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FOREWORD 

This quarter ly  progress report  describes research and development 

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

Laboratory for t h e  U.S. Atomic Energy Commission. This work i s  e i t h e r  

sponsored by o r  of par t icu lar  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 for  t h e  three  major divisions 

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

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

l i s t  e d be low. 
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IRRADIATION 
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BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION 04 40 02 03 1 

J O I N I N G  RESEARCH ON NUCLEAR MATERIALS 04 40 02 04 1 
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SUMMARY 

PART I. FAST REACTOR TECHNOLOGY 

FUELS 

1. DEVELOPMENT OF FAST-REACTOR OXIDE FUELS 

Pel le t s  were fabricated fo r  two i r r ad ia t ion  t e s t  capsules. Capsule 

GCFR P-9 fo r  t he  Gas-Cooled Fast Reactor (GCFR) required 91% dense 

dished-end annular p e l l e t s  of (UO, 88,fio. 12)02. 

t h e  Oak Ridge Research Reactor (ORR) required 83% dense annular p e l l e t s  

made from (Uo. 8 0 , k O .  20)02. Two capsules were fabricated fo r  t r ans i en t  

t e s t s  i n  t he  Transient Reactor Test F a c i l i t y  (TREAT). 

Capsule ORR SG-3 for  

Although the  maximum desirable  gas re lease  from f u e l  at 1600°C is  

0.05 cm3/g (STP), we have measured releases  as high as 0.3 t o  0.50 cm3/g 

for  some of our p e l l e t  fuels .  This high gas content i s  probably due t o  

pickup of water during storage of t h e  p e l l e t s ,  and the  amount of gas 

absorbed is  proportional t o  the  amount of open porosi ty  i n  the  pe l l e t s .  

Means have been devised t o  protect  the  f u e l  from moisture during storage.  

An i n i t i a l  experiment w a s  performed t o  determine the  oxidation s t a t e  

of r a re  ear ths  dissolved i n  (U,Pu)02 fuels .  

indicated t h a t  Eu i s  oxidized from the  +3 s t a t e  t o  a higher s t a t e ,  thus 

indicating t h e  0 po ten t i a l  of a f u e l  element w i l l  not r i s e  as  rap id ly  

during burnup as previously feared. 

A study with Eu2O3 i n  U02 

Additional comparative t e s t s  of ammonium-diuranate (ADU) and sol-gel  

U02 specimens ind ica te  t h a t  t he  deformation of U02 at  high temperature 

under constant s t r a i n  r a t e s  is more sens i t ive  t o  grain s i ze  than t o  the  

densi ty  of t h e  specimen. 

w a s  measured under constant s t r e s s  of 4910 p s i  between 1200 and 1400°C. 

A sol-gel  Sphere-Pac capsule containing (U,Pu)02 a t ta ined  a burnup 

The compressive creep of U02 sol-gel  specimens 

of 7.5% f i ss ions  per i n i t i a l  metal atom (FIMA) i n  t h e  Engineering Test 

Reactor (ETR), and, a f t e r  inter im neutron radiographs of t he  capsule 

showed no s igni f icant  changes in  t h e  f u e l  rods or capsules, approval w a s  

obtained from t h e  ETR Safety Review Committee t o  continue the  i r r ad ia t ion  

t o  10% FIMA burnup. 
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The second instrumented capsule i r r ad ia t ed  i n  the  ORR, which 

contained two iden t i ca l  Sphere-Pac (U,Pu)02 f u e l  rods with 81% smear 

density, was removed from the  reactor  a f t e r  operating normally a t  tem- 

peratures up t o  1500°C at  t h e  f i e 1  center. This capsule, SG-2, i s  now 

undergoing pos t i r rad ia t ion  examination. 

designed for i r r ad ia t ion  i n  t h e  ETR. 

f ica t ions ,  and operating manual f o r  t h e  TREAT capsules were completed, 

submitted t o  the  TFEAT staff ,  and accepted by them with minor revis ions.  

Encapsulated tests of Sphere-Pac (U,Pu)02 f u e l  rods i n  subassembly 

An instrumented capsule w a s  

The hazards analysis ,  t e s t  speci- 

X050 i n  t h e  Experimental Breeder Reactor-I1 (EBR-11) reached a peak 

burnup of 3.1% FIMA, or about 63% of the  cur ren t ly  scheduled burnup. 

proposal for  approval i n  pr inc ip le  f o r  t h e  s e r i e s  I1 unencapsulated t e s t s ,  

pa r t  of a t e s t  s e r i e s  which is  t o  be shared with Babcock and Wilcox 

Company, w a s  submitted t o  the  AEC i n  August. 

A 

A s e r i e s  of calculations w a s  made using computer codes developed 

over t h e  past  2 years t o  describe various features  of f u e l  i r rad ia t ions .  

The r e s u l t s  of these calculations were incorporated i n t o  a paper t h a t  

compared the  neutronic and thermal environments f o r  (U,Pu)02 f u e l  rods 

clad with s t a in l e s s  s t e e l  operating i n  a fast reac tor  t y p i c a l  of those 

proposed f o r  commercial appl icat ion under t e s t  conditions now avai lable  

i n  both thermal- and f a s t - f lux  t e s t  reactors .  

2. DEVELOPMENT OF HIGH-PERFORMANCE LMFBR FUELS 

A s a t i s f ac to ry  process w a s  developed for hot pressing physical ly  

mixed (U,F’u)N p e l l e t s  t o  98% of t heo re t i ca l  density.  

p e l l e t s  for  i r r ad ia t ion  tests i n  Na-bonded capsules i s  under way.  

Production of 

Kinetic s tudies  showed t h a t  vacuum conversion of W 2 - C  ge ls  t o  UCN 

is  much more rap id  than react ion i n  a f lu id ized  bed i n  i n e r t  gas. 

apparatus has been readied for vacuum conversion of (U,Pu)02-C ge ls  t o  

mixed carbonitrides.  

A n  

Studies of t h e  te rnary  compound WC2 showed t h a t  it is  unstable 

above 1900 i 100°C. 

4 7 . 8  2 0.3 kcal/mole. 

A t  1800°K the  free energy of formation of WCz i s  

I 
I 
I 
I 
I 



3 .  EFFECT OF P W E R  CYCLING ON LMFBR FUELCLADDING BEHAVIOR 

We began t h i s  quarter  t o  design a se r i e s  of reac tor  experiments fo r  

studying t h e  e f fec ts  of power cycling and power t rans ien ts  on the  behavior 

of oxide f u e l  and t h e  interact ions of f u e l  and cladding. Calculations a re  

now being mde t o  es tab l i sh  the  geometry of t he  capsules s o  Ghat a pre- 

liminary design and cost  estimate may be made f o r  t he  f irst  experiment. 

4. LMFBR FUEL ELFMENT DESIGN AND MODEL DEVELOPMENT 

The i n i t i a l  work on t h i s  program has focused on t h e  development of 

t h e  FMflDEL computer code. 

accurate heat t r ans fe r  and mechanical analysis  of a metal-clad ceramic 

f u e l  rod operating at s teady-state  conditions w i t h  radially symmetric 

boundary conditions. The f u e l  rod is described as a se r i e s  o f  a x i a l  

"regions ," each containing radial "increments. " The computer simulation 

uses ex is t ing  models t o  describe release of f i s s ion  gas, f u e l  res t ruc-  

tu r ing ,  and swelling of t h e  fue l .  The ca lcu la t iona l  procedure f o r  each 

regions follows t h i s  sequence: temperature d is t r ibu t ion ,  f u e l  res t ruc-  

tu r ing ,  cladding swelling, re lease of f i s s i o n  gas, f u e l  swelling, e l a s t i c -  

p l a s t i c  s t r e s s - s t r a in  d is t r ibu t ion ,  and creep s t r e s s - s t r a in  dis t r ibut ion.  

The temperature d is t r ibu t ion  i s  recalculated at  various stages of t h e  

sequence t o  account, f o r  res t ructur ing and changes i n  geometry. Although 

cer ta in  par t s  of t h e  mechanical analysis  a r e  s t i l l  being improved, we 

have begun use of t h e  code fo r  t h e  design and in te rpre ta t ion  of i r r ad ia -  

t i o n  experiments with ( U , P u ) 0 2  f u e l  rods clad with s t a in l e s s  s t e e l .  

This code provides a f l ex ib l e ,  numerically 

CLADDING AND OTHER STRUCTURAL MATERIAIS 

5. MECHANICAL PROPERTIES OF ALLOYS I N  REACTOR ENVIRONMENTS AND 
DEVELOPMENT OF LMFBR CLADDING AND STRUCTURAL MATERIAIS 

Type 316 s t a in l e s s  s t e e l  w a s  i r r ad ia t ed  i n  t h e  annealed, 5 ,  10, and 

20% prestrained conditions fo r  about 4500 hr [1.8 x lo2'  neutrons/cm2 

(thermal) and 1.4 x 1O2I neutrons/cm2 (> 1 MeV)] a t  6 5 0 ° C .  

t i o n  creep-rupture t e s t s  at 6 5 0 ° C  indicate  t h a t ,  f o r  these conditions, 

Postirradia- 



s t r a in ing  before i r r ad ia t ion  has e s sen t i a l ly  no e f f ec t  on t h e  rupture 

l i f e  but s ign i f i can t ly  reduces the  duc t i l i t y .  

I n i t i a l  r e s u l t s  of creep-rupture t e s t s  a t  600°C on specimens 

removed from the  Experimental Breeder Reactor-I1 (EBR-11) safety-rod 

thimble indicate  a decrease of both t h e  d u c t i l i t y  and rupture l i fe .  

The dependence of t h e  swelling induced by i r r ad ia t ion  on fluence 
AP var ies  between - a (cpt)'. 6 4  and 

a re  accepted or re jected.  The r e s u l t s  of e lec t ron  microscopy indicate  

t h a t  the  void d is t r ibu t ions  a r e  qui te  heterogeneous at l o w  fluences. Mea- 

surements indicate  tha t  t he  void concentrations decrease w i t h  increasing 

i r r ad ia t ion  temperature at  a constant fluence and increase with increasing 

fluence a t  a constant i r r ad ia t ion  temperature. Measurements have shown 

that  a void grows t o  what appears t o  be a maximum or l imi t ing  s i z e  i n  a 
few times 1021 neutrons/cm2; the rea f t e r  t he  growth rate decreases markedly. 

a (cpt)'. 7 2  depending upon which data 
P P 

We a re  continuing t o  evaluate the  r o l e  t h a t  carbide morphology and 

d i s t r ibu t ion  play i n  t h e  embrittlement of Incoloy 800 al loys.  

t inuous,  agglomerated carbide formed along t h e  grain boundary by means 

of a spec ia l  heat treatment i s  s t ab le  at 500°C and r e s u l t s  i n  improved 

creep d u c t i l i t y  a f t e r  long-term exposure. I r r ad ia t ion  of solution- 

annealed Incoloy 800 a t  lower temperature (350°C) enhances the aging 

response as evidenced during creep at 650°C. 

A discon- 

6. FABRICATION DEVELOPMENT FOR LMFBR STAINLESS STEEL TUBING 

Nine extrusion b i l l e t s  of type 316 s t a i n l e s s  s t e e l  were extruded 

in to  2.1-in. -OD x 1.36-in. - I D  x 50-in. -long tube she l l s .  

tube she l l s  were tube reduced t o  1-in.-OD x 0.8-in.-ID x 240-in.-long 

tube hollows. 

t a i l  stock. 

methods used t o  instrument the  tube reducer. 

corrected. 

Two of the  nine 

Defects on the  tube hollows were t raced t o  a misaligned 

The misalignment appears t o  have been a consequence of t he  

This problem i s  being 

Tubing was  fabr icated fromty-pe 316 s t a i n l e s s  s t e e l  (Allegheny- 

Ludlum S tee l  Corporation heat 65808) with var iab le  reduction of a rea  per 

pass and interpass  annealing temperatures. Specimens from t h i s  l o t  of 

tubing a re  being prepared f o r  t e s t s  of mechanical propert ies  a t  450, 550 ,  

and 650°C. 

I 

I 
1 
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Studies of planetary swaging a re  under w a y  on type 316 s t a in l e s s  

s t e e l .  The swaging conditions caused a problem of surface f laking t h a t  

became worse as t h e  reduction per pass w a s  increased. Concurrent work 

on type 304 s t a in l e s s  s t e e l  indicates  some of t h e  reasons fo r  t h e  sur- 
face cracking. 

developed surface cracks during the  second pass, at 26% t o t a l  reduction, 

while a tube t h a t  w a s  sunk by mandrel drawing and ironed by planetary 

swaging had no defects a f t e r  s i x  passes (47% t o t a l  reduction).  

Biaxial  s t ress-rupture  tests on planetary-swaged and mandrel-drawn 

A tube t h a t  w a s  ironed and sunk by planetary swaging 

tubing a re  i n  progress. 

7. WELDING DEVELOPMENT FOR LMFBR VESSELS AND COMPONENTS 

We have compiled ex is t ing  s t ress-rupture  data on s t rength and 

d u c t i l i t y  of s t a i n l e s s  s t e e l  welds and have or iented our program t o  

determine reasons f o r  t h e  large s c a t t e r  i n  data - par t i cu la r ly  i n  duc- 

t i l i t y .  Base p l a t e  and f i l l e r  w i r e  were procured, and preliminary welds 

were made t h a t  bracket t h e  range of p rac t i ca l  welding conditions fo r  t he  

submerged-arc process. Specimens f o r  preliminary tests of mechanical 

propert ies  were prepared. 

Characterization of welds produced f o r  t h e  Fast Flux Test F a c i l i t y  

weldment i r r ad ia t ion  program i s  continuing. The electron microprobe i s  

being used t o  determine the  approximate composition of f e r r i t e  i n  the  

weld metal. 

8. SHIELDED METALARC WELDING FOR LMFBR COMPONENTS 

We procured a s e r i e s  of electrodes with type 308 s t a in l e s s  s t e e l  

coatings t h a t  have carefu l ly  controlled minor differences in  composition. 

We made welds i n  t h i s  mater ia l  under carefu l ly  controlled conditions and 

machined samples from them f o r  i r r ad ia t ion  and mechanical t e s t ing .  

9. NONDESTRUCTIVE TESTING TECHNIQUES FOR LMFBR 

We a r e  developing new methods and equipment f o r  nondestructively 

evaluating materials or components r e l a t ed  t o  the  LMFBR program. We a re  



x v i i i  

using electromagnetic-induction, u l t rasonic ,  and penetrating-radiation 

t e s t  methods. 

We began the design of a new kind of eddy-current instrument fo r  

determining t h e  depth of f l a w s  beneath t h e  inspection surface.  Prelimi- 

nary s tudies  were made on the  use of op t i ca l  schl ieren techniques on 

welds t o  aid the  development of u l t rasonic  inspection techniques. 

We prepared two s e t s  of samples of s t a i n l e s s  s t e e l  containing 

varying degrees of cold work. Preliminary measurements of magnetic 

permeability by an electromagnetic-induction technique on sheet  speci- 

mens show good correlat ion.  

10. SODIUM CORROSION STUDIES 

We constructed a se r i e s  of capsules t o  compare t h e  e f f ec t  of 0 i n  

N a  on V and V a l loys a t  600°C. 

V-lO$ Cr, V-15$ C r ,  V-20% T i ,  V-15$ Cr-5% T i ,  Vanstar 7, Vanstar 8, and 

Vanstar 9. The alloys a re  being exposed t o  N a  containing 2000 ppm 0 i n  

capsules of type 304 s t a in l e s s  s t e e l  f o r  100, 200, 300, and 600 hr .  

The a l loys  t o  be t e s t e d  a re  V-5% C r ,  

A t h e r m 1  convection loop w i t h  a surface area r a t i o  of 1:4 of V t o  

Com- type 304L s t a in l e s s  s t e e l  w a s  terminated after operating 3000 hr. 

mercial and high-purity V specimens from diss imilar-al loy s t a t i c  cap- 

sules  of type 3 W L  s t a i n l e s s  s t e e l  showed increases i n  C and N a t  700 
and 8 0 0 ° C  ( t ransfer  w a s  considerably grea te r  a t  800°C). Only the high- 

pu r i ty  V increased i n  0. A t  700"C, i n t e r s t i t i a l  t ransport  from type 321 
s t a in l e s s  s t e e l  w a s  negl igible  compared t o  tha t  from type 304L s t a in l e s s  

s t e e l .  The i n t e r s t i t i a l  mass t ranspor t  f r o m t h e  type 304L s t a i n l e s s  

s t e e l  l e d  t o  reduced d u c t i l i t i e s  at  room temperature f o r  both grades of 

V,  but there  w a s  no change i n  the  t e s t s  wi th  type 321 s t a i n l e s s  s t e e l s .  

The r a t e s  of 0 contamination f o r  unalloyed V were determined from 

400 t o  900°C f o r  vacuum ( 4  x 
2 x t o r r .  The contamination r a t e  goes through a maximum a t  about 

550°C. 
and there  is  a decrease i n  the  number of .O atoms adsorbed above t h e  

maximum. 

t o r r )  and 0 2  pressures of 2 x and 

Diffusion k ine t ics  appear t o  cont ro l  t h e  r a t e  below t h e  maximum, 
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The long-term studies  (5000 h r )  of t h e  compatibil i ty of thermal 

insulat ion with s t a in l e s s  s t e e l  were completed. Weight gain a t  760°C 

showed t h a t  t h e  sca l ing  of ty-p'e 316 s t a i n l e s s  s t e e l  increased more 

between 1000 and 5000 h r  i n  moist air  than i n  dry a i r ,  and nearly the  

same scal ing resu l ted  a t  760 and 730°C when t h e  surfaces were prepared 

by machining o r  pickling. A n  apparatus designed t o  study the  e f f ec t  of 

N a  on the  oxidation of s t a in l e s s  s t e e l  w a s  b u i l t ,  and the  f irst  t e s t s  

a r e  i n  progress. 

11. DEVELOPMENT OF FAST-REACTOR NEUTRON-ABSORBER MATERIALS 

O u r  s tudies  a r e  directed toward obtaining a b e t t e r  understanding of 

i r r ad ia t ion  behavior of absorbers t o  be used i n  fast reactors.  Current 

i n t e r e s t  i s  directed toward well-characterized B4C. 

We have found t h a t  commercial grades of B4C powder consist  of mix- 

tu res  of pa r t i c l e s  t h a t  vary i n  B:C r a t i o ,  i n t e r n a l  porosity,  and surface 

graphite. The electron scanning microscope w a s  used t o  show surface 

morphology of t he  powders. Specialized techniques of x-ray d i f f rac t ion  

and metallography were developed t o  characterize these powders. Very 

f i n e  polyhedral voids a r e  found i n  the  material depending upon t h e  compo- 

s i t i on .  Some metastable phases were observed but  as ye t  are  unidentified.  

I r rad ia t ion  t e s t s  were planned, and materials for these t e s t s  a re  

being prepared. 

PART 11. SPACE POWER TECHNOLOGY 

FUEIS 

12 .  DEVELOPMENT OF URANIUM MONONITRIDE FUEIS 

The t h i r d  capsule f o r  i r r ad ia t ion  t e s t i n g  of UN has operated suc- 

cess fu l ly  f o r  4500 h r  with cladding temperatures up t o  1400°C. 

cladding is  T-111 (Ta-8% W-2% Hf ) . 
The 



C U D D I N G  AND OTHER STRUCTURAL MATERIALS 

13. CLADDING MATERIALS FOR SPACE I S O T O P I C  HEAT 

Studies o f . t h e  in te rac t ion  of s t r e s s  and vacuum on 

e r t i e s  of Haynes a l loy  No. 25 were concluded. We found 

SOURCES 

the creep prop- 

degradation of 

creep s t rength due t o  the  evaporation of v o l a t i l e  a l loying elements t o  

be most severe i n  thinner materials.  We a t t r i b u t e  t h i s  behavior t o  the  

greater  volume f rac t ion  of t h e  specimen t h a t  i s  affected,  which reduces 

t h e  amount of the  strengthening Laves phase t h a t  can be precipi ta ted.  

An ordered developmental a l loy  (Ni-38.8% C0-22.5$ V )  w a s  shown t o  

have a marked advantage i n  creep s t rength over conventional a l loys ,  

including Haynes a l loy  No. 25. We are invest igat ing Pt-based al loys i n  

an attempt t o  combine the  advantages of higher melting point,  negl igible  

evaporative losses ,  superior oxidation resis tance,  and the  strengthening 

. provided by ordered s t ructure .  I n i t i a l l y ,  we are  studying P t - C r  and 

Pt-Mo al loys.  

14. PHYSICAL AND MECHANICAL METALLURGY OF REFRACTORY ALLOYS 

The strong age-hardening e f f ec t  observed i n  Ta-50 w t  $J H f  a t  8 5 0 ° C  

i s  a t t r i bu ted  t o  the  f3 t o  a eutectoid transformation of a Hf-rich phase 

and the  prec ip i ta t ion  of a large volume of f ine  pa r t i c l e s .  

but smaller e f fec t  w a s  observed i n  a Nb-58 w t  $ Z r  a l loy.  

have not confirmed the  existence of a misc ib i l i ty  gap i n  the  Nb-Hf system 

as reported i n  the l i t e r a t u r e .  Oxygen and nitrogen impurit ies may a f f ec t  

the  phase relat ionship.  The creep s t rength of TZM w a s  shown t o  be a func- 

t i o n  of t he  reciprocal  subgrain s i z e  produced by the  fabr ica t ion  var i -  

ables.  

investigated.  

were attained. 

report  e d. 

A similar 
X-ray s tudies  

Several methods for  joining Pt tubes t o  Ta-lO$ W tubes a re  being 

Various degrees of success f o r  producing leak-tight j o in t s  

The physical properties of Ta between 80 and 400°K are 
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15. TUNGSTEN METALLURGY 

We have determined the  e f f ec t  of s t a r t i n g  s t ruc tures  and extrusion 

temperature on t h e  s t ruc ture  of duplex extruded powder-metallurgy W 

tubing. 

t i o n  and grain growth occur during preheat; but  at  115OoC, a wrought 

extruded s t ruc ture  i s  produced i f  the mater ia l  i s  recrys ta l l ized  before 

extrusion. We are continuing t o  invest igate  methods for  minimizing 

formation of nodules during the  chemical vapor deposition of W-5% Re. 

Experiments with pulsing, reversing, and f i l t e r i n g  the  gas flow or 
increasing the  H2: (WF6+ReFG) gas r a t i o  were unsuccessful i n  eliminating 

the  formation of nodules. 

deposition of V, dense metal deposits were obtained by the  H2 reduction 

of V C l 4  and VF5 at  temperatures above 900°C. 

A t  extrusion temperatures of 1450" C and higher, recrys ta l l iza-  

In  a f e a s i b i l i t y  study on chemical vapor 

A comparison of t h e  creep-rupture propert ies  of arc-melted and 

powder-metallurgy W-25% Re sheet a t  1650 and 2200°C showed that  t h e  

powder-metallurgy mater ia l  has a shor te r  rupture l i f e  and lower rupture 

d u c t i l i t y  than arc-melted material. On the  bas i s  of secondary creep 

r a t e ,  powder-metallurgy mater ia l  i s  weaker than arc-melted material  a t  

1650°C but stronger a t  2200°C. This behavior i s  explained by difference 

i n  grain-boundary mobility and void growth. 

We continued our evaluation of the  long-time creep and s t ress-rupture  

propert ies  of arc-melted W-Re al loys.  

rupture data  between 1400 and 2200°C a re  presented fo r  W-25'$ Re. 

Creep data  at 1650°C and s t r e s s -  

We a re  

a l s o  performing interrupted creep t e s t s  on powder-metallurgy W at 1600°C 

and examining void d is t r ibu t ions  and dis locat ion configurations at  

s t r a i n s  between 2 and 10%. 
the  creep propert ies  of W show the  creep r a t e  i n  7 x t o r r  0 2  i s  

twice tha t  at  a base pressure of 1.3 x 

a t t r ibu ted  t o  the  higher r a t e  of W sublimation i n  l o w  pressure 02 and t o  

e i t h e r  0 dissolving i n  the  W or 0 2  increasing t h e  rate at  which creep 

Studies on t h e  e f f ec t  of low pressure 0 2  on 

t o r r .  This behavior i s  
I 

cavi t ies  grow. 

In  our joining s tudies  on W a l loys,  we a re  developing f i l l e r  metals 

t h a t  have me1tin.g points lower than that  of W t o  minimize thermal s t r e s ses ,  

r ec rys t a l l i za t ion ,  and grain growth i n  t h e  heat-affected zone. Powder 
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metallurgy W sheet w a s  successful ly  welded with Mo-Re and W-Mo-Re a l loy  

f i l l e r  metals. 

16. FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSULATORS 

Si l icon oxynitride ( S i 2 O N 2 )  changed very l i t t l e  i n  volume during 

i r r ad ia t ion  over t h e  fast-fluence range 1.6 t o  5.5 x lo2’ neutrons/cm2 

(> 1 Mev) a t  temperatures below 100°C. 

followed by expansion a t  high fluences. 

There i s  an i n i t i a l  shrinkage 

Translucent Lucalox A 1 2 0 3  w a s  i r r ad ia t ed  a t  very l o w  temperatures 

(70 t o  90°C) t o  fast fluences ranging from 1.8 t o  5 . 5  x 1021 neutrons/cm2 

(> 1 Mev). The volume expansion a t  high fluences (above 

3.6 x 1 O 2 I  neutrons/cm2) w a s  very much less than w a s  previously observed 

i n  i r rad ia t ions  at  higher temperatures. 

An assembly containing corribinations of insulators  and meta l l ic  con- 

ductors w a s  i r r ad ia t ed  i n  t h e  Engineering Test Reactor. Post i r radiat ion 

examinations a re  i n  progress. 

17. CORROSION STUDIES OF ADVANCED REFRACTORY METALS 

We have planned a se r i e s  of thermal convection loop t e s t s  t o  eval- 

uate  the  corrosion behavior of W and W-Re a l loys  i n  flowing L i  a t  1350°C. 

Loops of unalloyed W and W-25$1 Re a re  now under construction. 

We have developed improved techniques f o r  i n s t a l l i n g  t h e  W-Re thermo- 

couples used i n  our L i  loops. This w a s  necessi ta ted by f a i l u r e s  of both 

sheathed and bare-wire couples during a t r i a l  run of our T-111 pumped L i  

loop (FCLLL-1). 

loop: W-Re wires contained i n  a Ta sheath; bare W-Re w i r e s  spot welded 

d i r e c t l y  t o  the  loop; and bare W-Re wires mechanically t i e d  t o  t h e  loop. 

Measurements of t h e  coeff ic ient  f o r  d i s t r ibu t ion  of 0 between K and 

Three types of couples are now being i n s t a l l e d  on the  

Zr, which heretofore had been impossible, were made by means of an 
improved method f o r  determining t h e  0 content of t he  K. Fast-neutron 

ac t iva t ion  analyses f o r  0 v e r i f i e d  our predict ion t h a t  t h e  coef f ic ien t  

exceeded 1000. 
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When a s e r i e s  of Nb specimens t o  which 300 t o  1650 ppm 0 had been 

added were exposed t o  L i  at 6OO0C, the  threshold 0 concentrations f o r  L i  

penetration were found t o  be 400 and 800 ppm 0 f o r  intergranular  and 

transgranular penetration, respectively.  

PART 111. GENERAL F3ACTOR TECHNOLOGY 

FUELS 

18. FISSION-GAS FBLEASE AND PHYSICAL PROPERTIES OF 
FUEL MATERIALS DURING IRRADIATION 

Thermal d i f fus iv i ty  data  obtained during i r r ad ia t ion  have indicated 

that s tored energy i s  present i n  two forms: one pa r t  r e su l t s  from long- 

t e r m  buildup w i t h  i r r ad ia t ion  and one depends on the  immediate irradia- 

t i o n  history.  

high precision. The mathematical processes for obtaining values of 

thermal d i f f i s iv i ty  s t i l l  need fur ther  development because of t he  e r r a t i c  

re lease  of s tored  energy. Fission-gas re lease  from t h e  specimen shows 

t h a t  it remains i n  good condition. 

The data-measuring and -processing techniques work w i t h  

19. DEVELOPMENT OF FUEL EIEMENT FABRICATION 

A proposed technique fo r  reducing losses caused by b l i s t e r i n g  i s  

t o  provide more porosi ty  i n  the  f i l l e r  sect ions by adding powdered Z r 0 2  

t o  t h e  A l .  Such p la tes  were successful ly  fabr icated,  and the'number of 

b l i s t e r s  was  reduced. We found t h a t  p la tes  fabr icated from loose- f i t t ing  

powder cores do not b l i s t e r ,  while others fabr icated similarly from dummy 

wrought cores do b l i s t e r .  With t h e  powder cores, misfits i n  s i z e  as 

la rge  as 5.3$ were fabricated without b l i s t e r ing ,  while 1% misfit pro- 

duced b l i s t e r i n g  i n  wrought cores. In  s tudies  of t h e  e f f ec t s  of p l a t e  

cleaning on bonding, as measured by i n t e r f a c i a l  grain growth, we found 

t h a t  f o r  ranges invest igated nei ther  t h e  concentration nor the  tempera- 

t u r e  a re  sens i t ive  variables i n  the  Oakite 160-HN03 process. The amount 

of grain growth w a s ,  however, reduced by 10% by excessive use of the  

solut ion.  Nickel present on the  surface of t h e  A1 ser iously in te r fe res  

with t h i s  cleaning technique. 
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Studies of t h e  mechanism by which f u e l  p la tes  deform during 

fabr ica t ion  continued. 

not densify the  powder cores very much, but t h e  next t h ree  do. Cores 

with tapered or  shaped ends increase i n  densi ty  more quickly than the  

rectangular ones s ince they do not elongate as much. 

tha t  a gap formed a t  t h e  end of t he  core i n  these p la tes  during t h e  

i n i t i a l  passes. 

We showed t h a t  the f irst  two r o l l i n g  passes do 

We again found 

We a r e  attempting t o  reduce dogboning by using low-density cores. 

We were able  t o  vary the  density of pressed cores by varying t h e  com- 

pacting pressure. Cores showed comparable dens i t ies  whether t h e  f u e l  

w a s  U 3 O 8  or UAlx. 

cores w a s  not dependent on temperature while t h a t  of t h e  UA1 cores w a s .  

Miniature f u e l  p la tes  with carefu l ly  determined-dis t r ibut ions o f  

p a r t i c l e  s izes  were fabricated t o  check on t h e  e f f ec t s  of f i e1  p a r t i c l e  

s i z e  and surface area on homogeneity as measured by the  scanner. Values 

of surface a rea  and toluene densi ty  were measured f o r  t h e  various s i z e  

f rac t ions  of both high-fired and burned U3O8 and were found t o  be inde- 

pendent of t h e  p a r t i c l e  s ize .  No differences i n  void concentration were 

found i n  p la tes  w i t h  cores of varying thicknesses o r  f r o m t h e  various 

par t ic le -s ize  d is t r ibu t ions ,  but differences were found between t h e  two 

types of oxide. 

In  the  degassing s tep,  t h e  expansion of t h e  oxide 

X 

We have s h m  t h a t  t he  primary source of e r ro r  i n  t h e  use of radi-  

ography and densitometry i n  determining f u e l  homogeneity i s  the  kO.02 

inaccuracy due t o  l imitat ions of t h e  densitometer f o r  measuring film 

density. 

wedge i s  used on each radiograph, only reasonable control  i s  required 

over such variables as x-ray energy, exposure time, and film processing. 

We found, however, t h a t  exposing used film t o  an amber sa fe l igh t  could 

cause erroneous readings. 

T h i s  can cause an e r r o r  of 5% i n  homogeneity data. If a s t e p  

The G-12 loop f a c i l i t y  i n  t h e  Engineering Test Reactor (ETR) was  

shut down, and a l l  samples a re  being returned t o  Oak Ridge. 

studying the  poss ib i l i t y  of continuing the  i r r ad ia t ion  program on dis- 

persion fuels  i n  the  High Flux Isotope Reactor (HFIR). Preliminary 

s tudies  indicate  t h a t  s ign i f i can t ly  fewer calendar days w i l l  be required 

t o  achieve t h e  desired burnup i n  t h e  H F I R  than i n  t h e  ETR. 

We a re  

A curve 

I 
I 

I 
I 



p lo t t ed  from exis t ing  i r r ad ia t ion  data  indicates  t h a t  swelling i s  

primarily a f'unction of i n i t i a l  void content and burnup. 

hown, t h e  expected swelling may be predicted within ?l$. 
If these are 

We have now incorporated i n t o  t h i s  project  a new t a s k  on refractory-  

metal dispersion f u e l  elements. We are  examining i n  the  High Radiation 

Level Examination Laboratory samples of W-Re-Mo clad W-UO2 and W-UO2-ThO2 

specimens prepared and i r r ad ia t ed  by the  General E lec t r i c  Company. As 
t h e  r e s u l t  of a f i s s ion  break, t h e  samples were removed f romthe  Oak 

Ridge Research Reactor a f t e r  achieving a burnup of 1 .5  x lo2'  of a 

scheduled 2 x lo2 '  fissions/cm3. 

t h e  f i s s i o n  gas was released from a pinhole leak  i n  a s ingle  sample. 

Dimensional measurements show t h a t  a l l  samples swelled. 

On examination, it w a s  determined t h a t  

20. TECHNICAL ASSISTANCE I N  PROCUREMENT OF FLTEL ELEMENTS 

Representatives of t h e  National Lead Company v i s i t e d  ORNLto review 

recent developments i n  the  manufacture of f u e l  elements. We discussed 

causes and control  of nonuniform deformt ion  (dogboning), manufacturing 

of UAlx, procedures f o r  use of unclad type 6061 A 1  i n  f u e l  p la tes ,  and. 

t h e  production of t he  High Flux Isotope Reactor f u e l  elements. 

CLADDING AND OTHER STRUCTURAL MATERIALS 

21. BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION 

Refractory-metal carbides were i r r ad ia t ed  a t  temperature between 

65 and 130°C t o  fast fluences from 0.1 t o  0.7 x 1 O 2 I  neutrons/cm2 

(> 1 Mev). 

w e r e  obtained from t h e  data p lo t s :  

N b C ,  0.14; WC, 0.24. Specimens t h a t  had previously been i r r ad ia t ed  at  
higher temperatures (175 t o  400°C) were annealed out-of-reactor a t  tem- 

peratures up t o  1100°C. In each case, there  w a s  a rap id  reduction i n  
f r ac t iona l  volume increase followed by a level ing of f  a t  900 t o  950°C. 

The annealing data  aided i n  the  development of a mechanism f o r  neutron 

damage, based on i r r ad ia t ion  annealing, t h a t  explains t h e  i n i t i a l  satu- 

r a t ion  of volume expansion of carbides. 

I n i t i a l  slopes of t h e  curves for AV/V versus fast fluence 

T i c ,  0.24; Z r C ,  0.22; TaC, 0.'15; 



A low-temperature (about 150°C) assembly containing depleted n i t r i d e  

f u e l  specimens i s  now being i r r ad ia t ed  i n  t h e  Engineering Test Reactor. 

A high-temperature (lO0O'C) assembly i s  being prepared f o r  a similar 
i r rad ia t ion .  These experiments are designed t o  evaluate t h e  e f f ec t s  of 

He generation i n  n i t r i d e  fue ls  through t h e  14N(n,a)11B fast react ion by 

comparing property changes of specimens made with 1 4 N  with those of speci-  

mens made with 1 5 N ,  which does not undergo the  (n,a) reaction. 

Assemblies are being designed and specimens a re  being prepared for 

i r r ad ia t ion  of fast-neutron absorbers i n  t h e  Experimental Breeder Reactor- 

I1 blanket. Specimens of B4C of two d i f fe ren t  B:C r a t i o s ,  Ta metal, TaC, 

and other absorbers w i l l  be i r r ad ia t ed  at  400 and 750°C. 

22. JOINING RESEARCH ON NUCLF,AR MATERIALS 

We metallographically examined t h e  Inconel 600 hot -duc t i l i ty  speci-  

mens discussed previously and determined t h e  e f f ec t s  of S, P, and l4-1 on 

t h e i r  microstructures. The addi t ion of nominal amounts of C ,  Mn, S i ,  

and Cu t o  the  te rnary  Ni-15.5% Cr-8% Fe a l l o y  resu l ted  i n  a grain ref ine-  

ment i n  both t h e  unaffected base metal and t h e  f rac ture  a rea  of t h e  hot- 

d u c t i l i t y  specimens. A t  t he  zero-duct i l i ty  temperature (ZDT), small 

amounts of S resu l ted  i n  l iqua t ion  i n  t h e  grain boundaries and, as the  

l e v e l  of S increased, i n  l iqua t ion  i n  laminations i n  t h e  base metal. 
Phosphorus had e s sen t i a l ly  no e f f ec t  on the microstructure of t h e  annealed 

base metal and no apparent e f f ec t  on t h e  microstructure of t h e  a rea  heated 

t o  t h e  ZDT. 

resu l ted  i n  a coarsening of the  grains.  

Additions of Mn t o  an a l l o y  nominally containing O.OlO$ S 

A mathematical model developed by Rensselaer Polytechnic I n s t i t u t e  

provides a n  acceptable s t a t i s t i c a l  f i t  w i t h  t h e  experimental data pre- 

viously obtained on t h e  e f f ec t  of minor elements on t h e  weldabi l i ty  of 

Inconel 600. 

Shielded metal-arc s t a in l e s s  s t e e l  welding electrodes f o r  deposit ing 

0, 2, 5, 7, 10, and 15% f e r r i t e  were obtained, and welds were made with 

an automatic head. Bead-on-plate welds were produced a t  heat inputs from 

10,000 t o  60,000 J / in .  These welds a r e  being evaluated metallographically. 
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Specimens containing documented d iscont inui t ies  f o r  short-time 

s t ress-rupture  and t e n s i l e  tests were produced. 

copy i s  being used t o  characterize weld f rac tures  i n  Inconel 600. These 

w i l l  be compared t o  f rac tures  i n  other Ni-base weld metals. 

Scanning electron micros- 

23. NONDESTRUCTIVE TES TING 

We a r e  developing new techniques and equipment f o r  t he  nondestruc- 

t i v e  t e s t i n g  of materials and components. 

methods involving eddy currents ,  ultrasound, and penetrating radiation. 

The major emphasis has been on 

In our ana ly t i ca l  work on electromagnetic phenomena w e  developed 

solutions t o  i n t e g r a l  equations f o r  addi t iona l  configurations of c o i l  

and conductor, including the  cases of a c o i l  between a nurriber of con- 

ducting p la tes  and a c o i l  encircl ing two concentric, spherical  she l l s .  

We a re  t ry ing  t o  improve the  accuracy of equations f o r  t he  case of a 

defect i n  a conductor. 

Improvements were made t o  our schl ieren system that increase the  

s e n s i t i v i t y  fo r  pulsed operation. We can now record sequences on video 

tape or motion p ic ture  f i l m .  We a r e  using a system of ul t rasonic  f r e -  

quency analysis  t o  study. re f lec t ions  from f la t ,  c i rcu lar  re f lec tors  as 

a function of severa l  var iables ,  including specimen material and t h e  

s i z e  and or ien ta t ion  of t he  r e f l ec to r .  We increased our capabi l i ty  f o r  

making and measuring precision reference notches through use of Ta t oo l s  

and improved t o o l  holders. 

A preliminary study w a s  made t o  determine t h e  capabi l i ty  of our 

scanning system for x-ray at tenuat ion t o  measure var ia t ions  i n  graphite 

density.  

measuring t h e  thickness of cladding by methods based on radiat ion 

s c a t t  er ing . 

W t a  i s  being accumulated on the  use of 241Am and 147Pm for 

24. IMPROVEMENT OF HASTELLOY N AND RELATED COMPOSITIONS 

Several chemical modifications of Hastelloy N a r e  being s tudied i n  

an e f f o r t  t o  develop an alloy with improved res i s tance  t o  enibrittlement 

by neutron i r r ad ia t ion .  Additions of 1% T i  r e s u l t  i n  an a l loy  containing 
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the  MC type of carbide with good propert ies  both before and a f t e r  

i r rad ia t ion .  Lesser amounts of T i  lead t o  the  formation of mixed MC and 

M2C types of carbides with l e s s  a t t r a c t i v e  properties.  Alloys t h a t  con- 

t a i n  Nb, H f ,  and Y t  also look promising with f rac ture  s t r a i n s  of 4 t o  

239 (compared with 0.5 t o  3% f o r  standard Hastelloy N ) .  

appears t o  be a strong correlat ion between good pos t i r rad ia t ion  prop- 

e r t i e s  and f o r m t i o n  of the  MC type of carbide. 

There s t i l l  

25. ADVANCED MATERIALS FOR STEAM GENERATORS 

We are  determining the  resis tance of weldments between diss imilar  

metals t o  corrosion by steam a t  595 and 650°C. Measurements of t h e  

weight gained and the thickness of t he  sca le  formed by specimens showed 

good resis tance f o r  most weldments a t  both temperatures f o r  times t o  

6000 hr .  However, some spa l la t ion  w a s  noted i n  welds of the  I N  102 a l l o y  

a t  650°C. Stress-corrosion s tudies  at  t h e  lower temperature for times t o  

4000 hr revealed no cracks or evidence of crack propagation t h a t  could be 

a t t r i bu ted  t o  s t r e s s  corrosion. . 
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1. DEVELOPMENT OF FAST-REACTOR OXIDE FUELS 

P. Patr iarca A. L. Lotts 

The objective 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 liquid-metal fast breeder r e a d o r  (LMFBR) by 

extending the  performance capabi l i ty  and advancing the  fabricat ion tech- 

nology of oxide fuels .  These fuels have t h e  most advanced technology and 

grea tes t  po ten t i a l  f o r  r e l i a b l e  operation i n  f i rs t -generat ion LMFBR's. 
They have been t e s t e d  i n  f a s t - f lux  environments but as yet  have not been 

exposed under ac tua l  prototypic conditions. Currently, the  burnup and 

heat r a t e  a re  l imited t o  about 50,000 Mwd/metric ton  and 16 k w / f t ,  

respectively,  based on i r r ad ia t ion  experiments w i t h  fue ls  that  are  not 

necessar i ly  optimized f o r  thermal, chemical,.and mechanical performance. 

The capabi l i ty  of oxide fue ls  can possibly be improved by adjust ing 

s t ruc tures  o r  void d i s t r ibu t ion  i n  the  fuels .  We emphasize i r r ad ia t ing  

fue l s  derived from the  sol-gel  process with thoroughly characterized 

s t ruc tures  and void d is t r ibu t ions  d i f fe ren t  from those of t he  oxide fue l s  

i r r ad ia t ed  heretofore.  These include fue ls  fabr icated by Sphere-Pac, 

vibratory compaction, extrusion, and pe l le t iza t ion .  We compare t h e  per- 

formance of these w i t h  the  performance of reference fue ls  such as p e l l e t s  

derived from mechanically blended powders and coprecipitated material .  

The development of computer programs t o  assist i n  t h e  analysis of t es t  
r e s u l t s  and the  development of a mathematical model t o  predict  the  per- 

formance of a f u e l  rod a r e  integrated w i t h  t he  t e s t  program. 

Preparation of ( U , P U ) O ~  Fuel Materials 

W. T. McDuffeel 

Preparation of PuO2 Sol 

We prepared 315 g of Pu as PuO2 s o l  by our standard prec ip i ta te -  

bake-peptize procedure, which r e s u l t s  i n  a 1 t o  3 - M so l ,  fo r  use i n  

fabr ica t ing  p e l l e t s  f o r  various i r r ad ia t ion  capsules. 
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Preparation of Microspheres 

We prepared about 600 g of (Uo..j0,Puo.2o)O2 microspheres for use i n  

i r rad ia t ion  capsules. 

our laboratory-scale equipment. We equi l ibrated t h i s  CUSP sol with 

- n-hexanol t o  extract  t h e  formic acid normally present i n  U 0 2  sols, since 

t h i s  acid,  i f  not a t  l e a s t  p a r t i a l l y  removed,. causes i n s t a b i l i t i e s  when 

t h e  U02 and PuO2 sols a r e  mixed. We then blended the  U02 and Pu02 s o l s  

i n t o  t h e  (U,Pu)02 s o l  and prepared the two s i zes  of microspheres required 

f o r  dense packing by t h e  Sphere-Pac process. 

spheres were < 25 pm i n  diameter; the r e s t  were 400 t o  600 pm i n  diameter. 

We prepared the U02 s o l  by the CUSP process2 i n  

One-third of these micro- 

Although we were careful  t o  minimize aging e f f ec t s  and other known 

causes of problems, both i n  blending the  sols and forming t h e  spheres, 

t he  y i e l d  of good product w a s  l o w  (only about 50% of t h a t  usually 

obtained). We probably need more operating experience with mixed PuO2 

s o l  and U 0 2  (CUSP) sol before we can pinpoint t h e  cause of our trouble.  

Development of Fabri c a t  ion Proce s s es 

J. D. Sease 

Fast reactors t h a t  operate at high spec i f ic  powers w i l l  require 

f u e l  pins of small diameter with f u e l  ranging from 80 t o  90$ of theoret-  

i c a l  density and a high f i s s i l e  loading. 

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

capsules. 

O u r  work i s  t o  develop proce- 

Sphere-Pac (W. L. Moore) 

Our objective i s  t o  invest igate  t h e  var iables  of S p h e r e - P a ~ , ~  a 

technique f o r  loading f u e l  rods t o  a high dens i tywi th  graded s i zes  of 

f u e l  microspheres, and t o  optimize t h e  process f o r  use i n  production 

f a c i l i t i e s  . 
Since work t o  date has indicated t h a t  t h e  i n f i l t r a t i o n  of t h e  f ine  

microspheres i n t o  t h e  coarse bed controls t h e  r a t e  of t h e  process, t h i s  

quarter we studied t h e  e f f ec t s  of moisture and t h e  s i z e  of t h e  openings 

i n  the  screen used t o  r e t a i n  the  coarse bed on the  time required t o  
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i n f i l t r a t e  t h e  f ine  microspheres and compared t h e  amunts  of f i n e  

microspheres tha t  flow through the  core and perimeter of t he  bed. Two 

s i zes  of Tho2 microspheres were used fo r  these experiments: t h e  f i n e  

microspheres were < 37 pm i n  diameter and the  coarse were between 530 

and 590 vm i n  diameter. The loading tube w a s  clamped v e r t i c a l l y  t o  a 

model FOlO Syntron 60 Hz vibratory feeder4 incl ined a t  45". 

To study the  e f fec ts  of moisture on i n f i l t r a t i o n  time, we loaded 

microspheres that had been dr ied at  16OoC, microspheres tha t  had been 

exposed t o  laboratory a i r  of 50% r e l a t ive  humidity a t  26"C, and micro- 

spheres t h a t  had been exposed t o  air  saturated with water f o r  varying 

lengths of time i n t o  f u e l  rods 0.186 or  0.245 in.  i n  inside diameter and 

~ 8 or 24 in .  long. There w a s  no s igni f icant  difference i n  the  times 

required fo r  loading the  dr ied microspheres and those that  had been 

exposed t o  laboratory air .  But loading time w a s  increased when t h e  

coarse, t h e  f ine ,  or a l l  t h e  microspheres were exposed fo r  1 h r  t o  a i r  

sa tura ted  with water; and, a f t e r  24 h r  of exposure, t he  loading time w a s  

double that  required f o r  dry microspheres. Thus, under extreme atmo- 

spheric  conditions, microspheres can sorb enough moisture t o  i nh ib i t  

i n f i l t r a t i o n .  

To invest igate  t h e  e f f ec t  of t he  s i z e  of t h e  openings in  t h e  screen 

used t o  r e s t r a i n  the  top  of t h e  coarse bed during i n f i l t r a t i o n ,  we loaded 

a se r i e s  of 0.245-in.-ID x 16-in.-long f u e l  rods through screens with 

e i t h e r  149- or 297-pm openings. The average time required t o  load a f u e l  

rod through the  149-pm screen w a s  230 sec,  while that  f o r  t h e  297-pm 

screen w a s  only 145 sec. Obviously, t o  increase the  rate of i n f i l t r a t i o n ,  

we must use a screen with t h e  la rges t  opening t h a t  w i l l  s t i l l  prevent 

microspheres from being vibrated out of t h e  top  of t he  bed. 

To discover whether there  were any differences between t h e  r a t e s  of 

i n f i l t r a t i o n  at  the core and at  t h e  perimeter of t he  bed, we i n f i l t r a t e d  

f i n e  microspheres through 1- and 2-in. -long x 0.375-in. -diam beds of 

coarse microspheres. 

r a the r  than closed with a s o l i d  plug, so t h a t  t h e  coarse microspheres 

were retained while t he  f i n e  microspheres were f r e e  t o  f a l l  through t o  a 

col lect ion tray. Comparison of t h e  amounts of f ine  microspheres t h a t  

These beds were supported a t  t he  bottom by screens, 
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i n f i l t r a t e d  through the core and through the perimeter of t h e  coarse bed 

i n  a given time showed t h a t  there  w a s  e s sen t i a l ly  no difference between 

the  r a t e s  of i n f i l t r a t i o n .  

We a l so  investigated four methods of feeding the f i n e  microspheres 

i n t o  the  bed of coarse microspheres: 

1. f ine  microspheres poured through t h e  normal screen runnel, which 

r e s t r a ins  the  coarse microspheres at the  top  of t he  bed; 

f ine  microspheres poured through a screen tube,  which has a thinner 

w a l l  than the  normal screen funnel and, therefore ,  provides a greater  

area f o r  the f ine  microspheres t o  enter  t he  coarse bed; 

f i ne  microspheres poured d i r ec t ly  on t o p  of t he  coarse bed w i t h  no 

retaining screen; 

f i ne  microspheres poured d i r ec t ly  on top  of the  coarse bed w i t h  no 

re ta in ing  screen and w i t h . a  follower weight on top  of t h e  f ine  

microspheres. 

2. 

3. 

4. 

"he r a t e s  of i n f i l t r a t i o n  produced by a l l  four methods were e s sen t i a l ly  

e qual. 

Pe l le t iza t ion  of Sol-Gel (U,Pu)02 (R. A. Bradley) 

We fabricated p e l l e t s  fo r  two i r r ad ia t ion  tes t  capsules, capsule P-9 

f o r  the  Gas-Cooled Fast Reactor (GCFR) and capsule SG-3 f o r  the  Oak Ridge 

Research Reactor (ORR). The GCFR capsule required 91% dense dished-end 

annular pe l l e t s  made f r o m  (UO. 88,PuO. 1 2 ) 0 2  (U enriched w i t h  9% 23%). 

The ORR capsule required 83% dense annular p e l l e t s  of (UO. 8 0 , K O .  2 0 ) 0 2 .  

The f u e l  fo r  both capsules w a s  required t o  be substoichiometric 

(0:metal = 1.98 f 0.01). 

both of these capsules by blending UO;! and Pu02 sols, drying t h e  blended 

sols t o  a gel ,  and grinding the  g e l  t o  a powder as described previously. 5 , 6  

In our f irst  attempt t o  calcine the  powder for the  914 dense GCFR 

We prepared the  urania-plutonia powder f o r  

pe l l e t s ,  we used the  same conditions we used i n  making t h e  91% dense pel-  

l e t s  f o r  t he  Transient Reactor Test F a c i l i t y  (TREAT) : 7  

1. 

2. 

3. 

4. cool i n  CO2.  

heat i n  a i r  at 300"C/hr t o  520°C; 

change t o  A.x-4$ H2 and hold 4 h r  at 520°C; 

change t o  C02 and hold 1 h r  at  520°C; 
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The highest densi ty  we were able  t o  obtain t h i s  w a y  w a s  87% of theoret-  

i c a l .  Experience has shown that  f a i l u r e  t o  achieve s u f f i c i e n t l y  high 

densi ty  i n  so l -ge l  ( U , p U ) 0 2  i s  due t o  t h e  introduction of gross porosi ty  

when agglomerates of c r y s t a l l i t e s  s i n t e r  and shr ink away from adjoining 

agglomerates. It appeared, therefore ,  that t h e  calcinat ion given the  

f irst  batch of GCFR powder had not been ef fec t ive  i n  breaking up t h e  

agglomerates of c r y s t a l l i t e s .  We reasoned t h a t  t he  higher U content of 

t he  powder f o r  these GCFR p e l l e t s  caused it t o  oxidize more readi ly  and 

t o  s i n t e r  a t  a lower temperature than the T E A T  powder. 

decided t o  reduce the  temperature during the oxidation s t e p  of t h e  

calcinat ion : 

Therefore, we 

1. 

2. 

3. 

heat i n  a i r  t o  4 0 0 ° C  and hold 1 / 2  h r ;  

change t o  A P ~ $  H 2 ,  heat t o  5OO0C, and hold 4 hr ;  

change t o  C 0 2  and cool t o  room temperature in 6-8 hr.  

The p e l l e t s  produced f r o m t h i s  powder by pressing a t  40,000 t o  50,000 p s i  

and s in te r ing  a t  1 5 5 0 ° C  were 91$ dense. 

processes occur when sol-gel  (U,Pu)O*  i s  calcined i n  air. 

of t h e  U 0 2  t o  U3O8 and t h e  associated change i n  volume tend t o  break up 

t h e  agglomerates of c r y s t a l l i t e s .  Simultaneously, t h e  c r y s t a l l i t e s  a r e  

s in te red  together by t h e  reduction i n  surface energy. 

powder su i tab le  fo r  high-density p e l l e t s ,  one mst se l ec t  the  calcining 

conditions so that t h e  agglomerates are broken up before the  c r y s t a l l i t e s  

s i n t e r  together. 

We conclude that  two competing 

The oxidation 

To produce a 

We calcined the  powder f o r  t he  83% dense p e l l e t s  f o r  the  ORR capsule 

according t o  t h e  following schedule : 

1. heat i n  A r  at  3 O O 0 C / h r  t o  5 2 O o C  and hold 4 hr; 

2. change t o  C 0 2  and cool. 

The forming pressures and densi t ies  of p e l l e t s  produced i n  a t e s t  s i n t e r  

of t h e  powder i n  M $  H 2  a t  1 4 5 0 ° C  f o r  10 h r  a r e  given i n  Table 1.1. 

On t h e  basis of t h i s  t es t  s i n t e r ,  we chose 30,000 p s i  as the  forming 

pressure f o r  fabr ica t ing  the  p e l l e t s  for t h e  ORR capsule. 

density of t he  ORR p e l l e t s  was 83.5% of theore t ica l .  

The average 

The 0:metal r a t i o  of t h e  GCFR p e l l e t s  w a s  1.98 k 0.01 a f t e r  they 

were s in te red ;  however, t he  ORR p e l l e t s  required heat treatment at 1 3 0 0 ° C  

with a Ta f o i l  g e t t e r  a f t e r  s in t e r ing  t o  adjust  t h e  0:metal r a t i o  t o  1.98. 
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Table 1.1. Forming Pressure and Densities 
of Pe l l e t s  from Test S in te r  of ORR Powder 

Forming Density, '$ t heo re t i ca l  
Pressure 

(Ps i )  Green Sintered 

x io3  
25 
30 
35 
40 

44.. 2 82.7 
45.2 83.6 
45.4 84.4 
45.7 84.3 

Capsule Fabrication (R. B. Pratt, M. K. R. A. Bradley) 

Fabrication of t h e  two instrumented TREAT capsules (TREAT I and 11) 

and the  fueled portions of ORR capsule SG-3 w a s  completed. W e  began 

planning fo r  t h e  fabr ica t ion  of t h e  unencapsulated Experimental Breeder 

Reactor-I1 (EBR-11) f u e l  pins f o r  t he  shared 37-pin subassembly. 

TREAT Capsules. - Over t h e  next severa l  years we plan t o  fabr ica te  

a number of TREAT capsules. The f irst  se r i e s  w i l l  consist  of four cap- 

su les ,  TREAT I through I V .  This quarter w e  completed the  assembly and 

thermal ca l ibra t ion  of TREAT I and 11. 

and f inished assembly of TREAT I a re  shown i n  Fig. 1.1. 

The major hazdware components 

After f i n a l  assertibly and leak t e s t ing ,  we heated each capsule t o  

435°C t o  t e s t  the  heaters and the  1 2  thermocouples. 

curves were obtained f o r  each capsule t o  calculate  the heat capacity, and 

a pre i r rad ia t ion  heating cycle t o  be used a t  the  TREAT Reactor was  estab- 

l ished. A l l  data sheets ,  c e r t i f i c a t i o n  papers fo r  mater ia ls ,  inspection 

reports ,  and x rays were compiled. A l l  drawings were revised t o  incorpo- 

r a t e  any changes made during fabrication. A f i n a l  report  on the  fabrica- 

t i o n  of TREAT I and I1 is  now being wr i t ten .  

Heating and cooling 

Arrangements f o r  shipping t h e  TREAT capsules t o  the  TREAT were 

completed. We received approval from t h e  Department of Transportation 

for shipping these capsules, and we plan t o  sh ip  them ear ly  i n  October. 

ORR Capsules. - The f u e l  elements fo r  ORR instrumented capsule SG-3 

were fabricated and sen t  t o  the  Y-12 Plant fo r  inser t ion  i n t o  t h e  irra- 

diat ion capsule. These f i e 1  elements a re  two 3-in.-long fueled annuli 
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t h a t  have a 1/8-in.-diam cen t r a l  thermocouple wel l  of W-25$ Re and are  

clad i n  3/8-in.-OD Ti-modified type 304 s t a in l e s s  s t e e l .  The f u e l  used 

i n  f u e l  pin SG-3A w a s  TREAT microspheres from f u e l  l o t  103, which nomi- 

na l ly  contained (Uo. 8 0 , h O .  2 0 ) O z  with an 0:metal r a t i o  of 1.987. 

f i e 1  w a s  loaded by the Sphere-Pac process t o  a smear density of 82.1$ of 

theore t ica l .  

0:metal r a t i o  of 1.992. "he average density w a s  83.5$ of theore t ica l ;  

when t h e  0.0025-in.-diam gap i s  taken i n t o  account, t h i s  i s  equivalent 

t o  a smear density o f  82.2$ of theoret ical .  

The 

- Fuel pin SG-3B contained (UO. 8 0 , h O .  2 0 ) 0 2  pe l l e t s  with an 

EBR-11, Series I1 Unencapsulated Fuel Rods. - As our next oxide- 

f'ueled fas t - f lux  i r rad ia t ion  experiments, we  plan t o  i r r ad ia t e  unencap- 

sulated f u e l  pins i n  the EBR-I1 i n  a 37-pin subasserribly shared with the  

Babcock and Wilcox Company. 

requires 0.250-in. -OD x 0.015-in. - w a l l  thickness type 316 s t a in l e s s  

s t e e l  cladding. The cladding w i l l  be e i the r  40 or 60 in .  long, depending 

upon the  type of subassembly used f o r  the i r rad ia t ion  t e s t .  The f u e l  

column w i l l  be 13.5 in .  long, and the  balance of the  pin i n t e r i o r  w i l l  

contain depleted U02 blanket pe l l e t s ,  T h o 2  insulators ,  and an extensom- 

The preliminary design f o r  t h e  f u e l  pins 

e t e r  shielded by a N i  plug. "he f u e l  w i l l  be loaded e i the r  as pe l l e t s  

or Sphere-Pac microspheres. This quarter,  our main e f f o r t  w a s  applied 

t o  studying the requirements s e t  fo r th  i n  the  EBR-I1 experimenter's 

manual and developing a sequence diagram f o r  planning and scheduling the  

fabricat ion.  

puter,  i s  now about 80% complete. 
powder ( U  enriched w i t h  93$ 235U) f o r  t h e  p e l l e t  fabrication. 

This sequence diagram, which w i l l  be handled through a com- 

We began preparing the  (Uo. 8 0 , h O .  2 0 1 0 2  

Characterization of (U,Pu)Oz Fuels 

J. M. Leitnaker D. L. McELroy C.  S. Morgan 

The development of sol-gel  f u e l  fabr icat ion requires characterization 

of both the  chemi,cal composition and physical propert ies  of t he  material  

I 
I 

t o  control  the  process and t o  in te rpre t  meaningfully t h e  i r rad ia t ion  behav- 

ior .  Thermodynamic s tudies  w i l l  contribute t o  t h e  process development 
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f o r  t h e  fue l  and w i l l  a i d  i n  predict ing 

i r r ad ia t ion  t e s t i n g  and model s tudies .  

f u e l  performance for  both 

Analytical  Chemistry (W. H. Pechin) 

We a r e  t ry ing  t o  f ind  how bes t  t o  use ana ly t i ca l  chemistry f o r  t h e  

control  of t h e  fabricat ion process and f o r  t h e  qua l i f ica t ion  of t h e  

(U,Pu)O2 f u e l  for  i r r ad ia t ion  tes t ing .  

a r e  the  relevance, precision, and accuracy of t he  various analyses. 

The fac tors  of major i n t e re s t  

Gas release from t h e  f u e l  a t  elevated temperature concerns us 

because of i t s  contribution t o  t h e  t o t a l  pressure within a f u e l  rod and 

because of i t s  possible e f f ec t  on the  chemistry of the  f u e l  during irra- 

diation. 

a t  16OO0C, but we have observed values as high as 0.30 t o  0.50 cm3/g f o r  

some of our p e l l e t  fuels .  

materials t o  determine t h e  source of t h i s  gas and t o  f ind  means of con- 

t r o l l i n g  it. The fac tors  t h a t  we hypothesized might a f f ec t  gas re lease 

w e r e  t h e  C ,  N, and water contents of t h e  fue l ,  because of t h e i r  possible 

evolution i n  gas form (Table 1 . 2 ) ,  and the  0:metal r a t i o  and surface 

area,  because of t h e i r  possible e f f ec t s  on the  adsorption of water. 

equipment f o r  measuring evolved water i s  not yet avai lable  f o r  alpha- 

emitting materials,  so  t h i s  analysis w a s  omitted. The surface measure- 

ments by the  Brunauer-Emmet-Teller (BET) method a r e  not sens i t ive  enough 

t o  detect  t h e  var ia t ion  between p e l l e t  runs, so porosi ty  measurement w a s  

subs t i tu ted  f o r  t h a t  t e s t .  The gas re lease w a s  measured a t  1600°C i n  

equipment described previously.” The mater ia l  used i n  t h i s  study w a s  

o r ig ina l ly  prepared as f u e l  f o r  t rans ien t  t e s t i n g ;  we analyzed the  

p e l l e t s  t h a t  remained a f t e r  TREAT capsules I and I1 were loaded. The 

0:metal r a t i o s  fo r  t he  various s in t e r ing  runs a re  l i s t e d  i n  Table 1.3. 

Not enough p e l l e t s  remained from s in t e r ing  runs 82 and 83 fo r  complete 

analyses. 

A desirable  maximum value f o r  gas re lease  is 0.05 cm3/g (STP) 

We devised a se r i e s  of analyses of  ex is t ing  

The 

Results o f t h e  measurements of C ,  N,  density,  and porosity a re  

l i s t e d  in  Table 1.4. 

technique of analysis of variance t o  determine which runs had analyses 

s ign i f i can t ly  d i f fe ren t  f romthe  others.  

The data f o r  runs 78 through 81 were t r ea t ed  by a 

The C content did not vary 
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Table 1.2. Gas Volume Formed by Complete Reaction of 
100 ppm of Several Impurities 

Impurity Gas Volume 
b3 /d  

H20 
C 

N 

0.12 

0.186 
0.08 

Table 1.3. Ratio of Oxygen t o  Metal i n  Pe l l e t s  Loaded in to  
TREAT Capsules I and I1 

Sintering 
Run 

0:Metal 
Ratio 

95% 
Confidence 

I n t  e mal 

78" 

79" 

80 

81 

82 

83 

84 

1.992 
1.990 

1.973 
1.990 

1.991 

1.987 

1.984 

1.983 

1.982 

b 

&O. 056 

k0. 009 

b 

k0.017 

?O. 004 

k0.037 

k0.021 

k0.016 

%e intended t o  adjust  t h e  0:metal r a t i o  during t h e  
s in te r ing  process, but where t h i s  r a t i o  w a s  not s a t i s f a c t o r y  
a f t e r  s in t e r ing ,  t h e  p e l l e t s  were fur ther  heat t reated.  
Pe l l e t s  from s in te r ing  runs 78 and 79 were each t r e a t e d  i n  
two separate batches. 

bOnly one determination made. 
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Table 1.4. Analytical Results" f o r  TREAT Pel le t s  

b Porosity Content, ppm Bulk Sinter ing 
(4) Dens it y 

C N (g/cm3 1 Run 

78 

79 

80 

81  

82 

83 

85 40 

7 1  19 

74 54 

77 47 

66 

43 

~ ~~ ~ ~ 

9.14 18.17 

9.23 17.91 

9.04 19.46 

8.60 23.10 

a . 95% confidence limits: C content, 28 ppm; N content, 2 1  ppm; bulk 
density,  0.38 g/cm3; porosity,  2.3746. 

bDetermined by Hg porosimeter. 

s ign i f icant ly .  The lower N content of run 79 i s  s ign i f icant  compared t o  

the  precision of t he  analysis, as i s  the  higher porosity of run 81. The 

analysis of variance a l s o  gave information on the  precision of each of 

these analyses : 

Standard 
Analysis Deviation 

C content 20 ppm 

N content 1 5  PPm 

Poros i t y  1.78% 

Bulk density 0.29 g/cm3 

Gas release varied grea t ly  with the age of t h e  pe l le t s .  The mea- 

surements from t h i s  study are  shown i n  Fig. 1.2 with several  previous 

measurements on p e l l e t s  f romthese  s in te r ing  runs. These data appear t o  

f a l l  in to  three  general groups. The p e l l e t s  with highest density from 

s in t e r ing  run 83 increased least i n  gas re lease  with age; most of t he  

p e l l e t s  with low densi ty  increased at an intermediate r a t e ;  and some of 

t he  pe l l e t s  from run 79 increased more rap id ly  with age. 

t h e  higher gas re lease of these p e l l e t s  from run 79 t o  t h e  lower 0:metal 

We a t t r i b u t e  
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Fig. 1 .2 .  Effect of Age on Gas Released from Mixed Oxides. 

r a t i o  that w a s  a t ta ined  by the f i rs t  heat treatment. 

t he  time requirements allowed us t o  sample only a small port ion of the  

gas-release runs f o r  mass spectrographic analysis .  

analyses a re  shown i n  Table 1.5. 

i n  Table 1 .5  w a s  calculated from t h e  measured volumes of (N2 + CO) and 

(N2 + C02) compared t o  the  volumes t h a t  would have been measured i f  a l l  
t h e  (C + N )  had been evolved as gas. 

w a s  calculated by a t t r i b u t i n g  a l l  of t h e  evolved H2 t o  t h e  reac t ion  of 

adsorbed water with t h e  (U,Fu)02. 

Unfortunately, 

The ava i lab le  gas 

The percent recovery of (C + N)  shown 

The water content shown i n  Table 1 .5  

The evolution of gaseous products from (C + N)  i s  not inconsistent 

w i t h  t h a t  found by Cordinier and Dean1’ when t h e  differences i n  out- 

gassing temperature and t h e  form of t h e  mater ia l  a re  considered. 

water contents calculated from the  values of gas re lease ,  while undesirably 
The 

I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
-I 
-I 
I 
1 
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Table 1.5. Composition of Gas from Mixed Oxide Pel le ts  

Gas volume, cm3/g 

Volume, 4 
H2 
H 2 0  
( N 2  + co> 
0 2  

co2 

A r  

Recovery of (C + N)  , % 

Sample 

Sintering Sintering Sintering 
Run 81 R u n  78 Rwz 79 

Water content, ppm 

0.25 

84.9 

13.8 
< 0.3 

0.55  

0.55 
0.28 

20 

177 

0.38 

84.0 
1 .9  

12.3 
1 .2  
0.17 
0.51 

26 

266 

0.32 

74.9 
< 0.6 

23.3 
0.29 
0.58 
0.87 

53 

200 

high, do not seem too  high t o  be accepted as the explanation f o r  t h e  high 

evolution of gas. The var ia t ion of gas re lease with age suggests t h a t  

t h e  p e l l e t s  a r e  adsorbing water from t h e  atmosphere. The extrapolation 

of t h e  data f o r  gas re lease i n  Fig. 1.2 t o  zero age indicates t h a t  a l l  

t he  p e l l e t s  were acceptable when f i rs t  removed from t h e  furnace. 

The r a t e  a t  which moisture i s  picked up by the  p e l l e t s  i s  not s o  

rapid t h a t  it w i l l  cause a severe l imitat ion i n  handling, since exposure 

times on t h e  order of minutes probably w i l l  not cause a d ras t i c  pickup 

of moisture. The problem does require consideration f o r  storage, however, 

and means have been devised t o  protect t he  f u e l  from moisture during 

storage. 

The e f f ec t  of moisture on t h e  gas re lease f romthe  material  

described i n  t h i s  study w a s  t o o  great and the var ia t ion  i n  C and N con- 

t e n t  w a s  too small f o r  us t o  judge the  e f f e c t  of these l a t t e r  elements. 

We expect, however, t h a t  C and N w i l l  be important if t he  evolution of 

gas i s  t o  be held much below 0.05 cm3/g. 

Analytical Characterization (K. E. Spear) 

The experiments reported here were performed t o  (1) establ ish stan- 

dard oxide samples for determination of 0 content, and ( 2 )  es tabl ish t h e  
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re la t ionship of composition, l a t t i c e  parameters, and 0 po ten t i a l  i n  

oxide f 'uels.ll Previously, we were a l so  examining t h e  e f f ec t s  of d i f -  

fe ren t  quenching rates on 0 d is t r ibu t ion  and the  e f f ec t  of temperature 

gradients on stoichiometry, but these  experiments were discontinued f o r  

t h e  present. 

Standard Samples. - A number of standard samples were prepared by 

heating UO;! samples a t  1200°C f o r  16 hr i n  an atmosphere of CO and C02 

mixed i n  a r a t i o  of 1O:l. Previous work12 establ ished t h a t  these sam- 

ples  are uniform i n  composition within our experimental e r ror  (L-O.003 i n  

the  r a t i o  of 0:metal). 

samples of U02.000. 

This treatment i s  used t o  produce the defining 

Lat t ice  Parameter. - A thermostat w a s  constructed and is ready 

t o  be in s t a l l ed  i n  one of t he  x-ray cameras i n  t h e  Interim Plutonium 

Faci l i ty .  This equipment should y i e ld  more precise measurements of 

l a t t i c e  parameters. 

Behavior of .Fission Products (K. E. Spear) 

Fission products i n  mixed oxides may cause several  important 

e f fec ts .  

cladding material. A second e f f ec t  i s  t h a t  these f i s s ion  products w i l l  

a f f ec t  t h e  0 po ten t i a l  of t he  f u e l  and, as a secondary r e s u l t  of t h i s  

e f f ec t ,  t h a t  0 w i l l  r eac t  with t h e  cladding material .  A t h i r d  e f f ec t  i s  

t h a t  t he  volume of t h e  f i s s ion  products may cause the  cladding t o  swell. 

One of these i s  that  they  m y  in t e rac t  d i r e c t l y  w i t h  the  

Reactions Between Stainless  S t e e l  and (U,Fu)02. - W e  previously 

discussed1' t ransport  of s t a in l e s s  s t e e l  components i n t o  the  f u e l  by I 

i n  a manner similar t o  the  Van Arkel-DeBoer process. l3 

react ion such as 

Unless some 

2 CsI(s) + Fe(s)  + U02(s) + 02(g) + C S ~ U O ~ ( S )  + Fe12(g) 

takes place, our thermodynamic arguments indicated t h a t  I t ranspor t  

would be, f o r  a l l  p r a c t i c a l  considerations, nonexistent. 

We attempted t o  study the  react ion d i r ec t ly  by mixing U02 and CsI 

i n  powdered form, placing them i n  a s t a in l e s s  s t e e l  tube, and passing 02 

at a controlled po ten t i a l  Over them. The gas passing over t h e  sample 
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w a s  d i rected onto a water-cooled co l lec tor  made of Cu. I n  order t o  

define the  0 poten t ia l ,  we used a 99: l  mixture of CO and C02. After 

4 h r  a t  550"C, the  sample w a s  cooled, and t h e  co l lec tor  w a s  washed with 

d i s t i l l e d  water. The orthophenanthrolein t e s t  (which i s  able  t o  detect  

about l o m 8  mole of Fe i n  10 em3 of d i s t i l l e d  water) f a i l e d  t o  indicate  

any t r ace  of Fe i n  t h e  water. Kinetic fac tors  may have prevented enough 

t ransport  of Fe or t h e  s t a b i l i t y  of CS~UOL, (or another Cs-U-0 compound) 

may not have been great  enough t o  form t h e  C s  compound. 

cannot be drawn, and both p o s s i b i l i t i e s  should be investigated. 

Firm conclusions 

Na-U-0 System (K. E. Spear, Annabella S ~ h a u p p ' ~ ) .  - Because of 

i n t e r e s t  i n  reactions between f u e l  and N a  coolant, we performed a number 

of experiments with t h e  Na-U-0 system. 

po ten t i a l  have been studied. 

what i s ,  apparently, a previously unreported compound. The experiments 

with,high 0 po ten t i a l  have revealed t h a t  t h e  N a  uranate compounds appar- 

en t ly  a re  not stoichiometric.  The purposes of these experiments a r e  

(1) t o  determine the  po ten t i a l  of t h e  react ion of N a  coolant with 

(U,PU)O2 f u e l  and (2)  t o  l a y  the  groundwork f o r  manufacturing standard 

samples of these compounds. 

Regions of both low and high 0 

A t  t he  l o w  0 poten t ia l ,  w e  have discovered 

In the  region of low 0 poten t ia l ,  a new phase w a s  produced by 

heating U02 with Na2CO3.  The new phase w a s  produced, as determined by 

x-ray d i f f rac t ion ,  when the  components were heated a t  900°C i n  a 1O:l 
gas mixture of CO;! and C O  f o r  16 hr .  

new phase decomposed t o  U02 and Na2C03 when heated a t  900°C i n  a 1O:l 
gas mixture of C O  and CO2 for 16 hr. (Li terature  data indicate t h a t  

Na2U04 can form at  both t h e  0 poten t ia l s  defined by t h e  gas mixtures 

used i n  these experiments.) 

Na2CO3 when heated at reduced 0 po ten t i a l  shows t h a t  it is  not s tab le  

and suggests t h a t  Na2UO4 a l so  may not be s t ab le  under these conditions. 

There are  two important inferences t o  be drawn from experiments i n  

X-ray d i f f rac t ion  showed t h a t  t h e  

That t he  new compound decomposed t o  U02 and 

t h e  region of low 0 po ten t i a l  t h a t  show t h a t  N a  uranates are not as 

s t ab le  as thought. F i r s t ,  t h e i r  tendency t o  form from interact ions of 

fuel and coolant does not have as large a driving energy as thought. 

Second, the  s t a b i l i t y  of Cs2UO4 i s  probably a l s o  not as great as an 
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extrapolation of l i t e r a t u r e  correlat ion would indicate ,  and the  t ransport  

of Fe by I, as discussed above, becomes l e s s  l ike ly .  

X-ray d i f f rac t ion  pat terns  of t he  new compound show some resem- 

blance t o  orthorhombic CaUO3, but the pat terns  have not yet  been indexed. 

A large batch is  being prepared f o r  chemical, x-ray, and metallographic 

analyses. 

In  our experiments i n  the  region of high 0 poten t ia l ,  we have 

attempted t o  prepare pure samples of Na2U04 and Na2U207 t o  provide back- 

ground information so t h a t  t he  analogous compounds of mixed U and F’u can 

be prepared for  standards f o r  the  electron microscope. 

We mix Na2CO3 and U02 i n  t h e  proper proportions and heat t he  mixture 

i n  air or 02. So far, our samples have a l l  been diphasic as determined 

by x-ray diffract ion.  

pressed and s in te red  pe l l e t s  bu t ,  thus far, have yielded uncertain 

r e su l t s .  

learn haw t o  obtain single-phase material. 

Metallographic techniques a re  being t r i e d  on 

We s h a l l  not attempt t o  obtain chemical analyses u n t i l  we 

Dissolution of Rare-Earth Oxides i n  (U,Pu)02 Fuels. -We previously 

showed that the  calculated 0 po ten t i a l  of a (U,Pu)02 f u e l  is dependent 

on what i s  assumed t o  be the  bound s t a t e  of rare-ear th  oxides. ‘* 
rare ear ths  a re  bound as dioxides and i f  one s t a r t e d  w i t h  an O:(U,Pu)  

r a t i o  of 1.990, t h a t  r a t i o  would be only 2.000 at  t h e  end of 2 years i n  

a typ ica l  fast reactor ,  while if the  rare earths are  bound as t h e  ses- 

quioxide, the  f i n a l  r a t i o  would be 2.032. 

seem grea t ,  the  r e su l t i ng  difference i n  the  0 pressure would be about 

eight orders of magnitude a t  1000°K. 

fixing, quant i ta t ively,  t h e  behavior of these f i s s ion  products i s  t o  

model the corrosive behavior of excess 0 t o  the  cladding. A second 

reason f o r  performing these s tudies  i s  t o  obtain the  s o l i d  component of 

the f u e l  swelling f o r  t he  i d e a l  case of zero porosity. Any model fo r  a 
given f u e l  mater ia l  must a l so  take i n t o  account t he  geometry allowed t o  

accommodate t h i s  swelling. 

If t h e  , 

While t h i s  difference m y  not 

The importance, therefore ,  of 

There a re  data on the  solut ion of rare-earth oxides i n  U02 i n  the  

l i t e r a t u r e ,  but not as a f’unction of 0 potent ia l .  It is ,  of course, 0 

poten t ia l  t h a t  i s  c r i t i c a l  i n  assessing the  reasons f o r  chemical a t tack  

of cladding material. Table 1.6 l i s t s  t h e  rare-ear th  f i s s i o n  products 
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Table 1.6. Important Lanthanide Fission Products" i n  a 
Typical Fast  Reactor 

Lanthanide Relative 
Abundan ,eb 

Known 
Valences 

Yd 
La 
C e  
Pr  
Nd 
Fm 
Sm 
Eu 
Gd 

0.037 
0.122 
0.253 
0.113 
0.331 
0.032 
0.078 
0.015 
0.019 

+3 
+3 
+3, f4  
+3, +4 
+3 
+3 
+2, +3 
+2, +3 
+3 

%slues f o r  abundance of f i s s ion  products a re  taken 
from K. E. Spear, J. M. Leitnaker, and N. Engel, Fuels 
and Materials Development Program Quart. Frogr. Rept . 
June 30, 1969, ORNL-4440, p. 19. 

bRelative abundance is  the  r a t i o  of t h e  abundance 
of one r a re  ear th  t o  the  sum of a l l  t he  r a re  ear ths  con- 
s idered i n  t h i s  study. 
whole are about one-fourth of t h e  t o t a l  f i s s ion  products, 
a r a t i o  of 680:2900. 

The rare-ear th  elements as a 

C Taken from T. Moeller, Inorganic Chemistry, p. 896, 
Wiley, New York, 1952. 

dyttrium i s  of ten included as a rare-ear th  metal 
because the  lanthanide contraction makes it similar t o  
the  heavier members. 

w e  wish t o  examine. 

and Eu with U02. 
In i t i a l ly ,  we have selected t o  study oxides of Ce 

Later e f f o r t s  may involve the  other rmter ia ls .  

We chose Ce t o  represent one end of t h e  rare-earth spectrum - both 

It can be oxidized t o  the  +4 state and, i n  weight and oxidation s t a t e .  

i n  f ac t ,  i s  used as an oxidizing agent i n  ana ly t i ca l  chemistry. Euro- 

pium, on t h e  other hand, i s  known only i n  t h e  +2 and +3 oxidation s t a t e s .  

Thus, i t s  behavior i n  U02 might give a general indicat ion of t he  behavior 

of other rare ear ths  (lanthanide oxides) i n  so lu t ion  i n  (U,pU)02. 

I n i t i a l  experiments were performed on ,Eu203. For t h i s  study, Eu2O3 

and U02 were each equi l ibra ted  separately i n  Pt buckets i n  a 1O:l mixture 
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of CO and C02 at  1200°C f o r  16 hr. 

form of Eu2O3 and the  cubic form (a0 = 5.47075 k 0.00016 A) of  U02. 

materials were then ground t o  -325 mesh and mixed by shaking 26.4651 g of 

U02 w i t h  3.1915 g of Eu2O3. 

heated i n  a 10 : lmix tu re  of CO and C02 fo r  16 hr. An increase of 0.1005 g 

w a s  measured, which seem t o  be outside any conceivable experimental 

error .  

of t he  Eu i n  the  specimen f romthe  +3 s t a t e  t o  a higher state, the  Eu 

would be dissolved as EuOl.88. This r e s u l t  seem t o  indicate  t h a t  t he  0 

po ten t i a l  i n  a f u e l  element w i l l  not r i s e  as rap id ly  during burnup as we 

feared. Further work must es tab l i sh ,  quant i ta t ively,  t h e  magnitude of 

t h e  r i s e .  X-ray pat terns  of t h e  s o l i d  so lu t ion  revea l  t h a t  t r u e  equilib- 

rium w a s  not a t ta ined.  Further e f f o r t s  w i l l  be required t o  achieve this .  

X-ray pat terns  revealed t h e  monoclinic 

These 

A 27.0211 g sample from t h i s  mixture was 

If it were assumed that  t he  weight change r e su l t ed  from oxidation 

We performed some preliminary experiments w i t h  Ce02-UO2 and found 

it d i f f i c u l t  t o  a t t a i n  equilibrium i n  the  system. 

two materials,  pressing in to  p e l l e t s ,  and s in t e r ing  i n  H2 a t  1450°C i s  

insuf f ic ien t  t o  achieve equilibrium within 45 min, as determined by 

x-ray d i f f rac t ion .  Heating a t  1800°C fo r  1 hr  i n  vacuum t o r r )  does 

produce a sharp x-ray pa t te rn ,  indicat ive of a homogeneous s o l i d  solut ion,  

but weight losses are qui te  high because of vo la t i l i za t ion .  Hence, weight 

changes a re  suspect. Two addi t iona l  approaches were begun: (1) heat 

samples i n  a somewhat more oxidizing atmosphere and ( 2 )  coprecipi ta te  t h e  

samples from solut ion and then heat  a t  f ixed  0 potent ia ls .  

Mixing powders of t he  

Thermal Conductivity of Lithium Fluoride (P. H. Spindler) 

The appl icat ion of t h e  Rosseland approximation, l6 which i s  va l id  

only f o r  t he  op t i ca l ly  th i ck  limit of a specimen, d id  not lead  t o  s a t i s -  

factory explanations of t h e  t ranspor t  propert ies  of heat i n  LiF a t  high 

temperatures. Estimating calculat ions have shown t h a t  i n  both the  

s ing le-crys ta l  and polycrystal  specimens, t h e  op t i ca l ly  t h i c k  l i m i t  may 

not have been achieved by t h e  s i z e  of t h e  specimens i n  our experiment 

(radius = 2.54 cm). It remains t o  be proved whether both samples are 

ac t ing  more or l e s s  l i k e  a window i n  the  wavelength range i n  which ther-  

m a l  r ad ia t ion  occurs (0.12 t o  9.0 pm);  t h a t  i s ,  whether photons a r e  
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penetrating t h e  mater ia l  without interact ion.  We a re  measuring the  

absorption coef f ic ien t  of t h e  polycrystal  LiF so  tha t  w e  may calculate  

t h e  depth t o  which radiat ion penetrates as a function of temperature 

under our measuring conditions. The r e s u l t s  w i l l  be used as a correc- 

t i o n  fo r  t he  Rosseland approximation. 

LiF, a calculat ion,  which used negl igible  photon in te rac t ion  i n  t h e  mate- 

r i a l  and assumed boundary conditions of blackbody radiat ion,  yielded a 
near ly  l inear  r e l a t ion  of thermal r e s i s t i v i t y  and temperature t o  1100°K. 
This agrees qui te  wel l  with the  extrapolation of data  from 200 t o  400°K. 

Radial  Heat-Flow Apparatus for  Measurements at 10 a t m  and 1400°K. - 

In the  case of the  s ingle-crystal  

The base p l a t e  and water-cooled metal b e l l  jar for  t h i s  apparatus were 

t e s t e d  t o  10 a t m .  "he glove box f o r  housing t h i s  device was  ordered, 

and del ivery i s  expected i n  December. Auxiliary equipment needed f o r  

assembling the  apparatus i n  our laboratory i s  being obtained. 

Deformation of U02 ( C .  S. Morgan) 

We continued invest igat ing the  out-of-reactor deformation character- 

i s t i c s  of U02 specimens prepared from sol-gel  powder. We measured the  

compressive creep of U02 sol-gel  specimens under a constant s t r e s s  of 

4910 p s i  from 1200 t o  1400°C. The data shown in 'F ig .  1.3 more nearly 

ORNL-DWG 69-(0498 

0 i 00 200 300 400 500 600 
TIME (hr) 

Fig. 1.3. Creep of U02 Sol-Gel Specimens Under a Constant Stress  
of 4910 ps i .  
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represent deformation under conditions t h a t  might occur i n  a f u e l  

element than would data obtained during creep at  constant s t r a i n  ra te .  

(The curve shown i n  Fig. 1.3 fo r  creep at  1300°C w a s  previously reported 

erroneously as occurring under a s t r e s s  of 2140 psi . )17 

Data on the  deformation of U02 under constant s t r a i n  r a t e s  a t  high 

temperatures a re  swmaarized i n  Fig. 1.4. The primary mater ia l  studied 

w a s  U02 prepared from sol-gel  powder, but specimens fabricated from 
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Fig. 1.4. Stress-Strain Curves f o r  U02 Specimens Under Constant 
Compressive S t ra in  Rate of 0.00067 mine'. 
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powder produced by the ammonium-diuranate (ADU) process were s tudied f o r  

comparison. Compressive deformation behavior at  d i f fe ren t  temperatures 

w a s  measured a t  a s t r a i n  r a t e  of 0.00067 min'l. Tests were made i n  an 

H2 atmosphere and i n  an atmosphere of CO and C02 mixed i n  a r a t i o  

of 9.2:l. The r a t i o  of 0:U i n  these t e s t s  should have remained a t  2.0 

under both atmospheres. We plan further t e s t s  of t h e  deformation of sol-  

g e l  f u e l  t o  invest igate  w h y  specimens deformed a t  lower s t r e s ses  i n  the 

atmosphere of CO and C02 mixed i n  a r a t i o  of 9.2:1 than i n  an atmosphere 

of AT-&% H2. 

The ADU U02 specimens proved more deformable than the  sol-gel U02 

specimens, even though they were of higher densi ty  (97% as compared t o  

92% fo r  t h e  sol-gel  specimens). 

reported," we measured the  average grain s i z e  of t h e  ADU specimens and 

found 1 5  pm, as compared with 9 pm f o r  t h e  so l -ge l  specimens. These 

r e s u l t s  tend t o  confirm previous  observation^^^ t h a t  grain s i z e  may have 

more e f f ec t  than densi ty  does on t h e  compressive s t rength of U02. The 

sol-gel  specimens tended t o  have a de f in i t e  y i e l d  point ,  while t he  ADU 

specimens did not. The e f f ec t  of density on compressive deformation w i l l  

be investigated fur ther .  

Since these data  were or ig ina l ly  

I r r ad ia t ion  Testing of (U,Pu)02 Fuels 

C. M. Cox 

The performance charac te r i s t ics  of mixed (U,Fu)02 fue ls  a r e  being 

evaluated in  a va r i e ty  of i r r ad ia t ion  t e s t s  fo r  po ten t i a l  application i n  

an LMFBR. We a re  now concentrating on comparative t e s t s  of sol-gel  f u e l  

fabr icated as p e l l e t s  or as microspheres using the  Sphere-Pac technique. 

The program includes thermal-flux experiments, which permit use of 

instrumented capsules and t h e  achievement of high levels  of burnup i n  

r e l a t i v e l y  short  periods of time, and fas t - f lux  experiments i n  which t h e  

f i s s i o n  r a t e  d i s t r ibu t ion  and rad ia t ion  e f f ec t s  on the  cladding a r e  more 

t y p i c a l  of those f o r  an t ic ipa ted  LMFBR operating conditions. 

i c a l  models of f u e l  behavior a re  being developed i n  conjunction with the  

experimental program. 

. 

Mathemat- 
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Uninstrumented Thermal-Flux I r rad ia t ion  Tests (A. R. Olsen, D. R. Cuneo2') 

The current s t a tus  of t he  i r r ad ia t ion  t e s t s  of uninstrumented cap- 

sules  i n  the  X-basket f a c i l i t i e s  of the  Engineering Test Reactor (ETR) 

i s  given i n  Table 1.7. Each capsule contains four t e s t  rods loaded in  

tandem with a 3-in. f u e l  column i n  each rod. 21 

diat ion is designed t o  provide comparison of t he  r e l a t i v e  performace of 

various f u e l  forms. A f i n a l  report  on t h e  f i rs t  three  capsules i r r ad i -  

a ted  t o  low burnup i n  t h i s  s e r i e s ,  capsules 43-99, 43-100, and 43-112, 

i s  i n  preparation, and the  r e su l t s  w i l l  be presented t h i s  

This simultaneous irra- 

Interim neutron radiographs 2 3  of capsule 43-113 showed no s ign i f i -  

cant changes i n  t h e  f i e 1  rods or capsule. Therefore, continued irradia- 

t i o n  t o  achieve the  scheduled 10% f i ss ions  per i n i t i a l  metal atom (FIMA) 

burnup l e v e l  has been approved by the ETR sa fe ty  review committee. 

capsule i s  t o  be re inser ted  during the  shutdown a f t e r  cycle 105. 

The 

During the  past  quarter t he  metallographic examination of capsules 

43-103 and 43-115 w a s  delayed because of t he  scheduled annual shutdown 

of the  High Radiation Level Examination Iaboratory f o r  maintenance. 

shutdown w a s  extended beyond t h e  normal period f o r  i n s t a l l a t i o n  of addi- 

t i o n a l  equipment, including the  t r ans fe r  system for  t h e  shielded micro- 

probe. 

from capsules 43-99, 43-100, and 43-112 and fo r  some of the sect ions 

from capsule 43-103 were obtained during t h i s  period. 

ples  w e r e  obtained from a l l  four rods from capsule 43-115 for analysis 

of burnup. 

This 

The alpha and beta-gamma autoradiographs on a l l  se lec ted  samples 

In  addition, sam-  

The last four capsules, 43-116 through 43-119, are  being i r r ad ia t ed  

t o  provide f i e 1  that contains f i s s ion  products w i t h  short  half- l ives  f o r  

processing s tudies .  2 4  

rods is  planned. 

(Uo. 85,h0.15)02 f u e l  i r r ad ia t ed  t o  s l i g h t l y  over 1% FIMA burnup. 

s tudies  of t he  dissolut ion of t h i s  f u e l  are reported elsewhere. 25 

t he  past  quarter,  the  AEC requested t h a t  we concentrate i n  these s tudies  

on f u e l  f o r  the  Fast-Flux Test Reactor (FTR). 

t o  FTR reference specif icat ions has been ordered and w i l l  be i r r ad ia t ed  

instead of the  sol-gel  Sphere-Pac f i e 1  o r ig ina l ly  planned for experiments 

N o  de ta i led  pos t i r rad ia t ion  examination of these 

The first of these capsules contained Sphere-Pac 

The 

ljuring 

Consequently, f u e l  made 



Table 1.7. Uninstrumented Thermal-Flux Tests of ( U , P u ) 0 2  Fuels 

Peak , 

Temperature 
on Inner Status  Fue 1 Number Peak Peak Linear 

Heat Rate Surface of September 1969 
Experiment of Burnup 

(% FIMA)" ( w / 4  Cladding 
Number " . I .  . n_ .,- 

("C) 

1.5 b 1640b 1000 Examined 

1. 4b 1470b 900 Examined 

43-99 Sphere-Pac ( 2 3 5 U ~ .  go ,Puo .  2 0 ) 0 2 . 0 0  2 

43-100 Sphere-Pac (235U0.  80,fiO. 2 0 ) 0 2 . 0 0  2 
43- 103 Sphere-Pac U 0 2 .  0 2  (20% 235U)  3 5 690 530 Being examined 

43-112 Sphere-Pac ( 2 3 8 ~ 0 .  85,fiO 15)Ol. 97 3 0.7 500 360 Being examined 
Pe l l e t  uo2.00 (20% 235u) 1 

uo2.02 (20% 235u) 1 
tu 

5 00' In  reactor ,  wl 380' 
z 7.5% FIMA 

5c 600' 460' Being examined 43-115 Sphere-Pac (238uo. 85,fiO 1 5 ) o i .  97 3 
u o 2 . 0 2  (20% 235u) 1 

43-116 Sphere-Pac ( 2 3 8 U ~ .  8 5 , h O .  15)Ol. 97 4 1. 5c 600' 460' Being examined 

Pe l l e t s  d ( 2 3 8 u , ~ ) 0 1 .  98 4 1. 5e 600' 460' In  preparation 
43-11 

43-11 

"FIMA i s  f i ss ions  per i n i t i a l  ac t in ide  metal atom. 

bRods f a i l e d  i n  reactor from overpowering. 
C 

dFabricated t o  Fast-Flux Test Reactor reference specif icat ions.  
e 

These are t a rge t  design values. 

This is  an approximate level.  Test w i l l  be i r r ad ia t ed  for two ETR cycles t o  produce f u e l  for 
reprocessing s tudies .  
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43-117, 43-118, and 43-119. 

tubing of 0.230 in.  i n  outside diameter and 0.015 in. i n  w a l l  thickness 

t h a t  has been fabricated t o  FTR specif icat ions f o r  these t e s t  rods. 

We have on hand type 316 s t a in l e s s  s t e e l  

ORR Instrumented Tests (R. B. F i t t s ,  D. R. Cuneo, 2o  V. A. DeCarlo,26 
K. R. Thoms") 

The instrumented i r rad ia t ions  i n  t h e  ORR a re  designed t o  monitor 

The temperatures of t he  t h e  thermal performance of t e s t  f u e l  rods. 27 

cladding and the  f u e l  center and t h e  r a t e s  of heat generation i n  the  

f u e l  rods a re  continuously measured and recorded. These data a re  being 

used t o  evaluate the  t h e r m 1  charac te r i s t ics  of various fue ls  i n  the  

reactor  and the  e f f ec t s  of i r r ad ia t ion  conditions upon the temperatures 

and r a t e s  of s t r u c t u r a l  change within the  operating fue ls .  

The second capsule i n  t h i s  s e r i e s ,  SG-2, contained two iden t i ca l  

Sphere-Pac (UO. 8 0 , h O .  20)O1. 9 8  f u e l  rods with 81% smear density. 2 8  

experiment i s  intended t o  provide more de ta i led  confirmation of t h e  

thermal conductivity of t h i s  f u e l  a t  l a w  temperatures and t o  es tab l i sh  

This 

t he  temperature a t  which the  f i rs t  metallographically observable struc- 

tural change occurs during the  i n i t i a l  heating i n  t h e  reactor.  
experiment operated normally a t  fuel-center temperatures up t o  1500°C 

with automatic recording of time, heat generation, and temperature data. 

These data a re  being prepared f o r  analysis by a computer code designed 

t o  f a c i l i t a t e  manipulation of t he  la rge  amounts of recorded information. 

The 

Capsule SG-2 i s  now undergoing pos t i r rad ia t ion  examination. The f u e l  

rods were recovered, and t h e i r  ex te rna l  appearance, shown i n  Fig. 1.5, 

i s  normal. We checked the diameter and bow of each rod by t h e  opposed 

air  gage profilometer and found no s igni f icant  deviation from the  values 

before i r radiat ion.  The gas contained i n  each f u e l  rod w a s  col lected by 

the  laser puncture technique and w i l l  be analyzed f o r  t h e  species pres- 

ent;  it appears, however, t h a t  one gas sample w a s  l o s t  due t o  an improper 

cut during capsule disassenibly. Further examination w i l l  consis t  of 

metallographic s tudies  of t h e  f i e 1  s t ructure .  

Capsule SG-3, t he  t h i r d  i n  t h i s  s e r i e s ,  i s  almost completely fabri -  

cated. It w i l l  provide a d i r ec t  comparison of  t he  Sphere-Pac and p e l l e t  

fue l  forms w i t h  fuel-center temperatures t h a t  approach 2000°C. The f u e l  

I 
I 
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ORNL-DWG 69-10740 

TOP BOTTOM 
UPPER ROD 

TOP BOTTOM 
LOWER ROD 

Fig. 1.5. Fuel Rods from Capsule SG-2. 

i s  (UO. 80,h10.20)01.98~ with 82% smear density, i n  t he  form of micro- 

spheres i n  the  upper rod and p e l l e t s  i n  the lower rod. 

contain thermocouples at  the  center of the fuel .  

Both rods w i l l  

ETR Instrumented Tests (C. F. Sanders) 

Four instrumented capsules w i l l  be i r rad ia ted  i n  the  ETR. %o 

capsules, each containing a 20-in.-long f u e l  column, w i l l  be irradiated 

t o  determine the  performance of long f i e 1  columns of sol-gel-derived 

oxide f u e l  fabr icated by the  Sphere-Pac process. 

w i l l  each contain four 3-in.-long f u e l  columns, two of which w i l l  contain 

pe l le t ized  fuels  and two of which w i l l  contain Sphere-Pac fuels.  

capsules w i l l  be operated a t  moderate peak heat r a t e s  (about 15 Iw/ft)  

t o  invest igate  the  r e l a t ive  swelling of Sphere-Pac and pe l le t ized  fuels  

under conditions of high retent ion of f i s s ion  gas. The design specif i -  

cations a re  given in Table 1.8. 

The other two capsules 

These 

The d e t a i l  design was completed, and fabricat ion of the hardware 

w a s  s ta r ted .  A request w a s  submitted to Idaho Nuclear Corporation f o r  
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Table 1.8. Design Specifications for Instrumented Capsules 
t o  be I r rad ia ted  i n  Engineering Test Reactor 

' Capsule Nunibers 

43-120 43-122 
43-121 43-123 

Fuel 

Composite compos it ion 

Insulator  composition 

Sphere-Pac composition 
Coarse microspheres 
Fine microspheres 

Column length, in.  

Maximum temperature, O C 
Surface 
Center 

Maximum burnup, '$ FIMA 

Peak l i nea r  heat 
rate, h / f t  

Bond between f u e l  and 
cladding 

Cladding 

Dimens ions , in .  
Outside diameter 
Wall thickness 

Outer surface 
Inner surface 

Bond between cladding 

Capsule 

Maximum temperature, O C 

and capsule 

Dimens ions, in .  
Outside diameter 
Wall thickness 

Fuel rods per capsule 
Tot a1 
Sphere-Pac 
Pe l le t  

Sleeve dimens ions, in .  
Outside diameter 
W a l l  thickness 

( u 0 . 7 3 , h O .  2'7101. 98 
uo2.00 

20 

820 
2340 
5 (capsule 43-120) 
10 (capsule 43-121) 
19 

He 

0.250 
0.016 

600 
660 

NaK-44 

1.000 
0.065 

1 
1 
0 

0.625 
0.035 

. *  
590 
1980 
5 (capsule 43-122) 
10 (capsule 43-123) 
15.5 

He 

0.250 
0.016 

5 00 
550 ' 

NaK- 44 

1.000 
0.065 

4 
2 
2 

0.625 
0.035 
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the  assenibly of t he  instrumentation and f o r  t h e  procurement of t h e  

necessary hardware t o  connect t he  thermocouple leads t o  the  instruments. 

Transient Testing (R. E. Adams, E. J. Manthos) 

The i n i t i a l  t r ans i en t  t e s t s  w i l l  be conducted a t  t he  TREAT t o  com- 

pare the  t rans ien t  behavior of unirradiated Sphere-Pac and pe l le t ized  

sol-gel  (U,Pu)O2 fuels.  

operating manual were submitted t o  the  TREAT staff and accepted w i t h  

minor revisions.  We intend t o  sh ip  capsules TREAT I and I1 t o  TREAT f o r  

t rans ien t  t e s t s  i n  October. 

The hazards analysis ,  t e s t  specif icat ions,  and 

Fast-Flux I r rad ia t ion  Tests (A. R. Olsen) 

The se r i e s  I encapsul&ed t e s t s  described p r e v i o ~ s l y ~ ~ ~ ~ ~  a re  con- 

t inu ing  t h e i r  i r r ad ia t ion  i n  EBR-I1 subassenibly X050. 
of August 30 (the end of EBR-I1 cycle 37) was  5906 Ivlwd of operation, and 

the  scheduled exposure i s  7500 b d .  The calculated peak burnup f o r  t h e  

pin with the  highest  heat r a t e  i n  t h i s  s e r i e s  i s  3.1$ FIMA or about 63$ 

of t h e  current ly  scheduled burnup. Because of t h e  current EBR-I1 experi- 

mental operation at power leve ls  above 50 Ivlw, experimental f u e l  subas- 

semblies were removed at  the  start  of cycle 38. Continued exposure i s  

proposed toward t h e  end of cycle 38. Since the  t e s t  exposure t o  be 

accumulated during t h i s  cycle i s  unknown, t h e  discharge schedule fo r  sub- 

assembly X050 i s  undecided. The e a r l i e s t  discharge w i l l  be a f t e r  cycle39 

i n  January 1970; however, it i s  possible t h a t  fur ther  exposure during 

cycle 40 will be required. 

The exposure as 

The proposal f o r  approval i n  pr inc ip le  f o r  the  se r i e s  I1 unencap- 

su la ted  t e s t s  w a s  submitted t o  t h e  AEC on August 21, 1969. This proposal 

involves a 37-pin subasse&ly t o  be shared w i t h  t he  Babcock and Wilcox 

Company; 18 posi t ions w i l l  be used by Babcock and Wilcox, and 19 posi- 

t i ons  w i l l  be used by OWL. 
coordinated t o  provide complementary data on f u e l  performance. 

w i l l  be responsible f o r  t he  fabricat ion,  inspection, shipping, and post- 

i r r ad ia t ion  examination of i t s  own f'uel pins, but a s ingle  sa fe ty  analysis  

w i l l  be prepared f o r  t h e  e n t i r e  subassenibly. 

The two experimental programs have been 

Each s i t e  
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I 
I 

The objective of t he  ORNL i r r ad ia t ion  tes ts  is  t o  es tab l i sh  the  

performance charac te r i s t ics  and l imitat ions of (U,Pu)02 LMFBR fue ls  fab- 

r ica ted  by d i f fe ren t  processes. 

t he  e f fec ts  of f u e l  form and void d is t r ibu t ion  on the  re lease  of f i s s ion  

gas and mechanical interact ion,  between f u e l  and cladding a t  extended 
burnup (> 50,000 Mwd/metric ton) .  

modify, i f  necessary, the mathematical model f o r  f i e 1  performance being 

developed a t  ORNL. 

Part icular  emphasis w i l l  be placed on 

These data w i l l  be used t o  t es t  and 

Tables 1 .9  and 1.10 show the  fue ls  and burnup levels  proposed f o r  

i r rad ia t ion  by each of the si tes.  

The ORNL t e s t  pins w i l l  contain pe l l e t i zed  and Sphere-Pac f u e l  pro- 

duced by the  sol-gel  process. 

w i l l  include a de ta i led  study of t h e  f u e l  pins fo r  re lease of f i s s ion  

gas, f u e l  swelling, i r r ad ia t ion  restructur ing,  d i s t r ibu t ion  of f u e l  and 

f i s s ion  products, and compatibil i ty of t he  cladding and N a  coolant. 

The pos t i r rad ia t ion  examination program 

Although we are  not proceeding with spec i f i c  designs f o r  t h e  f u e l  

pins u n t i l  we receive preliminary approval, we propose t o  use a f i e 1  pin 

w i t h  a 0.250-in. -OD x 0.016-in. - w a l l  thickness type 316 s t a in l e s s  s t e e l  

cladding. The cladding material  has been obtained from Bat te l le  Memorial 

I n s t i t u t e  Pacif ic  Northwest Laboratory. The f u e l  column w i l l  be 13.5 in .  

long, and the balance of the fue l  pin w i l l  contain features  similar t o  

those of the  O W L  s e r i e s  I t e s t  pins.29,30 

t o  be used by Babcock and Wilcox Company w i l l  be similar but may d i f f e r  

i n  some de ta i l s .  The end f i t t i n g s  w i l l  be designed t o  f i t  a Mark J sub- 

assembly. 

cladding temperatures of 550 t o  65OoC, we invest igated the  p o s s i b i l i t i e s  

of revising the Mark J subassenibly t o  accommodate 37 f u e l  pins w i t h  a 

0.250-in. -OD cladding. 

The design for  t h e  f u e l  pins 

Since we a re  interested i n  performing these t e s t s  with maximum 

If we receive approval i n  pr inc ip le  by October 1, 1969, we w i l l  

design and fabr ica te  t h e  f irst  37 f u e l  pins for  delivery t o  t h e  EBR-I1 
by the  end of June 1970. 

I 
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Table 1.9. Proposed Program of I r radiat ions by Babcock and Wilcox 
Company i n  18 Positions of a Shared 37-Pin Subassembly of t he  

Experimental Breeder Reactor-I1 

Burnup, Mwd/metric ton Fuel Forma 
0 25 , 000 50,000 75 , 000 100,000 

Vi-Pac 

Vi-Pac 

Sphere- Pac 

Sphere-Pac 

Sphere-Pac 

Pe l l e t  

Pe l l e t  

Vi-Pac 

Sphere-Pac 

Pe l l e t  

Vi-Pac 

V i  - Pac 

Vi-Pac 

Sphere-Pac 

Sphere- Pac 

Sphere- Pac 

Pe l l e t  

Pe l l e t  

[-Pin 3- 
Pin 2 [-Pin 3+ 

(--Pin 4+ 
I-Pin 41  
[-Pin 4- 
I-Pin 4+ 

-Pin + 
4- Pin -1 Pin 

-I Pin 

Pin 1-1 Pin 

7" 

47 

Pin 11 

Pin 12 

Pin 13 

Pin 14 

Pin 15 

Pin 16 

Pin 17 

Pin 18 

All types of f u e l  w i l l  be i r rad ia ted  with a smear density of a 

82 ? 1% of theoret ical .  

I r rad ia t ion  Test Calculations (A. R. Olsen, R. B. F i t t s )  

We made a s e r i e s  of calculations with the  computer codes developed 

over t h e  past  2 years t o  describe various features  of f i e 1  i r radiat ions.  

The r e s u l t s  of these calculations were incorporated in to  a paper pre- 

sented recently.31 

ronments f o r  a (U,Pu)O2 f i e 1  rod clad with s t a i n l e s s  s t e e l  and operating 

i n  a fast reactor t y p i c a l  of those proposed f o r  commercial application 

This paper compares t h e  neutronic and thermal envi- 



Table 1.10. Proposed Program of ORNL Series I1 I r r ad ia t ion  Tests i n  19 Posi t ions 
of a Shared 37-Pin Subassenibly of t h e  Experimental Breeder Reactor-I1 

Sol- G e l  0 :Metal Smear Density Burnup, Mwd/metric ton  

Fuel Form R a t  i o  (4  theore t ica l )  0 25,000 50,000 75,000 100,000 

Sphere-Pac 

Sphere- Pac 

Sphere - Pac 

Sphere-Pac 

Sphere- Pac 

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 

Sphere- Pac 

Sphere - Pac 

Sphere-Pac 

Sphere-Pac 

P e l l e t  

P e l l e t  

P e l l e t  

P e l l e t  

P e l l e t  

P e l l e t  

P e l l e t  

1.98 
1.98 
1.98 
1.98 
1.98 I 

1.98 
1.94 
1.94 
1.94 
1.94 
1.98 
1.98 
1.98 
1.98 
1.98 
1.98 

1.94 
1.94 
1.94 

80 
80 
85 
85 
85 
85 
80 
80 
85 
85 

85 
85 
85 

85 
90 
90 
80 
80 
85 

Pin 1-l-Pin 48 

Pin 21 I-Pin 49 

50 

Pin 25----------[-Pin 51 

Pin 2 6  

Pin 27 [-Pin 52 

Pin 28 
Pin 29 ]-Pin 5+ 

Pin 30 [-Pin 54 
Pin 31 [-Pin 55 
Pin 32 

Pin 3-I-Pin 56 
Pin 34 

Pin 3~-----------l-~in 57 

Pin 36 

Pin 37 [-Pin 5- 

w 
iv 
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under t e s t  conditions now avai lable  i n  both thermal and fas t - f lux  t e s t  

reactors .  Calculations were performed t o  describe t h e  cladding fluence, 

radial power d i s t r ibu t ion  i n  the  f'uel, temperature d is t r ibu t ions  i n  both 

f u e l  and cladding, f u e l  res t ructur ing,  and y ie lds  of f i s s ion  products as 

functions of f i e 1  burnup. 

The calculations indicate  t h a t  properly designed and interpreted 

thermal-flux experiments can simulate t h e  operating conditions f o r  t he  

reference f u e l  i n  terms of temperature d is t r ibu t ions  and average yields  

of f i s s ion  products. However, t h e  fast-neutron fluences fo r  the  cladding 

a re  very low, and t h e  r a d i a l  power d is t r ibu t ions  i n  the  f u e l  are a typica l  

except a t  high burnup. 

Simulation i n  t h e  EBR-I1  of t h e  conditions proposed fo r  commercial 

fast reactors  i s ,  i n  general, qui te  good except f o r  d i f f i c u l t i e s  a r i s ing  

from the  r e l a t i v e l y  l o w  neutron flux. 

oxide f u e l  pins i n  typ ica l  LMFBR designs i s  about 16 kw/ft. This can be 

obtained i n  EBR-I1 with pin dimensions prototypic of LMTBR's only by 

f u l l y  enriching t h e  U. 

appreciable change i n  the  yields  of ce r t a in  of t h e  f i s s ion  products, 

which may a f f ec t  t h e  a c t i v i t y  of t h e  0 i n  the  fue l ,  and a two-thirds 

decrease i n  t h e  cladding fluence a t  a given f u e l  burnup. 

The maximum heat r a t e  f o r  mixed 

The consequences of t h i s  high enrichment are  an 
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2. DEVELOPMENT OF HIGH-PERFORMANCE LMFBR FUELS 

I 
I 

P. Patr iarca J. L. Scott  

The goals of t h i s  program are t o  invest igate  the propert ies  and 

behavior of those U- and Pu-based ceramic fue ls  t h a t  we term conductors - 
such as the  mononitrides, carbonitrides,  and monocarbides - and t o  com- 

pare t h e i r  po ten t i a l  as liquid-metal fast  breeder reac tor  (LMFBR) f u e l  

w i t h  that  of (U,Pu)02, which by comparison i s  an insulator .  Since the  

thermai conductivity of t he  ceramic conductors i s  about t e n  times t h a t  

of (U,PU)02, it i s  theo re t i ca l ly  possible t o  operate a conductor a t  ten  

times t h e  power density w i t h  t he  same temperature a t  t h e  center  of t h e  

fuel .  In  pract ice ,  heat- t ransfer  l imi ta t ions ,  thermal s t r e s ses  i n  the  

cladding, and high r a t e s  of swelling at high temperatures l i m i t  t h e  power 

density that  can be achieved with thermal conducting fue ls  t o  about two 

or th ree  times that  of (U,Pu)02 - s t i l l  a challenging improvement. 

t i ona l ly ,  t h e  margins f o r  t rans ien t  overpower i n  the  ceramic conductors 

a re  much higher than those fo r  (U,Pu)02. 

Addi- 

We seek t o  provide t h e  information necessary f o r  evaluating the  t r u e  

po ten t i a l  of n i t r i des ,  carbonitrides,  and carbides i n  comparison t o  each 

other and t o  mixed oxides. 

and qua l i ty  control  required t o  achieve 150,000 hd /me t r i c  t on  at  peak 

l i nea r  heat ra t ings  of 30 t o  50 kw/f t .  

s i b i l i t y  of a low-cost f u e l  cycle fo r  manufacturing f u e l  w i t h  t he  needed 

propert ies .  And s ince aus t en i t i c  s t a in l e s s  s t e e l  i s  a poor conductor of 

heat ,  we seek t o  es tab l i sh  the  physical and thermodynamic c r i t e r i a  f o r  
t he  new cladding mater ia l  tha t  w i l l  probably be required t o  explo i t  the  

conducting fuels  . 

We need t o  define the  s t ruc tures ,  composition, 

W e  m u s t  a l s o  demonstrate t he  pos- 

Our work i s  now oriented toward fabr ica t ing  and character iz ing 

(U,Pu)N with controlled law or  high porosi ty  d is t r ibu ted  i n  d i f fe ren t  

ways. The r equ i s i t e  void volume i n  a f u e l  pin may be provided i n  several  

ways i f  dense f u e l  i s  used, such as by a la rge  Na-fil led gap between f u e l  

and cladding or by dished or annular pe l l e t s .  It may a l s o  be provided by 

the  in t e rna l  porosity of low-density f u e l  p e l l e t s .  

pressing and cold pressing and s in te r ing .  

We use both hot 

In  our character izat ion work, 
-I 
I 
I 
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emphasis i s  being placed on r e l i a b l e  chemical analyses of U,  PU, C ,  0, 

and N. 

t h a t  allow us close control  of 0 content, and we have f a c i l i t i e s  i n  oper- 

a t ion  for  x-ray, metallographic, thermogravimetric ( E A ) ,  and d i f f e r e n t i a l  

thermal (DTA) analyses. 

gradient and burnup on t h e  a c t i v i t i e s  of N, C ,  and 0. Final ly ,  we zre  

developing t h e  information needed t o  design the  decisive experiments t h a t  

w i l l  demonstrate the  bes t  type of pin f o r  me’eting LMFBR requirements. 

We have glove boxes with l e s s  than 20 ppm 0 and 10 ppm moisture 

We are  a l s o  assessing t h e  e f f ec t s  of temperature 

Synthesis, Fabrication, and Characterization of Nitr ide Fuels 

V. J. Tennery 

Synthesis and Fabrication of Mixed Nitrides (E. S. Bomar) 

The purpose of t h i s  portion of our program i s  t o  develop methods 

f o r  preparing feed powders of high pu r i ty  and t o  fabr ica te  pe l l e t s  of 

var iable  but control led density f o r  a liquid-metal fast breeder reactor  

( LMFBR) . 
Fabrication by Hot Pressing. - Our pr inc ipa l  e f f o r t  t h i s  period was 

experimenting fur ther  with t h e  e f f ec t s  of var ia t ions i n  time and tempera- 

t u r e  on t h e  hot pressing of small p e l l e t s  of mixed n i t r ides .  

continued t o  use feed powders made of a mechanical mixture of  UN and 

FUN but ,  recognizing t h a t  it may be d i f f i c u l t  t o  obtain a homogeneous 

product by t h i s  route,  we have arranged f o r  prealloying of metal l ic  U 

and Pu f o r  use i n  fu ture  work. 

We have 

Fabrication of a p e l l e t  involves the  following s teps :  mix powders 

e i the r  i n  an oblique blender or a small mi l l ,  preform by cold pressing, 

load in to  a small graphite die ,  and consolidate fur ther  i n  the  hot press. 

Direct contact of t h e  n i t r i d e  powder with the  graphite punches and d ie  

is  avoided by use of a t h i n  refractory-metal l i n e r .  

both W and Mo l i n e r  materials separated s a t i s f a c t o r i l y  from UN p e l l e t s  

pressed f o r  periods up t o  3 hr at  1450°C and pressures of 1 t o  3 t s i .  
Since 3 h r  i s  too long t o  consider f o r  routine pressing, we selected 

higher temperatures and shorter  times f o r  subsequent experiments. 

tuna te ly  t h i s  change resu l ted  i n  bonding between p e l l e t s  and W and Mo 

In  e a r l i e r  work, 

Unfor- 
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l i n e r  materials over temperatures ranging from 1500 t o  1765°C and t i m e s  
from 5 t o  30 lnin. When Ta w a s  used, however, the circumferential  l i n e r  

usually separated without damaging the p e l l e t ,  but t h e  shims a t  e i the r  

end bonded firmly. 

Figure 2 .1  shows a 1/4-in.-diam pe l l e t  of  UN-20$ PUN res t ing  i n  an 

Mo-lined graphite die that has been s p l i t .  

place, but t he  circumferential surface of t h e  p e l l e t  shows pullout 

resu l t ing  from removal of half the l iner .  

The W end shims are  s t i l l  i n  

A second p e l l e t ,  encased i n  i t s  Ta l i ne r ,  i s  shown i n  Fig. 2 .2(a) .  

After the  Ta l i n e r  was removed f’romthe cy l indr ica l  surface, the pe l l e t  

appeared as i n  Fig. 2.2(b). 

i n  place. 

p e l l e t  w a s  caused by overlap of the  0.003-in. Ta l iner .  

The Ta end shims, hwwever, are  s t i l l  bonded 

The shallaw depression v i s ib l e  on the upper portion o f t h e  

Fig. 2.1. Pe l l e t  of UN-20$ PUN Hot Pressed i n  Nitrogen-Argon Atmo- 
sphere at  1700°C and 3 t s i  f o r  42 min i n  Graphite Die with Molybdenum Liner 
and Tungsten End Shims. 6x. 
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Fig. 2.2. Pe l l e t  of UN-20% PUN Hot Pressed i n  Nitrogen-Argon Atmo- 
sphere a t  1700°C and 6 t s i  f o r  30 min i n  Graphite Die with Tantalum Liner 
and Tantalum End Shims. 
( l e f t  and r i g h t ) .  8x. 
talum end shims s t i l l  i n  place. lox. 

(a) Pe l l e t  (center)  and portions of tantalum l i n e r  
(b) Pe l l e t  s t r ipped of tantalum l i n e r  but with tan- 
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The end shims a re  bonded primarily at  the  circumference of t h e  end 

of t h e  p e l l e t ;  thus, i f  the  shim is  pr ied away with a sharp-edged t o o l  

it causes the  edge of t he  pellet t o  p u l l  off  with the  shim. 

is  shown i n  Fig. 2.3. 

This e f fec t  

The density requested for  t he  i n i t i a l  i r r ad ia t ion  tests with (U,Pu)N 
A number of r e su l t s  a re  now avai lable  that r e l a t e  i s  956 of theore t ica l .  

t he  density of a hot-pressed pellet t o  the  variables of t i m e ,  temperature, 

and pressure. 

s i ty  i n  30 min requires pressing at  6 t s i  and 1755 t o  1770°C f o r  

1/4-in. - d i a m  x 1/4-in. -long pe l le t s .  

we can presently operate the hot press is  l imited by the  maximum tempera- 

t u r e  r i s e  t h a t  can be allowed i n  the  glove box. 

insulation of the  hot press and w i l l  examine t h e  behavior of the  mixed- 

n i t r i d e  powders at  higher temperatures fo r  shor te r  times. 

Table 2.1 shows that t o  obtain L 95% of theo re t i ca l  den- 

The maximum temperature a t  which 

We plan t o  a l t e r  the  

Fig. 2.3. Pe l l e t  of W 2 0 $  PUN Hot Pressed i n  Nitrogen-Argon Atmo- 
sphere a t  1700°C and 6 t s i  f o r  5 min i n  Graphite D i e  Lined with Tantalum 
and with Tantalum End Shims. 
removal of end shim. 

Appearance of end i s  t y p i c a l  of forced 
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Table 2.1.  Effect  of Variable Conditions Used i n  Hot Pressing 
UN-20$ PUN Powder Mixture" on Density of Pe l l e t  Product 

. 

b Hot Pressing Conditions 

Temperature Pressure Time 
( " a  ( t s i )  (min) 

Density 
($ t heo re t i ca l )  

- 1300 - 1300 
1700 
1700 

1755-1770 
175 5-1770 
17 5 5-17 7 0 
1755-1770 

3 
6.5 

3 
6 

30 
23 

42' 
5 

10 
30 

6 
10 
29c 
3 O C  

68 
76 
85 
81 
86 
90 
80 
85 
98 
98 

a A l l  samples prepressed cold i n  a 0.242-in.-diam s t e e l  die  lubricated 
with s t e a r i c  acid.: sample weight, about 3 02; pressure,  40 t s i ;  density,  
6 3 4 9 %  theore t ica l .  

0.003-in. Ta. Furnace atmosphere w a s  a N2-rich mixture with Ar. 

other samples were conditioned f o r  6 min i n  a "shatterbox" grinder. 

b A l l  samples hot pressed i n  1/4-in.-diam graphite dies  l ined  w i t h  

C Prepared from -325 mesh powders mixed i n  an oblique blender. A l l  

Fabrication Equipment. - The glove box and i t s  associated services 

f o r  t h e  furnace with t h e  W r e s i s t o r  were in s t a l l ed ,  and the  box passed 

t h e  leak  t e s t .  The O2 and H 2 0  impurity leve ls  of t h e  Ar atmosphere i n  

t h i s  box each dropped t o  less than 10 ppm shor t ly  a f t e r  it was put i n t o  

service.  We shall  complete several  experiments w i t h  UN that  m u s t  be 

handled in  an atmosphere with a very low l e v e l  of impurit ies before we 

start  work with %-bearing fue ls .  

We completed a spec i f ica t ion  fo r  purchase o f ' a n  inert-gas p u r i f i e r  

with a capacity of 160 cfm and recommended a number of t h e  manufacturers 

of t h i s  type of equipment. 

recycling the  glove-box atmosphere t o  reduce cost .  

request e d. 

The purpose of t h e  p u r i f i e r  i s  t o  permit 

Bids a r e  being 
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Synthesis, Fabrication, and Thermodynamic Properties 
of Carb oni t  r ide  Fuels 

J. M: Leitnaker 

Manufacture of UC, UN, and U(C,N)  From U02 (T. B. Lindemer) 

The kinet ics  of t h e  conversion of so l -ge l  UOz t o  uranium carbides,  

n i t r i des ,  and carbonitrides is  being s tudied t o  determine t h e  mechanisms 

t h a t  control  t h e  r a t e  of t he  conversion processes. 

which i s  fundamental t o  the  design of reactor  fuel cycles,  i s  a prelude t o  

the  conversion of mixed (U,Fu')02 t o  t h e  carbonitride.  

This information, 

Vacuum Conversion of UO2-C Mixtures (T. B. Lindemer, R. L. Beatty, 
K. J. Notzl) 

The vacuum conversion of UO2-C so l -ge l  shards t o  carbides i s  being 

investigated.  Previous work showed t h a t  t he  ca rbo the rkc  reduction of 

U02 microspheres i s  control led by so l id - s t a t e  diffusion through one of 

t h e  U compounds. * The model used indicates  t h a t  t he  time f o r  complete 

conversion of t he  U02 i s  inversely proportional t o  t h e  square of t he  

sphere radius. 

250 pm were used t o  estimate the  reac t ion  time f o r  t h e  approximately 200- 

t o  1000-A pa r t i c l e s  of U02 i n  UO2-C sol-gel  material .  

a few seconds t o  a f e w  minutes were indicated,  depending upon the  tem- 

perature used. 

factor  of 10 with data  developed by Ainsley e t  a l .  
vacuum conversion of UO2 powders w i t h  a radius of 0.5 t o  10 pm. 

estimates,  therefore ,  indicated t h a t  t h e  extremely small oxide s i z e  

avai lable  i n  sol-gel  mater ia l  may r e s u l t  i n  an extremely fast conversion 

process. 

The r a t e  constants obtained on spheres w i t h  a radius of 

Reaction times of 

The extrapolated react ion time also agreed within a 

fo r  carbothermic -- 
These 

Another fac tor ,  t h e  equilibrium pressure of C O  f o r  t h e  react ion,  is 

For U02, t h i s  pressure i s  i n  t h e  range a l so  an important consideration. 

of a f e w  t o r r  a t  the  usual conversion temperatures of 1400 t o  1600°C. 

Conversion i n  a stream of i n e r t  gas i n  a f lu id ized  bed can be shown t o  

be l imited by the  r a t e  of t h e  gas flow. 

a t t a ined  i n  t h e  i n e r t  gas, and fu r the r  react ion i s  dependent on t h e  

The equilibrium CO pressure i s  
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removal of t h e  CO. The l i m i t  t o  t h i s  flow is t h a t  which would blow t h e  

pa r t i c l e s  out of t h e  bed and i s  near tha t  used normally. Therefore, 

conversion i n  a f lu id ized  bed does not u t i l i z e  the  theo re t i ca l  conversion 

r a t e s  possible i n  t h e  UO2-C sol-gel  material .  

conversion of t h e  mater ia l  may proceed a t  t h e  theo re t i ca l  r a t e  as long as 

t h e  equilibrium pressure of CO i s  not a t ta ined.  

On t h e  other hand, vacuum 

Vacuum conversion w a s  performed i n  t h e  apparatus used normally f o r  

conversion i n  a f lu id ized  bed. However, instead of gas flowing through 

t h e  bed, a vacuum pump w a s  at tached t o  the  apparatus t o  remove t h e  CO as 

it was  produced. 

1 5 0 0 ° C ;  then t h e  U02-C sol-gel  mater ia l  w a s  introduced. The production 

of CO caused ac t ive  se l f - f lu id iza t ion  of t h e  pa r t i c l e s  f o r  about 1 min. 

The pa r t i c l e s  then dropped t o  t h e  bottom of t h e  reaction zone of the  

furnace. 

nace in to  a col lect ion b o t t l e  and t ransfer red  t o  an Ar-f i l led dry box. 

There, samples were prepared f o r  ana ly t i ca l  chemistry and x-ray analysis .  

In  a t y p i c a l  experiment, t h e  furnace w a s  heated t o  

When t h i s  occurred, the  pa r t i c l e s  were dropped out of the  fur-  

We have reacted -100 +120 mesh microspheres t h a t  have a C:U r a t i o  

of 7:l and -35 +lo0 mesh shards t h a t  have C:U r a t i o s  of e i the r  4 . 3 : l  or 
2.3:l. 

without apparently reaching t h e  maximum charge capacity of t he  present 

equipment. 

r a t i o  of C:U indicated that conversion of U 0 2  w a s  about 90$ complete; 

t he  ana ly t ica l  r e s u l t s  from t h e  other runs are now being obtained. 

appears t h a t  t h e  vacuum conversion of these oxide-carbon shards uniquely 

approaches the  r a t e s  inherent ly  possible w i t h  these materials. 

As much as 25 g of mater ia l  has been reacted i n  about 1 min 

A Debye-Scherrer x-ray f i l m  of t he  microspheres with the  7:l 

It 

Fabrication of  ( U , P u ) ( C , N )  (W. ,L. Moore, T. B. Lindemer) 

The mixed carbonitrides w i l l  be i r r ad ia t ion  t e s t e d  as pe l l e t s  c lad 

i n  s t a in l e s s  s t e e l  tubes.  The feed mater ia l  f o r  these pe l l e t s  w i l l  be 

obtained by t h e  react ion of (U-20 w t  $ h ) 0 2  + C sol-gel  shards with N2 

i n  a f lu id ized  bed. 

from U(C,N)  t o  ( U , h )  (C ,N) ,  determine t h e  thermodynamics of t h e  react ion,  

and study the  product by x-ray d i f f rac t ion .  During t h e  past  quarter  we 

s e t  up an ex is t ing  fluidized-bed f'urnace i n  an alpha glove box and made 

three  preliminary conversion runs with depleted U. 

We w i l l  extend t h e  method of carbonitride synthesis 
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While s e t t i n g  up t h e  equipment, we replaced t h e  heating element, 

graphite cone, and f i l t e r  bag f o r  t h e  furnace. Nitrogen supply w a s  

added t o  the  furnace, and the  gas-flow meters were cal ibrated.  Special ly  

designed t r ans fe r  containers were fabricated and i n s t a l l e d  t o  prevent 

contamination of t he  carbonitride by air  during unloading of t he  furnace 

and t r ans fe r  of t h e  product t o  a f a c i l i t y  with an i n e r t  atmosphere. 

The e s sen t i a l  s teps  i n  making t h e  conversion runs were as follows: 

1. The furnace w a s  purged with N 2  and heated. 

2. When the  furnace reached temperature, t h e  N2 purge r a t e  w a s  

lowered t o  t h e  f lu id iz ing  ra te .  

3. The U02 + C shards were poured i n t o  t h e  furnace. 

4. After a predetermined length of time, t h e  f l o w  of N 2  w a s  stopped 

t o  allow the  product t o  f a l l  i n t o  the  t r ans fe r  container. 

Three charges of U02 + C shards were run through t h e  furnace, and 

t h e  product w a s  chemically analyzed i n  t h e  High Radiation Level Examination 

Laboratory. 

charge mater ia l  f e l l  out of t h e  furnace and w a s  col lected with t h e  reacted 

product. Analytical  r e s u l t s  fo r  0 f o r  t h i s  run were poor, s ince they 

represented only p a r t i a l l y  converted U02 + C shards. 

run, we developed a technique t o  eliminate from the  container used for 

unloading the  furnace any mater ia l  t h a t  might f a l l  through t h e  furnace 

during loading. 

exposed t o  N2 fo r  15 min a t  1600°C. 

on t h e  second batch, but we found t h a t  t h e  0 content w a s  2.4 t o  2.7 w t  $. 
The t h i r d  batch w a s  converted at  the  same temperature as t h e  second, but 

the  time at  temperature w a s  1 hr ra ther  than 15 min. The 0 content of 

t h e  t h i r d  batch of carbonitride w a s  1.1 w t  $. 
unconverted U02 and w i l l  invest igate  operating t h e  f'urnace at a higher 

temperature t o  increase the  react ion r a t e .  

During t h e  f irst  of these runs a t  16OO0C, some unconverted 

Before t h e  second 

The second run consisted of 15 g of U02 + C shards 

Analytical  r e s u l t s  are not complete 

We a t t r i b u t e  t h i s  0 t o  

Compatibility of Mixed-Nitride and Carbonitride Fuels 
. with LMFBR Cladding Alloys 

J. M. Leitnaker 

Our approach t o  compatibil i ty i n  high-performance fue1,systems is  

t o  characterize in te rac t ions  t h a t  can occur between t h e  f u e l  and cladding 
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material, s ince a bas ic  understanding of these react ions may point t o  

methods for  t a i l o r i n g  t h e  f u e l  so tha t  t h e  react ions cannot occur and, 

perhaps, t o  methods f o r  hindering t h e  k ine t ics  of t he  reaction. 

The work described t h i s  quarter  on the  U-V-N and U-V-C systems w a s  

performed t o  obtain a bas ic  understanding of t he  chemical and the rm-  

dynamic properties of interact ions of V a l loys  with n i t r i d e  and carbide 

fue ls .  The r e su l t s  of these invest igat ions w i l l  be combined t o  point 

out t h e  c r i t i c a l  experiments that are needed t o  obtain a basic  under- 

standing of t h e  more complicated quatenary U-V-C-N system. A few 

se lec ted  experiments involving Pu w i l l  be needed t o  determine how t h i s  

added element affects  t h e  basic propert ies  of these systems. 

Ternary U-V-N System (K. E. Spear) 

The possible use of V al loys with n i t r i d e  reactor  fue ls  has genera- 

t e d  in t e re s t  i n  t h e  phase behavior of t h e  U-V-N system. 

i n t e r e s t  i s  i n  t h e  compatibil i ty of f u e l  and cladding, but it may a l so  

be possible t o  t a i l o r  n i t r i d e  fuels  with small additions of V and/or i t s  

n i t r i d e s  t o  maintain the  a c t i v i t y  of N i n  t h e  f u e l  a t  a l eve l  lower than 

tha t  fo r  the  UN-U2N3 two-phase system. 

The primary 

Our preliminary r e su l t s  indicate  t h a t  t he  following equilibrium t i e -  

l i nes  ex i s t  i n  t h e  U-V-N system: UN-V, UN-UVN2, U2N3-UVN2, U2N3-VN, and 

uvN2-VN. We s t i l l  do not b o w  the  posi t ions of t h e  t i e - l i n e s  i n  the  

UN-VN-V region of t h e  te rnary  phase diagram. 

As we reported ear l ie r , '  a new type of te rnary  n i t r i d e  has been 

discovered i n  s tud ies  of the  U-V-N s y s t e m .  This compound, UVN;?, has been 

de f in i t e ly  iden t i f i ed  i n  17 samples prepared by mixing UN and VN powders, 

pressing the  mixtures i n t o  p e l l e t s ,  and then heating these pe l l e t s  at 

1400 t o  2000°C i n  50 t o  600 t o r r  N2. Equilibrium i s  d i f f i c u l t  t o  achieve 

i n  this  system, but w e  have obtained two-phase'mixtures of UN and uvN2 
w i t h  samples prepared w i t h  UN:VN molar r a t i o s  greater  than 1.0. 

phase mixtures of uvN2 and VN were obtained with UN:W molar r a t io s  of 

0.5 and l e s s .  

U, t he  x-ray l i nes  of UN a re  very f a i n t  i n  these te rnary  samples unless 

t h e  compound is  present i n  large molar quant i t ies .  Thus far, t he  formula, 

!bo- 

Because of the  small atomic weight of V i n  comparison w i t h  



46 

I 
I 

UVN2, i s  derived mainly by analogy with W C 2 .  The c r y s t a l  s t ruc tures  

a re  isomorphous as indicated by data  from x-ray powder d i f f r ac t ion .4  

The elimination of 0 contamination f romthe  samples is d i f f i c u l t  

because the  n i t r ides  have such a high a f f i n i t y  fo r  0. 

amunt  of 0 dissolved i n  t h e  n i t r i d e  samples we s tudied appeared, from 

t h e  r e s u l t s  discussed below, t o  be small. A sample containing uvN2, VN, 

and U 0 2 ,  according t o  x-ray r e s u l t s ,  w a s  chemically analyzed and found 

t o  contain 0.78 wt $J 0. 

i n  t h i s  par t icu lar  sample. The f a c t  t h a t  weak U02 l i nes  were observed 

i n  the  x-ray d i f f r ac t ion  photograph of t h i s  sample indicates  t h a t  l i t t l e  

0 w a s  dissolved i n  UVN2 and VN. The l imi t  f o r  detect ion of a phase i n  

x-ray powder photographs i s  about 5 w t  $J. 
UVN2 i s  e s t i m t e d  t o  be 0.2 wt $J or less. 

However, the  

This quant i ty  of 0 corresponds t o  about 7 w t  $J U 0 2  

The amount of 0 dissolved i n  

Ternary U-V-C System (K. E. Spear, T. B. Lindemer) 

The possible use of V a l loys w i t h  carboni t r ide fue ls  has generated 

i n t e r e s t  i n  t h e  phase behavior of t h e  U-V-C system. Last quarter5 we 

reviewed previous invest igat ions on t h i s  te rnary  system, reported the  

r e su l t s  of our s tudies  of phase equ i l ib r i a ,  and discussed t h e  p r a c t i c a l  

implications of these r e s u l t s  r e l a t i v e  t o  nuclear reactors .  

Here, we present r e s u l t s  per ta ining t o  (1) ternary  s o l i d  solut ions 

i n  t h e  U-V-C system, ( 2 )  t h e  composition of VC i n  the  UC-WC2-VC three-  

phase f i e l d ,  (3) t h e  decomposition temperature of W C 2 ,  and ( 4 )  t h e  

confirmation of t h e  UC2-VC equilibrium t i e  l i ne .  W e  a l s o  compare the  

phase behavior of  t he  U-V-C systemwith that  of t h e  U-Cr-C,  U-Mo-C, and 

U-W-C systems. 

Our phase-equilibria r e s u l t s  f o r  t h e  U-V-C system are  shown i n  the  

.diagrams in Fig. 2.4. This f igure  contains a schematic representation 

of t h e  sample compositions, a phase diagram representing the  r e s u l t s  f o r  

cas t  samples (samples quenched from t h e  melt) ,  and the  equilibrium U-V-C 

phase diagram fo r  1500 t o  1 6 0 0 ° C .  

The extent of te rnary  s o l i d  solut ions was  examined by comparing 

l a t t i c e  parameters of UC and VC i n  t h e  binary and t e rna ry  samples. The 

r e su l t s  a r e  shown on t h e  p a r t i a l  t e rnary  phase diagrams i n  Fig. 2.5. 
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ORNL-DWG 69-9t94 

Fig. 2.4. Ternary U-V-C Phase-Diagram Results. (a) Synthetic compositions of samples 
i n  t h e  ternary phase f i e l d  a re  indicated by the  sample numbers. 
samples as cast .  

(b) Phase diagram f o r  
(c)  Phase diagram for  1500 t o  1600°C. 
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a0(UC)= 4.9xx A aO(VC) = 4 . 4 ~ ~  ii 

Fig. 2.5. Latt ice Parameters fo r  UC and VC. (a) Samples as cast .  
(b) Samples annealed at  1200°C. 
The UC2-VC t i e  l i n e  is  t h e  top  one shown on each p a r t i a l  phase diagram, 
and the  UC-V2C t i e  l i n e  is  t h e  lowest one. The posi t ion of each parameter 
on the  diagrams corresponds t o  the  phase f i e l d  f o r  t h e  sample as indicated 
from x-ray and metallographic resu l t s .  
taken from E. K. Storms, The Refractory Carbides, Academic Press, New York, 
1967. 

( c )  Samples annealed at 1500 t o  1600°C. 

The UC values i n  parentheses were 

1 
I 
I 
I 
I 
-I 

I 
I 
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The last two d i g i t s  of t h e  parameter 4.9XX A f o r  UC a r e  given i n  the  l e f t  

th ree  drawings, and the last two d i g i t s  of t h e  parameter 4.1XX A fo r  VC 

a r e  given i n  the  r i g h t  t h ree  drawings. The parameter f o r  each sample is  
located on t h e  p a r t i a l  phase diagram i n  t h e  phase f i e l d  indicated by t h e  

x-ray and metallographic r e su l t s  f o r  t h e  sample. The standard deviation 

w a s  l e s s  than 0.001 A f o r  a l l  but four of t he  values, and was l e s s  than 

0.002 A for  these four. A comparison of t h e  r e su l t s  f o r  te rnary  samples 

with those for  binary samples indicates  l i t t l e  te rnary  so l id  solut ion of 

UC i n  VC and vice versa. The r e su l t s  fo r  t h e  samples as cast  give some 

indicat ion that  t h e  quenched compositions depend k ine t i ca l ly  on t h e  over- 

a l l  sample composition. Although te rnary  solut ions were not determined 

quant i ta t ive ly  i n  t h e  present s tudies ,  t h e  r e s u l t s  of t he  s tudies  of t h e  

l a t t i c e  parameter ind ica te  t h a t  t h e  approximately 20% solut ion of VC i n  

UC reported by Nmotny -- e t  al. 

5% or  less .  

i s  too  la rge  and should probably be about 

We calculated t h e  composition of VC i n  t h e  te rnary  UC-WC2-VC three-  

phase f i e l d  from the  data  f o r  t he  l a t t i c e  parameter. The l a t t i c e  p a r a m -  

e t e r  of VC i n  a sample i n  t h i s  f i e l d  annealed a t  1 5 0 0 ° C  w a s  

4.154 ? 0.001 A. 

l a t t i c e  parameter versus C:V r a t i o  yields  the  estimated composition 

VCO. 81kO. 02.  

This value and the  data given by Storms7 fo r  t h e  

The t e rna ry  W C z  phase appeared when arc-melted samples w i t h  compo- 

s i t i o n s  i n  the  UC-UC2-VC region were annealed, but it w a s  never observed 

i n  samples quenched f romthe  melt. Therefore, t h e  W C 2  probably forms 

v i a  the te rnary  pe r i t ec to id  react ion of UC, U C 2 ,  and VC. A sample as 

cas t  and containing UC2, VC, and UC w a s  annealed at  severa l  temperatures 

t o  determine the  pe r i t ec to id  temperature. A t  1 5 0 0 ° C  we found mainly UC2, 

VC, and W C 2 ,  w i t h  a minor amount of UC s t i l l  unreacted. We demonstrated 

t h e  existence of t he  UC2-VC-WC2 f i e l d  at  1 8 0 0 " C ,  but annealing a t  2 0 0 0 ° C  

resu l ted  i n  UC, UC2, and VC. Thus, W C z  i s  unstable above 1900 ? 1 0 0 ° C .  

The U-Cr-C, U-Mo-C, and U-W-C te rnary  systems a re  similar t o  t h e  

U-V-C system i n  that they form orthorhombic t e rna ry  compounds of t h e  

UMC2 type (where M represents a t r a n s i t i o n  metal). 

severa l  differences among these  four systems. The W C 2  phase decomposes 

t o  t h e  s o l i d  binary phases at 1900 ? 1 0 0 ° C ,  UCrC2  melts congruently a t  

There a re ,  however, 



50 

1625°C according t o  Briggs - e t  _ *  a1 J 

2300°C according t o  Chubb.' 

and VC, while UMoC2 and UWC2 a r e  s t ab le  i n  the  presence of C according 

t o  Chubb' and Rudy - e t  - * '  a1 10respect ively.  

1500°C f o r  V, 1315°C f o r  C r  ( re f .  8),  1800°C f o r  Mo ( r e f .  9 ) ,  and 1500°C 

for W ( re f .  lo>, V i s  d i f fe ren t  from the  other metals i n  t h a t  it w i l l  

react  with UC t o  form V2C and U. The other th ree  metals can ex i s t  i n  

equilibrium with UC. 

and UMoC2 melts congruently a t  about 

The WCz phase reac ts  with C t o  form UC2 

A t  least a t  temperatures below 

Thermodynamic Investigations of High-Performance Fuel Systems 

J. M. Leitnaker 

The goal of our thermodynamics program f o r  high-performance fue ls  - 
t h e  carbides, n i t r i d e s ,  and carboni t r ides  - i s  t o  be able  t o  predict  t h e  

l imi t ing  equilibrium behavior of f u e l  and cladding i n  fas t - reac tor  envi- 

ronments. Our experiments, though l imited t o  measurements out-of-reactor, 

are of value for defining and understanding t h e  fac tors  t h a t  a f f ec t  f u e l  

performance. 

Thermodynamic S t a b i l i t y  of W C 2  (K. E. Spear, T. B. Lindemer) 

The existence of t he  te rnary  compound WC2 has been confirmed i n  

phase s tudies  of t h e  t e rna ry  U-V-C system,5 and the f r ee  energy of for- 

mation, AG;, of t h i s  phase at 1800°K was calculated t o  have a value 

between 4 7 . 5  and -48.1 kcal/mole. l1 

We recent ly  determined that t h e  te rnary  W C 2  phase i s  unstable above 

2150°K (1900 It: 100°C) (ref. 1 2 )  and decomposes according t o  t h e  react ion 

This and t h e  data  f o r  AG: a t  2150°K f o r  t he  binary carbides13 r e s u l t  i n  

The uncertainty i n  t h i s  value caused 

by t h e  uncertainty i n  t h e  decomposition temperature is  about kO.2 kcal. 

( W C 2 )  = 4 7 . 0  kcal/mole. 
m:,2150 

The assumptions t h a t ,  between 1800 and 2150°K, t h e  heat and entropy 

of formation of W C 2  a re  constant ( t ha t  i s ,  t h a t  t h e  change i n  t h e  heat 
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capacity f o r  t h e  formation of W C 2  from the elements a t  

sure, AC" i s  equal t o  zero) lead t o  the re la t ionship  
P ,f ' 

constant pres - 

where AS; is  t h e  entropy of formation. 

l a t e d  from t h i s  re la t ionship  i s  -2.3 eu, with an uncertainty of about 

kl.5 eu. Combining t h i s  value with t h e  &" ( W C 2 )  value yields a 

heat of formation, AH;, fo r  W C 2  a t  2150°K of -51.9 kcal/mole. 

assumption t h a t  AC" 

lowing values fo r  t h i s  ternary phase a t  298°K: AH" = -48.6 k 3 . 0  kcal/mole, 

AS" = 0.5 * 2.0 eu, and So = 22.2 k 2.0 eu. The uncertainties were e s t i -  f 
mated. The so298 value used fo r  U w a s  from Storms7 and t h e  values fo r  V 

and C were from Hultgren e t  al.  l 4  

The value for  AS; ( W C 2 )  calcu- 

f , 2 1 5 0  
The 

( W C 2 )  = 0 between 298 and 2150°K leads t o  the fo l -  
P'f 

f 

-- 

Thermodynamic S tab i l i ty  of U C r C 2 ,  UMoC2, and UWC2 (K. E. Spear, 
T. B. Lindemer) 

L i m i t s  on the  f r e e  energies of  formation of U C r C 2 ,  UMoC2, and UWC2 

can be determined from phase data and f r e e  energies of formation f o r  

binary carbides j u s t  as they were for  W C 2  ( ref .  15). The phase diagrams 

f o r  U-Cr-C from Briggs e t  a l .  ,8 f o r  U-Mo-C from Chubb,' and fo r  U-W-C 

from Rudy e t  al. ,lo show the  following condensed phase reactions t o  have 

negative f r ee  energies at 1800" K: 

-- 

uc + ~ 2 ~ 3  + c r 3 ~ 2  --f 3 u C ~ C ~  

2 U C r C 2  + C r  2 UC + C r 3 C 2  

UC + M02C U M O C ~  + MO 

U M O C ~  + U 4 2 UC + MO 

U C 1 . 9 3  + WC + UWC2 + 0.93 C 

U W c 2 + u 4  2 u c + w  

This f a c t ,  t h e  AG" values f o r  t h e  carbides of U (calculated from data i n  f 
r e f s .  7,  14, 16, and 17), and the  fY3" values f o r  t h e  carbides of C r ,  Mo, 

and W given by Hultgren e t  a1.l4 were used t o  determine the  following 
f 

-- 
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limits f o r ' t h e  LG;,,800: -36.5 and -41.7 kcal/mole f o r  U C r C 2 ,  -39.7 and 

-51.4 kcal/mole f o r  UMoC2, and -34.4 and -51.4 kcal/mole fo r  W C 2 .  

limits compare with t h e  limits of -47.5 and -48.1 kcal/mole determined 

These 

fo r  W C 2 .  for ~ ; , l s o o  

Plutonium Nitride Thermodynamics (J. DeLuca) 

As a par t  of our study of t h e  compatibil i ty of mixed n i t r i d e  f'uels 

we are  building a system fo r  measuring N2 pressures over n i t r i d e s  and 

carbonitrides t h a t  contain Pu. We a re  t ry ing  t o  define t h e  factors  t h a t  

a f f ec t  f i e 1  performance and behavior toward cladding materials.  

The system under construction i s  similar t o  one described by Inouye 

except t h a t  extensive modifications were necessary t o  and Leitnaker' 

contain t h e  Fu. The heater  i s  made of W mesh, and t h e  crucible  i s  sus- 

pended inside it. This e n t i r e  assenibly i s  surrounded by a nest  of 

shields .  The furnace chamber i s  of s t a in l e s s  s t e e l  and is  cooled by 

water. The crucible  is suspended from a Cahn microbalance f o r  two rea- 

sons. 

l o s s  of Pu from n i t r i d e s  because of vaporization may be expected t o  

change t h e  composition of t h e  s o l i d  n i t r ides .  Second, determining by 

means of weight change the  amount of N 2  added w i l l  - at  low temperatures 

where Pu vaporization i s  not a problem and a t  High temperatures a f t e r  

su i t ab le  correction - give us a check on t h e  addi t ion by measurement of 

W re la t ionship ,  and give us freedom t o  make addi t iona l  r a t e  s tudies  

where col lect ion of a permanent gas may not be prac t ica l .  

F i r s t ,  Pu i s  considerably more v o l a t i l e  than U, and, thus,  t h e  

W e  have inventoried a l l  components on hand, ordered a l l  necessary 

addi t iona l  components, and removed from t h e  laboratory f o r  machining the  

pa r t s  of t he  vacuum system t h a t  were damaged or needed modification. 

Measurements of t he  Physical Properties of (U,Pu)N Alloys 

D. L. McElroy S. C.  Weaver 

Because it i s  important t o  know temperature d is t r ibu t ions  t o  predict  

i r r ad ia t ion  behavior, w e  are beginning a study of t h e  thermal conductivity 

of (U,Pu)N al loys.  Fuel swelling, re lease  of f i s s i o n  gas, d i s t r ibu t ion  of 
f i s s ion  products, r ed i s t r ibu t ion  of Pu, and other e f f ec t s  of i r r ad ia t ion  

I 
I 
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very s t rongly depend on the  temperature d is t r ibu t ion  and, therefore ,  t h e  

thermal conductivity of t h e  f'uel. We plan t o  study the  e f fec ts  of f'uel 

density,  including t h e  e f fec ts  of pore s i z e  and shape, t he  e f fec ts  of 

impurit ies such as C and 0, and the  effects of varying compositions of 

U and Pu. 
The equipment t o  be placed i n  t h e  Interim Plutonium F a c i l i t y  has 

been designed, and fabr ica t ion  has begun. Fabrication of t he  components 

f o r  t h e  comparative heat-flow apparatus i s  near ly  complete; t h e  compo- 

nents a re  being f i t t e d  onto the  base p la te .  "he b e l l  jar fo r  t h i s  appa- 

r a tus  is  a l so  finished. 

A l l  equipment t o  be purchased from outside vendors has been ordered. 

Nearly a l l  of t h e  instrumentation f o r  t he  th ree  pieces of equipment has 

been received by t h e  Plant and Equipment Division and i s  being assembled 

in to  t h e  Budd racks. The vacuum systems were ordered and a re  due t o  be 

received October 2, 1969. 

house the  comparative heat-flow apparatus and t h e  absolute thermal- 

conductivity apparatus, t o  be delivered October 31, 1969; t h e  second box 

i s  due Deceniber 15, 1969. 

We expect t h e  first glove box, which w i l l  

We began measuring the  e l e c t r i c a l  r e s i s t i v i t y  and Seebeck coeff ic ient  

on a square, pressed-and-sintered rod of UN for t he  temperature range 300 

t o  1700" K. 

I r rad ia t ion  Testing of Nitr ide Fuels f o r  LMFBR Applications 

T. N. Washburn 

The objective of t h i s  program i s  t o  es tab l i sh  t h e  i r rad ia t ion  per- 

formnce of t h e  U,pU n i t r i d e s  and carbonitrides.  The n i t r ides  and car- 

boni t r ides  have a thermal conductivity about 10 times higher, a theo re t i ca l  

density 30$ higher, and a metal content i n  t h e  compound 7% higher than the  

oxides. These propert ies  make t h e  n i t r i d e s  and carbonitrides strong con- 

tenders as advanced fuel  f o r  an LMFBR. 

Thermal-Flux I r rad ia t ion  Tests (T. N. Washburn) 

We had i n i t i a l l y  planned t o  perform t h e  thermal f l u x  i r r ad ia t ion  

t e s t s  i n  t h e  Engineering T e s t  Reactor (Em), but  a recent evaluation 
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indicates  t h a t  t h e  Oak Ridge Research Reactor (ORR) may o f f e r  cer ta in  

advantages over t he  ETR. We invest igated the possible use of two t e s t  

f a c i l i t i e s  (B-2 and F-2) i n  t h e  ORR t h a t  a r e  avai lable  f o r  reassignment 

and requested that they be assigned t o  t h i s  Division fo r  use i n  the  high- 

performance fue ls  i r r ad ia t ion  t e s t i n g  program. If only one f a c i l i t y  can 

be obtained, we would recornend t h e  F-2 f a c i l i t y ,  s ince it has a s l i g h t l y  

higher neutron f lux,  a s l i g h t l y  higher flow r a t e  i n  t h e  closed water- 

c i rcu la t ion  loop, t he  capabi l i ty  f o r  independent cont ro l  of four sepa- 

r a t e  gas loops, and no modification or preoperation maintenance required 

t o  begin operation of t h e  loop. The B-2 fac i l i ty  i s  cur ren t ly  inoperative 

and would require  replacement of t h e  bearings i n ' t h e  water pump i n  order 

t o  be used i n  our program. 

Both these f a c i l i t i e s  a r e  located inside the  reac tor  tank, and each 

i s  adjacent t o  a fuel-element posit ion.  A hole with t h e  maximum possible 

diameter i s  bored i n t o  an Al block t h e  same s i z e  as the  f i e 1  element, and 

a s t a in l e s s  s t e e l  f a c i l i t y  tube about 2 3 / 4  in .  i n  outside diameter and 

0.065 in .  i n  wal l  thickness is inser ted  in to  t h e  A1 block. The f a c i l i t y  

tube i s  connected t o  a closed water-circulat ion loop t h a t  can be operated 

independently of the  ORR coolant /moderator system. 

These f a c i l i t i e s  a r e  of spec ia l  i n t e r e s t  t o  t h e  high-performance 

fue l s  i r r ad ia t ion  program fo r  t h e  following reasons: 

1. A constant cladding temperature can be maintained throughout 

t h e  t e s t s .  The hydraulic posi t ioner  i n  each f a c i l i t y  enables small move- 

ment of t h e  specimen location t o  compensate fo r  both changes i n  t h e  f lux  

p r o f i l e  of t he  reac tor  and burnup of t he  f i s s i l e  content of the f u e l  

specimen. 

2. Instrumentation of each f a c i l i t y  i s  excellent.  It is  capable 

of monitoring and recording 16 thermocouples as we l l  as pressure and 

flows of both water and gas loops. 

3. The ORR operates 85 t o  90% of t h e  time, compared t o  55 t o  60% 

f o r  t h e  ETR, which reduces by 40% t h e  calendar time required t o  achieve 

a spec i f ied  burnup at  a given heat ra t ing.  

The peak neutron f lux  of 2 x 1014 neutrons cm'* seee1 w i l l  4. 

permit us t o  t e s t  the  high-performance f i e l s  t o  l i n e a r  heat r a t ings  of 

about 40 I rw/f t .  

L 



55 

5.  Each f a c i l i t y  has i t s  own closed-cycle water loop f o r  cooling 

t h e  t e s t  specimens. 

6. Each f a c i l i t y  has a 2 1/2-in.-diam x 20-in.-long t e s t  space t h a t  

w i l l  permit us t o  t e s t  capsules with specimens loaded e i the r  i n  c lus te rs  

o r  i n  tandem. 

7. Each f a c i l i t y  i s  equipped with gas-flow loops t h a t  can be used 

t o  supply a low heat- t ransfer  b a r r i e r  around the  t e s t  specimen and a l s o  

serve as a monitor fo r  re lease of f i s s i o n  gas from t h e  t e s t  specimen. 

Liquid-Metal Bonding of Fuel t o  Cladding (M. K. Preston’’) 

I n  the  i n i t i a l  t e s t s  i n  a thermal-neutron f lux ,  t he  (U,Pu)N and 

(U,Pu)C,N p e l l e t s  w i l l  be thermally bonded t o  the  s t a in l e s s  s t e e l  clad- 

ding with NaK-19 (Na-19 w t  % K ) .  A system f o r  loading t h e  l i qu id  metal 

i n t o  the  0.010-in. r a d i a l  gap between f u e l  and cladding has been designed, 

and i n s t a l l a t i o n  i s  about 75% complete. 

i s  forced, by e i the r  a vacuum o r  applied pressure,  t o  f l o w  in to  t h e  r a d i a l  

gap around the  f u e l  pin v i a  a cap i l l a ry  tube connected t o  the  reservoir  

of l i qu id  metal. By containing t h e  NaK-19 i n  a completely closed system 

during loading operations, we can keep the  l e v e l  of 0 contamination low. 
After t he  NaK-19 i s  loaded i n t o  the  gap, t h e  f u e l  pins w i l l  be centrifuged 

t o  minimize t h e  probabi l i ty  of gas bubbles i n  t h e  thermal bond. 

Materials Compatibility Group prepared 3 kg of NaK-19 a l loy  f o r  checking 

t h e  loading system and re f in ing  t h e  loading and bonding techniques. 

glove box f o r  containing t h e  loading system w a s  ordered, and delivery is  
scheduled for  November. 

In  t h i s  system, the  l i qu id  metal 

The 

A 
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3 .  EFFECT OF POWER CYCLING ON LMFBR FUELCLADDING BEHAVIOR 

0. Sisman 

This program invest igates  the  e f f ec t s  of power cycling and 

t rans ien ts  on f u e l  behavior and t h e  in te rac t ion  of f u e l  and cladding f o r  

a liquid-metal fast breeder reactor  (LMFBR), f irst  f o r  mixed oxide f u e l  

and s t a in l e s s  s t e e l  cladding and later f o r  other fue ls  and claddings. 

The objectives of t h i s  study are  t o  compare t h e  mechanical interact ions 

of fue 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 conditions t y p i c a l  of those t o  be 

expected i n  an LMFBR. 

neutron radiography. Relocation and cracking of t h e  fue l ,  reactions 

between fuel and cladding, and the  migration of Pu and f i s s i o n  products 

w i l l  be studied by pos t i r rad ia t ion  examination. 

Fuel re locat ion i s  per iodica l ly  monitored by 

Power Cycling of Mixed Oxide Fuel with Stainless  S tee l  
Cladding t o  Moderate Burnup 

J. G. Morgan 

We began t h i s  quarter t o  design a se r i e s  of reactor  experiments f o r  

studying t h e  e f fec ts  of power cycling and power t r ans i en t s  on the  behavior 

of oxide f u e l  and t h e  interact ions of f i e1  and cladding. Calculations 

are now being made t o  es tab l i sh  the  geometry of t h e  capsules so  t h a t  a 

preliminary design and cost estimate may be made f o r  t h e  f irst  experiment. 
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4. LMFBR FUEL ELFMENT DESIGN AND MODEL DEVELOPMENT 

P. Pa t r ia rca  C. M. Cox 

This i s  a new program for  which progress is  being reported fo r  t he  

first time. 

f o r  predict ing the performance charac te r i s t ics  of LMFBR f i e 1  rods and 

fue l  elements. 

1. i n  the systematic evaluation of data from i r r ad ia t ion  t e s t s ,  

2 .  

The object ive of the  program i s  t o  develop ana ly t ica l  methods 

Such methods w i l l  be applied i n  several  areas:  

i n  evaluating the influences of mater ia ls  propert ies  on the perfor-  
mance of  f i e 1  elements, 

3. i n  ident i rying spec i f i c  areas where experimental research needs t o  

be intensif ied,  and 

i n  predict ing the  probabi l i ty  and cause of  f a i lu re s  of me1 elements 

under both s teady-state  and t rans ien t  conditions. 

4 .  

The computer models a r e  wr i t t en  i n  modular form so tha t  obsolete 

ideas and concepts may e a s i l y  be replaced when more sophis t icated ver- 

s ions a re  avai lable .  Although it i s  intended t h a t  the scope of  t h i s  work 

w i l l  eventually include the  nuclear, mechanical, chemical, and thermal- 

hydraulic analysis  of an e n t i r e  fbel-element assembly, we a re  now working 

on the  mechanical in te rac t ions  of f i e 1  and cladding and the  behavior of 

f i s s i o n  gas i n  s ing le  f i e 1  rods. The individual models f o r  t h i s  analysis 

a r e  assembled in to  an integrated performance code ca1le.d FdDEL. 

Model Integrat ion 

FMdDEL Computer Code (F. J. Homan) 

Figure 4 .1  i s  the  present f l o w  diagram f o r  t he  FM@DEL computer code. 

The code provides a f l ex ib l e  heat- t ransfer  and mechanical analysis of a 

metal-clad ceramic f u e l  rod operating at  s teady-state  conditions w i t h  

r ad ia l ly  symmetrical boundary conditions. 

important i n  determining the  bas ic  in te rac t ions  between f u e l  and cladding 

and can be used t o  inves t iga te  the  s e n s i t i v i t y  of these in te rac t ions  t o  

materials propert ies  and design var iables .  

This type of analysis i s  
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I n  F$DEL, t he  fue l  rod i s  described as  a s e r i e s  of ax ia l  "regions," 

each containing r a d i a l  "increments." 

re lease  of  f i s s i o n  gas, res t ruc tur ing  of  the  f'uel, and swelling of t he  

f u e l  represent several  degrees of sophis t icat ion,  a s  described i n  the  

following sect ions.  

but  t he  modular form of the  simulation makes it simple t o  replace these 

a s  b e t t e r  models a r e  developed. 

The models used t o  describe the  

Some of these models a r e  not completely adequate, 

The ca lcu la t iona l  procedure fo r  each region follows t h i s  sequence: 

temperature d is t r ibu t ion ,  f i e 1  restructur ing,  cladding swelling, re lease  

of f i s s ion  gas, f u e l  swelling, e l a s t i c -p l a s t i c  s t r e s s - s t r a in  d is t r ibu t ion ,  

and creep s t r e s s - s t r a in  d is t r ibu t ion .  The temperature d i s t r ibu t ion  i s  

recalculated a t  various stages of  t he  sequence t o  account fo r  res t ruc-  

tu r ing  and changes i n  geometry. 

analysis a r e  s t i l l  being improved, we have begun use of the code f o r  the 

design and in te rpre ta t ion  of i r r a d i a t i o n  experiments w i t h  (U, F'u)O;! f ue l  

rods clad with s t a i n l e s s  s t e e l .  

Although ce r t a in  pa r t s  of the mechanical 

f i e 1  Performance 

c 

We a re  developing models for  heat t ransfer ,  d i s t r ibu t ion  of f i s s i o n  

gas, res t ructur ing of  t he  fuel ,  and swelling caused by f i s s i o n  products. 

Heat Transfer (F. J. Homan) 

Because of var ia t ions  i n  thermophysical propert ies  and the  k ine t ics  

of  chemical phenomena as  functions of temperature, an accurate analysis  

of heat t r ans fe r  i s  required t o  model f i e 1  behavior r e a l i s t i c a l l y .  The 

d e t a i l s  of our steady-state,  one-dimensional heat- t ransfer  analysis  f o r  

cy l indr ica l  ceramic fue l  rods were reported previously. '  

the  one-dimensional analysis,  we a r e  supporting the  modification of an 

ex is t ing  multidimensional code for  analyzing heat t r ans fe r  i n  fue l  rods. 

The modifications involve introducing mater ia l  propert ies  t h a t  a r e  tem- 

perature  dependent and some reprogramming fo r  operation on IBM/360 com- 

puters .  

I n  addi t ion t o  

Preliminary checks have indicated t h a t  the  code i s  operating 
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properly with these changes. 

capabi l i ty  of accounting f o r  a x i a l  heat flow and nonuniform boundary 

conditions. 

The multidimensional code w i l l  give us the  

Distr ibut ion of Fission Gas (F. J. H o w )  

The pr inc ipa l  loads t o  which the  cladding i s  subjected a r i s e  from 

pressure b u i l t  up by re lease  of f i s s i o n  gases from the  f i e 1  t o  t h e  gas 

plenum and t o  swelling of t he  fue l  a f t e r  it contacts the cladding. 

d i s t r ibu t ion  of f i s s i o n  gases must be predicted t o  evaluate  each of these 

phenomena. 

The 

We a r e  now using a homogeneous nucleation, random-walk migration 

model proposed by Greenwood and @eight2 t o  describe the  formation and 

growth of gas bubbles. We recognize t h a t  t h e  Greenwood-Speight t r e a t -  

ment i s  inadequate f o r  LMF'BR fuel ,  and we plan t o  replace t h i s  module 

w i t h  one t h a t  accounts fo r  the  driving forces of t he  temperature gra- 

dients  and other aspects of growth and motion of bubbles. 

The amount of gas released i s  predicted on the  bas i s  of  empirical 

data .  This approach r e l a t e s  t h e  amount of gas released t o  the  tempera- 

t u r e  of the  fue l .  Clearly, t h i s  i s  an oversimplification. The amount 

of gas released w i l l  depend upon the  f u e l ' s  fabr ica t ion  form, density, 

depletion, and s t r e s s  s t a t e  and numerous other  var iables .  We have begun 

a de ta i led  analysis of avai lable  eqe r imen ta l  data i n  an attempt t o  

define the  re la t ions  between gas re lease  and these var iables .  

Fuel Restructuring (F. J. H o w )  

Due t o  the high operating temperatures and la rge  temperature gra- 

dients,  the  oxide fuel w i l l  general ly  be restructured so t h a t  it has a 

cent ra l  void and var iab le  dens i t ies .  This a f f e c t s  both the  heat-  

t r ans fe r  and mechanical analyses. 

ca l  modell t o  describe the res t ruc tur ing  of t he  f u e l  i n  the  reactor .  

This model assumes t h a t  s t ab le  f i e 1  dens i t ies  a r e  reached rap id ly  by 

comparison with the  i r r a d i a t i o n  times of  i n t e r e s t .  

We a r e  using a three-region empiri- 
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Swelling Caused by Fission Products (F. J. H o w )  

Our present model assumes t h a t  some f'raction (depending on tempera- 

t u r e )  of the fue l  porosi ty  remaining a f t e r  res t ruc tur ing  i s  avai lable  t o  

accommodate s o l i d  f i s s i o n  products and unreleased gaseous f i s s i o n  pro- 

ducts.  The r a t e  a t  which avai lable  porosi ty  i s  f i l l e d  i s  calculated by 

assuming a constant swelling r a t e  due t o  the accumulation of s o l i d  f i s s i o n  

products and adding d i r e c t l y  the  amount of unreleased f i s s ion  gas. 

Cladding Performance 

We a r e  now developing models f o r  t he  analysis  of mechanical i n t e r -  

act ion between f u e l  and cladding, swelling of t h e  cladding due t o  fast- 
neutron fluence, and cladding f a i l u r e  caused by propagation of cracks. 

Mechanical In te rac t ion  (F. J. Hornan, B. R. Dewey,3 W. E. Stillma,n3) 

We have developed a method, based on the  work of Johnson4 and 

Puthoff, 

t he  f i e 1  and cladding. The fue l  and cladding cylinders a re  considered 

t o  be symmetrical around the  longitudinal ax is  and a r e  divided in to  an 

' a rb i t r a ry  number of increments. 

mined a s  previously described and the  temperature a t  each individual 

incremental boundary defines the mechanical propert ies  a t  t h a t  point .  

By sa t i s fy ing  the  compatibil i ty and eqyilibrium conditions a t  each 

boundary and using t h e  boundary conditions a t  t he  inner and outer  sur- 

faces of the cylinder, we derive a s e t  of 2 N  simultaneous equations, 

where N i s  the  number of incremental boundaries. The s e t  of equations 

is  solved by means of a standard banded-matrix so lu t ion  f o r  the r ad ia l  

and tangent ia l  s t r e s s  a t  each boundary. 

f o r  calculat ing the  d i s t r ibu t ion  of s t r e s s  and s t r a i n s  i n  

The temperature d i s t r ibu t ion  i s  deter-  

The s t r e s ses  calculated a re  the  r e s u l t  of  t he  temperature gradient 

i n  t h e  cylinder and the pressures on the  inner and outer  cy l indr ica l  

surfaces.  The s t r e s ses  calculated by the  banded-matrix solut ion a re  

based on the o r ig ina l  incremental dimensions. If the  s t r e s s  s t a t e  i s  
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high enough t o  exceed the  e l a s t i c  limit of the  material  i n  t he  cylinder, 

p l a s t i c  deformation w i l l  occur and reduce the leve l  of s t r e s s .  The 

s t resses  w i l l  be fur ther  reduced by creep. 

We expect t h a t  the most in te res t ing  and usef'ul information t h a t  

w i l l  come from the  analysis of the mechanical interact ions i s  the s t a t e  

of s t r e s s  a t  the inside surface of the  cladding af'ter t he  gap between 

f i e 1  and cladding has closed. The fue l  and cladding a r e  then assumed 

t o  be homogeneous, continuous cylinders.  The s t a t e  of s t r e s s  a t  the 

inside surface of the cladding i s  needed f o r  a l l  analyses of damage t o  

the  cladding. 

The model fo r  analysis of mechanical interact ion assumes plane 

s t r a i n  and depends upon ax ia l  symmetry. This l imi ta t ion  prevents 

extending the model t o  the problem of bowing and nonsymmetric boundary 

conditions. To correct t h i s  shortcoming, we have begun developing a 

simplified discrete-element technique. We use c i rcu lar  s h e l l  elements 

t h a t  a r e  connected a t  the inner and outer r a d i i  and a t  the  ends by 

boundary conditions of force, displacement, and thermal conditions. 

The individual elements may have a rb i t r a ry  temperature and material  

properties,  with deformation occurring by e l a s t i c  o r  p l a s t i c  act ion 

and by creep. The method has the  poten t ia l  fo r  extension t o  problems 

tha t  involve crack propagation and bowing. 

The boundary conditions fo r  axisymmetric rings were studied through 

two cases for  which closed-form solutions a re  available.  The agreement 

with the exact solut ion fo r  a thick cylinder of isotropic,  e l a s t i c ,  homo- 

geneous material  loaded by pressure o r  thermal gradient i s  shown i n  

Table 4.1. Note t h a t  while t he  dimensionless r ad ia l  and tangent ia l  

s t resses  a re  not sens i t ive  t o  the number of elements, the discont inui ty  

of the tangential  s t r e s s  a t  the  element in te r face  i s  sens i t ive  t o  the 

number of elements. 

We a re  now extending the discrete-element technique t o  i n e l a s t i c  

action. 
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Table 4.1. Comparison of Discrete Elements with Exact Theory fo r  
Thick Cylindera with Pressure and Thermalb Loading 

Difference, '$6 
Pressure Loadinq Thermal Loadinq Discontinuity 

U t U t 
E 

U U Error  f o r  

E 

Number 
of Thermal Loading - 

(%I E r - - r Elements - 
(Averaged) E (Averaged) 

5 

10 
25 

0.0 0.0 +.O %.4 
0.0 0.0 4.0 -8.7 

0.0 0.0 +.O -8.8 

9 .5  

4.7 

1.9 
~ 

a Ratio of outs ide radius t o  inside radius = 2 .  

bThermal s t r a i n  (am) = 0.004. 

= r ad ia l  s t r e s s ;  (J = tangent ia l  s t r e s s ;  E = Young's modulus of t e l a s t i c i t y .  

Swelling of t he  Cladding Due t o  Fast-Neutron Fluences (F. J. Homan, 
B. R. Dewey,3 W. E. S t i l lman3)  

. Experimental observations &lo indicate  tha t  s t a i n l e s s  s t e e l  cladding 

exposed t o  a high-energy neutron flux will swell  due - to  the formation of 

i n t e rna l  voids. The following equation has been suggested t o  describe 

t h i s  swelling, with a sa tura t ion  a t  12% & * ( r e f .  11). 
V 

0 

where 

@v = , the  change i n  volume, 

v = the  o r ig ina l  volume, 

@t = the  neutron fluence (> 0 .1  MeV), 
0 

R = t he  gas constant, and 

T = the  absolute temperature. 

We view t h i s  swelling as  a pos i t ive  e f f ec t  from t h e  standpoint t ha t  the 

swelling of the cladding permits addi t ional  space for  accommodation of 

fue l  swelling. There a r e  in su f f i c i en t  data t o  pred ic t  any influences 
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on mechanical properties.  From t h e  design standpoint, the  expanded 

cladding might present a problem of r e s t r i c t e d  coolant passages o r  

bowing due t o  f lux  gradients which we have not yet studied. 

Cladding Failure Due t o  Crack Propagation and Grain-Boundary Cavitation 
(F. J. Homan, B. R. Dewey,3 W. E. Stillman3) 

Once the  s t r e s s  s t a t e s  a t  the  inner and outer surfaces of the 

cladding have been described as  a f'unction of time, cladding f a i l u r e  

can be analyzed. 

a crack i n  cladding experiencing a t ens i l e  s t r e s s :  

Gittus12 derived an equation for  the  propagation of 

where 

- -  da - the  r a t e  of crack growth, 
d t  - 

T = the t e n s i l e  f rac ture  s t r e s s ,  

1 = the current crack length, 

IJ = the  t e n s i l e  s t ress ,  and 

E = the creep r a t e .  

From t h i s  same analysis, a c r i t i c a l  crack length i s  defined as:  
0- a = t(1 - = )  , 
T c r i t i c a l  

where 

= the  length of the crack a t  fa i lure ,  and ' c r i t i ca l  

t = cladding thickness. 

( 4 . 2 )  

( 4 . 3  1 

When the crack reaches the c r i t i c a l  length, it w i l l  f a i l  m e d i a x l y .  

The expression fo r  the r a t e  of crack growth [Eq. ( 4 . 2 )  1 contains the 

creep r a t e .  

f 'ul i n  describing t h i s  material  property fo r  t he  cladding f o r  reactor 

f'uels. Because of the  way i n  which nuclear reactors  a r e  operated ( i . e . ,  

periods of intermit tent  operation and shutdown), the  usual form of creep 

equation employed i n  cladding models is  of l imited use. 

equation would consider only secondary creep, o r  a t  bes t  consider a 

An expression developed13 fo r  the  creep r a t e  is  very use- 

Normally, an 

I 
D 
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b r i e f  period of primary creep followed by secondary creep. 
reac tor  were shut down and then s t a r t e d  up again, the  equation would 

calculate  deformation on the assumption t h a t  secondary creep resumed. 

However, if the  creep process i s  viewed a s  being controlled by the  con- 

centrat ion of mobile dis locat ions,  with the creep r a t e  decreasing as  

mobile dis locat ions in t e rac t  and otherwise become entangled u n t i l  the  

r a t e  of d i s loca t ion  generation becomes equal t o  the  r a t e  of entrapment 

(steady-state condition),  a more r e a l i s t i c  calculat ion i s  possible.  

After a reactor  shutdown (which corresponds t o  a reduction i n  the  s t r e s s  

s t a t e  of t he  cladding) a new period of primary creep would be predicted 

due t o  the re lease  of  trapped mobile dis locat ions by thermally act ivated 

climb during the  period of time a t  low cladding s t r e s s .  The cladding 

equation, derived i n  d e t a i l  i n  r e f .  13, i s  summarized below: 

If the  

t a b p v ,  (4 .4)  

where 

= the  creep ra te ,  

b = Wrrgers vector, 

p = t he  densi ty  of mobile dis locat ions,  and 

v = the  ve loc i ty  of mobile dis locat ions;  

(4 .5 )  

where 

i l  = t he  i n i t i a l  creep r a t e  (on loading), and 

R = t he  r a t i o  of t he  densi ty  of mobile dis locat ions t o  the 

densi ty  of mobile dis locat ions before loading; 

and 

R =.il (R - R,) (a R + @ )  + ?' (1 - R) , (4.6) 

where 

R, = the  asymptote toward which the  r a t i o  of the density of mobile 

dis locat ions t o  the  i n i t i a l  densi ty  of mobile dis locat ions 

moves a s  time approaches i n f i n i t y ,  

a = r a t e  of hardening by the.  second-order react ion of immobili- 

zation of  dis locat ions ( in te rsec t ion  of  mobile dis locat ions 

on orthogonal g l ide  systems ), 
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B = r a t e  of  hardening by the  f i r s t -o rde r  in te rac t ion  of g l ide  

polygonization of dis locat ions,  and 

Y = r a t e  constant for  the  recovery process. 

I n  order t o  solve Eq. (4 .5 )  f o r  the s t r a i n  ra te ,  Eq. (4.6) must be in te -  

grated numerically. 

Mitra and McLeanl4,lS used t h i s  equation f o r  creep successful ly  

t o  predict  data fo r  N i  exposed t o  changing s t r e s ses  during t h e  creep 

experiment. Work i s  i n  progress t o  t e s t  t he  equation on creep data f o r  

type 316 s t a in l e s s  s t e e l .  

Grain-boundary cavi ta t ion  i s  another mode by which the  cladding 

might f a i l .  An equation was developed from the  work reported i n  r e f .  16 

t o  describe a cumulative damage parameter, p, due t o  the  formation of 
cav i t i e s  a t  the grain boundaries: 

& = A m y € ,  d t  (4.7 ) 

where A i s  the  time constant f o r  rupture under constant s t r e s s .  17’ If 

the  l i f e t ime  of t he  f u e l  rod i s  considered as a d iscre te  number of time 

increments, each at  constant s t r e s s ,  a value fo r  p can be calculated f o r  

that time increment. When t h e  cumulative value of p reaches 1, f a i l u r e  

i s  

1. 

2. 

3. 

4. 

assumed t o  have occurred by intergranular  rupture. 

References 

C.  M. Cox and F. J. Homan, PR6FIL - A One-Dimensional FBRTRAN IV 
Program for  Computing Steady-State Temperature Distr ibut ions i n  

Cylindrical  Ceramic Fuels, ORNL-TM-2443 (March 1969), and Addendum 

(August 1969 ) . 
G. W. Greenwood and M. V. Speight, J. Nucl. Mater. - 10(2), 140-14.4 
(1963 1. 
Consultant from t h e  University of Tennessee. 

D. F. Johnson, Analysis of Elas t ic -P las t ic  Stress  Distr ibut ion i n  

Thin-Wall Cylinders and Spheres Subjected t o  In te rna l  Pressure and 

& NASA TND-271 (April 1960). 

- 



69 

. 

5. R. L. Puthoff, A Dig i ta l  Computer Program fo r  Determining the  

Tubes, and Vessels, NASA TMX-1723 (January 1969). 

6. C .  Cawthorne and E. J. Fulton, Nature 216, 575 (Nov. 11, 1967). 
7. J. 0. Stiegler ,  E. E.  Bloom, and J. R. Weir, Trans. Am. Nucl. SOC. 

ll(l), 146 (1968). 

J. J. Holmes and H .  R. Brager, Trans. Am. Nucl. SOC. 11(2),  479 

(1968 1. 
T. Lauritzen e t  a l . ,  Trans. Am. Nucl. SOC. 11(2),  479480 (1968). 

S. D. Harkness e t  a l . ,  Trans. Am. Nucl. S O ~ .  1 1 ( 2 ) ,  480 (1968). 

- 

- - 
8. - - 

9. 

10. 

11. W. K. Appleby e t  a i . ,  Oxide Fuel Element Development Quart. Progr. 

- - -- 
- - -- 

-- 
Rept. June 30, 1969, WARD-3791-39, p. 4 .  

12. J. H. G i t t u s ,  "A Theory of Crack-Propagation During Tension-Tension 

To be Fatigue i n  a Material Exhibiting Time-Dependent P l a s t i c i t y . "  

pub 1 i shed. 

J. H. Gittus,  "A Model of Creep Embodying Work Hardening and Recovery." 

To be published. 

S. K. Mitra and D. McLean, Proc. Roy. SOC. (London) Ser. A, 295(1442), 

288-299 (Dec. 6, 1966). 

13. 

14. - 

15. S. K. Mitra and D. McLean, Metal Sci.  J. 1, 192-198 (1967). 

16. J. H. Gittus,  "Theory of.Fatigue Fai lure  by Cavity Formation," 
- - 

Thermal and High St ra in  Fatigue, Conference organized by I n s t i t u t e  

of  Metal and Iron, and Stee l  In s t i t u t e ,  held a t  Church House, London, 

June 6 7 ,  1967. Published by Metals and Metallurgy Trust of I n s t i t u t e  

of  Metals and I n s t i t u t i o n  of Metallurgists (1967). 

17. J. P. Smith and J. T. Berling, AEC Fuels and Materials Development 

Program Progress Report No. 74, GEMP-1006 (June 29, 1969). 



70 

CLADDING AND OTHER STRUCTURAL MATERIALS 

5.  MECHANICAL PROPERTIES OF ALLOYS I N  REACTOR ENVIRONMENTS AND 
DENELOPMENT OF LMFBR CLADDING AND STRUCTURAL MATERIALS 

I 

J. R. Weir, Jr. H. E. McCoy, Jr. 

This program is  concerned with the  e f f ec t s  of i r r ad ia t ion  on the  

mechanical propert ies  of various' metals of po ten t i a l  use i n  nuclear reac- 

t o r s .  The materials of primary concern are types 304 and 316 s t a in l e s s  

s t e e l ,  both materials of i n t e r e s t  f o r  liquid-metal fast breeder reactors  

(LMFBR). 

t h e  resu l t ing  changes i n  density,  microstructure,  and mechanical proper- 

t i e s  are being measured. 

and V. Some a t ten t ion  i s  also being given t o  t h e  use of p a r t i c l e  accel- 

e ra tors  t o  simulate neutron damage. 

These al loys a r e  being exposed t o  high neutron fluences, and 

Other materials under study include Incoloy 800 

Austenit ic S ta in less  Steels  

Effects  of I r rad ia t ion  on Mechanical Properties of Type 316 Stainless  
S tee l  (E. E. Bloom) 

We are  evaluating t h e  mechanical propert ies  of standard type 316 

s t a in l e s s  s t e e l  and type 316 s t a i n l e s s  s t e e l  containing 0.23 w t  $ T i  i n  

both t h e  unirradiated and i r r ad ia t ed  conditions. 

being invest igated include annealing temperature, amount of cold work, 

thermal aging, and i r r ad ia t ion  conditions. 

Experimental var iables  

Previous resu l t s '  showed t h a t  for  type 316 s t a in l e s s  s t e e l  at a t e s t  

temperature of 65OoC, 5% pres t ra in  has no s igni f icant  e f f e c t  on e i the r  

t h e  rupture l i f e  o r  minimum creep r a t e  and t h a t  2O$ p res t r a in  doubles the  

rupture l i f e  and decreases the  minimum creep r a t e  by an order of magnitude. 

Specimens of t h i s  heat of type 316 s t a i n l e s s  s t e e l  (composition 

Fe4.04446 C-17.5$ Cr-12.646 Ni-2.8$ M04.05$ Ti-2.18 Mn-0.8$ Si-O.O12$ P 
0.0148 S-O.OOO$ B-O.O3$ C d . l $  Cu-0.18 V) were i r r ad ia t ed  at  650°C t o  

1.8 x 1021 neutrons/cm* (thermal) and 1.4 x 1021 neutrons/cm2 (> 1 MeV). 

The i r r ad ia t ion  time w a s  about 4500 hr .  One set of samples was given 

only a pre i r rad ia t ion  heat  treatment of 1 h r  a t  1050°C; t h e  other s e t  

was given t h e  same heat treatment and then prestrained 5 ,  10, or  20%. 
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1 Figure 5.1 shows t h e  e f fec t  of i r r ad ia t ion  on t h e  s t ress-rupture  

propert ies  of annealed type 316 s t a in l e s s  s t e e l .  I r rad ia t ion  under these 

conditions reduced the  rupture l i f e  t o  1/8 t o  1/6 of i ts  o r ig ina l  value. 

The d u c t i l i t y  w a s  a l s o  reduced by i r r ad ia t ion ,  but  compared t o  previous 

resu l t s ’  on another heat of type 316 s t a in l e s s  s t e e l  t h e  values a r e  re la -  

t i v e l y  high. This difference may be due t o  t h e  presence of about 0.05$Ti 

i n  th i s  heat as compared t o  l e s s  than 0.01% T i  i n  t h e  previous heat. 

These e a r l i e r  r e s u l t s  showed that  very small additions of T i  s ign i f i can t ly  

improve t h e  pos t i r rad ia t ion  duc t i l i t y .  

t h e  minimum creep r a t e  (Fig. 5 . 2 ) ,  due t o  thermal aging of the  a l loy ,  and 

reduced the d u c t i l i t y  as a r e su l t  of t h e  neutron i r rad ia t ion .  

I r rad ia t ion  a t  650°C a l s o  increased 

Results on specimens i r r ad ia t ed  at  650°C i n  the  5 ,  10, and 20% pre- 

s t ra ined  condition a re  shown i n  Fig. 5.3. These preliminary r e su l t s  

indicate  t h a t  prestraining has no s igni f icant  e f f ec t  on t h e  rupture l i f e  

a f t e r  i r rad ia t ion .  The t o t a l  elongation w a s  reduced by s t r a in ing  before 

i r rad ia t ion .  Preliminary examination of curves showing s t r a i n  versus 

time indicates  t h a t  prestrained specimens have lower creep r a t e s  than 

specimens i r r ad ia t ed  i n  t h e  annealed condition. 

1- 
i- 
I 
1 

0 10 100 1000 1qooo 
RUPTURE LIFE ( h r l  

Fig. 5.1. Effect  of I r rad ia t ion  on the  Rupture Life of TyPe 316 
Stainless  S tee l  a t  650°C. The fracture  s t r a i n s  a r e  shown i n  parentheses. 
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Mechanical Properties of EBR-I1 Safety-Rod Thimble (E. E. Bloom) 

Specimens of t h e  design shown i n  Fig. 5.4 were machined from f l a t  C 

of t he  (3-D-1)  safety-rod thimble f o r  the Experimental Breeder Reactor-I1 

(EBR-11). 

of an unirradiated thimble t h a t  w a s  supplied by Argonne National 

Laboratory from the  same heat as t h e  i r r ad ia t ed  thimble. 

Specimens of t h e  same design have been machined from portions 

ORNL-DWG 69-11560 
-D 

- in. WIDTH 

\0.1875-in. DIAMETER 

7 
0.500 in. 

Fig. 5.4. Test Sample Made From t h e  EBR-I1  Safety-Rod Thimble f o r  
Tests of Mechanical Properties. 

Figure 5.5 shows the  creep-rupture propert ies  of t he  unirradiated 

thimble a t  a t e s t  temperature of 600°C. 

t h e  elongation at f rac ture  ranged from 15 t o  40%. 

Over t h i s  range of rupture l i ves  

The e f f ec t  of fast-neutron fluence (measured at the  center of t h e  

gage sec t ion)  on t h e  rupture l i f e  a t  600°C and a s t r e s s  of 27,500 p s i  i s  

shown i n  Fig. 5.6. 

t he  unirradiated condition t o  about 50 t o  80 hr at a fluence of only 

3 x 1O2l neutrons/cm2 (> 0.1 MeV). 

d ia ted  a t  3700C had shor te r  rupture l i ves  than specimens i r r ad ia t ed  at 

460" C. 

The rupture l i f e  w a s  reduced from about 185 h r  i n  

A t  constant fluence, specimens irra- 

A t  each temperature, the  rupture l i f e  decreased with increasing 
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Fig. 5.5.  Creep-Rupture Properties of Unirradiated EBR-I1 Safety- 
Rod Thimble at 600°C. 
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Fig. 5.6. Post i r radiat ion Rupture L i f e  of Type 304 Stainless  S tee l  
a t  600°C and 27,500 ps i .  
t e s t e d  a t  t h i s  temperature and s t r e s s  w a s  185 hr. 

The rupture l i f e  of an unirradiated specimen 
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fluence. 

from 1 t o  3 in .  above t h e  midplane had a rupture l i f e  of 0.55 hr. 
fluence received by t h i s  specimen w a s  6.5  x 

A specimen removed from t h e  region of t he  thimble extending 

The 

neutrons/cm2 (> 0.1 MeV). 

Figure 5.7 i s  a p lo t  of t o t a l  elongation as a function of fluence. 

I r rad ia t ion  t o  approximately 3 x 1021 neutrons/cm2 (> 0.1 Mev) reduced 

t h e  elongation t o  about 2-3$. The elongation w a s  fu r the r  reduced with 

increasing fluence and reached a value of  0.13s a f t e r  i r rad ia t ion  t o  

6.5  x 
pendent of t h e  i r rad ia t ion  temperature over t he  range studied. 

neutrons/cm2 (> 0.1 MeV). The elongation appears t o  be inde- 

FLUENCE [ n e u t r o n s  /cm2 ( > 0 . 4  MeV)] 

Fig. 5.7. Post i r radiat ion Duct i l i ty  of Type 304 Stainless S t e e l  
Tested a t  600°C and 27,500 psi .  
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Curves showing s t r a i n  versus time f o r  these t e s t s  a re  being 

evaluated. I n i t i a l  trends indicate  t h a t  t h e  irradiated specimens exhibit  

l i t t l e  primary or t e r i t a r y  creep and t h a t  t h e  minimum creep rate f o r  

i r rad ia ted  specimens i s  lower than t h a t  f o r  unirradiated specimens. 

A specimen of t h i s  material w a s  removed f r o m t h a t  portion of the  

Results thimble located a t  t he  reactor  midplane and analyzed fo r  He. 

indicated a concentration of about 16 ppm (atomic) He. 

by King3 indicate  t h a t  at  600°C and a s t r e s s  of 30,000 p s i  a uniform 

concentration of 20 ppm (atomic) He reduces the  rupture l i f e  of type 304 

s t a in l e s s  s t e e l  from 900 t o  40 hr ,  while t he  elongation remains a lmost  

unchanged a t  about 13%. The present r e s u l t s  on mater ia l  i r r ad ia t ed  i n  

the  EBR-I1  indicate  t h a t  the  damage is  more severe than t h a t  produced 

simply by the  presence of He. 

Results reported 

Effects of I r rad ia t ion  Variables on Swelling and Formation of Voids 
(E. E. Bloom, J. 0. S t ieg ler )  

We are  following the  development of rad ia t ion  damage i n  aus t en i t i c  

s t a in l e s s  s t e e l s  by measurements of immersion density and examination by 

transmission electron microscopy. Specimens from three  components of 

t he  EBR-I1  (cladding for  t h e  dr iver  f i e l ,  shroud tube from subassembly 

X G 0 5 ,  and 3-D-1 safety-rod thimble) and specimens that were i r r ad ia t ed  

i n  capsule AS-26 of subassembly XOlO a re  being examined. 

The r e su l t s  of measurements of i m e r s i o n  density of specimens 

removed from f la t  C of the  EBR-I1 safety-rod thimble a re  shown i n  Fig. 5.8. 

The maximum decrease i n  density,  3.35$, occurred about 2 in.  above the  

midplane. Figure 5.9 i s  a p lo t  of t he  avai lable  data4 on decrease in  

density as a f’unction of fast-neutron fluence f o r  type 304 s t a in l e s s  

s t e e l  i r r ad ia t ed  i n  t h e  EBR-I1 a t  temperatures between 370 and 480°C. 

Attempts were made5 t o  f i t  these data t o  an empirical expression of the 

form 

@ =  A (cpt)B exp(-C/RT) , 
P (5.1) 
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(Data sum- 
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where 

p = density,  

cp = neutron flux, 

t = time, 

R = gas constant, 

T = absolute temperature, and 

A, B, and C = adjustable  constants. 

O f  pa r t i cu la r  i n t e re s t  i s  t h e  value of B or t h e  slope of a p lo t  of 

log LP versus log @. 

only those data from specimens i r r ad ia t ed  within 210 in. of t h e  core 

midplane and adjust  each datum point by subtract ing 0.05%), t h e  value of 

B determined from a least-squares f i t  of t h e  data w i t h  temperature and 

fluence as t h e  independent var iables  i s  1.7. We have examined the  data 

using somewhat d i f f e ren t  ground rules .  

not adjusted,  t h e  least-squares f i t  gives a value of 0.78 f o r  B. 

only t h e  data f o r  specimens +lo i n .  from t h e  core midplane a re  used and 

adjusted by subtract ing 0.06% instead of 0.05% from each datum point ,  

t he  value f o r  B i s  1.72. An examination of Table 5 . 1  shows that the 

value of B i s  very sens i t ive  t o  the  data considered. We bel ieve t h a t  

t h e  best  data avai lable  come from those specimens i r r ad ia t ed  near t h e  

bottom or t he  top  of t he  core, where t h e  temperature is known t o  be 370 

t o  380°C or 460 t o  47OoC, respect ively,  and fromthose specimens within 

+lo in .  from the  reac tor  midplane, where t h e  flux and neutron spectrum 

a re  bes t  known. When determined t h i s  way,  t he  value of B is  0.64 or 

0.71, depending upon whether or not t he  data a re  adjusted by 0.06%. 

These values agree ra ther  wel l  with t h e  values obtained when a l l  data 

a re  considered. 

When t h e  o r ig ina l  ground ru l e s5  a r e  applied (use 
P 

When a l l  data  a r e  considered and 

When 

We have extended t h e  analysis one s t e p  fur ther  by ex t rac t ing  and 

analyzing separately t h e  data  f o r  those specimens i r r ad ia t ed  at 370 t o  

380°C and 460 t o  470°C. The data  a re  p lo t t ed  i n  Fig. 5.10. A t  370 t o  

380°C, a least-squares f i t  gives nPa ( c p t ) o - 8 4  and (4- 0.06) a ( ( p t ) 1 * 0 5 .  

A t  460 t o  47OoC, a least-squares f i t  gives 

(Q- 0.06) a ( ( p t ) 1 * 2 4 .  

R f @ v s  Rn (cpt) curves a re  constant and independent of temperature and 

P P 

P 
a (cpt)" O4 and 

Equation (5.1) assumes that t h e  slopes of t he  

P 

. 
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Table 5.1. Analysis of Swelling Data 

~ ~ ~ ~~~~~~~ 

Number of Equation Value of Constants 
Data Used Data Used a 

Points i n  F i t  A B C 

A l l  data 93 (5.1) 1.1 x 0.78 1180 

85 (5.2) 2 . 1  x 1.06 2120 

Only data from +lo in .  of 55 (5.1) 2.2 x 1.54 4680 
55 (5.2) 2.5 x 1.72 5040 

Only data from +lo in .  of 17 (5.1) 6.9 x 0.64 5080 

17 (5.2) 2.5 x 0.71 5470 

core midplane 

core and only i r r ad ia t ion  
temperature of 370 t o  380°C 
and 460 t o  470°C 
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Fig. 5.10. Decrease i n  Density of Ty-pe 304L Stainless  S tee l  I r rad i -  

a t ed  t o  Temperatures of 370 t o  380°C and 460 t o  470°C. 
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t h a t  curves f o r  specimens i r r ad ia t ed  a t  d i f fe ren t  temperatures a re  

merely displaced from one another by an amount given by the  temperature- 

dependent term. 

Our analysis s t rongly suggests t h a t  t he  fluence dependency of the  

swelling i s  not constant but i s  a t  l e a s t  a function of i r r a d i a t i o n  

temperature. This conclusion is  substant ia ted by electron microscopy 

observations of void concentrations and s i zes  as functions of i r r ad ia t ion  

temperature and fluence. We shall discuss i n  d e t a i l  only observations 

made a t  370 t o  380°C and at 460 t o  47OoC, although a l l  other observations 

a r e  consistent with these findings. 

Previously reported observations 9 of the  cladding of t h e  E B R - I 1  

dr iver  f i e 1  showed that between i r r ad ia t ion  temperatures of 370 and 470°C 

void concentrations decreased and void s i zes  increased as t h e  i r r ad ia t ion  

temperature increased. 

shroud tube and t h e  3 - D - 1  safety-rod thimble. Void concentrations a t  

370 t o  380°C and 460 t o  470°C are. p lo t t ed  as functions of fast-neutron 

fluence i n  Fig. 5.11. 

than those a t  460 t o  470"C, but at  a fluence of about 

t h e  concentrations at 460 t o  470°C increase at  a f a s t e r  rate than they 

do a t  370 t o  380°C. Slopes of the s o l i d  l i nes  drawn i n  Fig. 5.11 are 

0.6 a t  370 t o  380°C and 1.4 a t  460 t o  470°C. 

could not have pe r s i s t ed  s ince t h e  beginning of t h e  i r r ad ia t ion  or t h e  

void concentrations at  370 t o  380°C could not be higher than those a t  

460 t o  470°C. 

Similar behavior w a s  a l s o  found f o r  t he  XG05 

Concentrations at  370 t o  380°C are always higher 

neutrons/cm2 

Clearly, these slopes 

These measurements, coupled w i t h  our e a r l i e r  observations' 

of s t a in l e s s  s t e e l  specimens i r r ad ia t ed  i n  E B R - I 1  t o  a fluence of 

1 .4  x lo2'  neutrons/cm2 (> 0.1 MeV),  suggest that  t h e  fluence a t  which 

damage is  f irst  observed is  temperature dependent and t h a t  t h e  slope of 

t he  curve fo r  concentration versus fluence may not be constant a t  a 

given temperature but may a l s o  be a function of fluence. 

graphs from,the experiment a t  low fluence show only black spots ,  most of 

which have been iden t i f i ed  as dis locat ion loops but a few of which have 

spherical  s t r a i n  f i e lds .  The concentration of spots decreases with 

increasing temperature, as can be seen i n  Fig. 5.12, and at  t h i s  fluence 

no observable damage ex i s t s  above an i r r ad ia t ion  temperature of 524°C. 

The micro- 



L 

FLUENCE [neutrons/cm2 ( >  0.1 MeV)] 

3 

ORNL-OWG 69-3848 
40'6 

5 

2 

5 

2 

ioq4 

03 
P 

5 

2 

iof3 

5 

ERE OBSERVED 2 

40'2 
300 350 400 450 500 550 600 

IRRADIATION TEMPERATURE ("C) 

Fig. 5.11. Void Concentration as a Function Fig. 5.12. Total Concentration of Defect 
of Fluence f o r  Ty-pe 304L Stainless S tee l  I r r ad i -  
a ted  a t  Temperatures of 370 t o  380°C and 460 t o  
470" C.  (> 0.1 MeV). 

Clusters as a Function of Temperature for'Ty-pe 304L 
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However, numerous observations 9-11 at  higher fluences have shown t h a t  

voids and dis locat ion loops may be formed at appreciably higher tempera- 

tu res .  This indicates  t h a t  t h e  fluence at which damage f i rs t  occurs 

increases w i t h  increasing i r r ad ia t ion  temperature. 

37OoC, t h e  concentration of spher ica l  defects , which could be small 

voids, i s  s ign i f i can t ly  l e s s  than t h e  concentration of voids t o  be 

expected from extrapolation of t h e  curve shown i n  Fig. 5 . 1 1 t o  a fluence 

of 1 .4  x lo2' neutrons/cm2. 

able  t o  resolve a l l  t h e  voids present,  and any statement regarding t h e  

dependence of t he  slope on fluence must a w a i t  examination of specimens 

i r r ad ia t ed  t o  about 1021 neutrons /em2. 

A t  a temperature of 

It i s  possible,  however, that we a re  not 

Our values f o r  void concentration agree w e l l  with those t h a t  

Claudson e t  al.  ' obtained on similar materials.  -- 
As w a s  mentioned e a r l i e r ,  both the  average and maximum void s izes  

increase w i t h  increasing temperature. 

increases with increasing fluence, but t h e  maximum void s i z e  increases 

l i t t l e ,  i f  any, a t  fluences above neutrons/cm2. This i s  i l l u s t r a t e d  

i n  Fig. 5.13 , where photomicrographs of specimens i r r ad ia t ed  t o  460°C t o  

fluences of 3 x 9 x and 2 x neutrons/cm2 are compared. 

The maximum void diameter i s  equal i n  a l l  t he  photomicrographs. Plots of 

maximum void diameter as a function of fluence at  370 and 47OoC, given 

i n  Fig. 5.14, confirm t h i s  observation. No comparable decrease i n  the  

r a t e  of void growth has been detected i n  high-purity Al i r r ad ia t ed  up t o  

The average void s i z e  a l s o  

, 

neutrons/cm2 ( re f .  1 2 ) .  

It appears, therefore ,  that voids i n  s t a in l e s s  s t e e l  grow very 

quickly, i n  a fluence increment of a few times 

above which t h e i r  r a t e  of growth i s  very slow, possibly zero. 

case the  r a t e  of swelling approximately r e f l e c t s  t h e  nucleation r a t e .  

Comparison of Figs. 5.10 and 5.11, i n  which data  for  swelling and void 

concentration a re  presented as a function of fluence, shows t h a t  t he  

swelling and t h e  void concentration increased at  comparable r a t e s  w i t h  

increasing neutron fluence. 

t o  a l imi t ing  s i z e  

In t h i s  

No account has been taken of differences i n  f l u x  in  these graphs. 

We have, however, examined a f e w  specimens i r r ad ia t ed  t o  similar fluences 



b 

Fig. 5.13. Voids i n  T y p  304L Stainless  S tee l  I r radiated at 460°C t o  
Fluences of (a) 3 x (b) 9 x and (c) 2 x neutrons/cm2 
(> 0.1 MeV). 
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a t  f l u e s  d i f fe r ing  by a f ac to r  of 6 and have found no appreciable 

differences in  void concentration or s i z e  d i s t r ibu t ion  within our 

experimental e r ror .  

The swelling and microstructural  observations indicate  t h a t  the  

form used for  Eq. (5.1) t o  describe t h e  swelling data  i s  bas ica l ly  

incorrect .  The constant B i s  cer ta in ly  dependent on temperature and 

possibly a l s o  on fluence. Attempting t o  force t h e  data  t o  f i t  an empir- 

i c a l  expression i n  which the  temperature dependence i s  contained i n  a 
separate term appears t o  i n f l a t e  t h e  value of t h e  constant B. These 

observations a l so  make questionable the  v a l i d i t y  of extrapolating t h e  

empirical expression outside the  range of experimental data. 

These same data  for  void concentration and s i ze  can a l so  be used 

t o  evaluate the  theo re t i ca l  model proposed by Harkness and Che-Yu L i 1 3  

t o  explain t h e  temperature dependence of the  swelling, s ince the  model 

a l so  predicts  these quant i t ies .  The model gives a maximum nucleation 

r a t e  and hence void concentration a t  about 43OoC, with t h e  r a t e  a t  470°C 

being 2 or 3 times greater  than at 370°C. 

t h a t  void concentration i s  s ign i f i can t ly  greater  a t  370°C than at 470°C, 

Experimentally, we observe 
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decreases w i t h  increasing temperature, and does not go through a 

maximum i n  t h i s  temperature range. 

is  observed around 500 t o  5 5 O o C ,  t he  model predicts  a much stronger tem- 

perature dependence than i s  found experimentally. For example, t he  model 

indicates  t ha t  t h e  swelling a t  470°C is over an order of mgnitude greater  

than a t  37OoC, although a difference of no more than a fac tor  of 2 has 

been measured. 

Although a maximum i n  the  swelling 

' 

The model a l s o  concludes t h a t  t h e  swelling should vary as t h e  

fluence ra i sed  t o  t h e  2.5 power. Experimental values are s ign i f i can t ly  

smaller, and the  exponent appears t o  be temperature dependent. 

The pecul iar  gruwth pa t te rn  i n  which t h e  voids grow rapidly t o  some 

l imit ing s i z e  is  not contained in  t h e  model, which predicts  that  t h e  

void radius should vary as the  square root of t he  void l i fe t ime.  

We conclude t h a t  nucleation and growth of voids i s  considerably 

more complex than the processes envisioned i n  t h e  theo re t i ca l  interpre-  

t a t i o n s  advanced t o  date. 

Comparison of Swelling and Formation of Voids Induced by I r rad ia t ion  i n  
Two Austenitic Stainless  Steels  (E. E. Bloom, J. 0. S t ieg ler )  

The formation of voids and a resu l tan t  decrease i n  density have been 

observed in  severa l  aus t en i t i c  s t a in l e s s  s t e e l s  subjected t o  neutron irra- 

d ia t ion  a t  temperatures between about 350 and 650°C (refs. 7 ,  11, 14,  15). 
The voids observed by electron microscopy generally range from about 

50 A i n  diameter ( the smallest observable) up t o  a maximum of a few 

hundred angstroms i n  diameter and a re  present i n  concentrations as high 

as 10l6 voids/cm3. The mean void diameter increases and the  void con- 

centrat ion decreases as the  i r r ad ia t ion  temperature increases when the  

fluence i s  held constant. To date most of t he  investigations have been 

conducted on e i the r  type 304 or type 316 s t a in l e s s  s t e e l ,  and these two 

al loys appear t o  exhibi t  similar changes i n  density and microstructure 

f o r  a given i r r ad ia t ion  condition. 

reported s igni f icant  differences i n  t h e  swelling of type 304 and type 347 

s t a in l e s s  s t e e l s  and Incoloy 800 after i r r ad ia t ion  i n  t h e  EBR-I1  t o  

3.4 x l o2*  neutrons/cm2 ( t o t a l )  a t  about 660°C. 

s t a in l e s s  s t e e l s  became 1 . 2 1  and 0.54.6 l e s s  dense, respectively.  

Recently, Lauritzen -- e t  a1.15 

The type 304 and 347 
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Transmission electron microscopy revealed t h a t  the  voids i n  type 347 

s t a in l e s s  s t e e l  were much smaller than those i n  type 304 s t a i n l e s s  s t e e l ,  

although the  concentration w a s  s l i g h t l y  higher. 

To fur ther  invest igate  the  e f f ec t s  of composition on t h e  decrease 

i n  density and changes in  microstructure, we i r r ad ia t ed  a standard 

type 304 s t a in l e s s  s t e e l  and a type 304L s t a i n l e s s  s t e e l  modified by 

the  addition of approximately 0.2% T i  i n  a row 7 posi t ion of t h e  EBR-11. 
The a l loys ,  which had compositions l i s t e d  i n  Table 5.2, were cold worked 

50% and then annealed 1 h r  a t  1040°C before i r rad ia t ion .  

were irradiated i n  a x i a l l y  adjacent posi t ions of t he  same experimental 

assembly. Since the  specimens were i n  contact with one another and in  

ax ia l ly  adjacent posi t ions,  they were i r r ad ia t ed  nearly ident ica l ly .  

The calculated i r r ad ia t ion  temperature w a s  450 f 50°C, and t h e  neutron 

fluences were 1.75 x 
(> 0.1 MeV) f o r  t he  standard and Ti-modified a l loys ,  respectively.  

The specimens 

neutrons/cm2 and 1.53 x l o2*  neutrons/cm2 

The density of unirradiated and i r r ad ia t ed  specimens of these  two 

a l loys  was'measured by an immersion technique. The average r e s u l t  of 

f i ve  independent densi ty  measurements on each specimen i s  l i s t e d  i n  

Table 5.3.  The decrease i n  the  densi ty  of t he  standard type 304 s ta in-  

l e s s  s t e e l  w a s  larger  by about a f ac to r  of 4 than that f o r  t h e  T i -  

modified type 304L s t a in l e s s  s t e e l .  

The void d is t r ibu t ion  observed i n  t h e  electron microscope i s  shown 

i n  Fig. 5.15. The voids appeared t o  be homogeneously d i s t r ibu ted  

throughout the matrix and were not observed a t  grain boundaries. Measure- 

ment of t he  d is t r ibu t ion  of void s izes  gave a maximum void diameter of  

about 240 A and a mean void diameter of 140 A i n  each al loy.  The void 

concentrations were determined by measuring t h e  f o i l  thickness by s t e reo  

microscopy; t h e  r e s u l t s  were 4.9 x loi5 and 1.1 x loi5 voids/cm3 i n  t h e  

standard and modified al loys,  respectively.  The changes i n  densi ty  

calculated f romthe  d i s t r ibu t ion  of void s i zes  and t h e  void concentra- 

t ions  were 0.67 and 0.16% fo r  t he  standard and modified compositions, 

respectively,  which agree closely with the  r e s u l t s  of measurements of 

immersion density. 

I 
I 



Table 5.2. Composition of Standard Type 304 and Titanium-Modified "y-pe 304L Stainless Steels  

Alloy 
Composition, w t  4 

C C r  N i  T i  . Mn S i  P S B Fe 
~ 

3 Standard type 304 s t a in l e s s  s t e e l  0.057 18.0 9.0 < 0.01 0.76 0.48 0.020 0.016 0.0003 B a l  

Ti-modif i e d  type 304L s t a in l e s s  0.014 18.3 10.0 0.18 1.54 0.72 0.005 0.005 0.0014 Bal 
s t e e l  
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Table 5.3. R e s a t s  of Measurementsa of Immersion Density 

Alloy 
Density 

Unirradiated I r rad ia ted  Decrease 
(g/cm3) (g/cm3 ) ( 4 )  

Standard type 304 s t a in l e s s  s t e e l  7.8964 7.8514 0.57 

Ti-mdif ied type 3 M L  s t a in l e s s  7.9058 7.8950 0.14 
s t e e l  

Density was  measured at 23 2 1°C. a 

9819 

Fig. 5.15. Voids i n  Stainless  S tee l  I r rad ia ted  i n  the  E B R - I 1  
at 450 k 50°C. 
1.75 x neutrons/cm2 (> 0.1 MeV). b )  Titanium-modified type 3M L 
s t a in l e s s  s t e e l  i r r ad ia t ed  t o  1.5 x lo2’ neutrons/cm2 (> 0.1 MeV). 

(a) Standard type 304 s t a in l e s s  s t e e l  i r r ad ia t ed  t o  

These observations support t he  previous findings of Iauritzen e t  a1.,I5 

t h a t  r e l a t ive ly  minor changes in t h e  composition of aus t en i t i c  s t a in l e s s  

s t e e l s  can have s igni f icant  e f fec ts  on the extent of swelling produced 

by neutron i r radiat ion.  

reduced i n  type 347 s t a in l e s s  s t e e l  f r o m t h a t  found i n  type 304 stain-  

l e s s  s t ee l .  

and a Ti-modified type 304L s t a in l e s s  s t e e l  and found t h a t  t he  l a t t e r  

In t h a t  study, void growth appeared t o  be 

In our work, we compared standard type 304 s t a in l e s s  s t e e l  
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a l loy  swelled l e s s ,  primarily as a r e s u l t  of a reduced rate of void 

nucleation. 

Stainless  s t e e l  is  much too  complex an a l loy  t o  allow speculation 

of possible mechanisms t h a t  might explain these r e su l t s .  

t i ons  do, however, provide strong motivation f o r  more basic  s tudies  of 

t he  e f f ec t s  of composition on t h e  charac te r i s t ics  of void nucleation and 

growth. 

These observa- 

I r regular  Void Distributions (E. E. Bloom, J. 0. S t i eg le r )  

It i s  generally stated4-’’ tha t  t he  voids formed i n  s t a in l e s s  s t e e l s  

a r e  homogeneously d is t r ibu ted  except f o r  small denuded zones adjacent t o  

grain boundaries. Recently, S t ieg ler  -- e t  al .  have reported observations 

of nonhomogeneous void d i s t r ibu t ion  i n  high-purity Al, and Farrell17 has 

found even more s t r i k i n g  examples of i r r egu la r  void configurations i n  

deformed-and-recovered high-purity Fe. Close examination of s t a in l e s s  

s t e e l s ,  pa r t i cu la r ly  after i r rad ia t ion  t o  lm fluences,  has a l so  shown 

nonhomogeneous void d is t r ibu t ion .  

This i s  i l l u s t r a t e d  i n  Fig. 5.16, which shows voids located on dis lo-  

cat ion l i nes  i n  type 304 s t a in l e s s  s t e e l  exposed t o  4 x lo2’ neutrons/cm* 

a t  460°C. Stereo microscopy has confirmed t h a t  these voids l i e  on t h e  

l i n e s ,  which we bel ieve are grown-in dis locat ions,  possibly poisoned by 

impurit ies.  

Although these observations do not allow us t o  specify a mechanism 

of  void nucleation, they demonstrate t h a t  under cer ta in  i r r ad ia t ion  con- 

d i t ions  homogeneous nucleation and spike nucleation processes are not dom- 

-. inant  and t h a t  impurit ies and s t r u c t u r a l  i r r e g u l a r i t i e s  can be important. 

Incoloy 800 

Aging Studies (D. G. Harman) 

We have previously reported experimental r e su l t s  showing t h a t  

radiat ion enhances the  aging of Incoloy 800 containing 0.1% T i  and 

0.12% C .  

and form less harmful globular carbides along the  grain boundaries, w e  

re ta ined the  good creep s t rength o f t h e  large grain s i z e  and improved 

the  pos t i r rad ia t ion  duc t i l i t y .  

By preaging t o  allow excess C t o  p rec ip i t a t e  from solut ion 
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Fig. 5.16. I r regular  Void Distributions i n  Type 304L Stainless  S tee l  
I r rad ia ted  at 460°C t o  Approximately 4 x 1021 neutrons/cm2 (> 0.1 MeV). 
Nearly a l l  of t h e  voids l i e  along dislocation l i nes ,  some of which are 
v i s i b l e  i n  res idual  contrast. 
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W e  have recent ly  used the  scanning electron microscope t o  b e t t e r  

i l l u s t r a t e  the carbide morphology. Figure 5.17 shows t h e  s t ruc ture  of 

t h i s  a l loy  after being solution annealed at  1150°C and aged 2200 hr at 
500°C. 

iden t i f i ed  as M2$,. 

creep specimen t h a t  showed onlv 25% t o t a l  creep elongation a t  650°C. 

Ut i l iz ing  the  carbide E Ent (solution anneal followed 
by 100 hr at 800°C) bei 

the  s t ruc ture  shown i n  - ~ ~ -  _ _ _  _ _ _ _  ,ame heat of Incoloy 800. The 

M23C6 carbides a re  nOw much la rger  and a re  discontinuous along the grain 

boundaries. Figure 5.18 was  obtained f r o m t h e  buttonhead of a creep 

specimen t h a t  showed 59$ t o t a l  creep elongation at  650°C a f t e r  being 

exposed 2200 h r  a t  500"C, as was  t h a t  shown previously i n  Fig. 5.17. 

A continuous grain-boundary prec ip i ta te  i s  present t h a t  has been 

Figure 5.17 was obtained from the  buttonhead of a 

xposure at  500°C resul ted i n  

I 
1 
1- 
I 
I 

36978 

Fig. 5.17. Structure of Incoloy 800 Containing 0.12$ C and O.l$ T i  
Annealed at  1150°C and then Aged 2200 hr at 500°C. 
photomicrograph was  prepared by T. A. Nolan, Physics Division, Oak Ridge 
Gaseous Diffusion Plant. 

This scanning electron 

I 
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Fig. 5.18. Structure  of Incoloy 800 Containing 0.12$ C and 0.1% T i  
Annealed at  1150°C and Aged 100 hr at 800°C and then Aged 2200 hr at  
500°C. 
incoherent twin boundaries. 5000x. These e lec t ron  scanning photomicro- 
p a p h s  w e r e  prepared by T. A. Nolan, Physics Division, Oak Ridge Gaseous 
Diff'usion Plant. 

(a) Area around junction of three  grains ,  and (b) coherent and 
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The presence o f t h e  globular carbides shown i n  Fig. 5.18 r e su l t s  i n  a 
lower shear s t r e s s  along the  boundary ( s t r e s s  is  proportional t o  the  

f r e e  length of boundary) and is  a l s o  a formidable obstacle t o  t h e  prop- 

agation of a crack at the  grain boundary. 

might be t h a t  t he  globular carbides could a c t  as "sponges" t h a t  soak up 

t h e  unwanted tramp elements that  can form th in ,  near ly  continuous fi lms 

at  grain boundaries. 

Another contributing e f f ec t  

Another i n t e re s t ing  observation i s  t h a t  the  out-of-reactor aging 

seems t o  reach a limit a f t e r  about 2000 hr ,  while t he  in-reactor aging 

does not. 

t h e  B had been transmuted, t h e  pos t i r rad ia t ion  d u c t i l i t y  continued t o  

decrease s ign i f i can t ly  with increased i r rad ia t ion .  

fast-neutron damage continues t o  strengthen t h e  matrix, thus forcing t h e  

"unhardened" boundaries t o  sus ta in  a disproportionate amount of deforma- 

t i o n  and resu l t ing  i n  intergranular f rac tur ing  a f t e r  small amounts of 

ove ra l l  elongation of t h e  specimens. 

We a l s o  noted that even a r t e r  e s sen t i a l ly  a l l  (about 95%) of 

It i s  possible t h a t  

Figure 5.19 shows creep curves for a specimen i r r ad ia t ed  at  350°C 

t o  1.6 x lo2' neutrons/cm2 (thermal and fast)  and f o r  a control  specimen. 

Both specimens were aged about 4400 hr a t  350°C and t e s t e d  a t  650°C a t  

a s t r e s s  of 30,000 ps i .  The creep curve f o r  t h e  control  specimen shows 

t h a t  the  aged s t ruc tu re  i s  not s t ab le  a t  t he  t e s t  conditions; t h a t  i s ,  
a discont inui ty  occurs a f t e r  about 20 hr and r e s u l t s  i n  a more rapid 

r a t e  of creep than t h a t  es tabl ished i n  the  ea r ly  par t  of the t e s t .  

creep curve fo r  t he  i r r ad ia t ed  specimen, on the  other hand, shows no 

discontinuity,  indicat ing a stable s t ruc ture ,  and r e t a ins  the very low 

creep r a t e  throughout t he  t e s t .  

l i fe .  

The 

This r e s u l t s  i n  an extended rupture 

Aging s tudies  now under way should lead t o  a b e t t e r  understanding 

of the aging observed f o r  t h i s  heat of material and may possibly explain 

the  s ign i f i can t ly  l e s se r  e f f ec t s  f o r  t he  al loys that contain 0.03 and 

0.006% C. 

i r r ad ia t ion  at  500°C than a t  higher temperatures, and t h e  al loys with 

0.03% C a re  r e l a t ive ly  unaffected by the  aging treatment before 

i r rad ia t ion .  

These a l loys  show b e t t e r  pos t i r rad ia t ion  d u c t i l i t y  a f t e r  
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TIME (HRS.) 

Fig. 5.19. Creep Curves f o r  I r rad ia ted  and Control Specimens of 
Incoloy 800. Test w a s  conducted i n  a i r  a t  30,000 p s i  and 650°C. 
diat ion w a s  conducted i n  the  Oak Ridge Research Reactor at  350°C t o  a 
fluence of 1 .6  x 1021 neutrons/cm2 (thermal and fas t ) .  
specimen was held i n  a laboratory furnace i n  a i r  fo r  an equivalent time 
(about 4400 hr). 

Irra- 

The control  
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6. FABRICATION DEVELOPMENT FOR LMFBR STAINLESS STEEL TUBING 

W. 0. Harms W. R. Martin 

This program involves development techniques f o r  fabr ica t ing  high- 

qua l i ty  type 316 and modified type 304 s t a i n l e s s  s t e e l  tubing i n  s izes  

of i n t e re s t  t o  t he  liquid-metal fast breeder reactor  (LMFBR) program. 

The general  scope includes using fabr ica t ion  techniques t h a t  may be 

t ransfer red  t o  commercial vendors and su f f i c i en t  nondestructive and 

destruct ive t e s t i n g  of t he  intermediate and f i n a l  products t o  assure and 

demnst ra te  t h e  qual i ty .  

Fabrication Studies on Ty-pe 316 Stainless  S tee l  

A. C.  Schaffkauser 

We a r e  concentrating our fabr ica t ion  e f f o r t s  on type 316 s t a in l e s s  

s t e e l  tubing. 

l e s s  s t e e l  purchased by Bat te l le  Memorial I n s t i t u t e  Pac i f ic  Northwest 

Laboratories (BNWL) from Crucible S tee l  Company f o r  use i n  our LMFBR and 

Fast Flux Test F a c i l i t y  (FFTF) programs. 

4 1/2-in.  - d i a m  bar  r o l l e d  from a 16-in. -diam ingot arc-melted twice i n  

vacuum and as 7 1/2-in.-diam bar ro l l ed  from a 18-in.-diam ingot arc-  

We have received a spec ia l  10-ton melt of type 316 s ta in-  

This mater ia l  w a s  received as 

melted three  times i n  vacuum. As par t  of the  FFTF program for BNWL, w e  

s h a l l  add C and N during remelting of t h e  7 1/2-in.-diam ba r  and s h a l l  

extrude, tube reduce, and d r a w  t h i s  material t o  evaluate t h e  e f f ec t  of 

changes i n  chemistry. 

reducing, and drawing or planetary swaging t h e  4 1/2-in.-diam mater ia l  

arc-melted twice i n  vacuum t o  study fabricat ion var iables  and t h e  e f f ec t  

of defects.  Preliminary s tudies  of  drawing and planetary swaging used 

tube hollows from Allegheny-Ludlum S tee l  Corporation heat 65808 and 

commercial pipe of type 316 s t a in l e s s  s t e e l .  

For t h e  LMFBR program, we a r e  extruding, tube 

Melting, Extrusion, and Tube Reducing (R. E. McDonald) 

A s ing le  7 1/2-in.-diam ba r  from t h e  Crucible S tee l  Company heat 

073306 w a s  quartered t o  make four consumable electrodes f o r  our s tudies  
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of t h e  effects  of C and N additions.  The f irst  electrode was consumably 

vacuum arc-melted a t  5 x t o r r  i n t o  a 6-in.-diam water-cooled Cu 

mold. The power required w a s  3200 amp at  35 v. 

The 240-lb ingot w a s  s t r ipped from t h e  mold, and t h e  top  and bottom 

were cropped and sampled f o r  chemical analysis.  Based on t h e  r e s u l t s  of 

t h i s  chemical analysis ,  t h e  compositions of t h e  three  remaining heats 

w i l l  be adjusted t o  produce three  addi t ional  ingots t h a t  contain, respec- 

t i v e l y ,  low N and high C ,  high N and low C ,  and high N and high C. 

four ingots w i l l  be forged t o  octagonal bars, machined in to  extrusion 

b i l l e t s  and extruded i n t o  tube she l l s .  

The 

Nine 3.950-in. -OD x 1.500-in. -ID x 10-in. -long extrusion b i l l e t s  

were machined from 4 1/2-in.-diam bars from t h e  Crucible S tee l  Company 

heat 065219. The b i l l e t s  were heated t o  1150 t o  1200°C i n  a neutral  

salt and held 1 hr at temperature. 

speeds were held near ly  constant f o r  a l l  e ight  extrusions,  as shown i n  

Table 6.1. The extruded tube s h e l l s  were nominally 2 . 1  i n .  i n  outside 

diameter by 1.36 in .  i n  inside diameter by 50 in .  long and were machined 

t o  2.0 in .  i n  outside diameter by 0.25 in .  i n  w a l l  thickness. 

The reduction r a t i o  and extrusion 

The newly i n s t a l l e d  Aetna-Standard tube reducer',* w a s  instrumented 

t o  give par t ing  force,  mandrel p u l l ,  speed, power input,  etc.  We are 

present ly  in t e re s t ed  i n  the  par t ing force and the  mandrel pu l l ,  since 

these data ind ica te  how much work t h e  mchine performs and the effect ive-  

ness of t he  lubricant .  With our present rolls and mandrels, we can 

reduce a 2.0-in. -OD x 0.25-in. - w a l l  thickness x 50-in. -long tube s h e l l  

t o  a 1.0-in.-OD x 0.1-in.-wall thickness x 240-in.-long tube hollow i n  a 

s ingle  operation. 

We have tube reduced Crucible Steel-Fast Flux Test F a c i l i t y  (CSFFTF) 

tube she l l s  1 and 2. 

CSFFTF-2 w a s  badly scored on the  outside surface because of a misaligned 

t a i l  s tock t raced  t o  t h e  pr ivate  contractor 's  f a i l u r e  t o  pin t h e  t a i l  

s tock a f t e r  t h e  s t r a i n  gage was ins ta l led .  This problem i s  now being 

corrected. The lubricat ion broke down on the  inside surface of t h e  tube 

s h e l l  during tube reduction of both CSFFTF-1 and -2. 

were not gal led but were somewhat marked. 

lubricat ion for t h e  inside surface of t h e  next tube she l l .  

Unfortunately, CSFFTF-1 had surface defects,  and 

The tube s h e l l s  

We s h a l l  provide continuous 



Table 6.1. Data f o r  Type 316 Stainless S tee l  Tube Shells" Extruded from Crucible S tee l  Company 
Heat 065219 f o r  Studies i n  Support of t h e  Fast F l u  Test Fac i l i t y  Program 

E x t  rus ion 
Factor (K) Tube Extrusion Extrus ion Pressure' tons Temperature Speed 

Ident i f ica t ion  Nuniber ( "c )  ( in.  /see) 
(PS i 1 Number Ratio Maximum Minimum 

~~ 

CSFFTF-1 

CSFFTF-2 

C SFFTF- 3 

CSFFTF-4 

CSFFTF-5 

CSFFTF-6 

C SFFTF- 7 

CSFFTF-8 

CSFFTF-9 

0785 

0786 

0787 

0788 

0794 

0795 

0796 

0797 

0798 

5.90 

5.90 

5.90 

5.90 

5.67 

5.67 

5.67 

5.67 

5.67 

700 

710 

610 

770 

810 

765 

770 

600 

620 

480 

520 

415 

620 

540 

570 

530 

440 
490 

1150 

1150 

1150 

1150 

1200 

1200 

1200 

1200 

1200 

0.80 

0.71 

0.50 

0.60 

0.66 

0.71 

0.56 

0.71 

0.62 

70,000 

71,000 

61,000 

77,000 

82,000 

77,000 

78,000 

61,000 

63,000 

&Bil le t  dimensions : 3.950-in. outside diameter, 1.500-in. ins ide  diameter, 10-in. length; 
90" conical  nose with 1.562-in.-diam f la t .  
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Drawing of 316 Stainless  S tee l  Tubing (G. A. Reimann) 

Continuing e f fo r t s  on Allegheny-Ludlum S tee l  Corporation heat 

65808 ( re fs .  3, 4)  w i l l  concentrate on evaluation of the  mater ia l  ra ther  

than on fabricat ion of more tubing. 

s t ruc t ive ly .  We submitted severa l  tubes t h a t  had passed nondestructive 

t e s t i n g  fo r  burs t  t e s t s  a t  elevated temperature t o  compare t h e  proper- 

t i e s  of cold-worked, s t ress-rel ieved,  and f u l l y  recrys ta l l ized  tubing 

a t  450, 550 ,  and 650°C. 

A l l  tubing i s  being t e s t ed  nonde- 

For the  remainder of t h e  tubing fabr ica t ion  s tudies ,  we s h a l l  use 

t h e  tube hollows of type 316 s t a in l e s s  s t e e l  from Crucible S tee l  Company 

heat 065219 (ref .  5 ) .  

We machined 0.013 in.  from t h e  outside surface of tube hollow 

CSFFTF-1 t o  provide defect-free mater ia l  for  planetary swaging and s tudies  

of t h e  microstructure of t h i s  heat.  

under way. 

Drawing s tudies  on t h i s  material a re  

We have planetary swaged samples of types 304 and 316 s t a in l e s s  s t e e l  

The OWL planetary swager (Fig. 6.1) i s  t o  invest igate  several  variables.  

patterned a f t e r  t he  Br i t i sh  design but i s  more r i g i d l y  constructed and i s  

capable of a greater  range of s izes  (2-in. t o  1/4-in. outside diameters) 

because it can accommodate ball-and-cone assemblies of several  s izes .  

Since the  o r ig ina l  V-belt drive w a s  unsat isfactory,  gear pulleys and 

b e l t s  were i n s t a l l e d  t o  prevent slippage. 

variable-speed motor is  not su f f i c i en t  f o r  heavy reductions on t h e  la rger  

s izes  of tubing, a 7 1 / 2  hp motor w i l l  be substitute'd. 

w a s  i n s t a l l ed  as an inter im measure t o  increase t h e  avai lable  torque; but 

t h i s  reduced the  head speed t o  450 rpm, and the  corresponding reduction 

i n  bench speed makes t h i s  process very slow. 

Also, s ince t h e  1 1 / 2  hp 

A geared reducer 

The i n i t i a l  s tudies  of planetary swaging were performed on type 316 

The s t a in l e s s  s t e e l  from Allegheny-Ludlum Steel Corporation heat 65808. 

1 1/2-in.-OD x 0.0134-in.-wall thickness tubes were mandrel drawn t o  

1.145 in. i n  outside diameter by 0.098 in .  i n  w a l l  thickness i n  one pass 

and annealed 15 min at 925°C. The same m n d r e l  (0.950 in . )  w a s  used 

throughout t h i s  experiment so t h a t  planetary swaging concentrated on 

w a l l  ironing. We obtained a t o t a l  of 50% cold work i n  one tube sample 
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ORNL-DWG 69-6774 

Fig. 6.1. Sectional View of ORNL Planetary Swager. 

by reducing 10% per pass and loosening the  tube from the  mandrel, when 

necessary, by reeling. In  t h i s  case, t he  swager head w a s  ro t a t ing  380 

t o  400 r p m  and the  bench speed w a s  7 1 / 2  in./min. 

developed during t h e  second pass of t h i s  schedule and became more pro- 

nounced a f t e r  each addi t ional  pass. 

Surface f laking 

The drive m t o r  f o r  the  swager could not maintain head speed when 

we t r i e d  a 15% reduction on the 1.145-in.-diam tube a t  7 1/2-in. /min 

bench speed, so we reduced the  bench speed t o  4 in./min. 

of t he  15% reduction schedule produced severe surface f laking - even 

more severe than what occurred previously a f t e r  s i x  passes of 10% reduc- 

t ion.  

requires disassembly fo r  cleaning a f t e r  each pass when f laking occurs. 

We procured some commercial type 304L s t a in l e s s  s tee l  f o r  addi t ional  

The first pass 

No addi t ional  reductions were made on t h i s  tubing; t h e  swager 

t e s t s .  The 1.0-in. -OD x 0.072-in. - w a l l  thickness tube w a s  planetary 
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swaged s i x  passes of lO$ each, with no intermediate anneals, at  a head 

speed of 400 t o  410 r p m  and a bench speed of 3 3/4 in./&. 
mandrel w a s  used f o r  a l l  s i x  passes; l i gh t  ree l ing  between passes 

loosenedthe tube f r o m t h e  mandrel. No f laking or other f l a w s  developed 

i n  t h i s  tube, and a t o t a l  of 475 reduction i n  area w a s  obtained by w a l l  

thinning. 

A n  0.850-in. 

Figure 6.2 shows transverse photomicrographs of t he  planetary- 

swaged type 304L s t a in l e s s  s t e e l  tubing a f t e r  47% reduction i n  area in 

s ix  passes. No surface defects w e r e  noted i n  the  tube reduced by ironing 

only, but there  were defects on both outside and inside surfaces when the  

inside diameter w a s  decreased with each reduction. Also, the  outside 

surface of t he  tube i s  very heavily cold worked. 

Fig. 6.2. Transverse Sections of Planetary-Swaged Type 304L Stain- 
less S t e e l  Tubing Reduced 10% Per Pass. 1OOx. (a) Ironing, (b) sinking. 
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We planetary swaged a sect ion of the type 304L s t a in l e s s  s t e e l  

tubing a t  the  same 10% reduction per pass and the same speed conditions, 

but,  instead of using the  0.850-in. mandrel f o r  t he  e n t i r e  schedule, we 

decreased mandrel diameter by 0.050 t o  0.025 in. f o r  each pass. This 

reduced the  inside diameter of the  tube as w e l l  as t h i n n e d t h e  w a l l .  

Surface cracking w a s  v i s ib l e  a f t e r  the  t h i r d  pass (26% t o t a l  reduction) 

and became worse a f t e r  each subsequent pass u n t i l  complete f a i lu re  

occurred. 

Since reduction of t h e  inside diameter during fabricat ion by com- 

mercial techniques of mandrel drawing does not produce such unfavorable 

r e su l t s ,  we compared sinking by planetary swaging alone f o r  one schedule 

and a conibination of sinking by mandrel drawing and ironing by planetary 

swaging f o r  t he  other. 

and the  same mandrel s izes  used f o r  t h e  10$ reduction per pass described 

above. 

(38% t o t a l  reduction). 

Both tubes were drawn at  15% reduction per pass 

The tubes were annealed 15 min at  925°C after t h e  t h i r d  pass 

The tube that w a s  planetary swaged only developed surface cracks 

during the second pass (26% t o t a l  reduction),  while t h e  tube t h a t  was  

mandrel drawn and ironed by planetary swaging had no defects a f t e r  s i x  

passes (47% t o t a l  reduction). A longitudinal sect ion of t h i s  successful 

tube i s  shown i n  Fig. 6.3. Also shown i n  Fig. 6.3 i s  a longitudinal 

sect ion of the  planetary-swaged tube after the  t h i r d  pass, which shows 

the beginning of surface flaking. 

The firmest conclusions we have drawn thus far i s  t h a t  reductions 

i n  ins ide  diameter should be avoided during planetary swaging. We have 

not def in i te ly  ascertained the  cause f o r  surface f laking (as opposed t o  

cracking), but we believe it i s  re la ted  t o  w a l l  thickness and surface 

conditions. Planetary swaging w i l l  be studied f’urther next quarter w i t h  

tubing from Crucible S tee l  Company heat 065219 s o  t h a t  t he  influence of 

planetary swaging on the properties of the  final product may be deter- 

mined more clear ly .  
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Fig. 6.3. lrongitudinal Sections of Planeta,ry-Swaged Ty-pe 304L Stain- 
l e s s  S tee l  Tubing. 
s teps  and planetary swaging for  t he  ironing steps.  
cated by planetary swaging only and showing onset of surface flaking. 

(a) Tubing fabricated by mandrel drawing fo r  t h e  sinking 
(b) Tubing fabri-  

2 5 0 ~ .  
1 0 0 ~ .  

B i a x i a l  Stress-Rupture Testing of Stainless  S tee l  Tubing 

H. E. McCoy, Jr. 

Comparison of Tubing Produced by Mandrel Drawing and Planetary Swaging 
(R. T. King) 

We fabricated tubes from type 3WL s t a in l e s s  s t e e l  m d i f i e d  with 

0.2$ T i  (Allvac heat 3756) t o  compare the  properties produced by mandrel 

drawing and planetary swaging. 

inspected f o r  w a l l  t h i c h e s s  by ul t rasonic  t e s t i n g  f o r  both longitudinal 

and transverse discont inui t ies .  

nu i ty  s ignals  w e r e  sor ted f romthose  t h a t  did have discontinuity s ignals  

so t h a t  we might compare the  behavior of sound tubing with t h a t  of what 

w e  have previously referred t o  as "defectivett tubing. 

Tubes from both fabricat ion routes were 

Specimens of tubes t h a t  had no disconti-  
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We t e s t e d  the  biaxial s t ress - rupture  s t rength  a t  550 and 650"C, 

using high-purity Ar as the  pressurizing medium. The circumferential  

d u c t i l i t y  of these tubes has not yet  been measured; however, t h e  data 

f o r  rupture l i f e  a t  550°C a r e  summarized below: 

Hoop Stress  (ps i )  Rupture Life (hr) 

35,000 3.0 

32,500 6.5 

30,000 13.1 

25,000 72.1 

22,500 Test i n ~ p r o g r e s s  

20,000 Test i n  progress 

Specimens of nondefective tubing produced'by planetary swaging were 

annealed a t  925°C f o r  1 h r  i n  H2 and a r e  scheduled f o r  t e s t i n g  next 

quarter.  We a re  annealing other  specimens of this tubing for  1 hr  a t  
1038°C i n  H2 t o  determine t h e  e f f ec t  of heat treatment on b i a x i a l  s t r e s s -  

rupture propert ies .  

w i l l  a l s o  be t e s t e d  a f t e r  similar annealing treatments. 

Specimens of defect ive tubes a re  being prepared and 

We are processing t h e  data from nondestructive t e s t s  of mandrel- 

drawn tubes of type 316 s t a i n l e s s  s t e e l  tubing (Allegheny-Ludlum S tee l  

Corporation heat 65808) i n  preparation f o r  making tube-burst specimens. 
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7 .  WELDING DEVELOPMENT FOR LmBR VESSELS AND COMPONENTS 

J. R. Weir, Jr. G. M. Slaughter 

We a r e  evaluating the behavior of weldments i n  aus t en 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 a s  a f'unction of both the  welding process and the 

var iables  within a process f o r  appl icat ion t o  liquid-metal f a s t  breeder 

reac tor  (LMFBR) vessels  and components. 

( the f ines t  s t r u c t u r a l  d e t a i l  t ha t  can be resolved by an op t i ca l  micro- 

scope) markedly influences the  mechanical propert ies  of  a weldment a t  

elevated temperatures. Since the s i z e  and type of substructure i n  a 

weldment a re  s ign i f i can t ly  influenced by fac tors  t h a t  the welder can 

control,  our approach i s  t o  determine the  e f f ec t s  of d i f fe ren t  welding 

processes and of t he  var iables  within each process (current, voltage, 

t r a v e l  speed, e t c .  upon mechanical proper t ies .  

The so l id i f i ca t ion  substructure 

Li terature  Search 

Mechanical Properties of Austenit ic S ta in less  S tee l  Weldments a t  Elevated 
Temperatures (G. M. Goodwin) 

We col lected the  avai lable  da ta l  concerning the  mechanical propert ies  

of  aus t en i t i c  s t a i n l e s s  s t e e l  weldments a t  elevated temperatures. The 

l i t t l e  information t h a t  i s  avai lable  i s  inconsis tent .  For example, 

Fig. 7 . 1  is  a graph of t he  readi ly  avai lable  data on the  s t ress-rupture  

s t rength a t  650°C of type 347 s t a i n l e s s  s t e e l  welds produced by the  

shielded metal-arc process. 

a d i f f e ren t  source of  data .  Since the  s c a t t e r  increases markedly w i t h  

increasing rupture l i f e ,  t h i s  information i s  of l imited value fo r  the  

desired extrapolation t o  rupture l i ves  i n  excess of  100,000 h r .  The 

d u c t i l i t y  values fo r  these t e s t s  a r e  shown i n  Fig. 7.2. These data, 

which theo re t i ca l ly  should conform t o  a s t r a igh t - l i ne  relationship,  show 

Each type of symbol on the  f igure represents 

no pa t te rn .  This i s  disconcerting, f o r  minimum d u c t i l i t y  i s  being con- 

sidered as a c r i t e r i o n  fo r  such important s t ruc tures  a s  the  Fast-Flux 

Test Reactor (FTR) vesse l .  

Figures 7.3  and 7 . 4  show similar  s c a t t e r  i n  the  data for  welds made 

on type 304 s t a i n l e s s  s t e e l  p l a t e  with type 308 s t a i n l e s s  s t e e l  f i l l e r  
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’ Fig. 7.3 .  Available Data fo r  Stress-Rupture Strength a t  650°C of 
Type 308 Stainless  Steel  Weld Metal Deposited on Type 304 Stainless Steel  
Plate .  Each type of symbol represents a d i f fe ren t  source of data.  

I 
RUPTURE TIME ( h r )  

Fig. 7.4.  Available Data fo r  Rupture Duct i l i ty  a t  650°C of Type 308 
Stainless  Steel  Weld Metal Deposited on Type 304 Stainless  Steel Plate .  
Each type of symbol represents a d i f fe ren t  source of data.  
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metal. The s c a t t e r  i n  the  values f o r  s t ress-rupture  s t rength  i s  less  

(probably because there  a re  fewer data  points  from fewer sources) ,  but 

t h e  values f o r  d u c t i l i t y  a re  random. 

Both t h i s  program and the  program Shielded Metal-Arc Welding f o r  

LMFBR Components2 a r e  attempts t o  determine whether var iables  such as 

changes i n  welding conditions and minor changes i n  composition are, as 

we believe,  responsible fo r  the  s c a t t e r  i n  the  avai lable  data .  Our 

experiments w i l l  ind ica te  the  e f fec ts ,  i f  any, of several  fac tors  t h a t  

were not considered i n  the  experiments t h a t  produced the  data summarized 

i n  Figs. 7 . 1  and 7 . 2 .  We hope t o  provide reference data i n  a f i e l d  where 

v i r t u a l l y  no r e l i ab le  data ex i s t .  

Study of Submerged-Arc Process 

Materials Procurement and Preliminary Welding Studies (G. M. Goodwin, 
D. G. Harman, Nancy C. Cole) 

We began t ry ing  t o  procure s t a i n l e s s  s t e e l  base p l a t e  and welding 

wire t h a t  conform with applicable RDT standards f o r  t h i s  program but  

have found t h i s  a d i f f i c u l t  task,  primarily, we believe,  due t o  t h e  

vendor's lack of f ami l i a r i t y  with the  newly developing RDT standards 

and the  r e l a t i v e l y  small quant i ty  of mater ia l  required f o r  t h i s  program. 

We were able t o  purchase two 48 X 96 X 1-in.  p l a t e s  of type 304 s t a in -  

l e s s  s t ee l ,  however, and expect del ivery i n  the  near fUture. We have 

upgraded wire purchased t o  ASTM specif icat ions so  t h a t  it now conforms 

w i t h  spec i f ica t ion  RDT-M-271, "Corrosion Resisting Chromium and Chromium 

Nickel S tee l  Welding Rods and Bare Electrodes." 

We u t i l i z e d  ex is t ing  mater ia ls  f o r  32 bead-on-plate submerged-arc 

welds i n  1-in.  type 304 s t a i n l e s s  s t e e l  p l a t e .  These welds bracket the 

range of p rac t i ca l  conditions for  t h i s  process; welding current ranged 

from 600 t o  1200 amp, voltage from 34 t o  60 v, and t r ave l  speed from 

3 t o  120 in./min. 

The specimens w i l l  be sectioned and examined metallographically. They 

Weld energy input ranged from 10.2 t o  240 kJ/in.  
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should cover t h e  range of so l id i f i ca t ion  substructures p rac t i ca l ly  

a t ta inable  w i t h  t h i s  process. 

Multipass welds were a l so  made with mater ia ls  on hand, and specimens 

of  weld metal were machined from these f o r  preliminary s tudies  of mechan- 

i c a l  propert ies .  

a protect ive atmosphere during creep-rupture t e s t ing .  

I n i t i a l  tests a re  under way t o  determine the  need f o r  

Study of Gas Metal-Arc Process 

Characterization of Welds (G. M. Goodwin, Nancy C. Cole) 

We are continuing a de ta i led  character izat ion of t h e  welds produced 

f o r  the  FFTF weldment i r r ad ia t ion  program. I n i t i a l  microprobe analyses 

fo r  specimens produced by t h e  gas metal-arc process a r e  shown i n  Table7.1, 

and a typ ica l  microstructure on which these measurements were made is 

shown i n  Fig. 7.5. Note t h a t ,  as might be expected, the de l t a  f e r r i t e  is 

r i c h  i n  C r  (a f e r r i t e  s t a b i l i z e r )  and lean i n  N i  (an aus t en i t i c  s tab i -  

l i z e r ) .  Analyses a r e  being performed fo r  other  elements. S i m i l a r  

s tud ies  w i l l  be made for  the  other welding processes - submerged-arc, 

shielded metal-arc, and gas tungsten-arc. 

Table 7.1. Results of Microprobe Analysis of Stainless  S tee l  
G a s  Metal-Arc Welds 

Element Content. % 
In  Matrix" I n  F e r r i t e  

Fe 64.2 63.4 

C r  9.0 5.8 

N i  21.4 25.7 

?Each value i s  t h e  average of at l e a s t  t h ree  readings, 
uncorrected for  the  e f f ec t s  of absorption, secondary fluores- 
cence, o r  atomic n u d e r .  
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Fig. 7.5. Typical Distribution of Delta Fe r r i t e  (Dark Regions) i n  , 
an Austenit ic Matrix i n  Type 308L Stainless  S t e e l  Welds Produced by the  
Gas Metal-Arc Process (See Table 7.1). Etchant: aqua regia.  500x. 
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8. SHIELDED M E T A L A R C  WELDING FOR LMFBR COMPONENTS 

W. 0. Harms G. M. Slaughter 

The objective of t h i s  new program i s  t o  evaluate t h e  shielded 

metal-arc ( s t i c k  electrode)  welding process fo r  fabr ica t ing  and repair ing 

ce r t a in  s t a i n l e s s  s t e e l  components f o r  liquid-metal fast breeder reactors  

(LMFBR). 

welds, .par t icu lar ly  i n  t h e i r  creep duc t i l i t y .  Through very s l i g h t  modi- 

f ica t ions  t o  t h e  f lux  coatings of electrodes,  we should be able t o  deter-  

mine the  influence of  minor elements on t h e  mechanical properties of t he  

There i s  extreme v a r i a b i l i t y  i n  t h e  mechanical properties of 

weld metal. These coatings have t r a d i t i o n a l l y  been evaluated and se lec ted  

by t h e  r e l a t ive  ease w i t h  which weld metal can be deposited; bead contour, 

a r c  s t a b i l i t y ,  and deposition e f f ic iency  are usual ly  prime considerations. 

The e f f ec t  of t h e  coating on the  propert ies  a t  high temperatures has not 

been ser iously considered. 

Effect of Variations i n  Flux Coatings 

Welding Studies (N. C. Binkley, G. M. Goodwin, D. G. Harman) 

Materials f o r  electrode coatings have usual ly  been formulated 

empirically. Moreover, t he  ac tua l  compositions a r e  usual ly  held as 

highly proprietary information by t h e  various manufacturers, which mkes 

unbiased research on electrode coatings even more d i f f i c u l t .  We have 

been fortunate that  a major manufacturer of electrodes agreed t o  supply 

us w i t h  a se r i e s  of 5/32-in.-diam electrodes w i t h  type 308 s t a in l e s s  

s t e e l  core w i r e  and f l u x  coatings t h a t  have carefu l ly  controlled minor 

differences i n  composition. 

s e r i e s  appears i n  Table 8.1. 

The deposit chemistry of each batch i n  this  

We produced w e l d s  from each of t h e  14 batches of electrodes. We 

used 1-in.-thick base p l a t e  of type 304L s t a i n l e s s  s t e e l  upgraded t o  

conform t o  RDT standards t o  produce t h e  32-in.-long welds. A l l  welding 

w a s  done i n  t h e  damhand posi t ion with t h e  plate .unrestrained.  The "J- 

groove" was prepared with an 80" included angle, 1/8-in. land, 1/16-in. 



Table 8.1. Chemical Analyses of Welds Made with Type 308 Stainless  S tee l  Electrodes 

Composition, w t  $ 
S i  S P Mn C C r  N i  Mo Cu N co B 

Remarks Reference 
Number 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 
11 

12 

13 

14 

0.46 0.015 0.011 

0.47 0.016 0.012 

0.46 0.017 0.012 

0.29 0.015 0.011 
0.73 0.013 0.010 

0.43 0.014 0.009 

0.47 0.012 0.034 

0.42 0.006 0.011 

0.45 0.027 0.011 

0.46 0.014 0.013 

0.52 0.015 0.013 

0.46 0.015 0.016 

0.47 0.015 0.017 

0.44 0.016 0.023 

1.72 

1.76 

1.73 

1.86 

1.90 

1.80 

1.82 

1.73 

1.77 

1.78 

1.84 
1.77 

1.80 

1.73 

0.044 19.94 9.97 0.03 0.06/0.040 

0.044 19.80 4.92 0.03 0.04 0.040 

0.044 19.98 9.97 0.03 0.07 0.042 

0.043 20.31 10.03 0.04 0.07 0.041 

0.044 19.62 10.02 0.04 0.07 0.041 

0.044 20.02 9.96 0.05 0.05 0.043 

0.043 19.90 10.08 0.04 0.07 0.042 

0.042 19.89 9.95 0.03 0.06 0.041 

0.042 19.88 10.01 0.04 0.07 0.042 

0.035 19.84 10.11 0.04 0.08 0.040 

0.074 20.7 9.91 0.04 0.06 0.039 

0.042 20.08 10.01 0.03 0.05 0.041 

0.042 20.03 10.01 0.03 0.05 0.040 

0.045 19.97 10.02 0.03 0.06 0.042 

0.01 

0.01 
0.02 

0.02 

0.03 

0.03 

0.02 

0.01 
0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.001 
0.001 

0.001 

0.001 
0.001 
0.001 

0.001 
0.001 

0.002 

0.001 

0.001 
0.004 

0.006 

0.001 

Lime 

Lime - Ti0 2 

Ti02 

Low S i  

High S i  

Low P 

High P 

Lows 

High S 

Lowc 

High C 

LQWB 

High B 

Medium P 

P 
P 
Iu 
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nose, and 1/8-in. root gap. 

welded t o  the assembly before welding. The p la tes  were welded a t  about 

140 amp, 20 v, and 9-in./min t r a v e l  speed. 

remove a l l  s l ag  and grind c ra te rs .  

of t he  p la te  as w a s  the  previous pass, and interpass  temperatures were 

maintained below 120" C. 

A 3/16-in.-thick backup s t r i p  w a s  t ack  

Special  care w a s  taken t o  

Each pass w a s  begun at  the same end 

A l l  14 weldments were completed and radiographed. We began 

machining specimens from several  weldments, and removed samples f o r  

chemical analysis and metallography. 

We modified and ca l ibra ted  several  lever-arm creep-testing f a c i l i -  

t i e s .  Several w e l d  specimens were machined, and t e s t i n g  w i l l  begin soon. 

References 

. 
1. J. R. Weir, Jr. and G. M. Slaughter, "Welding Development f o r  LMFBR 

Vessels and Components , ' I  pp. 105110, t h i s  report .  



114 

9. NONDESTRUCTIVE TESTING TECHNIQUES FOR LMFBR 

W. 0. Harms  R. W. McClung 

We are developing new methods, techniques, and equipment fo r  

nondestructively evaluating materials or components r e l a t ed  t o  t h e  

liquid-metal f a s t  breeder reactor  ( W B R ) .  Among the  methods studied 

a re  electromagnetic induction, ul t rasonics ,  and penetrating radiation. 

Special emphasis i s  being given t o  developing techniques f o r  measuring 

the  degree of cold work i n  s t a in l e s s  s t e e l  tubing w i t h  a small diameter. 

Development of Advanced Nondestructive Testing 

Development of Eddy-Current Instrument (C. V. Dodd) 

One of the  major problems with detection of defects by means of 

eddy currents is properly ident i fying those s ignals  that are  from 

defects.  Defects near the  surface and other surface i r r e g u l a r i t i e s  pro- 

duce s ignals  that obscure in t e rna l  defects t h a t  may be i n  a more c r i t i c a l  

region i n  terms of f a i l u r e  of a component. Our analy t ica l  s tud ies  indi- 

cate tha t  by measuring the  phase s h i f t  of t he  s igna l  we can determine t h e  

depth of the  defect below the  surface. 

t h i s  information t o  correct t h e  amplitude of t he  s igna l  so t h a t  a l l  

defects of t h e  same s i ze  have the same amplitude. In addition, defect 

s ignals  from a noncr i t ica l  region could be ignored. 

We should then be able  t o  use 

We have begun design of a prototype instrument t o  invest igate  these 

poten t ia l  benefi ts .  

sh i f t ,  we can use many of the  modules i n  the  phase-sensitive eddy-current 

instrument. We a re  having a modular phase-sensitive eddy-current instru-  

ment constructed f o r  t h i s  purpose. 

Since t h e  proposed instrument w i l l  measure phase 

Ultrasonic Schlieren Techniques f o r  Evaluation of Welds (H. L. Whaley, 
K. V. Cook) 

We are using an optical-bench schl ieren technique t o  invest igate  

techniques of ul t rasonic  inspection of welds. Several butt-welded sam- 

ples were designed and fabricated f o r  t h e  study. The samples are 



115 

consumable-electrode welds i n  1- in . - thick (2.54 cm) A1 pla te  with a 90" 

included angle. Three of these contained a gross defect of t h e  following 

types:  cold lap ,  incomplete penetration, or porosity.  The fourth weld 

sample w a s  made as f r e e  of defects as possible.  The weld crowns were 

ground f l a t  before inspection. 

The welds were examined a t  th ree  d i f fe ren t  angular or ientat ions of 

t he  transducer ax is :  

( 2 )  a t  a small incident angle at  which both longi tudinal  and shear waves 

were propagated in to  the  p la te ,  and (3) a t  a l a rge r  incident angle grea te r  

than the  c r i t i c a l  angle f o r  t h e  longi tudinal  mode and such t h a t  t h e  shear 

would be normally incident on t h e  weld interface.  A unique advantage of 

t h e  op t i ca l  technique i s  t h a t  a l l  t he  primary transmitted and re f lec ted  

beams can be observed simultaneously, so t h a t  t h e  probabi l i ty  of observing 

some indication of a randomly oriented f l a w  i s  increased over t h a t  f o r  a 

conventional technique. 

(1) normal t o  t h e  surface of t h e  welded p l a t e ,  

All in ten t iona l  defects i n  the  samples were located e a s i l y  with a 

1.9-cm-diam (0.75 in .  ) 2.25-MKz transducer, although no re f lec t ions  from 

defects could be seen propagating back t o  t h e  transducer. 

dence was best  f o r  locat ing root defects ,  while angled incidence w a s  best  

fo r  detecting f l a w s  i n  t h e  interface.  The areas of high porosi ty  i n  one 

sample caused pulses t rave l ing  through them t o  become much f a i n t e r  than 

i f  they had t raveled through good weld material .  

were a l so  seen i n  t h e  qua l i ty  of t h e  "good" weld. Further t e s t s  are 

planned f o r  these samples, including correlat ion with conventionaltech- 

niques of u l t rasonic  t e s t i n g  for welds. 

Normal inc i -  

Signif icant  var ia t ions 

Measurement of Cold Work i n  Stainless  S tee l  Tubing 

Measurement of Changes i n  Magnetic Permeability (C.  V. Dodd, 
' W. A. Simpson) 

We a re  invest igat ing methods for  nondestructively measuring the  

degree of cold work i n  s t a in l e s s  s t e e l  tubing t h a t  has a small diameter. 

We emphasize the  use of electromagnetic induction fo r  detecting the  

changes i n  magnetic permeability produced by cold work. 
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We prepared two sets of samples of type 316 s t a i n l e s s  s t e e l  t h a t  

contained d i f fe ren t  known amounts of cold work, ranging from none t o  50%. 

One s e t  i s  a se r i e s  of tubes 0.250 in .  i n  diameter by 0.015 in .  i n  w a l l  

thickness;  the  other i s  a series of sheets 0.015 in .  thick.  Our first  

e f f o r t s ,  w i t h  t h e  f l a t  sheet ,  a r e  t o  e s t ab l i sh  quant i ta t ive instrument 

response r e l a t ive  t o  cold work without t h e  problems t h a t  might possibly 

be caused because of t h e  small radius of curvature on t h e  tubes. 

Correlation has been observed between cold work i n  some aus t en i t i c  

s t a in l e s s  s t e e l s  and the  magnetic permeability. A n  increase i n  r e l a t i v e  

permeability from 1.003 t o  1.01 i n  the  normal ranges of cold work and 

values as high as 10 for  severe cold work a re  reported. 

t ionship  we previously developed, 

Using the  re la -  

we calculated the  response t h a t  w e  

can get from a low-frequency inductance bridge c i r c u i t  and determined 

t h a t  we could measure permeability changes between 1.003 and 1.01 by 

t h i s  technique. 

these measurements and are  operating it i n  a "bridge unbalanced" mode, 

similar t o  many eddy-current t e s t s ,  t o  separate  t h e  conductivity varia- 

t i ons  from the  permeability var ia t ions.  

We have constructed on a breadboard a system f o r  making 

Figure 9 . 1  r e l a t e s  t he  instrument 

ORNL-DWG 69-42503 

COLD WORK ('70) 

Fig. 9.1. Variation i n  Instrument Response as a Function of t he  
Degree of Cold Work i n  Type 316 Stainless  Steel .  

I 
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reading t o  cold work on the  sheet specimens. Each point represents the 

average of s i x  readings. While these preliminary measurements a r e  very 

encouraging, a considerable amount of refinement i s  needed i n  both the  

c i r c u i t r y  and t h e  technique t o  optimize t h i s  method. 
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lo. SODIUM CORROSION STUDIES 

W. 0. Harms J. H. DeVan A. P. Litman 

The purpose of t h i s  program i s  t o  inves t iga te  t h e  chemical and 

metal lurgical  e f f ec t s  produced i n  s t r u c t u r a l  materials during exposure 

t o  molten N a .  

t a i n e r  materials f o r  Na-cooled fast breeder reactor  (LMFBR) systems and 

provide guidelines f o r  specifying insu la t ing  materials fo r  use w i t h  

s t a i n l e s s  s t e e l  components i n  t h e  Fast-Flux Test Reactor (FTR). 

The program i s  designed t o  guide the  se lec t ion  of con- 

Comparative Corrosion Tests on Refractory Alloys 

J. H. &Van 

Although V a l loys  a re  highly r e s i s t a n t  t o  dissolut ion by Na,  they 

a r e  qui te  react ive w i t h  nonmetallic impurit ies i n  N a ,  pa r t i cu la r ly  w i t h  

C ,  N, and 0. Accordingly, w e  a r e  invest igat ing the  mechanisms by which 

V a l loys are attacked i n  N a  at impurity leve ls  t y p i c a l  of service condi- 

t i ons  i n  a reactor .  Our program is concerned with four bas ic  aspects 

of the  oxidation process for  V a l loys  i n  N a :  

between V a l loys and N a ;  (2 )  t h e  e f f ec t s  of a l loying additions of C r  and 

Z r  on t h e  diff'usion coef f ic ien t  of 0 i n  V; (3) the  e f f ec t s  of C r  and Z r  

i n  V on the  oxide formed and on the  dissolut ion of the a l loys  i n  N a ;  and 

(4) t he  s o l u b i l i t y  of V i n  N a  as af fec ted  by t h e  presence of 0 i n  e i the r  

metal. 

0 between V a l loys and types 304 and 321 s t a in l e s s  s t e e l  i n  a N a  c i r cu i t .  

(1) t h e  par t5t ioning of  0 

We a re  a l s o  examining t h e  kinet ics  of t h e  t r a n s f e r  of C ,  N ,  and 

Effect of Oxygen on the  Compatibility of Vanadium and Vanadium Alloys 
With Sodium (R. L. Klueh) 

We are  continuing our invest igat ion of t h e  e f f ec t  of 0 i n  N a  on 

the  compatibil i ty of V and V a l loys with Na.  

a l loys containing 5 ,  10, and 15 w t  4 C r  were melted, cast, and r o l l e d  t o  

0.04-in. - thick sheet.  The following a l loys  (also i n  0.04-in. - th ick  

sheet s tock)  were obtained from Westinghouse Astronuclear Laboratory: 

V-20$ T i ,  V-15$ Cr-5$ T i ,  and t h e  Westinghouse a l loys  Vanstar 7 

(V-9% Cr-3$ Fe-1.3$ Zr-O.O5$ C ) ,  Vanstar 8 (V-8$ Cr-lO$ Ta-1.38 Zr-O.O5$C), 

Vanadium and i t s  binary 

. 
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and Vanstar 9 (V-646 Fe-5% Nb-l.3% Z A .  05% C ) .  

were cut f romthe  sheet material ,  chemically polished, and vacuum 

annealed f o r  1 hr  a t  900°C. 

of t he  t e s t  materials a f t e r  t h i s  preparation. 

Specimens 1 x 1 / 2  in. 

Table 10.1 gives t h e  i n t e r s t i t i a l  contents 

Table 10.1. Concentration of I n t e r s t i t i a l  Elements i n  
Vanadium and Vanadium Alloys 

Concentration of I n t e r s t i t i a l s ,  ppm Material 
0" Nb C 

V 

V-5% C r  

V-10% C r  

V-15% C r  

V-15% Cr-5$ T i  

V-20$ T i  

Vanstar 7 

Vanstar 8 
Vanstar 9 

80 

120 

90 

150 

1550 

1250 

1400 

1250 

1600 

8 
60 

55 

10 
87 

77 

75 

84 

70 

80 
140 

60 

160 

620 

620 

600 

a 

bDetermined by vacuum-fusion analysis. 

Determined by fast-neutron act ivat ion.  

S t a t i c  capsules a re  being t e s t e d  t o  compare t h e  e f f ec t  of 0 on a 

given alloy w i t h  t he  e f fec t  on pure V. Two specimens - t h e  a l l o y  being 

t e s t e d  along with a specimen of pure V -were put i n to  a capsule of 

type 304 s t a in l e s s  s t e e l  and exposed t o  N a  with 2000 ppm 0 (added as 
N a 2 0 )  for  100, 200, 300, and 600 hr .  

f o r  changes i n  weight, chemistry, and metallographic appearance. 

The specimens are being examined 

Mass Transport of I n t e r s t i t i a l  Impurities Between Vanadium Alloys and 
Type 300 Series Stainless  S tee ls  (D. H. Jansen) 

We a r e  continuing s tudies  of i n t e r s t i t i a l  mass t ransport  between 

s t a in l e s s  s t e e l  and V i n  b imeta l l ic  t h e r m 1  convection loops. 

p a l  i n t e r e s t  a r e  t h e  e f f ec t s  of C ,  N, and 0 on the  mechanical propert ies  

O f  pr inci-  
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of V and V a l loys.  

type 304L s t a in l e s s  s t e e l  with a V hot leg,  was terminated af'ter oper- 

a t ing  3000 h r  and i s  now awaiting disassembly and evaluation. 

t es t  of type 321 s t a in l e s s  s tee l  and V was s ta r ted .  

are given below: 

The first loop i n  t h i s  s e r i e s ,  fabr icated of 

A similar 

Operating conditions 

Temperature at heater  ou t l e t ,  "C 712 

Temperature at  heater  i n l e t ,  "C 562 
Rate of N a  flow, 

fPm 
gpm 

11.6 
557 

Chamber pressure, t o r r  
Surface area of V tubing, in .  2 

1 x 10'8 
27 

Surface area of s t a i n l e s s  s tee l  14 0 
tubing, in .*  

Surface a rea  of specimens, in .  2 

V 9 
Stainless  s t e e l  9 

Scheduled 'operation, h r  3000 

In  these t e s t s ,  t h e  r a t i o  of the  surface area of V t o  t h a t  of s t a in l e s s  

s t e e l  was  1:4. 

between t h e  surface areas of V and type 304L s t a in l e s s  s t e e l  w i l l  be 1:l. 
Also included i n  t h i s  program is a se r i e s  of s t a t i c  tests'  i n  which ten- 

s i l e  specimens of 0.040-in.-thick V sheet  are being exposed t o  N a  i n  

s t a in l e s s  s tee l  containers. 

Another loop is  being fabricated i n  which the  r a t i o  

Table 10.2 l is ts  the  operating conditions fo r  four experiments com- 

Three of t h e  experiments w e r e  conducted pleted i n  t h i s  series of t e s t s .  

w i t h  type 304L s t a in l e s s  s t e e l  and t h e  four th  w i t h  type 321 s t a in l e s s  

s t e e l .  

with a r e l a t i v e l y  low i n i t i a l  concentration of i n t e r s t i t i a l s .  

i n  Table 10.3, the  higher pu r i ty  V increased i n  0 as w e l l  as C and N,  

whereas t h e  lower pu r i ty  mater ia l  gained only C and N. 

material, on t h e  average, gained less weight (Table 10.3). 

of C and N from type 304L s t a i n l e s s  s t e e l  t o  t h e  V w a s  considerably 

greater  a t  800°C than a t  700°C. 

s t a in l e s s  s t e e l ,  s t ab i l i zed  with T i ,  w a s  negl igible  a t  700°C compared t o  

that  from type 304L s t a in l e s s  s t e e l .  

Two grades of V were t e s t ed ,  one with a r e l a t i v e l y  high and one 

As shown 

Thus, t h e  la t te r  

The t ranspor t  

I n t e r s t i t i a l  t ranspor t  from t h e  type 321 
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Conditions" for S t a t i c  Tests of 
and Sta in less  S t e e l  

Ty-pe of Ratio of Wetted Surface Area of V, i n . 2  Test 
S ta in less  Surface Area of Temperature 

( " a  
C S t ee l  V:Stainless S tee l  Purifiedb Commercial 

304L 

304L 

304L 

321 

0.25- 

0.25 

0.25 

0.25 

5.3 8.0 800 

8.0 5.3 800 

5.3 8.0 700 

13.4 0 700 

All tes ts  operated for 500 hr.  a 

bPurified: 80 ppm 0, 2 ppm N, 30 ppm C .  

C Commercial: 1400 ppm 0, 550 ppm N, 320 ppm C. 

Table 10.3. Chemical Compositions" and Weight Changes of Tensile 
Specimens of Vanadium Sheet After Exposureb t o  Sodium 

i n  S ta in less  S tee l  Containers 

~ ~ ~~ ~ ~ ~~ ~~ 

I n t e r s t i t i a l  
Content, ppm - Weight Te s t V a r  i ab  l e s  

Type Sta in less  Change 
S t e e l  Container 

Material  (mg) 0 N H  C 
Temperature 

("C) 
Type 
of v 

Commercial (as received) 1400 550 1 320 

Comer c i a  1 3 04L 700 1 1500 800 3 470 

Commercial 304L 800 2 1600 1100 1 940 

Purified' (as received) 7 9  2 6 30 

l r i f  iedC 321 700 2 190 14 10 1 2 0  

Purified' 304L 700 7 

Puri f i ed' 304L 800 11 500 420 9 430 

a 

b A l l  exposures were f o r  500 hr .  

Total 0.040-in. cross sect ions were analyzed. 

C Vacuum-induction melted from e l e c t r o l y t i c  f lake  V supplied by 
Bureau of Mines. 
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The ef fec ts  of i n t e r s t i t i a l  mass t ransport  on the  mechanical prop- 

e r t i e s  of t he  V specimens a re  shown i n  Table 10.4. Values a re  compared 

against  properties of control  specimens exposed t o  Ar f o r  500 hr at 700°C. 

Tensile d u c t i l i t i e s ,  measured at room temperature, were reduced f o r  both 

grades of V after t e s t ing  i n  N a  with type 304L s t a in l e s s  s t e e l .  In  con- 

trast ,  t e s t i n g  w i t h  type 321 s t a in l e s s  s t e e l  produced no measurable 

change i n  e i ther  s t rength or  d u c t i l i t y  compared t o  the  control  t e s t  i n  Ar. 

Table 10.4. Room-Temperature Tensile Properties of 
Vanadium Specimens Tested i n  Sodium 

\ u J  Material 

x i o3  
Purif ied 3 21  700 2 37.5 13.5 

Purif ied 304L.  700 7 21.0 22.3 

Purif ied 304L 800 11 19.6 30.7 

Purif ied (control  i n  Ar) 700 0 34.0 17.5 

Commercial 3 04L 700 1 15.2 48.6 

Commercial 3 W L  800 2 6.5 51.5 

Commercial (control  i n  ~ r )  700 0 20.0 48 .3  

x io3  
23.0 

31.3 

36.2 

22.3 

58.0 

54.4 

57.6 

A l l  t e s t s  operated for 500 hr. a 

bPurified: 110 ppm t o t a l  impurit ies;  commercial: 2300 ppm t o t a l  
impurities. 

A t  O.2$ offset .  C 

I n t e r s t i t i a l  Contamination of Vanadium and Its Alloys (R. L. Wagner) 

We are studying t h e  interact ion of V with gaseous i n t e r s t i t i a l  

impurities t o  characterize the  e f f ec t s  of a l loying additions on t h e  r a t e  

and nature ~ of i n t e r s t i t i a l  contamination and t o  determine the  influence 

of i n t e r s t i t i a l  contamination on the  creep s t rength of V and i ts  al loys.  
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We evaluated the  contamination of unalloyed V i n  vacuum and in  0 2  

from 400 t o  900°C. The nominal content of i n t e r s t i t i a l s  i n  t h e  V before 

t h e  t e s t  w a s  400 ppm C ,  500 ppm N, and 300 ppm 0. 

Fig. 10.1 for 0.020-in.-thick specimens vacuum annealed at < 1 x 

and 900°C f o r  1 hr  and exposed a t  2 x 

Data are shown i n  

t o r r  

t o  4 x t o r r  0 2  pressures. 

ORNL- DWG 69- 111 54 

400 t 

400 600 800 
TEMPERATURE ("C) 

IO00 

Fig. 10.1. Oxygen Contamination of Unalloyed Vanadium as Functions 
of Temperature and Oxygen Pressure. 

The r e su l t s  fo r  200 h r  a t  2 x t o r r  0 2  appear t o  be inconsistent 

with the r e s t  of the  data. Because of a thermocouple f a i lu re ,  these 

par t icu lar  samples were unintentionally cooled i n  0 2  ra ther  than under 

vacuum. 

below about 400°C. 

r a t e s  as functions of temperature and pressure a re  given i n  Fig. 10.2. 

"his set of data suggests t h a t  an oxide f i l m  may be formed 

With the  exception of t h i s  s e t  of data,  contamination 
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ORNL-DWG 69-44452 
0.7 

o ZxIO-’ 02, 500 hr 
0.6 v 2 x 02. 460 h r  

0 2 ~ 4 0 - ~ 0 2 ,  265 hr 

- 0.5 
L r 
\ : 
t 
a 0.4 - 
W 

E 

3 
Y 

0.3 

0 a 
z 0.2 

Y 
W 

x 
0 0.4 

0 

- 0.4 
400 600 800 1000 

TEMPERATURE (“C) 

Fig. 10.2. Rate of Contamination of Unalloyed Vanadium as Functions 
of Temperature and Oxygen Pressure. 

(These data assume t h a t  t he  contamination r a t e  is constant with time.) 

On t h e  law-temperature side of t he  maxima, the r a t e  may be s l i g h t l y  depen- 

dent on pressure; on t h e  high-temperature s ide  of t h e  maxima, however, 

a t  a pressure of > t o r r  0 2 ,  t he  r a t e  appears t o  be independent of 

pressure. The decrease i n  contamination r a t e  below 600°C suggests t h a t  

diffusion kinet ics  control  the  process. The decrease above 600°C indi- 

cates a decrease i n  the number of 0 atoms adsorbed. 

Additional experiments w i l l  be conducted on V a l loys with tempera- 

t u r e  and 0 2  pressure held constant. 

systems that contain various concentrations of C r ;  Zr, Mo, and T i .  

The V a l loys of i n t e r e s t  a re  binary 

Interact ions of Sodium with Nonmetallic Materials 

A. P. Litman 

Compatibility of Stainless  S tee l  and Insulat ion fo r  W B R  Systems 
(C. D. Bopp2) 

The temperature proposed f o r  Na-cooled fast breeder reactors  i s  

considerably above t h a t  for present power reactors.  

t h a t  may arise f r o m t h i s  higher operating temperature a re  a possible 

Among the  problems 
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in te rac t ion  of thermal insulat ion w i t h  reactor  construction materials 

and oxidation of t h e  construction materials i n  the  event of a Na'leak. 

Accordingly, we a re  studying t h e  react ion of commercial insulat ing mate- 

r ials with aus t en i t i c  s t a in l e s s  steels between 370 and 760°C. A r e l a t ed  

study deals w i t h  t h e  e f f ec t  of N a  on the  oxidation of s t a in l e s s  s t e e l s ,  

both insulated and uninsulated. 

Oxidation of Insulated Stainless  Steel .  - The oxidation of couples 

of s t a in l e s s  s t e e l  and i n ~ u l a t i o n ~ ~ ~  has now been s tudied t o  5000 hr. 

The t e s t  conditions a r e  l i s t e d  i n  Table 10.5. Visual examination a f t e r  

5000 hr showed t h a t  t h e  sca le  on insulated sect ions of s t a in l e s s  s t e e l  

w a s  darker than that  on the uninsulated sections.  The couples a r e  being 

examined metallographically t o  determine whether the  thickness of t h e  

sca le  was affected by t h e  presence of insulat ion.  

Table 10.5 compares the  weight changes f o r  t h e  5000-hr t e s t s  w i t h  

Comparison of runs 8 and 9 with run 13 shows da ta  f o r  shor te r  tests.  

t h a t  a f t e r  5000 hr ,  n e a r l y t h e  same sca l ing  resu l ted  on type 316 s ta in-  

l e s s  s t e e l  a t  760°C when t h e  surface w a s  prepared by machining as a t  730°C 

when the surface w a s  prepared by pickling. 

t h i s  e f f ec t  apparently r e su l t s  from t h e  enhanced diffusion of Cr that i s  

produced by work hardening. 

For type 316 s t a i n l e s s  s t e e l  w i t h  a machined surface,  the  scal ing a t  

As discussed p r e v i o ~ s l y , ~ , ~  

760°C between 1000 and 5000 hr  increased more i n  moist a i r  (run 9) than 

i n  dry a i r  (run 8). There w a s  a l s o  more exfo l ia t ion  i n  moist air. We 

suggest that  lowering of t h e  fat igue res i s tance  of high-strength s t e e l  

by moisture5 may be a related effect .  

Edwards and Nicholson' confirms our previous c o n c l ~ s i o n ~ ~ ~  that  t h e  oxi- 

W e  note tha t  recent work by 

dation resis tance i n  moist a i r  a t  760°C is  poorer f o r  type 316 s t a in l e s s  

s t e e l  than fo r  t h e  18% Cr-8% N i  s t a in l e s s  s t e e l s ,  which do not contain Mo. 

We are studying t h e  oxidation of insulated types 304 and 316 s ta in-  

l e s s  s t e e l  at  760°C i n  an atmosphere of 98% N 2 ,  2% 02, and 100 ppm H20, 

s ince t h i s  i s  the atmosphere proposed f o r  use i n  t h e  c e l l s  enclosing t h e  

closed loops i n  the  Fast-Flux Test Fac i l i ty .  

Effect of Sodium on t h e  Oxidation of Stainless  S tee l .  - We began a 

s e r i e s  of  experiments t o  determine t h e  e f f ec t  of N a  on the  oxidation 



Table 10.5. Oxidation of Couples of Stainless S tee l  and Insulation" 

Type Surface Treatment Test Frequency of Metal Oxidized (mg/cm2) Run Stainless  of Stainless Steel  Temperature Atmosphere Thermal Cycling 5oo looo 5ooo 
h r  h r  h r  h r  Number S t e e l  Before Test ("a (hr ) 

9 3 16 Machined 760 Moist a i r  6 0.62 0.75 0.75 2.0 

8 316 Machined 760 D r y  a i r  6 1.3 1.4 1.5 2.0 

13 316 Pickled 730 Moist a i r  40 1.4 1 . 5  1.6 2.5 

14 304L None 760 Moist air  40 2 . 1  2.3 2.4 2.7 
10 304L None 760 Moist a i r  40 3.2 3.8 4.0 4.7 0 

b 

b 

b 

b 

b 

P 
N 

11 304L Pickled 760 Moist a i r  40 1 . 2  1.3 1.3 

a Stainless  s tee l  w a s  3/4-in. -OD solution-annealed tubing; t h e r m 1  insulat ion was fibrous A 1 2 0 3 - S i 0 2  
Kamool, a product of the Babcock and Wilcox Company. 

bSaturated at  20" C. 
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behavior of aus t en i t i c  s t a in l e s s  s t e e l s .  

data for  oxidation i n  two environments: 

2% 0 2 ,  and 100 ppm H20;  and (2)  moist air. 

The experiments w i l l  provide 

(1) an atmosphere of 98qb N2, 

The apparatus designed for  these s tudies  is  pictured i n  Fig. 10.3. 

A tube containing pure N a  (tube A )  i s  connected t o  a tube with a defect 

(tube B)  i n  an A r  chamber. 

with a defect,  and both tubes a re  t ransfer red  t o  a glove box with a 

control led atmosphere (Fig. 10.1). After t he  tubes a re  connected t o  an 

Ar manifold, t h e  p l a s t i c  sleeve i s  removed, t h e  tubes are heated by 

d i r ec t  res is tance,  and N a  i s  forced in to  t h e  tube with t h e  defect. The 

Ar pressure on t h e  tube i s  then var ied t o  produce the  desired amount of 

N a  leakage. 

fast r e su l t s  a r e  required,  by a paramagnetic 0 2  analyzer. 

w i l l  be s tudied both with and without t h e  presence of insulation. 

extent of corrosion w i l l  be evaluated metallographically. 

A p l a s t i c  sleeve i s  s l ipped over t he  tube 

Oxygen consumption i s  measured chromatographically o r ,  when 

Oxidation 

The 

ORN L - D W c 6 9 - t  3 0 0 8  

JUNCTION OF TUBE "A" 

THERMOCOUPLE IN STAINLESS 
STEEL TUBE 

ELECTRODES (clamped on) 

JUNCTION OF TUBES "A and B" 

LOCATION OF LEAK 

DlUM (getterad with zirconium) 

-TO ONE OF THE ATMOSPHERES 

- T O  VACUUM 

-TO ARGON, 2 5 0 p s l  

MENTIONED I N  THE T E X T  

L-TO ARGON, o.2pri  

VALVE "C" 

HEAVY CABLE TO HIGH 
CURRENT TRANSFORMER 

LINES FOR EITHER VENTING OR 
ROUTING TO GAS CHROMATOGRAPH 

Fig. 10.3. Apparatus for Study of Corrosion of Stainless  S tee l  by 
Leaking Sodium. 
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It was  recent ly  shown7 t h a t  very small leaks (those with He leak  

r a t e s  of lo-& a t m  cme3 sec'l or l e s s )  m y  be plugged by sodium oxide so 

t h a t  leakage of N a  t o  an a i r  atmosphere may be delayed f o r  several weeks 

a t  650°C and f o r  severa l  months a t  400°C. 

the  N a  i n  these s tud ies  was  10 psig.  In t h e  course of our experiments, 

we plan t o  measure unplugging times f o r  somewhat l a rge r  leaks (0.001 t o  

0.05 cm i n  diameter). 

which 02 is  consumed f romthe  ex terna l  atmosphere. 

The hydrostat ic  pressure of 

Unplugging w i l l  be determined from t h e  r a t e  at 

Since there  a r e  indications8, '  t h a t  t he  cover gas over t h e  N a  may 

become contaminated with N 2  when N a  leaks develop, we may be ab le  t o  

detect  such small leaks simply by monitoring the  cover gas f o r  N2. 

Accordingly, w e  w i l l  analyze t h e  Ar cover gas chromatographically f o r  

N 2  at  in t e rva l s  during some of our ejcperiments. 
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11. DEVELOPMENT OF FAST-REACTOR NEUTRON-ABSORBER MATERIALS 

G. M. Adamson, Jr. W. R. Martin G. W .  Keilholtz' 

The prime candidate material  f o r  the  sa fe ty  and shim rods i n  t h e  

Fast-Flux Test Reactor (FTR) and liquid-metal cooled f a s t  breeder 

reactor  (LMFBR) i s  B4C p e l l e t s  i n  a s t a in l e s s  s t e e l  cladding. 

of t h e  widespread uses of B4C as  a neutron absorber i n  thermal reactors,  

bas ic  data fo r  t he  carbide have never been obtained. The material  has 

In  s p i t e  

never been f i l l y  characterized fo r  s t ructure ,  homogeneity ranges, e f f ec t  

of fabr icat ion var iables ,  and the  e f f ec t s  of varying composition. The 

objective of our work i s  t o  characterize the  mater ia l  su f f i c i en t ly  f o r  

our i r r ad ia t ion  s tudies .  The i r r ad ia t ion  s tudies  w i l l  emphasize bas ic  

damage experiments. The character izat ion i s  necessary t o  provide mea- 

surable control parameters t o  properly evaluate fabr icat ion techniques, 

compatibil i ty experiments, and the  e f f ec t s  of i r r ad ia t ion .  The inves t i -  

gation might a l s o  reveal charac te r i s t ics  t h a t  could be used t o  advantage 
f o r  improvements i n  fabr icat ion,  i r r ad ia t ion ,  or compatibility. 

Characterization of 'Boron Carbide 

Powder Characterization (R. S. Mateer,* G. L. Copeland) 

X-Ray Diffraction Studies. - The most recent phase diagram for  t he  

B-C system3 gives a s ing le  compound, designated B4C but covering B:C 

ra t ios  of 4 through 7 (78 t o  87 w t  k B). 
as  rhombohedral. A t  the  idea l  stoichiometric r a t io ,  12 B atoms c lus t e r  

a s  icosahedra a t  t he  corners of  t h e  u n i t  c e l l ,  and three  C atoms l i e  

along the  c-axis.  ' Studies 

a t ion  damage i s  associated w i t h  displacement of t h e  cent ra l  C atom 

in to  i n t e r s t i t i a l  s i tes.  The c-axis contracts  accordingly. Annealing 

a t  700°C res tores  the  c-axis t o  i t s  o r ig ina l  dimension. The l a t t i c e  

locations of L i  and He generated i n  t h e  (n,a) react ion of 'OB are not 

known. 

The l a t t i c e  can be represented 

of s ingle-crystal  mater ia l  show t h a t  radi-  
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The dimensions of the  un i t  c e l l  change w i t h  the  B:C r a t i o  of the 

compound. It appears t h a t  B atoms subs t i tu te  for  some of t he  C atoms. 

E l l i o t t 6  correlated the  posi t ion of a high-angle x-ray d i f f r ac t ion  peak 

with B:C r a t i o  but did not assign Miller indices t o  the  l i ne .  

observed such l i ne  sh i f t s ,  which we associate  w i t h  differences i n  B:C 

ra t io s  and have developed specialized techniques w i t h  a focusing camera 

t o  measure them precisely.  This i s  probably adequate fo r  qual i ty  control, 

but we are  unable t o  index these high-angle l ines7  and consequently do 

not know the exact geometry of the d is tor t ion .  The rhombohedral s t ructure  

proposed by Clark and Hoard4 explains only the  low-angle l i nes  of the Cu 

radiat ion powder pat tern.  

symmetry - n o t  higher than monoclinic and probably t r i c l i n i c .  

Moskowitz, and Post' suggest t ha t  t he  compound i s  ac tua l ly  a terminal 

so l id  solut ion of C i n  the  rhombohedral l a t t i c e  of B. Monochromatic 

Debye-Schemer pat terns  of Norbide 325-F powder and Weissenberg pat terns  

from selected coarse c rys ta l s  have not yet  c l a r i f i e d  the  uncertainty 

about the c rys ta l  s t ructure .  

Our x-ray studies of commercial powders show tha t  the coarse grades 

We have 

Krantz8 believes t h a t  the s t ruc ture  i s  of lower 

Glaser, 

have s p l i t  peaks, which we in te rpre t  as  mixtures of c rys ta l s  t h a t  have 

d i f fe ren t  l a t t i c e  parameters. The f i n e r  grades give more c lear ly  defined 

peaks and a weak, broad graphite peak. Heat treatment s h i f t s  the  peaks 

i n  the  f ine r  grades, and the broad graphite peak simultaneously disappears. 

Microstructure of Powders. - Par t ic les  of a l l  grades were angular 

fragments. The f rac ture  surfaces were generally planar but gave no indi-  

cation of being crystallographic.  Occasional growth faces were seen. In 

metallographic section, some of the  la rger  pa r t i c l e s  showed rad ia l  markings, 

which we a t t r i bu te  t o  a divorced eu tec t ic  of graphite separating the  den- 

d r i t e s  of primary B4C. This i s  shown i n  Fig. 11.1. A few of the  larger  

pa r t i c l e s  had in te rna l  pores. Under polarized l i gh t ,  the p a r t i c l e s  were 

shown t o  be made up of twinned crys ta l s .  This is  shown fo r  an unusually 

large p a r t i c l e  i n  Fig. 11.2.  Etching with hrakami ' s  reagent revealed 

grain boundaries in  some of the coarse pa r t i c l e s ;  others were unattacked. 

This supports the theory t h a t  the  s p l i t  x-ray peak indicates  t h a t  p a r t i -  

c les  of d i f fe ren t  composition are  present i n  the coarser grades. 

I 
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Fig. 11.1. Particles of Boron Carbide Powder in Metallographic 
Section. One particle shows radial markings believed to be eutectic 
graphite. Fracture during crushing occurs along these seams and leaves 
graphite at the surface of the particles. 500X. 
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Fig. 11.2. Coarse Particle of Boron Carbide Shawn in Metallographic 
Section Under Bright-Field Illumination. 
stringers of segregate, and cracks. 
Optical activity reveals that the particle is polycrystalline. 
of segregate separate the grains, which are characteristically twinned, 
translucent, and blue. 50X. 

(a) Particle shows pores, 
(b) Particle under polarized light. 

Stringers 

I 
I 
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Optical and electron microscopy of unmounted p a r t i c l e s  suggested 

f i n e  speckle markings f o r  t he  f ine  grades of Norbide 325-F and 

Carborundum-325. 

d e t a i l  (Fig. 11.3). We bel ieve t h a t  t he  arc-melted products f rac ture  

along the  seams during crushing (Fig. ll.l), leaving graphite pa r t i c l e s  

embedded i n  t h e  surfaces and a sound in t e rna l  s t ruc ture  of B4C. This may 

explainwhy the  f ine r  grades tend t o  be high i n  C ,  s ince the  pa r t i c l e s  

with the, graphite segregate should break down more readi ly  i n  crushing. 

Similarly, the  range of l a t t i c e  parameters a s  evidenced by s p l i t  x-ray 

peaks for  t h e  coarser grades can be ra t iona l ized  a s  representing the  

f u l l  range of B:C r a t i o s  of proeutect ic  B4C. 

being adjacent t o  the  graphite,  would have formed a t  t he  eu tec t ic  t e m -  

perature, corresponding t o  the  B:C r a t i o  f o r  C saturat ion.  

The scanning electron microscope revealed these i n  

The B4C of t he  f i n e r  sizes,  

Chemical Composition and Density of Commercial Grades of Powder 
(R.  S. Mateer,* G. L. Copeland) 

Major impurit ies i n  B4C a r e  unreacted B2O3, A l ,  Si, and Fe a t  levels 

up t o  0.4 w t  f each. . Table 11.1 gives compositions and dens i t ies  of 

eight l o t s  of powder examined a t  ORNL. 

X-ray diffractometer t racings showed graphite peaks tha t  were pa r t i c -  

u l a r l y  strong (corresponding t o  perhaps 5 w t  $> i n  t he  f ine  grades of 

Norbide 325-F and Carborundum-325. 

water e lu t r i a t ion .  

This graphite was not separable by 

The density of t he  commercial powders ranged from 2.49 t o  2.52 g/cm3. 

This l a t t e r  f igure  is  generally accepted1' as t h e  t r u e  density,  although 

values as high as  2.6 have been repo'rted. 

observed i n  some of the  la rger  pa r t i c l e s  and the  graphite associated 

with the  f i n e r  ones, w e  conclude t h a t  densi ty  i s  not a good parameter 

fo r  characterization. 

I n  view of t h e  porosi ty  

Behavior of Boron Carbide Par t ic les  i n  Pressing and Sintering 
(R.  S. Mateer,* G. L. Copeland) 

S t ruc tura l  Changes on Annealing of Powders. - Boron carbide powders 

have high surface energy (as suggested by hygroscopic behavior) t h a t  

provides the  dr iving force for  densif icat ion i n  s in te r ing  and hot pressing. 



Fig. 11.3. Norbide 325-F Grade Boron Carbide Pmder Viewed by Scanning Electron Microscope a t  
Surfaces of the  angular p a r t i c l e s  show white specks believed t o  be Three Different  Magnifications. 

graphi te .  (a) lOOOX, (b) 3000X, (c) 10,OOOX. 
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Table 11.1. Composition and Density of Commercial Grades 
of Boron Carbide Powder 

Commercial Pa r t i c l e  Size Composition, w t  $ Density 
(g/cm3 ) B C  Fe S i  A1 Product (mesh) 

Norbide 325-F 75 23 0.03 0 .4  0.1 2.525 

Norton TG-101 -100 73 26 a a a 2.504 , 

Norton HB-6822 -100 77 22 a a a 2.503 

Norton M-103-B -100 80 19 a a a 2.498 

Carborundum -14 +20 79 19 0.7 0 .1  0.04 2.474 

Carborundum -60 +140 77 22 0.09 0.04 0.04 2.510 

C arb orundum -180 75 24 0 .1  0.04 0.025 2.478 

Carborundum -325 I 72 26 0.1 0.7 0.025 2.498 

a Not determined. 

Fine powders a re  preferable  fo r  achieving high dens i t ies  because the  

voids between pa r t i c l e s  a re  small and the  i n t e r f a c i a l  area i s  high. 

These factors  have focused our i n t e r e s t  on the  Norbide 325-F f o r  these 

evaluations. 

Chemical and s t ruc tu ra l  changes occur when Norbide 325-F powder 

i s  heated t o  1850°C i n  high vacuum. 

B2O3, condenses on the furnace window, and there  i s  a weight loss  of 

about 2%; the  toluene densi ty  increases from 2.52 t o  2.57 g/cm3; t h e  

graphi te  peak becomes veryweak i n  the  x-ray pat tern,  and the  high- 

angle peaks of t h e  B4C s h i f t ;  t he  angular surface speckles (Fig. 11.3) 

coalesce t o  oval shapes (Fig. 11.4); t he  sharp edges of the  B4C p a r t i -  

c les  become rounded; and polyhedral voids grow within some of t he  par- 

A v o l a t i l e  substance, probably 

t i c l e s .  The s i z e  of  t he  pores depends on the  annealing temperature. 

Figure 11.5 (a) shows the dense s t ruc ture  o f  t he  s t a r t i n g  powder i n  

metallographic section. I n  Fig. 11.5(b) and 11.5(c)  a r e  shown t h e  struc- 

tu re s  a f t e r  annealing a t  1500 and 20OO0C, respectively.  

ranges from about 1 t o  3 pm i n  diameter. We bel ieve t h i s  is  a Kirkendall 

diffusion phenomenon i n  which B atoms migrate from the  i n t e r i o r  of t h e  

pa r t i c l e s  t o  react  with graphite pa r t i c l e s  on the  surface. This e f f lux  

The pore s i z e  





Fig. 11.5. 
as  received, has a dense internal  s t ructure .  
detected opt ica l ly .  
1 vm i n  diameter, have formed in  several  of the  pa r t i c l e s .  
2000°C. 

Metallographic Section Through Norbide 325-F Grade Boron Carbide Powder. (a) Powder, 
Graphite specks believed t o  be on the surfaces cannot be 

(b> Powder a f t e r  vacuum annealing 1 h r  a t  1500°C. 

Pores about 3 pm i n  diameter have formed i n  some of t he  pa r t i c l e s .  500x. 

Numerous closed pores, l e s s  than 
(c) Powder after vacuum annealing 1 hr  a t  
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is  not balanced by the  inward diffusion of C. The difference appears as 

vacancies, which condense t o  form the  i so la ted ,  polyhedral voids. The 

l a t t i c e  parameter changes as the  B:C r a t i o  decreases. The process i s  

dependent on time. 

no change i n  x-ray d i f f r ac t ion  pa t te rn  or  surface appearance. 

l i k e l y  t h a t  t h i s  mechanism i s  operative i n  other powder-metallurgy 

systems and t h a t  it might be exploited t o  improve propert ies .  

Passing the  powder through an A r  plasma, torch causes 

It i s  

Vacuum Hot Pressing of Pe l l e t s .  - Cylindrical  p e l l e t s  1/2 in.  i n  

diameter by 1/2 in.  long were prepared by cold compacting Norbide 325-F 

powder a t  50,000 p s i  i n  s t e e l  dies  lubricated with s t e a r i c  acid follawed 

by hot pressing a t  2000 p s i  f o r  1/2 h r  i n  graphite dies  heated by induc- 

t i on .  

oxidation of the graphite.  

of the  accepted theo re t i ca l  densi ty  of 2.52 g/cm3. 

pera ture  t o  about 1850°C yielded p e l l e t s  92% of theo re t i ca l  density. 

A mechanical pump provided s u f f i c i e n t l y  good vacuum t o  prevent 

I n i t i a l  work a t  1650°C yielded p e l l e t s  GO$ 

Increasing the tem- 

The microstructure shown i n  Fig. 11.6 (a) was observed throughout 

Norbide 325-F hot-pressed p e l l e t s .  Polyhedral pores s imilar  t o  those 

i n  the  annealed powders a r e  v i s i b l e  as  groupings of f ine  specks. A few 

l i g h t  p a r t i c l e s  t ha t  appeared br ight  yellow t o  d i r ec t  observation were 

s h m  by microprobe analysis  t o  be r i ch  i n  Fe. Concentrations a t  t he  

edges of  the  p e l l e t s  suggest t ha t  some of them originated as  scrapings 

from the w a l l  of the  d ie  during cold compacting. 

u l a r l y  shaped p a r t i c l e s  i n  t h i s  photomicrograph have t h e  fine-grained 

s t ruc ture  typ ica l  of graphite.  This  same area i s  shown under polarized 

l i g h t  i n  Fig. 11.6 (b). 

Most of the  i r reg-  

Conventional procedures of metallographic preparation indicated 

much higher leve ls  of  gross porosi ty  than indicated by water densi ty  

measurements. This poros i ty  was s h m  t o  be due t o  pul louts  and frag-  

mentation of p a r t i c l e s  during the  cu t t ing  of t he  samples on a diamond 

wheel. Only by diamond grinding and v ibra tory  polishing w i t h  alumina 

f o r  a period of days was it possible t o  reveal t he  dense s t ruc ture  

shown i n  Fig. 11.6. 
' Grain s i z e  i s  revealed by chromic ac id  e l e c t r o l y t i c  etch (Fig. 11.7).  

The l a rge r  g ra ins  a r e  cha rac t e r i s t i ca l ly  twinned and appear t o  be s l i g h t l y  

la rger  than  t h e  o r ig ina l  pa r t i c l e s .  The surrounding pa r t i c l e s  a re  much 
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Fig. 11.6. Polished Microstructure Typical of Norbide 325-F Boron 
Carbide Vacuum Hot Pressed a t  1850°C. 
t h a t  i n  annealed powder shown i n  Fig. 11.5(b), appears i n  c lus te rs .  
I r regular  p a r t i c l e s  of second phase appear t o  be graphite. 
92% of theore t ica l  density. 
i n  polarized l i g h t .  
a c t e r i s t i c s  l i k e  those of graphite. 
re f lec t ions  from polyhedral voids. 500X. 

(a>  Closed porosity, s imilar  t o  

(b> Same area as  s h m  i n  (a ) ,  here shown 
Bright, elongated pa r t i c l e s  have extinction char- 

Specimen i s  

Clusters of l i g h t  specks a re  in te rna l  
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Fig. 11.7. Grain Structure of Norbide 325-F Boron Carbide Pe l l e t  
Hot Pressed a t  1850°C. 
t h a t  have been attacked select ively.  
gerated by t h i s  etchant. Large, twinned grains probably correspond t o  
the or ig ina l  pa r t i c l e s .  Finer grains would then result f'rom surface 
conversion of  graphite t o  boron carbide. 

Dark is lands a r e  regions of polyhedral porosi ty  
Intergranular porosi ty  i s  exag- 

500X. 

f iner .  Presumably these twins f o m d  f r o m  the react ion of surface 

graphite w i t h  B that diff'used from the interior of t h e  particles. 

We examined some commercial B4C p la t e s  t h a t  were avai lable  i n  the  

laboratory and found them t o  be s l i g h t l y  more dense than our vacuum hot- 

pressed Norbide 325-F p e l l e t s  but very s imi la r  i n  s t ructure .  

surfaces from t h i s  material  w e r e  well-suited t o  examination by scanning 

electron microscopy. Details of t h e  polyhedral pore s t ruc ture  found i n  

the  commercial product a r e  shown i n  Fig. 11.8. 

Fracture 

Control of Polyhedral Voids (R. S. Ma.teerY2 G. L. Copeland) 

Closed pores a r e  generally not believed t o  be important t o  i r rad ia-  

t i o n  damage t o  B4C; for  bas ic  s tudies  of i r r ad ia t ion  damage, however, 

t he  size and d is t r ibu t ion  of these pores must be controlled.  

shows tha t  t h e i r  s i z e  can be controlled, i n  bulk powder, by simple heat 

Figure 11.5 



Fig. 11.8. Fracture Surface of Commercial Boron Carbide P la te  A s  Viewed by Scanning Electron 
Microscope. 
granular porosi ty  appears as irregular,  black holes. 
hedral  porosi ty  i s  v i s ib l e  i n  cent ra l  portions of the grains.  

In  metallographic section, t h i s  p l a t e  was ident ica l  t o  the  p e l l e t  o f  Fig. 11.6(a). In te r -  
Poly- White s t reak  i s  possibly a graphite flake.  

(a) 300X, (b) lOOOX, (c)  3000X. 
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treatment. The s t ruc tu re  shown i n  Fig. 11.5 would presumably be s tab le  

when such p a r t i c l e s  were incorporated i n t o  metal l ic  matrices by conven- 

t i ona l  powder-metallurgy procedures a t  low temperatures. 

This control parameter i s  not d i r e c t l y  avai lable  f o r  high-density 

p e l l e t s  because hot-pressing temperatures.of about 1850°C a r e  required 

t o  eliminate the gross poros i ty  between pa r t i c l e s .  We have shown (see 

Fig. 11.9) t ha t  the nature and degree of polyhedral poros i ty  can vary 

i f  f r e e  graphi te  or B dust is  present on the  B4C p a r t i c l e s  before they 

a re  pressed. 

diff'use from the i n t e r i o r  of the  pa r t i c l e s ,  and porosi ty  increases 

accordingly. Conversely, t he  addi t ion of B reduces porosity.  To date, 

the  porosi ty  has been observed by op t i ca l  microscopy. -When t h e  p e l l e t s  

a re  s in te red  t o  eliminate the  porosi ty  between p a r t i c l e s  and when the  

B:C r a t i o  is  near 4,  op t i ca l  microscopy reveals no f i n e  voids up t o  

magnifications of 1OOOX. 

nated o r  only reduced t o  a s i z e  not resolvable a t  1OOOX. 

gating t h e  use of small-angle sca t te r ing  t o  resolve poros i ty  f o r  s izes  

l e s s  than 50 A and of e lectron microscopy f o r  diameters above 50 A. 

Both of these techniques w i l l  be used on i r r ad ia t ed  B4C wafers. 

The excess graphite increases the amount of B t h a t  must 

We do not know i f  the porosi ty  has been elimi- 

We a re  inves t i -  

Some Observations on Boron Carbide Phase Equi l ibr ia  (R. S. Ma,teer,2 
G. L. Copeland) 

To explore phase boundaries i n  the  system, diff'usion couples i n  the  

form of graphite-Norbide 325-F B4C-B powders were cold compacted as  

1/2-in. -dim X 3/8-in. -long wafers, then stacked f o r  vacuum hot pressing 

a t  1850°C. This resul ted i n  surface reaction of the B wafer w i t h  the 

graphite die,  some bonding across the  wafer interfaces ,  and su f f i c i en t  

i n t e rna l  consolidation fo r  the  resu l tan t  p e l l e t s  t o  be handled. X-ray 

d i f f r ac t ion  showed t h a t  the three  s t a r t i n g  powders had not intermixed 

nor reacted i n  bulk. 

Metallographic sect ion showed sharp in te r faces  f o r  B or B4C against  

graphite.  The t r a n s i t i o n  from B t o  B4C was gradual, however. In  the  

regions of high B content, a f a in t ,  spot ty  s t ruc ture  was v i s i b l e  i n  the  

dense, t ranslucent  matrix. 

v i s i b l e  i n  a photomicrograph of t h i s  region made with polarized l i g h t  

This i s  shown i n  Fig. 11.10(a) and i s  c l ea r ly  
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Fig. 11.9. S t r u c t u r e o f  Pe l l e t s  Hot Pressed a t  1850°C. (a) Norbide 
325-F Grade Boron Carbide Powder. Microprobe analysis  i den t i f i e s  the  
small, br ight  regions as  high i n  iron, presumably i ron  boride. Dark, 
i r regular  regions a re  pul louts  t h a t  remain a f t e r  conventional metallo- 
graphic preparation. (b) Powder blend of 95 w t  % Norbide 325-F boron 
carbide and 5% B. 
(a) .  
graphite.  Polyhedral porosi ty  i s  increased i n  comparison t o  (a). 500X. 

Polyhedral porosi ty  i s  reduced i n  comparison t o  
(c )  Powder blend of 95 w t  9 Norbide 325-F boron carbide and 5% 

[Fig. 11.10(b) 1. An x-ray diffractometer scan of a f rac ture  surface i n  

this  v i c i n i t y  showed only rhonibohedral B with some weak l ines ,  possibly 

from tetragonal  B. 

matrix is  rhombohedral B consolidated during hot pressing and t h a t  the  

spots a re  te t ragonal  regions formed during cooling under pressure.  

These spot ty  regions disappear i n  the  B4C region of t h e  dif'fusion couple. 

A t  the  same time, the grain s i ze  of t he  twinned matrix decreases and the 

color, as seen re f lec ted  from surface imperfections i n  polarized l i gh t ,  

changes from red t o  blue.  

experiment gives support t o  t he  pos i t ion  of Glaser -- e t  a1.9 t h a t  B4C i s  
not a d i s t i n c t  compound but, ra ther ,  a terminal so l id  solut ion of C a t  

preferred s i t e s  i n  the  rhombohedral B l a t t i c e .  

Our t en t a t ive  in t e rp re t a t ion  i s  t h a t  t he  twinned 

The absence of d i s t i n c t  in te r faces  between B and B4C i n  t h i s  rough 

To explore laboratory production of experimental grades of B4C, we 

tungsten a rc  melted Norbide 325-F B4C with B and graphite additions i n  

a Cu-hearth button furnace under an Ar atmosphere. X-ray d i f f rac t ion  
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Fig. 11.10. Metallographic Section Through Boron-Rich Portion of 
Boron-Boron Carbide-Graphite Diffusion P e l l e t  Vacuum Hot Pressed a t  
185OOC. (a> Bright-field illumination. Black regions a r e  porous zones. 
X-ray d i f f r ac t ion  pa t te rn  shows rhombohedral boron plus  extra  l ines ,  
possibly correspondi t o  te t ragonal  boron, t h a t  probably a r i s e  from the  
f a i n t  gray phase. 
Matrix i s  composed of  coarse, twinned grains.  
f a i n t  gray i n  br ight - f ie ld  i l lumination appears as  dark specks. 
matrix is  t ranslucent  and red. 500X. 

(3 Polarized l i g h t .  The white areas a re  pores. 
The phase t h a t  appeared 

The 
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showed the  presence of B4C i n  each ingot,  but strong, unident i f ied 

l i n e s  a l s o  appeared. The ingot w a s  composed of severa l  phases, and the  

microstructural  appearance was complex. A s t ruc tu re  s imi la r  t o  t h a t  of 

eu tec t i c  graphi te  f lakes  i n  cast  Fe was observed i n  a melt t h a t  contained 

excess C, and t h i s  i den t i f i ca t ion  was confirmed by x-ray d i f f rac t ion .  

These exploratory experiments suggest t h a t  the  B-graphite system 

i s  prone t o  generation of metastable phases. 

h i s to ry  and have undoubtedly contributed t o  the  discrepancy i n  the  l i t e r -  

a ture  as  t o  the  c rys t a l  s t ruc tu re  of "boron carbide" and the  existence 

of other  compounds i n  the system. Commercial grades appear t o  be blends 

i n  which no s ingle  p a r t i c l e  may be considered a s  " typical ."  

These depend on production 

I r r ad ia t ion  Behavior of Boron Carbide 

I r r ad ia t ion  Tests (G. L. Copeland, R. S. Mateer2) 

Our program f o r  the  i r r a d i a t i o n  t e s t i n g  of B4C has two p a r t s .  F i r s t ,  

we s h a l l  i r r a d i a t e  powders and wafers of B4C with a given B:C r a t i o  and 

in te rna l  poros i ty  i n  capsules i n  the  High Flux Isotope Reaction (HFIR) 

and the  Oak Ridge Research Reactor (ORR) t o  examine the  basic  behavior 

of L i  and He generated from the  "B(n,a] reaction. Nine var ia t ions  of 

composition and densi ty  w i l l  be studied, but  a l l  the  powders w i l l  have 

approximately equivalent gra in  s i ze .  

uninstrumented capsules, but  we a r e  examining means of evaluating in-  

reac tor  gas re lease and swelling behavior with instrumented assemblies. 

These i n i t i a l  t e s t s  w i l l  be i n  

The second p a r t  o f  our program ca l l s  for  i r r ad ia t ing  p e l l e t s  

(0.375 in .  i n  diameter by 0.375 i n .  long and 92 t o  95% of theore t ica l  

densi ty)  a t  400 and 700°C i n  the Experimental Breeder Reactor-I1 (Em-11). 

Two types of powder a r e  being prepared, one w i t h  a B:C r a t i o  of 4.0 and 

one w i t h  a r a t i o  of about 5.0. These powders a r e  two of the  nine types 

t o  be examined i n  the  capsule t e s t s .  These p e l l e t s  a r e  now being made, 

and the  assembly w i l l  be shipped t o  the  EBR-I1 sometime i n  December. 

Results from these t e s t s  of p e l l e t s  will be compared t o  those from the  

more de ta i led  i r r a d i a t i o n  t e s t s  of powders and wafers t o  be conducted 

i n  the  HFIR and ORR. 
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FUELS 

12. DEVELOPMENT OF URANIUM MONONITRIDE FUELS 

J. L. Scott  

Uranium mononitride (UN) i s  po ten t i a l ly  a t t r a c t i v e  as f u e l  f o r  

space-nuclear reactors  because of i t s  excellent s t a b i l i t y  a t  high tem- 

peratures ,  high thermal conductivity, and good i r r ad ia t ion  s t a b i l i t y  up 

t o  1000°C. The purpose of  t h i s  program i s  t o  determine the  bas ic  mech- 

anisms 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 t h e  performance 

of UN as a function of temperature, burnup, and cladding r e s t r a i n t .  

I r rad ia t ion  Testing 

T. N. Washburn 

The bas ic  objective of t he  ORNL program1 f o r  i r r ad ia t ion  t e s t i n g  of 

UN i s  t o  inves t iga te  the  performance capabi l i ty  of t h i s  mater ia l  a t  tem- 

peratures of 1000 t o  1550°C at  the  f i e 1  center and 900 t o  1400°C on the  

outside surface of t he  cladding and l i n e a r  heat ra t ings  from 5 t o  10 kw/ft. 

Fuel propert ies  of most i n t e r e s t  a re  swelling r a t e ,  re lease of f i s s i o n  

gas, and compatibil i ty w i t h  t h e  cladding materials.  The i r r ad ia t ion  

t e s t s  a r e  conducted i n  the  poolside f a c i l i t i e s  of t he  Oak Ridge Research 

Reactor (ORR). These f a c i l i t i e s  allow adjustment of the  posi t ion of t he  

t e s t  capsule r e l a t i v e  t o  t h e  reac tor  face,  thereby providing a constant 

temperature a t  a se lec ted  reference point on the  t e s t  specimen as t h e  

f lux  p r o f i l e  i n  the  reac tor  changes and/or as t h e  f i s s i l e  content of t h e  

t e s t  f u e l  i s  diminished. 

The major design items and operating conditions fo r  t h e  t e s t  speci-  

mens a re  tabulated in  Table 12.1.  

Capsules UN-1 and UN-2 (S. C. Weaver) 

The design, operating h is tory ,  and pos t i r rad ia t ion  examination 

r e s u l t s  f o r  these two capsules were reported previously. 
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Table 12.1. Summary of Design and Operating Conditions f o r  Capsules UN-1 Through UN-6 

.- . 

UN-1 UN- 2 UN- 3 UN-4 UN- 5 UN- 6 

TOP Middle Bottom TOP Middle Bottom TOP Middle Bottom Top Middle Bottom Top Middle Bottom TOP Middle Bottom 

Fuel pellets 
Density, $ theoretical 94 95a; loob 95 94 94&; 83b 95 94 95.5 
Enrichment , 235U 20 20 13.9 20 20 12.9 20 12; 9 

Inside diameter, in. 0.105 C C 0.105 C C 0.105 C 
Outside diameter, in. 0.300 0.250 0.300 0.300 0.250 0.300 0.300 0.300 

95.5 85 
12.9 20 
0.300 0.308 
C C 

85 
11 
0.308 
C 

T-111 
0.375 
0.0285 
4.5 

95 85 
11 20 
0.308 0.308 
0.100 c 

95 
11 
0.308 
0.100 

T- 111 
0.375 
0.0285 
4.5 

85 85 95 95 
11 20 11 11 
0.308 0.308 0.308 0.308 
C C 0.100 0.100 

Cladding 
Material W-26$ R e  W-264 Re W-26% Re W-25$ Re W-25% Re W-25$ R e  W-25% Re T-111 T-111 W-25% Re30$ MO W-25& Re-30$ Mo W-25% Re30$ Mo 

0.375 0.375 0.375 0.375 
0.0285 0.0325 0.0325 0.0325 
4.5 4.5 4.5 4.5 

T-111 T-111 
0.365 0.375 
0.027 0.0285 

4.5 

T-111 T-111 
0.375 0.375 
0.0285 0.0285 
4.5 4.5 

0.365 
0.030 

0.005 

He 

92 

3 

1225 

3.0 

4074 

Outside diameter, in. 0.365 
Wall thickness, in. 0.030 
Length, in. 

0.365 0.365 
0.030 0.030 

0.365 
0.030 

0.005 

He 

91.5 

3 

d 

N 2100 

0.05 

220 

0.365 0.365 
0.030 0.030 

0.365 
0.030 

0.005 

He 

91.5 

3 

1220 

2.5 

4074 

Cladding l iner  
Material W W tube W tube W tube W tube.  W tube W tube 

deposit 
0.316 0.316 0.316 0.316 0.316 0.316 
0.310 0.310 0.310 0.310 0.310 0.310 
0.003 0.003 0.003 0.003 0.003 0.003 

Outside diameter, in. 
Inside diameter, in. 
Wall thickness, in. 

Fuel pin 
Gap between fuel  and 0.005 

Thermal bond between He 

Fuel smear density, 91.5 

Fuel-column length, in. 3 

cladding, in.  

fuel and cladding 

theoretical 

0.055 0.005 

L i  He 

64a; 67b 92 

3 3 

0.055 0.005 

Li He 

64a; 56b 92 

3 3 

0.005 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

He 

84 

3.615 

0.002 

He He He He He He He He He 

84 

3.615 

92 84 84 84 84 84 84 84 

3 3.615 3.'615 3.615 3.615 3.615 3.615 3.615 

Operating conditions 
(time averaged) 
Linear heat ra te ,  h/f% 
Cladding temperature, 1040 

Fuel-center tempera- 1200 

Fuel burnup, at. '$ 1.78 

"C 

ture, " C  

8.9 8.6 8.6 9.2 8.6 8.6 9.2 8.6 
1370 IJIOO 1000 1040 1000 1000 1040 1000 

8.5 
1100 1200 

8.5 
1175 1350 

8.6 
1000 

9.2 
1040 

1250 1400 1325 1550 1550 

2.26a; 1.83 
2. 45b 

0.05 0.05 3.0 

4074 Irradiation t e s t  time, 8155 
hr (as of Aug. 19, 1969) 

8155 8155 330 330 

Current s t  at us Postirradiation examination Post irradiation examination 
complete complete 

Under irradiation tes t ing Being designed Being designed Being designed 

~ ~~ 

Cold pressed and sintered pellets. a 

bArc-cast bi- and tri-crystals. 

dSurged t o  1545°C due t o  loss of NaK. 

Solid pellets. C 
I 
\ 
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Capsule UN-3 (s. C.  Weaver) 

I r rad ia t ion  t e s t i n g  of t h i s  capsule began i n  January 1969, and i s  

continuing sa t i s f ac to r i ly .  The accumulated exposure i s  about 4500 hr  of 

the  scheduled 10,000 hr .  Two thermocouples (TE-501 and -502), located 

on t h e  surface of t h e  cladding of t he  bottom f u e l  pin,  have fa i led .  A l l  

other thermocouples are operating s a t i s f a c t o r i l y .  The control  var iable  

for t h i s  experiment i s  t he  r a t e  of heat generation i n  t h e  bottom f u e l  

pin,  which i s  being held constant a t  8.8 kw/f t .  

Capsules UN-4, UN-5, and UN-6 (S. C .  Weaver) . 

Detailed engineering design and thermal analysis  of the  capsule 

design a re  i n  progress. The specif icat ions f o r  t h e  W-Re thermocouples 

were completed, and a purchase order w a s  placed. Some of  the  capsule 

components a r e  current ly  being fabricated.  

References 

1. The current program includes work sponsored by the  Atomic Energy 

2. 

Commission (AEC) ,  and work sponsored by the  National Aeronautics and 

Space Administration (NASA) under Interagency Agreement 40-184-69, 

NASA Order C-54536-B. Specif ical ly ,  capsules UN-1, UN-2, UN-3, and 

UN-6 are funded by AEC, and capsules UN-4 and UN-5 a re  funded by 

NASA. 

S. C. Weaver, Fuels and Materials Development Program Quart. Progr. 

Rept. June 30, 1969, ORNL-4440, pp. 16-30. 
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CLADDING AND OTHER STRUCTURAL MATERIALS 

13. CLADDING MATERIALS FOR SPACE ISOTOPIC HEAT SOURCES 

P. Patr iarca R. G. Donnelly 

The immediate tasks  of t h i s  program are  (1) t o  evaluate t h e  m r e  

promising superalloys t h a t  are  avai lable  commer'cially and (2)  t o  develop 

improved al loys and eventually qual i fy  those t h a t  show greatest  promise 

fo r  containment of radioisotopes i n  space power systems. The superalloy 

tasks include s tudies  of mechanical propert ies ,  evaluation of embrit- 

t l i n g  aging reactions,  determination of evaporation charac te r i s t ics ,  and 

s tudies  of t he  interact ion of stress and vacuum on properties a t  elevated 

temperatures. In  t h e  a l loy  development portion of t h e  program, the  creep 

s t rength and resis tance t o  evaporation and t o  oxidation i n  air a re  of 

primary concern. 

Creep Studies of Cobalt Superalloys 

H. Inouye 

Interact ion of Stress and Vacuum on t h e  Creep Properties of Haynes Alloy 
No. 25 a t  Elevated Temperatures (D. T. Bourgette) 

We completed an investigation of t he  creep behavior of Haynes a l loy  

No. 25 (C0-20$ Cr-15$ W-lO$ N i )  t h a t  showed t h a t  t he  creep s t rength of 
t h i s  a l loy  i n  vacuum a t  785 and 900°C depends on the  t h i c h e s s  of t he  

specimen (Fig. 13.1). 

the  elements t h a t  have higher vapor pressures - C r ,  Mn, Fe, and N i  - 
which a f f ec t s  a greater  volume f r ac t ion  of t h e  thinner specimens. A t  a 

given temperature the  evaporative losses  per  un i t  area are t h e  same f o r  

a l l  specimen thicknesses. 

t he  resu l t ing  compositional change is  l imited t o  t h e  surfaces,  so tha t  

t he  e f f ec t  on creep s t rength i s  minimized. Further, an aging react ion 

(precipi ta t ion of a Laves phase - Co2W) g rea t ly  improves the  s t rength of 

the  a l loy  at  750 t o  900°C. 

l o s s  of creep s t rength due t o  evaporation is  overshadowed by t h e  gain i n  

s t rength due t o  aging. For the  thinner  specimens, however, i n i t i a l  

We a t t r i b u t e  t h i s  behavior t o  evaporative loss of 

In  t h e  case of t he  th icker  specimens, however, 

In the  thicker  specimens, therefore ,  t he  
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Fig. 13.1. Effect of Thickness and St ress  on t h e  Time Necessary t o  
Produce 1.0% P l a s t i c  S t ra in  i n  Haynes Alloy No. 25 i n  a Vacuum of 
t o  t o r r  at  Test Temperatures of 785 and 900°C. 

evaporative losses  occur before appreciable aging and r e s u l t  i n  a 
greater  de te r iora t ion  of creep strength.  Therefore, curves of t h e  type 

shown i n  Fig. 1 3 . 1 w i l l  diverge with time. When the  evaporative losses  

a r e  excessive, as i n  t h e  case of long-term tests at  low s t r e s ses ,  t he  

curves will deviate from l i n e a r i t y  and bend toward t h e  time axis. 

Specimens t e s t e d  i n  Ar and a i r  did not lose weight by evaporation; 

and, f o r  equal s t r e s ses ,  t es t  temperatures, and sect ion thicknesses, they 

were stronger than specimens t e s t e d  i n  vacuum. In addition, the  degree 

of divergence of t h e  1% creep-strain curves f o r  Ar, as compared t o  t h a t  

f o r  t e s t s  i n  vacuum, decreases with an increase i n  specimen thickness. 

This behavior, i l l u s t r a t e d  i n  Fig. 13 .2 ,  fu r ther  substant ia tes  t h e  e f f ec t  

of vacuum and thickness on t h e  creep propert ies  of Haynes a l loy  No. 25. 

Development of Improved Alloys 

H. Inouye 

Creep Tests of Experimental Alloys (C.  T. Liu) 

The e f f ec t  of long-range order on t h e  creep behavior of V-Ni-Co 

al loys at high temperatures i s  being determined as a function of temper- 

a tu re  ( T )  and s t r e s s  ((5) up t o  40 x lo3 ps i .  The steady-state creep 
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r a t e  (;) of ordered a l loy  S-4 (Ni-38.8g Cc-22.5g V)  and disordered a l loy  

S-3 (Ni-46.4f C0-7f V)  can be described by 

where K and n a re  materials constants, R i s  the  gas constant, and Q i s  
t h e  act ivat ion energy f o r  creep. A p lo t  of t he  log of the creep r a t e  

versus the  reciprocal  of time shows a large increase i n  Q caused by long- 

range order. 

are 83 and 58 kcal/mole, respectively.  

Calculated values of Q f o r  ordered and disordered al loys 

It i s  s igni f icant  t h a t  the  creep rate of a l l o y  S - 4  i s  much less 

sens i t ive  t o  the  applied s t r e s s  (n = 2 )  than i s  the  creep r a t e  of a l loy  

S-3 (n = 5 ) .  

higher than t h a t  of a l loy  S-4 by a f ac to r  of 10; but f o r  a s t r e s s  of 

2 x l o4  ps i ,  the  creep rate of a l loy  S-3 i s  higher than t h a t  of a l l o y  S-4 

by a fac tor  of 100. Thus, the  ordered a l loy  shows par t icu lar  promise i n  

applications t h a t  require high stresses. 

A t  700°C and 1 x l o 4  ps i ,  the creep r a t e  of a l loy  S-3 i s  

In  terms of t he  time t o  produce 1% s t r a i n ,  a l loy  S-4 i s  comparable 

w i t h  Haynes a l loy  No. 25 between 700 and 800°C. A t  higher temperatures, 

t h e  creep data show t h a t  a l loy  S-4 i s  s ign i f i can t ly  stronger than Haynes 

a l loy  No. 25. 

cannot be used a t  temperatures above 1300°C. 

reveal  the  superior properties of ordered al loys below t h i s  temperature, 

however. 

Restricted by t h e i r  melting points,  t he  V-Ni-Co al loys 

The present study does 

O u r  e f f o r t s  are now concentrated on the  a l loy  systems tha t  have 

melting points above 1300°C. The Pt-base al loys a re  pa r t i cu la r ly  inter-  

es t ing  t o  us f o r  these reasons: 

1. high melting point (about 1770°C) ; 

2. res is tance t o  evaporation under high vacuum; 

3. res is tance t o  oxidation i f  t he  alloying content i s  l e s s  than about 

10 wt 4. 
We believe t h a t  s t rength can be achieved at high temperatures i n  these 

al loys e i the r  by ordering or by prec ip i ta t ion  of s tab le ,  ordered second 

phases. 
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Russian work' indicates  t h a t  t h e  ordered a l loy ,  RjCr, possesses 

superior creep res i s tance  under a bend ' tes t .  Accordingly, we a r c  melted 

and drop cas t  two ingots w i t h  t he  same composition, R-8$ C r  ( P t 3 C r ) ,  

but with two d i f f e ren t  grades of C r .  The a l l o y  containing higher levels  

of i n t e r s t i t i a l  impurit ies had poorer duc t i l i t y .  Neither ingot could be 

fabr ica ted  successful ly  at  room temperature i n  e i the r  t h e  quenched or 

annealed condition. The recas t  ingots were canned i n  a Mo jacket  and 

a r e  ready f o r  extrusion at  about 1200°C. 

The R - r i c h  end o f t h e  Pt-Mo system contains an ordered phase, MoR2. 

The work of Nishimura and K i m u r a 2  indicates  tha t  a l loys  containing l e s s  

than 6 w t  Mo can possibly be fabr ica ted  at room temperature and tha t  

t he  oxidation r a t e  increases rap id ly  as the  Mo content increases above 

5 w t  9. As a preliminary study, a Pt-base a l l o y  containing 5 w t  '$ Mo 

w a s  a r c  melted and drop cas t  i n t o  a 5-in.-long x 7/16-in.-diam ingot. 

The ingot could not be cold swaged s a t i s f a c t o r i l y  because of t h e  forma- 

t i o n  of cen t r a l  longi tudinal  cracks throughout t he  ingot. The work- 

hardening r a t e  of t h i s  a l loy  i s  high. 

causes the  hardness t o  increase from 2 1 t o  45 on t h e  Rockwell D scale .  

We found, however, t h a t  t he  recas t  button could be cold forged and 

r o l l e d  without d i f f i c u l t y .  Tensile and creep specimens a r e  being pre- 

pared from t h e  r o l l e d  stock. 

For example, 8% reduction of a rea  
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14. PHYSICAL AND MECHANICAL METALLURGY OF Rl3FRACTORY ALLOYS 

P. Patr iarca R. G. Donnelly 

The purpose of t h i s  program i s  t o  provide a broad, base-technology 

evaluation of high-temperature a l loys  f o r  use i n  high-performance nuclear 

reactors  and isotopic  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 applications.  Pr inc ipa l  emphasis i s  placed on materials 

problems involving 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 heat- t ransfer  media. 

Physical Metallurgy 

H. Inouye 

Development of Age-Hardening Refractory Alloys ( C .  T. Liu, P. G. Mardenl) 

We are  attempting t o  strengthen re f rac tory  a l loys  a t  high tempera- 

t u re s  through the  prec ip i ta t ion  of s tab le  phases. The binary systems 

Ta-Hf,  Nb-Hf,  Ta-Zr, and Nb-Zr a re  being studied because of t h e i r  poten- 

t i a l  f o r  prec ip i ta t ing  a high volume of uniformly d is t r ibu ted  f ine  par- 

t i c l e s .  These systems have misc ib i l i t y  gaps a t  high temperature and 

eutectoid reactions a t  low temperature. We studied prec ip i ta t ion  hard- 

ening associated with eutectoid transformations i n  Ta-Hf (eutectoid tem- 

perature = 1050°C) and i n  Nb-Zr  (eutectoid temperature = 6 1 0 ° C ) .  

Figure 14.1 shows the var ia t ion  of hardness i n  Ta-50 w t  H f  during 

aging t o  6 x lo3 min a t  room temperature. 

rap id ly  a t  1150°C and remains r e l a t i v e l y  constant up t o  l o 3  min 

(curve A ) .  

f i n e  pa r t i c l e s  t h a t  gradually coarsen t o  p la te l ike  shapes with increasing 

The hardness i n i t i a l l y  drops 

Within 5 min, aged specimens show a uniform dispersion of 

aging time. 

t u re  i s  tremendous: 

m i d  hardness from 460 t o  675 DPH (curve C )  . 
i s  typ ica l ;  that i s ,  within a short  time (10 min) the hardness reaches 

i t s  maximum value (about 790 DPH), and the rea f t e r  drops continuously. 

The hardening caused by aging below the  eutectoid tempera- 

aging for  1 min a t  8 5 0 ° C  increases the  diamond py-ra- 

The aging response a t  8 5 0 ° C  
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Fig. 14.1. Diamond Pyramid Hardness at  Room Temperature Versus 
Aging Time f o r  Ta-50 w t  '$ H f  Alloy. 

The data fo r  curves A and C i n  Fig. 14.1 were obtained from speci-  

mens t h a t  were quenched a f t e r  t he  aging treatment. I n  order t o  study the  

strengthening mechanism involved, we aged a specimen 1 h r  a t  1150°C but  

allowed it t o  cool by radiat ion.  

565 DPH (datum point B i n  Fig. 14.1). 

difference i n  prec ip i ta te  morphology between th i s  specimen and a quenched 

specimen s imi la r ly  aged. We believe,  therefore ,  t h a t  t he  f i r s t  increase 

i n  hardness from 355 t o  565 DPH during slow quenching i s  due t o  the  

The hardness of t h i s  specimen w a s  
Optical  photomicrographs show no 

the  transformation of Hf-rich p rec ip i t a t e  from the  f3 phase t o  the  QI phase 

and t h a t  t he  second increase from 565 t o  705 DPH i s  due t o  a high volume 

f r ac t ion  of f ine  pa r t i c l e s .  

a r e  needed t o  confirm t h i s  in te rpre ta t ion .  

Studies by x-ray o r  e lectron d i f f r ac t ion  

A similar study w a s  a l so  made f o r  Nb-58 wt f Z r  a l loy.  The hardness 

curves obtained from aging treatments a t  500 and 750°C (Fig.  14.2) a re  

similar t o  those obtained fo r  Ta-50 wt f Hf a l l o y  except t h a t  t he  hard- 

ening e f f e c t  i s  much smaller i n  t h i s  case. A uniform d i s t r ibu t ion  of 

p rec ip i t a t e s  i s  not observed i n  t h i s  a l loy;  instead, discontinuous pre- 

c i p i t a t i o n  occurs on the  gra in  boundaries. 
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Fib. 14.2. Diamond Pyramid Hardness 
Aging Time f o r  Nb-58 w t  '$ Z r  Alloy. 

A d e t a i l  examination by x-ray powder 

I o3 

a t  Room Temperature Versus 

d i f f r ac t ion  of Nb-Hf a l loys  

a f t e r  aging t o  168 hr  a t  600 t o  1450°C did not confirm the  reported2 

existence of a misc ib i l i t y  gap associated with the  body-centered cubic 

(bcc) f3 phase. A l l  a l loys  showed e i t h e r  a simple bcc pa t te rn  o r  a two- 

phase bcc plus hexagonal close-packed (hcp) pat tern.  

bcc d i f f rac t ion  l i nes ,  with a suggestion of a subsidiary maximum on the  

low-angle side was observed i n  a l loys  with high H f  contents a f t e r  short  

aging times. However, the separation of the subsidiary maximum and the 

parent l i nes  would correspond t o  a very small difference i n  Nb content. 

The hcp a phase has not been observed c l e a r l y  i n  the  Nb-4.0 w t  '$ H f  a l l o y  

and has been found only i n  r e l a t i v e l y  l imited amount i n  the  Nb-53 w t  $ Hf 

a l l o y  below about 1100 "C. 

Streaking of the  

These r e s u l t s  a re  general ly  i n  accord w i t h  those of Taylor and 

Doyle,3 who proposed a simple a, a + f3, B sequence of phases a t  low tem- 

perature f o r  increasing Nb content. 

a and c 

than those f o r  pure H f ,  tend t o  increase w i t h  aging time and aging tem- 

perature, and the  expected reduction i n  the  volume of the  uni t  c e l l  as 

Nb subs t i tu tes  fo r  H f  has not been seen. This could imply t h a t  the  

a l loys  are  slowly becoming contaminated with i n t e r s t i t i a l  atoms a s  aging 

proceeds. Since a l l  f i ne  needles used f o r  x-ray work could be more sus- 

cept ible  t o  contamination and would have a d i f f e ren t  quenching r a t e  from 

A disturbing fac tor  i s  t h a t  the  

l a t t i c e  parameters of the  hcp phase, which are  even la rger  
0 0 
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the  more massive samples used fo r  metallography, a number of the  metal- 

lographic samples were examined on a diffractometer. I n  a l l  cases,  the  

phases observed were iden t i ca l  t o  those i n  the  corresponding powder 

specimens. 

I n  an attempt t o  avoid any ambiguity involved by quenching of aged 

al loys,  we examined samples i n  a high-temperature Debye -Scherrer camera 

a t  temperatures up t o  1000°C. 

detected,  and the  r e s u l t s  a re  i n  good agreement with those observed i n  

the  s tudies  a t  room temperature. Reaction with 0 2  or di f fus ion  of 0 2  

through the  quartz cap i l l a ry  could have contaminated the  samples, and, 

indeed, l i nes  a t t r i bu tab le  t o  monoclinic hafnia  were observed a f t e r  pro- 

longed aging a t  temperature. .Chemical analysis  suggested t h a t  t h e  f i n a l  

content may be about 1000 ppm 0. We have concluded, therefore ,  t h a t  i f  

a misc ib i l i t y  gap does e x i s t  i n  Nb-Hf a l loys,  it must require  very l i t t l e  

0 2  or N2 t o  close it. 

I n  no case have two bcc pa t te rns  been 

Mechanical Properties of Cormnercial Refractory Alloys 

H. E .  McCoy, Jr. 

Molybdenum-Based Alloys ( R .  L. Stephenson, K. F a r r e l l )  

We recent ly  published a study of the  e f f e c t s  of fabr ica t ion  va r i -  

ables  on the long-time creep propert ies  of Mo a l loys.4 Fabrication 

var iables  were shown t o  a f f ec t  t he  creep propert ies  of TZM profoundly. 

We are  now examining t h i s  a l l o y  by transmission e lec t ron  microscopy i n  

t he  hope of discovering the  mechanism responsible f o r  the  observed 

changes . 
Representative electron photomicrographs of TZM before and a f t e r  

t e s t  a t  980°C i n  each of four conditions are shown i n  Fig. 14.3. 

most obvious difference i n  these microstructures i s  t h a t  they  have widely 

varying gra in  s izes .  

have been shown t o  cor re la te  with gra in  diameter ( J )  i n  various ways. 

I n  some materials,  the  creep s t rength at  intermediate temperatures has 

been shown t o  cor re la te  with 1-l. 

The 

The y i e l d  and creep s t rengths  of various materials 
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I n  Fig. 14.4 the  s t r e s s  required t o  produce a secondary creep r a t e  

of 

The heat treatments described f o r  Fig. 14.4(a) ,  ( c ) ,  and ( d )  produced 

substructures before t e s t i n g  t h a t  were almost i d e n t i c a l  t o  those a f t e r  

t e s t ing .  The heat treatment described f o r  Fig. 14.4(b) produced recrys-  

t a l l i z a t i o n  and a r e l a t i v e l y  large gra in  s i ze  before t e s t i n g .  

course of t e s t i n g  t h i s  mater ia l ,  some low-angle boundaries were evident,  

but a d i s t i n c t  substructure w a s  not formed; hence, it w a s  not possible 

t o  character ize  the  mater ia l  accura te ly  by a subgrain s i ze .  The gra in  

s i ze  of t h i s  specimen d i d  not co r re l a t e  w i t h  creep s t rength  as we l l  as 

it d i d  f o r  t he  specimens t r ea t ed  as above but moved toward a f i n e r  gra in  

s i ze  during the  t e s t .  

hr-I  i s  p lo t ted  as a funct ion of the  rec iproca l  of subgrain s ize .  

I n  the  

We a re  continuing t o  examine the  microstructures 

ORNL-DWG 69-13025 
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of these a l loys  i n  search of addi t iona l  evidence t h a t  substructure i s  

important i n  control l ing creep strength.  

Welding and Brazing 

G. M. Slaughter 

Evaluation of t he  Weldability of Tantalum and Molybdenum Alloys 
(D. A. Canonico, Nancy C. Cole, G. M. Goodwin, R. E. McDonald) 

The e f f o r t s  t h i s  quarter  were directed toward the  problem of joining 

Pt tubes t o  refractory-metal tubes f o r  a spec i f ic  application. The jo in t  

must be leakproof a f t e r  long times i n  vacuum a t  elevated temperatures. 

O u r  task i s  t o  conceive methods f o r  making highly r e l i ab le  jo in t s  and 

t o  t e s t  them cu r so r i ly  t o  determine the  probabi l i ty  of t h e i r  meeting the  

requirements outlined. 

joining Pt tubing t o  Ta-lO$ W tubing. 

Coextrusion (Duplex Tube). - Three d i f f e ren t  techniques of coextru- 

We have conceived three primary methods f o r  

s ion w i l l  be investigated fo r  making a t r a n s i t i o n  jo in t :  (1) Pt butted 

against  Ta-lO$ W and coextruded within an Mo body, ( 2 )  Pt tubing placed 

within Ta-lO’$ W tubing and coextruded t o  provide a duplex tube, and 

(3)  a process similar t o  the  f i r s t  except t h a t  it may be necessary t o  

provide a buffer  mater ia l  between the  Pt and Ta-lO$ W. 

Brazing. - Two techniques a re  being investigated: (1) conventional 

brazing with a f i l l e r  metal ( s e l ec t ion  i s  based on melting point,  flow- 

a b i l i t y ,  and the  vapor pressure of t he  individual  elements) and ( 2 )  a 
braze-welding technique t h a t  employs an electron-beam welder. 

t o  t h i s  process as braze welding because of the  extreme difference i n  

the  melting points  of t he  materials.  

We r e f e r  

Swagelok. - This i s  a jo in t  t h a t  obtains and maintains intimate 

contact mechanically . 
Combinations or s l i g h t  var ia t ions  of these three  techniques w i l l  

a l s o  be investigated.  

We obtained high-quality scrap Pt which we remelted and cas t  t o  

provide the  mater ia l  from which the  desired P t  components could be 

fabricated.  
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O u r  i n i t i a l  attempts t o  coextrude tubing were unsuccessful. 

have found t h a t  a severe react ion occurs between the  Mo body and Pt  a t  

t he  processing temperatures. 

no intimate contact between the  Mo and Pt and w i l l  rerun these 

experiments. 

We 

We redesigned the  capsule so t h a t  there  i s  

Brazing s tudies  showed t h a t  a number of f i l l e r  metals we thought 

applicable tend t o  erode the Pt or Ta-lO% W. We formulated a number of 

new brazing al loys,  and one (Pd-lO$ Ag) exhibited excel lent  wetting and 

flowing cha rac t e r i s t i c s .  Jo in t s  brazed with t h i s  a l loy ,  although visu- 

a l l y  acceptable, d i d  not pass the i n i t i a l  leak t e s t .  These brazes are  

being inve s t  iga t  - ed metallographically. 

The braze-weld s tudies  (electron-beam process) have progressed 

s a t i s f a c t o r i l y .  

and made jo in t s  i n  1/8-in.-OD x 1/32-in.-ID tubes.  

produced; th ree  passed the  i n i t i a l  leak t e s t ,  and two a re  being aged. 

This 50% acceptance r a t e  seems low, but  increasing the  specimen s i ze  

and automating the welding process should increase the  yield.  

We designed a tongue -and-groove jo in t  ( Ta-lO$ W groove) 

Six specimens were 

Swagelok jo in t s  were fabricated.  The externals  i n  a11 instances 

a re  Ta-lO$ W. 

Pt .  The i n i t i a l  s tudies  were conducted w i t h  the  Ta-lO$ W f e r ru l e s .  

specimens were prepared; th ree  marginally passed the i n i t i a l  leak t e s t ,  

but t h e i r  leak r a t e s  were unacceptable a f t e r  aging. 

f e r ru l e s  a l l  had leak r a t e s  below the allowable minimum value. These 

specimens a re  now being aged. 

The in t e rna l s  ( f e r r u l e s )  have been of both Ta-lO$ W and 

Six 

Specimens with Pt 

We have purchased a number of pressure-bonded jo in t s  of Pt  and 

Ta-lO$ W. 

and a re  now being aged. 

These have a l so  s a t i s f a c t o r i l y  passed the i n i t i a l  leak t e s t  

Physical Propert ies  

D. L. McElroy 

Measurements of the Physical Propert ies  of Tantalum ( R .  K. W i l l i a m s ,  
J. P. Moore) 

E l e c t r i c a l  r e s i s t i v i t y  data t o  2600°K were reported previously for 

Further measurements of t h i s  sample a t  80 t o  400°K w e  a T a  specimen. 5 

. 
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Table 14.1. Smoothed Values f o r  the  Thermal ‘Conductivity, 
E l e c t r i c a l  Resis t ivi ty ,  and Absolute Seebeck Coefficient 

of an Electron-Beam Melted Tantalum Specimen 

E l e  c t r i c a1 Thermal Wiedemann-Franz Absolute Seebeck 
Res i s t iv i ty  Conductivit Temperature Ratio Coefficient 

(pncm) ’ ( w  cm” deg- Y ) (volume2/deg2) ( ( OK) 

80 
100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
3 20 
340 
360 
380 
400 

2.562 
3.625 
4.664 
5.693 
6.703 
7.667 
8.644 
9.625 
10.580 
11.521 
12.455 
13.390 
14.316 
15.246 
16.170 
17.070 
17.979 

0.5875 
0.5841 
0.5818 
0.5801 
0.5788 
0.5779 
0.5775 
0.5774 
0.5774 
0.5776 
0.5780 
0.5786 
0.5792 
0.5797 
0.5801 
0.5805 
0.5809 

1.881 
2.117 
2.261 
2.359 
2.425 
2.461 
2.496 
2.526 
2.545 
2.559 
2.571 
2.582 
2.591 
2.599 
2.606 
2.608 
2.611 

+O. 59 
+o. 22 
4.15 
4.50 
4.84 
-1.19 
-1.51 
-1.83 
-2.17 
-2.50 
-2.82 
-3.11 
-3.38 
-3.58 
-3.70 
-3.72 
-3.72 

included i n  Table 14.1 as smoothed data of thermal conductivity, e lec-  

t r i c a l  r e s i s t i v i t y ,  absolute Seebeck coef f ic ien t ,  and the  measured 

Wiedemann-Franz r a t i o .  The thermal conductivity w a s  found t o  be near ly  

independent of temperature, but the  Wiedemann-Franz r a t i o  appears t o  

increase throughout the  whole range of measurements. 

which amounts t o  only 1% between 300 and 400°K gives a h in t  that  the  

electronic  Lorenz function of Ta may behave l i k e  t h a t  of Ft (ref. 6). 
Despite t h i s  poss ib i l i t y ,  we have applied a curve-f i t t ing technique7 t o  

ge t  an estimate of t he  r e l a t ive  s izes  of the  e lec t ronic  and phonon con- 

t r i bu t ions  t o  the  thermal conductivity. 
that  phonons car ry  about lO$ of the  heat near room temperature and t h a t  

The l a t t e r  change, 

These calculat ions indicate  

the  electronic  Lorenz function does not s ign i f i can t ly  exceed the  

Sommerfeld l i m i t ,  Lo, a t  temperatures below 400°K. 

r e su l t s ,  we believe t h a t  the  electronic  Lorenz function of the neigh- 

boring element, W, exceeds the  Sommerfeld value a t  about 200°K and 

In  contrast  t o  these 
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remains constant at about 1.15 Lo between 300 and 1300°K. Also, although 

the  r e l a t ive  contributions from phonon t ransport  are roughly equal i n  the  

two metals, t he  magnitudes of t he  two contributions are  d i f fe ren t ,  since 

Ta has a considerably smaller phonon conductivity. 
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15. TUNGSTEN METALLURGY 

. -  

P. Patriarca A. C. Schaff'hauser 

The object of this program is to develop economical methods for 
producing high-quality W and W-alloy tubing with good creep-rupture 
properties at high temperatures, good microstructural stability, good 
ductility at l o w  temperatures, and good weldability. We fabricate 
tubing both by modification of conventional techniques based on extru- 
sion, tube reduction, and warm drawing and by direct chemical vapor 
deposition (CVD) through the H2 reduction of heavy-metal halides. 
program includes complete physical and metallurgical evaluation of both 
fabrication processes. 

Our 

Primary and Secondary Working of Tungsten Alloys 

A. C. Schaffhauser 

Extrusion of Tungsten Tubing (R. E. McDonald) 

We completed our initial investigation of the structure and mechani- 
cal properties of extruded powder-metallurgy W tubing. The results from 
the first series of experiments for recrystallized primary extrusions 
duplex extruded at 1750, 1650, 1450, and 1250°C were described in 
previous quarterly reports. Tensile tests of rings cut from these 
extrusions shuwed significantly greater ductility for the lower temper- 
ature extrusions that had an elongated grain structure. A second series 
of duplex extrusions was made at 1760, 1450, and 1150°C with material 
that had a wrought starting microstructure from the primary extrusion. 
A recrystallized starting microstructure was also extruded at 1150°C 
for comparison. The microstructures of these extrusions (Figs. 15.1 
and 15.2) show that the duplex extrusion at 1760°C recrystallized during 
preheat and that the grains grew larger during extrusion. 
heat produced by deformation could have increased the temperature of 

the billet to 1900°C. 

during preheat, but no further change was noted in the extruded structure. 

The additional 

The billet extruded at 1450°C also recrystallized 
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I 760" C 1450°C 
Y-96682 

LONGITUDINAL TRANSVERSE 

DUPLEX 
EXTRUSION 
STRUCTURE 

GRAIN SIZE A S T M  6 

0737 
GRAIN SIZE A S T M  7 

0740 

PREHEAT 
STRUCTURE 

GRAIN SIZE A S T M  7 GRAIN SIZE A S T M 6 

GRAIN SIZE GREATER THAN A S T M  8 GRAIN SIZE GREATER THAN A S T M 8 

NOTE - EXTRUSION RATIO AND SKED COhSmNT. 

Fig. 15.1. Microstructures of S ta r t ing  Primary Extrusion of Powder- 
Metallurgy Tungsten after Preheating t o  1760 and 1450°C and a f t e r  Duplex 
Fxtrus ion. 
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I15O"C I15O"C 
Y-96681 

DUPLEX 

STRUCTURE 
EXTRUSION 

GRAIN SIZE A S T M  8 

074 I 

PREHEAT 
STRUCTURE 

PRIMARY 
EXTRUSION 
STRUCTURE 

- I  

x s 
- 2  

-3 

GRAIN SIZE A S T M  7 

0742 

GRAIN SIZE A S T  M 8 GRAIN SIZE GREATER THAN A S T M 8 

GRAIN SIZE GREATER THAN A S T M 8 GRAIN SIZE GREATER THAN A S T M 8 

NOTE- EXTRUSION RATIO AND SEED COWTANT. 

Fig. L5.2. Microstructures of S ta r t ing  Primary Extrusion of Powder- 
Metallurgy Tungsten a f t e r  Preheating t o  1150°C and a f t e r  Duplex Extrusion. 
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The wrought s t ruc ture  did not change during the  preheat a t  1150°C but 

did p a r t i a l l y  r ec rys t a l l i ze  during extrusion. The recrys ta l l ized  struc- 

t u re  was  s tab le  during the preheat a t  1150°C, and the  extruded s t ruc ture  

shows many elongated grains.  

In swnmary, a t  extrusion temperatures of 1450°C and higher, wrought 

s t ructures  r ec rys t a l l i ze  during preheat while recrys ta l l ized  s t ructures  

a re  s tab le  f o r  t he  short  preheat t i m e s .  The wrought s t ruc ture  and the 

recrys ta l l ized  s t ruc ture  a re  both s tab le  during preheat a t  1 l 5 O 0 C ,  but 

t he  increase of l50 t o  200°C during the  extrusion process i s  enough t o  

r ec rys t a l l i ze  the s t a r t i n g  wrought s t ructure .  

Similar extrusion experiments a re  under way f o r  arc-melted W alloys.  

An g-in.-diam ingot of unalloyed arc-melted W w a s  procured from the  

Specialty Metals Division of American Metal Climax, Inc. This ingot was 

successfully extruded a t  1775°C under our supervision at  the  Fansteel 

Metals Center t o  3.25 in .  i n  diameter. B i l l e t s  f o r  the  extrusion of 

tube she l l s  are  being machined f romthe  primary extrusion. Ingots of 

arc-melted W-5$ Re from W a h  Chang Corporation, Albany, Oregon, and 

W-4 at. '$ Re-O.35 at. '$ Hf-0.35 a t .  '$ C from National Aeronautics and 

Space Administration-Lewis Research Center a r e  a l so  being prepared for 

extrusion t o  tube she l l s .  

Chemical Vapor Deposition of "ungsten Alloys 

J. I. Federer 

Chemical Vapor Deposition of W-576 Re Sheet and Tubing (J. I. Federer) 

We continued deposition of W-54 Re a l loy  sheet stock for  evaluation 

of mechanical properties.  

reduction of WF6 and ReF6 on Mc-0.546 T i  substrates  heated by resis tance.  

Attempts t o  minimize nodules and grown-in porosi ty  by pulsing the  flow 
of wF6 and ReF6 were reported previously. 1, 

t he  wF6 and ReF6 flows were pulsed 15 min on and 2 min o f f ,  and the  

direct ion of t he  gas flow w a s  reversed every 30 min. 

ment, under the  same conditions except t h a t  t he  WF6 and ReF6 flows were 

Alloy deposits a re  being prepared by H2 

In  one of those experiments 

In a recent experi- 
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pulsed 2 min on and 2 min off,  t he  deposit contained 6.2 f 0.2$ Re over 

about 834’6 of the 14 1/2-in. length and about 5.8% Re over the  remainder. 

The pulse technique was based upon the  premise that new grains 

would nucleate each t i m e  the  wF6 and ReF6 flows were pulsed. 

the  deposition process would remain continually i n  the ear ly  stage, 

which i s  characterized by a very fine-grained s t ructure .  

t i o n  would be minimized because nodules usually form i n  the  columnar 

grains t h a t  grow from the i n i t i a l  fine-grained layer.  However, both 

deposits prepared by pulsing and reversing gas flows contained numerous 

nodules. The microstructures of these deposits show t h a t  pulsing the 

wF6 and ReF6 flows does not cause complete nucleation of new grains. 

If so, 

Nodule forma- 

The microstructure of a sample from the  deposit prepared by 

pulsing the  wF6 and ReF6 flaws 15 min on and 2 min of f  i s  shown i n  

Fig. 15.3. The layers  in the  microstructure correspond t o  the periodic 

reversals  of gas f low,  while some of the f i n e  s t ruc ture  within the  

grains  i s  apparently due t o  pulsing. 

several  layers, there  is  frequently enough thickness f o r  t he  nucleation 

of nodules. 

Since many grains extend Over 

Fig. 15.3. Deposit of W-3.4% Re Prepared by Pulsing and Reversing 
Gas Flaws. wF6 and ReF6 flows pulsed 15 min on and 2 min off.  Etchant: 
1 p a r t  NH4OH, 1 p a r t  H2&. 2OOX. 
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Fig. 15.5. Deposit of W-5.8$ Re Sharing Grown-In Porosity. Etchant: 
1 par t  NH4OH, 1 par t  H202.  2OOX. 

deposits were thinner near t he  gas ou t l e t  due t o  depletion of t he  gas. 

The surface of the deposits was mostly nodular. W e  believe the "seed" 

around which the  nodules formed was from two possible sources: 

(1) sol id  foreign p a r t i c l e s  i n  the feed gas and (2 )  so l id  intermediate 

f luoride compounds, such as WF and ReF3. 

i n  the  gas feed l ine ,  but subsequent deposits s t i l l  contained nodules. 

The poss ib i l i t y  of an intermediate f luoride compound pers i s t ing  long 

enough on the surface of the  deposit t o  serve as a nucleation s i t e  for  

nodules would be lessened by high temperature, high H2: (WF6+ReF6) r a t io ,  

and low pressure. Since temperature i s  fixed a t  about 750°C by composi- 

t ion2  and since a pressure of  about 5 t o r r  i s  as low as can be obtained 

w i t h  avai lable  equipment, we prepared a deposit with a H2 : (WF6+ReF6) 

r a t i o  of 100. 
i n  the  system t o  20 to r r .  

Thus, neither act ion taken t o  minimize nodules was successflzl. 

A 5 - p  f i l t e r  was in s t a l l ed  

The la rger  flow of H2 unavoidably increased the  pressure 

This deposit a l so  contained numerous nodules. 
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Chemical VaDor DeDosition of Vanadium 

We completed a f e a s i b i l i t y  study 

(J. I. Federer) 

o f  chemical vapor deposition of V. 

Vanadium w a s  deposited by H2 reduction of V C l 4  and VF5. 

of 900°C or higher required t o  reduce these compounds i s  a serious 

The temperature 

l imi ta t ion  of t h e  process. 

We prepared VC14  by chlorinating V metal with C 1 2  a t  400°C. The 

V C l L  then passed through a t r ans fe r  l i n e  heated t o  400°C t o  a react ion 

chamber heated by a furnace. 

tubular l i n e r  of s t e e l  o r  s t a in l e s s  s t e e l  t ha t  served a s  a deposition 

substrate .  

The react ion chamber contained a 3/4-in.-OD 

The conditions and some r e s u l t s  of deposition experiments using 

V C ~ L  a r e  s h m  i n  Table 15.1. In each experiment, V scrap was  chlori-  

nated a t  400°C i n  a stream of C 1 2  metered a t  100 cm3/min. 

r a t e  w a s  suf f ic ien t  t o  chlor inate  V to.VCl4 a t  a maximum rate of 

6.8 g V/hr; the  average r a t e  was  6.1 g V/h.r. 

This f l o w  

a Table 15.1. Conditions and Results of Vanadium 
Chlorination and Deposition Experiments 

Vanadium Efficiency Vanadium of Experiment Time Temperature Chlorinated 
Number ( h r )  ( "C) a t  400°C Deposited D e p o s i t i o n  

($1 (63) (g)  

5 
6 
7 
8 
9 
10 
11 
16 
17 
18 

1 1100 
1 I200 
1 1200 
4.5 1200 
3 1200 
3 I200 
2.5 1200 
2.5 1100 
2.5 1000 
3 900 

8.8 
7.9 
6.8 

27.1 
21.2 
5.9 
18.7 
16.3 
13.6 
18.0 

~ ~~ 

b 
3.6 46 
4.0 59 

C 

C 
C 

10.3 55 
7.3 45 

1.5 8 
C 

a 

bNot determined. 

Flow rates:  H2, I500 cm3/min; C12, 100 cm3/min. Pressure: 5 t o r r .  

C Chlorine corrosion caused a i r  leak i n  t h e  deposition chamber; 
therefore,  the amount of V deposited could not be determined re l iab ly .  
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We determined the  eff ic iency of deposition from the f r ac t ion  of V 

chlorinated that  w a s  reduced t o  metal. 

t o  59% a t  1100 and l 2 0 O o C ,  but decreased t o  only 8$ a t  9 0 0 ° C .  

several experiments (8, 9, 10, and 17) t h e  C 1 2  t h a t  passed unreacted 

through the  chlor inator  a f t e r  most of the avai lable  V had been converted 

t o  V C l 4  reacted w i t h  t he  deposition chamber and caused an a i r  leak. 

The amount of V deposited could not be determined r e l i ab ly  i n  these 

cases. 

chlor inator  and flowed d i r e c t l y  i n t o  t h e  deposition chamber. 

The eff ic iency ranged from 45. 
In  

In  experiments 10 and 17, p a r t  of t h e  C l 2  bypassed t h e  V i n  t h e  

Metal deposits were accompanied i n  every case by deposits of chlo- 

r ide compounds on cool pa r t s  of t h e  substrate .  The amount of these 

compounds relative t o  t h e  amount of metal decreased with increasing 

deposition temperature. In some cases, t h e  cross sect ion of t h e  tubular 

substrate  was  f i l l e d  by a yellow-green compound, probably consisting of 

VC12 and one or more oxychlorides. Some VC13, a purple-red compound, 

formed i n  each experiment. Thermodynamic data,  as shown i n  Table 15.2, 

indicate  t h a t  t h e  formation of lower chlorides during H2 reduction of 

V C l 4  i s  qu i te  l ike ly .  A t  temperatures up t o  1000"K, only VC12 and V C 1 3  

would form. A t  900°K, VC13 decomposes t o  VC12 and V C l 4 .  The data show 

t h a t  t h e  tendency t o  form V C l 2  i s  s t i l l  strong a t  1500°K, and t h a t  t h e  

tendency t o  form V increases w i t h  increasing temperature. 

r e s u l t s  agree qua l i t a t ive ly  with t h e  thermodynamic data.  

Experimental 

Table 15.2. Thermodynamic Data f o r  t h e  Reaction 
of V C l 4  with H2 

Reaction 
Free Energy of Reaction 

a t  Indicated Temperatures 
(kcal/mole of C 1 )  

a vck, + 1/2 H2 + V C 1 3  + H C 1  -9 

v C l 4  + H2 - + V C l 2  + 2 H C 1  -18 -16 

V C l 4  + 2 H z  + V  + 4 H C 1  +11 -4 

a Above 900°K, VC13 decomposes t o  VC12 and V C l 4 .  
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We a l s o  deposited V from VF5. The vapor pressure of VF5, which 

w a s  prepared by f luor ina t ion  of V powder with F2 a t  about 40OoC, i s  

high enough tha t  it can be t ransfer red  a t  room temperature. Hydrogen 

reduction of VF5 a t  900°C produced only VF3, a green compound. A t  

1000°C, about 80% of t h e  V t ransfer red  as VF5 w a s  reduced t o  metal, 

while t he  other 20% w a s  only p a r t i a l l y  reduced and was  present as VF3. 

A t  12OO"C, the eff ic iency of reduction was  100%. 
r e s u l t s  a r e  a l so  i n  qua l i t a t ive  agreement with thermodynamic data. 

Chemical analyses f o r  s e v e r a l V  deposits a r e  shown i n  Table 15.3. 

These data demonstrate t he  high a f f i n i t y  of V f o r  i n t e r s t i t i a l  impuri- 

t i e s .  I n  two experiments, we added T i c 1 4  t o  t h e  react ing gases i n  an 

e f f o r t  t o  deposit a V-Ti  al loy; only a very small amount of T i  (< 0.5%) 

was deposited, however. 

These experimental 

In summary, V can be deposited by H2 reduction of V C l 4  and VF5, but 

t h e  process i s  l imited t o  temperatures of about 1000°C and higher because 

s tab le  intermediate hal ides  form a t  lower temperatures. The deposits 

t h a t  we analyzed contained about 0.5 t o  1.5% t o t a l  impurit ies;  however, 

no spec i f ic  e f f o r t  was made t o  reduce the  impurity content. This study 

i s  complete, and a f i n a l  report  i s  being prepared. 

Metallurgical Properties of Tungsten Alloys 

H. Inouye 

Effect of Low-Pressure Oxygen on t h e  Creep Properties of Tungsten(H. Inouye) 

The creep propert ies  of re f rac tory  a l loys  i n  a nuclear device t h a t  

operates a t  high temperature could be s ign i f i can t ly  d i f f e ren t  from the  

. propert ies  measured i n  the  laboratory under t h e  an t i s ep t i c  conditions 

of a high vacuum because of t h e i r  in te rac t ion  with environmental impuri- 

t i e s  such as 02, C, and N. These i n t e r s t i t i a l  impurit ies or ig ina te  from 

other s t r u c t u r a l  components, t h e  heat- t ransfer  media, and t h e  decomposi- 

t i o n  of ceramic nuclear fuels .  This t a sk  i s  concerned with the  determina- 

t i o n  of the  creep behavior of W and i t s  a l loys  i n  low-pressure 02 t h a t  

simulates t he  e f f ec t  of in te rac t ion  between cladding and oxide f i e 1  i n  a 

thermionic device. For our i n i t i a l  studies,  we are using O.O4O-in.-diam 



Table 15.3. Results. of Chemical Analysis of Vanadium Deposits 

~~~ 

Deposition Composition of Deposit, $ 
Temperature Experiment Source 

( "C> C H N 0 c1  F T i  Number Compound 

11 V C k  1200 0.026 0.0010 0.11 1.01 0.025 

12 

16 

T i -  1 

Ti-2 

VF5 1200 
VC 1 4  1100 

V C l 4 ,  T i c 1 4  1100 

V C l 4 ,  T ic14  1100 

0.095 0.0020 0.082 0.88 0.015 

0.17 0.0013 0.14 0.25 < 0.005 
0.17 0.0092 0.13 0.28 0.020 < 0.5 

< 0 . 5  
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W wire, produced from powder-metallurgy material ,  and an apparatus 

described previously. 

The in te rac t ion  of re f rac tory  metals with 0 2  a t  thermionic temper- 

a tures  causes the  metal t o  sublime as v o l a t i l e  oxides. The r a t e  of 

sublimat-ion i s  proportional t o  t h e  0 2  pressure, P 

of t h e  r a t e  with temperature a t  a given pressure shows a maximum t h a t  

i s  cha rac t e r i s t i c  of t h e  metal, as shown i n  Fig. 15.6. The temperature 

and pressure a t  which the  maximum r a t e  of sublimation occurs vary 

according t o  an expression of t h e  form P = constant e-(-b€I/RT), 

where AH i s  the  heat  of sublimation. 

and t h e  var ia t ion  
02' 

02 

( x 

100 - - 
'2 90 
N 
iE 80 
V 

10 

0 

ORNL-DWG 69-52i4 

1500 1700 1900 2100 2300 2500 2700 
TEMPERATURE ( O K )  

Fig.- 15.6. Sublimation Rates of Tungsten and Molybdenum i n  
t o r r  of Oxygen as a Function of Temperature. [Ref. J. B. Berkowitz- 

Mattuck e t  a l . ,  J. Chem. Phys. - 39( lo), 2722-2730 (1963) .  ] - -- 

Figure 15.7 shows tha t  at 2000°C t h e  creep r a t e  of W i n  7 x t o r r  

of 0 2  i s  about twice t h a t  a t  a base pressure of 1.3 x 
t h e  increase i n  t h e  r a t e  coincides with the  increase i n  t h e  0 2  pressure, 

it i s  c l ea r  t h a t  t h e  0 2  environment w a s  responsible f o r  t h e  rate change. 

The maximum rate at  which W sublimes i n  7 x 

t o r r .  Because 

t o r r  of 0 2  occurs at 
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Fig. 15.7. Effect of t o r r  of Oxygen on t h e  Creep Rate of 
Tungsten a t  2000°C and 500 p s i .  
i n  vacuum = i 

Creep r a t e  i n  oxygen = i creep r a t e  
0’ 

V’ 

about 1650°C. Therefore, i f  sublimation i s  a fac tor  i n  weakening the  

material ,  t he  maximum degradation of t h e  creep strength,  expressed as 
the  quotient of t h e  creep r a t e  i n  0 2  divided by t h e  creep r a t e  i n  vacuum, 

would a l s o  be expected t o  occur a t  t h i s  temperature. The values 

shown i n  Table 15.4 confirm the  expected correlat ion.  

Table l5.4. Effect of Temperature and 7 X lom5 t o r r  
of Oxygen on the  Creep Rate of Tungsten 

x x 

1500 4000 3.5 2.4 1.5 

1650 2000 10.1 2.3 4.4 

2000 5 00 1.5, 0.7 2.2 

(a) i = creep r a t e  i n  02. 
(b) O = creep rate i n  vacuum (base pressure) .  

V 
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Figure 15.8 shows t h e  creep curve for  W when t h e  t e s t i n g  environ- 

ment i s  cycled between the  base pressure and about 1 X loW5 t o r r  of 02. 

The r e v e r s i b i l i t y  of t he  creep rates from a low rate a t  the  base pres- 

sure t o  a high r a t e  i n  0 2  suggests t h a t  sublimation i s  only one of the  

factors  t h a t  influence the  creep behavior. 

t h i s  cyc l ic  behavior e i t h e r  t o  0 dissolving i n  the  W or t o  0 2  increasing 

the  r a t e  at  which creep cavi t ies  grow i n  W. 

Tentatively, we a t t r i b u t e  

OANL-DWG 68-44225R 

TIME fhr) 

Fig. L5.8. Effect of Pressure Cycles Between Base Pressure and 
about 
and 1000 ps i .  

t o r r  of Oxygen on the  Creep Behavior of Tungsten a t  1800°C 

Long-Time Creep Properties of Tungsten Alloys 

H. E. McCoy, Jr. J. 0. S t ieg ler  

Comparative Creep-Rupture Properties of W-25% R e  Consolidated by Arc- 
Melting and Powder-Metallurgy Techniques ( R. L. Stephenson) 

We completed our comparison of t he  creep-rupture propert ies  of arc- 

melted and powder-metallurgy W25$ R e  sheet.  

issued;4 t h e  abs t rac t  i s  given below: 

A t op ica l  repor t  was 

I 
I 
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The creep-rupture propert ies  of W25% Re materials 
consolidated by a r c  melting (AM) and powder metallurgy (PM) 
techniques have been compared a t  1650 and 2200°C f o r  rupture 
times up t o  1000 hr .  A t  comparable s t resses ,  PM mater ia l  
has a shorter  rupture l i f e  and a lower rupture d u c t i l i t y  
than AM material .  On t h e  bas i s  of secondary creep ra te ,  PM 
material i s  weaker than AM material at 1650°C but stronger 
at 2200°C. Optical  and electron metallography showed t h a t  
voids form a t  gra in  boundaries i n  both materials. In  the  PM 
material, g ra in  boundaries appear t o  be immobile, and massive 
growth of voids i n i t i a t e s  f rac ture  with very l i t t l e  deforma- 
t ion.  In  the  AM material, g ra in  boundaries appear t o  be 
mobile, and f r ac tu re  seems t o  be fo re s t a l l ed  by t h e i r  a b i l i t y  
t o  move. The r e l a t i v e  creep r a t e s  can be explained on the  
bas i s  of void growth and grain s ize .  

Long-Time Creep and Stress-Rupture Properties of Tungsten-Rhenium Alloys 
( R .  L. Stephenson) 

We a re  continuing our evaluation of the  creep and stress-rupture 

properties of arc-melted W ,  W-5% Re, W-26% Re, and W-25 at .  % Re-30 at .  $Mo. 
Our recent data f o r  time t o  1, 2, and 5$ s t r a i n  and rupture f o r  W-26% Re 

a t  1650°C a r e  shown as a function of s t r e s s  i n  Fig. 15.9. The s t r e s s -  

rupture data f o r  t h i s  a l l o y ' a t  1400, 1650, 2000, and 2200°C a re  shown 

i n  Fig. 15.10 along with computed curves f o r  t h e  isotherms obtained 

from the  a rson-Mil le r  constant. 

Interrupted Creep Tests on Tungsten (J. 0. S t ieg ler ,  R. L. Stephenson) 

We began an examination of mechanisms of creep deformation and 

f rac ture  by studying the  progressive evolution of microstructural  fea- 

t u re s  during creep t e s t s .  Specimens of a very pure grade of powder- 

metallurgy W a r e  being t e s t ed  a t  1600°C a t  s t r e s ses  of 4500, 6000, 8000, 

10,000, and 12,000 ps i .  

have achieved 2, 4, 6, 8, and 10% s t r a in .  

chosen because a t  room temperature it f rac tures  eas i ly  i n  a b r i t t l e  man- 

ner along grain boundaries, thereby exposing creep cavi t ies  for d i rec t  

examination by conventional e lectron fractography. Transmission elec- 

t ron  microscopy i s  a l s o  being used t o  study dis locat ion configurations, 

pa r t i cu la r ly  the  in te rac t ions  of dis locat ions and grain boundaries. We 

believe t h a t  information from t h i s  program w i l l  a l s o  be of  use i n  

These samples are being examined a f t e r  they 

This pa r t i cu la r  material w a s  
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understanding and interpret ing the  processes of deformation a t  high 

temperatures i n  other refractory metals. 

The creep-rupture propert ies  of t h i s  mater ia l  agree w e l l  with those 

determined by McCoy' f o r  high-purity powder-metallurgy W sheet t e s t ed  

a t  1650°C. Considerable necking and d u c t i l i t y  a r e  observed i n  t e s t s  a t  

12,000 ps i ,  but a t  lower s t r e s ses  f a i l u r e  occurs a t  lower d u c t i l i t i e s  

by t h e  l inking and growth of cracks a t  gra in  boundaries. 

have the  typ ica l  wedge appearance a t  high stresses and a r e  more i so la ted  

and rounded at lower s t resses .  There is ,  however, no c l ea r  l i n e  of 

demarcation between t h e  two types of cracks, a t  l e a s t  under examination 

by op t i ca l  microscopy. 

The cracks 

Fractographic examination of gra in  boundaries i n  annealed specimens 

revealed gas bubbles attached t o  p a r t i c l e s  on nearly a l l  interfaces  

between two grains.  Most, but not a l l ,  junctions between three grains  

or  four grains  a r e  f r e e  of these bubbles. 

rugged or  "mountainous" on a microscale, probably as a r e s u l t  of pinning 

by p a r t i c l e s  and bubbles. 

The boundaries a re  very 

During s t ra ining,  the  boundaries tend t o  s t ra ighten  between the  

major pinning points .  The gas bubbles change l i t t l e  during the ear ly  

s tages  of s t ra ining,  but as s t r a i n  accumulates they begin t o  grow, as  

f l a t  amoeboid cav i t i e s  a t  higher s t r e s ses  and as regular polyhedral 

cav i t ies  a t  lower s t resses .  Specimens f a i l  a t  low d u c t i l i t y  because 

of t he  growth and l inking of these cavi t ies .  

Evaluation of Methods fo r  Joining Tungsten Alloys 

G. M. Slaughter 

Development of F i l l e r  Metals with Low Melting Points (Nancy C. Cole) 

The prime objective of t h i s  program i s  t o  determine the  weldabi l i ty  

of W with various f i l l e r  metals t h a t  have melting points  lower than t h a t  

of W. Low melting point i s  of i n t e r e s t  because the  lower overa l l  energy 

input minimizes t o t a l  thermal s t resses ,  recrys ta l l iza t ion ,  and grain 

growth i n  the  heat-affected zone. 

point  i s  a l s o  usefu l  i n  fabr icat ing complex s t ruc tures  such as those i n  

A f i l l e r  metal with low melting 
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which thin-walled tubes are joined t o  thicker  sections,  s ince there  i s  

l e s s  danger of melting through the  thin-walled tube. 

We welded a proprietary "weldable" powder-metallurgy W product6 

with various f i l l e r  metals with low melting points  fabr icated by the  

powder-metallurgy process. The welding conditions and results of a 

v i sua l  examination a r e  shown i n  Table 15.5. The jo in t  design was a 

bu t t  weld w i t h  a 0.030 X 0.060-in. s t r i p  of f i l l e r  metal wedged between 

the  two 0.060-in.-thick sheets of W base metal. 

cleaned with acetone and alcohol and electropolished before they were 

welded i n  an inert-atmosphere chamber purged with very pure Ar. The ' 

workpiece was preheated t o  1 5 0 ° C ,  t he  temperature previously determined 

t o  be desirable  f o r  welding 1/16-in. W sheet.7 

and a rc  gap (1/16 in .  ) were kept constant. 

was  used with a l l  t h e  Mo-Re f i l l e r  metals t o  obtain full penetration. 

Since more heat was  required f o r  ful l -penetrat ion welds with the  

W-25 at .  '$ Re-30 at. '$ Mo f i l l e r  metal, t h e  t r a v e l  speed w a s  reduced t o  

The specimens were 

The current (350 amp) 

A t r a v e l  speed of 12 in./min 

in./min. 

Table 15.5. Welding Conditions" and Results of Visual Examination 
for  Tungsten Welds Made w i t h  Various F i l l e r  Metals 

F i l l e r  Metal Travel Speed 
( i n .  /min) Remarks 

M o - 1  wt $ Re I 2  Good weld, f u l l  penetration 
Mo-20 w t  '$ Re I 2  Poor weld, center- l ine 

Me50 w t  $ Re 12 Good weld, f u l l  penetration 

W-25 at .  R e 3 0  a t .  '$ Mo 10 Good weld, full penetration 

cracking 

a The current and a rc  gap were kept constant a t  350 amp and 
1/16 in .  

Photomacrographs of t he  weld are shown i n  Fig. 15.11. All t he  

welds were f r ee  of v i sua l ly  detectable  cracks except f o r  t h e  ones made 

with Mc-20$ Re f i l l e r  metal. Figure 15.11(b) shows cracking at  the  

center l i n e  i n  the  l e f t  ha l f  of t he  weld made with M0-20$ Re f i l l e r  

metal. 

leaving a weld without f i l l e r  metal. 
Also, t he  f i l l e r  metal dropped out of t he  center section, 

I 
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Fig. 15.11. Photomacrographs of Tungsten Welds Made with Various 
F i l l e r  Metals. 
(d) W-25 at. $J Re-30 at. $J Mo. 

(a) Mo-l% Re, (b)  M0-20$ Re, ( c )  M0-50% Re, and 

Figure 15.12 shows photomicrographs of these welds. The welds 

made with f i l l e r  metals other  than M0-20$ Re are f r e e  of cracks. 

poros i ty  was expected, s ince both t h e  base metal and f i l l e r  metal a r e  

powder-metallurgy products. Use of arc-cast  material, both as base 

metal and as  f i l l e r  metal, should eliminate the  problem of porosi ty .  

S l igh t  

We s h a l l  determine the  bend d u c t i l i t y  of these  welds and of similar 

welds t h a t  w i l l  be made i n  arc-cast  W materials and compare t h e  r e su l t s .  

For comparison, we s h a l l  a l s o  determine t h e  bend d u c t i l i t y  of welds i n  

arc-cast  W t o  which no f i l l e r  metal is added; t h i s  information has 
already been determined7 for welds i n  powder-metallurgy W. 

metals w i l l  be invest igated i n  t h e  fu ture .  

Other f i l ler  

1 
I 



I 

Fig. 15.12. Photomicrographs of Powder-Metallurgy Tungsten Welds Made with Various Powder- 
Metallurgy F i l l e r  Metals. 
50x. Reduced 30%. 

(a) Mo-l$ Re, (b) M0-20$ R e ,  (c) -50% Re, and (d) W-25 at. $ Re-30 at. $ Mo. 



187 

References 

1. J. I. Federer, Fuels and Materials Development Program Quart. Progr. 

Rept. June 30, 1969, Om-4.440, pp. 148-151. 

2. J. I. Federer, Fuels and Materials Development Program Quart. Progr. 

Rept. Dec. 31, 1968, ORNL-4390, pp. 165-166. 

3. H. Inouye, "The Effect of Low-Pressure Oxygen on the  Creep Propert ies  

of Tungsten and a Tungsten-Molybdenum Alloy," paper presented a t  

1969 Conference on Vacuum Metallurgy, Pit tsburgh, June 16-19, 1969. 

To be published i n  the  t ransact ions.  I 

4. R. L. Stephenson, Comparative Creep-Rupture Propert ies  of W-25$ R e  

Consolidated by Arc Melting and Powder Metallurgy Techniques, 

OWL-TM-2651 (Septerdber 1969). 

5. H. E. McCoy, Creep Rupture Propert ies  of Tungsten and Tungsten-Ease 

Alloys, ORNL-3992 (August 1966). 

6. GE-15, Produced by General E lec t r i c  Corqany, Cleveland, Ohio. 

7. N. C. Cole, Fuels and Materials Development Program Quart. Progr. . 
Rept. June 30, 1968, ORNL-4330, pp. 295-300. 



188 

16. FAST-NEUTRON IRRADIATION EFFECTS ON ELECTRICAL INSULATORS 

G. M. Watson1 G. W. Keilholtz’ 

The purpose of t h i s  program i s  t o  es tab l i sh  the  e f f ec t s  of fast 
neutrons on the  mechanical, physical, and e l e c t r i c a l  properties of mate- 

r ials su i t ab le  fo r  use as e l e c t r i c a l  insulators  i n  thermionic converters 

and t o  evaluate t h e  mechanisms of neutron damage i n  these materials up 

t o  1100°C. 

General Survey of Fast-Neutron Effects on 
E l e c t r i c a l  Insulators 

D. A. Dyslin2 R. E. Moore1 H. E. Robertson’ 

Sil icon Oxynitride 

We previously reported3 t h a t  s i l i c o n  oxynitride ( S i 2 O N 2 )  ( ref .  4 )  
did not f r ac tu re  or  re lease N 2  during i r r a d i a t i o n  a t  low temperatures. 

The fast fluences were calculated from analyses of f lux  monitors included 

within the  assembly. 

(> 1 MeV). 

from 70 t o  100°C. 

Exposures ranged from 1.6 t o  5.5 x 1021 neutrons/cm2 
I r rad ia t ion  temperatures calculated f o r  each specimen ranged 

F’ractional volume changes calculated from dimensional measurements 

a r e  presented i n  Table 16.1. The volume changes a r e  very small but 

c lear ly  show an i n i t i a l  shrinkage followed by expansion upon exposure t o  

very high fluences. 

Single-Crystal Materials and Other Advanced Materials 

Specimens fabricated f romthree  advanced materials are now being 

i r rad ia ted  i n  the  Engineering Test Reactor (ETR) at low temperatures 

(< 150°C). 

the Czochralski process, ( 2 )  high-purity MgO s ingle  c rys t a l s ,  and 

(3) zirconia-doped transparent Y2O3 (General E lec t r i c ) .  These materials 

a r e  excellent e l e c t r i c a l  insulators  t h a t  may have an advantage over poly- 

c rys ta l l ine  alumina with respect t o  separation a t  grain boundaries. 

Synthetic sapphire and s ingle-crystal  MgO do not have grain boundaries, 

The advanced materials a r e  (1) synthet ic  sapphire made by 

. -  
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Table 16.1. Fract ional  Volume Changes of Specimens of Sil icon 
O m i t r i d e  I r rad ia ted  t o  Temperatures from 70 t o  100°C 

Fast-Neutron Fluence Fract ional  Volume Change 
[neutrons/cm2 (> 1 Mev)] ($4 

x 1o2I  
1.6 
1.7 
2.8 
3.0 
3 .3  
3.4 
4.7 
4.8 
5.1 
5 .2  
5 .5  
5.5 

-0 .24  
- 0 . 2 2  
-0.16 
- 0 . 2 0  
-0.36 
-0 .20  

0.04 
0.06 
0.04 

-0.02 
0.16 
0.06 

and Y2O3 has a cubic crystal system t h a t  precludes separation a t  grain 

boundaries caused by anisotropic c r y s t a l  expansion. 

I r r ad ia t ion  of High-Density Comnmercial A1203 Products 
Considered f o r  Thermionic Insulators 

D. A. Dyslin2 R. E. Moore' H. E. Robertson' 

The i r r ad ia t ions  of a long-term assembly i n  t h e  ETR at temperatures 

from 400 t o  1230°C and of an uninstrumented assembly containing four 

comerc ia l  A1203 products i n  t h e  Experimental Breeder Reactor-I1 (EBR-11) 

a t  about 800°C were completed. Results from these i r rad ia t ions  a re  not 

ye t  available.  Examinations of specimens i r r ad ia t ed  in  the  ETR in  a 

short-term assembly, which is  iden t i ca l  t o  the  long-term assembly, were 

reported previously. 
A n  assembly containing t h e  same four commercial A1203 products-was 

i r r ad ia t ed  a t  very low temperatures (60 t o  90°C) i n  t he  ETR over a l o w  

fast-fluence range [0 .2  t o  0.7 x 1021 neutrons/cm* (> 1 MeV)] t o  deter-  

mine the  i n i t i a l  slope of t he  curves for  f r ac t iona l  volume change versus 

fast fluence. The data  a r e  given i n  Table 16.2.  N o  s ign i f icant  d i f f e r -  

ences a re  apparent among t h e  four types of a 2 0 3  with respect t o  f rac-  

t i o n a l  volume expansion i n  t h i s  l& fluence range. The data a re  consistent 



Table 16.2. Fractional Volume Increases of Specimens of Commercial A1203 Products 
I r radiated at Very LQW Temperatures (60 t o  90'C) 

General Elec t r ic  General Elec t r ic  
Opaque Lucalox Trans lucent Lucalox Coors AD-995 Wesgo AL-995 

Fast-Neutron Fract ional  Fast-Neutron Fractional Fast-Neutron Fractional Fast-Neutron Fractional 
Fluence Volume F luen c e Volume Fluenc e Volume . Fluence Volume 

[neutrons /cm2 Increase [neutrons/cm2 Increase [neutrons /em2 Increase [neutrons /cm2 Increase 
(> 1 Mev)] ( 4 )  (> 1 Mev)] (4 )  (> 1 Mev)] (%) (> 1 MeV)] (%I 

x 1O2l x 1 O 2 l  

0.22 1.0 0.29 
0.27 0.9 0.36 
0.38 0.9 0; 41 
0.38 1.0 0.63 
0.62 1.2 0.70 
0.67 1.2 0. '73 

x 1o2I 
0.9 0.20 0.8 
1.0 0.25 0.8 
1.1 0.34 1.1 

1.2 0.40 1.0  

1.0 0.65 1.2 
1.2 0.69 1.0 

0.72 1.2 
0.74 1.1 

0. '74 1.1 

x 1021 
0.19 0.9 

0.33 1.0 
0.43 1.0 

0.60 1.3 
0.66 1.2 
0.68 1.1 

0.73 1.2 

P 
\D 
0 
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with data previously obtained a t  somewhat higher temperatures when only 

Type I V  A1203 (General E lec t r i c  Translucent Lucalox) w a s  i r rad ia ted6  and 

with data fo r  a s ing le  c r y s t a l  i r r ad ia t ed  a t  150°C ( re f .  7). 
Another assembly was i r r ad ia t ed  a t  very low temperatures (70 t o  90'C) 

t o  high fast fluences ranging from 1.8 t o  5.5 x 1021 neutrons/cm2 (> 1 Mev). 

The A1203 specimens were a l l  of Type I V  Al2O3. 

t he  i r r ad ia t ion  i n  good condition except two specimens from the same 

capsule tha t  had received fast fluences of 4.5 and 4.6 x 1021 neutrons/cm2 

(> 1 MeV). One of these w a s  chipped on one s ide,  and the  other was broken 

longi tudinal ly  in to  two pieces. Fractional volume increases calculated 

from dimensional changes of a l l  t he  i r r ad ia t ed  specimens except t h e  

broken specimen a re  given i n  Table 16.3. 

fluences (3.6 t o  5.5 x 1O2l neutrons/cm2) i s  very much l e s s  than was 

previously observed for  t h e  same mater ia l  i r r ad ia t ed  at higher tempera- 

tures . '  

volume expansion at higher temperatures. The r e su l t s  of t h i s  i r r ad ia t ion  

i l l u s t r a t e  again the  temperature s e n s i t i v i t y  of neutron damage t o  Al2O3, 

which has been discussed p r e v i ~ u s l y . ~  

x-ray d i f f rac t ion  examinations a r e  needed t o  define the  damage mechanisms 

more precisely.  

All specimens survived 

The volume expansion at high 

Separation a t  grain boundaries w a s  found t o  contribute t o  the  

Additional metallographic and 

Table 16.3. Fract ional  Volume Increases of Specimens of Translucent 
Lucalox I r rad ia ted  a t  Very LaJ Temperatures (70 t o  90°C) 

Fast-Neutron Fluence Fract ional  Volume Change 
[neutrons /cm2 (> 1 MeV) ] (Q) 

x 1O2l 

1.8 
1.9 
2.5 
2.6 
3.6 
3.7 
4.6 
5.3 
5 .4  
5.4 
5.5 

1.5 
1.6 
1.9 
2.0 
1.9 
1.9 
2.2 
2.3 
2.2 
2.3 
2.4 
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Metal-Clad A1203 Specimens 

D. A. mslin2 R. E. Moore' H. E. Robertson' 

Conibinations of insulators  and metal l ic  conductors were i r rad ia ted  

i n  the  ETR. 

were e i the r  trilayers, which a re  cy l indr ica l  she l l s  of insulator  mate- 

rial clad on both the  inside and outside with metal, or  bi layers ,  which 

a re  insulator  she l l s  clad only on t h e  outside. 

The uni t s ,  which were furnished by other i n s t a l l a t ions ,  

The uni ts  furnished by Thermo Electron Engineering Corporation were 

remved from t h e i r  capsules and photographed. A s ide  v i e w  of trilayer 

specimen 22s is  shown i n  Fig. 16.1; an end v i e w  is shown i n  Fig. 16.2. 

The inner layer of metal can be seen t o  have pulled away from the  alumina 

insulator .  

which w a s  exposedto  t h e  same conditions. 

(Fig. 16.4) indicates good condition. 

25S, shows t ha t  t he  alumina layer is  chipped and cracked on one side. 

The uni ts  f b n i s h e d  by the  National Aeronautics and Space 

Figure 16.3 shows t h a t  t h i s  also occurred t o  t r i l a y e r  23S, 

An end view o f t h e  bi layer  32s 

Figure 16.5, an end v i e w  of bi layer  

Administration-Lewis Research Center were returned t o  them f o r  examina- 

t ion.  

Fairchi ld  Hi l le r  w i l l  be examined, by dimensional measurements and 

metallography, i n  the  ORNL hot ce l l s .  

Units provided by T h e m  Electron Engineering Corporation and 

IR-48991 

I 
Fig. 16.1. Thermo Electron Trilayer 22s Exposed t o  a Fast Fluence 

of 2.7 x 10" neutrons/cm2 (> 1 MeV) a t  7OO0C, Side View. 6x. 
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Fig. 16.2. Therm Electron Trilayer 22s Exposed t o  a Fast Fluence 
of 2.7 x lo2’ neutrons/cm2 (> 1 MeV) at  7OO0C, End View; 6x. 

Fig. 16.3. Thermo Electron Tri layer  23s Exposed t o  a Fast Fluence 
of 2.7 x 1O2I neutrons/cm2 (> 1 MeV) a t  7OO0C, k d  View.  6x. 
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Fig. 16.4. Thermo Electron Bilayer 32s Exposed t o  a Fast Fluence 
of 1.3 x 1 O 2 I  neutrons/cm2 (> 1 MeV) a t  55OoC, End View.  6x. 

Fig. 16.5. Thermo Electron Bilayer 25s Exposed t o  a Fast  Fluence 
of 2.4 x loz1 neutrons/cm2 (> 1 Mev) at 55OoC, End V i e w .  6x. 

. .  
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17. CORROSION STUDIES OF ADVANCED REFRACTORY METALS 

W. 0. Harms  J. H. DeVan A. P. L i t m a n  

Requirements f o r  auxi l ia ry  e l e c t r i c i t y  or  ion propulsion f o r  space 

vehicles necessi ta te  power plants  of high eff ic iency t h a t  w i l l  operate 

a t  high temperatures. For these applications,  nuclear power systems 

have been proposed i n  which alkali metals a re  used t o  t r ans fe r  heat,  

drive a turbogenerator, and lubr ica te  ro ta t ing  components. Accordingly, 

we are  investigating the  corrosion properties of candidate alkali metals, 

primarily Li, K, and N a ,  under conditions of i n t e r e s t  f o r  space applica- 

t ions .  

t i ga t ion  i s  concerned la rge ly  with refractory-metal container materials. 
Because of t he  r e l a t ive ly  high temperatures (> 1000°C), t he  inves- 

L i t h i u m  Studies 

J. H. &Van A. P. Litman 

Lithium Thermal-Convection Loop Experiments (J. H. DeVan) 

We have programmed a se r i e s  of thermal-convection loop tests t o  

evaluate the  mass-transfer charac te r i s t ics  of W a l loys i n  L i  at  1350°C. 

The f irst  of these loops i s  being fabricated by Thermo-Electron Corporation 

and is scheduled f o r  delivery i n  November 1969. The loop and i ts  corro- 

sion in se r t s  are constructed of arc-cast  unalloyed W. The tubing for  t h e  

loop w a s  produced at  ORNL by means of the floating-mandrel duplex-bil let  

extrusion process developed by McDonald and Reimann.’ 

being made by the electron-beam process w i t h  Mo-50% Re f i l l e r  metal. 

second loop, being fabricated of W-2546 Re by Thermo-Electron Corporation, 

i s  about 50% complete. The procedures f o r  tubing fabricat ion and welding 

A l l  j o in t s  are  

A 

f o r  t h i s  loop are similar t o  those used f o r  t he  W loop. 

Lithium Forced-Circulation Loop Experiments (D. L. Clark, C. W. Cunningham, 
B. Fleischer,  W. R. HuntleyL) 

Our program of forced-circulation L i  loops was  designed t o  gain 

information on cladding m t e r i a l s  f o r  fue l  elements and containment mate- 

rials for  Li-cooled power systems. A tes t  loop (FCLLL-1) w a s  assembled,. 
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and a t r ia l  run w a s  made. During t h i s  t e s t ,  we noted a gradual f a i l u r e  

of t h e  W-Re thermocouples and found tha t  t h e  adjustable  radiat ion sh ie ld  

could not be moved throughout i t s  f u l l  range of t rave l .  We investigated 

these operational t roubles  and began correcting them t h i s  quarter.  The 

o r ig ina l  bare-wire and sheathed thermocouples were s t r ipped from t h e  

loop, and new thermocouples are being ins ta l led .  
Sheathed W-34 Re vs W-25$ Re Thermocouples. - Our examination3 of 

t h e  sheathed thermocouples on FCLLLl showed severa l  f a i lu re s  caused by 

d i f f e r e n t i a l  thermal expansion at a t r a n s i t i o n  j o i n t  used t o  couple Ta  

sheathing t o  s t a in l e s s  s t e e l  sheathing. 

composite thermocouple sheath with one made e n t i r e l y  of Ta ,  such as w a s  

used on previous loops.' 

on FCLLE1. 

Therefore, we replaced t h e  

Nine of these thermocouples a r e  being i n s t a l l e d  

Bare-Wire W-3$ Re vs W-25$ Re Thermocouples. - Our inspection of t h e  

0.005-in.-diam bare-wire thermocouples indicated a nuniber of f a i lu re s  of 

t he  spot-welded hot junctions. We studied t h e  var iables  of the  spot- 

welding process and found t h a t  th ree  spot welds about 1/16 in.  apar t  on 

each w i r e ,  as shown i n  Fig. 17.1, gave t h e  bes t  r e su l t .  The welds were 

made at th ree  d i f fe ren t  power se t t i ngs  s t a r t i n g  with 7 wsec nearest  the  

ceramic insu la tor  and increasing t o  9 and 11wsec for  consecutive welds. 

A n  expansion loop, a l s o  shown i n  Fig. 17.1, w a s  incorporated between t h e  

ceramic insu la tor  and t h e  f irst  weld. 

t h e  spot welds are s t i l l  qui te  b r i t t l e  and must be made as the  last  

assembly operation t o  minimize breakage. 

In s p i t e  of these improvements, 

The b r i t t l eness  of these spot w e l d s  prompted us t o  invest igate  

other methods for  making the  thermocouple hot junction. The most prom- 

i s ing  method w e  found w a s  t o  a t tach  t h e  thermocouple wires mechanically 

t o  the loop w a l l  by in se r t ing  t h e  0.005-in.-diam wires i n t o  a 0.020-in.- 

diam cylinder of 0.005-in.-thick Ta  shim s tock and f la t ten ing  the  cylin- 

der onto the  wires. 

i t se l f  a t  t he  midpoint and f la t tened  again t o  produce a junction about 

0.021 i n .  t h i c k  x 1/16 in .  wide-x 1/8 in .  long. 

i l l u s t r a t e d  i n  Fig. 17.2. The junction i s  then fastened t o  the  pipe w a l l  

by a 0.002-in.-thick Ta s t r a p  t h a t  i s  spot welded t o  t h e  pipe as shown i n  

The f la t tened  cylinder i s  then folded back upon 

The assembly s teps  a re  

. -  
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Fig. 17.2. 

w e l d s  on the  junction i t s e l f .  

withstand considerable bending and flexing. 

To avoid any poss ib i l i t y  of embrittlement, we make no spot 

The w i r e s  leading i n t o  such a jo in t  can 

We thermally cycled four such thermocouples and measured t h e i r  

e l e c t r i c a l  continuity. 

1275"C, a 45 min hold a t  temperature, and then a 5 1/2 h r  cooling t o  

room temperature. 

nui ty  as determined both by measurements of electromotive force a t  
1275°C and of res is tance a t  room temperature. 

s ign i f icant  difference between the  d u c t i l i t y  of the junctions and asso- 

c ia ted wires before and a f t e r  tes t .  

The cycle included. heating f o r  1 1 / 2  h r  t o  about 

After t en  cycles, the  thermocouples s t i l l  had conti- 

There appeared t o  be no 

Because o f . t hese  r e su l t s ,  we chose t o  use mechanical junctions fo r  

most of the  bare-wire thermcouples on FCLLL-1, but we included enough 

spot-welded junctions s o  that  we can compare the  thermal contact of t he  

mechanical junctions w i t h  tha t  of welded junctions located above both 

thermal insulat ion and the  bare w a l l  of t he  pipe. We have a l s o  made 

provisions t o  compare the  readings from the bare-wire thermocouples with 

those from sheathed thermocouples and with those from an op t i ca l  pyrom- 

e t e r  a t  a blackbody viewing port. 

There i s  l i t t l e  difference i n  the sequence of assembly f o r  the 

bare-wire thermocouples whether t he  junction i s  made mechanically or  

welded. 

before the  thermocouples a re  attached. 

thermocouple wires a re  then led  i n  over the  tapered ends of the  layers 

of r e f l ec t ive  insulat ion and positioned along a 2-in. -long sect ion of 

the  bare surface of the  pipe. 

around the  ceramic insu la tor  only along the  tapered sect ion a t  the ends 

of the  layers of f o i l  t o  prevent the  edges of t he  f o i l  from shorting the  

W-Re wires if any breaks occur i n  the  two-hole insulators .  

Ta  f o i l  is  spot welded t o  the  pipe t o  clamp the two-hole insulator  

t i g h t l y  t o  it and thereby prevent movelnent of t he  thermocouple junction. 

A small, protect ive hood of Ta f o i l  i s  placed over t he  wire expansion 

loops and the thermocouple junctions and i s  then spot welded t o  the  pipe. 

Finally,  about t en  layers of re f lec t ive  insulat ion a re  in s t a l l ed  over 

t he  en t i r e  area. 

Most of t he  r e f l ec t ive  insulat ion i s  in s t a l l ed  on the  piping 

As shown i n  Fig. 17.1, the 

A protect ive sleeve of T a  f o i l  i s  wrapped 

A s t r a p  of 
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Radiation Shield. - The mechanical interference that  prevented the  

correct  posit ioning of t h e  radiat ion sh ie ld  w a s  t raced  t o  a v e r t i c a l  

sect ion of piping tha t  had moved out of posi t ion so that  i t s  insulat ion 

caught on t h e  shield.  We repositioned the  l i ne ,  added a smooth layer  of 

f o i l  t o  eliminate fu ture  interference,  and added more counterweight t o  

reduce the  amount of torque required t o  lift the  shield.  

Effect of Oxygen on Compatibility of Refractory Metals 
and Alkali Metals 

J. H. DeVan 

Part i t ioning of Oxygen Between Potassium and Zirconium (R. I,. Klueh) 

We previously discussed5 t h e  use of Z r  tabs  f o r  determining the 0 

content of K and N a  [ i .e . ,  t he  gettering-vacuum-fusion (GVF) method f o r  

0 analysis] .  For t h i s  appl icat ion it w a s  necessary t o  know the  coeff i -  

c ien t ,  K O ,  fo r  t he  equilibrium dis t r ibu t ion  of 0 between Z r  and K and 

Z r  and N a  (i. e . ,  t h e  concentration of 0 i n  Z r  divided by the  concentra- 

t i o n  of 0 i n  the  alkali metal) .  We deduced t h a t  K O  w a s  very large and 

f o r  a l l  p r a c t i c a l  purposes could be considered in f in i t e .  I f  t h i s  were 

t r u e ,  it would follow tha t ,  when Z r  contacts K f o r  100 hr  a t  800°C, 

e f fec t ive ly  a l l  of t h e  0 o r ig ina l ly  i n  the  K should be get tered by t h e  

Z r .  This point could not be ver i f ied ,  however, because no accurate 

technique was  avai lable  fo r  determining t h e  0 content i n  K a t  very low 
0 concentrations. 

After we completed our study, we acquired equipment fo r  fast- 

neutron ac t iva t ion  analysis t h a t  allows us t o  analyze low levels  of 0 

i n  K. For a se r i e s  of GVF analyses, we added 0 t o  t h e  K and then deter-  

mined the  0 remaining i n  the  K a f t e r  exposure t o  Z r  f o r  100 h r  at  800°C. 

The results a r e  shown i n  Table 17.1. The concentration of 0 i n  t h e  

K w a s  reduced t o  a very l o w  leve l ,  i n  agreement w i t h  our previous pre- 

d ic t ion .5  

i n  tests 8-10 despi te  t h e  f ac t  t h a t  there  w a s  more 0 i n  t h e  l a t t e r  cap- 

su les  before t e s t .  

may have been contaminated a t  t h e  time the  K samples were taken from 

capsules 5-7. 

A higher concentration of 0 w a s  detected i n  t e s t s  5-7 than 

This suggests t h a t  t he  atmosphere of our glove box 



202 

a Table 17.1. Oxygen Concentration i n  Potassium After 
Exposure t o  Zirconium f o r  100 h r  a t  800°C 

0 Addedb t o  0 i n  K A f t e r  
K as K20 Exposure t o  Z r  Capsule 

Number 
(PPd (PPd 

8 
9 

10 

0 

0 

200 

200 

400 

400 

550 

600 
800 
800 

< 5c 

< 5  

< 5  

< 5  

gd 

lld 

gd 

< 5  

< 5  

< 5  
~ ~~ ~ ~~~~ 

a Analyses by fast-neutron act ivat ion.  

bThe K contained about 100 ppm 0 as received. 

C L i m i t  of detection. 

dThe accuracy a t  t h i s  l e v e l  i s  *loo$. 

We previously estimated K O  t o  be grea te r  than 2000. The concentra- 

t i o n  of 0 i n  the  Z r  coupons a f t e r  t e s t  i n  the materials w i t h  t he  highest 

i n i t i a l  0 content ( t e s t s  9 and 10) w a s  about 5000 ppm. If t h e  0 concen- 

t r a t i o n  i n  t h e  K after t e s t  i s  assumedto be about 1 ppm, our or ig ina l  

conclusion, t ha t  K O  is  grea te r  than 1000, i s  corroborated. 

Penetration of Refractory Metals by Alkali Metals (R.  L. KLueh) 

During the  past  f i v e  quarters w e  have reported on t h e  e f f ec t  of 0 

on t h e  compatibil i ty of t h e  re f rac tory  metals Ta and Nb with t h e  l i qu id  

alkali metals K, N a ,  and Li at 600°C. Oxygen a f f ec t s  t h e  compatibil i ty 

i n  two ways. F i r s t ,  increasing the  0 concentration i n  t h e  K ( refs .  6-8) 
or N a  ( refs .  7, 9) increases the  s o l u b i l i t y  of t he  re f rac tory  metal i n  

I 
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the  l iquid.  

effect  on so lubi l i ty .  1 Second, 0 i n  the  re f rac tory  metal can lead t o  

penetration of t he  refractory metal by the  alkali metal. We found pene- 

t r a t i o n  i n  a l l  of t h e  systems t e s t e d  ( i . e . ,  i n  0-doped Ta and Nb exposed 

t o  K,  Na ,  and Li). 

[Increasing the  0 concentration of L i  (ref. 10) has a l e s se r  

To complete our comparison of these systems at  6OO0C, w e  a re  deter-  

mining the  "threshold" 0 concentrations ( that  0 concentration i n  t h e  

re f rac tory  metal above which penetration occurs) fo r  the  penetration of 

Nb and T a  by L i ,  N a ,  and K. To do t h i s  we are  exposing a se r i e s  of 0- 

doped Nb and Ta  specimens t o  L i ,  Na,  and K. 

The Nb-Li s e r i e s  of t e s t s  w a s  completed; the  r e s u l t s  a re  shown i n  

Table 17.2. Figure 17.3 shows a penetrated specimen that  i l l u s t r a t e s  

both intergranular and transgranular attack. 

concluded t h a t  t h e  threshold concentrations f o r  intergranular  and t rans-  

granular penetration of Nb by L i  a t  600°C are  about 400 and 800 ppm 0, 

respectively.  

From the r e su l t s ,  we 

Table 17.2. Depth of Lithium Penetration of Oxygen-Doped 
Niobium a t  600" Ca 

b 0 Average Depth of Penetration, in.  

(PPd Intergranular Trans granular 
Concentration 

3 00 
450 

600 

900 

1100 

1250 

1400 

1650 

0 
0.0007 

0.004 

0.016 

0.020 

0.020 

0.020 

0.020 

0 
0 
0 

0.0002 

0.002 

0.006 

0.007 

0.014 

Specimens were exposed simultaneously f o r  20 h r  i n  

bSpecimen was 0.04 in. thick;  penetration t o  0.02 in .  

a 

a container of type 304 s t a in l e s s  s t ee l .  

represents complete penetration. 
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18. FISSION-GAS RELEASE AND PHYSICAL PROPERTIES OF 
FUEL MATERIALS DURING IRRADIATION 

0. Sisman 

The purpose of t h i s  work i s  t o  measure t h e  variables t h a t  control  

t he  release of f i s s i o n  gas from highly characterized nuclear fue l s  and 

t o  evaluate these variables i n  terms of a generalized model f o r  pre- 

d ic t ing  release from operating f u e l  materials. 

measured in-reactor i n  analogous experiments. 

Thermal d i f f u s i v i t y  i s  

Measurements of Thermal Diff'usivity i n  U02 
During I r rad ia t ion  

R. M. Carrol l  R. B. Perez 

During t h i s  quarter we have processed 120 d i f f e ren t  measurements of 

t h e  temperature response as a function of time of a hollow cylinder of 

large-grained U 0 2  t o  a stepped change i n  f i s s i o n  power. The r e s u l t s  

show an e r r a t i c  re lease of s tored energy during t h e  f i rs t  2 min of 

response. The impression we have from t h e  data  i s  t h a t  a par t  of t he  

release of s tored energy is  the  r e s u l t  of long-term i r rad ia t ion  and t h a t  

another component r e s u l t s  i n  a change from one equilibrium l e v e l  t o  

another. 

Because of  t h e  e r r a t i c  nature of t he  re lease  of s tored  energy, we 

have postponed t r y i n g  t o  evaluate t h e  amount of s tored energy released 

under various conditions. Instead, we have analyzed the  curve f o r  tem- 

perature response f o r  t h e  i n t e r v a l  between 120 and 600 sec a f t e r  t h e  

i n i t i a t i o n  of t he  stepped change i n  f i s s i o n  power, thus avoiding t h e  

e r r a t i c  e f f e c t  produced by the s tored energy. In  t h i s  i n t e rva l ,  t h e  

curve had a s ing le  exponential form of the type 

, (18.1) 

, (18.2) 

-r,t 

-r 2 t  

T s ( t )  = A 0  - A, e 

T E ( t )  = Bo - B, e 
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I 

where Ts and TE are, respectively,  t he  temperatures of t h e  specimen and 

of t he  environment at  time t. The terms A0 and Bo represent t h e  equi- 

l ibriumtemperature of t he  specimen and i t s  environment a f t e r  the  tem- 

perature r i s e  i n  t h e  specimen and environment caused by the stepped 

change of power. The r a t e  constant, r l  or r 2 ,  i s  determined by t h e  

dependence of t he  temperature response on time; i n  t h e  i n t e r v a l  between 

120 and 600 sec, r l  equals r 2 .  

The taped da ta  were processed by computer i n  each’ of t h e  120 cases 

The mechanical operation f o r  the  values of Ao, Al, Bo, B1, r l ,  and 1-2. 

of t h e  apparatus and of the  computer program w a s  excel lent .  When the  

same measurements were taken i n  rapid succession, t he  values of A0 and Bo 

were reproducible t o  within 0.05% deviation at 1000°C. 

ments were so sens i t ive  that  w e  could observe t h e  change i n  t h e  p ro f i l e  

of t h e  neutron f lux  i n  the  reactor  within a few hours. 

p r o f i l e  i s  an order of magnitude l e s s  than our argon-activation f lux  

These measure- 

This change i n  

monitor can detect .  

These data were combined w i t h  data for  t he  physical constants of 

t he  specimen, the  specimen holder, and t h e  i r r ad ia t ion  conditions in to  a 

formula f o r  calculat ing t h e  thermal d i f fus iv i ty  of t h e  U02. 

includes the nonfission heating which had been determined i n  a previous 

experiment.l 

t h e  influence of t he  change i n  the  environment of t h e  specimen. 

This formula 

The main purpose of t h e  formula w a s  t o  make corrections fo r  

Because both the  specimen and the  specimen holder are,changed in  

s teps  from one f i ss ion-  and nonfission-heating condition t o  another, 

each would change temperature i n  a way dependent on i t s  own physical 

charac te r i s t ics .  

of temperature of both depends on heat t r ans fe r  between specimen and 

holder as w e l l  as their  individual  physical  charac te r i s t ics .  

parameters of Eq. (18.2) were obtained t o  enable us t o  make a correction 

f o r  t he  interact ion.  

Since both must be moved together ,  t he  rate of change 

The 

A computer solut ion f o r  t h e  thermal d i f fus iv i ty  was obtained by use 

of t h e  correction formula, but ,  unfortunately,  these  corrections were 

much l a rge r  than t h e  values t o  which they would apply. We a re  i n  the  

unhappy s i tua t ion  of having r a w  data  that  give answers t h a t  are repro- 

ducible and i n  the  approximate range of those obtained from bench t e s t s  
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while the  corrected data give answers t h a t  s c a t t e r  and are  an order of 

magnitude lower than those from bench t e s t s .  

being checked. 

The correction process is 

Some o f t h e  correction process could be avoided i f  we could use 

t h e  e n t i r e  heating curve, including the  f irst  120 sec. 

re lease  of s tored energy, however, t h e  curves are not reproducible i n  

t h e  i n i t i a l  portion; a l so ,  equations of t h e  type used f o r  Eqs. (18.1) 
and (18.2)  cannot be used t o  f i t  t h e  e n t i r e  curve. A n  equation with 

two exponents w i l l  f i t  t h e  e n t i r e  heating curve with reasonable accuracy, 

bu t ,  unfortunately, t he re  a re  many combinations by which three  constants 

and two exponents can be used t o  f i t  a given curve. 

Because of t he  

We have obtained and processed heating curves t h a t  show a repro- 
duc ib i l i t y  t h a t  implies high precision. The mathematical processes of 

obtaining values f o r  thermal diff 'us ivi ty  from t h e  data  have not worked. 

We a re  now invest igat ing whether it i s  even possible t o  obtain a unique 

so lu t ion  t o  t h e  equations necessary t o  separate  t h e  s tored  energy from 

t h e  i n i t i a l  temperature r i s e  caused by a change of i r r ad ia t ion  conditions. 

Release of Fission Gas from U 0 2  

R. M. Car ro l l  R. B. Perez 

The re lease  of f i s s i o n  gas from t h e  cylinder of large-grained U 0 2  

has followed the  same pa t te rn  previously found i n  high-density U02. 

re lease  has decreased s l i g h t l y  as burnup has progressed, l i k e l y  because 

of surface changes induced by i r rad ia t ion .  Since t h e  release rate does 

not change i n  d i r ec t  proportion t o  t h e  amount of f i s s ion  gas generated, 

trapping at f i s s i o n  defects i s  a l s o  occurring i n  t h e  s intered,  large- 

grained U 0 2  specimen. 

The 

The specimen has now achieved a burnup of 1.7 x 1OI9 fissions/cm3 

at  temperatures up t o  1150°C without any evidence of cracking. 

t h e  data f o r  thermal d i f fus iv i ty  have already been obtained, t h i s  speci- 

men w i l l  now be i r r a d i a t e d  i n  t h e  temperature range where grain growth 

w i l l  occur. 

Since 
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19. DEVELOPMENT OF FUEL ELEMENT FABRICATION 

G. M. Adamson, Jr. 

The purpose of these programs is  t o  devise new combinations of 

mater ia ls  o r  new fabr ica t ion  techniques t o  advance the  technology f o r  

fabr ica t ing  fuel  elements and components f o r  research reactors .  We a re  

attempting t o  improve the  performance of  advanced research reactors ,  

such a s  the  High Flux Isotope Reactor (HFIR) and Advanced Test Reactor 

(ATR), by developing f i e 1  elements with lower production cost, longer 

l ives ,  increased sa fe ty  o r  r e l i a b i l i t y ,  o r  a l l  th ree .  The s tudies  

include fac tors  a f fec t ing  both fabr ica t ion  and i r r a d i a t i o n  performance. 

We must a l so  develop su f f i c i en t  knowledge of  t he  processes used f o r  fab- 

r i c a t i n g  Al-based dispers ion f i e 1  elements so  t h a t  we can adequately 

a s s i s t  commercial fabr icators ,  purchasers, spec i f ica t ion  wri ters ,  and 

technical  inspectors.  Other s tudies  a r e  aimed a t  improving the  r e l i -  

a b i l i t y  and reducing the  cost  of t he  required nondestructive inspection 

techniques. 

. -  
I r r ad ia t ion  Studies 

W .  R. Mart in  

Evaluation and Design of Cermet f i e l - P l a t e  I r r ad ia t ion  Experiments 
(M. M. Martin, W. K. Crawleyl) 

. -  

Since the  G-12 loop of the  Engineering Test Reactor (ETR) was shut 

down by Idaho Nuclear Corporation upon d i rec t ion  from USAEC-RDT, we a r e  

assessing t h e  p o s s i b i l i t y  of performing our planned i r r ad ia t ions  f o r  

f i s c a l  year 1970 i n  the  HFIR o r  the  Oak Ridge Research Reactor (OM). 
The VXF-6 and VXF-19 posi t ions i n  the  HFIR and the  F-2 and B-2 posi t ions 

i n  the  ORR a r e  being considered fo r  i r r a d i a t i o n  of our t e s t  p la tes .  

t i nen t  charac te r i s t ics  f o r  these pos i t ions  and for  t he  G-12 loop of t he  

ETR a r e  shown i n  Table 19.1. In  the  S I R ,  our experiments would be cooled 

by reactor  water, whereas i n  the  ORR they would be contained i n  a separate  

loop. Because of t he  s ign i f i can t ly  higher operating pressure, the 

Per- 
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Table 19.1 .  Pert inent  Conditions of HFIR, ORR, and 
ETR F a c i l i t i e s  for  Planned I r rad ia t ions  

HFIR ORR ETR 

Experiment a1 pos i t  ion 
~~ 

VXF-6 or  VXF-19 F-2 G-12 
Maximum unperturbed thermal- 4.7-5.9 x l o i 4  2.2  x loi4 5.7 x 1014 
neutron flux, neutrons an-* sec-1 

Average operating pressure, psig 

Saturated boi l ing temperature, "C  

I n l e t  water temperature, "C 

C r i t i c a l  heat flux, Btu hr" ft-2 

Wall temperature a t  c r i t i c a l  heat 

Duration of normal reactor  cycle, 

Relative duration (compared t o  

flux, "c 

days 

ETR) needed t o  achieve the 
same degree of burnup 

465 150 727 

237 186 264 

49 43 71 
3.41  X I O 6  

292 237 310 

1.64 x lo6 5.66 x io6 

23 49 42 

0.41 1.46 1.00 

f a c i l i t i e s  i n  t h e  HFIR permit sa fe  operation of our proposed experiments 

a t  higher surface temperatures and heat f luxes.  Such a thermal environ- 

ment i s  desirable s ince our t e s t s  should approximate ac tua l  conditions 

o f  current and advanced HFIR and ATR cores. 

ments i n  HFIR can achieve a l eve l  of burnup i n  23 calendar days (1 cycle) 

t ha t  would require e i t h e r  82 calendar days i n  the  ORR o r  56 calendar days 

i n  the  ETR. 

HFIR f o r  our i r r ad ia t ions .  A conceptional design fo r  a miniature f i e 1  

element t o  contain our t e s t  p l a t e s  i s  i n  progress. 

Also, our proposed experi- 

Because of these considerations, we have t en ta t ive ly  selected 

Status of I r r ad ia t ion  Experiments i n  ETR (M. M. Martin) 

Table 19.2 summarizes the  d ispos i t ion  of the  i r r ad ia t ion  experiments 

on miniature f i e 1  p l a t e s  a f t e r  t he  shutdown of t he  G-12 loop. 

ated and unirradiated samples should be returned t o  ORNL by the  middle of 

October i f  t he  cask i s  delivered promptly. 

The i r r a d i -  

The t e s t  p l a t e s  fo r  experiments 70-1 and 70-2 a re  fabr icated and 

characterized f o r  i r r ad ia t ion .  * The t e s t  p l a t e s  i n  experiments 70-2 



Table 19.2. Summary of G-12 Loop Experiments for  Fiscal  Years 1969 and 1970 

Number 

of Test (Mwd) Plates  
Status Exposure Description Experiment 

Number 

69 -1 

69-2 

69 -3 

70-1 

70 -2 

70 -3 

70-4 

Effect of burned U3O8 p a r t i c l e  s i ze  on 
performance of fuel  p la tes  a t  high burnup. 
Dispersion clad with type 6061 A l ,  contains 
1.42 g 23 'U/cm3 of core. 

Effect of high-fired u308 p a r t i c l e  s ize  on 
performance of fuel  p l a t e s  a t  high burnup. 
Dispersion clad with type 6061 A l ,  contains 
1.14 g 23%/cm3 of  core. 

p la tes  clad with types 6061 and 2219 A l .  
Core contains 1.42 g 235U/cm3 a s  burned 

Effect of sol-gel and burned U 3 0 8  p a r t i c l e  
s i ze  on performance of fuel  p l a t e s  a t  low, 
intermediate, and high burnups. Disper- 
sion clad w i t h  type 6061 A l ,  contains 
1.57 g 2 3 5 U / ~ m 3  of core. 

performance of poison p l a t e s  clad with 
type 6061 A l .  

performance of f i e 1  p l a t e s  c lad with 
type 6061 A 1  and containing 1.42 g 2 3  %/an3 
of core i n  the form of burned U308.  

Effect of cladding-to-core in t e r f ac i a l  grain 
growth on performance of fue l  p l a t e s  c lad 
with types 6061 and 2219 A l .  Cores contain 
1.14 and 1.30 g 235U/cm3 as  burned U 3 0 8  and 

Effect of N i  coating on performance of fue l  

u308 - 

Effect of up t o  7.4 mg 1°B/cm3 of core on 

Effect of up t o  7.4 mg 'OB/cm3 of core on 

4 9995 Exposure completed. Plates 
being returned t o  ORNL. 

4 9995 Exposure completed. Plates 
being returned t o  ORNL. 

8 4331 Exposure completed. Plates 
being returned t o  ORNL. 

8 

6 

6 

12 

tu 
t;: 

0 Ready fo r  i r rad ia t ion .  
Plates being returned t o  
ORNLI. 

0 Ready f o r  i r rad ia t ion .  
Plates  being returned t o  
ORNL. 

0 To be fabricated.  

0 To be fabricated.  

UAlx, respectively . 
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and 70-3 contain matching loadings of 'OB, and those i n  69-1 and 70-3 

contain ident ica l  2 3  5U core concentrations. 

the performance of these t e s t  p l a t e s  i n  the  reactor;  i n  addition, the 

s imi la r i ty  i n  t h e i r  loadings should a l so  permit us t o  determine the con- 

t r ibu t ions  of the  B(n,a)Li reaction t o  swelling of U308-B4C-A1 dispersions. 

The only experiments t ha t  remain t o  be fabricated (70-3 and 70-4) 

a re  18 t e s t  p la tes  t h a t  contain B4C plus burned u308, burned U308, and 

arc-cast U A l  dispersed i n  A l .  Table 19.3 l is ts  t h e i r  core compositions 

and loadings of 235U and 'OB. 
prepared the  f'uel, poison, and matrix powders and pressed the compacts fo r  

experiments 70-3 and 70-4. 

mined fo r  these core components. Idaho Nuclear Corporation supplied the  

UA1 powder for  the  bonding experiment. We w i l l  not complete the  fabri -  

cation of these plates ,  however, u n t i l  the  exact i r r ad ia t ion  posi t ion i n  

HFIR i s  selected and approved. 

We sha l l ,  of course, note 

X 
Before the G-12 loop was shut dawn, we 

Table 19.4 records the  charac te r i s t ics  deter-  

X 

The specif icat ions f o r  both the  HFTR and ATR require t h a t  the  com- 

ponents of the f i e 1  p l a t e s  be metal lurgical ly  bonded. 

i s  defined a s  no v i s i b l e  separation between the  core and cladding with 

grain growth evenly d is t r ibu ted  across a minimum of 50% of the in te r face  

length. In  experiment 70-4, we plan t o  compare the  in-reactor perfor- 

mance of t e s t  p l a t e s  clad with types 6061 and 2219 Al with low, in t e r -  

mediate, and high degrees of i n t e r f a c i a l  grain growth. The f'uel 

compositions t o  be clad w i t h  both types of cladding a re  42 w t  $ burned 

U308 (1.14 g 23%/Cm3)-Al and 52 w t  '$ arc-cast U A l  (1.30 g 2 3 % / ~ 3 ) - A l .  

The former simulates the  current f i s s i l e  concentration of the  fuel p la t e s  

for  the HFIR outer annulus while the l a t t e r  represents the reference fue l  

Acceptable bonding 

X 

p l a t e  f o r  the ATR. I r rad ia t ion  swelling data a t  exposures of 2 t o  

2.5 fissions/cm3 a re  of i n t e r e s t  if ATR i s  t o  go t o  an extended reactor 

cycle. 

t o  be i r rad ia ted  i n  HFIR t o  es tab l i sh  the i r r ad ia t ion  behavior of p l a t e s  

a t  t h i s  leve l  of burnup. 

fo r  HFIR. 

We a re  developing an experiment t o  examine both UA1 and u308 
X 

This exp'eriment appears t o  be idea l ly  sui ted 
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Table 19.3. Compositions f o r  I r r ad ia t ion  Experiments 70-3 and 70-4 

23 5U 10B 
Core Materiala Content Content Experiment Composition 

Number Number 
(g ) (mg) 

70-3 3 A 1  + 49.5% u308 1.07 0.00 

5 A 1  + 49.59% u308 + 0.58% B4C 1.07 2.21 

7 A 1  + 49.62% u308 + 1.31% B4C 1 - 0 7  4.97 

70 -4 1 A 1  + 42.33% u308 0.88 0.00 

4 A 1  + 49.5846 u308 + 0.39$ B4C 1.07 1.47 

6 A 1  + 49.60% u308 + 0.78% B4C 1.07 2.97 

8 A 1  + 49.63% u308 f 1.49% B4C 1.07 5.66 

2 A 1  + 52.14% UAlx 0.98 0.00 
a Experiment 70-3:  cores c lad with type 6061 A l  a l loy ;  experiment 

70-4:  cores clad with types 6061 and 2219 A l  a l loys .  

Table 19.4.  Characterization of Core Components f o r  
Experiments 70-3 and 70-4 

Core Materials 
Wlrned Arc-Cast Matrix 
u308 UA1-- B4c A1 

Powder blend designations 

Assay, g U o r  g B per  g sample 

Enrichment, g 2 3  5U or  
g   OB per  g u o r  B 

Toluene density, g/cm3 

Surface area, m2/g 

Distr ibut ion of p a r t i c l e  s izes ,  
h %  

-100 +140 mesh 

-140 +170 mesh 

-170 +200 mesh 

-200 +230 mesh 

-230 +270 mesh 

-270 +325 mesh 

PB-5 

0.8430 

0.9316 

7.647 

0.36 

0 .0  

0.0 

19.7 

17.5 

17.6 

19.0 

PB-26 

0.7192 

0.9320 

6.631 

0.09 

31.5 

17.3 

13.5 

9.2 

8.6 

14.9 

HER 

0.7520 

0.1836 

2.513 

a 

0.0 
0.0 
0.0 

0.0 

0.0 

Trace 

G-12-3 

a 

a 

.2.708 

a 

0.0 

0.0 

Trace 

0 . 1  

1.6 

6.4 

-325 26.2 5 .O 100.0 91.8 
a Not determined. 
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Correlation of Cermet Swelling w i t h  Fabrication Voids (A. E. Richt) 

Voids i n  the cores of dispersion f'uels a f t e r  fabr icat ion a r e  thought 

t o  be beneficial  i n  reducing swelling of Al-based f i e 1  p l a t e s  during 

i r rad ia t ion .  

behavior of s i x  miniature fue l  p l a t e s  i r rad ia ted  i n  the G-12 loop of 

the  ETR could be explained by differences i n  t h e i r  i n i t i a l  void content. 

We recently reviewed some re su l t s  of other t e s t s  i n  the  G-12 loop t o  see 

i f  differences i n  the swelling behavior of other  Al-based f i e 1  p la tes  

could a l so  be a t t r i bu ted  t o  differences i n  the void content.4 We calcu- 

l a t ed  the  amount of swelling t h a t  should have occurred i n  these p la tes  

by assuming tha t  t he  fue l  cores swelled 6.3% f o r  every 1021 fissions/cm3 

and tha t  a l l  the  voids i n i t i a l l y  present i n  the  f i e 1  core could be u t i -  

l i zed  t o  accommodate t h i s  swelling. A s  shown i n  Fig. 19.1, the  swelling 

We previously reported3 tha t  differences i n  the swelling 

ORNLQWG 69-1 2544 

PREDICTED CHANGE in CORE VOLUME (%) 

Fig. 19.1. Comparison of Calculated and Measured Changes i n  Core 
Volume of Al-Based Dispersion h e 1  Plates .  

. .  
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values calculated fo r  each specimen agree qui te  well with the measured 

changes i n  core volume for  those i r r ad ia t ion  conditions under which the 

predicted swelling i s  posi t ive.  Consequently, it appears t ha t  the  

differences i n  the  swelling of these fue l  p l a t e s  primarily r e su l t  from 

differences i n  the  i n i t i a l  void content of t he  f i e 1  cores and not from 

differences i n  loading o r  type of dispersion ( i . e . ,  u308, UA1 , Nb-coated 

U02-Zr02). 

with reasonable accuracy (within about kl$) the  amount of swelling tha t  

w i l l  occur during i r r ad ia t ion  i f  he knows the i n i t i a l  void content of 

the dispersion core and the  burnup which the  p l a t e  w i l l  receive. 

X 
More importantly, these data indicate  tha t  one can predict  

Refractory-Metal Cermet Fuels (M. M. Martin, A. E. Richt) 

The AEC terminated the  General Elec t r ic  (Cincinnati) program ent i -  

t l e d  "Refractory-Metal Fuel Element Material Research. " Under d i rec t ion  

from AEC, ORNL i s  performing the pos t i r rad ia t ion  examination and evalua- 

t i o n  of experiment ORRF-5 from t h a t  program. 

experiment i s  t o  determine the effectiveness of a b u i l t - i n  p l enm region 

i n  reducing swelling of W-U02 and W-UO2-ThO2 fue l  specimens t h a t  contain 

3 t o  18% void volume i n  the  core. 

a t  1500 t o  1650°C and incur a burnup of 2 X lo2' fissions/cm3 of core. 

The objective of  t h i s  

The specimens were scheduled t o  operate 

For experiment ORRF-5, only eight clad fue l  specimens were i r rad ia ted  

i n  the F-2 f a c i l i t y  of the ORR. Figure 19.2 i l l u s t r a t e s  the  longitudinal 

cross section of each of the  specimens and gives t h e i r  core composition 

and t o t a l  in te rna l  void content i n  volume percent. The annular fue l  core 

i s  about 1.19 cm i n  outside diameter, 0.45 cm i n  ins ide  diameter, and 

3.8 cm long and i s  clad on both circumferential surfaces and ends w i t h  

0.038-cm-thick W-Re-Mo cladding. The overal l  length of the  specimens 

varied from 5.08 t o  6.65 cm depending on the length of the end plenum. 

Specimen 554-14 contains eight 1.1-mm-diam holes d r i l l e d  longitudinally 

i n t o  the  core t o  a depth of 2.54 an; these holes account f o r  26% of the 

t o t a l  19 vol % in te rna l  void content. 

The fabricat ion procedures for  the t e s t  specimens a re  reported 

e l ~ e w h e r e . ~  

rat'ion of a fue l  agglomerate from enriched U02, depleted U02, and ( in  

s i x  specimens) Tho;!, (2)  blending of the  fue l  agglomerate with W powder, 

In  general, the  essent ia l  processing s teps  a r e  (1) prepa- 
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(3) pressing i n  a mechanical die,  ( 4 )  s in te r ing  t o  achieve stoichiometric 

U02, ( 5 )  machining, (6) hot autoclaving f o r  dimensional s t a b i l i t y ,  

(7) machining t o  s ize ,  (8) cleaning and vacuum outgassing, and (9) hot 

pressure bonding. Table 19.5 tabulates  the  de ta i led  core composition, 

theore t ica l  core density, and 235U content of each specimen. 

Changes from t h e i r  standard composition and fabricat ion procedure 

allawed General Elec t r ic  t o  produce the  three  l eve l s  of void concen- 

t r a t i o n  of  about 2, 9, and 16 vol  ’$ shown i n  Fig. 19.2. 

t he  high-density specimens of the  336 composition were clad by standard 

pressure bonding of 700 kg/cm2 a t  1750°C f o r  3 h r .  

of U02 fo r  t h i s  composition were a l so  f i r e d  a t  the  standard temperature 

of 750°C. 

resu l tan t  f’uel agglomerate a t  1600°C helped produce the  lower densi ty  of 

the  specimens from the 554 and 836 compositions. 

mediate density from the 554 composition (about 5 vol  ’$ Th02) were bonded 

a t  a reduced pressure of 350 &/an2. 

For example, 

The f i e 1  agglomerates 

On the  other  hand, addition of Tho2 t o  U02 and f i r i n g  the  

The cores of i n t e r -  

Bonding a t  1650°C and 315 kg/cm2 

(for  the specimens from the 836 composition, which contained about 

8 vol  ’$ T h 0 2 )  produced the  lowest core density.  

I r r ad ia t ion  t e s t i n g  of t he  specimens began February 18, 1969, and 

w a s  terininated on July 31, 1969, when fission-product a c t i v i t y  w a s  

detected i n  t h e  coolant gas. The specimens operated f o r  about 3400 h r  

a t  temperatures above 1250°C and achieved burnups estimated a t  about 

1 .5  x lo2’ fissions/cm3. 

w a s  t ransfer red  t o  t h e  hot c e l l s ,  where disassembly of t h e  experiment 

w a s  s t a r t e d  on September 2, 1969. Except fo r  sampling of fission gas 

and sectioning fo r  burnup analysis  and metallographic examinations, a l l  

phases of t he  pos t i r rad ia t ion  examination program were completed, and 

r e s u l t s  a r e  summarized below. 

After a short  decay period, t he  t e s t  assembly 

We observed nothing unusual i n  disassembly of the t e s t  assembly; 

the  specimen coolant tubes appeared t o  be f r e e  of obstruction or blockage, 

and a l l  16 thermocouples appeared t o  be i n  excellent physical  condition. 

The overa l l  appearance of t he  t e s t  specimens a f t e r  i r r ad ia t ion  i s  s h m  

i n  Fig. 19.3. I n  general, the  specimens appeared t o  be i n  good condition. 

Swelling of  the f i e 1  core i s  apparent i n  the s l i g h t  bar re l - l ike  shape of 

some of t he  specimens. The cladding over the  f’ueled region of a l l  



Table 19.5. Cermet Composition, Theoretical Density, and 
235U Content of ORRF-5 Test Specimens 

Theoretical Total 
23 5u Core composition of Fuel Agglomerate, w t  $ Composition of Cermet, wt $ 

Number Number U02 Enriched U02 Enriched 
W Matrix Fuel Agglomerate o.7005 2 3 5 /  o.oo20 235u/ 

Composition Specimen 
Content 

Tho2 Densi7 (g/cm3 ( R )  

54.22 45.78 6.92 83.88 

ru ru 
0.673 

0.668 ru 
0.954 

0.958 

0.944 

0.897 
1.223 

1.212 

336 1 54.00 46 -00 4.49 95.51 14.296 
5 

4 

9.20 14.238 I: 5 54 

836 1 54.36 45.64 9.86 74.71 15.43 14.200 



R-40942 

R-4 f  

SPECIMEN 554 - -  
R -40933 

I 
SPECIMEN 336-5 

R-40936 

SPEC1 M EN 336-2 
R-40940 

N 
N w 

-. 

SPECIMEN 554-i4 
R-40955 

SPECIMEN 554- 1 2 SPECIMEN 554-4 

Fig. 19.3. Postirradiation Photographs of m e 1  Specimens From the ORRF-5 Irradiation Test Program. 
Specimen orientation is the same as shown schematically in Fig. 19.2. 



224 

specimens had an etched or f rosted appearance, while t h a t  over the plenum 

regions was br ight  and shiny. 

Helium leak t e s t ing  revealed t h a t  two specimens had cladding pene- 

t r a t ions .  

a t  the  plenum end of t he  sample where a small metal t ab  was attached f o r  

the purpose of or ien t ing  the  specimen. However,-it appears t h a t  t h i s  tab  

was broken of f  during handling i n  the hot c e l l s  ra ther  than during i r r a -  

d ia t ion .  

occurred a t  t he  s i t e  of  a whitish deposit on the  outer surface of the  

specimen. 

concentration of 137Cs and 

was the  s i t e  of a f a i l u r e  t h a t  occurred while the  specimen was i n  the  

reac t  or. 

The leak i n  one specimen (836-9) was located i n  a tack weld 

A s  shown i n  Fig. 19.4, the  leak i n  the other  specimen (836-1) 

Gamma spectroscopy of t h i s  whitish mater ia l  showed a high 

5 Z r / 9  5Nb, which s t rongly indicates  t ha t  t h i s  

Gamma scans along t h e  length of the  specimens showed no unusual 

e f f ec t s  except f o r  strong a c t i v i t y  peaks a t  the end of the specimen 

plenum chambers. Gamma spectroscopy showed 13’1 , 13‘ C s ,  136Cs, and 

137Cs t o  be the  primary sources of a c t i v i t y  i n  the  plenum of each speci-  

men; however, some 95Zr /95Nb  was a l so  present i n  the  plenums of specimens 

554-4, 554-13, and 554-14. We compared the lengths, diameters, and 

volumes of the specimens before and a f t e r  i r r ad ia t ion ;  the  percentage 

of change i s  recorded i n  Table 19.6.  

i r r ad ia t ion  temperature and analysis of burnup f o r  each specimen pre- 

vents more than a cursory evaluation of t he  specimen behavior a t  t h i s  

time. A complete evaluation of the  t e s t  r e s u l t s  should be avai lable  

next quarter.  

Our lack of a complete h i s to ry  of 

HFIR Fuel Plates  with Increased Fuel Loading (R. W. Knight, M. M. Martin, 
J. H. Erwin) 

Work on the  increased f i e 1  loading f o r  HFIR fue l  p l a t e s6  i s  con- 

t i m i n g .  We manufactured 25 kg of burned u308, delivered 15 kg of it 

t o  Metals and Controls, Inc., and a re  re ta in ing  the  remainder a t  ORNL 
f o r  f’urther study. The product is  compared t o  the specif icat ion i n  

Table 19.7. The spec i f ica t ion  was exceeded only f o r  impurit ies.  

The process and control procedure submitted by Metals and Controls, 

Inc., fo r  manufacturing and evaluating the  p l a t e s  with increased loading 

- .  
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Table 19.6. Summary of Percentage Changes i n  Dimensions of 
t h e  OR--5 I r rad ia t ion  Test Specimens 

Increase i n  
Volume of 

i n  Outside Diameter i n  Inside Diameter i n  Length in volme Fuel Core" 

Total 
Increase 

Maximum Increase Maximum Decrease Incr eas e Specimen 
Number 

( 8 )  ( 8 )  (4) ($1 (4) 
- 1- ~ 

336-2 

336-5 

5 54 -4 

554-12 

554-13 

554-14 

836-1 

836-9 

3.6 

1.3 

2.7 

6.7 

4.8 

1.7 

5 .O 
3.2 

4.5 

2.5 

2.3 

4.7 

2.7 

1.6 

6.2 

2 . 1  

0.45 

0.44 

0.39 

0.78 

0.51 

0.45 

0.67 

0.30 

4.83 

2.05 

4.40 

12.95 

8.63 

2.88 

9.18 

4.35 

8.95 

3.76 

6.33 

17.12 

11.44 

4.23 

12.21 

6.12 

5 a l u e  calculated by assuming t h a t  t h e  t o t a l  increase i n  volume re su l t s  from swelling i n  the  
f'uel core only ( i . e . ,  no change i n  t h e  plenum volume). 
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Table 19.7. Enriched, Burned-Oxide Powder Blenda 
Compared t o  Specifications 

Property Spec i’ f f c  sit i on Product 

Total U, w t  % 
Isotopic  U, w t  4 t o t a l  u 

2 3 4 u  

2 3  5v 
2 3 6 u  
2 3  8u 

Impurities, ppm 
A 1  
B 
Ba 
Be 
Ca 
Cd 
co 
cu 
:: 1 
N i  
L i  
M g  
Mn 
Na 
K 
P 
S i  
v 
F 
Mo 
Sn 
W 
Zn 

Density, g/cm3 
Surface area, m 2 / g  
Dis t r ibut ion of p a r t i c l e  s izes ,  Wt % 
+170 
-170 +325 
-325 

84.5 f 0.5 

> 93 

30 
1 
10 
3 
50 
3 
3 
50 

200 

1 
100 
5 
5 
20 
100 
100 
3 
10 
20 
10 
100 
20 
7.65 f 0.15 

< 1  
> 89 
< 10 

84.41 

1.00 
93.16 
0.41 
5.43 

10 
0.2 
< 2  
< 0.01 
30 
< 0.1 
2 
10 
60 
3501 520 
110 
< 0.2 
5 
6 
4 
< 6  
< 100 
200 
< 1  
3.0 
60 

< 100 
< 10 
7.62 
0.309 

. 

0 
96 
4 

Batch number 31-5009; requis i t ion  number 450003. a 
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was approved. 

according t o  present HFIR specif icat ions w i l l  be fabricated and eval- 

uated f i rs t .  

loading, w i l l  be scheduled i n  the next quarter. 

The p la tes  w i t h  an increased loading of oxide made 

The burned oxide plates ,  with both standard and increased 

Technical Assistance f o r  Commercial and 
Manufacturing Problems 

W. R. Martin 

Use of ZrO;! t o  Generate Fabrication Voids i n  Composite P la tes  (J. H. Erwin, 
M. M. Martin, R.  W. Knight) 

We showed7 t h a t  ZrO;! added t o  A 1  as a dispersoid w i l l  r e s u l t  i n  

additional fabr icat ion voids and t h a t  the number of voids i s  dependent 

upon the concentration of the dispersoid.  Our i n i t i a l  i n t en t  was t o  use 

t h i s  approach t o  reduce the  amount of swelling t h a t  might be expected i n  

an inner annulus of the  advanced HFIR element because of the  He from the  

10B(n,Cl)7Li reaction. 

provide a reduction i n  re ject ions f o r  bond defects.  

However, it appears t ha t  t h i s  procedure may a l so  

Over ha l f  of the  

t o t a l  re ject ions of HF'IR fue l  p l a t e s  a re  for  bond defects, most of which 

a re  only on the f i l l e r  s ide  of the  p la te .  

of f ine  voids t o  the  f i l l e r ,  which i s  of a much higher densi ty  than the  

f i e 1  core, would provide si tes fo r  the gases tha t  cause b l i s t e r i n g  and 

would reduce the  re jec t ion  r a t e .  

We speculate t h a t  the addition 

When complex miniature p l a t e s  containing layered cores of both 

f i l l e r  material  and fue l  without the  Z r O 2  addition were rol led,  they 

b l i s te red ;  s imi la r ly  ro l led  p l a t e s  containing 50 w t  $ Zr02 (3$ fabr i -  

cation voids) i n  the  f i l l e r  s ide  did not b l i s t e r .  

inherent inconsistency of predictions of b l i s t e r i n g  and do not consider 

these r e su l t s  conclusive. 

reasonablc; and, i f  it i s  successful, it could make the  la rges t  s ingle  

improvement i n  the re jec t ion  r a t e  fo r  HFIR fue l  p la tes .  

We recognize the 

However, we consider t h i s  approach t o  be 

We have asked the  reactor  operators t o  estimate the influence tha t  

Z r O 2  additions would have on the  operation of the reactor  and t o  estab- 

l i s h  the maximum leve l  of H f  t h a t  can be to le ra ted  as  an impurity. 
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Twenty-four f i l l - s i z e  outer-annulus p l a t e s  containing up t o  50 wt $ Z r 0 2  

i n  the f i l l e r  w i l l  be fabr icated fo r  the  H F I R  t o  determine the  influence 

of  t h i s  dispersoid on the  f a b r i c a b i l i t y  of f i l l - s i z e  p l a t e s  and the  

amenability t o  inspection by u l t rasonics  and x-ray attenuation and t o  

gather more data on the  frequency and locat ion of b l i s t e r s .  

Fabrication Behavior of Plates That Contain Shaped Cores (J. H. Erwin) 

Shaped cores a re  used commercially t o  minimize the  consequence of  

dogboning, but occasionally other problems a r i s e  because of  these cores. 

Using f u e l  p la tes  tha t  contain shaped powder-metallurgy cores and 

simulated cores of l i k e  geometry fabricated from wrought type 2219 A l ,  

s imilar  t o  those described elsewhere i n  t h i s  repor t ,8  we are  character-  

i z ing  the behavior of the  cores during hot and cold ro l l i ng .  

Radiographic and physical measurements on the  core and p l a t e  a f t e r  

Although our each pass a re  being used t o  characterize the  deformation. 

study i s  not complete ( the r o l l i n g  has been f inished through the  f i f t h  

hot-working pass) ,  we have observed the  following from our r e s u l t s  t o  

date .  

1. During the  first two passes of 15% reduction i n  area per pass, 

the mis f i t  space within the  frame cavi ty  is  f i l l i n g  up with core, but  

the  powder-metallurgy core undergoes l i t t l e  densif icat ion.  

2. On the  second, th i rd ,  and fourth passes, the  powder-metallurgy 

cores appear t o  dens im.  

3.  After t he  t h i r d  pass, tapered o r  shaped cores spread o r  elongate 

l e s s  than the  rectangular cores (most of the  difference appears t o  be i n  

spread).  

t he  rectangular cores. Preliminary analyses ind ica te  tha t  the  difference 

a f t e r  f i ve  passes may be equivalent t o  1% reduction i n  fabr ica t ion  voids 

f o r  tapered cores.  

It i s  possible  t h a t  the  tapered cores may be more dense than 

4 .  Tapered cores have not cracked thus fa r ,  but radiographs between 

passes show the  small gap between the end of t he  core and the frame tha t  

we discovered l a s t  year i n  our high-speed motion p ic tures  of  dogboning. 
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Suscept ibi l i ty  t o  Bl is ter ing of Fuel Plates  That Contain Shaped Fuel Cores 
(J. H. Erwin) 

We previously reported' no apparent b l i s t e r i n g  of type 6061 A 1  f i e 1  

p la tes  as a r e su l t  of poor f i t  between 46 w t  5 U308-Al powder-metal com- 

pacts and the frame. Fuel cores 5% undersize i n  thickness, width, or 
length did not b l i s t e r  during the  f i n a l  anneal of the 0.050-in.-thick 

ro l led  plate .  

ta ining shaped simulated cores of wrought types 6061 and 2219 Al ro l led  

i n  type 6061 Al cladding. We were i n  e r ro r  i n  s t a t ing  that the  s i ze  of 

the b l i s t e r s  was reduced by a high reduction r a t e ;  the  b l i s t e r  s i z e  was 

reduced when the m i l l  passes were 10% ra ther  than the  normal 24%. 

Later we reported'' profuse b l i s t e r i n g  of p la tes  con- 

During t h i s  reporting period, we determined the e f f ec t  of poor 

core f i t  upon the formation of b l i s t e r s  when the simulated cores were 

shaped ra ther  than rectangular. 

type 6061 A 1  fo r  t he  HFIR outer annulus were loaded w i t h  a 46 w t  $ U308-Q 

(U depleted i n  2 3 5 U )  powder-metal compact and a simulated core of l i k e  

geometry fabricated from wrought type 2219 A l .  Before assembly, the 

U-bearing cores were degassed f o r  2 h r  a t  500°C i n  a vacuum furnace; 

the simulated cores of type 2219 Al, the frames, and cover p l a t e s  were 

chemically cleaned with Oakite 160. 

t o  the present HF'IR production schedule. 

cate  b i l l e t s  and three d i f fe ren t  core geometries : (1) rectangular cores 

with 3.3% cavi ty  ove r f i l l ,  ( 2 )  cores with 1/8-in. -radius chamfer on four 

edges (leading and t r a i l i n g  ends) and w i t h  1% cavi ty  under f i l l ,  and 

(3) cores w i t h  1/2-in. -radius chamfer on the four edges and 5.3% 

under f i l l .  

Standard double-cavity b i l l e t s  of Alclad 

Thirty b i l l e t s  were ro l l ed  according 

These consisted of ten  dupli- 

Inspection of the fabricated plate ,  cold ro l led  t o  0.050-in. thick- 

ness and annealed 2 h r  a t  5OO0C, revealed no b l i s t e r s  i n  the U308-bearing 

cores while the  majority of t he  simulated cores of type 2219 Al bl i s te red ,  

as  shown i n  Table 19.8. 

From both these and the e a r l i e r  data' it appears t h a t  high-density 

cores, such as those simulated by wrought types 6061 and 2219 Al, w i l l  

r e su l t  i n  b l i s t e red  p la tes  more readi ly  than lower density powder- 

metallurgy cores. In  the e a r l i e r  study of the f i t  of frame t o  cavity, 

using powder-metallurgy cores, we found no b l i s t e r ing  f o r  the range of 

_ .  
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Table 19.8. Bl is ter ing i n  Fuel Platesa Containing Shaped 
U308-Al and Simulated Fbel Cores 

P la te  Description 

Number of 
Number Plates  Bl is tered of Cores 

1 

Rolled One End Both Ends 

Rectangular cores with 3.3% over f i l l ed  cavi ty  

46 w t  4 u308 and ~1 powder 10 0 0 

Wrought type 2219 A1 10 3 4 

46 w t  % u308 and A1 powder 10 0 0 

Wrought type 2219 A1 10 1 9 

46 w t  % u308 and ~1 powder 10 0 0 

Wrought type 2219 A1 10 0 10 

1/8-in. chamfer on leading and t r a i l i n g  edges 

1/2-in. chamfer on leading and t r a i l i n g  edges 

B i l l e t s  were standard HFIR Alclad type 6061 A1 fabr icated in to  p l a t e  a 

according t o  standard HFIR procedure. 

m i s f i t s  examined. 

cores resul ted i n  a higher r a t e  of  b l i s t e r i n g  when we consider the  t o t a l  

p l a t e  surface.  From these data, it appears t h a t  the  powder-metallurgy 

compact i s  a f ac to r  i n  the  b l i s t e r i n g  of fue l  p l a t e s  during ro l l ing ,  

e i t h e r  due t o  compact density o r  compositional var iables  such a s  A1203 

d i  sp e r  s ion. 

In  the  current study, the l a rges t  taper  on the  wrought 

Factors That Affect the Oakite Cleaning Process (J. H. Erwin) 

Our invest igat ion of the Oakite 160-HN03 chemical cleaning process 

used t o  ensure sa t i s f ac to ry  i n t e r f a c i a l  grain growth during r o l l  bonding 

i s  continuing i n  an e f f o r t  t o  determine the  l imi ta t ions  of the standard 

procedure. 

The concentration of the Oakite 160 solut ion was reduced from the 

10% previously establ ished a s  the  standard t o  5. and 2.5% with no e f f ec t  

on the cleaning po ten t i a l  of new solutions.  I n t e r f a c i a l  grain growth 

along the  bond l i n e s  of type 6061 Al a f t e r  ro l l i ng  remained about 85%. 
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We have not yet 

the l i fe t ime of 

Variations 

established the e f f ec t  

the  solutions.  

i n  temperature from 55 

standard have not changed the cleaning 

of the  d i l u t e  concentrations on 

t o  82°C compared t o  the  74°C 

re su l t s  s ign i f icant ly .  

Time in te rva ls  between cleaning and ro l l i ng  have been cursori ly  

examined fo r  times up t o  two weeks; again, no s igni f icant  e f f ec t s  were 

noted on the in t e r f ac i a l  grain growth a f t e r  ro l l ing .  

The shelf  l i f e  of the  solution appears t o  be a t  l e a s t  greater  than 

a few months. 

l i f e ,  although there  cer ta in ly  must be a point a t  which the  solution w i l l  

deter iorate .  

I n  fact ,  we have yet t o  see an inh ib i t ing  e f f ec t  of shelf  

To date, we have noted one variable t h a t  does inh ib i t  the  cleaning. 

The l i fe t ime of the solution i s  dependent upon the amount of A1 cleaned. 

We have seen in t e r f ac i a l  grain gr&h reduced t o  75% on roll-bonded 

sheets when a large amount of material  has been cleaned. 

deter iorat ion appears t o  be controlled by the weight of A1 dissolved 

i n  the cleaning solution. We a r e  now attempting t o  es tab l i sh  from both 

our r e su l t s  and the experience a t  Metals and Controls, Inc., the  to l e r -  

able l eve l  of A1 i n  solution. 

t o  use fo r  qual i ty  control.  

The r a t e  of 

This tolerance appears t o  be the factor  

A sludge t h a t  tends t o  prec ip i ta te  from the cleaning solut ion onto 

the floor of the tank must be removed from the cleaning tank because it 
will clog drains ,up t o  1 .5  in .  i n  diameter unless they a r e  flushed 

regular ly  with a large volume of water. 

Evaluation of Surface Chemistry on Some Chemically Cleaned Plates  
(R.  W. Knight) 

On one occasion, etching w i t h  Oakite 160 resul ted i n  a very uneven 

p l a t e  thickness,l l  as  shown i n  Fig. 19.5. 

type 6061-”6 A l ,  purchased from the same vendor, etched preferen t ia l ly  

after heat treatment a t  500°C f o r  1 h r .  An analysis of the unetched 

areas protruding above the  etched metal showed the inh ib i t ing  contami- 

nant t o  be N i .  

known. When the A1 was etched as received with no intervening heat 

treatment, no problems were encountered. We postulate t h a t  the p l a t e s  

Two 1/4-in. p la tes  of 

Whether the N i  i s  there  as a compound o r  f r ee  N i  i s  not 
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Raised, unetched 
area protected 
by Ni deposit 

Heavily etched area 

Fig. 19.5. Nonuniform Etching of Heat-Treated Type 6061 Aluminum 
With Nickel Contaminant. 

were exposed t o  a soluble N i  compound t h a t  was reduced during heat t r e a t -  

ment so t h a t  t he  inh ib i t ing  Niwas l e f t  diffused on t h e  surface of t h e  

p l a t  e. 

Fabrication Development 

W. R. Martin 

Deformation Character is t ics  of U3O8-Al and UAlx-Al Dispersion m e 1  
Plates  w i t h  Increased Loadings (M. M. Martin) 
- 

We showed12 t h a t  many factors  influence t h e  formation of t he  local-  

ized core thickening (a dogbone shape) i n  Al-based fue l  p la tes .  
judicious se lec t ion  of materials, p l a t e  design, and roll-cladding pro- 

cedures can reduce, i f  not e n t i r e l y  eliminate, the  formation of a dog- 

bone. The e f f ec t  of t h e  i n i t i a l  density of t h e  fuel dispersion on the  

formation of a dogbone i s  unknown, huwever. 

major importance t o  the  fabricator ,  s ince it can be controlled eas i ly .  

For example, f u e l  compacts With a la rge  i n i t i a l  void content may d e n s i e  

during the  first few passes through the  r o l l i n g  m i l l  instead of forming 

The 

This fac tor  may be of 
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a dogbone. That could reduce the dogboning i n  f i n a l  fue l  p l a t e s .  How- 

ever, any changes i n  core densi ty  must be carefu l ly  evaluated fo r  t h e i r  
e f f ec t s  on rad ia t ion  damage, s ince t h i s  problem increases with increasing 

density.  l3 

To determine the e f f e c t  of i n i t i a l  compact densi ty  on the  deformation 

charac te r i s t ics  of  Al-based fue l  plates ,  we a r e  invest igat ing the  forma- 

t i o n  of dogbone and the  f i n a l  void content of U308-Al and UA1 -A1 disper- 

sions t h a t  contain about 41 vol  ’$ of the  f i e 1  compound. 

concentrations a re  71.6 w t  ’$ u308 and 67.2 w t  ’$ UAlx and a r e  the  most 

heavily loaded fue ls  t o  be fabricated a t  ORNL. 
equivalent t o  t h e  7F element design f o r  the  ATR. The two fue l  compounds 

and the  matrix A1 were s imi la r  t o  previous batches, and t h e i r  U assay, 

toluene density, and d i s t r ibu t ion  of p a r t i c l e  s i zes  compare favorably 

with HFIR and ATR core mater ia ls .  

X 
The dispersoid 

The UAlx loading i s  

The dispersions were fabricated by conventional powder-metallurgy 

techniques and then clad with type 6061 Al by r o l l  bonding a t  490°C. 

To achieve various concentrations of voids, we chose compact pressing 

pressures of 20, 30, and 50 t s i  and compact degassing temperatures of 

25 (as pressed), 400, 500, and 600°C. All compacts t h a t  would subse- 

quently be degassed were pressed a t  30 t s i .  
Table 19.9 records t h e  average concentrations of dispersoid and 

voids i n  the compacts prepared f o r  the invest igat ion.  The values given 

i n  Table 19.9 a re  calculated from the  toluene densi ty  of the  u308, UAlX, 
and 101 A1 powders, the  weight of t h e  components i n  the  compacts, and 

t h e  geometric volume of the  compacts. 

bearing compacts had comparable void contents a t  each of the  three  

pressing pressures.  As expected, the  compacts pressed a t  50 t s i  a r e  

considerably more dense than those pressed a t  30 t s i ,  which, i n  turn,  

a r e  more dense than those pressed a t  20 ts i .  

Selected compacts were degassed a t  l e s s  than 0.05 t o r r  f o r  1 h r  a t  

As  pressed, the  U 3 0 g -  and UAlx- 

temperature. A comparison of pressed t o  degassed void contents i n  

Table 19.9 shows t h a t  the U308-A1 compacts grew about 1.5 vol ’$ regard- 

l e s s  of t he  degassing temperatures of 400, 500, and 600°C. Compacts t h a t  

contained UAlX, however, grew only 0.7 vol 

doubled t h e i r  void content a t  500°C. 

a t  400°C but  e s sen t i a l ly  

We bel ieve the  small degree of 
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Table 19.9.  Effect of Pressing Pressure and Degassing Temperature 
on the  Void Contents of 71.6 w t  4 U308-Al and 

67.2 w t  $ UAlx-A1 Compactsa 

- -  

Concentration, vol 4 
Dispersoid Voids 

C 
Degassing 

Temperature &o Press i n  
Pres sure 

( t s i )  ("C) 

20 

30 

50 

30 

30 

30 

20 

30 

50 

30 

30 

High-Fired U308-A1 Compacts 

None 39.0 

None 40.8 

None 42.2 

400 40.1 

500 40.2 

600 40.2 

Arc-Cast UAlx-A1 Compacts 

None 40.9 

None 43.1 

None 44.7 

400 42.8 

500 39.0 

13.5 

9.7 

6.7 

11.2 

11.2 

11.1 

13.8 

9.2 

5.8 

9.9 

17.9 

Compact dimensions: 0.73 in .  long by 0.96 i n .  wide by a 

bPressure applied f o r  6 sec.  

d 

0.15 i n .  thick.  

Compacts degassed f o r  1 h r  a t  l e s s  than 0.05 t o r r .  

Each value represents average from four compacts. 
dispersoid concentration and void content ranges were k O . 1  and 
k0.2 vol 4, respectively.  

C 

Maximal 

swelling i n  the  u308 compacts a t  400, 500, and 600°C and i n  the  UAlx 
compacts a t  400°C resu l ted  from the  evolution of adsorbed gases t h a t  

caused separation a t  grain boundaries and powder surfaces.  l4 Undoubtedly, 

the  transformation of the  UAlx, induced by diffusion,15 caused the large 

change i n  volume observed a t  500°C. 

values predicted from our e a r l i e r  work.14 

a t  600°C, but  t h e  UAlx-A1 compacts we intended t o  degas a t  600°C melted 

during the  degassing treatment when the furnace thermocouple f a i l ed .  

A l l  swelling observed agrees with 

We would expect more growth 
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From a practical viewpoint, we eliminated from this investigation the 
600°C treatment on UAlx-bearing compacts. 

We are rolling four identical compacts for each combination of 
pressing pressure and degassing temperature. 
was assembled into a single rolling billet and then roll bonded simul- 

taneously into four fie1 plates. Their hot reductions in thickness per 
pass in chronological sequence are 15, 15, 25, 25, 25, 25, 20, and 10%. 
Before each hot pass, the billets are rotated 180" about their longi- 
tudinal and transverse axes and reheated to rolling temperature. At 
the completion of hot rolling, the plates are cold rolled to 20% reduc- 
tion in thickness and annealed at 490°C. 

Each group of compacts 

After each hot-rolling pass and each cold-rolling mill setting, the 
billets are being analyzed for dogboning by x-ray attenuation. 
results through six hot passes for the U308-U dispersions pressed at 
30 tsi and degassed at 500°C are shown in Fig. 19.6. To,date, all the 

Typical 

Fig. 19.6. Dogboning of Four 71.6% U308-M Cores Within m e  6061 Al 
Compacts were pressed at Frames and Cover Plates During Rolling at 490°C. 

30 tsi and then degassed at 500°C. 
core end by x-ray attenuation techniques. 

Dogboning determined for unnumbered 

_ .  

_ -  
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p la t e s  have been ro l led  through the eighth pass, and we are  analyzing 
the  data. 

the next reporting period. 

We ant ic ipa te  t h a t  the investigation w i l l  be completed before 

After the p l a t e s  a r e  ro l led  and b l i s t e r  annealed, the density of 

the  clad dispersions w i l l  be obtained by conventional pycnometer tech- 

niques and from the  density of the  type 6061 A 1  cladding. 

be measured again a f t e r  cold ro l l i ng  and annealing. 

ca l  density of the dispersions, we can then calculate  t h e i r  void content. 

Density w i l l  

From the theore t i -  

Development of Nondestructive Inspection Techniques 

R. W .  McClung 

Radiographic Densitometry (B. E. Foster, S. D. Snyder) 

We have completed our extensive study of the  qual i ta t ive and quanti- 

t a t i v e  capabi l i t i es  and l imitat ions of radiography and densitometry f o r  

detecting and measuring fue l  inhomogeneity i n  dispersion-core fue l  p la tes  ? 
We investigated var iables  such as x-ray energy, exposure time, distance 

between f i lm and focal  spot, x-ray scattering, f i lm processing, safe-  

l i g h t  exposure, densitometer aperture size,  and repeatabi l i ty .  We found 

t h a t  by radiographing a s tep  wedge on the same fi lm with the fue l  plate ,  

assuming nominal fue l  loading, and obtaining a separate cal ibrat ion on 

each radiograph, comparative values of fue l  homogeneity could be made 

without exercising extremely close control of x-ray energy, exposure 

times, and f i lm processing. 

s tep wedge keeps such var ia t ions insignif icant  compared t o  the inaccuracy 

of 20.02 i n  measuring f i lm density due t o  the  inherent l imi ta t ion  of the  

densitometer. 

inhomogeneity a t  the  reference fi lm density of about 1.0 and x-ray 

energy of 100 ki lovol ts  constant po ten t ia l  (kvcp). 

be exercised t o  minimize loca l  var ia t ions i n  the in tens i ty  of the x-ray 

beam and fi lm processing. 

This m i l d  relaxation i s  possible since the  

This causes a k576 uncertainty i n  the  resul tant  data for  

O f  course, care must 

We found t h a t  exposure of film t o  safe l igh ts  before exposure t o  

x rays had l e s s  e f f ec t  on f i lm density than exposure t o  safe l igh ts  

a f t e r  exposure t o  x rays. Film exposure of 30 min t o  red safe l igh ts  
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produced a density change equivalent to only 6% inhomogeneity, but the 

same exposure to amber safelights caused a density change equivalent to 
70% inhomogeneity. 
exposure across the film. We recommend use of red rather than amber safe- 
lights for quantitative radiography-densitometry. 

This would be particularly troublesome for nonuniform 

Densitometric measurements were made on ten different areas 2 in. 
long by 0.078 in. wide of a radiograph of a HFIR fuel plate. 
graphic variables had been carefully controlled. 
for control, we determined the thicknesses of A1 for equivalent film 
density on each of these areas. 
standard or base, and the percentage difference of the other nine areas 
from this base was calculated. 
with the values obtained from x-ray attenuation scanning of these same 

All radio- 
Using an A1 step wedge 

Sample area 3 was selected as the 

These data are shown in Table 19.10 along 

sample areas. 
from x-ray attenuation scanning, and, with one exception, are within 
the +5$ uncertainty due to the inherent inaccuracy of 20.02 of the 
densitometer. 

The data from densitometry agree fairly well with those 

Table 19.10. Comparative Values of Fuel Inhomogeneity As Determined 
by Radiography and X-Ray Attenuation Scanning 

~ ~ ~~ 

Densitometry X-Ray Attenuation 
Equivalent Deviation of Al Scanning Deviation of 

Thickness of A1 Thickness From Sample 3 U Content From Sample 3 Sample 

(in. ) ($1 ($1 
1 
2 

3 
4 
5 

6 

7 

8 
9 

10 

0.140 

0.173 

0.201 

0.221 

0.233 

0.248 

0; 258 

0.255 

0.252 

0.250 

-30 
-14 

-33 
-14 

+10 

+16 

+23 

+28 

+27 

+27 

+24 

+10 

+19 

+2 5 

+27 

+2 6 

+23 

+16 
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Effect of Variations i n  Fuel Pa r t i c l e  Size on X-Ray Attenuation 
(B. E. Foster, S. D. Snyder, M. M. Martin) 

We began a program f o r  systematically checking the  e f fec t  of the  

s ize  and surface area of p a r t i c l e s  on the ca l ibra t ion  curve f o r  x-ray 

attenuation fo r  both high-fired and burned-U308 powders i n  f i e 1  p la tes .  

This program may allow us t o  evaluate the probable b ias  between the  

exis t ing ca l ibra t ion  curve and cal ibrat ion curves produced by well- 

defined p a r t i c l e  s izes  and provide a check on t h e  consistency of a 

par t ic le -s ize  recipe fo r  batch blending. 

po ten t ia l  fo r  es tabl ishing cal ibrat ion curves without analyt ical  chemis- 

try. 
s imilar  i n  s i z e  t o  i r r ad ia t ion  t e s t  p la tes .  They match the  present HFIR 

p la tes  i n  ro l l i ng  schedule, r a t i o  of A1:U per u n i t  of volume through the  

plate ,  f i l l e r  and cladding materials, and finished thickness. The var i -  

ables are  type of oxide, oxide loading, and oxide p a r t i c l e  d i s t r ibu t ion .  

After sampling, the as-received oxides were separated in to  known 

The study a l so  of fe rs  the 

The 52 p la tes  fabricated fo r  t h i s  program have f l a t  cores and a re  

mesh fract ions.  

on standard screens and a Ro-Tap Shaker. Preparation of the blends t o  

match the desired d is t r ibu t ion  of p a r t i c l e  s izes  required only recombining 

the  desired proportion of each separated f rac t ion .  

a l l  of the prepared materials a r e  tabulated i n  Table 19.11. 

the values fo r  surface area and toluene densi ty  appear t o  be independent 

of the p a r t i c l e  s i z e  but d i f f e r  for the  two types of U308. We conclude 

t h a t  the values fo r  surface area r e f l e c t  p r inc ipa l ly  the  surface rough- 

ness of the pmders and tha t  the differences i n  toluene density indicate  

the  amount of porosi ty  within the  pa r t i c l e s .  

toluene dens i t ies  for  the  various blends of e i the r  high-fired or  burned 

U3O8 a re  r e a l  but a r e  not believed t o  a f f ec t  the  f ab r i cab i l i t y  of the 

clad f i e 1  dispersion. 

To separate the  powders we sieved a s  many as  s i x  times 

Characterist ics of 

Note t h a t  

The var ia t ions among the  

Using the  appropriate par t ic les ,  we have pressed and degassed 52 

duplex compacts. 

long by 0.964 in .  wide by 0.268 i n .  thick,  consisting of two i n t eg ra l ly  

mating sections:  

Each compact i s  a rectangular parallelopiped, 0.734 in .  

(1) a fue l  section of 30 w t  $ ~ 3 0 8 - u  t h a t  var ies  i n  

thickness t o  permit the  desired loading of 1.0, 1.5, 2.0, and 2.5 g U, 
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Table 19.11. Characterization of Uranium Oxides 

Pa r t i c l e  Sizea 

Major Fines 
Specified Range Of flrrface Toluene Powder 

Blend Area Density Content Sizes 

Designation Mesh w (m2/g) (g/cm3> (wt 4) 

PB-12 

PB- 13 

PB-14 

PB-15 

PB-16 

PB-17 

PB-18 

PB-19 

PB-20 

PB-21 

PB-22 

PB-23 

PB-24 

PB-25 

High-Fired U308  (Batch 30-2627)  

-170 +200 88-74 0.052 8.129 84.68 

-200 +230 7 4 4 2  0.040 8.176 84.66 

-230 +270 62-53  0.047 8.141 84.66 

-270 +325 5 3 4 4  0.052 8.119 84.66 

-325 < 44 0.051 8.209 84.71 

b b 0.051 8.230 84.66 

C C 0.049 8.195 84.68 

Burned U3O8 (Batch 30-2628) 

-170 +200 88-74 0.227 7 .641  84.73 

-200 +230 74-62 0.205 7.678 84.79 

-230 +270 62-53 0.245 7.646 84.73 
-270 +325 53-44 0.303 7.658 84.75 

-325 < 44 0.269 7 .633  84.72 

b b 0.268 7 .662  84.71 
C C 0.256 7 .654  84.75 

105-62 

88-62 

88-53 

7 4 4 4  
62-0  

88-0 

88-0 

105-62 

88-53 

88-53 

74-44 
53-0 

88-0 

8 8-0 

2 

3 

2 

8 

55 

10 
9 

7 

7 

4 
8 

30 

13 

10 

a 

bAs received from Y-12 plant ; -  > 90 w t  3 -170 +32.5 mesh p a r t i c l e s .  

From Coulter Counter analysis .  

C Blend of  separated s i z e  f rac t ions ;  > 90 w t  4 -170 +325 mesh 
p a r t i c l e s .  

and ( 2 )  a complementary sect ion of Al f i l l e r .  

t he  void content of the  fue l  and f i l l e r  sect ions.  

sect ions of burned u308 i n  A1 contained about 2.5 vol '$ more voids than 

those with high-fired u308. For each type of fie1 dispersion, the  four 

f'uel loadings (four thicknesses of f u e l  sec t ion)  as  well  as  the  seven 

d i s t r ibu t ions  of U3O8 p a r t i c l e  s i zes  gave iden t i ca l  void concentrations. 

Table 19.12 summarizes 

As expected, the  fue l  

. I  
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Table 19.12. Void Content of Degassed Compactsa 

Estimate of 
Standard Deviation Number Average Void 

Composition of Concentration Degrees 
Value of 

(vol ’$) Fl-eedom 
Compacts (vol 

Fueled section 

30.16% high-fired u308 + Al 26 4.14 0.230 25 

30.03% burned u308 + A 1  26 6.69 0.322 25 

F i l l e r  section, Alcoa 101 A 1  5 2.69 0.070 4 

a 
Compacts pressed a t  30 tsi, then degassed f o r  1 h r  a t  500°C. 

The compacts have been clad with type 6061 A l ,  a lc lad with type 1100 

A l ,  and ro l led  in to  the desired p la tes  but have not been f u l l y  evaluated 

i n  p l a t e  form. 

Studies of Joining and Assembly 

G. M. Slaughter 

Joining Fuel Plates  t o  Side Plates (W. J. Werner) 

The data from our systematic investigation of the e f fec ts  of 

var ia t ions i n  electron-beam welding conditions on weld penetration and 

geometry a r e  being analyzed s t a t i s t i c a l l y .  

completed next quarter.  

These analyses should be 

We were unable t o  extend our study during t h i s  reporting period 

because a transformer i n  the power supply f o r  the electron-beam welder 

f a i l ed  and we were unable t o  obtain a replacement pa r t .  

now been shipped. 

A new pa r t  has 

. -  

Construction of Prototype Element (W. J. Werner, R. W .  Knight) 

The removable extension t o  our low-voltage electron-beam welding 

chamber was received and in s t a l l ed  (Fig. 1 9 . 7 ) .  

fo r  leaks and found that ,  with the exis t ing pumping f a c i l i t y ,  we were 

We checked the system 
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Photo 97252 

Fig. 19.7. Low-Voltage Electron-Beam Welder w i t h  Extension for  
Fabricating Aluminum Fbel Elements. 

read i ly  able  t o  achieve a vacuum of 4 X 

will probably occur during the welding of a HFIR element, provisions 

were made t o  a t tach  an addi t ional  d i f f i s i o n  pump t o  the  extension. 

drawings for  t he  ro t a t ing  mechanism were changed s l i g h t l y  t o  accommodate 

various lengths of HFIR fuel elements. We an t i c ipa t e  t h a t  construction 

of t h i s  piece of hardware will be completed during t h i s  reporting period. 

t o r r .  Since much outgassing 

The 

1. 

2. 

3. 
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20. TECHNICAL ASSISTANCE I N  PROCUREMENT OF FUEL ELl3MENTS 

G. M. Adamson, Jr. W. R. Martin 

The purpose of t h i s  program is t o  provide technical  ass is tance and 

inspection surveil lance t o  the  AEC-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 fo r  AEC-awned research 

reactors.  Through t h i s  program, immediate technical  help can be made 

avai lable  t o  analyze and solve problems as they a r i s e  i n  manufacturing 

plants of commercial vendors. 

Technical Assistance i n  Solving Pressing 
Manufacturing and Inspection Problem 

R. W. Knight 

Representatives of the National Lead Company v i s i t e d  ORNL t o  review 

recent developments i n  the  manufacture of f u e l  elements. We discussed 

causes and control  of nonuniform deformation (dogboning), manufacturing 

of UAlx,  procedures f o r  use of unclad type 6061 A 1  i n  f u e l  p l a t e s ,  and 

t h e  production of f u e l  elements f o r  t he  High Flux Isotope Reactor. 
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CLADDING AND OTHER STRUCTURAL MATERIALS 

... 

21. BEHAVIOR OF REFRACTORY MATERIALS UNDER IRRADIATION 

G. M. Watson’ G. W .  Keilholtzl  

The purpose of t h i s  program i s  t o  evaluate t h e  e f f ec t s  of high 

fast-neutron fluences a t  temperatures up t o  1100°C on t h e  propert ies  of 

re f rac tory  nuclear materials fo r  both space and c i v i l i a n  parer reactors.  

The invest igat ion of carbides, n i t r i d e s ,  and s i l i c i d e s  of re f rac tory  

metals i s  near ly  complete. 

(1) the  determination of t h e  effects  of He gas produced by f a s t  neutrons 

i n  depleted UN fue ls ,  and (2) invest igat ion of t h e  e f f ec t s  of fast neu- 

t rons  on materials considered f o r  control  of r e a c t i v i t y  i n  fas t - f lux  

reactors.  

The present program has two m j o r  object ives:  

I r rad ia t ion  Damage\to Nonfissionable Refractory Materials 

D. A. Dyslin2 R. E. Moorel H. E. Robertson‘ 

Refractorv Metal Carbides 

Results of i r r ad ia t ions  of carbides of T i ,  Zr, Ta,  Nb, and W a t  

intermediate and high temperatures were reported previously. 3-5 

of a low-temperature i r r ad ia t ion  a t  l o w  fluences a re  reported below. A 

high-fluence i r r ad ia t ion  a t  l o w  temperatures i s  s t i l l  continuing i n  the  

Engineering Test Reactor (ETR). Results of annealing experiments con- 

ducted out-of-reactor a r e  now avai lable  and have contributed t o  our 
understanding of mechanisms of neutron damage. 

Results 

hw-Temperature I r rad ia t ion  of Carbides. - Tho uninstrumented 

assemblies containing carbides were i r r ad ia t ed  a t  l o w  temperatures i n  

t h e  5-12 posi t ion of t h e  ETR. 

of each type of carbide f romthe  lowest t o  the  highest  r a t e  of gamma-heat 

generation a re  as follows : T i c ,  65 to, 100°C; Z r C ,  65 t o  90°C; TaC, 80 t o  

120°C; NbC,  70 t o  100°C; and WC, 90 t o  130°C. Results from the short-  

term assembly a re  reported below. 

s t i l l  undergoing i r r ad ia t ion .  

Calculated temperatures of t h e  specimens 

The long-term assembly of t he  pa i r  i s  



246 

The f r ac t iona l  volume expansions of specimens i r r ad ia t ed  i n  t h e  

short-term assembly a re  given i n  Table 21.1. I n i t i a l  slopes of t he  

curves f o r  f r ac t iona l  volume change (i. e. , AV/V, or change i n  volume 

divided by o r ig ina l  volume) versus fast fluence were obtained from plo ts  

of these data and a r e  as follows: T i c ,  0.24; ZrC,  0.22; TaC, 0.15; NbC, 

0.14; and WC, 0.24. 

H a l f  of t h e  specimens of each type of carbide were made by s l i p  

cast ing and half  by explosion pressing. 

ferences i n  AV/V between specimens made by t h e  two methods. 

There were no s ign i f i can t  dif-  

Out-of-Reactor Annealing Experiments. - Specimens of carbides t h a t  

were i r r ad ia t ed  a t  intermediate temperatures i n  previous experiments 

were annealed out-of-reactor a t  increasingly higher temperatures. 

annealing w a s  continued at  each temperature u n t i l  no fu r the r  changes i n  

dimensions could be detected. This took no more than 24 hr i n  most 

cases, but t h e  specimens were annealed longer t o  be ce r t a in  t h a t  the 

dimensions were s tab le .  

The 

Figures 21.1 and 21.2 show the  annealing r e s u l t s  f o r  T i c  and ZrC.  

In  each case there  w a s  a rapid reduction i n  t h e  f r ac t iona l  volume increase 

followed by a level ing of f  when the annealing temperature w a s  increased 

t o  900 t o  950°C. 

and llOO°C, but t he  explosion-pressed Z r C  specimen shrank considerably 

a t  1100°C. 

tu re s  above 900°C was unexpected, and we cannot yet explain it. 

Titanium carbide shrank only s l i g h t l y  more between 950 

The expansion of t h e  s l ip -cas t  specimen at  annealing tempera- 

The volume increase at  t h e  point a t  which level ing o f f  occurs may 

represent t h e  contribution of defect c lus t e r s  t o  the ove ra l l  volume expan- 

sion. Accordingly, t h e  shrinkage down t o  t h e  leveling-off point would 

represent t h e  contribution of t h e  e a s i l y  annealed s ingle  displacements. 

Annealing of c lus te rs  i s  assumed t o  be a s in t e r ing  process, which requires 

very high temperatures. 

Mechanism of Neutron Damge t o  Carbides at  I r r ad ia t ion  Temperatures 

up t o  1100°C. - Using more recent information, we recalculated t h e  irra- 

diat ion temperatures of t he  intermediate-temperature experiments reported 

previously. ' Volume increase of t h e  carbides over both .the intermediate- 

and high-temperature ranges are given i n  Fig. 21.3 w i t h  t h e  recalculated 

temperatures. The data  fo r  both temperature ranges indicate  an i n i t i a l  



Table 21.1. Fractional Volume Increase of Refractory-Metal 
Carbides I r rad ia ted  a t  Low Temperatures 

T i c  Z r C  TaC NbC wc 

Fast Fluence Frac t iona l  Fast Fluence Frac t iona l  Fast Fluence Frac t iona l  Fast  Fluence Frac t iona l  Fast Fluence Fractional 
[neutrons/cm2 Volume [neutrons /cm2 Volume [neutrons/cm2 volume [neutrons/cm2 volume [neutrons/cm2 Volume 
(> 1 MeV)] Increase (> 1 Mev)] Increase (> 1 MeV)] Increase (> 1 MeV)] Increase (> 1 Mev)] Increase 

0.14 0.016 0.12 0.017 0.16 0.020 0.18 0.016 0.13 0.009 

0.24 0.017 0.27 0.021 0.25 0.025 0.31 0.019 0.29 0.009 

.o. 33 0.018 0.30 0.021 0.34 0.027 0.36 0.021 0.32 0.008 

0.44 0.018 0.51 0.020 0.50 0.028 0.48 0.025 0.46 0.006 

0.47 0.019 0.52 0.021 0.53 0.027 0.55 0.020 0.50 0.008 

0.58 0.021 0.62 0.022 0.63 0.032 0.65 . 0.024 0.60 0.007 

0.70 0.021 0.68 0.025 0.73 0.030 0.67 0.026 0.71 0.007 

0.74 0.020 0.72 0.021 0.73 0.026 0.73 0.006 
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sa tura t ion  of t h e  volume increase a t  fast fluences below 

2 x 1O2I neutrons/cm2 (> 1 MeV). 

f luences . 
Shrinkage begins t o  occur at higher 

The work of Thorne, Howard, and Hope‘ on cubic Sic  inspired us t o  

develop a damage mechanism based on i r r ad ia t ion  annealing. 

reported evidence of i r rad ia t ion  annealing as wel l  as thermal annealing. 

The mechanism out l ined below explains the  i n i t i a l  sa tura t ion  e f f ec t  f o r  

carbides. 

These authors 

We a t t r i b u t e  the shrinkage tha t  occurs i n  the  refractory-metal car- 

bides a t  high fluences t o  secondary e f f ec t s  t h a t  become s igni f icant  only 

a f t e r  the i n i t i a l  saturat ion has occurred. These e f f ec t s  a re  discussed 

l a t e r  . 
The mechanism is  based on the  assumptions (1) t h a t  s ing le  displace- 

ments and small c lus te rs  axe produced i n  an atomic cascade when a fast 

neutron col l ides  with an atomic nucleus, and (2) t h a t  subsequent cascades 

can cause both s ingle  displaced atoms and atoms i n  c lus te rs  t o  re turn t o  

regular l a t t i c e  s i t e s .  The applicable r a t e  equations are 

Klfn - K2nA , d”A - =  
dOt C 

and 

(21.1) 

(21.2) 

where K1, K2, and K3 a re  r a t e  constants,  n is the  number of s ingle  dis-  

placements, n 

of atoms t h a t  occupy regular l a t t i c e  sites. 

are ,  respectively,  t h e  f ract ions of s ingle  displacements and atoms i n  

c lus te rs  produced per cascade. The fast 

fluence i s  ( O t ) ,  t he  product of fast f lux  and time. Thermal annealing, 

whether it occurs only as a r e s u l t  of disruption of atoms i n  the  region 

of a cascade or as a general consequence of t h e  temperature of t he  speci- 

men, i s  rapid as compared with the  r a t e  at which displacements a re  pro- 

duced. Consequently, there  i s  no meed t o  consider t he  fast f lux  and time 

as separate variables.  

A 
i s  the  number of atoms i n  c lus t e r s ,  and nc i s  the  number 

The coeff ic ients ,  f and g, 
B 

It i s  obvious t h a t  f + g = 1. 
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If V is  t h e  volume of a specimen a f t e r  i r r ad ia t ion ,  then F 

V = n v  + (21.3) F A A nBvB + nCvC ' 
where v v and v represent t h e  volumes per atom f o r  each type of 

atom i n  t h e  specimen. The o r ig ina l  volume of a specimen i s  t h e  product 

of t h e  t o t a l  number of atoms, n and vc. Therefore, 

A' B' C 

T' 

- n v  

T C  
vF = nv/v = 

n v  

Inser t ing  t h e  solut ions 

i n  a f i n a l  equation for  

n /n (v /v ) + nB/nT(vB/vC) + nC/nT - 1 . (21.4) A T A C  

f o r  Eqs .  (21.1) and (21.2)  i n t o  Eq. (21.4) r e su l t s  

t h e  volume increase of a specimen: 

(contribution of s ing le  displacements ) 

(contribution of c lus t e r s )  (21.5) 

The constants D, E, F, and G can be shown t o  be negative. Therefore, 

as ( a t )  i s  increased t o  approach in f in i ty ,  t he  f r ac t iona l  volume expansion 

approaches a sa tura t ion  value as follows : 

which i s  

(21.6) 

(contribution of s ing le  displacements ) 

(21.7) 

K1K2g 
i- ('BIvC - l ' (K lK3f  + K,K*g + ,K2K3 

(contribution of c lus t e r s  ) 
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The i n i t i a l  slope at the  beginning of i r r ad ia t ion  i s  represented by 

I 
I 

which reduces t o  

[w]ot + 0 = (vA/vC - 1) (EL + ECZ) 

(contribution of s ingle  displacements ) 

+ (vB/vc - l)(FC< + GC;) , 
(contribution of c lus t e r s )  (21.8) 

p i g y q o t  --f 0 - - (vA/vC - 1 ) K l f  + (vB/vC - 1)Klg . (21.9)  

The saturat ion value of AV/V [Eq. (21.7)] and t h e  i n i t i a l  slope f o r  

@t + 0 [Eq. (21.9) 1 can be e a s i l y  obtained from external  dimensional 

measurements of i r r ad ia t ed  specimens if there  i s  no separation a t  grain 

boundaries. Determination of t h e  spec i f ic  contributions of s ing le  dis- 

placements and c lus te rs  i s  more d i f f i c u l t .  Measurements of t he  l a t t i c e  

parameter can give t h i s  if t h e  assumption i s  va l id  t h a t  s ing le  displace- 

ments are the  so le  cause of changes i n  the  l a t t i c e  parameter. 

approach t o  the problem i s  through pos t i r rad ia t ion  thermal annealing. 

If c lus te rs  do not anneal out at  temperatures much below the  s in t e r ing  

temperature of t he  material ,  annealing curves should show the  point at  

which the  volume contribution of s ingle  displacements disappears. 

AV/V can be predicted by examining t h e  components of the  r a t e  constants. 

Each i s  proportional t o  the average cross sect ion f o r  s ca t t e r ing  of neu- 

trans of t h e  mi te r ia l ,  CJ and t o  the average number of atoms displaced 

i n  cascades, . The la t ter  i s  a function of t he  neutron energy. The 

r a t e  constants may be represented then as K1 = - s c  s c  
K 3  = 

re turn t o  regular l a t t i c e  si tes following a cascade. An increase in  

i r r ad ia t ion  temperature would, of course, r e s u l t  i n  a decrease i n  x and, 

hence, i n  K1. 

and would increase with an increase i n  i r r ad ia t ion  temperature. 

sa tura t ion  value of AV/V [see Eq. (21.7) 1 should, therefore ,  decrease 

Another 

The ef fec t  of i r r ad ia t ion  temperature on t h e  saturat ion value of 

- 
S’ 

NC - 
N x,  K2 = E N y, and 

N z. The f ac to r  x i s  the  f r ac t ion  of Nc that does not immediately s c  

The factors  y and z are  each a t  least r e l a t ed  t o  1 - x 

The 

I 

- -  

I 
I 
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- -  

I 

w i t h  

This 

were 

increasing temperature, s ince K1 decreases and K2 and K3 increase. 

i s  i n  accordance w i t h  t he  experimental r e s u l t s  fo r  carbides. 

Thorne -- e t  a1.6 found that the  changes i n  l a t t i c e  parameter f o r  Sic 

equivalent t o  i t s  changes i n  external  dimensions under a l l  condi- 

t ions .  If t h i s  indicates  t h a t  s ing le  displacements cause almost a l l  of 

t he  damage, then f g 1 and g E 0 f o r  S ic .  

displacements of t he  refractory-metal carbides must be present i n  clus- 

ters,  however, s ince t h e i r  increases i n  dimensions g rea t ly  exceed t h e i r  

increases i n  l a t t i c e  parameters. The f rac t ion  i n  c lus t e r s ,  g, is  prob- 

ably greater  i n  Z r C  than i n  T i c ,  s ince thermal annealing a f t e r  irradia- 

t i o n  has a greater  shrinkage e f f ec t  on T i c  than on Z r C .  Two fac tors  

t ha t  could be responsible f o r  the increase i n  g from S i  t o  T i  t o  Zr could 

be the  increase i n  masses of the atoms o r  t h e  increase i n  the  r a t i o s  

between the  atomic r a d i i  of t he  d i f f e ren t  metals and C. 

A s ign i f icant  f rac t ion  of the  

There a re  severa l  secondary e f f ec t s  t h a t  may account f o r  t h e  shrink- 

age below the  sa tura t ion  levels  a t  very high fast fluences. Transmuta- 

t ions  a re  l i k e l y  t o  have an effect  i n  TaC and NbC. We are  planning t o  

i r r ad ia t e  carbides i n  the  Experimental Breeder Reactor-I1 (EBR-11) , which 

has an almost pure fast f lux,  t o  evaluate the importance of slow-neutron 
transmutations. Another l i k e l y  secondary e f f ec t  i s  densif icat ion caused 

by elimination of small voids. Equation (21.5) does not take i n t o  con- 

s idera t ion  any void space within a specimen. If void space is  considered, 

t h e  f r ac t iona l  volume expansion can be expressed as 

AV/V = (AV/V)s + <AV/V), , (21. lo) 

V 
where ( L I V / V ) ~  represents t h e  s o l i d  expansion [Eq. (21.5)l and (AV/V) 

represents t h e  void expansion. 

value fo r  materials i n  which transmutations produce gases o r  i n  which 

there  i s  separation a t  grain boundaries. Otherwise, it w i l l  have a neg- 

a t i v e  value because small voids within the  l a t t i c e  w i l l  slowly be f i l l e d  

by atoms that  have been mved from t h e i r  previous posi t ions a f t e r  being 

s t ruck  by other  atoms i n  a cascade. 

The void expansion may have a posi t ive 

The improvelnent i n  s t a b i l i t y  with respect t o  gross f rac tur ing  a t  

high temperatures as compared with t h a t  at l o w  temperatures i s  assumed 
t o  be a consequence of t h e  reduced nurriber of atoms displaced a t  high 
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temperatures. The greater  thermal s t a b i l i t y  of t he  displacements i n  

specimens i r rad ia ted  a t  high temperatures is  e i the r  not s ign i f icant  or 

i s  masked by the  f ac t  t h a t  there  are fewer of them. 

s ingly o r  i n  c lus te rs ,  apparently embrit t le or  weaken the  s t ruc ture  and 

contribute t o  propagation of f ractures .  

t h a t  c lus te rs  have a greater e f f ec t  i n  producing gross f ractur ing than 

s ingle  displacements. For example , Z r C  i r r ad ia t ed  at  intermediate t e m -  

peratures w a s  damaged much more than T i c ,  which, according t o  evidence 

Displacements, 

There i s  some reason t o  believe 

gained by annealing s tudies  and measurements of the l a t t i c e  parameter, 

contains a smaller f rac t ion  of i t s  displacements i n  c lus te rs .  

Since the damage mechanism predicts  sa tura t ion  w i t h  a constant 

r a t i o  of displacements and c lus te rs ,  it seems possible t h a t  some carbides 

would have a useful  l i f e  as high-temperature components i n  fast reactors 

very much beyond the  highest fast fluences achieved i n  our experiments. 

Materials f o r  such long-term applications should have very low neutron- 

absorption cross sections fo r  fast neutrons and should be of high purity.  

A low r a t i o  of c lus te rs  t o  s ing le  displacements (g : f )  may a l so  be 

desirable.  

Effects of I r rad ia t ion  on LMFBR Fuels 

D. A. Dyslin2 R. E. Moore1 H. E. Robertson' 

Effects of Helium'Gas Produced by Fast Neutrons i n  Depleted UN 

Fuels t h a t  contain N a re  being considered f o r  use i n  fast breeder 

reactors.  A n  understanding of t he  effects of gas generation within 

n i t r ide  fue ls  would a id  in  t h e i r  development. 

f i s s ion  products, n i t r i d e  fue ls  a l s o  produce He gas through the  

14N(n,a)11B fast-neutron reaction. 

He alone ( i . e . ,  without the  generation of f i s s ion  gases) are being eval- 

uated i n  i r rad ia t ions  of depleted fuel.  

In  addition t o  Xe and K r  

The effects of the  generation of 

A high-temperature (lO0O'C) instrumented assembly and a low- 

temperature (about 150" C )  uninstrumented assembly, both of which contain 

specimens of depleted n i t r i d e  fue l ,  were prepared f o r  i r r ad ia t ion  i n  t h e  

ETR. The specimens, which a re  nominally 0.25 in .  i n  diameter by 0.4 in.  

long, are of three types:  UN, UL5N, and UN-UC (50-50 mole 4) .  The 
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low-temperature assembly i s  now undergoing i r rad ia t ion .  The expected 

range of exposure i s  0.5 t o  2.0 x neutrons/cm2 (> 1 Mev). The high- 

temperature assembly required modification before it could be inser ted  

in to  the  E'I'R. After modification, it w i l l  be i r r ad ia t ed  t o  the  same 

range of fluences as t h e  low-temperature assembly w i l l  have received. 

Post i r radiat ion examinations w i l l  include He analysis  of capsules 

of t h e  assemblies , dimensional measurements, metallography, and electron 

microscopy. Comparisons of t h e  property changes of depleted UN and 

depleted U l 5 N  w i l l  d i r e c t l y  measure the  e f f ec t  of t he  (n,a) reaction, 

s ince t h i s  react ion does not occur i n  U I 5 N .  

i n  t he  two capsule assemblies were planned s o  that gas analyses w i l l  

provide information on He release from both UN and UN-UC (50-50 mole 46). 

The specimen arrangements 

Fast-Neutron Effects on Materials fo r  Neutron Absorption i n  Fast Reactors 

Assemblies a r e  being designed and specimens a re  being prepared f o r  

i r r ad ia t ion  of fast-neutron absorbers i n  a blanket f a c i l i t y  i n  row 8 of 

t h e  EBR-11. 

each be i r r ad ia t ed  at  400 and a t  750°C. The He gas released a t  each of 

t h e  two temperatures by each type of B4C w i l l  be measured and analyzed. 

Specimens of Ta metal, TaC, and other neutron absorbers w i l l  be i r r ad i -  

a ted  a t  400 and 750°C i n  other asseniblies. Dispersions. of Ta metal and 

BhC w i l l  be i r r ad ia t ed  i n  a subsequent s e r i e s  of experiments. 

'Jho types of B4C specimens with d i f fe ren t  r a t i o s  of B:C w i l l  
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22. J O I N I N G  RESEARCH ON NUCLEAR MATERIALS 

J. R. Weir, Jr. G. M. Slaughter 

"he purpose of t h i s  program i s  t o  gather t he  fundamental and 

applied data  needed t o  understand t h e  weldabi l i ty  of materials t h a t  are 

e i t h e r  being considered or are current ly  used for  nuclear applications.  

Fundamental s tudies  are '  concerned with t h e  e f f ec t s  of minor consti tuents 

on t h e  behavior of weldments. 

t e n i t i c  s t a in l e s s  s t e e l s  and t h e  al loys t h a t  a r e  r i c h  i n  N i ,  such as 

Incoloy 800 and Inconel 600. 

with the  influence 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 - inves t iga t ed  f i e l d .  

We a r e  espec ia l ly  in t e re s t ed  i n  t h e  aus- 

In  addition, a modest program concerned 

As a r e s u l t  of this  broad-based program, we plan t o  develop modifi- 

cations i n  both a l l o y  composition and procedures needed t o  improve t h e  

qua l i ty  of weldments used i n  the  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 Weldability 

Our continuing invest igat ion of t h e  e f f ec t  of minor var ia t ions  i n  

those elements usual ly  present i n  small quant i t ies  i n  s t r u c t u r a l  mate- 

rials has included Incoloy 800, Inconel 600, and s t a in l e s s  steel .  

Weldability of 18% Cr-8$ Ni Class of Stainless  S tee l  (D. A. Canonico, 
W. J. Werner) 

We a re  continuing our bas i c  s tudies  concerning the  influence of 

chemical composition and welding var iables  on t h e  amount and d i s t r ibu t ion  

of f e r r i t e  i n  weld metal. 

We obtained from a vendor electrodes f o r  shielded metal-arc welding 

t h a t  provide weld metal containing nominally 0,  2, 5 ,  7, 10, and 159 

f e r r i t e .  

deposit beads on 1/2-in.-thick type 304 s t a in l e s s  s tee l  p l a t e  under 

controlled welding conditions of current,  voltage,  and travel speed. 

"he conditions, se lec ted  t o  provide heat input ranges from 10,000 t o  

These electrodes were used with an automatic welding head t o  

'I 
I 
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. _  

60,000 J / in . ,  were achieved p r i m r i l y  by changing t r a v e l  speed. 

we have a l s o  invest igated t h e  e f f ec t s  of var ia t ions i n  current and vol t -  

age a t  a given t r a v e l  speed. 

metallographically . 

However, 

The weld specimens a re  being investigated 

Effect of Minor Elements on the  Hot Duct i l i ty  of Inconel 600 
(D. A. Canonico, W. J. Werner) 

We are studying t h e  microstructures of simulated heat-affected 

zones in  a l loys of t h e  Inconel 600 type as a function of minor d i f f e r -  

ences i n  composition.l 

15  compositions investigated.  

Table 22 .1  l i s t s  the  chemical analyses of t he  

Both t h e  f rac ture  a rea  A d  t h e  unaffected 

base metal of t he  alloys were investigated metallographically t h i s  

quarter.  

The microstructures i n  the  f rac ture  area resu l ted  from mater ia l  that  

w a s  heated t o  the  temperature a t  which t h e  d u c t i l i t y  for  t h a t  pa r t i cu la r  

composition w a s  zero. Hence, t h e  microstructures a re  representative of 

t h e  zero-duct i l i ty  temperature (ZDT) and a re  not necessar i ly  t h e  same 

f o r  t h e  various specimens. The base-metal r e su l t s  i n  a l l  instances 

r e f l e c t  only t h e  e f f ec t  of an e a r l i e r  anneal a t  1180°C and a re  a l t e r e d  

by t h e  subsequent thermal excursion experienced by t h e  metal i n  t h e  

f rac ture  area. 

In  Fig. 2 2 . 1  are photomicrographs of unaffected base metal from 

a l loy  600-1 ( e s sen t i a l ly  a Ni-Cr-Fe ternary)  and f romthe  nominal compo- 

s i t i o n  of Inconel 600 (a l loy  600-2). 

resu l ted  i n  a much f i n e r  grain s ize .  This difference i n  grain s i z e  i s  

maintained at  t h e  ZDT f o r  these al loys.  

The addi t ion of C ,  S i ,  Mn, and Cu 

The next series of a l loys ,  600-3 through 600-5, were designed t o  

invest igate  t h e  e f f ec t  of increasing S content on the  propert ies  of t h e  

nominal Inconel 600 composition. 

both the ZDT and t h e  d u c t i l i t y  of t h e  a l loy  "on heating" and "on cooling.lt2 

A probable reason f o r  t h e  differences i n  the  propert ies  of t h e  three  com- 

posi t ions i s  seen i n  Fig. 22.2. 

l iquat ion a t  t h e  grain boundaries i n  t h e  a l loys  with l o w  S (a l loy  600-3) 

and i n  gross l iqua t ion  i n  t h e  a l loy  (al loy 600-5) with highest S (0.012%). 

Increasing S resu l ted  i n  a decrease i n  

Increasing S content resu l ted  i n  some 



Table 22.1. Nominal and Actual Compositions of t h e  Inconel 600 Hot-Duct i l i ty  Specimens 

Compos it ion 

( w t  4)  (PPI 
Alloy 

Designation 
Ni Cr %e C H2 N2 02 S P si A l b  cu Ti B R J  

600-1 

600-2 

600-3 

600-4 

600- 5 

600-6 

600-7 

600- 8 

600-9 

600-10 

600-11 

600-12 

600-13 

600-14 

600-15 

75.2 15.9 

75.6 16.1 

75.2 16.0 

74.7 15.5 
74.5 15.7 

70.9 15.9 

73.7 15.8 

72.6 15.9 

72.6 16.2 

72.3 16.2 

73.7 16.1 

75.6 16.2 

75.4 1 5 ; 9  

75.2 16.0 

72.5 16.6 

8. I3 
8.55 

8.40 

8.04 

8.32 

12.1 

9.33 

10.4 

11.4 

11.5 

8.98 

8.28 

8.11 

9.05 

11.3 

0.004 

0.028 

0.028 

0.025 

0.026 

0.027 

0.026 

0.023 

0.034 

0.026 

0.026 

0.033 

0.022 

0.026 

0.026 

0.0011 
0.0002 

< 0.0001 
0.0002 

0.0005 

0.0008 

0.0029 

0.0025 

0.0021 

0.0029 

0.0019 

0.0009 

0.0012 

0.0002 

0.0005 

0.0004 

0.0010 

0.0004 

0.0005 

0.0010 

0.0013 

0.0018 

0.0028 

0.0016 

0.0011 

0.0007 

0.0015 

0.0015 

0.0013 

0.0008 

0.019 

0.0081 

0.0005 

0.0025 

0.0061 

0.0079 

0.017 

0.082 

0.0075 

0.018 

0.0079 

0.0086 

0.012 

0.016 

0.011 

0.003 

0.002 

0.006 

0.010 

0.012 

< 0.002 

< 0.002 

< 0.002 

0.003 

0.003 

0.006 

0.009 

0.009 

0.009 

0.008 

0.001 0.01 < 0.05 

0.002 0.2 < 0.05 

0.001 0.2 < 0.05 

0.002 0.2 < 0.05 

0.002 0.2 < 0.05 

0.006 0.2 < 0.05 

0 . O l l  0.2 < 0.05 

0.015 0.3 < 0.05 

0.004 0.2 < 0.05 

0.006 0.2 < 0.05 

0.008 0.2 < 0.05 

0.002 0.2 < 0.05 

0.002 0.2 < 0.05 

0.002 0.2 < 0.05 

0.007 0.2 < 0.05 

0.007 

0.11 

0.11 

0.15 

0.12 

0.23 

0.20 

0.17 

0.16 

0.17 

0.17 

0.32 

0.48 

0.84 

0.80 

< 0.01 
0.026 

0.022 

0.029 

0.18 

0.021 

0.021 

0.018 

0.024 

0.023 

0.018 

0.021 

0.024 

0.029 

0.022 

< 0.01 1 < 2 

< 0.01 1 < 2 

< 0.01 1 < 2 

< 0.01 2 < 2 
IU ul < 0.01 < 0.2 < 2 co 

< 0.01 0.3 < 2 

< 0.01 0.3 < 2 

< 0.01 0.3 < 2 

< 0.01 0.4 < 2 

< 0.01 0.7 < 2 

< 0.01 0.2 < 2 

< 0.01 0.2 < 2 

< 0.01 0.4 < 2 

< 0.01 0.4 < 2 

< 0.01 0.5 < 2. 



259 

Fig. 22.1. Photomicrographs Showing the  Gross Difference i n  Grain 
Size Between (a) the  Ni-Cr-Fe Ternary Composition (Alloy 600-1) and 
(b) the  Nominal Inconel 600 Composition (Alloy 600-2). 
annealed at  1180°C. 1OOx. 

Both alloys were 
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Fig. 22.2. Photomicrographs of the  Fractured Regions of the Speci- 
mens f o r  Tests of Zero-hrcti l i ty Temperature. 
gross l iquation as t h e  sulfur content is increased. 1OOx. 

Note the  tendency toward 
(a) A l l a y  

600-3: 0.006% S, ZDT = 1 3 3 8 ° C .  (b) A l l o y  600-4: 0.010% S, ZDT = 133OOC. 
(c) Alloy 600-5: 0.012% S, ZDT = 1300°C. 

I 
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The laminar d i s t r ibu t ion  of S i s  a l s o  readi ly  apparent i n  photomicrographs 

of t he  unaffected base metal. Moreover, t he  presence of S has resul ted 

i n  areas of large grains s o  t h a t  t h e  a l loy  with high S content has many 

locations i n  which the  grain s i z e  is equal t o  t h a t  seen i n  the  pure t e r -  

nary (Fig. 22.1).  Figure 22.3 shows the  microstructures of t he  unaf- 

fected base metals ( tha t  i s ,  samples t h a t  were not l a t e r  subjected t o  a 

welding thermal cycle) .  

The e f fec t  of 0.006 t o  0.015% P was invest igated with al loys 600-6 

through 600-8. Phosphorus does not appear t o  have a deleterious e f fec t .  

The f rac ture  behavior a t  t he  ZDT is  similar t o  t h a t  of t h e  nominal a l loy  

(a l loy  600-2). 

of t h e  unaffected base metal, fo r  there  w a s  no discernable difference 

between the  a l l o y  with no P addi t ion (0.002% P) and a l loys  with varying 

additions of P. 

This s imi l a r i t y  i s  a l s o  evident i n  the  microstructures 

When both P and S a re  added (alloys 600-9, 600-10, and 600-ll), S 
appears t o  dominate, and i t s  e f f ec t  on grain coarsening and banding i s  

evident. In  Fig. 22.4 a r e  photomicrographs of t h e  unaffected base metal 

from a l loy  600-9 (0.003% S and 0.004% P) and a l loy  600-11 (0.006qd S and 

0.008% P) .  

Increasing t h e  Mn content from 0.11 t o  0.84% i n  the  presence of 

nominally O.OlO$  S had no apparent e f f ec t  on the  microstructure of t h e  

base metal o r  on f rac ture  morphology a t  t h e  ZDT. The grain s i ze  of t h e  

a l loy  high i n  Mn (a l loy  600-14) is  similar t o  t h a t  of t he  te rnary  a l loy  

(al loy 600-1). 

containing Mn and S (a l loy  600-14) resu l ted  i n  a considerable refinement 

of the  grain s ize .  This difference is shown i n  t h e  photomicrographs i n  

Fig. 22.5. This refinement i n  grain s i z e  i s  i n  contrast  t o  t h e  r e su l t s  

seen i n  Fig. 22.4, where the  e f f ec t  of S w a s  dominant. An associat ion 

between the  Mn and S is  indicated. This would make the  e f f ec t  of S innoc- 

uous and promote the  dominance of t he  e f f ec t  of P as i n  a l loy  600-15. 

However, t he  addition of 0.007% P t o  the  nominal a l loy  
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II 

I 
I 
I 

Fig. 22.3. Photomicrographs Showing the  Effect of Increased Sulfur 
Content on the Microstructures of the Unaffected Base Metal. 1OOx. 
(a) Alloy 600-3: 0.006% S. (b) Alloy 600-5: 0.012% S. 
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Fig. 22.4. Photomicrographs of Inconel 600-Type Allays Containing 
Both Sulfur and phosphorus. 
are  evident i n  the lower photomicrograph. 1OOx. (a) A l l o y  600-9: 

The effects on grain coarsening and banding 

0.003% S and 0.004% P. (b) Alloy 600-11: 0.006% S and 0.008% P. 
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Fig. 22.5. Photomicrographs of Alloys Containing Nominally O.OlO$ S 
and 0.80% Mn With and Without Added Phosphorus. Note the reduction i n  
grain s i ze  tha t  accompanies the  phosphorus addition. 1OOx. (a) Alloy 

0.8% Mny and 0.007$ P. 
600-14: 0.009% S 0.84% Mn, and 0.002% P. (b) Alloy 600-15 : O.OOS% S , 
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The Effect  of Defects on t h e  Mechanical Properties of Weldments 

G. M. Slaughter 

Electron-Beam Welds i n  Inconel 600 (C. D. Lundin3) 

The electron-beam w e l d s  made i n  Inconel 600 specimens4 at beam 

Eight t e n s i l e  angles of 90 and 45" were mchined and radiographed. 

specimens were- obtained from each t e s t  p la te .  

were obtained i n  each specimen, but most of t h e  d iscont inui t ies  were i n  

t h e  welds made with a beam angle of 45". 

s t rength  w i l l  be t e s t e d  with the  Gleeble h o t - d u c t i l i t y  machine i n  an 

e f f o r t  t o  evaluate t h e  e f f e c t  of t h e  d iscont inui t ies .  We w i l l  a l s o  

determine t e n s i l e  s t rength  a t  room temperature. 

Discontinuity indicat ions 

Short-time s t ress-rupture  

The f r a c t u r e  surfaces of t h e  d iscont inui t ies  excised from t h e  

electron-beam welds were recorded by scanning e lec t ron  photomicrographs. 

These fractographs a r e  being analyzed, and t h e  f r a c t u r e  charac te r i s t ics  

of these welds w i l l  be compared with t h e  f r a c t u r e  charac te r i s t ics  of 

welds i n  other  Ni-base a l loys .  
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23. NONDESTRUCTIVE TESTING 

W. 0. Harms R. W. McClung 

Our t a s k  is  t o  develop new and improved methods of nondestructively 

t e s t i n g  reactor  materials and components. We a r e  studying various phys- 

i c a l  phenomena, developing instruments and other  equipment , devising 

techniques , and designing and fabr ica t ing  reference standards. Among 

the  methods being s tudied f o r  both normal and remote inspection a re  

electromagnetics (with major emphasis on eddy currents)  , ult rasonics  , . 

penetrating radiat ion,  and holography. 

Electromagnetic Inspection Methods (Eddy Currents) 

Solutions fo r  Electromagnetic Induction Problems (C. V. Dodd, W. E. Deeds,’ 
J. W. Luquire,l C. C .  Cheng2) 

We continued research and development on both ana ly t i ca l  and empir- 

i c a l  bases. We derived t h e  equations f o r  t h e  solut ion of electromagnetic 

induction problems for  a number of addi t iona l  configurations of  c o i l  and 

conductor. 

p la tes  and f o r  a c o i l  encircl ing two concentric, spher ica l  shel ls .  The 

answer t o  t h e  former case is  in  terms of an i n f i n i t e  i n t eg ra l ,  and t h a t  

f o r  t h e  l a t te r  case i s  i n  terms of an i n f i n i t e  sum. Both cases a r e  suf- 

f i c i e n t l y  general t o  allow t h e  so lu t ion  of a considerable number of d i f -  

ferent  problems of electromagnetic induction. We derived equations fo r  

physical  phenomena such as the  c o i l  impedance, t h e  power d iss ipa ted  i n  

t h e  various conductors , t he  time-averaged electromagnetic force,  the  

voltage induced, and t h e  e f f ec t  of a defect. These equations can be 

evaluated by means of a d i g i t a l  computer. 

We are continuing t o  study t h e  problem of a defect i n  a conductor. 

These include those f o r  a c o i l  between a number of conducting 

This problem requires t h e  solut ion of t he  vector Helmholtz equation with 

very d i f f i c u l t  boundary conditions. 

rec iproc i ty  theorem and inc reased the  accuracy of t he  expression fo r  t h e  

defect, but w e  s t i l l  have not achieved the  desired accuracy i n  the  

s olu t  ion. 

We have derived a more general  

_ -  

_ -  

I 
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We studied the  use of a time-sharing computer f o r  t h e  analysis of 

eddy-current problems ; t he  abs t rac t  appears below : 

A technique w a s  developed for  quick and accurate ' 

calculat ion of eddy current probe c o i l  problems. 
of i n t e g r a l  equations was derived f o r  describing various 
eddy current phenomena such as c o i l  impedance, voltage 
induced i n  co i l s  and the  e f f ec t  of mater ia l  defects.  
These i n t e g r a l  equations can be numerically evaluated 
f o r  various c o i l  and conductor parameters. By using a 
time-sharing computer t o  perform t h i s  operation, t he  
designer can quickly achieve accurate answers t o  eddy 
current c o i l  problems. 

A s e t  

We a lso  devised computer programs f o r  some eddy-current .problems; 

t he  abs t rac t  of our report  appears below:4 

This report  contains computer programs f o r  solving 
some eddy-current problems frequently encountered i n  
nondestructive tes t ing .  Operating instruct ions and 
examples a re  given f o r  each program. These programs are  
wr i t ten  i n  BASIC language and my be used on a time- 
sharing computer. Various eddy-current t e s t s  can be 
quickly and accurately designed by u t i l i z i n g  these programs. 

Ultrasonic Inspection Methods 

Optical Visualization of Ultrasound (H. L. Whaley, Jr. , K. V. Cook) 

We mde severa l  improvements i n  t h e  op t i ca l  system i n  preparation 

for our study of weld samples with the  schl ieren apparatus. We devised 

a method for simultaneously mounting two l i g h t  sources on the  op t i ca l  

bench i n  such a way t h a t  a minimum of realignment i s  necessary t o  switch 

from one t o  the  other. This allows us t o  use a rap id ly  pulsed l i g h t  

source when m a x i m u m  in t ens i ty  i s  not e s s e n t i a l  and t o  use one t h a t  f lashes  

only about once per second but t h a t  has very high in t ens i ty  whenever mx-  

imum s e n s i t i v i t y  i s  required. Since the  high-intensi ty  source f lashes  

only once per second, a problem of lack of v i sua l  persistence occurs f o r  

t h e  operator. 

of an incandescent bulb (bu i l t  i n t o  t h e  pulsed l i g h t  source for alignment 

One s t e p  taken t o  counter t h i s  problem w a s  t h e  rewiring 
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purposes) t o  produce a continuous background of adjustable  in tens i ty  on 

the  te lev is ion  monitor. A long-persistence p ic ture  tube in s t a l l ed  i n  

the  te lev is ion  monitor a l so  proved t o  be a major improvement. 

of these improvements, routine use of the  system with the  high-intensity 

pulsed source i s  now pract ical .  

Because 

We were successful i n  recording v i sua l  sequences f romthe  te lev is ion  

monitor w i t h  both a video tape recorder and on motion p ic ture  films f o r  

educational and i l l u s t r a t i v e  purposes. 

Frequency Analysis (H. L. Whaley, Jr. , K. V. Cook) 

-we  are  invest igat ing v d i a t i o n s  i n  frequency spectra  of ul t rasonic  

pulses re f lec ted  from f l a t ,  c i r cu la r  r e f l ec to r s  located on the  extended 

axis  of a transducer immersed i n  water. Among t h e  variables being con- 

sidered are the  distance f romthe  source t o  the  r e f l ec to r ,  t he  r e l a t ive  

diameters of the  source and r e f l ec to r ,  t h e  r e l a t i v e  dimensions of the 

diameter of the  r e f l ec to r  and t h e  ul t rasonic  wavelength, and the  angular 

or ientat ion of t he  r e f l ec to r  w i t h  respect t o  the  axis  of t he  source. The 

r e f l ec t ing  surfaces a re  the  f la t ,  polished ends of a number of brass ,  Cu, 

and Al rods ranging i n  diameter from 7 .1  m (0.281 i n . )  t o  0.79 mm 

(0.031 i n . ) .  Several d i f fe ren t  materials were selected because of t h e  

poss ib i l i t y  tha t  some of the  e f f ec t s  might depend on spec i f i c  acoustic 

impedance. 

So t h a t  w e  might change the  angle of incidence without changing the  

water path or moving the  center of t h e  r e f l ec t ing  rod off  the source 

ax is ,  we designed and fabricated a mechanical apparatus t o  ro t a t e  the 

rod about a diameter i n  the  plane of i t s  f la t  end. Mechanical posit ioning 

must be very precise and reproducible i f  r e su l t s  are t o  be reproducible, 

especial ly  when the  water path i s  small enough t h a t  t he  r e f l ec to r  i s  

inside the .  ''near f i e l d "  of the  transducer. 

I n i t i a l  experiments were performed with a nominal 2.25-MHzY 1.9-cm- 

diam (0.75 in .  ) transducer a t  two different  distances from t h e  re f lec tor ;  

one of these posit ions w a s  inside the  near f i e ld .  The transducer is 

excited by shock t o  produce a spectrum from about 0.5 t o  4.0 MHz. 

ni f icant  var ia t ions were observed i n  the  frequency spectrum of t h e  

re f lec ted  pulse as a function of r e f l ec to r  s i ze  and angular orientation. 

Sig- 

I 
I 
I 
I 
I 
I 
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These var ia t ions a r e  qui te  reproducible. We bel ieve that these e f f ec t s  

a re  due t o  a number of in te rac t ing  phenomena, and we are devising both 

experimental and theo re t i ca l  approaches t o  separate  them. We are a l s o  

invest igat ing ana ly t i ca l  approaches t h a t  might be applicable t o  t h e  

problem. 

Fabrication of Reference Notches (H. L. Whaley, Jr., K. V. Cook) 

We a r e  continuing work on t h e  problems encountered i n  inspecting 

tubing by u l t rasonic  methods. 

erence notches t h a t  can be used as r e a l i s t i c  standards f o r  cal ibrat ion.  

Since electro-discharge mchining (EDM) appears t o  be a r e l i a b l e  method 

fo r  making both inner- and outer-surface notches, we a re  continuing our 

s tud ies  of notch fabricat ion.  

a t ing  appropriate reference curves f o r  both longi tudinal  and transverse 

notches . 

A major problem i s  t h e  fabr ica t ion  of ref-  

A s  w e  encounter new a l loys ,  we a r e  gener- 

We have assembled a 6-in. l a the  system fo r  making s i l icone  rubber 

rep l icas  of t h e  complete inner surface of notched standards fo r  tubing. 

The l a the  spins  t h e  tube while t h e  rubber hardens. 

We can now machine transverse notches inside 0.200-in.-ID tubing as 

much as 7 in .  from the  end of  t h e  tube. Calibration on t h e  long t rans-  

verse cu t t ing  a r m  i s  excellent;  however, severa l  modifications were 

necessary i n  the  procedural d e t a i l s  f o r  making t ransverse notches t h i s  

far from t h e  end. 

tuned, and at tached t o  the  cu t t ing  system t o  v ib ra t e  the  t o o l  so  t h a t  it 
would not become welded t o  the  workpiece. We a r e  making increased use 

of Ta shims fo r  t h e  cu t t ing  t o o l  because they wear less rap id ly  than 

brass shims and produce notches w i t h  s t r a i g h t e r  sides.  We have planned 

addi t iona l  work t o  fur ther  improve t h e  charac te r i s t ics  of t h e  machined 

notch. 

A motor and dither-weight assembly w a s  designed, 

W e  cooperated w i t h  t he  Plant and Equipment Division of ORNL t o  

design an EDM device t h a t  i s  being fabricated t o  operate i n  an environ- 

mental chamber. This system w i l l  be used t o  study t h e  e f f ec t  of tempera- 

t u r e  on microcracking generated during electro-discharge machining of 

reference notches i n  W- and Mo-based al loys.  
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Penetrating-Radiation Inspect ion Methods 

X-Ray Attenuation (B. E. Foster, S. D. Snyder) 

During the past  several  years we successfully used penetrating 

radiat ion fo r  determining the homogeneity of reactor  fue ls  and other 

materials w i t h  high atomic nurnbers and fo r  determining the  thickness of 

coatings of C on microspheres of nuclear fuels .  But we had not used 

t h i s  method fo r  measuring the  homogeneity of materials with low atomic 

numbers, such as graphite. Since most previous determinations of the 

homogeneity of graphite were made by radiography on a qua l i ta t ive  basis ,  

we f e l t  t h a t  a l imited study t o  determine the  quant i ta t ive sens i t i v i ty  

of our x-ray attenuation equipment would be valuable. 

We obtained two 1 1/4-in.-thick blocks of graphite, one 

8 1 /2  x 3 1/4 in. and t h e  other 8 1 / 2  x 1 1/4 in .  

se r ies  of f ive  1/8-in. -diam and f ive  1/16-in. -diam flat-bottomed holes 

d r i l l e d  t o  depths of about 0.050, 0.100, 0.150, 0.200, or 0.250 in.  

Since we did not have graphite standards of known density and thickness, 

we re la ted  the  attenuation measurements t o  equivalent changes i n  the 

thickness of A l .  The x-ray energy conditions were 50 kvcp (ki lovol ts  

constant po ten t ia l )  at  2.5 m a  with a 0.078-in.-diam beam. We did not 

t r y  t o  optimize the x-ray energy for  best  s ens i t i v i ty ,  but ra ther  used 

the  conditions fo r  which we already had data on attenuation i n  Al. The 

sens i t i v i ty  t o  thickness change f o r  the  1/8-in.-diam holes was about 1% 
per division of the  recorder chart .  Since the  1/16-in. - d i a m  holes a re  

smaller than the diameter of the  beam, no va l id  correlat ion between 
thickness and attenuation could be made. Table 23.1 compares the  percent 

deviation from the  nominal thickness of t h e  graphite under the  1/8-in.-  

diam holes as predicted by the x-ray attenuation method and as determined 

by d i rec t  dimensional measurements. 

Each block had a 

Since the  x-ray attenuation method i s  sens i t ive  t o  both thickness 

and density, the differences between the attenuation and dimensional 

methods a re  a t t r i bu ted  t o  var ia t ions i n  the  density of the  graphite under 

the  holes. This w a s  especial ly  t r u e  for  t he  8 1 / 2  x 1 1/4 in. block, 
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Table 23.1. Comparison of Graphite Thickness as Determined by 
X-Ray Attenuation and Direct Dimensional Measurement 

' Approximate 

(in.  ) 
Depth of Hole Predicted by 

X-Ray Attenuation 

Deviation from Nominal Thickness, '$ 
Direct 

Dimensional 
Measurement 

8 1/2- x 3 1/4- x 1 1/4-in.-thick Graphite Block 
0.250 -19.52 -19.98 

0.200 -16.41 -16.20 

0.150 -11.98 -12.04 

0.100 -7.39 -7.84 

0.050 -3.95 -3. $1 

8 1/2- x 1 1/4- x 1 l /&in . - th ick  Graphite Block 

0.250 -17.55 -20.02 

0.200 -13.60 -16.14 

0.150 -11.07 -11.83 

0.100 -7.59 -8.11 
0.050 -5.30 -4.15 

s ince a v i sua l  observation showed many laminations running perpendicular 

t o  t h e  direct ion of t he  x-ray beam. 

This b r i e f  study shows t h a t  a s e n s i t i v i t y t o  changes i n  thickness 

o r  density i n  graphite of about 0.5% a re  readi ly  detected. 

s t r ip -char t  trace t o  0.5 divisions is  qui te  p r a c t i c a l . )  

t i o n  of t h e  x-ray energy and su i t ab le  standards, even greater  s e n s i t i v i t y  

can be achieved. 

(Reading the  

W i t h  optimiza- 

Radiation Scat ter ing (B. E.  Foster,  S. D. Snyder) 

Our invest igat ion of t h e  use of Compton sca t te red  radiat ion fo r  

measuring the  thickness of coatings or claddings on reac tor  components 

have continued after repa i rs  t o  both t h e  single-channel and 1600-channel 

analyzers. 

t h a t  w a s  inadvertently broken. 

There w a s  a l s o  some delay i n  replacing t h e  radiat ion detector 
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The radiat ion source i n i t i a l l y  used w a s  1 / 2  cur ie  of 241Am. As a 
specimen f o r  t he  i n i t i a l  s tud ies  w e  used a f u e l  p l a t e  c lad  w i t h  about 

0.010 in .  of A1 and w i t h  a f l a t  core dispersion of u308 i n  A l .  However, 

t h e  count r a t e  of t he  sca t te red  rad ia t ion  from both t h e  cladding and core 

material varied with successive measurements w i t h  about KL$ uncertainty.  

This var ia t ion  i n  count rate could have been caused by inhomogeneity 

within t h e  core mater ia l  as w e l l  as by rad ia t ion  being sca t t e red  t o  the 

detector from the  t a b l e  under t h e  specimen. 

Figure 23.1 i s  a schematic diagram of t h e  experimental setup. The 

rad ia t ion  beam i s  collimated t o  3/8 in. i n  diameter and impinges on the  

surface of t h e  specimen at an angle of 40' from the  normal. Changes i n  

t h e  thickness of t h e  cladding can be simulated by laying Al f o i l s  of 

d i f fe ren t  t h i c h e s s e s  (0.00025 t o  0.003 i n . )  on the  specimen surface 

Pb COLLIMATOR 
3 .  g -in.-diom HOLE 

\ 

ORNL-DWG 6912502 

HIGH VOLTAGE SUPPLY I / f  

DETECTOR PM TUBE 
NaI(T1) CRYSTAL + PREAMP 

MULTI-CHANNEL ANALYZER 1 FOR 
PULSE HEIGHT 

' SOURCE COLLIMATOR SLIDE SLOT 

ALUMINUM MOUNTING FRAMES 
Type 1400 ALUMINUM TEST FOILS 

'-SOURCE COLLIMA 

DETECTOR CENTERLINE 

CORE CLP rDDlNG 

Fig. 23.1. Schematic D i a g r a m  of Device for Studying Radiation- 
Scat ter ing Methods f o r  Determining Cladding Thickness. 

B 

. -. 
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beneath t h e  detector.  The data are accumulated as count rate i n  t h e  

1600-channel analyzer, which is  ca l ibra ted  fo r  spec t r a l  energy of 0.5 kev 

per channel. 

which allows se lec t ion  of any portion of t h e  energy spectrum and provides 

d i g i t a l  pr intout  of t h e  in t eg ra l  count within t h a t  area. The analyzer i s  
a l so  divided in to  eight  groups of 200 channels e a c h t h a t  can be used i n  

p a r a l l e l  t o  allow eight  consecutive samples of count r a t e  fo r  a s ingle  

f o i l  thickness. 

fo r  these eight  readings can be used as one datum point f o r  subsequent 

ca l ibra t ion  curves of count r a t e  versus cladding thickness. 

invest igat ing t h e  use of 147Fm (about 50 cur ies )  as a radiat ion source. 

Perhaps t h e  lower energy (38 kev) and much grea te r  i n t ens i ty  w i l l  reduce 

t h e  f luctuat ions i n  count r a t e  experienced with the  241Am source. 

A feature  of t h e  analyzer i s  t h e  "Region-of-Interest," 

The average of t h e  values from the  "Region-of-Interest" 

We a r e  

If t h e  present experimental arrangement has su f f i c i en t  s e n s i t i v i t y  

t o  a given change i n  cladding thickness,  we w i l l  then be able t o  continue 

our parametric study of t h e  sca t t e r ing  angles and associated energies f o r  

reactor  materials.  
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24. IMPROVEMENT OF HASTELLOY N AND RELATED COMPOSITIONS 

J. R. Weir, Jr. H. E. McCoy, Jr. 

I 
I 

This program is aimed at  defining and understanding t h e  metallurgical 

var iables  t h a t  a f f ec t  t h e  engineering performance of Ni-based s t r u c t u r a l  

a l loys i n  reac tor  environments. 

reduced s t ress-rupture  propert ies  and g rea t ly  reduced f r ac tu re  s t r a i n  

a f t e r  exposure t o  thermal-neutron fluences. O u r  work has concentrated 

Such a l loys  have been shown t o  have 

on Hastelloy N. 

Nb ef fec t ive ly  reduce t h e  de te r iora t ion  of propert ies  caused by i r r ad i -  

a t ion.  

of t he  fac tors  important t o  control l ing i r r ad ia t ion  damage i n  Ni-based 

a l loys  and development of a modified Hastelloy N with improved resis tance 

t o  i r r ad ia t ion  damage. 

We have found t h a t  small additions of T i ,  Z r ,  H f ,  and 

The end products sought by t h i s  program a re  a b e t t e r  understanding 

Mechanical Properties of Hastelloy N and Related Compositions 

Aging of Ti-Modified. Hastelloy N (C. E. Sessions) 

The creep behavior of four Ti-modified a l loys  w a s  measured at 

40,000 p s i  and 650°C after aging 3000 h r  at 650 and 760°C. 

l i f e  and d u c t i l i t y  increased with T i  content when t e s t e d  i n  the  solution- 

annealed condition. 

e r t i e s  i s  shown i n  Figs. 24.1 and 24.2. 

The rupture 

The influence of aging treatment on t h e  creep prop- 

For the  three  lower leve ls  of T i ,  aging a t  760°C reduced the  rupture 

l i f e  and increased t h e  creep r a t e .  

t h e  rupture l i f e .  

over t h a t  of t h e  solution-annealed mater ia l  it w a s  lower than t h a t  found 

after aging at 760°C. The most s ign i f icant  t e s t  r e s u l t s ,  however, were 

t h a t  t h e  1.24 T i  heat showed no change i n  i t s  creep r a t e  as a r e s u l t  of 

t he  aging process and t h a t  t h e  rupture l i f e  of t h i s  heat was s l i g h t l y  

increased for  each heat treatment p lo t ted  i n  Fig. 24.1. 

Aging a t  650°C generally increased 

Although t h e  r a t e  of creep deformation w a s  increased 

The trends i n  creep elongation Cor these same treatments a re  shown 

i n  Fig. 24.2. 

content. 

For each heat treatment t he  d u c t i l i t y  increased with T i  

Aging a t  650°C s igni f icant ly  improved t h e  d u c t i l i t y ,  whereas 
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Fig. 24.1. Variation i n  Rupture Life and Creep Rate with T i t a n i u m  

annealing at  1260°C and aging a t  760°C gave t h e  lowest creep d u c t i l i t y  

of a l l  the  treatments investigated.  However, these lower d u c t i l i t y  

values are not appreciably d i f fe ren t  from t h a t  obtained fo r  t h e  samples 

annealed at  1260°C i n  t h e  annealed condition (not p lo t ted) .  

The heat with 1 .2% T i  deter iorated only s l i g h t l y  i n  creep-rupture 

propert ies  a f t e r  3000 h r  at 650 or 760°C, whereas a l loys  w i t h  lower 

leve ls  of T i  have higher creep r a t e s  and reduced rupture l i ves  after 
aging - par t i cu la r ly  a f t e r  aging at  760°C. 

t h i s  heat w i t h  higher T i  content corresponds t o  a favorable d is t r ibu t ion  

of t h e  MC type of carbidel i n  t h e  microstructure. 

Stat is t ical  Treatment of Aging Data for  Hastelloy N (Claudia S. Lever,* 
C. E. Sessions) 

The good creep behavior of 

Analysis of Variance. - We previously discussed3 t h e  procedures fo r  

analysis of variance fo r  t e s t i n g  t h e  changes i n  t e n s i l e  propert ies  a f t e r  

aging as a function of t he  var iables  i n  t h e  aging program. The analysis 
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of variance (Table 24 .1 )  w a s  calculated f romthe  measurements made on 

7 2  samples a f t e r  aging 1500, 3000, and 10,000 h r  at 650 and 760°C. 

A l l  of t he  main, s ing le  var iables  had s igni f icant  e f f ec t s  except tha t  

aging more than 1500 h r  did not affect  t h e  y i e ld  s t rength.  

t h e  second-order interact ions a r e  s ign i f i can t ,  t h e  t e n s i l e  response depends 

on at l e a s t  two var iables .  

ment t o  specify t h e  influence of T i  content. 

Since many of 

For instance,  we must define t h e  preage treat- 

The third-order  in te rac t ions  were not s ign i f icant  i n  mst cases and, 

thus,  could be used with the  four duplicate t es t  r e s u l t s  t o  estimate t h e  

e r ro r  var ia t ion.  This var ia t ion  w a s  then used t o  e s t ab l i sh  a bas is  fo r  

comparing the  main e f fec ts  and second-order in te rac t ions .  

1 
li' 
p 
I 

I 
1 
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Table 2 4 : l .  Analysis of Variance f o r  Changes i n  .Tensile Properties 

Strength Elongation Re duct i on 
Variable of 

e Uniform Tot a1 Area Tensile 

T i  content 

Preage treatment 

Time at temperature 

Aging temperature 

T i  content and preage 

T i  content and time 

T i  content and t e m -  

Preage and t i m e  

Preage and temperature 

Time and temperature 

T i  content, preage, 
and time 

T i  content, preage, 
and temperature 

T i  content, time, and 
temperature 

Preage, time, and 
temperature 

perature 

Effects of Single Variables 

Sa S S 

S S S 

NSb S S 

S S S 

Effects of Interact ions 

S S S 

NS S NS 

S NS S 

S NS NS 

S S S 

S NS S 

NS S NS 

NS S S 

NS . S S 

NS NS NS 

S 

S 

S 

S 

S 

NS 

S 

NS 

S 

S 

NS 

S 

NS 

NS 

S 

S 

S 

S 

S 

NS 

S 

NS 

S 

S 

NS 

NS 

Ns 

NS 

'An S means that t he  variable s ign i f i can t ly  affected the  t e n s i l e  

bNS indicates t h a t  t he  e f f ec t  was not s ign i f icant .  

property. 

Regression Analysis. - W e  used a regression model t o  f i t  the  data on 

t e n s i l e  properties as functions of aging time, temperature, and T i  content 

f o r  a given pre tes t  annealing condition. We used a model of t h e  form 
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where E ( y )  i s  the  expected value (predicted value) and xl, x2, and x3 

a re  t h e  variables time, temperature, and T i  content. By using a least 

squares procedure, we minimized t h e  res idua l  sum of squares i n  t h i s  

l i n e a r  regression model between E ( y )  and t h e  observed data  f o r  each 

t e n s i l e  property. By considering other models with various terms omitted, 

we obtained t h e  bes t  equation t o  describe t h e  experimental data  w i t h  t he  
minimum variance. Fif teen equations were obtained, describing the  f i v e  

t e n s i l e  properties f o r  t h e  th ree  p re t e s t  heat treatments. 

The main difference i n  t h e  models t h a t  were se lec ted  based on our 

f i t t i n g  c r i t e r i a  is  t h a t  t h e  propert ies  a f t e r  a solut ion anneal a t  
1260°C required t h e  inclusion of a cubic term ( i . e . ,  x?) t o  f i t  t h e  data, 

while t h i s  term w a s  not required t o  f i t  t h e  data  fo r  a so lu t ion  anneal 

a t  1177°C or f o r  a solut ion anneal a t  1177°C plus 10% pres t r a in  (i. e. , a 

quadratic dependence on T i  content, whereas t h e  data f o r  1260°C follow a 

cubic dependence on T i  content) .  

Figure 24.3 i s  a p lo t  of t h e  f i t t e d  equations for y i e l d  s t rength 

&nd t o t a l  elongation a t  650°C fo r  samples solut ion annealed 1 hr  a t  

1177°C. A l l  data f o r  a given preage treatment were used t o  determine 

the  coef f ic ien ts  i n  the  regression equation; thus,  t h e  curves p lo t t ed  

a r e  defined by a l e a s t  squares f i t  of 24 points.  The f i t  of t he  equation 

t o  the four experimental points f o r  a given time of aging is  b e t t e r  fo r  

t h e  y i e ld  s t rength than for t h e  elongation. 

as follows: 
The equations p lo t t ed  a r e  

2 2 
Yield s t rength = 67.166 - 47.28lxl + 3 2 . l ~ ~  - 0.709~2 + 0.0414~2 

- 3.426~3 - 0.3362~1~2 + 1.423~1~3 + 0.0038~2~3 , '(24.2) 

and 

2 2 
Total elongation = 139.2 - 0.1455~~ - 34.608~~ - 8.70~2 + 0.449~2 

- 16.66~3 + 0.449~1~2 + 9.713~1~3 + 0.383~2~3 , (24.3) 
where 

x1 = T i  content of 0.15 5 xL 5 1.2, 

x2 = aging time of 1 . 5  5 x2  5 10.0, and 

x3 = aging temperature of 6.5 I x3 5 7.6. 
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Fig. 24.3. Tensile Strength and Duct i l i ty  of Modified Hastelloy N 
a t  650°C as F i t t e d  by Regression Model as a Function of Titanium Content 
and Aging Time. 

These equations indicate  c l ea r ly  the  increase i n  d u c t i l i t y  w i t h  T i  

content, t he  small decrease i n  s t rength and d u c t i l i t y  with aging time, t h e  

s ign i f icant  lowering of d u c t i l i t y  a f t e r  aging at  76OoC, and a predicted 

minimum i n  s t rength  and maximum i n  d u c t i l i t y  between 0.5  and 1.2% T i .  

Development of a Modified Hastelloy N (C. E. Sessions, R. E. Gehlbach) 

Our work has concentrated i n  t h e  areas of determining t h e  optimum 

composition and gaining f'urther experience with these modified HastelloyN 

a l loys  through commercial vendors. O u r  previous studies '  indicated t h a t  
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ce r t a in  a l loys containing additions of T i ,  H f ,  Nb, and Y had good mechan- 

i c a l  properties after being i r r ad ia t ed  a t  760" C. Additional samples were 

t e s t ed ,  and t h i s  general  f inding s t i l l  holds t rue .  The f rac ture  s t r a i n s  

of severa l  of the  more a t t r a c t i v e  al loys are shown i n  Fig. 24.4. 

Our ra ther  fragmentary r e s u l t s  show tha t  ce r t a in  a l loys  have good 

properties and t h a t  these a l loys  have t h e  MC type of carbide. Our r e s u l t s  

- indicate  that T i ,  Nb, and H f  favor t h e  formation of t h e  desired carbide 

and t h a t  S i  promotes t h e  formation of t h e  l e s s  desirable  M6C type of car- 

bide. We have melted about t h i r ty  a l loys  t h a t  contain various concentra- 

t i ons  of these  four elements. These a l loys  a r e  included i n  a l l  phases of 

our work and should enable us t o  se l ec t  an optimum composition. 

Our experience with a l loys  containing T i  ($5/lb) and Nb ($20/lb) 

and the  l o w  costs of these elements make it desirable  t h a t  we u t i l i z e  

these elements i n  our a l loy  i n  preference t o  H f  (about $ l O O / l b )  or Y 

(about $300/lb). We have demonstrated tha t  a l loys  containing up t o  

1.246 T i  and 2% Nb have good weldabili ty.  

mechanical propert ies  leave some doubt as t o  whether Nb alone can pro- 

duce the  desired propert ies .  Additions of T i  alone can produce good 

propert ies ,  but t h e  exact l e v e l  required is  not c lear .  

Our s tudies  of pos t i r rad ia t ion  

Because of t h e  po ten t i a l  importance of t h e  Ti-modified a l loys ,  l e t  

us look b r i e f l y  a t  t h e  avai lable  data. Several a l loys t h a t  contain about 

1% T i  were obtained from various sources and included i n  our program. 

The compositions of these  a l loys  a r e  given i n  Table 24.2, and the  post- 

i r r ad ia t ion  creep r e s u l t s  are summarized i n  Table 24.3. These r e s u l t s  

a r e  p lo t t ed  i n  Figs. 24.5-24.7 and compared w i t h  t he  propert ies  of  irra- 

diated standard Hastelloy N and unirradiated modified al loys.  

r e su l t s  lead t o  severa l  important observations. 
These 

1. Alloy 21 behaves much l i k e  standard Hastelloy N. This a l loy  

was prepared by remelting standard Hastelloy N, and most of t h e  T i  l i k e l y  

ended up as oxide. The high Mo and S i  contents of t h i s  a l l o y  should have 

resu l ted  i n  the  formation of t h e  M6C type of carbide, and t h e  propert ies  

would be expected t o  be equivalent t o  those of standard Hastelloy N. 

2. 

t es ted .  

Alloys 75 and 76 have excellent propert ies  under a l l  conditions 
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Table 24.2. Chemical Analyses of Several Heats of 
Modified Hastelloy N 

Melt Origin Composition, w t  $ 

( l b )  Melt Mo 
Alloy S i z e  

C r  ' Fe Mn S i  T i  C 
Of a Number 

21 ' 2  A 16.0 7.0 3.3 0.5 0.5 1 0.038 

107 2 . A  11.6 6.6 0.082 0.19 < 0.005 1.04 0.05 

75 2 A 11.8 7.9 < 0.05 0.2 0 1 0.062 

76 2 A 11.8 7.9 < 0.05 0.2 0 1 0.117 

67-552 100 B 11.9 7.0 0.02 0.11 0.01 0.84 0.01 

67-570 100 B 1117 7.0 0.02 0.12 0.02 0.92 0.028 

67-549 100 B 11.7 7.0 0.03 0.13 0.02 0.93 0.08 

67-551 100 B 12.2 7.0 0.02 0.12 0.02 1.'1 0.028 

67-548 100 B 12.0 7.1 0.04 0.12 0.03 1.1 0.102 

a A = ORNL; B = Materials Systems Division, Union Carbide Corporation. 

3. Alloy 107 has about the  same composition as a l loy  75, but t he  

s ingle  sample of a l loy  107 t h a t  we t e s t e d  had poor propert ies .  

4. Alloys 67-552, 67-570, and 67-549 a l l  contain about 0.9% T i  and 

from 0.01 t o  0.08% C. 

t e s t  on heat 67-549 at 25,000 p s i  - showed poor properties.  

Tests on a l l  th ree  heats  - except f o r  a s ingle  

5.  Alloys 67-551 and 67-548 contain 1.2% T i  and have C l eve ls  of 

0.028 and 0.102$, respectively.  

heat w i t h  higher C content that  were t e s t e d  a t  25,000 p s i  had good 

properties.  

Again, only t h e  specimens of t h e  higher 

Thus the  apparent inconsistencies of these r e s u l t s  point t o  the  

All of these complexity of the  processes with which w e  axe dealing. 

alloys have nominal compositions of .1$ T i ,  but the  properties a re  quite 

different .  

and small var ia t ions i n  fabr icat ion may a l l  contribute t o  t h e  observed 

differences i n  properties.  

Subtle changes i n  chemistry, differences i n  melting pract ice ,  

Our experience with commercial vendors has been ra ther  l imited 

because we lack funds t o  purchase large quant i t ies  of material. Since 
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a Table 24.3. Post i r rad ia t ion  Creep Properties at 650°C f o r  
Several  Modified Alloys of Hastelloy N 

Rupture Minimum Creep Fracture 
Life Alloy Test 

Number Nwriber 
(hr 1 (%/hr) ( 8 )  

Rate St ra in  

21 

75 

76 

107 

67-552 

67-570 

67-549 

67-551 

67- 548 

853 
819 

888 
85 5 

889 
852 

784 

633 
630 
618 
681 

863 
887 
680 

825 
850 
672 

861 
685 

835 
824 
686 

40 , 000 
27 , 000 

47 , 000 
35,000 

47 , 000 
35,000 

30 , 000 

15,000 
21 , 500 
27,000 
25,000 

27,000 
21 , 500 
25,000 

25,000 
35,000 
30 , 000 

35,000 
25,000 

40,000 
25 , 000 
25,000 

67.2 
414.6 

248.1 
2669.2 

276.0 
2688.4 

49.4 

2.5 
0.5 
0.1 

59.0 

0.1 
0.25 
0 .1  

3117.6 
1.0 
0 

0 
0.2 

0.4 
2283.4 
1437.2 

0.0089 
0.0024 

0.0442 
0.0061 

0.0540 
0.0059 

0.0238 

0.0085 
0.20 
1.66 
0.0156 

0.20 ' 

0.0017 
0.071 

1.22 

0.50 
0.0030 
0.0042 

0.92 
1.68 

13.1 
23.6 

19.6 
22.0 

1.58 

0.04 
0.56 
0.17 
1.44 

0.18 
0.07 
0.62 

7.3 
0.47 

0.32 

0.50 
7.84 
7.51 

a A 1 l  samples i r r a d i a t e d  a t  760°C t o  a thermal fluence of 
3 x neutrons/cm2. 
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Fracture of Several Heats of Titanium-Modif ied  Hastelloy N 
a t  650°C. (See Table 24.2 fo r  compositions. ) 

we began our program, a new melting process, has gained favor with several  

vendors. This process, ca l led  the  electro-s lag remelting (ESR) process, 

remelts an electrode under a pool of molten slag.  This s lag  protects  t he  

melt f rom the  air ,  but l i k e l y  introduces another set of impurities from 

t h e  slag.  In  vacuum-melting prac t ice ,  t h i s  remelting takes place under 

vacuum. The claimed advantages of t h e  ESR process a re  smoother ingot 

surfaces and some improvements i n  physical  propert ies  and weldabili ty.  

We purchased two small (100-lb) melts made by t h e  ESR process t o  examine 

t h e i r  properties.  The compositions of t he  al loys a re  given i n  Table 24.4; 

one a l loy  contained a nominal 0.5% T i  and the  other a l l o y  did not contain 

any added T i .  The Mo concentration w a s  on t h e  high s ide  of our spec i f i -  

cat ion,  and t h e  S i  content w a s  from 0.4 t o  0.5%. Photomicrographs of 

t h e  two al loys are shown i n  Figs. 24.8 and 24.9. The composition w a s  

such tha t  both a l loys  contained s t r inge r s  of t he  M6C type of carbide, 

j u s t  as we noted i n  standard Hastelloy N. Thus, it is  l i k e l y  t h a t  these 

a l loys  w i l l  not have good pos t i r rad ia t ion  propert ies .  An experiment 



Table 24.4. Chemical Analysis of Electro-Slag Remelted Heats 

Heat 
Number 

a Concentration, w t  8 PPm 
Source 

Mo C r  Fe Mn C S i  P S cu co T i  B N O H  

68-688 A 10.0 7.91 4.98 0.52 0.079 0.38 0.042 < 0.002 0.023 0.08 0.013 2 8 8 3 

Iu co 
B 13.8 7 . 8  5.0 0.50 0.077 0.39 0.002 0.003 0.025 0.07 0.02 ' 

68-689 A 12.6 7.69 4.84 0.47 0.081 0.53 0.010 < 0.002 0.020 0.075 0.36 2 11 12 3 0 

B 13.9 7.64 4.8 0.47 0.078 0.52 0.001 0.003 0.03 0.07 0.45 

a A = OWL; B = vendor. 
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Fig. 24.8. Photomicrographs of Electro-Slag Remelted Alloy 68-688 
After 1-hr Anneal at  1177°C. bngi tudina l  section. (a) 1OOx. (b) 5 0 0 ~ .  
Etchant: glyceria regia. 
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Fig. 24.9. Photomicrographs of Electro-Slag Remelted Alloy 68-689 
After l-hr Anneal at  1177°C. Longitudinal section. (a) 1OOx. (b) 500x. 
Etchant: glyceria regia. 
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t h a t  contains some of these al loys w i l l  be removed f romthe  Oak Ridge 

Research Reactor i n  October 1969. 

The ESR al loys were fabricated in to  1/2-in.-thick p la tes  about 

6 in .  wide x 1 2  in .  long. 

individual p la tes  t o  a strongback of carbon s t e e l .  

t he  same heat w a s  used as f i l l e r  metal, and t h e  mater ia l  welded very well .  

High-restraint welds were made by welding t h e  

Wire fabricated from 

Several tes ts  were made of t he  mechanical propert ies  of t h e  ESR 

heats .  The r e s u l t s  of t e n s i l e  t e s t s  are  summarized i n  Figs. 24.10 and 

24.11; t he  t e n s i l e  s t rengths  a re  equal t o  each other  and equivalent t o  

those of standard Hastelloy N. 

a l l y  has lower t e n s i l e  s t rength but much b e t t e r  t e n s i l e  duc t i l i t y ,  

The vacuum-melted modified a l loy  gener- 

especial ly  at room temperature. 

have comparable f rac ture  s t r a i n s  a t  low temperatures. 

d u c t i l i t y  ranges f romthe  highest of 47% f o r  t h e  vacuum-melted heat t o  

t h e  lowest of 32% f o r  t h e  Ti-modified ESR heat.  

The ESR heats  and the  standard a l loy  

A t  65OoC, the  
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Fig. 24.10. Tensile Properties of Several Modified Compositions of 
Hastelloy N. 
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Fig. 24.11. Fracture S t ra ins  of Several Modified Compositions of 
Hastelloy N. 

Stress-rupture t e s t s  at 650°C show tha t  t he  ESR a l loys  r e s i s t  rup- 

t u r e  a t  a given s t r e s s  l e v e l  about as long as t h e  standard a l loy ,  but 

not near ly  as long as t h e  vacuum-melted Ti -mdif ied  a l loy  (Fig. 24.12). 

Two t e s t s  on s t ress-rel ieved ESR welds show that the  rupture l i ves  of 

t he  welds are equivalent t o  those of t h e  base metal. The creep r a t e s  

f romthese  t e s t s  show t h a t  t he  ESR melts have b e t t e r  creep s t rength than 

standard Hastelloy N,  but lower s t rength than the  vacuum-melted modified 

a l loy  (Fig. 24.13). 

Thus t h e  ESR al loys have acceptable propert ies  i n  t h e  unirradiated 

condition, but t h e  unavoidable presence of high S i  (from the  s l ag )  prob- 

ably w i l l  produce a carbide s t ruc tu re  t h a t  i s  not conducive t o  good 

pos t i r rad ia t ion  properties.  

Allvac Metals Company made-two small melts t h a t  have nominal compo- 

s i t i o n s  equivalent t o  two ORNL al loys t h a t  had excel lent  pos t i r rad ia t ion  

properties.  One a l l o y  had additions of 1% T i  and 1$ H f ;  a 50-lb heat 
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Fig. 24.12. A Comparison o f t h e  Stress-Rupture Properties of 
Electro-Slag Remelted Alloys with Other Compositions of Hastelloy N 
Alloys a t  650" C . 

w a s  melted and fabricated without problem. A second melt contained 

0.5% T i  and 2% Nb and required frequent grinding t o  remove cracks t h a t  

developed during fabricat ion.  These alloys w i l l  be included i n  a l l  

phases of our program. 

Electron Microscopy of Hastelloy'N (R.  E. Gehlbach, C.  E. Sessions) 

We are  continuing our s tudies  of t he  ro l e  of t he  elements T i ,  Nb, 

H f ,  and S i  on prec ip i ta t ion  i n  modified Hastelloy N. As previously 

reported,5 additions of T i ,  Nb, and H f  cause t h e  prec ip i ta t ion  of t h e  

MC type of carbides r a the r  than t h e  M2C type t h a t  i s  found i n  t he  modi- 

f i e d  a l loy  when these elements a re  not present. Additions of S i  s h i f t  

t he  type of carbides from M2C t o  M6C and possibly from MC t o  M2C. . The 

MC type of carbides a re  f i n e r  than e i the r  t h e  M2C or M6C, and, i n  v i e w  

of t h e i r  morphologies and d is t r ibu t ion ,  w e  f e e l  t h a t  they a re  responsible 
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Fig. 24.13. A Comparison of t h e  Creep Properties of Electro-Slag 
Remelted Alloys with Other Compositions of Hastelloy N Alloys at 650°C. 

f o r  t he  superior pos t i r rad ia t ion  properties of some modified al loys,  

pa r t i cu la r ly  a f t e r  i r rad ia t ion  at temperatures above 700°C. 

The morphologies of the  MC-type prec ip i ta tes  i n  t h e  Ti-modified 

al loys a re  d i f fe ren t  when they are prec ip i ta ted  at grain boundaries than 

they a re  when they are  precipi ta ted i n  t h e  matrix. 

boundaries a re  generally shaped l i k e  p l a t e l e t s ,  about 1 vm i n  diameter 

and 5 0.3 pm thick.  

usually do not follow the  direct ion of t he  grain boundary. 

containing 0.5% T i  or more, a considerable amount of prec ip i ta t ion  

extends 1 t o  2 ym i n t o  t h e  matrix. Matrix prec ip i ta t ion  is  generally 

composed of very f ine  pa r t i c l e s  (I 200 A) on t h i n  f i lms  t h a t  form at 

stacking f au l t s ,  as shown i n  Fig. 24.14. Stacking f a u l t s  are not 

observed when t h i s  matrix p rec ip i t a t e  does not form. 

Carbides at  t he  grain 

The boundaries a re  qui te  rough because the  pa r t i c l e s  

In a l loys 

Precipi ta t ion at stacking f a u l t s  i s  nucleated at primary MC-type 

pa r t i c l e s  t h a t  a re  not put i n t o  s o l i d  solut ion during t h e  i n i t i a l  
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Fig. 24.14. Precipitation of (Mo, C r ,  T i ) C  on Stacking Faults 
Nucleated Around Primary MC-Type Particle.  
(ORNL heat 196) annealed at  llT7"'C and aged 1500 hr a t  650°C. 

Hastelloy N containing 0.5% T i  
10,000~. 

annealing. 

induced stresses provide s i t e s  for  i n i t i a l  precipitation. 

grow by a process of climb of t he  p a r t i a l  dislocation bounding the  sheet 

of precipitate.  

depending on the his tory of the  specimen. 

Dislocations produced around these par t ic les  by thermally 
The fau l t s  

The diameter of these sheets is  often 6 t o  8 pm, 

The amount and extent of this type of precipi ta te  i s  sensit ive t o  

both annealing and aging temperatures. 

on aging a f t e r  m e a l i n g  at 1260°C rather  than the  usual ll77"C. 

p r i m r y  par t ic les  are put in to  solution at the  higher temperature; thus, 

more supersaturation exis ts  and enhances precipitation at  stacking faul ts .  

Subsequent aging temperatures a lso affect  the  extent and amount of t h i s  

precipitate;  higher temperatures (760°C rather  than 650°C) produce m r e  

extensive precipitation. 

Much greater amounts a re  formed 
Mre 

The precipitation of the  MC type of carbides in  an al loy modified 

with 1% T i  and 1% H f  i s  different from tha t  i n  allays modified with T i  

only. 

TIC i s  formed since Hf  i s  a stronger former o f t h e  Mc type of precipi- 

t a t e  than Ti. The carbides i n  the  grain boundaries are  quite t h in  and 

somewhat f iner  than i n  the  Ti-modified alloys. 

The carbides formed are HfC and T i c .  As expected, more HfC than 

A more marked difference 
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is  tha t  very l i t t l e  precipi ta t ion i s  observed at stacking fau l t s .  

matrix precipi ta tes  a re  i n  the  form of p l a t e l e t s  5 0.5 pm i n  diameter, 

as shown i n  Fig. 24.15. 

Most 

YE-984-4 
;i7"$ 

Fig. 24.15. Microstructure of Hastelloy N Containing 1% T i  and 
1% H f  (ORNL heat 184) After Aging 128 hr a t  760°C. 
the  MC type (HfC and T i c ) .  10,000~. 

The carbides a re  of 

As  previously r e p ~ r t e d , ~  T i  i n  concentrations of > 0.54 or i n  

conibination with other elements t ha t  a r e  strong formers of the MC type 
of carbides is necessaryto s t ab i l i ze  the MC ra ther  than the M;?C type of 

carbides at  760°C. 

t i e s  of T i ,  H f ,  or  Nb t o  give t h i s  s t a b i l i t y  at  760°C have very good 

properties a f t e r  i r radiat ion at  temperatures above 700°C (ref. 6) .  

Figure 24.16 shows the  microstructure of an a l loy  containing 1% T i ,  

1% H f ,  and 0.2% S i  a f t e r  i r rad ia t ion  at 760°C. 

from an unstressed portion of a creep sample with more than 5% reduction 

i n  area when the tes t  was  discontinued a f t e r  nearly 2200 h r  at 27,000 psi. 

The mdi f i ed  alloys tha t  contain suf f ic ien t  quanti- 

The specimn w a s  taken 

We believe tha t  superior post i r radiat ion properties r e su l t  from 

favorable distributions of precipi ta tes  t ha t  can be at ta ined with the 

MC type of carbides. 

of microstructures t o  evaluate t h e i r  resistance t o  i r radiat ion damage at 
We are  now i r rad ia t ing  alloys with several  types 
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Fig. 24.16. Microstructure of Hastelloy N Containing 1% T i ,  1% H f ,  
and 0.2% S i  (ORNL heat 184) Irradiated More Than 1000 hr a t  760°C, Creep 
Tested 2150 hr a t  650°C and 27,000 ps i  t o  More Than 5% Reduction i n  Area 
Before Test w a s  Discontinued. 
of sample. 25,000~.  

Specimen w a s  taken from unstressed portion 

high temperatures. 

by adding 1% T i ,  although 0.5% T i  i s  not suff ic ient ;  1% H f ,  with o r  

without T i ,  i s  suff ic ient  t o  s t ab i l i ze  these carbides even with 0.2% S i  

i n  the alloy. Since S i  promotes the formation of the M2C and M6C types 

of carbides, it i s  l i ke ly  tha t  considerably less  H f  would be needed f o r  

alloys with lower S i  concentrations. 

time; but, at least when used i n  combination with T i ,  it i s  effective i n  

s tab i l iz ing  the  MC type of carbides and gives very good resistance t o  

i r radiat ion damage. 

We can achieve s t a b i l i t y  of the  MC type of carbides 

The ro le  of Nb is  not clear  at  t h i s  
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25. ADVANCED MATERIALS FOR STEAM GENERATORS 

P. Pa t r ia rca  G. M. Slaughter 

The purpose of t h i s  program i s  t o  determine t h e  corrosion res i s tance  

of w e l d s  i n  severa l  high-temperature a l loys  being considered f o r  use i n  
steam generators f o r  advanced High-Temperature Gas-Cooled Reactors. We 

need t o  know how w e l l  these  weldments w i l l  r e s i s t  both general  and pref- 

e r e n t i a l  corrosion i n  steam at 595 t o  760°C. 

The program includes four areas of invest igat ion:  (1) general  
corrosion (formation of a uniform s c a l e )  a t  595 and 65OoC, including an 

evaluation of t h e  general  weldabi l i ty  of various combinations of base 

and f i l l e r  metals; (2) general  corrosion a t  705 t o  760°C; (3) preferen- 
t i a l  corrosion (e.g., oxidation at  t h e  fusion l i n e ,  p i t t i n g ,  and stress- 

corrosion cracking) ; and ( 4 )  mechanical propert ies .  

Program History 

We are invest igat ing general  and p r e f e r e n t i a l  steam corrosion of 

weldments between similar and dissimilar metals of i n t e r e s t  f o r  advanced 

steam generators. 

generators are included i n  these tests f o r  comparison. 

environment i s  dynamic, superheated steam at  595 t o  76OoC, a pressure of 

900 p s i ,  and a ve loc i ty  of 5 f t / sec .  

made on several  wrought materials f o r  steam generators,  * 9 t h e  behavior 

of welds with t h e i r  inherent compositional var ia t ions  - p a r t i c u l a r l y  i n  

welds between d iss imi la r  metals - has been e s s e n t i a l l y  neglected. 

Our subcontractor, Southern Nuclear Engineering Company, has 

The s t r u c t u r a l  materials used i n  conventional steam 

The corrosive 

While s imi la r  s tud ies  have been 

exposed the  materials 6000 h r  at 595 and 650°C t o  steam of good commer- 

c i a l  qua l i ty ,  provided from a steam-generator superheater a t  t h e  Bar tow 

Plant of t h e  Flor ida Power Corporation, i n  t h e  corrosion loop shown i n  

Fig. 25.1. Figure 25.2 i l l u s t r a t e s  t h e  procedures f o r  chemical control  

of t h e  water and steam at  t h e  B a r t a w  Plant. Table 25.1 l i s t s  t h e  
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Fig. 25.1. Schematic Drawings of t h e  ORNLSouthern Nuclear 
Engineering Company Loop f o r  Testing Corrosion of Advanced Materials by 
Steam at 595 and 650°C (1100 and 1200°F). 
1 .9  in .  i n  diameter and 6 f t  long. 

Useful space i n  autoclaves i s  

ORNL-DWG 69-5344 
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ADD: 1 HYDRAZINE 
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3 TRISODIUM PHOSPHATE 

ORNL-SNE CORROSION 
LOOP 

Fig. 25.2. Water and Steam Control at Bartow Plant ,  F lor ida  Power 
Corporation. 



Tab'le 25.1. Allowable Ranges of Impurities and Random Chemical Analyses of Boiler Water 
and Saturated Steam a t  t h e  B a r t o w  Plant of t h e  Flor ida Power Corporation 

Chemical Analysesa Allowable Range 
Boiler Saturated Boiler Water Saturated Steam 

Water S t  eam Sample Sample Sample Sample Sample 
1 2 3 1 2 

PH 
Chemical impurit ies,  ppm 

Na2S03 
NaC 1 
PO4 
Na2S04 
S i 0 2  
NH3 
c1  

10.1-10.7 8.8-9.0 10.7 10.7 10.3 8.8 -8..9 ' 

0.6-1.0 1.0 0.6 0.7 
3 1 0  4 3 4 
1.0-5.0 ' 5  2 3 \D 

5-2 5 8 13 14 
0.12-0.20 0.005 max 0.14 0.13 0.15 0 0 

Iu 
\o 

1.0 max 0.153 0.180 
0.5  max 

Conductivity, pm 2.2-4.5 4.5 4.0 

Total  dissolved so l ids ,  30-50 0.5-1.0 0.7 0.7 
PPm 

asampled on random 'dates . 
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allowable ranges of imsuri t ies  and the  r e s u l t s  of random chemical analyses 

on the  water and steam. Chemicals a r e  added t o  the demineralizer and 

bo i l e r  t o  control  t he  0 content, pH, and general  chemistry of t h e  water 

and steam. Chemical analyses of t h e  sa tura ted  steam cons is ten t ly  show 

chloride below t h e  minimum chemically detectable amount ( 0 . 5  ppm) and 

< 1 ppm 0 i n  the  b o i l e r  water. 

Corrosion is' being determined both from the  weight gain and from 

the  thickness o f t h e  sca le  t h a t  forms on t h e  t ransverse,  s t r i p  specimens, 

which a re  2 7/8 i n .  long x 1 / 2  i n .  wide x 1/16 in .  thick.  

were machined from 1/2-in.  - th ick  weldments made by the  gas tungsten-arc 

process w i t h  5/32-in. f i l l e r  wire. 

f i n a l  100-mesh grind t o  assure a consistent surface f i n i s h  from specimen 

t o  specimen. The a l loy  combinations w e  are now invest igat ing a re  l i s t e d  

i n  Table 25.2. These combinations of materials a r e  being considered for 

advanced steam generators for  gas-cooled reactors  i n  which pa r t  of t he  

uni t  may operate a t  high temperatures (705 t o  760°C), another pa r t  may 

operate at intermediate temperatures (595 t o  650°C), and s t i l l  another 

pa r t  may operate at lower temperatures. 

These specimens 

The machined specimens a r e  given a 

Table 25.2. Alloy Combinations f o r  Steam Corrosion Studies 
a t  595 and 650°C 

Ident i f ica t ion  Bas  e 
Code Metal 

Bas  e 
Metal 

F i l l e r  
Metal 

A9 
A13 
A12 
A18 
A19 
A20 
A5 
A6 
A8 
A7 
A2 
A3 
A16 
A4 

Inconel 625 
Inconel 625 
Inconel 625 
I N  102 
I N  102 
I N  102 
Hastelloy X 
Hastelloy X 
Hastelloy X 
Hastelloy X 
Incoloy 800 
Inconel 600 
2.2576 Cr-l$ Mo 
Type 304 s t a in -  
l e s s  s t e e l  

Inconel 625 
Incoloy 800 
Incoloy 800 
I N  102 
Incoloy 800 
Incoloy 800 
Hastelloy X 
Incoloy 800 
Incoloy 800 
Incoloy 800 
Incoloy 800 
Inconel 600 
Incoloy 800 
Type 304 s ta in-  
less s t e e l  

Inconel 625 
Inconel 625 
Inconel 82 
I N  102 
I N  102 
Inconel 82 
Hastelloy X 
Hastelloy X 
Hastelloy W 
Inconel 82 
Inconel 82 
Inconel 82 
Inconel 82 
Type 308 s ta in-  
less s t e e l  
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General Corrosion a t  595 and 650°C and Weldability 

Corrosion Studies (J. P. Hammond) 

A t  595OC, t h e  corrosion on weldments of 2.25% C r - 1 4  Mo low-alloy 

s t e e l  joined t o  Incoloy 800 with Inconel 82 f i l l e r  metal was  100 times 

that  on other weldments of diss imilar  metals. We recognized t h i s  as a 

marginal temperature f o r  t h e  low-allay s t e e l  and discontinued the  t e s t s .  

The weldments consisting of Incoloy 800 welded t o  Inconel 625, 

Hastelloy X, and I N  102 (materials fo r  use a t  high temperatures) with 

Inconel 82 f i l l e r  metal, showed very good corrosion behavior at  both 595 

and 650°C, though we observed some spa l la t ion  i n  welds of t h e  I N  102 

a l loy  at 650°C. 

f o r  these weldments were very low (5 3.5 mg/cm2). 

on Inconel 625 and Hastelloy X wrought p l a t e  and f i l l e r  metal and on t h e  

After exposure f o r  6000 h r  at  65OoC, t h e  weight gains 

The scales  t h a t  formed 

Inconel 82 f i l l e r  metal were uniform, tenacious, and only 2 t o  6 pm 

thick.  Figure 25.3 shows the  sca les  on weldments A13 and A7. 

The corrosion of t h e  weldments between similar metals as a function 

of time a t  595 and 650°C i s  indicated by t h e  weight-gain curves i n  

Fig. 25.4. The anomaly of a grea te r  weight gain i n  t h e  I N  102 weldment 

at  595°C than at  650°C can probably be explained by t h e  tendency o f ' t h i s  

a l loy  t o  spa11 at  t h e  higher temperature. 

Measurements of t h e  weight gained by weldments on both similar and 

dissimilar metals correlated we l l  with metallographic observations of 

t h e  charac te r i s t ics  and t h i c h e s s  of the  sca l e  t ha t  w a s  formed. 

Preferen t ia l  Corrosion 

Stress-Corrosion Cracking (J. P. Hammond) 

Stress-corrosion cracking t e s t s  on s t a t i c a l l y  s t ressed  U-bend 

specimens 3 1/4 in .  long x.5/16 in.  wide x 1/16 in .  t h i c k  were conducted 

i n  t h e  595°C autoclave at  the  same time t h a t  t h e  specimens fo r  study of 

t h e  general corrosion were being exposed. 

on t h e  weldments of similar and dissimilar metals and on the unwelded 

Duplicate t e s t s  were conducted 



PHOTO 96679 

Fig. 25.3. Typical Scales Formed on Two Weldments i n  Steam at  650°C i n  4000 hr. Top 
sequence shows (lef't t o  r igh t )  scale on Inconel 625 plate,  Inconel 625 f i l l e r  metal, and 
Incoloy 800 plate. 
and Incoloy 800 plate. As polished. 2000x. Reduced 15%. 

Bottom sequence similarly shows Hastelloy X plate ,  Inconel 82 f i l l e r  metal, 
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base metals. S m a l l  microfissures i n  t e n  of t h e  weldment specimens acted 

as i d e a l  corrosion crevices. One of t h e  duplicate A2, A8, A9, A13, Al6, 
and A19 specimens and both A18 and A20 specimens contained one or more 

of these  f l a w s .  Visual examination a f t e r  1000, 2000, and 3000 hr and a 
f i n a l  metallographic examination at 4000 h r  revealed no cracks or evi- 

dence of crack propagation t h a t  could be a t t r i b u t e d  t o  s t r e s s  corrosion. 

We a r e  developing a high-pressure corrosion loop t h a t  w i l l  enable 

us t o  i n j e c t  chloride and 02 t o  l e v e l s  of 20 ppm so t h a t  w e  may study 

s t ress-corrosion cracking of these  weldments under t h e  influence of con- 

taminants. This loop should be avai lable  f o r  use by July 1970. 

1. 

2. 

3. 
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