3 ( r e f .  3 )  

and t h e  metallographic examination of the  middle f u e l  pin t h a t  had 

f a i l e d  during t h e  i r r a d i a t i o n  t e s t .  r, 



The bottom f u e l  p in  i n  t h i s  experiment w a s  e s s e n t i a l l y  a dupl icate  

of t h e  middle ( f a i l e d )  pin both i n  design and operation. 

w a s  sect ioned and examined by metallography. 

shown i n  Fig. 13.1. 

T-111 cladding were s imi l a r  t o  those found i n  t h e  middle f u e l  pin t h a t  

l e d  t o  i t s  f a i l u r e .  We conclude t h a t  t h e  same phenomenon t h a t  l e d  t o  

f a i l u r e  of t h e  T-111 cladding i n  t h e  middle f u e l  pin w a s  a l s o  present i n  

t h e  companion bottom f u e l  pin and t h a t  add i t iona l  time and/or loca l ized  

temperature excursions would have l e d  t o  i t s  f a i l u r e .  

The bottom pin 

A t ransverse  sec t ion  i s  

Cracks and voids evident i n  both t h e  W l i n e r  and 

An e l ec t ron  microprobe ana lys i s  of t he  cladding of the middle f u e l  

p in  revealed no ind ica t ions  of U contamination f r o m t h e  f u e l  or of any 

d i f fus ion  of W from the  l i n e r  i n t o  the  T-111 cladding. This ana lys i s  

d i d  show very strong concentrations of H f  a t  the  cracks and voids, both 

i n  the  T-111 cladding and i n  the  W l i n e r .  
s t r i c t l y  quant i ta t ive ,  t he  concentrations a r e  about 20 times t h a t  of t he  

T-111 a l l o y  content of 2 w t  %. 
base a l loy ,  it i s  a l s o  t ransported from t h e  cladding and deposited i n  

the  W l i n e r .  

Although the  da ta  a re  not 

The H f  i s  not only segregated from the  

The mechanism by which t h i s  t r anspor t  occurs i s  not known, 

nor do we know whether the  defec ts  a r e  caused by H f  concentrations or 

whether t hey  are present by some o ther  phenomenon and merely serve as s i t e s  

f o r  H f  concentration. 

the  p re i r r ad ia t ion  con t ro l  sample or i n  t he  i r r a d i a t e d  cladding except 

a t  v i s i b l e  voids o r  cracks.  

Hafnium concentrations were not detected i n  e i t h e r  

The t o p  f u e l  pin contained annular UN f u e l  p e l l e t s  and W-25 w t  ’$ Re 

cladding. 

i n  progress.  

This f u e l  p in  w a s  sectioned, and metallographic examination i s  

The UN f u e l  appears t o  have performed very adequately i n  t h i s  

experiment, which operated a t  the  highest  design temperature of any i n  

the  ORNL s e r i e s  of t e s t s .  The data f o r  increase i n  f u e l  volume and 

re lease  o f  f i s s i o n  gas shown i n  Table w.1 a re  qui te  acceptable.  

w a s  no observed reac t ion  between the  UN f u e l  and e i t h e r  t he  W l i n e r  or  

t he  T-111 cladding. 

There 

The accumulation of f i s s i o n  gases a t  g ra in  boundaries i n  UN i s  

i l l u s t r a t e d  i n  the  higher magnification views of t he  f u e l  i n  Fig. W . l .  

Due t o  se l f - sh ie ld ing  i n  a thermal-neutron f lux ,  the  f i s s i o n  r a t e  was  
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R-52345 

AS POLISHED 

Fig. 13.1. Transverse Section of Bottom Fuel Pin of Capsule UN-3. 

Table 13.1. Volume Increase and Release of Fiss ion G a s  
f o r  Capsule UN-3 

Fue 1 
Pin 

Volume Percent Increase Fiss ion G a s  
Per Atom Percent Re leas  e d 

Burnup (%) 

2.79 0.1 

Middle 2.77 

Bottom 1.90 7.1 
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much higher near t h e  outer  periphery of t h e  f u e l ,  and,accumulation of  

f i s s i o n  gas a t  t h e  gra in  boundaries i s  s u f f i c i e n t  t o  cause grain pul l -  

out i n  t h i s  region during metallographic preparation. 

Notes 

1. The current program includes work sponsored by t h e  AEC,  and work 
sponsored by NASA under Interagency Agreement 40-184-69, NASA 
Order C-54536-B. Speci f ica l ly ,  capsules UN-1, UN-2, UN-3, and 
UN-6 a r e  funded by AEC, and capsules UN-4 and UN-5 a r e  funded by 
NASA. Detai ls  of these  capsule t e s t s  were reported previously. 

2. On loan from Reactor Chemistry Division. 

3. D. R. Cuneo, Fuels and Materials Development Program Quart. Progr. 
Rept. Dec. 31, 1969, ORNL-4520, pp. 195-201. 

4. D. R. Cuneo and E. L. Long, Jr., Fuels and Materials Development 
Program Quart. F'rogr. R e p t .  March 31, 1970, OWL-4560, pp. 165-172. 
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CLADDING AND OTHER STRUCTURAL MATERIALS 

14.~ /' CLADDING MATERIALS FOR SPACE ISOTOPIC HWT SOURCES 

P. Pa t r i a r ca  R. G. Donnelly 

The purpose of t h i s  program i s  t o  develop new cladding mater ia ls  

f o r  containment of radioisotopes i n  power systems f o r  use i n  space. We 

are  attempting t o  develop a s ingle  a l l o y  with an optimum combination of 

s t rength  a t  high temperature, f a b r i c a b i l i t y ,  environmental s t a b i l i t y ,  

and res i s tance  t o  oxidat ion i n  a i r  t o  take the  place of t he  layered 

combination of  s t rength  member, d i f fus ion  b a r r i e r ,  and oxidation- 

r e s i s t a n t  cladding used i n  present devices. 

Development of  Improved Alloys 

H. Inouye 

Platinum-Base Alloys ( C .  T. Liu) 

Seven t e r n a r y  Pt  -base a l loys  with the nominal compositions l i s t e d  

i n  Table 14*1 were prepared by a rc  melting. 

ordered phases P t 3 T i  and PtsHf with T i  m d  Hf atoms, respec t ive ly .  The 

c r i t i c a l  temperature for ordering of P t 3 T i  i s  much higher ( T  = 1950°C) 

than t h a t  for a l l o y  S-19, Pt3Cr, ( Tc = 1070°C). 
t o  a l l o y  S-19 i s  expected t o  increase the  c r i t i c a l  temperature f o r  

ordering f o r  a l loys  1, 2, and 3 t o  1230, W60, and 148OoC, respec t ive ly .  

Platinum atoms form the  

C 
Therefore, adding T i  

The k ine t i c s  of t he  transformation from disorder  t o  order  i n  the  

ordered a l loys  was examined by Debye -Schemer x-ray d i f f r ac t ion .  Two 

important r e s u l t s  were obtained. F i r s t ,  t he  ordering reac t ion  i n  these  

t e r n a r y  a l loys  i s  fast ,  and the  disordered s t a t e  cannot be re ta ined  by 

o i l  quenching from 1520°C. 

supe r l a t t i ce  r e f l ec t ions  ind ica t e s  t h a t  the  formation of long-range order 

i s  more pronounced i n  the  a l l o y  3 than i n  the  other  two a l loys .  Secondly, 

t he  r a t e  of g ra in  growth, even a t  temperatures above the  c r i t i c a l  

temperature for ordering, such a s  152OoC, decreases with increasing T i  

content i n  these  a l loys .  These r e s u l t s  can be explained on the  b a s i s  

I n  the  quenched condition, t he  i n t e n s i t y  of 



Table 14.1. Experimental Platinum Alloys 

Alloy Composition (wt  %) 
Cr i t i ca l  

Temperature Rockwell A 
f o r  Ordering" Hardness Alloy S ta t e  

( " C )  
~~ ~ ____ _ _ _ _ ~ ~ ~  

1 Pt-7.4 Cr-O.6 T i  Ordered Pt3 ( C r , T i )  1230 52.5 

2 Pt4.1 Cr-1.8 T i  Ordered Ft3 ( C r , T i )  I360 57.5 

4 Pt -6  W-O.5 H f  Solid solut ion and PtsHf 54 

6 Pt-5 M0-0.5 H f  Solid so lu t ion  and F t 3 H f  54 

7 Pt-5 Mo-1 H f  Solid solut ion and P t 3 H f  55 

3 P t 4 . 8  Cr-3.0 T i  Ordered P t 3  ( C r , T i )  1480 64.3 

5 Pt-6 W-1 H f  Solid solut ion and PtsHf 

a Calculated values . 



of an increasing c r i t i c a l  temperature f o r  ordering with increasing T i  

content i n  the  a l loys  ( see  Table 14.1) .  

A s  a l s o  indicated i n  Table 14.1, the  ordered a l loys  a re  hardened 

e f f e c t i v e l y  by p a r t i a l l y  replacing Cr by up to 3 w t  $I T i .  

these a l loys ,  prepared i n  the  20-g but ton form, cannot be cold ro l l ed  

s a t i s f a c t o r i l y  because of cracks t h a t  form in te rgranular ly ,  t h e i r  

f o r g e a b i l i t y  improved with the  addi t ion  of  T i .  I n  f a c t ,  a l l o y  3, t o  

which 3 w t  $ T i  was added, was forged successfu l ly  a t  room temperature. 

Although 

We expect a l loys  4 through 7, which contain 0.5 t o  1 wt % H f ,  t o  be 

strengthened by both so l id  so lu t ion  and p a r t i c l e s  of Pt3Hf .  We a l so  

expect the  s t ab le  p a r t i c l e  P t 3 H f  t o  i n h i b i t  g ra in  growth during aging a t  

high temperature. ?"ne f a b r i c a b i l i t y  of a l loys  4 through '7 i s  exce l len t .  

The two a l loys  with 0.5% Hf were cold ro l l ed  to 0.030-in.-thick sheet .  

These r e s u l t s  ind ica te  t h a t  t he  ordered phase Pt3Hf does not impair t he  

f o r g e a b i l i t y  of t he  Pt-base a l loys .  

meta l lurg ica l  study and evaluat ion of mechanical proper t ies .  

The a l l o y  sheet w i l l  be used f o r  

The oxidat ion behavior of ordered P t 3  ( C r o .  8 4 , W o .  16) and disordered 

Pt-6$ W-1% Hf a l l oys  were studied a t  1000°C i n  a i r ,  and the  r e s u l t s  a re  

shown i n  Fig.  1 4 . 1 t o g e t h e r  with the  r e s u l t s  for P t 3 C r ,  which were 

reported previously.  

oxidat ion i s  a sum of the  weight loss due t o  the  formation of v o l a t i l e  

Ft oxide and the  weight gain due t o  the  formation o f  a r e f r ac to ry  oxide. 

The average weight gain o f  ~ t 3  ( C r o .  8 4 y W O .  16) w a s  6 . 5  x 
The a l loys  Pt-O.6$ W-1% H f  and P t 3 C r  lost weight a t  r a t e s  of 6.8 and 

9 x 

no apparent oxide layer  was observed on the  surface o f  a l l o y  P t 4 $  W-1% Hf 

a f t e r  a 100-hr exposure i n  a i r .  Since unalloyed Pt loses  weight a t  a r a t e  

of 7 x l om4  mg hr-', we conclude t h a t  t he  a l loy ing  with a l imi t ed  

amount of r e f r ac to ry  elements does not impair t he  exce l len t  res i s tance  

of pure Pt t o  oxidation. 

The net  weight change of Pt-base a l loys  on 

mg h r - l .  

mg cmm2 hr-', respect ively.  I n  con t r a s t  to the  o ther  a l loys ,  

We designed an apparatus f o r  t e n s i l e  t e s t i n g  experimental a l loys  

i n  vacuum at  high temperatures. 

heated by an induction unit. 
by  a VacIon pump. 

near ly  ready f o r  operation. 

The main p a r t  i s  a quartz tube furnace 

The vacuum i n  the  system i s  maintained 

This apparatus w a s  constructed and i n s t a l l e d  and i s  
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Fabricat ion of Refractory Metals for  Fuel  Capsules 

A.  C .  Schaffhauser 

Back Extrusion ( R .  E.  McDonald) 

During t h i s  report ing period, we concentrated on evaluating back 

ex t rus ion  a s  an economical method f o r  f ab r i ca t ing  Ta-10% W and T-111 
capsules f o r  isotopes.  

from extruded bar s tock f o r  back extrusion of capsule bodies and end 

caps. 

with Mo. This coating pro tec ts  t h e  blanks from contamination during 

preheating i n  an A r  atmosphere and subsequent f ab r i ca t ion  i n  a i r .  

Metallographic and chemical analyses showed t h a t  t he  r e s u l t i n g  in t e rac t ion  

layer w a s  less than 0.010 i n .  deep. This layer  was e a s i l y  removed by 

machining. 

Twelve s t a r t i n g  blanks of each ma te r i a l  were cu t  

The blanks were annealed 1 h r  a t  1600°C and plasma spray coated 

Three Ta-lO% W capsule bodies and four  T - 1 1 1  end caps were back 

extruded a t  1450°C with a maximum stem load of 500 tons.  Under these  

conditions,  back extrusion produced capsule bodies extruded t o  a length 

of 4 t o  4 3/4 i n .  These p a r t s  w i l l  be extruded again t o  produce the  

required 5 1/2-in. -long capsule bodies.  The plunger design i s  being 

modified t o  reduce f r i c t i o n  and thus enable back extrusion of longer 

capsules i n  a s ingle  s tep .  

c 
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Notes 

1. C. T. Liu, Fuels and Materials Development Program Quart .  Progr. 
Rept. Dec. 31, 1969, ORNL-4520, pp. 205-210. 
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15. J' PHYSICAL AND MECHANICAL METALLURGY OF mFRACTORY ALLOYS 

P. Pa t r i a r ca  R. G. Donnelly 

The purpose of t h i s  program i s  t o  provide a broad, base-technology 

evaluat ion of high-temperature a l loys  f o r  use i n  high-performance 

nuclear reac tors  and i so top ic  heat sources f o r  advanced space, t e r r e s -  

t r i a l ,  and c i v i l i a n  power appl ica t ions ,  P r inc ipa l  emphasis i s  placed on 

mater ia ls  problems t h a t  involve Ta-, Nb-, Mo-, and V-based a l loys  f o r  

systems t h a t  use a l k a l i  metals as thermodynamic working f l u i d s  and hea t -  

t r a n s f e r  media. 

Physic a1  Metallurgy 

H. Inouye 

Ef fec t s  of I n t e r s t i t i a l s  on the  Mechanical Propert ies  of Refractory 
Alloys (H. Inouye) 

The object ive of t h i s  t a s k  i s  t o  determine the  e f f e c t s  of low- 

pressure N2 on the  creep proper t ies  of T-lll to simulate i t s  in t e rac t ion  

with the  N derived from the  decomposition of UN. The major components 

of t he  creep apparatus were i n s t a l l e d ,  but  f ab r i ca t ion  of minor items and 

i n s t a l l a t i o n  of t he  instrumentation a re  being delayed. A vacuum of  

1 X 

PUP - 
t o r r  i s  obtained i n  the  system with a 400 l i t e r / s e c  Orb-Ion 

Development of Age-Hardening Refractory Alloys ( C .  T. Liu, R. W. Carpenter) 

The development of age -hardening r e f r a c t o r y  a l loys  f o r  use a t  
e levated temperatures focused on decomposition of an a l l o y  i n  the  Ta-Zr 

system. A Ta-43.5 w t  $, Z r  a l l o y  was  electron-beam melted and drop c a s t  

i n t o  a 1/2-in.-diam ingot .  

t he  a l l o y  became s o f t  [diamond pyramid hardness (DPH) = 1951 and had 

exce l len t  f a b r i c a b i l i t y .  With a few intermediate anneals, t he  a l l o y  was 

cold swaged i n t o  0.W8-in. -diam rod. 

t o  evaluate  i t s  mechanical proper t ies .  

After  aging 2 h r  a t  1450°C and 10 h r  a t  l l O O ° C ,  

The s tock w i l l  be used a s  swaged 
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The decomposition of a specimen homogenized a t  1815°C i s  not 

completely suppressed by o i l  quenching, s ince x-ray d i f f r a c t i o n  shows 

strong, d i f fuse  s t reaks  associated with the  p-phase r e f l ec t ions .  

Di f f rac t ion  pa t t e rns  of two body-centered cubic (bcc) phases were c l e a r l y  

observed i n  a specimen aged a t  1150°C; t h i s  confirms the  reported exis tence 

of a s t ab le  m i s c i b i l i t y  gap associated with the  bcc B phases.'J2 

The hardness of the  a l l o y  i s  very sens ' i t ive t o  the  heat  treatment.  

Figure 15.1 shows the  aging response of t h i s  a l l o y  a s  a funct ion of time 

up t o  4 x lo3  min a t  850°C. 
(DPH = 492)  ind ica tes  t he  i n i t i a t i o n  of p r e c i p i t a t i o n  during quenching. 

After  t he  a l l o y  has been aged 1 min, t he  hardness drops continuously 

with time from 527 t o  306 DPH. We a re  waiting f o r  t he  r e s u l t s  of de t a i l ed  

x-ray ana lys i s  and metallography before of fe r ing  an i n t e r p r e t a t i o n  of 

these  data .  

The hardness of t he  a l l o y  as quenched 

cn cn 
W 
z 
CK 
I 

n 
a 

ORNL- DWG 70-9210 
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Fig. 15.1. Diamond Pyramid Hardness a t  Room Temperature Versus 
Aging Time f o r  Ta-43.5 w t  $, Zr Alloy. 

We calculated an approximate boundary between t h e  a + @ and @ 

phases f o r  t he  Ta-Hf system, using the  measured l a t t i c e  constants  of 

the  @ phase for the  Ta-30% H f ,  Ta-50$ H f ,  and Ta-65% H f  a l l oys .  The 

r e s u l t  i s  shown i n  Fig. 15.2 compared with the  diagrams reported 

previously.  3 ,  

labeled A )  i s  qui te  f l a t  over the  concentration range of 30 t o  70 a t .  % H f .  

Note t h a t  t he  ca lcu la ted  phase boundary ( t h e  curve 
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Fig. 15.2. Proposed Phase Diagrams for the  Tantalum-Hafnium Alloy 
System and the  Range of S t a b i l i t y  of t he  a Prec ip i t a t e  Found i n  the  
Present Work. [Refs. V. N. Svechnikov e t  a l . ,  Phase Equilibrium Diagram 
of  t he  Hf -Ta  System, NASA-TT-F-l0,280 (September 1966); L. L. Oden e t  -- a l . ,  
Hafnium-Tantalum Equilibrium Diagram, BM-RI -6521 ( 1964) 1 ,  

Thermodynamically, t h i s  i nd ica t e s  t he  possible  exis tence of a metastable 

bcc m i s c i b i l i t y  gap with a c r i t i c a l  temperature lower but c lose t o  the  

temperature of t he  s t ab le  boundary between the  a + f3 and f3 phases 

( i . e . ,  1400°C i n  t h i s  ca se ) .  

of f i n e  p a r t i c l e s  i n  t h i s  system i s  c l o s e l y  r e l a t e d  t o  t h i s  phase 

r e l a t ionsh ip .  

The observation of uniforn p rec ip i t a t ion  

The study of t he  isothermal aging of t he  Ta-65 wt % H f  a l l o y  was 

completed. 

reported previously.5 The aging reponse i s  qui te  t yp ica l .  Both x-ray 

d i f f r a c t i o n  and metallography ind ica t e  t h a t  t he  f ea tu res  of these 

hardness curves resu l ted  from the  various s tages  of decomposition, which 

involve the  c lus t e r ing  of H f  atoms on the  f3 l a t t i c e s  (Guinier-Preston 

zones), p rec ip i t a t ion  of coherent and incoherent a-phase Hf ,  and coarsening 

of p a r t i c l e s .  

Figure 15.3 summarizes the  hardness data, most of which were 

The oxidat ion behavior of two specimens of a Ta-65 wt $I H f  a l l o y  w a s  

s tudied i n  a i r  a t  1000°C. The specimens were heat t r e a t e d  t o  produce 
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Fig. 15.3. Diamond Pyramid Hardness a t  Room Temperature Versus 
Aging Time f o r  Ta-65 w t  $ Hf Alloy. 

e i t h e r  a uniform or a heterogeneous ( p e a r l i t i c  s t ruc tu re )  H f  - r ich 

s t ruc tu re .  The data summarized i n  Table 15.1 show t h a t  the  weight gain 

due t o  oxidat ion w a s  not s ens i t i ve  t o  the  s t ruc tu re  of a l loy .  The 

average weight gain o f  t h i s  a l l o y  i n  450 min was 2.5 mg cm'2 hr-'. 

A s  a comparison, t h i s  oxidat ion r a t e  i s  about two orders  of magnitude 

lower and one order of magnitude higher than those of t he  unalloyed T a  

and Hf, respect ively.  The weight change of the oxida t ion- res i s tan t  

Hf-base a l l o y  [Hf-24.5$ Ta-2$ minor elements (Cr, A l ,  S i ,  B, e t c . ) ]  was 

reported7 t o  be 2 . 1  mg cmm2 hr-', and the  oxidat ion r a t e  of t he  Ta-65% Hf 

alloy w a s  comparable. 

Mechanical Propert ies  

H. E. McCoy, Jr. 

Long-Time Creep Propert ies  of Alloy C-129Y ( R .  L. Stephenson) 

We have studied the  creep-rupture proper t ies  o f  a l l o y  C-129Y 

(Nb-10% W-lOg Hf-O.l$ Y) and a re  now studying the  microstructures of the  
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Table 15.1. Oxidation of Ta-65 w t  % H f  Alloy i n  A i r  
a t  1000 "C 

Weight Change (mg/ cm2) 
Time He t e roge ne ous Uniform 
( m i 4  P rec ip i t a t ion  P rec ip i t a t ion  

Structure  Structure  

10 2.5 2.5 

100 7.2 8.0 

200 11.0 L2.0 
300 14.5 15.8 

450 20.4 

creep specimens. Figure 15.4 i s  t y p i c a l  of t he  microstructure of 

ruptured creep specimens of a l l o y  C-129Y. 
extensive in te rgranular  cracking and, t yp ica l ly ,  a crack-free zone a t  

each surface t h a t  grows wider w i t h  increasing time and temperature and 

t h a t  suggests tha t  cracking i s  inh ib i t ed  i n  a region i n t o  which i n t e r -  

s t i t i a l  contadinants have diffused.  

A l l  ruptured specimens show 

For d i f fus ion  of an i n t e r s t i t i a l  i n t o  a metal  t h a t  contains  a 

r eac t ive  s u b s t i t u t i o n a l  so lu te ,  Rapp8 gives  the  following equation 

f o r  t he  dis tance penetrated ( c )  by the advancing f ron t  of p rec ip i t a t e :  

where 

N(') = mole f r a c t i o n  i n t e r s t i t i a l  a t  t he  surface,  

NE 
D = d i f f u s i v i t y  of t he  i n t e r s t i t i a l  i n  t he  a l l o y  base, 

t = t i m e ,  and 

V 

0 

= mole f r a c t i o n  reac t ive  so lu te  i n  the  bulk a l loy ,  

= number of i n t e r s t i t i a l  ions per  subs t i t u t ion  atom i n  the  

compound. 
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The diffisivity (D) can be represented by 

-AH/RT D = D e  
0 ? 

where 

D = constant, 
0 

R = gas constant, 
T = temperature, and 

AH = activation energy. 

Substituting Eq. (15.2) for D in Eq. (15.1), taking logarithms, 
and rearranging terms yields 

(15.2) 

(S )D 
Q($) = Qn[2-] - . 

Nb 

Fig. 15.4. Microstructure of Alloy C-129Y Tested 1291.5 hr at 
1095°C. 1OOX. 

(15.3) 
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It i s  now c l e a r  that  if l n ( c 2 / t )  i s  p lo t t ed  versus 1/T, a s t r a i g h t  

l i n e  should r e s u l t  whose slope would be m/R. Figure 15.5 i s  such a p l o t  

f o r  980, 1095, and 1205°C. Three measurements were made a t  each tempera- 

t u re .  The slope of t h e  l i n e  of a l i n e a r  least-squares  f i t  gives an 

ac t iva t ion  energy of 39,000 cal/mole w i t h  a standard e r r o r  of 

7380 cal/mole. 

i n  Nb range from 26,000 t o  35,000 cal/mole. For t h i s  p lo t ,  we assume 

that  the  surface concentration i s  the  same a t  a l l  th ree  temperatures. 

This i s  probably not p rec i se ly  t r u e .  Further,  t he  depth of  penetrat ion 

cannot be measured very accurately.  Considering the  approximations made, 

t h i s  value could be considered i n  agreement with those f o r  the  d i f fus ion  

of i n t e r s t i t i a l s  i n  Nb. 

Reported values9 f o r  the  d i f fus ion  of  i n t e r s t i t i a l s  

ORNL-DWG 70-0730 
5 

2 

2 

5 
0.5 0.6 0.7 0.8 0.9 1 .O 

Fig. 15.5. Normalized Penetrat ion Distance Versus Reciprocal 
Temperature fo r  Alloy C-129Y. c 
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Welding and Brazing 

G. M. Slaughter 

Joining Platinum t o  Refractory Metals ( D .  A.  Canonico, G. M. Goodwin) 

Previous efforts’’ showed t h a t  Kirkendall  voids occurred i n  the  P t  

when couples of pt and Ta-lO’$ W were heated t o  1200°C i n  vacuum f o r  k S S  

than 100 h r .  

of W between the  Pt and Ta-lO$W extended the  l i f e  of t he  j o i n t  t o  

between 500 and 1000 h r .  

c a b i l i t y  of various elements and a l loys  f o r  use as t r a n s i t i o n  layers. 

We did f ind ,  however, t h a t  interposing a t r a n s i t i o n  l aye r  

This suggested an inves t iga t ion  o f  t he  app l i -  

We reviewed the  a v a i l a b i l i t y  of mater ia ls  with melting points  above 

1400°C and prepared a multi layered assembly of these  mater ia ls  i n  contact  

with P t  and Ta. 

a t  1000 p s i  f o r  100 h r .  

t h e  composite a re  given i n  Table 15.2. 

This s e r i e s  of d i f fus ion  couples w a s  heated t o  1200°C 

The r e s u l t s  of a metallographic study of 

Figure 15.6 i l l u s t r a t e s  t he  r e s u l t s  obtained from t h i s  study. 

Kirkendall  voids a re  evident i n  the  Pt a t  t he  in t e r f aces  with both the  

chemically vapor deposited W and t h e  Ta. The T a - P t  couple was  more 

severe ly  damaged, and a t  l e a s t  four  phases a re  evident.  

We a re  continuing our  study of the  compat ib i l i ty  of the  various 

mater ia l s  with Pt and Ta a t  800 and 1000°C. 
perform s a t i s f a c t o r i l y  with c e r t a i n  elements ( a l l o y s )  a t  lower tempera- 

t u r e s .  This study w i l l  i d e n t i f y  those compatible combinations, and they  

w i l l  be used a s  t r a n s i t i o n  materials f o r  tubular  welds. 

We expect t h a t  Pt w i l l  

Physic a 1 Prope rt i e  s 

D. L. McElroy 

Thermal Conductivity of Tantalum ( R .  K. Wi l l iams ,  J. P. Moore) 

Good est imates  of t he  thermal conduct ivi ty  of metals and a l loys  a t  

high temperatures can f requent ly  be obtained by combining da ta  f o r  

e l e c t r i c a l  r e s i s t i v i t y  a t  high temperature with da ta  for e l e c t r i c a l  

r e s i s t i v i t y  and thermal conduct ivi ty  a t  low temperature. I n  f a c t ,  f o r  
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Table 15.2. I n i t i a l  Metallographic Results of 
Dissimilar-Metal Diffusion Couples Aged 100 h r  a t  I200 "C 

Te s t Mate r ia l  Void Indicat ions 
F% Couple Ta Couple 

Pt 
Ta 

Mo 

Nb 

T i  

v 
N i  

W 

Re 

D -43 

B -66 

FS-85 

Ta-10 % W 

T - 1 1 1  

T-222 

TZM 

W-25$ Re 

W-25% Re-30$ Mo 

many 
few 

few 

few 

many 

many 
few 

many 
few 

many 

many 
many 

many 
many 

many 

few 

few 

a Couple not i n  contact .  

temperatures above I300 K, t he  es t imates  of  thermal conduct ivi ty  a re  

usua l ly  more r e l i a b l e  than ava i lab le  measurements. 

experimentally derived values for phonon conduct ivi ty  and the  Lorenz 

funct ion form the  bes t  ava i lab le  b a s i s  f o r  these est imates  of thermal 

conduct ivi ty  and previously'' reported a comparison f o r  W and seve ra l  

W-base a l loys .  

r e s i s t i v i t y  a t  80 t o  400 K on Ta, Ta-5% W and Ta-lO% W and our previously 

reported da ta  f o r  t he  e l e c t r i c a l  r e s i s t i v i t y  of pure Ta a t  high tempera- 

t u r e  allow a similar comparison f o r  Ta.  

We bel ieve t h a t  

New measurements of thermal conduct ivi ty  and e l e c t r i c a l  

Data f o r  the  Ta-W a l loys  were 

none 

none 

none 

none 

many 
none 

b 

none 

none 

no ne 

no ne 

no ne 

none 

a 
a 

none 
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Chemically Vapor 

P t  

Ta 

Deposited W 

Fig. 15.6.  Example of t he  Results of Studies of Diff’usion i n  
h l t i l a y e r e d  Couples t o  Determine Materials Compatible w i t h  Tantalum 
or Platinum. Th i s  couple was held a t  1200°C and 1000 p s i  for 100 h r .  
Kirkendal voids a r e  evident a t  both in t e r f aces .  

used t o  subs t an t i a t e  t he  values f o r  thermal conductivity and t h e  Lorenz 

f’unction obtained by f i t t i n g  data  from measurements of thermal con- 

d u c t i v i t y  and e l e c t r i c a l  r e s i s t i v i t y  a t  80 t o  400 K t o  a t h e o r e t i c a l l y  

based equation. 

The excel lent  agreement between t h e  estimated and recommended values  

shows t h a t  t h e  thermal conduct ivi ty  of Ta behaves about as  expected 

from t ranspor t  theory.  

The r e s u l t s  of t h i s  comparison a r e  shown i n  Table 15.3. 



Table 15.3. Comparison of Thermal Conductivity Estimates for  Tantalum 

OWLb a Range of Reported 
Recome nde d Experimental Values a ORNL Recommended - E l e c t r i c a l  

Temperature Re s i  st i v i t  y value a ( $  Difference From E s t  imate Value Estimate 
( w  cm-I deg-l) Recommended Value) (W cm-l deg-l) Recommended \'aluea (w cm) ( K) 

Maximum Minimum 

500 22.55 0.582 +4.3 -17.7 0.570 4.1 

1000 43.17 0.606 +21.1 -2.7 0.583 

1500 61.75 0.622 +22.8 -27.7 0.606 

2000 78.85 0.640 +26.1 -39.7 0.631 

2500 94.85 0.656 +6.7 -53.2 0.654 

-3.2 

4 . 6  

-1.4 

4 . 3  
3000 110. 22c 0.665 4 2 . 7  -32.3 0.674 +l. 3 

a C .  Y. Ho e t  al . ,  Thermal Conductivity of Selected Materials, Part 2,  NSRDS-NBS 16, National Standard Reference Data Series, 
National Bureau of Standards, Washington, D.C. (February 1968) .  

T T 12.25 [1 - exp (= + 0.214) ]  - + - bEstimated thermal conductivity = 2.462 x 
C P T  
Extrapolated. 
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P. Pa t r ia rca  A. C .  Schaffhauser 

The object ive of t h i s  program i s  t o  provide the  base technology on 

W a l loys  f o r  advanced power appl ica t ions  i n  space. We a r e  developing 

f ab r i ca t ion  processes f o r  W a l loys  based on modification o f  conventional 

extrusion and warm-drawing techniques, d i r e c t  chemical vapor deposit ion,  

and welding. 

based on t h e  creep-rupture propert ies ,  we a r e  conducting extensive long- 

time t e s t s  a t  t he  temperatures of i n t e r e s t .  We a r e  a l so  determining the  

mechanisms t h a t  control  t h e  creep behavior and t h e  e f f e c t  of in te rac t ions  

with the  vapor species  from an isotope o r  reac tor  f i e l .  

Since t h e  primary c r i t e r i o n  f o r  the  use of W a l loys  i s  

Chemical Vapor Deposition 

J. I. Federer 

Deposition of High-Purity Tungsten Sheet 

Previously we found t h a t  f o r  small, tubular  deposi ts  t h e  temperature 

of t he  wal l  of t h e  deposi t ion chamber a f fec ted  the  F content of thedeposi t . '  

We have confirmed these  r e s u l t s  f o r  l a rge  sheet  depos i t s .  I n  t h e  current  

experiments, t h e  chamber wal l  was cooled e i t h e r  with cold (about 20°C)  

o r  hot  (about 7 5 ° C )  water.  Without cooling water, t h e  wal l  would a t t a i n  

a temperature of about 150°C. Deposits prepared w i t h  t h e  wal l  a t  about 

75°C contained 20 t o  30 ppm F, while deposi ts  prepared w i t h  t h e  wal l  a t  

about 20°C contained only 5 t o  10 ppm F. The reason t h a t  t h e  F content 

of t he  deposi ts  var ied  with t h e  temperature of t he  chamber wal l  when t h e  

o ther  conditions a r e  t h e  same i s  not known. Possibly t h e  lower tempera- 

t u r e  lowers the  p a r t i a l  pressure of a cons t i tuent  of t h e  gas phase t h a t  

bears  F and causes F contamination by reac t ion  o r  entrapment. An attempt 

t o  lower t h e  F content f 'urther by using moist H2 was not successfbl .  

About 100 times the  s toichiometr ic  amount of water required t o  r eac t  

w i t h  10 ppm F present  as  WF4 was introduced i n t o  t h e  react ion chamber. 

However, t h e  F content was s imi la r  t o  t h a t  obtained w i t h  dry H 2 .  

c 



Deposition of Chloride Tungsten 

Tungsten deposited from WF6 ( f luor ide  tungsten)  u sua l ly  has the  

(100) or i en ta t ion .  Previous e f f o r t s  t o  obtain t h e  (110) or i en ta t ion  

from WF6 were not success f i l .  

i n  W deposited from W C l 6  (chlor ide tungsten) .  Fluoride tungsten i s  

usua l ly  f iner-grained and exhib i t s  l e s s  gra in  growth than chlor ide 

tungsten.  

o r i en ta t ion  can be operated a t  a g rea t e r  e lectrode spacing or a t  a 

lower temperature t o  achieve the  same power a s  an emi t te r  t h a t  has the  

( 100 } or ien ta t ion .  Therefore, we have begun t o  inves t iga te  the  depo- 

s i t i o n  of chlor ide tungsten. 

deposit  than f luor ide  tungsten due t o  t h e  lower vapor pressure o f  WC16 
compared t o  WF6 and t h e  higher temperature required f o r  deposi t ion 

(above 800°C). 

from WC16 and then obtain an e p i t a x i a l  deposit  from WF6. 

The (110) or i en ta t ion  can be obtained 

‘Tungsten emit ters  i n  thermionic diodes t h a t  have the  (110) 

Chloride tungsten i s  more d i f f i c u l t  t o  

We hope t o  deposit  a seed w i t h  t h e  (110) or i en ta t ion  

I n i t i a l  experiments have involved only deposit ion from tungsten 

The apparatus consisted o f  a 1 1/4-in.  -diam X 24-in.  -long chlor ide.  

s i l i c a  g l a s s  tube i n  which the  tungsten chlor ide was prepared and then 

reduced w i t h  H 2 .  

chlor inated a t  750°C w i t h  C 1 2 .  

3/4-in. - d i m  X 1- in .  -long N i  subs t r a t e  heated by induction where H2 

reduction t o  t h e  metal occurred. I n  the  f irst  experiment, t h e  ch lo r i -  

nator  was heated t o  only 600°C. A s  a r e s u l t ,  some C l ; ?  passed unreacted 

through the  W chips and at tacked t h e  subs t r a t e .  

heated t o  750°C f o r  t he  next experiment, and a W deposit  was obtained 

a t  a subs t r a t e  temperature of 900°C. 

deposit  was s t rongly  (100) or iented,  but,  compared t o  f luo r ide  tungsten, 

t h e  {UO] or i en ta t ion  was enhanced. I n  the  next th ree  experiments, t h e  

r a t i o s  of C 1 2 : W  used i n  the  ch lor ina tor  a t  750°C were 1.02, 0.78, and 

0.88, which indicated t h a t  chlor ides  o ther  than W C l 6  were being formed. 

The o r i en ta t ion  of these  deposi ts  has not ye t  been determined. 

t he  H2 content of t h e  reac t ing  gases from about the  s toichiometr ic  amount 

t o  about t h ree  times t h a t  amount increased the  e f f i c i ency  of  deposi t ion 

a t  900°C from about 6 t o  24%. Tungsten t h a t  i s  not deposited condenses 

as  chlor ides  i n  cool p a r t s  of  t h e  apparatus.  

Fluoride tungsten chips i n  one end o f  t h e  tube were 

The tungsten chlorides passed onto a 

The ch lor ina tor  was 

X-ray d i f f r a c t i o n  showed t h a t  t h e  

Increasing 
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Deposition of Tungsten-Rhenium Alloys 

During t h e  pas t  year we attempted t o  minimize nodules and grown-in 

poros i ty  because such defec ts  i n  W-5% Re deposi ts  se r ious ly  a f f e c t  t h e  

mechanical proper t ies .  We t r i e d  t o  r e f ine  t h e  s t ruc tu re  by in t e r rup t ing  

the  deposit ion process by such techniques as  puls ing the  gas flows sepa- 

r a t e l y  o r  i n  combination, pe r iod ica l ly  reversing t h e  gas flows, lowering 

t h e  deposit ion temperatures, and cycling the  temperature. None of these  

methods completely in te r rupted  deposit ion,  s ince  grains  and nodules grew 

through lamination caused by in te r rupt ions .  Smoother, l e s s  nodular 

deposi ts  were obtained i n  deposi ts  t h a t  contained l e s s  than 5% Re, as  

previously reported.  Chemical analysis  revealed t h a t  t h e  deposit  

intended t o  contain 1% Re a c t u a l l y  had 0.06 t o  0.34% Re and t h a t  t h e  

nominal 3 9  Re deposit  a c t u a l l y  had 1.6 t o  2.3% Re. 

deposi ts  had fewer nodules than W-5% Re deposi ts ,  we wished t o  e l imi-  

na te  nodules e n t i r e l y  or  a l t e r  t h e i r  form t o  make them l e s s  de le te r ious  

t o  t h e  deposi ts .  

Although these  

I n  recent  experiments we began t o  s tudy t h e  e f f e c t  of gas composi- 

t i o n  on the  morphology of nominal W-5$ Re deposi ts  a t  750°C and 5 t o r r .  

The deposi ts  were formed on resis tance-heated Mo subs t ra tes  4 i n .  long 

and 0.5 i n .  wide contained i n  a 4-in.-ID X 12-in.-long reac t ion  chamber. 

The experimental arrangement was s imi l a r  t o  t h a t  of t he  l a r g e r  apparatus 

used t o  prepare sheet  deposi ts .  The p r inc ipa l  d i f fe rence  between these  

experiments and those i n  which sheet  deposi ts  were prepared was a higher 

flow of WF6-ReF6 pe r  u n i t  area of subs t r a t e  (25 vs 3.3 cm3 min-l i n .  -2). 

A s e r i e s  of  deposits,  shown i n  Fig. 16.1, was prepared i n  which the  

r a t i o  of H2: (WF6 + ReF6) was var ied  from 1 t o  20 by varying t h e  flow of 

H2 while maintai-ning t h e  temperature, pressure,  and flow of WF6-ReF6 

constant .  

of 1 and 3 [Fig. 1 6 . l ( a )  and (b ) ] ;  Fig. 16.l!b) represents  a s toichiometr ic  

mixture of H2, WF6, and ReF6. These two deposi ts  had a few nodules of 

t he  type t h a t  u sua l ly  has no poros i ty  a t  t he  in t e r f ace  with the  matrix.  

A s  t h e  r a t i o  increased t o  5, 10, and 20 [Fig. 16 .1(c) ,  

t h e  deposi ts  became more nodular, which i s  most e a s i l y  observed on t h e  

edges, and t h e  nodules had associated poros i ty .  These r e s u l t s  ind ica te  

The smoothest deposi ts  occurred a t  r a t i o s  of H2 : (WF6 + ReF6) 

(d) ,  and ( e ) ] ,  
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Fig. 16.1. Effect of H 2 :  (WF6 + ReF6) on Morphology of Nominal W-5$ Re Alloy De osited a t  750°C and 
5 t o r r  a t  WF6 Flow of 95 cm3/min, ReF6 Flow of  5 cm3/min and H2 Flows of ( a )  100, (b? 300, ( e )  500, 
(d) 1000, and ( e )  2000 cm3/min. 
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t h a t  smooth deposi ts  a r e  favored by a gas mixture r i c h  i n  WF6 and ReF6 

and t h a t  nodules occur most r ead i ly  i n  mixtures t h a t  a r e  lean  or depleted 

i n  WF6 and ReF6. Chemical analyses and metallographic examination of t h e  

deposi ts  shown i n  Fig.  16.1 a re  i n  progress .  If these r e s u l t s  confirm 

t h e  v i sua l  observation t h a t  t h e  b e s t  deposi ts  a r e  obtained with a near 

s toichiometr ic  gas mixture, we s h a l l  attempt t o  deposi t  l a rge  shee ts .  

Evaluation of Methods f o r  Joining Tungsten Alloys 

G.  M. Slaughter 

Development o f  Improved Techniques (Nancy C .  Cole ) 

We a r e  continuing t o  make gas W-arc (GTA) welds i n  chemically vapor 

deposited W .  We welded 0.030-in.-thick sheet  with very few problems of 
cracking, as were previously encountered with the 0.050-in.-thick mate- 

r i a l .  The workpiece was electropol ished,  s t r e s s  re l ieved  a t  1200°C for 
2 hr ,  preheated t o  150°C before welding, and s t r e s s  re l ieved  a t  1200°C 

for 2 h r  a f t e r  welding. 

We conducted bend t e s t s  on welds i n  both thicknesses of  mater ia l ,  

following t h e  standards s e t  by t h e  Materials Advisory Board' as  c lose ly  

a s  poss ib le .  

specimens were bent  with t h e  plunger t ransverse t o  the  weld. 

s t r a i n  r a t e s  from 0.5 t o  0.005 in./min were used. 

The bend radius  was 4 times t h e  sheet  thickness,  and the  

Various 

We were unable t o  obtain a 90" bend a t  temperatures up t o  550°C i n  

t h e  welds i n  0.050-in.-thick sheet,  but,  a t  temperatures above 45OoC, we 

were ab le  t o  produce 90" bends i n  the  weld metal of t h e  0.030-in.-thick 

shee t .  

a 90" bend, t he  base metal and heat-affected zone cracked. 

attempting t o  determine t h e  reasons f o r  t h e  observed behavior. 

It i s  i n t e r e s t i n g  t o  note tha t ,  although t h e  weld metal achieved 

We a r e  
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Long-Time Creep Propert ies  of  Tungsten Alloys 

H. E. McCoy, Jr 

Long-Time Creep Propert ies  of Tungsten and Tungsten-Rhenium Alloys 
TR.  L .  Stephenson) 

We a r e  studying t h e  long-time creep proper t ies  of arc-melted and 

chemically vapor deposited W a l loys .  

creep for arc-melted W, W-5$ Re, W-26% Re, W-25$ Re-30$ Mo, and chemi- 

The times t o  rupture  and t o  l$ 

c a l l y  vapor deposited W were reported previously.  Figures 16.2 through 

16.6 show t h e  secondary creep r a t e  as  a f’unction of s t r e s s  for these  

mater ia l s  a t  1200 t o  2200°C. 

W-5$ Re a l l o y  i s  t h e  s t ronges t  on t h e  bas i s  o f  secondary creep r a t e s  

between and hr-’. 

Comparison of t he  data  shows t h a t  t h e  

Correlat ion of Creep Data f o r  Unalloyed Tungsten ( R .  L .  Stephenson) 

Sherby7 suggested t h a t  fo r  pure metals and d i l u t e  a l loys  a t  tempera- 

t u re s  above 0.4 of the  absolute melting point ,  creep s t rength  i s  influenced 

by t h e  e l a s t i c  modulus, E, d i f f u s i v i t y ,  D, and gra in  o r  subgrain s ize ,  L. 

SECONDARY CREEP RATE (in./in. hr) 

Fig. 16 .2 .  Secondary Creep Rate Versus S t ress  for Unallloyed 
Tungsten. 
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Fig. 16.3. Secondary Creep Rate Versus S t r e s s  f o r  W-5% Re. 

c ORNL-DWG 70-9037 
1 O3 

c 
v) 

402 
t 0- ! o - ~  40-3 io-2 t 0-' 

SECONDARY CREEP RATE (in./in. h r )  

Fig. 16.4. Secondary Creep Rate Versus S t ress  f o r  W-26% Be. 
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Fig. 16.5. Secondary Creep Rate Versus S t ress  f o r  W-25$ Re-30% Mo. 
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Fig. 16.6.  Secondary Creep Rate Versus S t ress  for Chemically 
Vapor Deposited Tungsten. 
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Sherby fu r the r  suggests t h a t  t h e  creep data  can be cor re la ted  by an 

equation of t he  form 

(16.1) 

where S and n 

P lo ts  of 

a r e  constants,  u i s  t h e  s t r e s s ,  and i i s  the  creep r a t e .  

i / D  versus u/E f o r  severa l  mater ia l s  show a d i s t i n c t  

curvature, f requent ly  a t  values of  u/E t h a t  a r e  about equal (between 

1.5 and 2 .0  X l o m 4 ) .  
r a t e  f o r  many mater ia l s  may vary as  t h e  hyperbolic s ine  of t he  s t r e s s .  

We have combined these  two approaches i n t o  an equation of t h e  form 

Garofalo8 and o thers  have suggested t h a t  t h e  creep 

= S'D 1 s inh  L (16.2) 

where S' and a' a r e  constants .  

Figure 16.7 is a plot of 6 / D  versus a/E f o r  data for the unalloyed 

W from t h i s  s tudy and for data  from t h ree  sources cor re la ted  by Robinson 

and Sherby.' Equation (16.21, represented by t h e  dot ted l i n e ,  agrees 

we l l  with a l l  of  these  data .  

Fig. 16.7. 
1400 t o  2200°C. 
- 17, 109 (1969). 1 

Correlation of S t ress  and Creep Rate f o r  Tungsten a t  
[Ref. S. L. Robinson and 0. D. Sherby, Acta Met. 

- 



We a r e  examining t h i s  mater ia l  by transmission e lec t ron  microscopy 

t o  determine i f  t he  subgrain s i z e  can be cor re la ted  w i t h  t h i s  equation. 

I I 

Metallurgical Propert ies  of Tungsten Alloys 

- 5.4 x 10-8 torr I- 7.9x10-6 torr 

H. Inouye 

O2-4-5.4x10-@ torr+ 

Effect  of Low-Pressure Oxygen on t h e  Creep Propert ies  of W-25$ Re 

The creep proper t ies  of 0.035-in. -dim W-25$ Re wire produced by 

powder-metallurgy techniques a r e  being measured i n  low-pressure 02 and 

a t  thermionic temperatures t o  simulate the  e f f e c t s  of i t s  in t e rac t ion  

w i t h  t he  02 derived from the  decomposition of an oxide f'uel. 

Figure 16.8 i s  t h e  creep curve f o r  a specimen s t r e s sed  t o  1000 p s i  

a t  1800°C. When the  environment was changed from a base pressure of 

5 X t o  8 X t o r r  02, t he  m i n i m  creep r a t e  decreased 

(?  /; = 0 . 3 ) .  

not a l t e r  t h e  creep curve. A s  reported previously,  02 increases 

the  creep r a t e  of W, which i s  the  opposite of  t he  e f f e c t  on W-25'$ Re 

reported here.  

Changing the  environment from 02 back t o  vacuum d i d  o v  

e...---.-- 

0 0 -  
- 

e*-- ,.'* / e,= 3.0 x h r- '  
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5 1.2 a 

- 
LT 
t 
m 

0.8 

0.4 

0 

*- -.. 

ORNL-DWG 70-3766R 

I 
i 

W-25% Re: 18OO"C, 1000 psi 
io/€,= 0.3 

0 50 100 150 200 250 300 350 400 450 500 
TIME (hr) 

Fig. 16.8. Effect  of  Pressure Cycles on Creep Behavior of W-25$ Re. 
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Creep curves f o r  W-25$ R e  s t r e s sed  t o  2000 p s i  a t  1650°C i n  e i t h e r  

vacuum o r  7.6 X lo+ t o r r  02 a r e  shown i n  Fig. 16.9. 

curves a r e  near ly  i d e n t i c a l  t o  about 300 hr ,  t he  specimen t e s t e d  i n  02 

had a lower minimum creep r a t e  than did t h e  specimen t e s t e d  i n  vacuum. 

The beginning of t h e  t h i r d  s tage  of creep i n  0 2  coincided with lower 

requirements of current t o  maintain t h e  temperature of  t he  r e s i s t i v e l y  

heated specimen. Thus, it appears t h a t  t h i s  s tage  of creep r e s u l t s  

from the  reduction of t h e  cross  sec t ion  o f  t h e  specimen by sublimation 

a s  oxides. 

t he  a l l o y  a t  1650°C. 

Although t h e  creep 

A rupture  d u c t i l i t y  of about 2 %  ind ica tes  t h a t  02 embr i t t l es  

Tentatively,  we a t t r i b u t e  t h e  lower creep r a t e s  of  W-25$ Re i n  02 
t o  t he  formation of a surface layer  of sigma phase as  a consequence of 

t h e  f a c t  t h a t  t h e  reac t ion  r a t e  o f  W with 02 is  higher than t h a t  of Re 

w i t h  02 ( r e f .  13). 

2.4 

2.0 

1.6 
I 

s-" - 
z 
LL 
k 
v, 

3 1.2 

. 0.8 

0.4 

0 
0 50 100 450 2 0 0  250 300 350 4 0 0  4 5 0  500 

TIME (hr) 

Fig. 16.9. Creep Curves of  W-25% Re i n  Vacuum and i n  Low-Pressure 
Oxygen. 
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J 17. FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSULATORS 

G. M. Watson' G. W. Ke i lhol tz l  

The purpose of t h i s  program i s  t o  e s t a b l i s h  the  e f f e c t s  of fast  

neutrons on the  mechanical, physical ,  and e l e c t r i c a l  p roper t ies  of 

mater ia ls  su i t ab le  f o r  use a s  e l e c t r i c a l  i n su la to r s  i n  thermionic 

converters and t o  evaluate  the  mechanisms of neutron damage i n  these 

mater ia ls  up t o  1100°C. 

General Survey of Fast  -Neutron Ef fec t s  on E l e c t r i c a l  Insu la tors  

R. E .  Moore' D. A.  Dyslin2 H. E. Robertson' 

A low-temperature (below 150 "C) assembly containing three  advanced 

mater ia l s  as w e l l  as polycrys ta l l ine  alumina w a s  i r r a d i a t e d  i n  the  

Engineering Test Reactor (ETR) f o r  6 months. The advanced mater ia ls  

were ( 1) synthe t ic  sapphire A l 2 O 3 ,  ( 2 )  s ing le -c rys t a l  MgO, and (3) t r a n s -  

parent,  po lycrys ta l l ine  zirconia-doped Y2O3. The maximum f a s t  f luence 

of t he  assembly w a s  estimated t o  be about 2 x lo2 '  neutrons/cm2 (> 1 MeV). 

One of the  four  MgO specimens and one of t he  s i x  Y2O3 specimens were 

found t o  be broken i n  h a l f  a f t e r  i r r a d i a t i o n .  The 6 sapphire A1203  speci-  

mens and t h e  16 specimens of po lyc rys t a l l i ne  alumina included i n  t h e  

assembly were undamaged. 

t he  three  advanced mater ia ls  t h a t  had been i r r a d i a t e d  t o  near ly  the  

maximum fast fluence of t he  assembly revealed no microfracturing. 

Metallographic examinations of specimens of 

The volume increases  of po lycrys ta l l ine  alumina and t h e  th ree  

advanced mater ia ls  a r e  given i n  Table 17.1. 

po lycrys ta l l ine  alumina w a s  about t he  same a s  t h a t  of t he  sapphire speci-  

mens, but t he  three  sapphire c y l i n d r i c a l  specimens t h a t  had received the  

highest  f luences expanded i n  length by about 50% more than i n  diameter. 

The - c ax is  was or iented i n  the  d i r ec t ion  of the  length of t he  cyl inders .  

The o ther  t h ree  sapphire specimens i r r a d i a t e d  a t  a lower fluence f o r  t h e  

same time period expanded by about t h e  same amount i n  length and diameter. 

The volume expansion of the  
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Table 17.1. Comparison of the  Volume Expansions o f  Polycrys ta l l ine  
Alumina and Three Advanced Materials I r r a d i a t e d  a t  

Low Temperature (Below 150°C) 

Type of Specimen 
Vo lume 

Increase 

Estimated 
Fast Fluenc e 
[neutrons /an2 
(> 1 Mev)] (%) 

GE Opaque Lucalox 
( po lyc r ys t a U i n e  ) 

Synthetic s app h i r e  

0.4 
0.7 
1.3 
1.7 
2.0 
0.4 
0.7 
0.9 
1.5 
1.8 
1.9 

Transparent po lycrys ta l l ine  Y2O3 0.5 
0.7 
1.0 
1.5 
1.9 

Single - c r y s t a l  MgO 0.8 
1.6 
1.9 

1.6 
1.7 
1.5 
1.3 
1.2 
1.6 
1.6 
1.6 
1.5 
1.4 
1.4 
0.5 
0.4 
0.3 
0.4 
0.3 

1.3 
1.2 
1.1 

Cyl indr ica l  specimens of  s ing le  - c r y s t a l  MgC expanded i n  volume 

s l i g h t l y  more than polycrys ta l l ine  specimens i r r a d i a t e d  i n  previous 
experiments. 3 

The breakage of one MgO specimen and one Y2O3 specimen was not 

encouraging, since the  maximum fluence of t he  assembly was moderately 

low. Additional i r r a d i a t i o n s  of  synthet ic  sapphire a t  high fluences 

would seem warranted. 

. 
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I r r a d i a t i o n  o f  High-Density Commercial A120 3 Products 
Considered f o r  Thermionic Insu la tors  

R. E. Moore’ D. A.  Dyslin2 H. E. Robertson’ 

Most of t he  pos t i r r ad ia t ion  examinations of so l id  c y l i n d r i c a l  

alumina specimens i r r a d i a t e d  i n  row 4 of the  Experimental Breeder 

Reactor-I1 (EBR-11) a re  now complete. The assembly contained the  same 

three  commercial types of alumina t h a t  had previously4 been i r r a d i a t e d  

i n  the  ETR. 

a c t u a l  temperatures, which w i l l  be obtained from S i c  temperature monitors 

included within the  assembly, have not y e t  been measured. The r e s u l t s  of 

dimensional measurements, v i s u a l  inspect ions,  and metallographic examina- 

t i o n s  a r e  given i n  Table 17.2. 

The design temperature f o r  the  specimens was  8 O O 0 C ,  but  

The expansion i n  volume i s  much g rea t e r  than t h a t  found i n  specimens 
3 i r r a d i a t e d  i n  the  ETR under approximately the  same condi t ions.  

Figure 17.1 shows the  volume increase of General E l e c t r i c  Opaque Lucalox 

f o r  both reac tors .  Metallographic examinations of t he  specimens with 

the  g r e a t e s t  volume increase revealed no separat ion a t  g ra in  boundaries 

or t ransgranular  f r ac tu re .  The only way t o  account f o r  the  g rea t e r  

expansion i n  the  EBR-I1  i s  through d i f fe rences  i n  the  neutron-energy 

spec t ra .  That i s ,  the  EBR-I1 spectrum, f o r  measured fluences above 

1 MeV, must contain a g r e a t e r  percentage of neutrons with damage p o t e n t i a l  

than does the  ETR spectrum. 

Metal-Clad A1203 Specimens 

R. E. Moorel D. A.  Dyslin2 H. E. Robertson’ 

The s t a t u s  of t he  i r r a d i a t i o n s  o f  bi layers  and trilayers i s  given 

i n  Table 17.3. 
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Table 17.2. Results of Pos t i r r ad ia t ion  Examinations of Solid 
Cyl indr ica l  Alumina Specimens I r r ad ia t ed  i n  Row 4 of 

the  Experimental Breeder Reactor-I1 

Type o f  Fast  Fluence Volume Results of  Results o f  
a [neutrons /cm2 Increase Visual Me t a l  lographic 

(> 1 Mev)] (%I Fxa m i  na t ion Examinations 
Specimen 

I 

I1 

I11 

0.6 
1.0 

1.1 

1.2 

1.3 

0.7 

0.9 

1.1 

1.2 

1.3 

0.7 
0.9 
1.2 

1.1 

1.3 

1.7 
1.6 

2.9 

3.4 

4.1 

2.0 

1.6 

4.3 

4.4 
5.2 

2 . 1  

1.7 
2.7 

3.5 

2.8 

Chipped on one end 

Longitudinal 
f r ac tu re  

Longitudinal 
f r a c t  w e  

Longitudinal Some grain-boundary 
f r ac tu re  separat ion 

No grain-boundary 
separat ion 

Very severe gra in-  
boundary separat ion 

No grain-boundary 
separat ion 

No grain-boundary 
separat ion 

a I = Coors AD-995 ( g r a i n  s i ze ,  I3 !.un); I1 = Wesgo AL-995 ( g r a i n  s i ze ,  
23 pm) ; I11 = General E l e c t r i c  Opaque Lucalox ( g r a i n  s i ze ,  6 pm) . 
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Fig. 17.1. Volume Increase of General E lec t r i c  Opaque Lucalox 
(Grain Size 6 pn) a f t e r  I r r a d i a t i o n  i n  ?t.ro Reactors with Different  
Neutron-Energy Spectra.  

Table 17.3. I r r ad ia t ions  of Bilayers and Tri layers  

~ ~~ 

ORNL Design Fast  Fluence 
Experiment Supp 1 i e r  Temperature [neutrons /em2 Sta tus  

Number ( " C )  (> 1 Mev)] 

41-40 NASA-Lewis 600,800 0.6-2.8 Pos t i r r ad ia t ion  
(ETR) Fa i rch i ld-Hi l le r  1000,1100 examinat ion 

Thermo Electron completed 

41 -42 Thermo Electron 600,800 0.6-2.8 Pos t i r r ad ia t ion  
(ETR) Gulf General Atomic examinat ions 

c omp 1 e t  ed 
except f o r  
me t a  11 ogr aphy 

0 -3 Thermo Electron 700400 
(EBR-11) 
Row 8 

Undergoing 
i r r a d i a t i o n  
To be completed 
September 1970 
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Notes 

1. Reactor Chemistry Divis ion.  

2. General Engineering Division. 

3. G. W. Kei lhol tz ,  J .  E.  Lee, Jr., and R. E .  Moore, "Propert ies  of 
Magnesium, Aluminum, and Beryllium Oxide Compacts I r r ad ia t ed  t o  
Fast-Neutron Doses Greater than 1021 Neutrons a t  150, 800, and 
l l O O ° C , "  pp. W3-148 i n  Proceedings of t he  Conference on Nuclear 
Applications of Nonfissionable Ceramics, Washington, D. C . ,  
May 9-11, 1966, American Nuclear Society, Hinsdale, I l l i n o i s ,  1966. 

4. R.  E. Moore, D. A .  Dyslin, and H. E .  Robertson, Fuels and Materials 
Development Program Quart. Progr. Rept. Dec. 31, 1969, OWL-4520, 
pp. 245-252. 
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STUDIES OF ADVANCED EFRACTORY METALS 

W. 0 .  H a r m s  ,T. 8. DeVan W. R. Huntley' 

Requirements f o r  a u x i l i a r y  e l e c t r i c i t y  or ion  propulsion f o r  space 

vehicles  necess i ta te  power p lan ts  of high e f f i c i ency  tha t  w i l l  operate 

a t  high temperatures. For these appl icat ions,  nuclear power systems 

have been proposed i n  which a l k a l i  metals are  used t o  t r a n s f e r  heat ,  

dr ive a turbogenerator,  and lubr ica te  ro t a t ing  components. Accordingly, 

we a re  inves t iga t ing  the  corrosion proper t ies  of candidate a lka l i  metals, 

pr imari ly  L i ,  K, and N a ,  under conditions of i n t e r e s t  f o r  space appl ica-  

t i ons .  

inves t iga t ion  i s  concerned l a rge ly  with r e  fractory-metal  container  

mater ia ls .  

Because of t he  r e l a t i v e l y  high temperatures (above 1000°C) , t he  

Lithium Studies 

.T. H. Devan W. R. Huntley' 

Lithium Forced-Circulation L ~ o p  Experiments ( C .  W. Cunningham, 
E. F le i scher )  

A T - 1 1 1  forced-circulat ion loop (FCLLL-1) containing L i  w a s  shut 

down a f t e r  completing i t s  scheduled 3000-hr t e s t .  Operating conditions 

maintained during the  t e s t  a r e  summarized below: 

Temperature, "C 

Maximum W70 

Minimum 1205 

Flow r a t e ,  gal/min 5.2 
Maximum ve loc i ty  o f  L i ,  f t / s ec  18 

Maximum Reynold's number 89,000 

Tota l  pressure drop i n  system, p s i  36 

Resistance hea ter  power, kw 30 
3 Volume of  c i rcu la ted  L i ,  in .  

Number of corrosion specimens 

300 

Fla t  84 
Annular 9 c 
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A s  discussed previously,* the  t e s t  was in te r rupted  a f t e r  1735 h r  when 

a L i  leak occurred i n  an a u x i l i a r y  l i n e  leading from t h e  hot leg  t o  a 

surge tank. Operation of the  loop and i t s  surrounding vacuum system was 

e s s e n t i a l l y  f r e e  of t rouble  during the  1265 h r  a f t e r  t he  the  leak w a s  

repaired.  

LOOP Start-up. - A f t e r  the  r epa i r ,  t he  loop w a s  brought t o  design 

conditions,  and the  following operations,  performed i n  sequence, required 

about 11 calendar days : 

1. The chamber w a s  evacuated w i t h  the  a u x i l i a r y  roughing system and 

heated t o  315°C. 

with in  24 h r  a f t e r  reaching 315 OC, the  pressure w a s  l e s s  than 8 x l om6  
t o r r .  

The chamber pressure peaked a t  1 x lo-’ torr, and, 

2. Lithium w a s  pushed from the  dump tank, c i r cu la t ed ,  and then 

dumped th ree  times i n  succession. After t he  l a s t  dump, the  L i  w a s  hot 

trapped i n  t h e  dump tank 25 h r  a t  815°C. 

L i ,  which w a s  c i r cu la t ed  and then sampled. 

w a s  s u f f i c i e n t  f o r  18 changes of volume i n  the  sample l i n e .  As a r e s u l t  

of t he  ana lys i s  of t h i s  sample, t he  loop was dumped, and the  L i  w a s  

hot trapped another 7 1 / 2  h r  a t  815°C. 

The loop was again f i l l e d  with 

Flow through t h e  sampler 

3. The loop was again f i l l e d  with L i ,  and the  L i  was sampled again. 

Analysis showed l e s s  than 20 ppm 0 and l e s s  than 5 ppm N. 

4. The vacuum chamber w a s  cooled, and the  loop was heated t o  design 

Maximum pressure during heating was 1 X lom4 t o r r .  temperature. 

5. The a u x i l i a r y  pump w a s  valved o f f ,  and the  ion  pumps and 

sublimation pump were s t a r t ed .  

Operating Experience. - Operation of t he  loop and the  vacuum system 

w a s  e s s e n t i a l l y  f r e e  of t rouble  during the  1265 h r  a f t e r  t he  L i  leak was 

repaired.  

cleaned from inaccessible  a reas  within the  vacuum chamber. During 

bakeout of  t h e  chamber, some of t h i s  L i  w a s  deposited on the  r e l a t i v e l y  

cold viewports and obscured v i s i b i l i t y  i n t o  t h e  chamber. Hawever, t he re  

was no evidence of fu r the r  L i  leakage during r e p a i r  operat ion a f t e r  the  

r epa i r .  The L i  l e v e l  i n  the  f i l l  and dra in  tank  remained constant ,  and 

no L i  peaks were observed on the  residual-gas analyzer except for a 

period when a Ti-sublimation vacuum pump w a s  placed i n  operation. 

A minor problem resu l ted  from res idua l  L i  t h a t  could not be 

We 
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bel ieve the  L i  peaks observed a t  t h a t  time resu l ted  from heating o f  t he  

pump t h a t  displaced r e s idua l  L i  t o  t he  cooler  a reas .  

The chamber pressure peaked a t  1 x t o r r  when the  loop reached 

design conditions a f t e r  the  r epa i r .  

wi thin 24 hr ,  t o  1 x t o r r  within 48 hr ,  and t o  1 x t o r r  a t  the  

end of the  t e s t .  The r e l a t i v e  proportions of r e s idua l  gases a t  the  end 

of t he  t e s t  period were estimated t o  be 72% H, 15% A r ,  10% N2-CO, and 

3% methane. 

This pressure decayed t o  1 x t o r r  

Evaluation of W-3% Re vs W4.576 Re thermocouples continued during the  

recent 1265 -hr operation. Nine sheathed thermocouples were reused a f t e r  

r epa i r  of t he  leak,  but only one of these  thermocouples was s t i l l  operating 

s a t i s f a c t o r i l y  a t  the  end of the  t e s t  period. Twelve new spot-welded 

bare -wire thermocouples were i n s t a l l e d  a f t e r  t he  L i  l eak  was repaired,  

and a l l  were functioning properly a t  the  end of t h e . t e s t .  

compared readings between the  o p t i c a l  pyrometer and the spot-welded 

couples and confirmed t h a t  there  w a s  no s ign i f i can t  thermocouple d r i f t .  

Readings between thermocouple p a i r s  a s  a funct ion of time showed t h a t  

measurements of the  loop temperature made with spot -welded bare -wire 

thermocouples were accurate within *0.5$. 
w a s  t he  thermocouple located i n  the  1 2 R  heated sect ion,  which was 

a f fec ted  by the  applied voltage.  

We per iodica l ly  

The only exception t o  t h i s  

The exce l len t  performance of t he  spot -welded bare -wire thermocouples 

during the  recent  operating period gave us an opportunity t o  check loop 

flow r a t e s  and hea t - t ransfer  performance accurately.  The flow r a t e  

indicated by the  electromagnetic flowmeter w a s  5.4 gal/min or 1100 lb /hr .  

This compared with a heat  balance a t  the  1 2 R  hea te r  sec t ion  t h a t  indicated 

a flow r a t e  of 1095 l b / h r .  

s h e l l  L i  economizer a l so  agreed we l l  with t h e o r e t i c a l  predict ions.  

a c t u a l  performance of t he  economizer was within 5% of the  performance 

predicted with t h e  standard ca lcu la t ions  f o r  heat  t r a n s f e r  i n  l i qu id  

metal. 

The hea t - t ransfer  performance of the  tube and 

The 

Lithium Sample. - A  f i n a l  L i  sample w a s  obtained a f t e r  t he  loop had 

been cooled t o  about 500°C. A t  t he  time the  sample was i so l a t ed ,  about 

35 inventor ies  of t he  L i  i n  the  loop had passed through the  bypass sampling 
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tube.  The 0 and N impurity concentrations throughout t h e  t e s t  program 

were a s  follows: 

Concentration, ppm 
0 N 

S t a r t  of Test 12 < 5  
Lithium Leak 

Before Repair 58 < 5  
After Repair 20 < 5  

End of  Test 50 < 5  

The sample f o r  0 ana lys i s  a t  t he  end o f  t e s t  w a s  s l i g h t l y  contaminated 

during ana lys i s .  

Fa i lure  Analysis. - A s  discussed previously,2 the  L i  leak t h a t  

forced an in t e r rup t ion  i n  loop operat ion occurred i n  a vent l i n e  c lose  

t o  where it connected t o  the  loop hea ter .  The outer  surface of t h e  

f a i l e d  a rea  w a s  genera l ly  eroded t o  a depth of about 1/32 i n .  over an 

a rea  about 3/8 i n .  i n  diameter. 

protuberances as we l l  as c r a t e r - l i k e  spots .  A crack through one of  these  

spots  appeared t o  be l inked t o  the  ex te rna l  eroded area .  

The inner  surface contained many small 

To determine the  chemical nature of these  protuberances and c r a t e r s ,  

we f i r s t  scanned the  ins ide  surface of the  tube with an e l ec t ron  

microprobe analyzer.  The r e s u l t s  indicated t h a t  the  protuberances were 

r i c h  i n  H f .  A meta l l ic  f i lm was deposited uniformly around the  inner  

surface of t he  tube about an inch from the  f a i l u r e ;  t h i s  f i l m  a l s o  w a s  
qu i te  r i c h  i n  H f  and showed a t r a c e  of N i .  Subsequent microprobe 

ana lys i s  of a c ross  sec t ion  of t he  f i l m  f a i l e d  t o  confirm the  presence 

of N i .  We next made a metallographic examination through the  f a i l u r e  

s i t e  and through one of t he  protuberances. 

f a i l u r e  s i t e  revealed a wide in te rgranular  crack with smaller separat ions 

of g ra in  boundaries connecting t o  t h i s  crack near t h e  outs ide surface of 

t he  tubing. A s  shown i n  Fig. 18.1, seve ra l  l i g h t  and dark phases were 

noted i n  the  g ra in  boundaries near t he  crack. 

ana lys i s  showed t h a t  H f  was depleted from these  grain-boundary a reas  

and a l s o  from the  corroded a rea  near t he  outer  surface.  A s l i g h t  t r a c e  

of N i  was found i n  seve ra l  s m a l l  locat ions i n  the  corroded ma te r i a l  a t  

t he  outer  surface.  No o ther  fore ign  elements were detected.  

The sec t ion  through t h e  

Electron microprobe 
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Fig. 18.1. Appearance of Grain Boundaries Near Fa i lure  of T-111 
Vent Line. Note the  l i g h t  phase indicated by arrow. 50Ox. 

The cross  sec t ion  through the  protuberance revealed the  two-phase 

s t ruc tu re  shown i n  the  center  photograph i n  Fig. 18.2. A microprobe 

scan showed the  darker primary phase t o  be r i c h  i n  H f  (Fig.  18.2), 
and a microprobe t r a c e  f o r  H f  through the  protuberance showed t h a t  t h e  

l i g h t e r  of t he  two phases was depleted i n  H f .  The surface under the  

protuberance showed no deplet ion of H f .  No  fore ign  elements were found 

except f o r  Z r ,  which occurs na tu ra l ly  i n  H f .  

Further v i s u a l  examinations of t he  tubing surface adjacent t o  the  

f a i l e d  sec t ion  about 2 i n .  from the  f a i l u r e  s i t e  showed some s l i g h t  

t r a c e s  of what appeared t o  be fore ign  meta l l ic - l ike  ma te r i a l  smeared 

on the  inner  surface.  

The above f indings and the  genera l  asymmetrical arrangement and 

appearance of t he  i n t e r n a l  spots  and protuberances near the  weld 

and f a i l u r e  s i t e  lead us t o  bel ieve t h a t  a foreign mater ia l  was spat tered 

over t he  inner  and poss ib ly  the  outer  surface during welding. The c 
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Fig. 18.2.  Electron Microprobe Photomicrographs of Nodule Found 
on Inner Surface of T - 1 1 1  Tubing i n  the  Vic in i ty  of the  Failed Vent Line. 

exis tence o f  t r a c e  quan t i t i e s  of N i  suggests t h a t  a N i - H f  eu t ec t i c  was 

present a t  some stage during welding; however, we bel ieve t h a t  most of 

t he  N i  o r i g i n a l l y  present was subsequently leached out by L i  during 

operation. 

on the  surface of the  tubing. The Hf-rich film observed about 1 in .  

from the  f a i l u r e  s i t e  appears t o  be t h e  r e s u l t  of conventional so lu t ion  

mass t r a n s f e r  and not t o  be r e l a t ed  t o  the  f a i l u r e .  

This would account f o r  t he  Hf-rich protuberances deposited 
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1. Reactor Division. 
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2. C. W. Cunningham and B. Fleischer ,  Fuels and Materials Development 
Program Quart. Progr. Rept. March 31, 1970, ORNL-4560, pp. 202-210. 
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FUE LS 

/ 19. FISSION-GAS F3IEASE AND PHYSICAL PROPERTIES OF 
FUEL MATERIALS DURING I R R A D I A T I O N  

The purpose o f  t h i s  work i s  t o  measure the  var iab les  t h a t  con t ro l  

the  re lease  of f i s s i o n  gas from highly character ized nuclear f u e l s  and 

t o  evaluate  these var iab les  i n  terms of a generalized model f o r  predict ing 

re lease  from operating f u e l  mater ia ls .  Thermal d i f f u s i v i t y  i s  measured 

in- reac tor  i n  analogous experiments. This i s  the  f i n a l  qua r t e r ly  repor t  

on t h i s  program, but severa l  open l i t e r a t u r e  repor t s  a r e  being prepared. 

Measurements of Thermal Di f fus iv i ty  i n  U02 During 
I r r a d i a t i o n  

R. M. Carroll’  R. B. Perez’ 

O u r  method of measuring thermal d i f f u s i v i t y  during i r r a d i a t i o n  i s  

t o  make a stepped change i n  the  f i s s i o n  power generated by the  f u e l  

specimen and then measure the  dependence of t he  r e su l t i ng  temperature 

changes on time. One problem of measuring the  thermal d i f f u s i v i t y  of 

U 0 2  during i r r a d i a t i o n  i s  t h a t  a large temperature gradient  a t  any 
realistic power l e v e l  makes it very d i f f i c u l t  to measure the temperature 

a t  any point except a t  the  center  of symmetry of t he  specimen. 

method we a re  able  t o  obta in  measurements of thermal d i f f u s i v i t y  by 

measuring only the  time response of the  temperature a t  the  center  of 

symmetry . 

By t h i s  

I n  attempting t o  develop t h i s  method, we solved many problems 

involving instrumentation, i r r a d i a t i o n  technique, computer processing 

of data, nonfission heating, 

formulations of t he  general  theory i n t o  computer codes. 

t he  computer program f o r  obtaining the  values of thermal d i f f u s i v i t y  

from the  general  theory.  

re lease  of s tored energy, ’ and mathematical 

We completed 
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We discovered an e r r o r  i n  the  i n i t i a l  computer program, and only 

A preliminary evaluat ion shows t h a t  port ions of the  data were rerun. 

our measured values f o r  thermal d i f f u s i v i t y  agree with bench data  t o  

wi th in  about 20%. 

more va r i a t ion  than t h i s ,  we consider t he  method t o  be working wel l .  

Since bench data between various experimenters show 

Our o r i g i n a l  object ive was  t o  f ind  i f  simultaneous f i ss ioning  and 

burnup a t  e levated temperatures had an e f f e c t  on thermal d i f fus iv i ty .  

The preliminary evaluat ion of data obtained from large-grained U02 showed 

t h a t  t he  thermal d i f f u s i v i t y  increased with f i s s ion - ra t e  dens i ty  ( f i s s i o n s  

per cubic centimeter per second) a t  600 t o  1000°C. 

there  i s  a good p o s s i b i l i t y  of es tab l i sh ing  a t h e o r e t i c a l  r e l a t ionsh ip  

between the  re lease  of f i s s i o n  gas and thermal d i f f u s i v i t y  as a funct ion 

o f  f i s s i o n  r a t e .  

We a l so  bel ieve 

This i s  the  las t  qua r t e r ly  repor t  f o r  t h i s  pro jec t ,  but we a re  
preparing a journa l  a r t i c l e  t h a t  w i l l  contain the  f i n a l  evaluat ion of 

t he  data. 

Behavior of Mixed Oxide Fuels During I r r a d i a t i o n  

R. M. Carroll’  0. Sismanl 

Three specimens of (U,Pu)02 mate r i a l  manufactured i n  d i f f e r e n t  ways 

were i r r ad ia t ed .  Two of these were of pressed-and-sintered 

( UO. 75,Puo. 2 5 ) 0 2  specimens supplied by Ba t t e l l e  Memorial I n s t i t u t e  

Pac i f ic  Northwest Laboratory (BNWL); one of these  specimens consis ted 

of high-density (97%) s in te red  p e l l e t s ,  while t he  o ther  consis ted of 

2 1  spheres (903 pm average diameter) ground from a production batch of 

candidate f i e 1  f o r  t he  Fast-Flux Test F a c i l i t y  Reactor. The t h i r d  

specimen was (Uo. 8 ,  P u o .  2 102 prepared a t  ORNL by the  sol-gel  technique 

as  spheres (546 pm average diameter).  

The re lease  of f i s s i o n  gas from each of these specimens w a s  

described i n  previous repor t s .  However, the  r e s u l t s  of metallographic 

examination of these specimens a f t e r  i r r a d i a t i o n  were completed, and a 

b r i e f  review i s  necessary t o  explain the  r e s u l t s .  The physical  

c h a r a c t e r i s t i c s  of a l l  t he  specimens are  summarized i n  Table 19.1. c 
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Table 19.1. Characteristics of (U,Pu)O* Specimens 

Number of specimens 

Density, g/cm3 

Outside diameter,  ern 

Length, cm 

Ins ide  diameter of a x i a l  hole ,  ern 

Rat io  Surface Area:Volume (geometric,  

S in t e r ing  temperature,  “C 

Uranium content ,  wt $ 
Plutonium content ,  wt $ 
Ratio 0:metal  

To ta l  specimen weight, g 

Pressed and Sin te red  Sol-Gel 
P e l l e t s  Microspheres Microspheres 
(Cl-24) (Cl-25) (‘21-27) 

2 21 5 1  

10.8 b 10.8 -10.8 
0.54 0.0903 f 0.009 0.0546 * 0.0017 

0.58 

0.127 

em”) W . 4  66.5 110 

1650 1650 1450 

65.4 a 71.6 

22.1 22.4 17.4 

a a 2.01 

2.76 0.0784 0 .  047b 

Impur i t ies ,  ppm 

Ag < 0 .1  5 < 1  

A 1  50 50 18 
C < 50 < 25 a 

Ca 2 < 1  10 

Cr < 25 < 25 5 
cu 10 5 10 

Fe 10 20 94 

M g  < 5  < 5  20 
Mn 4 2 5 

N i  < 10 20 15 
pb < 50 5 10 

Si < 5  5 100 
Sn < 5  < 5  5 

V < 20 10 

zn < 5 0  < 5  < 10 
a 

bE s t  imated 

Not ava i l ab le  
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/-- 

Upon i r r ad ia t ion ,  t he  high-density p e l l e t s  from BNWL showed evidence 

of some i n i t i a l  poros i ty  t h a t  was decreased by i r r a d i a t i o n  s in te r ing .  

When the  specimen temperature w a s  ra i sed  t o  145OoC, i n  an attempt t o  

speed up t h i s  s in t e r ing  process, t he  f i s s i o n  gases were released very 

rapidly.  

previous t e s t s  with UOz) apparent ly  became s u f f i c i e n t l y  p l a s t i c  t o  

permit re lease  of near ly  a l l  the  f i s s i o n  gas produced. 

a f t e r  i r r a d i a t i o n  showed t h a t  the  f u e l  specimen w a s  broken i n t o  seve ra l  

large lumps. 

A t  t h i s  temperature, the  mixed oxide specimen (unl ike  many 

Examination 

The microstructure of a con t ro l  p e l l e t  f o r  t he  C1-24 experiment i s  

shown i n  Fig. 19.1. The white specks within the  microstructure were 

found t o  be W, apparent ly  introduced during the  mil l ing operation. A 

t y p i c a l  midplane view a f t e r  i r r a d i a t i o n  i s  given i n  Fig. 19.2, which 

shows the  co l l ec t ion  of bubbles of f i s s i o n  gas i n t o  gra in  boundaries and 

Fig.  19.1. Microstructure of Control P e l l e t  (C1-24) Before I r r a -  
d i a t ion .  A s  polished. 
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Fig. 19.2. Typical Midplane Section of Specimen (Cl-24) After 
I r r ad ia t ion .  As polished. 
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t he  extensive l inking.  I n  Fig. 19.3 the  inner  surface of t he  c y l i n d r i c a l  

p e l l e t  i s  shown t o  have co l lec ted  W p a r t i c l e s  a t  the  surface t h a t  

operated a t  t he  highest  temperature. 

f o r  the migration of the W par t ic les  i s  t h a t  t hey  were s w e p t  along w i t h  

migrating bubbles and deposited a t  the  surface.  

The most plausible  explanation 

During i r r a d i a t i o n ,  t he  p e l l e t  specimens (Cl-24) were subjected t o  

a temperature excursion t o  1450°C f o r  20 min, which apparent ly  w a s  
s u f f i c i e n t  t o  allow rapid migration of bubbles.5 

the  specimen was o r i g i n a l l y  s in te red  a t  1650°C. Thus, t he  d i f fe rences  

between the  microstructures shown i n  Fig. 19.1 and Figs.  19.2 and 19.3 

were caused by the  coupled e f f e c t s  of i r r a d i a t i o n  and temperature. 

It should be noted t h a t  

The ground spheres of the  ma te r i a l  from BNWL, specimen C1-25, a l s o  

exhibi ted i r r a d i a t i o n  s in t e r ing  and breakaway gas re lease  a t  s u f f i c i e n t l y  

high temperatures. Fy c a r e f u l  manipulation of t he  specimen temperature 
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Fig. 19.3. Tungsten Concentrated a t  Inner Surface of  P e l l e t s  
((21-24) After I r r ad ia t ion .  

we were ab le  t o  determine the  temperature a t  which breakaway gas re lease  

occurred as a funct ion of burnup. 6 

The s t ruc tu re  of specimen C1-25 before i r r a d i a t i o n  i s  shown by a 

c o n t r o l  microsphere (Fig.  19.4).  A d i f f e r e n t  mi l l ing  process was used 

f o r  t h i s  mater ia l ,  and the  powder was  contaminated with Fe-Ni p a r t i c l e s  

but not with W. The s t ruc tu re  a f t e r  i r r a d i a t i o n  i s  shown i n  Fig. 19.5. 

It should be noted t h a t  the  damage t o  the  microspheres, as  shown i n  

Fig. 19..5, i s  in s ign i f i can t  compared t o  the  damage t o  the p e l l e t s ,  as shown 

i n  Figs. 19.2 and 19.3, yet the  spheres had 4.5% burnup, whereas the  p e l l e t s  

had only 0.28% burnup. The 1450°C peak temperature of t he  p e l l e t s ,  a s  

compared t o  t h e  1050-"C temperature of t he  spheres, apparent ly  accounts 

f o r  t he  difference.  This leads t o  the  conclusion t h a t  temperature i s  

more important than burnup i n  causing changes i n  the  microstructure of 

t h i s  mater ia l .  
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Fig. 19.4. Sintered Microspheres of  Control Specimen (Cl-25). 
A s  polished. 

20 

' 0  
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140 

Fig. 19.5. Typical Microstructure of Sintered Microspheres (Cl-25) 
After I r r a d i a t i o n .  A s  polished. 
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Jhich f i s s i  n gas w a s  re leased from the  so l -ge l  specimens 

a t  the  beginning of i r r a d i a t i o n  was about double t h a t  f o r  the  previous 

specimens ( a f t e r  correct ions f o r  t he  d i f f e r e n t  r a t i o s  of surface a rea  

t o  volume). 

the  extent  t h a t  t he  other  specimens had. There were no cooling bursts 

when t h e  sol-gel  specimens were cooled rapidly,  and there  w a s  l i t t l e  of 

t he  t r i c k l e  re lease  of f i s s i o n  gas a f t e r  cooling t h a t  had character ized 

the  previous specimens. These observations a l l  implied t h a t  the  poros i ty  

i n  the  so l -ge l  specimens was l a rge r  than t h a t  i n  the  pressed-and-sintered 

mixed oxide specimens. 

The so l -ge l  specimens d i d  not s i n t e r  during i r r a d i a t i o n  t o  

7 

The s t ruc tu re  of con t ro l  specimens before i r r a d i a t i o n  showed no 

evidence of porosi ty ,  and each sphere had been hand selected and 

ind iv idua l ly  examined by microscope. 8 ,  

the  spheres a f t e r  i r r a d i a t i o n  i s  shown i n  Fig. 19.6. There i s  no 

ind ica t ion  of the  large,  interconnected poros i ty  indicated by t h e  

re lease  of f i s s i o n  gas," but  about 10% of the  microspheres had the  

appearance shown i n  Fig. 19.7. 

The microstructure t y p i c a l  of 

Fig. 19.6. Typical Microstructure of Sol-Gel Specimens (Cl-27) 
After  I r r ad ia t ion .  A s  polished. 
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Fig. 19.7. Unusually Cracked Sol-Gel Specimen Included i n  
Experiment C1-27. About 10% of the  spheres had t h i s  appearance. 

Analysis of the  f i s s i o n  gas showed t h a t  the  p a r t i c l e s  had the  

large i n t e r n a l  cracks when i r r a d i a t i o n  began. Because the  cracks did 

not g ross ly  penetrate  t he  surface,  the  i n t e r n a l l y  cracked p a r t i c l e s  
could pass o p t i c a l  inspect ion,  whereas obviously cracked specimens were 

re jec ted .  The gas re lease  from these cracked specimens dominated the  

t o t a l  gas re lease .  We suggest t h a t  another i r r a d i a t i o n  t e s t  should be 

done i n  which the  i n t e r n a l l y  cracked specimens a re  also cul led,  since 

t h i s  t e s t  w a s  inconclusive.  

The r e s u l t s  of these i r r a d i a t i o n s  and other  measurements of  f i s s i o n  

gas a re  being gathered i n t o  two journa l  a r t i c l e s .  
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20. J DEVELOPMENT OF FUEL ELEMENT FABRICATION 

G. M. Adamson, Jr. 

The purpose of these  programs i s  t o  devise new cortibinations of 

mater ia ls  or new fabr ica t ion  techniques t o  advance t h e  technology f o r  

fabr ica t ing  f u e l  elements and components f o r  research reac tors .  We a r e  

attempting t o  improve t h e  performance of advanced research reac tors ,  

such as t h e  High Flux Isotope Reactor (HFIR) and Advanced Test Reactor 

(ATR), by developing f u e l  elements wi th  lower production cos t ,  longer 

l i v e s ,  increased sa fe ty  or r e l i a b i l i t y ,  or a l l  th ree .  The s tudies  

include f ac to r s  t h a t  a f f e c t  both fabr ica t ion  and i r r a d i a t i o n  performance. 

We must a l so  develop s u f f i c i e n t  knowledge of t h e  processes used f o r  fab- 

r i c a t i n g  Al-base dispers ion f u e l  elements s o  t h a t  we can adequately 

assist  commercial f ab r i ca to r s ,  purchasers, spec i f i ca t ion  w r i t e r s ,  and 

t echn ica l  inspectors .  Other s tud ies  a r e  aimed a t  improving t h e  r e l i -  

a b i l i t y  and reducing t h e  cost  of t h e  required nondestructive inspection 

techniques. 

I r r ad ia t ion  Studies 

W. R. Martin 

Postirrad-iation Examination of HFIR Fuel Element 49-1 (R. W .  Knight, 
A. E. Richt)  I 

I r r ad ia t ed  f u e l  element 49-1 w a s  analyzed i n  t h e  High Radiation 

Level Examination Laboratory (HRLEL) t o  determine dimensional s t a b i l i t y  

during i r r ad ia t ion .  Figure 20 .1  shows t o p  and s ide  views of t he  element. 

In  general ,  t h e  element looked good; t he re  w a s  no apparent oxide spa l l ing .  

The f u e l  element operated f o r  2319 W d  and w a s  moved t o  t h e  HRLEL 

9 months a f t e r  removal f r o m t h e  reac tor .  The average temperature of t h e  

element i n  t h e  HRIEL w a s  95°C; t h e  minimum temperature w a s  89OC, and t h e  

maximum temperature w a s  99°C. Figure 20.2 i s  a t o p  view of t h e  element 

with back l i gh t ing ;  no adverse oxide buildup o r  b l i s t e r s  were apparent. 
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, .- "" i I .  p R-50710 

Fig. 20.2. Top View of I r r ad ia t ed  Fuel Element 49-1 with Back 
Lighting. 

The channel spacings of t h e  f u e l  element were probed i n  four  groups 

of f ive  channels. The channels probed can be seen i n  Fig. 20.2. The 

r e s u l t s  of t h i s  probing can be seen i n  Table 20.1. The differences 
shown i n  t h e  t a b l e  ind ica te  a measure of t h e  oxide buildup; no channels 

were out of spec i f ica t ion .  

Three other dimensions were measured, t h e  ins ide  and outs ide diam- 

e t e r s  and t h e  shoulder-to-shoulder length of t h e  inner  end f i t t i n g s .  

The r e s u l t s  of these  measurements a r e  shown i n  Table 20.2. 

The dimensions shown i n  Table 20.2 show a g rea t e r  va r i a t ion  than 

was apparent on f u e l  element 5-1 ( r e f .  1); however, f u e l  element 5-1 

operated only 2046 h d ,  and t h e  average temperature was only 55°C i n  t h e  

KRLEL. 

ind ica te  t h e  increased d i f f i c u l t y  i n  taking t h e  measurements. 

t h e  dimensions a t  face value,  t h e  shoulder-to-shoulder length i s  out of 

The increased v a r i a b i l i t y  shown i n  t h e  t a b l e  may be r e a l  or may 

Taking 
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Table 20.1. Measurements of Channel Spacing i n  
High Flux Isotope Reactor Fuel Element 49-1 

Channel Spacing ( i n .  ) 

When Examined 
i n  H R L E L ~  Difference A s  Manufactured 

All Channels 20 Channels 20 Channels 

Element over a l l  0.0503 0.0501 0.0483 -0.0018 

Maximum spot 0.0530 0.0527 0.050% -0.0019 

Minimum spot 0.0470 0.0476 0.0461 -0.0015 

Maximum l o c a l  0.0570 0.0540 0.0540 

Minimum l o c a l  0.0450 0.0455 0. 041Sb 

grand average 

average 

average 

High Radiation Level Examination Laboratory. a 

bScale buildup on probe f e l l  o f f  a t  minimum poin t ,  reprobed at 
0.0470. 

Table 20.2. Dimensional Comparison of  Fuel Element 49-1 

Locat ion Dimension ( in .  

A s  Manufactured I r r ad ia t ed  Difference 

Shoulder-t o-shoulder length 27.937 

Outside diameter 

of inner  end f i t t i n g s  

TOP 10.5925 

Middle 10.5925 

Bottom 10.5925 

Inside diameter 

TOP 
Middle 

5.0735 

5.0735 

Bottom 5.0735 

27.930 -0.007 

10.5988 +O. 0063 

10.5922 +O. 0067 

10.5961 +O. 0036 

5.0776 +O. 0041 

5.0732 -0.0003 

5.0707 -0.0028 
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spec i f i ca t ion  by 0.002 i n . ,  and t h e  outs ide diameters a t  t o p  and middle 

a r e  out of spec i f i ca t ion  by 0.0013 and 0.0017 in .  , respect ively.  

Evaluation of t h i s  f u e l  element w i l l  continue. Fuel p l a t e s  a re  

present ly  being removed f o r  evaluation of burnup, core swelling, and 

oxide thickness.  

Evaluation and Design of Cermet Fuel P la te  f o r  I r r ad ia t ion  Experiments 
i n  HFIR (M. M. Martin) 

Our object ive i s  t o  determine those f ac to r s  t h a t  influence t h e  

performance of Al-clad UA1 and U 3 0 g  d ispers ions i n  t h e  ATR and HFIR at  

f i s s i o n  dens i t ies  of  up t o  2 .5  x 1O2l fissions/cm3. 

f a c i l i t y  t h a t  would allow t h i s  maximum f i s s i o n  densi ty  t o  be achieved 

i n  f i v e  r eac to r  cycles i s  being designed f o r  t h e  r e f l e c t o r  region of t h e  

HFIR. Each experiment w i l l  cons is t  of 1% uninstrumented p l a t e s  and 3 

instrumented p l a t e s .  Temperatures w i l l  be measured by means of thermo- 

couples in s ide  t h e  instrumented p l a t e s  ; t h e  other  p l a t e  temperatures 

w i l l  be calculated.  

X 
An experimental 

Discussions with Idaho Nuclear Corporation on May 27, 1970, have 

permitted us t o  in t eg ra t e  our experiments more properly i n  support of 

ATR cycle extension. A s  a r e s u l t  of these  t a l k s ,  we f u l l y  defined. and 

agreed upon t h e  core compositions f o r  t h e  f i r s t  capsule f o r  i r r a d i a t i o n  

i n  t h e  HTIR. The t e s t  p l a t e s  a r e  described i n  Table 20.3. 

The two-number indexing scheme f o r  t h e  reference i r r a d i a t i o n  posi-  

t i o n  i n  Table 20.3 i d e n t i f i e s  t h e  loca t ion  of t h e  p l a t e s  i n  t h e  VXF-17 

r e f l e c t o r  hole of t h e  HFIR.  The f i r s t  number gives t h e  r a d i a l  column 

(0  t o  3) with respect  t o  t h e  center  of t h e  ac t ive  reac tor  core;  t h e  

second number gives t h e  v e r t i c a l  o r i en ta t ion  from t o p  t o  bottom (1 t o  6 ) .  

The unperturbed thermal-neutron f lux  i n  VXF-17 i s  g rea t e s t  near  t h e  

03-04 p l a t e  and smallest  f o r  both 31 and 36 p l a t e s ,  s ince t h e  v e r t i c a l  

f l u x  pa t t e rn  i s  near ly  a symmetrical d i s t r i b u t i o n  about t h e  hor izonta l  

midplane of t h e  reac tor .  

The differences between Table 20.3 and the  t e n t a t i v e  capsule loading 

we previously reported'  involve t h e  d i s t r i b u t i o n  of f u e l  p a r t i c l e  s i zes  

(p la tes  21, 24, and 2 5 ) ,  subs t i t u t ion  of enriched UAlx f o r  depleted UAlx 

(p l a t e  24) ,  and subs t i t u t ion  of a dispers ion of 24 w t  $ a A 1 2 0 3  i n  A 1  



Table 20.3. Description of Test Cermet Fuel Plates  for the  F i r s t  Capsule t o  be I r r ad ia t ed  i n  t h e  
High Flux Isotope Reactor t o  a Target Fiss ion Density of 2 .5  x 1021 fissions/cm3 

(Maximum for UAlx-Bearing Plates  ) 

b Core Composition 2 3 5 ~  235U Loading Distribution of Fuel 
Par t ic le  Sizes 

Enrichment 
Type of i n  Fuel Volumetric Upper Diameter Type of Reference 

Irradiation 
Posit ion Particle Total Core Range <44 pm 

(wt $) (g) Composition (pm) (wt k) 
(g/cm3) 

11 
21 
31 
12 
22 
32 
01432 
13 
23 
33 
14 
24 
34 
O W 4  
15 
25 
35 
16 
26 
36 
05-06 

Mini‘ 52 
Mini 53 

Mini 47 
Mini 50 
Mini‘ 9 e 51 
Instrumented 47 
Mini 40 
Mini 42 
Mini 53 
Mini 53 
Mini‘ 52 
Mini 53 
Instrumented 44 
Mini 63 
Minid 64 
Mini 63 
Mini 40 
Mini 40 
Mini 24 
Instrumentedf 51 

Minid 54 

Arc-cast UA1 
Arc-cast U A C  
Arc-cast UAl, 
High-fired u308 
Burned U308 
Arc-cast UA1, 

High-fired u308 
Burned U3O8 
Arc-cast UA1, 
Arc-cast UAl, 
Arc-cast UAl, 
Arc-cast UAl, 
High-fired u308 
Arc-cast UAl, 
Arc-cast UA1, 
Arc-cast U A h  
High-fired U 3 O 8  
High-fired U3O8 
Alpha A1203 
High-fired U3O8 

High-fired u308 

0.2 
0.2 
0.2 

93.2 
93.2 
93.2 
93.2 
93.2 
93.2 
0.2 
93.2 
93.2 
93.2 
93.2 
93.2 
93.2 
93.2 
0.2 
0.2 

93.2 

0.002 0.00 
0.002 0.00 
0.002 0.00 
1.105 1.42 
1.105 1.42 
1.012 1.30 
2.432 1.42 
0.887 1.14 
0.887 1.14 
0.002 0.00 
1.012 1.30 
1.012 1.30 
1.012 1.30 
2.226 1.30 
1.253 1.61 
1.253 1.61 
1.253 1.61 
0.002 0.00 
0.002 0.00 
0.000 0.00 
2.757 1.61 

44-149 
44-149 
44-149 
44-88 

44-149 
44-98 
44-88 
44-88 
None 

44-149 
None 
44-88 
44-149 
44-149 
None 
44-88 
44-88 
14-4 
44-88 

44-88 

44-149 

25 
25 
25 
10 
10 
25 
10 

10 
10 
100 
25 
25 
100 
10 
25 
25 
100 
10 
50 

> 50 
10 

Tu s 

“Cladding i s  type 6061 Al alloy. 

bMt r ix  i s  type 101 ~1 alloy. 

‘Plates hot ro l led  t o  f ina l  gage. 

dPlates cold ro l led  405 i n  t h i c h e s s  t o  f i n a l  gage. 

ePlates may be pressed a f t e r  hot rol l ing t o  lower fabricated void content. 

fMaxiIllal operating core temperature of 150°C for  the capsule w i l l  occur i n  t h i s  plate. 
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f o r  depleted u308 (p l a t e  36).  We aze considering using a A1203 i n  t h e  

f i l l e r  sec t ion  of HFIR f u e l  p la tes  t o  reduce b l i s t e r i n g  during fabrica-  

t i o n .  Our expected accomplishment remains unchanged. 

We formulated an experimental review procedure f o r  t h e  design and 

construction of our proposed i r r a d i a t i o n  capsule : 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 
15. 

conceptual design, including preliminary drawings and f l a w  diagrams ; 

sa fe ty  and/or hazards ana lys i s  based on OWL'S Experiment Review 

quest ionnaire ; 

determination of qua l i t y  assurance (QA) l eve l s  by experimenter, 

h i s  $A coordinator,  and General Engineering (GE) design personnel 

including GE QA coordinators as needed; 

review by t h e  Operations Division; 

meeting t o  resolve any differences on experiment and QA l eve l s ;  

approval or disapproval by t h e  Operations Division for t h e  concep- 

t u a l  design and QA l eve l s ;  

review and e i t h e r  approval, condi t ional  approval, or disapproval by 

ORNL's  Reactor Experimental Review Committee (RERC) ; 

review and approval of t h e  QA leve ls  by t h e  $A Director;  

f i n a l  des ign ; 

f ab r i ca t ion  plus i n s t a l l a t i o n  of aux i l i a ry  equipment ; 

completion and/or revis ions t o  Experiment Review questionnaire ; 

0A audi t s  by Division QA coordinator and perhaps by Laboratory QA 

s t a f f ;  
review by Operations Division; 

review by RERC;  

i n se r t ion  of capsule. 

The design and qua l i ty  assurance f o r  t h e  experiment have progressed 

t o  s t e p  4 above. The heat  t r a n s f e r ,  r ad ioac t iv i ty ,  and hazards and 

sh ie ld ing  sect ions of t h e  Experimental Review questionnaire a re  near 

completion. Since t h e  Operations Division has not determined t h e  neces- 

sa ry  s a f e t y  t i e - i n s  t o  t h e  HF'IR, i f  any, and what e f f e c t  t h e  experiment 

w i l l  have on t h e  r e a c t i v i t y  of t h e  HFIR, these  portions of t h e  heat  

t r a n s f e r  and hazards sect ions of t h e  questionnaire have not ye t  been 

evaluated. We an t i c ipa t e  t h a t  capsule construction, s t e p  10  above, w i l l  



242 

begin i n  August. Our goal  f o r  i n se r t ing  t h e  capsule i n t o  t h e  reac tor  

i s  October. 

Development of a HFIR Core with Increased Fuel Loading 

W .  R. Martin 

Modifications and Improvements t o  H F I R  Fuel Plates  (R.  W. Knight) 

During t h e  pas t  year Texas Instruments, Inc . ,  manufactured every 

other  l o t  of f u e l  p l a t e s  f o r  t h e  outer  annulus of t h e  H F I R  element with 

a clearance f i t  of 0.005 in .  between frame and compact r a the r  than t h e  

0.003- t o  0.007-in. shr ink  f i t  used i n  t h e  reference process. To date  

t h e  b l i s t e r  r a t e  has not changed due t o  t h e  clearance f i t ,  and assembly 

time w a s  shortened. 
Eight lots of f u e l  p l a t e s  using burned u308 ra the r  than t h e  high- 

f i r e d  u308 were manufactured according t o  t h e  H F I R  reference process. 

No problems were encountered i n  manufacturing these  f u e l  p l a t e s .  Per- 

mission w a s  requested of  t h e  Reactor Safeguards Committee t o  use s i x  

inner-annulus and s i x  outer-annulus f u e l  p l a t e s  i n  a f u e l  assembly f o r  

evaluat ion of f u e l  element i r r a d i a t i o n  performance. 

Dummy f u e l  p l a t e s  were manufactured with addi t ions of A1203 i n  

t h e  f i l l e r  sec t ion  of t h e  f u e l  p l a t e  core. The addi t ion  of t h e  A1203 

increased t h e  void volume of t h e  f i l l e r  sec t ion  about 2%. 

gular  cores fabr ica ted  from A1 powder, one can expect approximately 

37.5% re j ec t ion .  

r e j e c t e d  f o r  b l i s t e r s .  Further work with t h i s  mater ia l  w i l l  include 

f ab r i ca t ion  of samples f o r  s tud ies  of i r r a d i a t i o n  damage. 

With rectan-  

None of t h e  72 p l a t e s  r o l l e d  with t h i s  addi t ion  were 

Fabricat ion Development 

W. R. Martin 

Void Content of H F I R  Fuel Plates  (M. M. Martin) 

We determined t h e  densi ty  of t h ree  groups of inner-annulus and 

th ree  groups of outer-annulus HFIR f u e l  p l a t e s  fabr ica ted  a t  Texas 

G 
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Inskruments, Inc . ,  t o  e s t ab l i sh  t h e  l e v e l  and r ep roduc ib i l i t y  of void 

concentration i n  t h e  235U-bearing region of t he  f u e l  core. The th ree  

groups f o r  each annulus contained t h e  following r e p l i c a t e  composites : 

(1) 16 standard p l a t e s  from 10  production l o t s ,  ( 2 )  14 experimental 

p l a t e s  (one production l o t )  with increased f u e l  loading as high-f i red 

U308, and (3) 14 experimental p l a t e s  (one production l o t )  with increased 

f u e l  loading as burned u308. We examined a t o t a l  of 88 p la t e s .  

All p la t e s  were manufactured i n  accordance with standard H F I R  

processes except f o r  t h e  U3O8 content.  The inner- and outer-annulus 

u, p l a t e s  with increased f u e l  loading contained 35 and 25% more 2 3 5  

respec t ive ly ,  than t h e  standard f u e l  cores. As described more f u l l y  

elsewhere, t h e  increase i n  u308 content caused l i t t l e  d i f f i c u l t y  i n  

f ab r i ca t ion  and inspection operations a t  Texas Instruments; Inc. 

Figure 20.3 summarizes t h e  r e s u l t s  of our measurements of dens i ty  

and subsequent calculat ions of void volume. As expected from previous 

measurements3 on p l a t e s  fabr ica ted  a t  ORNL, t he  void content of t h e  

fueled region of t h e  core depends upon t h e  type and concentration of 

t h e  u308 dispersoid.  

f ab r i ca t ed  a t  ORNL a r e  included i n  Fig. 20.3.  There w a s  exact agree- 

ment f o r  p l a t e s  t h a t  contain burned U3O8 fabr ica ted  a t  ORNL and a t  

Texas Instruments, Inc. , but t h e  commercial product wi th  high-f i red 

u308 contained about 0.7 v o l  % l e s s  voids. 

r e s u l t s  from t h e  use of t h ree  batches of high-f i red U3O8.  We plan t o  

inves t iga te  t h i s  poss ib i l i t y .  

For comparison, recent da ta4  on H F I R  f u e l  p l a t e s  

Perhaps the  difference 

The void concentrations i n  groups of p l a t e s  t h a t  contained high- 

f i r e d  and burned U 3 O 8  were very uniform, as shown by t h e  ranges indicated 

i n  Fig. 20.3. 

m.5 v o l  $. 
p la t e s  fabr ica ted  a t  Texas Instruments, Inc. , showed minimal var ia t ions  

The t o t a l  range f o r  t h e  14 p lo t t ed  averages w a s  l e s s  than 

The four groups composed of a s ing le  production l o t  of 

i n  void content.  

within one of t h e  four groups, which appl ies  uniformly t o  t h e  average 

void contents f o r  t h a t  group, i s  kO.064 v o l  % with 52 d-egrees of freedom. 

The s tandard deviation of two groups fabr ica ted  a t  Texas Instruments, 

Inc . ,  of  t e n  production l o t s  each, however, w a s  only kO.151 vo l  $ with 

30 degrees of freedom. We conclude t h a t  t h e  void content of HFIR f u e l  

A n  estimate of t h e  standard deviation f o r  a p l a t e  
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I N C R E A S E D  O U T E R 7  

INCREASED INNER 

- [ D  ; 1 

42 44 46 48 20 22 24 
DISPERSOID CONCENTRATION ( V O I  70) 

Fig. 20.3. Ef fec t  of Dispersoid Concentration on Void Volume i n  
Fueled Section of Experimental Fuel P la tes  f o r  High Flux Isotope Reactor. 
So l id  and broken l i n e s  denote p l a t e s  f ab r i ca t ed  a t  Texas Instruments, 
Inc . ,  and ORNL, respect ively.  Numbers i n  parentheses ind ica t e  t h e  num- 
ber  of r e p l i c a t e  p l a t e s .  

p l a t e s  f ab r i ca t ed  a t  Texas Instruments, Inc . ,  can be predic ted  t o  a 

prec is ion  of b e t t e r  than kO.5 v o l  '$ about t h e  average void concentration 

es tab l i shed  f o r  t h a t  p a r t i c u l a r  production p l a t e .  Since f ab r i ca t ion  

voids p lay  an important r o l e  i n  accommodating f i s s i o n  products, 

be l ieve  t h e  addi t ion  of a void requirement t o  t h e  spec i f i ca t ion  would 

be a valuable procedure f o r  q u a l i t y  control .  

we 

Deformation Behavior of Shaped Fuel Cores During Rolling of Aluminum 
DisDersion Fuel P la tes  fJ. H. Erwin) 

In  a continued e f f o r t  t o  solve problems t h a t  confront f ab r i ca to r s  

of  roll-bonded f u e l  p l a t e s ,  we examined t h e  deformation of shaped f u e l  
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cores,  which a r e  sometimes used t o  prevent t h e  excessive concentration 

of f u e l  t h a t  accompanies thickening of t h e  core ends or "dogboning." 

We hot r o l l e d  a t  490°C standard HFIR duplex b i l l e t s  containing a 

46 wt 4 U 3 O g - A l  core and a simulated core of wrought ty-pe 2219 A 1  a l l o y  

of i d e n t i c a l  geometry and examined t h e  lengthwise cross sec t ion  a f t e r  

each consecutive r o l l i n g  reduction. We noted progressive changes i n  

thickness from t h a t  of t h e  o r i g i n a l  core,  b l i s t e r i n g ,  and cracking. For 

comparison with unshaped cores,  we a r b i t r a r i l y  se l ec t ed  cores shaped on 

t h e  leading and t r a i l i n g  ends t o  e i t h e r  a 1/8- or 1/2-in. rad ius ,  which 

extended 0.070 i n .  down t h e  edges, on a l l  corners tangent with t h e  

surface.  

The deformation of f u e l  cores t h a t  a r e  s t ronger  than the  cladding 

(ty-pe 2219 A 1  a l l o y )  d i f f e r s  s i g n i f i c a n t l y  from t h a t  of similar cores 

t h a t  have s t rengths  more near ly  equal t o  t h a t  of t h e  cladding mater ia l  

(46 w t  $ U308-Al). 

assembly as a r e s u l t  of t h e  shaped ends i s  f i l l e d  during b i l l e t  reduc- 

t i o n  by a conbination of s inking of t h e  cover p l a t e  and swelling of t h e  

end of t h e  f u e l  core. After t h e  void i s  f i l l e d  by a few roll passes,  

a l l  pa r t s  of t he  f u e l  core, except t h e  extreme ends, a r e  reduced i n  

thickness i n  about constant proportion. A t  t h e  core end, t h e  reduction 

d i f f e r s  with mater ia l  s t rength.  The r a t i o  of end thickness (0.010 in .  

from o r i g i n a l  core end) t o  the  average thickness f o r  each o f  t h e  f u e l  

cores as a funct ion of reduction i s  presented i n  Fig. 20.4. The curves 

for t h e  t w o  shaped cores of each mater ia l  a r e  p a r a l l e l ,  d i f f e r ing  only 

i n  t h e  in te rcept  t h a t  i s  t h e  difference i n  thickness of t he  two r a d i i  

used. Fromthese observations,  we conclude t h a t  shaping or reduction 

i n  core thickness i s  usefu l  only i n  t h e  v i c i n i t y  of t h e  dogbone forma- 

t i o n ,  which i s  l imi ted  t o  the  extreme end of t h e  core, and t h a t  necking, 

as reported by some fab r i ca to r s  of ATR f u e l  elements, i s ,  perhaps, t h e  

uniform reduction of shaped cores adjacent t o  the  dogbone end develop- 

ment shown i n  Fig. 20.4. 

For both types of cores,  t h e  void i n  t h e  b i l l e t  

No b l i s t e r s  were observed on the  p l a t e s  t h a t  contained t h e  

46 w t  4 U308-Al compacts; bu t ,  of t h e  p l a t e s  t h a t  contained cores simu- 

l a t e d  with ty-pe 2219 A l ,  t h e  shaped cores and a majori ty  of t h e  rectan-  

gular  cores b l i s t e r e d  a t  t h e  core ends. The a b i l i t y  of powder-metal 
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Fig. 20.4. Effect  of Rolling on Rat io  of Core End Thicmess 
Average Core Thickness. 

cermets t o  accommodate trapped a i r  without b l i s t e r i n g  has been recognized 

previously.  

Development of Nondestructive Inspection Techniques 

R. W .  McClung 

c 

to 

Radiation Sca t te r ing  (B. E. Foster ,  S. D. Snyder) 

Our s tudies  continued on t h e  use of s ca t t e r ed  and f luorescent  rad ia-  

t i o n  f o r  measuring t h e  thickness of A1 cladding on f u e l  p l a t e s .  

es tab l i shed  a preliminary rough ca l ib ra t ion  of t h e  thickness  of type 1100 

A1 on a U metal base versus count r a t e .  For the  technique now being 

s tudied,  t h e  A1 a t tenuates  t h e  18-kev x ray t h a t  i s  produced by t h e  

exc i ta t ion  of t h e  depleted U by t h e  38-kev x ray from our 147Fm source. 

The range of A1 thicknesses  used i s  from 0.0003 t o  0.0307 in .  

range of A 1  thicknesses  from 0.001 t o  0.023 i n . ,  t he re  i s  about a 5% 

We 

In t h e  
,--- 
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change i n  count r a t e  per  0.001-in. change i n  A 1  thickness .  Above 

0.023 i n .  of A l ,  t h e  s e n s i t i v i t y  decreases t o  about a 2% change i n  count 

r a t e  per  0.001-in. change i n  A 1  thickness .  Refinement of t h i s  ca l ibra-  

t i o n  by the  use of smaller increments of change of A l t h i c k n e s s  has been 

temporarily in t e r rup ted  by a malfunction of t h e  1600-channel analyzer.  

Establishment of Standards for Burned U 3 O 8  and High-Loaded, High-Fired 
U3O8 € F I R  P la tes  (B. E.  Foster ,  S. D. Snyder) 

We completed t h e  x-ray a t tenuat ion  scanning a t  both 50 k i lovo l t s  

constant p o t e n t i a l  (kvcp), 2.5 ma and 60 kvcp, 2.5 ma of t h e  sample 

areas  o f  t h e  following e ight  HFIR f i e 1  p l a t e s :  one inner- and one outer-  

annulus p l a t e  containing high-f i red U308 i n  accordance w i t h  the  standard 

HFIR loading; one inner- and one outer-annulus p l a t e  loaded t o  134.95% of 

s tandard;  and four similar p l a t e s  loaded with burned U308. The samples 

were machined f r o m t h e  p l a t e s  and submitted f o r  determination of U con- 

t e n t  by chemical ana lys i s .  Instead of machining t h e  usual  2-in.-long 

s t r i p s ,  we machined &in.-long s t r i p s  and divided each s t r i p  i n t o  two 

2-in.-long samples. This provided us with a dupl ica te  s e t  of samples. 

The r e s u l t s  of chemical ana lys i s  w i l l  be used t o  e s t a b l i s h  t h e  ca l ibra-  

t i o n  curves of U content versus x-ray a t tenuat ion  f o r  t h e  two types of 

U oxide over a wide loading range. 

w i l l  be used i n  conjunction with t h e  r e l a t ionsh ip  of A 1  thickness  t o  

x-ray a t tenuat ion  t o  design t h e  contoured A 1  standards necessary f o r  

inspec t ing  for f u e l  homogeneity i n  t h e  p l a t e s  that  contain burned oxide 

and the  high-loaded, h igh- f i red  oxide. 

In  t u r n ,  t hese  ca l ib ra t ion  curves 

Notes 
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21. J TECHNICAL ASSISTANCE I N  PROCUREMENT OF FUEL EUMENTS 

G. M. Adamson, Jr. W .  R.  Martin 

The purpose of t h i s  program i s  t o  provide t echn ica l  ass i s tance  

. and inspect ion surve i l lance  t o  t h e  U.S. Atomic Energy Commission ( A E C )  

Division of Reactor Development and Technology (RDT) i n  i t s  e f f o r t  t o  

procure f u e l  and neutron-absorber components from commercial sources 

f o r  research reac tors  owned by t h e  AEC. 

Technical Assistance i n  Solving Manufacturing and 
Ins pe c t  i on Problems 

Embedment of Abrasive Pa r t i c l e s  i n  Surface of Type 6061 A 1  P l a t e  
(J. H. Erwin) 

Various p o s s i b i l i t i e s  a r e  being examined t o  explain why some f u e l  

p l a t e s  have small holes  o r  cracks i n  t h e  cladding t h a t  expose t h e  f u e l  

composite t o  t h e  r eac to r  coolant.  

Samples of A 1  p l a t e  about 2 x 3 x 1/4 i n .  i n  t h e  T-6 aged, f u l l y  

annealed, hot-  , and cold-rol led conditions were sanded with 100-gri t  A 1  

oxide and with 60- and 100-grit  S i c  b e l t s  t o  produce a meta l l ic  l u s t e r  

on t h e  surface.  The sanding w a s  followed by etching f o r  30 see  i n  

Oakite 160 and p ick l ing  i n  " 0 3 .  

A l l  p l a t e s  , regardless  of temper o r  heat-treatment condition, con- 

t a ined  embedded abrasive.  These p a r t i c l e s  of abrasive,  from l e s s  than 

0.003 t o  0.012 i n .  i n  diameter, could completely pene t ra te  t he  t h i n  

cladding over t he  "dogbone" region of an Advanced Test Reactor p l a t e .  

If t h e  embed-ded p a r t i c l e  were removed during r eac to r  operation, t h e  

r e s u l t i n g  penet ra t ion  through t h e  cladding would expose t h e  core of t h e  

f u e l  p l a t e  t o  t h e  r eac to r  water and allow t h e  r e l ease  of f i s s i o n  products 

t o  t h e  coolant stream. 
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CLADDING AND OTHER STRUCTURAL MATERIALS i 
22. J BEHAVIOR OF RZFRACTORY MATERIALS UNDER IRRADIATION 

G. M. Watson’ G. W. Keilholtz’ 

The purpose of t h i s  program i s  t o  evaluate  the  e f f e c t s  of high f a s t -  

neutron fluences a t  temperatures up t o  1100°C on the  proper t ies  of 

r e f r ac to ry  nuclear mater ia ls  f o r  both space and c i v i l i a n  power reac tors .  

The program w a s  terminated on June 30, 1970. 

th ree  t a sks  of t he  program i s  given below. 

The status of each of t he  

I r r a d i a t i o n  Damage t o  Nonfissionable Refractory Materials 

R.  E. Moorel D. A. Dyslin2 H. E .  Robertson’ 

The most recent  work under t h i s  t a s k  involved an inves t iga t ion  o f  fas t -  
3 neutron damage t o  carbides  of T i ,  Zr, Ta, Nb, and W a t  60 t o  1100°C. 

Reports describing t h i s  work i n  d e t a i l  and describing a damage model for 

carbides  w i l l  be issued soon. 

Ef fec ts  of I r r a d i a t i o n  on LMFBR Fuels 

R. E. Moorel D. A .  Dyslin2 H. E.  Robertson’ 

This t a s k  w a s  aimed a t  evaluat ing t h e  e f f e c t s  of t he  generation of 

He gas through the  1 4 N (  n,a)’’B reac t ion  within n i t r i d e  f u e l s .  

temperature (about I50 “C) assembly and a high-temperature (about 1000 “ C )  

assembly t h a t  contained depleted f u e l s  were i r r a d i a t e d  i n  the  J-12 core 

pos i t ion  of t he  Engineering Test Reactor. 

w i l l  be examined under another program. 

A low- 

The depleted f u e l  specimens 
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Fast-Neutron Effects  on Materials f o r  Neutron Absorption 
i n  Fast Reactors 

R ,  E.  Moore’ D. A. Dyslin2 H. E .  Robertson’ 

This task w a s  aimed a t  the  development of B4C as  a neutron absorber 

f o r  con t ro l  of r e a c t i v i t y  i n  fast  reac tors .  

J u l y  1, 1970 as part  of another program. 

The work w i l l  continue a f t e r  

Notes 

1. Reactor Chemistry Division. 

2. General Engineering Division. 

3. G. M. Watson and G. W. Kei lhol tz ,  Fuels and Mater ia ls  Development 
Program Quart. Progr.  Rept. March 31, 1970, ORNL-4560, pp. 235-236. 
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R E S M C H  ON NUCLEAR MATERIALS 

J. R .  Weir, Jr. G.  M. Slaughter 

The purpose of t h i s  program i s  t o  gather  t h e  fundamental and applied 

da ta  needed t o  understand t h e  weldabi l i ty  of mater ia ls  t h a t  a r e  e i the r  

being considered or a r e  cur ren t ly  used f o r  nuclear appl icat ions.  

mental s tudies  a r e  concerned with t h e  e f f e c t s  of minor const i tuents  on 

the  behavior of weldments. 

s t a i n l e s s  s t e e l s  and t h e  a l loys  t h a t  a r e  r i c h  i n  N i ,  such as Incoloy 800 

and Inconel 600. 

ence of weld defects  w i l l  provide reference r e s u l t s  i n  t h i s  much-talked- 

about but l i t t l e - i n v e s t i g a t e d  f i e l d .  

Funda- 

We a r e  espec ia l ly  in t e re s t ed  i n  t h e  a u s t e n i t i c  

In  addi t ion,  a modest program concerned with t h e  inf lu-  

As  a r e s u l t  of t h i s  broad-based program, we plan t o  suggest modifi- 
cat ions i n  both alloy composition and procedures needed t o  improve t h e  

qua l i t y  of weldments used i n  t h e  various a c t i v i t i e s  of t h e  Commission. 

The Effect of Minor Variations i n  Chemical 
Composition on Weldabili ty 

O u r  continuing inves t iga t ion  of  t h e  e f f e c t  of minor var ia t ions  i n  

those elements usua l ly  present i n  s t r u c t u r a l  mater ia l  has included 

Inconel 600, Incoloy 800, and s t a i n l e s s  s t e e l .  

Weldabili ty of Incoloy 800 ( D .  A. Canonico, W .  J. Werner) 

The welds made i n  1/8-in.  commercial Incoloy 800 sheet using experi- 

mental hea ts  of Incoloy 800 as t h e  f i l l e r  metal were t e n s i l e  t e s t e d  a t  

650°C. 

were discussed p rev ious ly . l J2  

given i n  Table 23.1, and t h e  data f o r  t h e  t e s t s  a t  room temperature a r e  

a l s o  included. Welds were a l s o  made from an electroslag-remelted heat  

of commercial Incoloy' 800 and Inconel 82T, a commercially ava i lab le  

f i l l e r  metal  recommended f o r  joining Incoloy 800. 

The welding conditions and t e n s i l e  proper t ies  a t  room temperature 

The r e s u l t s  of these  t e s t s  a t  650°C a re  

A l l  of t he  t e n s i l e  f a i l u r e s ,  except f o r  t h e  weld made with 

Inconel 82T, f a i l e d  i n  t h e  weld metal a t  s t rength l eve l s  considerably 
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Table 23.1. Results of Tensile Tests on Incoloy 800 Welds Made with Experimental 
and Commercial F i l l e r  Metals 

Tensile Strength, p s i  
Nominal Chemical Analysis Yield Ultimate Elongation i n  3 i n . ,  % 

650°C 
Weld -_.---_ 

Room of F i l l e r  Metal, w t  $I 

A 1  

I d e n t i t y  Room Room 
Temper- 650°C Temper- 650°C Temperature 
a t u r e  a t u r e  

T i  Other 

143 0.38 
144 0.38 
145 0.15 
146 0.60 
175 0.15 
176 0.38 
177 0.60 
187 0.38 
189 0.38 
191 0.38 

Ele c t ros  lag  - 
remelted 
Incoloy 800 

Inconel  82T 

0.15 
0.60 
0.38 
0.38 
0.15 
0.38 
0.60 
0.38 
0.38 
0.38 

x io3  
27.1 
35.2 
21.9 
27.5 
21.4 
25.7 
20.0 

0.010 P 30.2 
0.02 P 38.2 
0.015 p 25.6 
0.015 s 

23.8 

31.4 

x io3 

26.0 
26.3 
25 -7 
25.7 
25.3 
24.8 
23.8 
25.1 
24.2 
25.3 

25.7 

24.0 

x io3  
70.2 
73.5 
72.1 
70.7 
72.3 
71.5 
71.6 
73.3 
70.6 
66 

77.2 

79.5 

x 1-03 

44.9 
46.3 
42.9 
41.8 
45.7 
44.4 
47.2 
44 
47.6 
43.6 

49.6 

49.2 

23.7 
25.5 
24.8 
24.1 
23.7 
26.5 
28.5 
25.4 
23.9 
17.4 

35.9 

44.5 

13.5 
14.7 
11.9 
8.8 

n, 
VI w 

14.9 
15.3 
17.5 
13.9 
17.0 
13.8 

23.3 

32.9 
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below those obtained a t  room temperature. 

Inconel 82T at  room temperature was not evident a t  650°C. A t  t he  e l e -  

vated temperature, t h e  ul t imate  s t rength  of t h e  electroslag-remelted 

Incoloy 800 was s imi l a r  t o  t h a t  of Inconel 82T. 

high T i  content, a l loys  144 and 177, and t h e  a l l o y  tha t  nominally con- 

ta ined  0.02% P, a l l o y  189, had ul t imate  s t rengths  t h a t  approached t h a t  

of t h e  higher s t rength  weld metals. 

The s t rength  advantage of 

Further, t he  a l loys  w i t h  

The y i e ld  s t rengths  of a l l  t h e  welds were near ly  iden t i ca l ;  they 

These r e s u l t s  of t e s t s  a t  650°C i n  ranged from 23,800 t o  26,300 p s i .  

many instances were similar t o  those of t e s t s  a t  room temperatwe. How- 

ever, some a l loys  - p a r t i c u l a r l y  a l loys  144, 187, 189, and Inconel 82T - 

noticeably l o s t  y ie ld  s t rength .  

The d u c t i l i t y  of t h e  experimental a l loys  was low a t  650°C. This tem- 

temperature corresponds c lose ly  with t h e  minimum-ductility temperature 

reported by Werner. The Inconel 82T a l l o y  and t h e  electroslag-remelted 

Incoloy 800 had t h e  bes t  d u c t i l i t y .  

f o r  a l l o y  189, t h e  a l l o y  t h a t  nominally contained 0.02% P. 

The next bes t  d u c t i l i t y  was  recorded 

The specimens from t h i s  study a r e  being prepared f o r  metallographic 

examinat ion.  

Effect  of Certain Minor Elements on t h e  Duc t i l i t y  of Inconel 600 a t  
Intermediate Temperatures (W. J. Werner, D. A. Canonico) 

We a r e  beginning t o  obtain data on t h e  d u c t i l i t y  of Inconel 600 a t  

O u r  t e n s i l e  t e s t s  a r e  being run on an intermediate temperatures.2 

Ins t ron  Universal Testing Machine a t  a s t r a i n  r a t e  of 0.002 min” i n  A r .  

The nominal compositions of t h e  a l loys  f o r  which we have t e n s i l e  data 

a r e  shown i n  Table 23.2. The d u c t i l i t y  da ta  t h a t  we have measured t o  

da te  on these  a l loys  a r e  shown i n  Fig. 23.1. 

Although t h e r e  a r e  not yet enough data ava i lab le  for an ana lys i s  of 

these  a l loys ,  a few general  remarks a r e  pe r t inen t .  F i r s t ,  it i s  evident 

t h a t  these  a l loys  exhib i t  a minimum i n  d u c t i l i t y  a t  intermediate temper- 

a tu re s .  

s imi l a r ly  t o  the  Incoloy 800 t e rna ry  a l loy ;3  t h a t  is, it does not 

recover d u c t i l i t y  a t  elevated temperatures. 

case of a l l o y  CVO-148, which nominally contains t h e  minor elements, except 

The te rnary  a l l o y  (without minor a l loying addi t ions)  behaves 

This appears a l s o  t o  be t h e  
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Table 23.2. Composition of Inconel 600 Alloys Tested to Date 

Composition, w t  % 
Fe Cr C cu Mn Si S Ni 

Alloy 

CVO-147 8 15.5 Bal 

CVO-148 8 15.5 0.03 0.04 0.2 0.2 Bal 

CVO-149 8 15.5 0.03 0.04 0.2 0.2 0.005 Bal 

CVO-150 8 15.5 0.03 0.04 0.2 0.2 0.010 Bal 

ORNL-DWG 70-9970 
80 
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a 
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Fig. 23.1. Effect of Temperature on Ductility of Special Inconel 600 
Alloys. 

for S and P, present in commercial material. The other two alloys also 

exhibit poor ductility at intermediate temperatures. Whether they recover 
their ductility at elevated temperatures remains to be seen. The initial 
increase in ductility with increasing test temperature exhibited by alloy 

CVO-150 may very well be attributable to effects of strain aging. 
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Weldability of Stainless Steels (A. J. Moorhead, D. A. Canonico) 
/-- 

We continued our study of the effect of chemical composition on the 
quantity, morphology, and composition of secondary phases that may be 
present in primarily austenitic stainless steels. The interest in this 
program is primarily in the body-centered cubic second phase (ferrite) 
that has empirically been shown to be beneficial in reducing the ten- 

dency toward hot-cracking in austenitic weld metals. However, the 

mechanism of this beneficial effect has never been determined, and this 

determination is one of the goals of this program. Another second phase 

of interest is the body-centered tetragonal or martensitic phase. The 

transformation kinetics of these two phases are entirely different. 

However, there may be an important interaction between the two, and the 

mechanical properties of a welded structure may also depend on the pres- 
ence (or absence) of martensite. 

Previously, we listed the nominal compositions of the initial 

alloys under study and presented some Magne-gage data for the as-cast 
and homogenized coupons. We also presented photomicrographs of homoge- 

nized specimens that were etched with Murakami's reagent to reveal 

ferrite and described a partitioning phenomenon that was observed 
during electron-beam microprobe analysis. 

Using the quantitative television microscope, we measured the 
ferrite content of specimens from the homogenized drop-cast bars, These 

data, the ferrite content predicted on the basis of the Schaeffler 
diagram, and the Magne-gage number for the same specimen are tabulated 
in Table 23.3. The quantitative television microscope measurements were 

taken on a representative 500X photomicrograph. Note, however, that 
ferrite content varies greatly in a given metallographic field and that 
the Schaeffler diagram is intended for predicting ferrite content in 

weld metal and should only be used as a rough guide for homogenized 

microstructures. 

We produced the martensitic second phase by cold rolling 0.365-in.- 

thick cast-and-homogenized bars at room temperature to 0.250 in. thick 
(31.5% reduction) by a series of about 20 passes. No precautions were 

c 
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Table 23.3. Indicat ions of F e r r i t e  Content of Experimental 
S ta in less  S tee ls  i n  Homogenized Condition 

F e r r i t e  Content, % Magne-Gage 
b Number' Heat 

Predict  eda Me a sure  d 

5408 1 

5409 0 

5410 7.5 
5415 7 
5416 8 
5419 10 
5420 6 

0.74 
2.73 
2.72 

8.60 

1.43 

9.7 
4.7 

159d 

157 

157 
124 

157 

120 
153 

a 

bMeasurements taken on micrographs by means of  quant i ta -  

Predicted from Schaeff ler  diagram. 

t i v e  t e l ev i s ion  microscope. 

C A l l  readings were made w i t h  a No. 4 magnet a t  each o f  
four locat ions on t h e  s ide  of the  bar .  The higher t he  number, 
t h e  lower t h e  magnetic s t rength  and f e r r i t e  content.  

dThe magnet would not adhere t o  t h i s  specimen s ince  i t s  
magnetic s t rength  was so low. 

taken t o  allow t h e  bars  t o  r e tu rn  t o  room temperature between passes .  

The Magne-gage w a s  then used t o  ind ica t e  t h e  quant i ty  of  martensi te  

induced by s t r e s s  i n  each bar .  

data  fo r  hardness, a r e  given i n  Table 23.4. 
t h e  hardness data  i s  the  sof tness  of t he  bars  a f t e r  homogenization. 

Apparently, due t o  the  r e l a t i v e l y  high p u r i t y  of these  a l loys ,  t h e  bars  

had an average Rockwell B hardness gf  55. Similarly,  hea t - t rea ted  com- 

mercial  a l loys  i n  t h e  same composition range had Rockwell B hardnesses 

of about 80. 

These data, along with corresponding 

A n  i n t e r e s t i n g  f ea tu re  of 

After  t he  r o l l e d  bars  were homogenized a t  1150°C f o r  60 min i n  

vacuum, theywere  cold r o l l e d  a t  a s t a r t i n g  temperature of 0°C t o  50% 

reduction i n  thickness .  The bars  were held i n  an i c e  bath between 

passes u n t i l  t h e i r  temperature s t a b i l i z e d .  Chromel-P vs Constantan 
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Table 23.4. Magne-Gage and Hardness Data for Stainless Steel 
Bars Cold Rolleda at Room Temperature 

b Rockwell Hardness Number' Magne-Gage Number 

Rolling Homogenization 

- 
After After 

(C Scale) (B Scale) 
After d Rolling Homogenization After Casting 

Heat 

~~~ 

5408 

5409 

5410 

5411 
5412 
5415 

5416 
5417 

5418 
5419 
5420 
5421 
5422 

12 6 

153 
Of 

159e 
159e 
99 

153 
159e 
159 e 
98 
143 
159e 

159e 

159e 

159e 

159e 

159e 
159e 

143 
159e 
159e 

159e 

126 
152 
159e 

159e 

28.4 

25.4 

31.3 

26.6 
25.6 
29.5 

28.0 
25.5 

25.6 
29.0 

27.2 
25.1 

23.8 

46.9 

48.2 
60.7 
48.5 
51.2 

63.4 

51.3 
51.1 

52.8 
67.6 
59.2 
56.2 
56.6 

To 31.5$ reduction in thickness in about 20 passes. a 

bAll readings were made with the No. 4 magnet; the higher 
the number, the lower the content of magnetic phase. 

C Each value is the average of four measurements. 

Homogenized 1 hr in vacuum at 1150°C after 31.5$ 

Would not adhere. 

d 

reduction. 
e 

fWould not pull away. 

thermocouples (0.020 in. in diameter) capacitor-discharge welded to an 
edge of four of the bars were used to monitor the temperature rise during 

rolling. 

junction to an oscillograph recorder. 
working was measured during the first, middle, and last rolling passes. 

Magne-gage readings and metallographic specimens were taken af'ter 

These couples were connected through an ice-bath reference 

The temperature rise caused by 

c 



2 59 

25 and 50% reduction. 

presented i n  Table 23.5. 

(Tables 23.4 and 23.5) a r e  influenced not only by the  f e r r i t e  present,  

as  i n  Table 23.3, but  a l so  by t h e  presence of martensi te  induced by 

stress i n  t h e  cold-worked microstructures .  

The Magne-gage and peak temperature data  a re  

Note t h a t  these Magne-gage readings 

We began an inves t iga t ion  i n t o  the  i d e n t i f i c a t i o n  of t h e  mar tens i t ic  

second phase by microscopic techniques.  

t inguish  between the  martensite,  t h e  s l i p  l i n e s ,  and the  mechanical 

We found it d i f f i c u l t  t o  d i s -  

Table 23.5. Magne-Gage Readings and Peak-Temperature Data for 
Sta in less  S tee l  Bars Cold Rolled a t  0°C 

Peak Temperature, C a Magne-Gage Nmber 

Heat After  25% After  50% F i r s t  After  25% After  50% 
Cold Work Cold Work Pass Cold Work Cold Work 

5408 
5409 

5410 

5411 
5412 

5415 

5416 

5417 
5418 

54 19 
5420 

542 1 
5422 

-3 
144 

-10 
d 

d 

90 

d 

d 

d 

b 

108 
146 

d 

d 

b -10 
11% C 16.8 24.0 

-10 

14% 
d 

-10 

b 

b 

154 10.0 14.0 

d 

27.0 

d 

103 
14.4 3.6 18.3 22.0 

d 4.% 11.6 25.0 

d 

a 

bMagnet would not p u l l  away from b a r .  

A l l  readings were made with a No. 4 magnet. 

C Thermocouple caught i n  rolls. 

dMagnet would not adhere t o  ba r .  
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twins by b r igh t - f i e ld  o p t i c a l  microscopy a t  magnifications up t o  500X, 

as  shown i n  Figs.  23.2 and 23.3 .  Therefore, we t r i e d  other  techniques 

such as  b r igh t - f i e ld  oil-immersion and phase-contrast microscopy a t  

magnifications up t o  1500X. 

c lea re r  p i c tu re  of t h e  morphology of these microstructures,  as  shown 

i n  Figs.  23..4 and 23.5.  

etching technique t h a t  may help improve our in t e rp re t a t ion  of these 

specimens. 

These techniques enabled us t o  ge t  a 

We a r e  now inves t iga t ing  a magnetic-particle 

Electron-beam and gas W-arc bead-on-plate welds were made on both 

annealed and 50% cold-worked coupons of t h e  drop-cast heats  5408 t o  

5422 t o  produce specimens f o r  a comparison of t he  f e r r i t e  content and 

morphology of welds i n  base metals both with and without martensi te .  

The welding parameters used produced penetrat ion of about 0.015 i n .  i n  

t he  a rc  welds and about 0.030 i n .  i n  the  electron-beam welds. 
We received 16 addi t iona l  1-lb drop-cast bars  t h a t  have nominal 

compositions (Table 2 3 . 6 )  s imi l a r  t o  those of our i n i t i a l  heats  5409, 

5410, 5411, 5420, and 5422 with in t en t iona l  addi t ions of varying per-  

centages o f  S o r  C .  Each ba r  was homogenized a t  1150°C f o r  60 min i n  
vacuum and cold r o l l e d  31.5% a t  room temperature. These bars  w i l l  be 

processed s imi l a r ly  t o  t h e  13 o r i g i n a l  bars  t o  determine the  e f f e c t  of 

S and C on t h e  formation of f e r r i t e  and martensi te  and on the  weld- 

a b i l i t y  of these r e l a t i v e l y  pure a l loys .  

C 
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Fig. 23.2. Heat 5409 (Fe-11.9% Ni-18.9$ C r 4 . 8 %  Mn) a f t e r  31.5% 
( a )  Bright f i e l d ,  near s ide  of  b a r  i n  Cold Work a t  Room Temperature. 

contact with rolls. 200X. (b> Bright f ie ld ,  near center  of cross 
sec t ion .  500X. 



z92 



A 

a 
u 



264 

-P 
d 
M 

a, 

5 

-P a 

m o  
N O  



265 

Table 23.6.  Nominal Compositions of  Drop Castings 

a 5 Heat 
N i  C r  5 

5502b 

5535 
5536 
5537 
5538 
5539 
5540 
5541 
5542 
5543 
5544 
5545 
5546 
5547 
5548 

5534; 
10 
12 
12 
10 
10 
10 
14 
14 
14 
14 
14 
16 
16 
16 
20 
20 

19 
19 
19 
19 
19 
19 
19 
19 
24 
24 
24 
24 
24  
24 
24  
24 

0.025 
0.10 
0.025 
0.10 
0.30 
0.025 
0.10 
0.025 
0.10 
0.30 
0.025 
0.10 
0.30 
0.025 
0.10 

a 

bPlus 0.04% C .  

For a l l  heats,  t he  balance i s  Fe. 

Plus 5% Mn. C 
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Elements on t h e  Elevated Temperature Duc t i l i t y  of Incoloy 800,  
O m - 4 5 0 4  (March 1 9 7 0 ) .  M.S. Thesis ,  t h e  Universi ty  of Tennessee, 
December 1968. 

4 .  D. A.  Canonico, A.  J. Moorhead, and W .  J. Werner, Fuels and Materials 
Development Program Quart. Progr. Rept. Dec. 31, 1969, ORNL-4520, 
pp. 300-303. 

5 .  W. J .  Werner and D .  A.  Canonico, Fuels and Materials Development 
Program Quart. Progr. Rept. March 31, 1970, O m - 4 5 6 0 ,  pp. 243-244. 
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24. J NONDESTRUCTIVE TESTING 

W. 0. H a r m s  R. W. McClung 

/-- 

O u r  t a s k  i s  t o  develop new and improved methods of nondestructively 

t e s t i n g  reac tor  mater ia ls  and components. We a re  studying various 

physical  phenomena, developing instruments and other  equipment, devising ' 

techniques, and designing and fabr ica t ing  reference standards. Among 

the  methods being studied f o r  both normal and remote inspect ion a re  

electromagnetics (with major emphasis on eddy cu r ren t s ) ,  u l t rasonics ,  

penetrat ing rad ia t ion ,  and holography. 

Electromagnetic Inspection Methods (Eddy Currents) 

Solutions f o r  Electromagnetic Induction Problems ( C .  V. Dodd, 
W. A.  Simpson, C .  C .  Cheng,l W. E .  Deeds*) 

We solved the  problem of a c o i l  above, below, or between an 

a r b i t r a r y  number of conducting planes by means of a matrix method f o r  

f inding the  Green's funct ions of multiplane boundary-value problems. 

The matrix equations enable us t o  s implify the  ca lcu la t ion  of t he  unknown 

c o e f f i c i e n t s  i n  a boundary-value problem. The e x p l i c i t  forms of the  

general  Green' s funct ions a re  obtained f o r  a x i a l l y  symmetrical configu- 

r a t i o n s  of c o i l  and conductor. We a l s o  made some ca lcu la t ions  f o r  those 

physical  quan t i t i e s  of i n t e r e s t  i n  eddy-current theory. Heat -flow 

solut ions can a l s o  be r e a d i l y  obtained using the  same technique. We 

a re  preparing a paper t h a t  describes i n  d e t a i l  these advances and a r e  

working on computer programs t h a t  w i l l  c a l cu la t e  c o i l  impedance, induced 

voltage,  and the  e f f e c t  of defec ts  for a c o i l  near an a r b i t r a r y  number 

of planes by means of the  matrix method. 

We used our computer programs t o  design a 1/2-in.-diam c o i l  for 

operat ion with the  phase -sensi t ive eddy-current instrument t h a t  w i l l  

measure e l e c t r i c a l  conduct ivi ty  t o  wi th in  +0.05$ for a l i f t - o f f  

va r i a t ion  of  0 t o  0.020 i n .  We a r e  obtaining mater ia ls  with a low 

temperature coe f f i c i en t  of r e s i s t i v i t y  t o  use as standards for measure- 

ment of conductivity.  c 
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Ultrasonic Inspection Methods 

Ultrasonic Frequency Analysis ( H .  L. Whaley, Jr., K. V. Cook, 
Laszlo Adler2) 

We a r e  studying the  s p e c t r a l  va r i a t ions  i n  a broadbanded u l t rasonic  

pulse as a funct ion of t he  nature of the acous t i ca l  d i scont inui ty  w i t h  

which it has in te rac ted .  Such a study can lead t o  improvements i n  

t h e  charac te r iza t ion  of hidden f l a w s  i n  mater ia ls  by u l t rasonic  inspect ion.  

Spec t ra l  ana lys i s  of u l t rasonic  pulses returned from r e f l e c t o r s  of 

various types and or ien ta t ions  revealed systematic va r i a t ions  as a 

funct ion of the  s i ze ,  shape, or ien ta t ion ,  and pos i t ion  of t he  r e f l e c t o r .  

Analyt ical  expressions t h a t  we derived successfu l ly  account t h e o r e t i c a l l y  

f o r  these  var ia t ions .  

General Case (Two Angles). - Previous experiments and ana lys i s  

considered only a s ing le  angle ( i n  a hor izonta l  plane) t o  describe the  

r e l a t i v e  o r i en ta t ion  o f  transducer and r e f l e c t o r .  This w a s  possible 

because the  design of t he  apparatus with which the  experiments were 

performed allowed the  axes of t he  transducer and r e f l e c t o r  t o  be kept 

i n  the same hor izonta l  plane,  Should e i t h e r  ax i s  not l i e  i n  t h i s  plane, 

an add i t iona l  angle would be required t o  define the  r e l a t i v e  or ien ta t ion .  

I n  general ,  a real  f l a w  i n  a mater ia l  would possess not one, but  two, 

such angular components t o  describe i t s  o r i en ta t ion  with respect  t o  

the  surface of t he  material .  Therefore, it was necessary t o  general ize  
the  technique i n  order t o  allow i t s  appl ica t ion  t o  randomly or iented 

f l a w s .  A de t a i l ed  ana lys i s  of t he  s i t u a t i o n  predicted t h a t  t he  s i z e  of 

t he  f l a t  r e f l e c t o r ,  d, should be given by 

d =  V 

( 2  s ine  + ’ ( 24.1) 

where v i s  the  ve loc i ty  of ultrasound i n  t h e  mater ia l ,  D i s  the  dis tance 

between the  source and r e f l e c t o r ,  a i s  proport ional  t o  the radius  of  the  

source, M i s  the  separat ion between adjacent in te r fe rence  peaks i n  the  

analyzed spectrum, and 8 i s  the  angle between the  ax i s  of the  source and 

t h a t  of t he  r e f l e c t o r .  This equation. has exac t ly  the  same form as t h a t  
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f o r  the  case of a s ing le  angle except that  8 i s  now a composite angle t h a t  

may be expressed i n  terms of a component €I1 i n  the  hor izonta l  plane and a 

component e2 i n  a v e r t i c a l  plane by the  expression 

- 
e = s in-1  [s in2e2 + sin'e1j2 . (24.2) 

We thus have 

V . (24.3) 1 - d =  
( 2 ~ s i n 2 0 2  + cos2e2 s in281l2 + a ,-I ~f 

Equation ( 2 4 . 3 )  w a s  t e s t e d  with data  co l lec ted  a t  various combinations 

of angles el and e2 a t  a 6-in. water path f o r  an 0.281-in.-diam r e f l e c t o r .  

As can be seen i n  Table 24.1, the  ca lcu la ted  diameter obtained from 
Eq. ( 2 4 . 3 )  agrees wel l  with the t r u e  value i n  each case. 

Procedure f o r  Character izat ion of Flaws. - F o r  a f l a w  of random 

or i en ta t ion  i n  a mater ia l ,  d, el, and 82 would a l l  be unknown quan t i t i e s .  

Therefore, it would be necessary t o  have three  se-parate equations t o  

determine a l l  of them. 

i s  reported i n  d e t a i l  elsewherea3 

known changes i n  angle t o  achieve new separations between adjacent 

in te r fe rence  peaks i n  the  analyzed spectrum. 

A conceptual scheme t o  do t h i s  was devised and 

This approach i s  based upon making 

Use of Higher Frequencies. - Some t e s t s  were performed i n  a higher 

frequency range (10 MHz) than t h a t  (1 t o  4 MHz) used fo r  a l l  t he  previously 

mentioned r e s u l t s .  

by  the  same genera l  approach. 

o f f e r  new c a p a b i l i t i e s  (e .g . ,  s e n s i t i v i t y  t o  smaller flaws). 

The r e s u l t s  a t  these higher frequencies a re  explained 

Working i n  higher frequency ranges w i l l  

Penetrating Radiation and Holographic Inspect ion Methods 

Radiation Scat ter ing4 (B .  E. Foster ,  S. D. Snyder) 

We continued our s tud ies  of the  use of sca t te red  and f luorescent  

r ad ia t ion  f o r  measuring the  thickness  of coatings o r  claddings on reac tor  

components. 

emitted from the  L s h e l l  of U energized by the  38-keV x rays emitted 

The most recent  measurements were on the  f luorescent  x rays 

c 

c 
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1 I -  

Table 24.1. Experimental Data and Calculated Results f o r  the  
General Case (Two Angles) 

c 

Calculated Angle, 0, Between Average Frequency 
Source and Reflector I n t e r v a l  Incident  Angles, deg Diameter of Reflector,  in .  

01 e 2  Actual Calculated ( d e d  

8.4 
11.4 
14.7 
8.4 
11.4 

14.7 
8.4 
11.4 
14.7 

0 
0 

0 

5 

5 
5 

10 

10 

10 

8.4 
11.4 
14.7 
10.5 

12.5 

16.2 

w.5 

15.0 

18.2 

0.62 
0.50 
0.40 
9.53 

0.44 

0.37 
0.42 

0.37 

0.32 

0.281 
0.281 
0.281 
0.281 

0.281 

0.281 
0.281 

0.281 

0.281 

0.280 

0.267 
0.265 
0.272 

0.278 
0.272 

0.274 
0.281 

0.275 
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from our 147Fm source. 

as d i f f e r e n t  thicknesses  of A 1  were placed on t h e  U subs t ra te .  Good 

s e n s i t i v i t y  was shown f o r  A 1  from about 0.003 t o  0.042 i n .  th ick .  

We monitored the  r e l a t i v e  decrease i n  i n t e n s i t y  

Closed-Circuit Television f o r  Radiographic Evaluation ( B .  E .  Foster ,  
S. D. Snyder) 

We a re  experimenting w i t h  t h e  use of a c losed-c i rcu i t  t e l ev i s ion  

system as a rapid densitometer f o r  reading radiographs. The preliminary 

setup cons i s t s  of a f i lm  viewer as a source of i l luminat ion,  a Radio 

Corporation of America 525-line c losed-c i rcu i t  t e l e v i s i o n  system with 

a scan rate of 9,623 in . /sec,  and an osci l loscope to delay and view any 

one of t he  525 ac t ive  scan l i n e s  of t he  p ic ture .  Presently,  we are 

using a zoom lens  with a 20- t o  80-mm f o c a l  length on the  camera. 

video and synchronizing sect ions of t he  t e l ev i s ion  chass i s  were modified 

t o  allow the  i n j e c t i o n  of a "pip" pulse (a white dot on t h e  screen)  

from the  osci l loscope and t o  obtain proper synchronizing s igna ls  f o r  

t he  osci l loscope.  This p ip  pulse i s  used t o  i d e n t i f y  the  p a r t i c u l a r  

l i n e  being viewed. 

The 

When we view a standard radiographic dens i ty  s t e p  wedge w i t h  s t e p  

increments of 0.2 dens i ty  u n i t s ,  we observe a 5-V change i n  video s i g n a l  

per  s t e p  over a dens i ty  range of 0.4 t o  1.4. 

dens i ty  range ( e .g . ,  from 1.4 t o  2.4) by increasing the  i n t e n s i t y  of 

i l luminat ion,  but  would expect a change of video s i g n a l  per s t e p  compar- 

able  to t h a t  observed i n  the  range 0.4 t o  1.4. 

We have not extended the  

Notes 

1. Consultant from Northwestern College, Orange City,  Iowa. 

2 .  Consultant from t h e  Universi ty  of Tennessee. 

3. H. L. Whaley and Laszlo Adler, A New Technique f o r  Ultrasonic Flaw 
Determination, ORNL-TM-3056. I n  press .  

4. This  work i s  j o i n t l y  supported by t h e  Development of Fuel Element 
Fabrication Frogram and i s  a l so  discussed i n  Chapter 20, p .  235, 
t h i s  report .  
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3 5 
IMPROVEMENT OF HASTELLOY N A T E  RELATED COMPOSITIONS 

J. R .  Weir, Jr. H. E. McCoy, Jr. 

This program i s  aimed a t  def ining and understanding t h e  metal lurgi-  

c a l  var iab les  t h a t  a f f e c t  t h e  engineering performance of  Ni-based s t ruc -  

t u r a l  a l loys  i n  reac tor  environments. Such a l loys  have been shown t o  

have reduced s t ress - rupture  proper t ies  and g r e a t l y  reduced f r a c t u r e  

s t r a i n  a f t e r  exposure t o  thermal-neutron f luences.  Our work has con- 

centrated on Hastelloy N. We have found t h a t  small addi t ions of T i ,  Zr, 
H f ,  and Nb e f f e c t i v e l y  reduce t h e  de t e r io ra t ion  of proper t ies  caused by 

i r r a d i a t i o n .  The end products sought by t h i s  program a r e  a b e t t e r  under- 

standing of t he  f ac to r s  important i n  cont ro l l ing  i r r a d i a t i o n  damage i n  

Ni-based a l loys  and development of a modified Hastelloy N w i t h  improved 

r e s i s t ance  t o  i r r a d i a t i o n  damage. 

Mechanical Propert ies  o f  Hastelloy N and Related Compositions 

We continued creep-rupture t e s t i n g  of various modified Hastelloy N 

a l loys  a f t e r  i r r a d i a t i o n  i n  order t o  assess  t h e  inf luence of composition 

on t h e  i r r a d i a t i o n  damage a t  high temperatures. We measured t h e  creep 

proper t ies  of about 35 d i f f e r e n t  a l loys  a t  6 5 0 ° C  a f t e r  i r r a d i a t i o n  a t  

760°C t o  a thermal fluence of 3 X lo2 '  neutrons/cm2. A l l  a l loys  were 

annealed 1 hr  a t  1177°C before i r r a d i a t i o n .  The creep proper t ies  a t  

650°C a f t e r  i r r a d i a t i o n  a t  760°C a re  shown i n  Fig. 25 .1  f o r  a l loys  t h a t  

contain var ious amounts of T i .  For t e s t s  a t  the  r e l a t i v e l y  high s t r e s s  

o f  47,000 p s i ,  t h e  rupture l i f e  var ied from 0 t o  1500 hr  w i t h  T i  con- 

cent ra t ions  of 0 t o  3%. 

d r a s t i c  decrease i n  t h e  creep r a t e .  Unfortunately, t he  superior  creep 

res i s tance  a t  t h e  higher T i  concentrations i s  o f f se t  by low d u c t i l i t y ,  

which we a t t r i b u t e  e i t h e r  t o  p r e c i p i t a t i o n  of i n t e rme ta l l i c  compounds 

or carbides.  

b ina t ion  of s t rength  and d u c t i l i t y  under these  t e s t  condi t ions.  

This increased rupture  l i f e  r e su l t ed  from a 

Compositions with about 276 T i  seem t o  o f f e r  t h e  b e s t  com- 
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Fig. 25.1. Effect  o f  Titanium Content i n  Hastelloy N on t h e  Post-  
i r r a d i a t i o n  Creep-Fhpture Propert ies  a t  650°C and 47,000 p s i  S t r e s s .  
Samples so lu t ion  annealed 1 h r  a t  1177°C and i r r a d i a t e d  a t  760°C t o  a 
thermal fluence of  3 X lo2 '  neutrons/cm2. 

The influence of o ther  a l loy ing  addi t ions on the  creep-rupture 

behavior of Hastelloy N a f t e r  i r r a d i a t i o n  i s  shown i n  Fig. 25.2. 

curves p l o t t e d  i n  each case correspond t o  t h e  maximum e f f e c t  a t t r i b u t a b l e  

t o  e i t h e r  s ing le  o r  mul t ip le  addi t ions of t he  elements T i ,  Nb, and H f  t o  

a nominal Ni-12$ Mo-7% Cr-0.06$ C base.  

mum rupture  l i f e  achieved f o r  a l loys  with addi t ions of e i t h e r  T i ,  Nb, o r  

H f .  We inves t iga ted  addi t ions of 0 t o  3.0% T i ,  0.5 t o  1.5% Hf ,  and 0 t o  

2.0% Nb. 

a f t e r  i r r a d i a t i o n  than e i t h e r  1.2% H f  o r  2% Nb. 

was superior  t o  t h e  a l l o y  with 2% Nb and, i n  f ac t ,  was comparable i n  

rupture s t rength  t o  an a l l o y w i t h  2 %  T i ,  which i s  not p l o t t e d  here. 

f o r  independent addi t ions o f  e i t h e r  T i  o r  Nb, the  maximum rupture l i f e  

corresponds t o  the  highest  a l l o y  content.  For Hf addi t ions the  

longest rupture l i f e  occurred f o r  t h e  heat w i t h  1 .2% H f  r a the r  than 

f o r  t h a t  w i t h  t h e  highest  H f  content, 1.5%. 

The 

Figure 25.2(a)  compares t h e  maxi- 

It i s  c l e a r  t h a t  3% T i  produced g rea t e r  creep-rupture l i v e s  

The a l l o y  with 1 . 2 %  H f  

Thus, 

Combined e f f e c t s  of t h e  addi t ions of T i  and H f ,  T i  and Nb, and 

T i  and Hf and Nb t o  the  Ni-12$ M o 7 %  Cr-O.06% C base a r e  compared i n  
Fig. 25.2(b).  

obtained f o r  various a l l o y  classes ,  each of which contained mult iple  

The four curves represent  t h e  maximum rupture  l i v e s  
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Fig. 25.2.  Pos t i r r ad ia t ion  Creep-Rupture Propert ies  of Several 
Modified Hastelloy N Compositions a t  650°C. 
1177OC, i r r a d i a t e d  a t  760°C t o  3 X lo2'  neutrons/cm2, and t e s t e d  a t  
650°C. Alloys had a bas ic  composition of N i - l 2 %  Mo-7% Cr-0.067$ C .  
( a >  Propert ies  achieved with s ing le  addi t ions of  e i t h e r  T i ,  Nb, or  Hf, 
and (b)  proper t ies  achieved w i t h  combined addi t ions of T i ,  Nb, and H f .  

Samples annealed 1 h r  a t  

addi t ions of T i ,  Nb, or  H f .  The g rea t e s t  rupture  l i f e  obtained a t  650°C 

a f t e r  i r r a d i a t i o n  a t  760°C was f o r  a l l o y  310, which contained addi t ions 

of Nb, T i ,  and H f .  Several o ther  a l loys  containing mul t ip le  addi t ions 

o f  T i ,  H f ,  and Nb a l so  had good p rope r t i e s .  Alloys such as  a l l o y  307, 

which contained Nb and H f ,  had proper t ies  i n f e r i o r  t o  those o f  t he  
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Ti-Hf-Nb a l loys  but superior  t o  those of t h e  Ti-Hf and Ti-Nb a l loys  

over t he  range o f  compositions invest igated.  

The creep r a t e s  of these a l loys  a f t e r  i r r a d i a t i o n  a r e  shown i n  
Fig. 25.3. 

t he  lowest creep r a t e  was obtained f o r  the  a l l o y  t h a t  contained 3.0% T i .  

For t he  s ingular  addi t ions of T i ,  Nb, o r  H f  [Fig. 25 .3(a) I  

70 

60 

50 

.- 
m Q 

0 40 
0 
2 
I 

o 

LT 
t- o 

2 30 

20 

10 

0 

70 

60 

50 
I .- 
m Q 

8 40 
2 
I 

o 

LT 
30 

L 
20 

10 

0 
10-3 

- ALLOY 
0 181 

184 
- a 3 0 7  

10-2 

1.2 0 
0 0.9 0.8 

40-' 4 0' 
MINIMUM CREEP RATE (%/hr) 

1 0' 

Fig. 25 .3 .  Effect  of Alloy Content on Pos t i r r ad ia t ion  Creep Rate 
a t  650°C. 
thermal fluence of 3 X lo2 '  neutrons/cm2, and t e s t e d  a t  650°C. 
addi t ions of  T i ,  Nb, o r  H f ,  and (b) multiple addi t ions of T i ,  Nb, and H f .  

Samples annealed 1 h r  a t  1177"C, i r r a d i a t e d  a t  760°C t o  a 
( a>  Single 

c 

6 



Alloys t h a t  contained 2 .0% T i ,  2.0% Nb, o r  1.2% H f  had creep r a t e s  t h a t  

were about equivalent.  Of t he  a l loys  t h a t  contained mul t ip le  addi t ions 

[Fig. 25.3(b)] ,  a l l o y  310 had the  lowest creep r a t e ,  and t h e  o ther  th ree  

a l loys  had very s imi l a r  creep s t rengths .  The s c a t t e r  bands shown i n  

Fig. 25 .3(a)  and (b)  a r e  almost equivalent and ind ica t e  t h a t  t h e  creep 

s t rength  i s  not s t rongly  affected by small addi t ions of  T i ,  Nb, and H f .  

The f r ac tu re  s t r a i n s  fo r  these  a l loys  a f t e r  i r r a d i a t i o n  a re  shown 

i n  Fig.  25.4.  The s t r a i n s  shown f o r  shor t  rupture  times a r e  lower than 

a c t u a l l y  occurred because of t h e  experimental procedure used. The samples 

were s t r e s sed  before we began measuring t h e  s t r a i n .  

involved i n  t h e  t e s t s  t h a t  f a i l e d  i n  sho r t  times were above t h e  y i e ld  

Since t h e  s t r e s s e s  
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Fig. 25.4. Effect of Alloy Content on t h e  Pos t i r r ad ia t ion  Creep 
Duc t i l i t y  of Modified Hastelloy N a t  650°C. Samples annealed 1 hr  a t  
1177OC, i r r a d i a t e d  a t  760°C t o  a thermal fluence of  3 X lo2' neutrons/cm2, 
and t e s t e d  a t  650°C. ( a )  Single addi t ions of e i t h e r  T i ,  Nb, or H f ,  and 
(b)  mult iple  addi t ions of T i ,  Nb, and H f .  
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s t r e s s ,  some s t r a i n  occurred on loading. Thus, t h e  s t r a i n s  shown i n  

Fig. 25.4 f o r  shor t  rupture  times may be too low by as  much a s  6%. How- 

ever, t he  r e s u l t s  i n  Fig. 25 .4 (a )  show t h e  r e l a t i v e  e f f e c t s  of addi t ions 

of Nb, T i ,  o r  H f .  The f r ac tu re  s t r a i n s  a f t e r  i r r a d i a t i o n  were qui te  low 

f o r  a l l o y  293, which contained 3.0% T i .  However, a l l o y  291, w i t h  2.0% T i ,  

had higher f r ac tu re  s t r a i n s .  Alloy 298, which contained 2.0% Nb, had low 

f r ac tu re  s t r a i n s .  Alloy 232, w i t h  1 .2% Hf ,  had t h e  highest  s t r a i n s .  The 

proper t ies  shown i n  Fig. 25.4(b)  f o r  t he  a l loys  with mult iple  addi t ions 

show t h a t  var ious f r ac tu re  s t r a i n s  were obtained a f t e r  i r r a d i a t i o n .  

Alloy 184, wi th  1 . 2 %  T i  and 1.2% H f ,  had t h e  highest  f r ac tu re  s t r a i n s .  

Although a l l o y  181, with 1 .9% Nb and 0.5% T i ,  had the  lowest f r ac tu re  

s t r a i n ,  t he  s t r a i n s  were higher than were those of standard Hastelloy N. 

Generally, t h e  a l loys  with the  higher f r ac tu re  s t r a i n s  contained some H f .  

Electron Microscopy of  Modified Hastelloy N Alloys (R. E. Gehlbach) 

Our s tudies  of modified Hastelloy a l loys  by e lec t ron  microscope and 

phase ana lys i s  were concentrated on character iz ing t h e  microstructures 

of severa l  commercial a l loys  and t h e i r  r e l a t i o n  t o  laboratory heats  t h a t  

contain t h e  same modifying elements. A s  reported previously,  ', addi- 

t i ons  of T i ,  Nb, and H f  change t h e  p r e c i p i t a t e s  from t h e  M2C (where M 

i s  t h e  me ta l l i c  component) t o  t h e  MC type of  carbides,  provided approp- 

r i a t e  quan t i t i e s  of these  elements a r e  used. Metall ics i n  the  MC type 

carbides cons is t  of Mo, Cr, and one o r  more of t h e  modifying elements. 

The r e s u l t  i s  a wide range of l a t t i c e  constants o f  t he  face-centered 

cubic MC type of carbides found i n  t h e  modified a l loys .  

The l a t t i c e  constants of t h e  MC type of  carbides formed on aging 

a t  e levated temperatures can general ly  be grouped according t o  t h e  

a l loy ing  addi t ion  used; a carbide with the  constant indicated below 

w i l l  always be present ,  but others  may a l so  be present :  

Alloying 
Addition 

T i  
T i  + Nb 
H f  
H f  + T i  
Hf + T i  + Nb 

Lat t i ce  Constant 
(A ) 

4.2  1 4  .29 
4 .354 .40  

4 . 5 0 4 . 6 0  
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Two o r  th ree  d i f f e r e n t  carbides of t he  MC type a r e  usua l ly  found i n  the  

a l loys  when T i  i s  used i n  combination w i t h  Nb o r  Hf, and an MC with a 

l a t t i c e  constant of 4.27 t o  4.29 A i s  of ten present .  

carbide i s  s t a b l e  i n  addi t ion  t o  the  MC types when t h e  H f  concentration 

i s  below about 0.8%. 

The M ~ C  type of 

The microstructures of commercial- heats  of  Hastel loy N modified 

w i t h  T i  c lo se ly  resemble those of t h e  higher p u r i t y  laboratory melts 

a f t e r  t he  same thermal t reatments .  

on s tacking f a u l t s  i s  observed along gra in  boundaries and i n  the  matrix.  

For concentrations of about 2% T i ,  t h e  s tacking f a u l t  morphology i s  

absent, but  t h e  MC type of carbides a re  p rec ip i t a t ed  i n  and along gra in  

boundaries and i n  t h e  matrix. 

When 1% T i  i s  added, p r e c i p i t a t i o n  

The microstructures o f  severa l  commercial a l loys  a r e  shown i n  

Fig.  25.5 with t h e  compositions l i s t e d  i n  Table 25.1.  The major d i f -  

ference between laboratory and commercial a l loys  occurs i n  heats  t h a t  

contain H f  as  an al loying addi t ion.  P a r t i c l e s  o r  p l a t e l e t s  about 0.2 pn 

i n  diameter had been p rec ip i t a t ed  i n  ?;he matrix and gra in  boundaries of 

a l l  laboratory melts t h a t  contained H f  examined t o  da te .  ' 9  This char- 

a c t e r i s t i c  microstructure  i s  shown i n  Fig. 25.6.  These a l loys  contain 

0.4 t o  1.2% H f  e i t h e r  as  t h e  so l e  modifying element or  i n  combination 

w i t h  var ious amounts of T i ,  Nb, o r  both.  However, none of  t h e  commercial 

a l loys  t h a t  contained H f  (0.4 t o  1%) formed t h i s  morphology of t h e  MC 

type of carbide a f t e r  aging a t  temperatures i n  the  range under considera- 
t i on ,  650 t o  760°C. I n  the  commercial a l loys  t h a t  contained about 1% T i ,  

t h e  microstructure  c h a r a c t e r i s t i c  o f  T i  addi t ions appears t o  predominate 

w i t h  l i t t l e  differences not iceable  when Nb, H f ,  o r  both a r e  added. We 

have not determined any reasons f o r  t h i s  d i f fe rence  i n  carbide morphology 

between laboratory and commercial a l loys .  

t h a t  t he  l a rge  amount of p r e c i p i t a t e  i n  t h e  gra in  boundaries, along t h e  

boundaries, and extending i n t o  t h e  matr ix  would necessar i ly  lead  t o  poor 

proper t ies  a f t e r  i r r a d i a t i o n .  

a t  both 650 and 76OoC, unl ike  t h a t  observed i n  severa l  other  a l loys  t h a t  

had s imi l a r  p r e c i p i t a t e  d i s t r ibu t ions  a t  650°C but much coarser p a r t i c l e s  

a f t e r  aging a t  760°C. 

de t e r io ra t ing  mechanical proper t ies  a f t e r  i r r a d i a t i o n  a t  higher t e q e r a t u r e s .  

We have no bas i s  f o r  suspecting 

This s t r u c t u r e  i s  generated during aging 

The coarser  p r e c i p i t a t e  a t  760°C cor re la ted  with 
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Fig. 25.5. Microstructures of Several Commercial Modified 
Hastelloy N Alloys that Contain the MC Type of Carbides after Annealing 
1 hr at 1177°C and Aging 500 hr at 760°C. 
(b) 0.8% Ti, 0.6% Nb (70-786), (c) 0.9% Ti, 0.1% Nb, 0.8% Hf (70-787), 
and (d) 1.4% Ti, 0.7% Nb, 0.3% Hf (70-788). 

(a) 1.1% Ti, 0.1% Nb (70-785), 

10,OOOX. 
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Table 25.1. Composition of Commercial Modified Hastelloy N Alloysa 

Alloy 
Number 

Alloying Additions, % 
T i  Nb H f  S i  

67 -548 
70 -785 
70-727 
69 -344 

69 -648 

70-786 

69 -345 

69 -641 

70-787 
70-788 

1.2 

1.1 

2.1 
0.8 
0.9 

0.8 

1.0 

0.8 

0.9 

1.4 

0.1 

1.7  

1.95 

0.6 

0.1 

0.7 

0.9 

0.75 

0.8 
0.3 

0.3  

0.25 

a Compositions not given were < 0.1%. 

Fig. 25.6. Charac ter i s t ic  Morphology and Dis t r ibu t ion  of  t h e  MC 
Ty-pe of Carbides i n  Laboratory Heats of Hastelloy N t h a t  Contain 
Hafnium. This a l l o y  (heat 310) contained 0.5$ H f ,  0.1% T i ,  and 0.6% Nb. 
It was annealed 1 hr a t  1177°C and aged 200 h r  a t  760°C. 5000X. 
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The e f f e c t  of S i  on microstructure  i s  consis tent  w i t h  a l l  e a r l i e r  

observations i n  Hastelloy N. Although a l l  of t h e  a l loys  l i s t e d  i n  

Table 25.1 t h a t  contained no S i  contained only t h e  MC type of carbides, 

t he  addi t ion of severa l  t en ths  of a percent S i  r e su l t ed  i n  coarse, 

s t ab le  p r e c i p i t a t e s  of t he  MgC type of  carbide i n  t h e  matrix and gra in  

boundaries, as  shown i n  Fig. 25.7. "his s t ruc tu re  i s  c h a r a c t e r i s t i c  

of t h e  standard air-melted Hastelloy N. 

type o f  carbide does e x i s t ,  however, and any s ign i f i can t  improvement i n  

mechanical proper t ies  a f t e r  i r r a d i a t i o n  f o r  these  two heats (69-344 and 

69-345)  would probably be due t o  B being t i e d  up i n  t h e  MC type of car-  

bides  r a the r  than t o  t h e  e f f e c t s  of t he  morphology and d i s t r i b u t i o n  of 

t h e  p r e c i p i t a t e .  

I n  summary, t he  e f f e c t  of H f  on the  morphology and d i s t r i b u t i o n  of 

t h e  p r e c i p i t a t e s  i n  commercial a l loys  t h a t  contain T i  d i f f e r s  from t h a t  

i n  small laboratory heats ;  t h e  " T i  s t ruc tu re"  preva i l s  ra ther  than the  

"Hf s t ruc tu re"  t h a t  i s  observed i n  t h e  purer  mater ia l s .  The micro- 

s t r u c t u r e  of t h e  commercial a l loys ,  however, may wel l  be qui te  r e s i s -  

t a n t  t o  i r r a d i a t i o n  damage. 

A very small amount of t h e  MC 

G 

Fig. 25.7. Microstructure of Hastelloy N t h a t  Contains t h e  MgC 
Ty-pe of P rec ip i t a t e .  
0.9% H f .  
5000X. 

Alloy 69-345 contains 0.25% S i ,  1.0% T i ,  and 
It was annealed 1 hr  a t  1177°C and aged 500 h r  a t  760°C. G 
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Notes 

1. R .  E. Gehlbach and C. E. Sessions, f i e l s  and Materials Development 
Program Quart. Progr. Rept. Sept.  30, 1969, Om-4480, pp. 291-295. 

2 .  R .  E. Gehlbach, m e l s  and Materials Development Program Quart. Progr. 
Rept. March 31, 1970, ORNL-4560, pp. 267-274. 



282 

26. J ADVANCED MATERIALS FOR STEAM GENERATORS 

P. Pa t r i a r ca  G. M. Slaughter 

The purpose of t h i s  program i s  t o  determine the  corrosion res i s tance  

of welds i n  seve ra l  high-temperature a l loys  being considered f o r  use i n  

steam generators f o r  advanced high-temperature reac tors .  We need t o  know 

how w e l l  these weldments w i l l  r e s i s t  both genera l  and p r e f e r e n t i a l  

corrosion i n  steam a t  595 t o  760°C. 

The program cur ren t ly  includes two areas  of inves t iga t ion :  

(1) general  corrosion (formation of a uniform sca le )  a t  595 and 65OoC, 

including an evaluat ion of t he  genera l  weldabi l i ty  of various combinations 

of base and f i l l e r  metals, and ( 2 )  p r e f e r e n t i a l  corrosion ( e  .g., oxidat ion 

a t  the  fusion l i ne ,  p i t t i n g ,  and s t r e s s  cracking).  

General Corrosion a t  595 and 650°C 

Studies of Weldments Between S i m i l a r  and D i s s i m i l a r  Metals ( J .  P. Hammond) 

We determined the  amounts of corrosion of t he  weldments of a l loys  

f o r  steam generators  f o r  a t o t a l  accumulated steam exposure of 12,000 h r  

a t  595 and 650°C and added averaged corrosion values t o  the  corrosion 

curves based on weight gains.  These data were the  f i r s t  determined 

since those recorded a f t e r  8000 hr .  A l l  of t he  curves continued t o  show 

an approximately l i n e a r  r e l a t ionsh ip  between corrosion and time. 

few deviat ions from l i n e a r i t y  were very s l i g h t  and almost invar iab ly  i n  

the  negative d i rec t ion ,  suggesting tha t  the  pro tec t ive  nature of t he  

sca les  improved with time. 

The 

The ca lcu la ted  amounts of corrosion i n  terms of metal  penetrated i n  

20 years f o r  Inconel 625, Hastel loy X, and I N  102 welded w i t h  themselves 

w a s  l e s s  than 0.0005 in .  a f t e r  e q o s u r e  a t  595 and 650°C. 

these a l loys  joined t o  Incoloy 800 with themselves and w i t h  Inconel 82 

as  f i l l e r  metal  were about as good a t  595°C and only moderately i n f e r i o r  

a t  650°C. 

which showed the  highest  amount of  corrosion of t he  high-Ni a l loys ,  was 

0.002 in .  a t  595°C and 0.003 i n .  a t  650°C. 

Weldments of 

The calculated penetrat ion a f t e r  20 years f o r  Inconel 600, 
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The corrosion of these weldments was usua l ly  subs t an t i a l ly  l e s s  

than t h a t  reported f o r  these same mater ia ls  i n  the  wrought form.’,2 

Wozaldo and Pearl’ invest igated the  isothermal corrosion o f  t he  base 

metals of our program (except f o r  I N  102) i n  superheated steam at  565 and 

620°C. 
showed t h a t ,  i n  s p i t e  of t he  temperature difference,  our weldments 

between s i m i l a r  metals a f t e r  8000 h r  exposure corroded only 1 /2  t o  2/3 

a s  much as  t h e i r  wrought samples, except f o r  type 304 s t a i n l e s s  s t e e l ,  

which corroded l e s s  than 1/9 as much. 

steam contained 20 ppm 0 and 2.5 ppm H, compared t o  undetectable leve ls  

i n  our work, t he  reason f o r  l e s s  corrosion of our specimens i s  probably 

associated with a difference i n  the  surface conditions of t he  specimens. 

Our specimens were ground on a 100-mesh Carborundum b e l t  t o  achieve an 

economical standard f i n i s h ,  whereas t h e i r  specimens were pickled and 

probably had l i t t l e  cold work i n  t h e i r  surfaces .  

A comparison o f  our data  f o r  650°C with t h e i r  da ta  f o r  620°C 

Although Wozaldo and Pea r l ’ s  

To determine how large an e f f e c t  surface condi t ion has on corrosion 

of mater ia ls  f o r  steam generators,  we exposed three  a l loys  t o  superheated 

steam a t  595- and 650°C. The 100-mesh ground f i n i s h  was re ta ined  on 

one s e t  of specimens and removed by e lec t ropol i sh ing  0.003 i n .  of mater ia l  

from the  surfaces  of a second, i d e n t i c a l  s e t .  The r e s u l t s  f o r  exposure 

times t o  8000 hr  a re  given i n  Table 26.1. For type 304 s t a i n l e s s  s t e e l  

and Incoloy 800, t he  amounts of corrosion were one t o  two orders of  

magnitude higher f o r  t he  electropol ished surface than f o r  the  ground 
surface.  On the  other  hand, surface condi t ion had only a minor influence 

f o r  t he  Ni-base a l l o y  Inconel 625. The electropol ished surface was 

corroded s l i g h t l y  l e s s  than the  ground surface.  

t he  difference between the  amounts of corrosion f o r  the  ground and e l e c t r o -  

polished surfaces i s  not a t t r i b u t a b l e  e n t i r e l y  t o  differences i n  the  ea r ly ,  

parabolic stage of corrosion. The l i n e a r  r a t e  of corrosion f o r  t he  

electropol ished condi t ion a l s o  appears t o  be s i g n i f i c a n t l y  higher,  even 

f o r  periods considered a f t e r  4000 and 6000 hr .  

important from the  point  of view of the  extrapolated long-term corrosion 

represented . 

Note t h a t  f o r  Incoloy 800 

This considerat ion i s  
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Table 26.1. Effec t  of Surface Finish on Corrosion 
of Three Alloys by Steam 

Alloy 
Weight Gained" After 

Indicated Exposure em2 
1000 h r  2000 h r  4.000 h r  kOz'hr 8000 h r  

Surface 
Condition 

Test Temperature 595 "C 

0.07 0.10 0.14 0.22 0.29 

0.055 0.095 0.100 0.120 0.140 

0.050 0.065 0.070 0.075 0.085 

Sta in less  S t e e l  5.19 6.87 b 
Type 304 

Incoloy 800 

Inconel 625 

3.97 4.66 5.24 5.45 5.61 

0.050 0.055 0.055 0.070 0.080 
Test Temperature 650 "C 

0.11 1.20 1.21" 
S ta in less  S t e e l  6.33 b 

0.215 0.310 0.4B 0.475 0.535 

Type 304 

Incoloy 800 Ground 

Inconel 625 

(Electropolished 5.32 5.57 5.79 5.90 5.99 
0.115 0.WO 0.150 0.185 0.205 
0.065 0.055 0.060 0.080 0.085 

a 

bSpalled badly during weighing; t e s t  discontinued. 

Values l i s t e d  a re  usua l ly  an average of th ree  determinations. 

C Apparently had f laked s u b s t a n t i a l l y  during exposure and weighing; 
t e s t  discontinued. 

Studies on Simulated Root-Pass Compositions ( J .  P. Hammond) 

The t o t a l  accumulated exposure of a s e t  of corrosion specimens 

spec ia l ly  synthesized t o  simulate the  root  passes of weldments i n  both 

composition and s t ruc ture  now have reached 4000 hr .  The root-passes a re  

receiving a spec ia l  i nves t iga t ion  because they  genera l ly  a re  more highly 

alloyed (from base-metal d i lu t ion )  than subsequent passes, and it i s  the  

root-pass t h a t  i s  a c t u a l l y  exposed t o  steam i n  service.  These synthet ic  

root-pass compositions were designed t o  match the  compositions correspond- 

ing t o  the  50% d i l u t i o n  f a c t o r  t h a t  we obtained f o r  welds i n  the  s tud ies  

of general  corrosion. 

After es tab l i sh ing  the  surpr i s ing ly  large e f f e c t  of surface f i n i s h  

on corrosion res i s tance ,  we increased the  number of root-pass compositions 6 

.. . 
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and surface conditions selected f o r  inves t iga t ion .  The a l loys  t o  be 

examined and the  s t a t u s  of t he  samples a re  l i s t e d  i n  Table 26.2. A l l  

a r e  being studied i n  the  as -welded, e lectropol ished,  sandblasted, and 

belt-ground condi t ions;  i n  addi t ion,  some have been b e l t  ground and 

annealed. A t  t he  extremes, examinations t o  date have shown the  corrosion 

r a t e s  of type 304 s t a i n l e s s  s t e e l  welded with type 308 s t a i n l e s s  s t e e l  

and Incoloy 800 welded with Inconel 82 with the  as-welded f i n i s h  t o  be 

two orders  of magnitude higher than those of Hastelloy X joined t o  

Incoloy 800 with Inconel 82 with any of the  four  surface f in i shes .  

P r e f e r e n t i a l  Corrosion 

Preparat ions f o r  Tests w i t h  High-pressure Steam Corrosion Loop 
( J .  P. Hammond) 

The construct ion o f  the  Incoloy GOO steam-corrosion loop with 

provision for i n j ec t ing  chlor ide and 0 2  contaminants t o  inves t iga te  

s t ress -cor ros ion  cracking of weldments was completed. This u n i t  operated 

successful ly  i n  a t r i a l  run designed t o  t e s t  i t s  func t iona l  units and 

t o  provide a s t r e s s - r e l i ev ing  thermal exposure t o  c r i t i c a l  port ions of 

t he  loop. 

We a re  preparing specimens and holding f i x t u r e s  f o r  U-bend t e s t s  

f o r  t he  f i r s t  two t e s t  runs, which w i l l  probably begin i n  l a t e  Ju ly .  

These runs w i l l  be conducted under conditions t h a t  w i l l  produce low r a t e s  

of  corrosion and w i l l  be designed pr imar i ly  t o  determine whether chlor ide - 
induced s t ress-corrosion cracking can occur i n  "dry" steam and under 

what thermal conditions.  Subsequent t e s t s  w i l l  inves t iga te  cycling below 

the  steam sa tu ra t ion  temperature ( t o  introduce moisture) and introduct ion 

of chlor ide and 0 2  contaminants a t  higher l eve l s  ( 2  t o  about 8 ppm each) ,  

Specimens with and without purposely introduced welding f l a w s  ( t o  

a c t  a s  corrosion c rev ices)  a r e  being prepared i n  a l l  of t he  weldment 

combinations used f o r  t he  general  corrosion study. Additionally,  

specimens a re  being made of similar-metalweldments i n  types 316 and 

410 s t a i n l e s s  s t e e l ,  i n  an 18% Cr-18$ Ni-2% S i  s t a i n l e s s  s t e e l  e spec ia l ly  

marketed f o r  s t ress-corrosion use by United S ta tes  S t e e l  Corporation, 

and i n  Inconel 601. 
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Table 26.2. Composition and Sta tus  of 
Simulated Root -Pass Specimens 

Code Composition Status  

A I 2  

A I 3  

A7 

A6 

A20 

A 19 

A 2  

A 3  

A4 

50% Inconel %2 
25% Inconel 625 
25% Incoloy 800 

75% Inconel 625 
25% Incoloy 800 

50% Inconel 82 
25% Hastelloy X 
25% Incoloy 800 

75% Hastelloy X 
25% Incoloy 800 

50% Inconel 82 
25% I N  102 
25% Incoloy 800 

75% I N  102 
25% Incoloy %00 

50% Inconel 82 
50% Incoloy 800 
50% Inconel 600 
50% Inconel 82 

50% Type 304 SS 
50% Type 30% SS 

100% Inconel 82 

As-welded and electropol ished specimens 
exposed 4000 h r ;  o ther  specimens prepared 

Specimens being prepared 

As-welded and electropol ished specimens 
exposed 4000 h r ;  other  specimens prepared 

Specimens being prepared 

Specimens being prepared 

Spec imens be ing prepared 

As-welded and electropol ished specimens 

Specimens being prepared 

exposed 4000 h r ;  o ther  specimens prepared 

As-welded, e lectropol ished,  and ground 

Specimens being prepared 

specimens prepared; other  specimens prepared 

Notes 

1. G. P. Wozaldo and W. L. Pear l ,  Corrosion - - 21, 355-369 (1965). 

2. F. Eberle and J. H. Kitterman, "Scale Formations on Superheater 
Alloys Exposed t o  High-Temperature Steam," pp. 67-1W i n  Behavior of 
Superheater Alloys i n  High-Temperature, High-pressure Steam, American 
Society of Mechanical Engineers, New York, 1968. 
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