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HIGHLIGHTS 

PART I. FAST REACTOR TECHNOLOGY 

FUELS 

Two ETR instrumented capsules loaded by the  Sphere-Pac process with 

(U,. 73 , P u o .  2 7)01. 9 7 coarse microspheres and UO, f i n e  microspheres t o  

t e s t  t h e  YJ-Fine" process were prepared. (p. 5) 
Three EBR-I1  encapsulated p ins  containing Sphere-Pac (U,Pu) O2 f u e l  

have a t t a ined  a calculated peak bumup of 7.5% FIMA. (p. 6) 
The lead (U,Pu)02 f u e l  p in  f o r  t h e  37-pin EBR-I1  subassembly has 

a t t a ined  a peak bumup of 2.3% FIMA. (p .  7) 

The f i r s t  capsule (MINT-1) t o  measure t h e  e f f e c t  of in-reactor 
power cycling on a x i a l  extension of both t h e  (U,Pu)O, f u e l  and cladding 

w a s  placed i n t o  t h e  ORR i r r a d i a t i o n  f a c i l i t y .  (p. 1 2 )  
Thermodynamic calculat ions ind ica t e  t h a t  carbon w i l l  be  removed 

from (U,Pu)02 f u e l  and deposited on the  inne r  c lad  surface and t h a t  

hydrogen d i f fuses  out  of t h e  f u e l  pin; thus,  the  CO:CO2 and H2:H20 

mechanisms a re  not p l aus ib l e  means of oxygen t ransport  t o  t h e  clad.  ( p .  13) 

The mechanism ava i l ab le  f o r  t ransport  of t h e  at tacking component 

must be  r e l a t ed  t o  f i s s i o n  products o r ,  perhaps, impur i t ies ,  which w e  
have postulated not t o  be ava i l ab le  i n  Sphere-Pac fue l s .  (p. 23) 

I r r a d i a t i o n  t e s t i n g  of tyo capsules each containing four  (U,Pu)N 

pins i n  ETR continued. Peak burnup a t  present i s  5% FIMA. (p. 34) 
Seven f u e l  pins t o  be i r r a d i a t e d  i n  EBR-I1 are undergoing f i n a l  

t e s t i n g  a t  Bat te l le  Columbus Laboratory. (p. 35) 
A process was developed f o r  preparing (U,Pu)N p e l l e t s  and powder 

f o r  shipment t o  recovery a t  Hanford. ( p .  35) 
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ABSORBERS 

Transmission e l ec t ron  microscopy of boron carbide powders and p e l l e t s  
i r r a d i a t e d  i n  the  EBR-I1 i nd ica t e  a high density of planar defec ts  

accompanied by a complex s t r a i n  f i e l d .  

i r r a d i a t i o n  temperature i s  decreased, t h e  defec t  density and s t r a i n  f i e l d  

i n t e n s i t y  increases.  I n  pos t i r r ad ia t ion  hea t  treatments, the number of 

defects decreases, s t r a i n  f i e l d  i n t e n s i t y  decreases , bu t  t he  s i z e  of the  
defec ts  become l a r g e  and t h e  material swells as the  temperature i s  

increased. Pos t i r rad ia t ion  hea t  treatments a t  1 4 5 0 O C  show about 2.5% A v l - r .  

Even a t  i r r a d i a t i o n  temperatures as low as 5OO0C, the  defec ts  have been 

i d e n t i f i e d  as crystal lographical ly  or iented cavi t ies .  We assume these  

cav i t i e s  t o  be  f i l l e d  with helium. A t  the  lower i r r a d i a t i o n  temperatures 

the  helium pressure may be i n  excess of t h a t  needed t o  balance the  sur- 
face tension forces ,  thus causing t h e  l a r g e  l a t t i c e  s t r a i n  f i e l d s .  This 
w i l l  b e  t r u e  i f  t he  helium atom diffusion coe f f i c i en t  i s  higher  than the  

self-diffusion coe f f i c i en t  i n  boron carbide. (p. 4 3 )  

A s  t h e  fluence ‘is increased and 

The discovery of t h e  cavity formation a t  these low FTR temperatures 

may be  very important re la t ive t o  gas release, s ince  as the  densi ty  of 

these defects i s  increased, they may serve as t r aps  f o r  helium subsequently 

produced by the  (n,or) reac t ion .  These t raps  may r e s u l t  i n  a lower helium 

release rate as i r r a d i a t i o n  proceeds u n t i l  some c r i t i c a l  point is reached 

where the  material i s  f r ac tu red  because of t h e  high i n t e r n a l  s t r a i n .  A t  

t h i s  t i m e ,  l a rge  b u r s t s  of helium would be  released. (p. 5 8 )  

CLADDIN GS 

The creep-rupture propert ies  of type 316 s t a i n l e s s  s t e e l  have been 

determined a f t e r  i r r a d i a t i o n  i n  the annealed, 20 and 50% cold-worked 

conditions. I r r a d i a t i o n  temperatures were i n  t h e  range 450 t o  about 

8OO0C, and t h e  m a x i m u m  fas t  neutron fluence was 2 . 7  x 10’’ neutrons/cm’ 

(>0.1 MeV).  

temperature. 
was the l o s s  of d u c t i l i t y  which was most pronounced i n  the temperature 

range 550 t o  650°C. 

Propert ies  were s e n s i t i v e  t o  t h e  i r r a d i a t i o n  and test 

A t  th is  fluence level t h e  most s i g n i f i c a n t  property change 

I n  this  temperature range the f r ac tu res  were 
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FABRICATION DEVELOPMENT OF LMFBR COMPONENTS 

P o s t t e s t  examination of AlcO/ELH steam generator i s  continuing. 
ful l -scale  model of a 180-deg segment of t h e  lower tube sheet has s igni-  

f i can t ly  a s s i s t e d  i n t e r p r e t a t i o n  of t he  crack pa t te rns .  

several  tube-to-tube shee t  welds fsom the u n i t  has revealed a r e l a t i v e l y  

high incidence of porosity,  f i s su res ,  and lack-of-fusion. (p. 150) 

A 

Examination of 

A seventh stress-corrosion run was conducted i n  t h e  chloride- 

i n j ec t ion ,  stearn-corrosion loop using 10 ppm NaCl and 20 ppm 0 as con- 

taminants. 

s u r f  ace conditions, both as-welded and nonwelded, were Incone'L 625 and 

t-ype 410 s t a i n l e s s  s tee l .  

Inconel 600, Hastelloy C ,  Hastelloy G, and a l l  of t h e  various f e r r i t i c  
a l loys  of i n t e r e s t  f o r  LMFBR appl icat ions r e s i s t e d  cracking. Specimens 

of Incoloy 800 welded with Inconel 82 continued t o  display a moderate 

amount of cracking. (p .  143)  

Materials which r e s i s t e d  stsess-corrosion cracking i n  a l l  

I n  the  form of nonwelded sheet o r  s t r i p s ,  

Creep-rupture tes ts  on s t a i n l e s s  s t e e l  submerged-arc and shielded 

metal-arc welds have been extended t o  longer rupture  times. A t  a 

temperature of 650°C (1200°F) and with rupture times from 1000 t o  2600 h r ,  

t he  elongations of t h e  submerged-arc welds vary between 6 and 12%; 

shielded metal-arc welds with control led additions of boron, phosphorus, 
and ferrot i tanium r e t a i n  an elongation of 12% a t  a rupture  t i m e  o f  over 

3000 h r .  ( p .  158) 

Special  batches of types 308 and 316 s t a i n l e s s  s teel  electrodes 

w i t h  controlled addi t ions t o  improve high-temperature propert ies  are 

being procured commercially. ( p .  159) 
The t e n s i l e  and creep p rope r t i e s  of FFllF vessel, type 308 s t a i n l e s s  

s t ee l  weldments a t  566OC (1050°F) vary through the thickness of t h e  

weldment, with t h e  mater ia l  a t  t he  su r face  being weaker. ( p .  209)  
63 By using s t a i n l e s s  steel f i l l e r  w i s e  containing N i  as a radio- 

ac t ive  tracer,  micro-segregation i n  welds i s  r ead i ly  revealed. An 

unusual layer ing e f f e c t  (inhomogenous bonds) w a s  observed. (p. 164) 
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predominantly intergranular .  Specimens i r r a d i a t e d  i n  t h e  50% cold- 
worked condition were s t ronger  (both i n  creep ra te  and rupture l i f e )  and 
exhibited about t he  same d u c t i l i t y  as specimens i r r a d i a t e d  i n  the  20% 

cold-worked condition. (p. 79) 

The increase i n  l a t t i c e  parameter as a function of i r r a d i a t i o n  

temperature ( i n  the  range 450 t o  7 5 0 O C )  has been determined f o r  s i l i c o n  

carbide which w a s  i r r a d i a t e d  i n  the  Oak Ridge Research Reactor. These 

r e s u l t s  provide a ca l ib ra t ion  curve f o r  the  use of  s i l i c o n  carbide as a 

temperature monitor i n  EBR-I1 i r r a d i a t i o n  experiments. (p. 89)  

Tensile tes ts  of as-annealed and cold-worked specimens of type 316 
s t a i n l e s s  s t ee l  were car r ied  out  i n  aged and unaged conditions a t  dif-  
f e r e n t  temperatures and crosshead speeds. A de ta i l ed ,  q u a l i t a t i v e  

ana lys i s  of t h e  s t r e s s - s t r a i n  behavior has been undertaken on the b a s i s  

of the shape of t he  s t r e s s - s t r a i n  curves and t h e  se r r a t ions  occurring 

i n  them. The mechanisms responsible € o r  discontinuous yielding have 

been discussed and th ree  types of s e r r a t i o n s  iden t i f i ed .  (p .  96) 

Aging has been found t o  affect  cold-worked specimens more s t rongly 

than specimens i n  the  as-annealed condition. A s i g n i f i c a n t  difference 

i n  p r e c i p i t a t e  morphology has been observed between cold-worked and 

as-annealed specimens a f t e r  long-time aging a t  6 5 0 O C .  

p a r t i c l e s  occur almost exclusively i n  cold-worked and aged specimens. ( p .  

Large a-phase 

Good co r re l a t ion  was noted between t h e  electromagnetic response 

and t h e  degree of cold work i n  FFTF f u e l  cladding within a batch of 

tubing. (p. 183) 
Tentative r e s u l t s  from t e s t i n g  of a l t e r e d  notches i n  20% cold- 

worked s t a i n l e s s  s tee1 i n d i c a t e  t h a t  these type defec ts  cause premature 
f a i l u r e  i n  b i a x i a l  stress rupture tests a t  t i m e s  equal t o  those observed 

f o r  EDM notches a t  the  tes t  conditions invest igated t o  date .  ( p .  138) 

1 2 2 )  
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The h o t  d u c t i l i t y  of an Incoloy 800-type experimental a l loy  con- 

ta in ing  combined t i tanium and s u l f u r  o r  an a l loy  containing carbon i s  

s l i g h t l y  affected by a welding thermal cycle whereas t h e  presence o f  a l l  

th ree  elements i n  an a l l o y  causes a d i s t i n c t  l o s s  i n  i ts  a b i l i t y  t o  

recover d u c t i l i t y .  

limits f o r  an optimized Incoloy 800 f i l l e r  metal. (p. 168) 
These d a t a  are necessary i n  s e t t i n g  compositional 

Charpy V-notch tests on welds i n  the niobium-stabilized grade of 

2 1 / 4  C r l  Mo s t e e l  i n d i c a t e  exce l l en t  toughness. 

toughness i s  i n  excess of 40 f t - l b  a t  5°C (40'F) and values as high as 

125 f t - l b  and 86 l a t e r a l  expansion have been recorded f o r  tests made 

with the  notch near t he  fusion l i ne .  (p. 1 7 1 )  

The weld-melted 

Experimental measurements of eddy-current response t o  specimen 

thickness were compared wi th  calculated r e s u l t s  with excel lent  agreement. 

This demonstrates t he  accuracy with which optimum design of eddy- 

current tes ts  can be performed using t h e  a n a l y t i c a l  approach. S e n s i t i v i t y  

t o  thickness changes were accurate and repeatable  within about 0.1%. (p. 180) 

Ultrasonic frequency ana lys i s  techniques using two transducers were 

shown t o  provide good i d e n t i f i c a t i o n  and measurement of r e f l e c t o r s  with 

i r r e g u l a r  shapes and contours. (p. 184) 
Early problems of instrument j i t t e r s  have been solved i n  development 

of closed c i r c u i t  t e l ev i s ion  techniques f o r  radiographic in t e rp re t a t ion .  (p. 187) 

PART 11. SPACE POWER TECHNOLOGY 

S i x  refractory-metal-clad UN pins and three  UOZ p ins  continue t o  

operate s a t i s f a c t o r i l y  i n  t h e  ORR under space-reactor conditions. (p. 238) 
The higher  s t r e n g t h  and increased rupture l i f e  of CVD tungsten 

containing 10 t o  20 ppm F appears t o  be due t o  hardening of t h e  matrix 

by f luo r ine  impuri t ies  i n  so lu t ion  o r  i n  the  form of very small bubbles. 

Duplex deposits of CVD tungsten combine t h e  high s t r eng th  of t h e  f luo r ide  

material with the high d u c t i l i t y  of chlor ide material. (p. 241) 
Electron fractography s tud ie s  on CVD tungsten i n d i c a t e  t h a t  outgassing 

treatments used i n  the  f ab r i ca t ion  of thermionic emitters should b e  

l imited t o  20 h r  a t  1800OC f o r  optimum creep propert ies .  (p. 251) 
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Our high-temperature tungsten i r r a d i a t i o n  experiment i s  current ly  

operating i n  EBR-I1 and w i l l  be  withdrawn i n  March 1972, a f t e r  receiving 

a peak fluence of  8 x 10’’ neutronslcm‘ (>0.1 MeV). 

The s e n s i t i v i t y  of T-111 and molybdenum a l loys  t o  contaminants 
(p .  258) 

such as oxygen, water vapor, and other  gases which are present  i n  Pioneer 
radioisotope thermal generators has been determined. I n  general ,  the 

molybdenum a l loys  appear f a r  less sens i t i ve  t o  these i m p u r i t i e s  than T-111. 

Under conditions most representat ive of Pioneer generators,  the d u c t i l i t y  

of T-111 was not  affected by the addi t ion of 290 ppm 0. (p. 259) 
One-pound ingots  of th ree  Pt-Rh-W alloys have been fabr ica ted  i n t o  

shee t  by hot r o l l i n g  e lec t ron  beam melted ingots .  Of t h e  three ,  t h e  

Pt-26% Rk-8% W a l loy  appears t o  be the  most fabr icable .  Additional 
Pt-Rh-W a l loys  with small  addi t ions of hafnium and ti tanium have a l so  

been fabr ica ted  i n t o  shee t ,  I n  general, these  al loys exhib i t  superior  

mechanical proper t ies  p a r t i c u l a r l y  a t  elevated temperatures. (p.  275) 
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1. DEVELOPMENT OF FBR OXIDE FUELS 

P. P a t r i a r c a  A. L. L o t t s  F. J. Homan 

The purpose of t h i s  program is t o  advance t h e  technology of (U,Pu)02 

as a f u e l  f o r  the LMFBR. The o x i d e  f u e l s  s t u d i e d  i n  t h i s  program are 

d e r i v e d  from c o p r e c i p i t a t i o n ,  mechanical  b l e n d i n g ,  and s o l - g e l  p r o c e s s e s  

and are f a b r i c a t e d  by c o l d  p r e s s i n g  and s i n t e r i n g  and Sphere-Pac. 

emphasize d e t e r m i n a t i o n  of  t h e  p r o p e r t i e s  and performance of o x i d e  f u e l s  

d e r i v e d  from t h e  s o l - g e l  p r o c e s s  and f a b r i c a t e d  by Sphere-Pac t e c h n i q u e s ,  

b u t  we a l s o  compare these f u e l s  w i t h  t h o s e  f a b r i c a t e d  by o t h e r  p r o c e s s e s .  

The main o b j e c t i v e s  of t h e  program are (1) t o  e s t a b l i s h  t h e  performance 

c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of (U,Pu)02 f u e l  f a b r i c a t e d  by t h e  d i f f e r -  

e n t  p r o c e s s e s ,  (2 )  t o  o b t a i n  a fundamental  bnders tanding  of t h e  mechanisms 

t h a t  are involved  i n  t h e  behavior  o f  f u e l  e lements  under i r r a d i a t i o n ,  

(3)  t o  develop f a b r i c a t i o n  t e c h n i q u e s  t h a t  p r o v i d e  b o t h  economy and 

a product  w i t h  op t imized  performance, and ( 4 )  t o  develop a n a l y t i c a l  

methods s u f f i c i e n t l y  a c c u r a t e  t o  o p t i m i z e  exper imenta l  d e s i g n  and t o  

p r e d i c t  t h e  r e s p o n s e  of f u e l  e lements  t o  LMFBR service c o n d i t i o n s .  

We 

F a b r i c a t i o n  of  (U,Pu)02 F u e l s  

J. D. Sease R. A. Bradley 

The o b j e c t i v e  of  o u r  (U,Pu)02 f a b r i c a t i o n  program i s  t o  deve lop  

p r o c e s s e s  by which mixed o x i d e  f u e l  of c o n t r o l l e d  d e n s i t y  and s t o i c h i o m e t r y  

can b e  f a b r i c a t e d  f o r  i r r a d i a t i o n  tests. A l a r g e  p o r t i o n  of t h i s  

program h a s  been t h e  development of Sphere-Pac and s o l - g e l  p e l l e t  

f a b r i c a t i o n  t e c h n i q u e s .  

During t h i s  r e p o r t  p e r i o d  w e  f a b r i c a t e d  t h e  f u e l  p i n s  for two 

ins t rumented  c a p s u l e s  t o  b e  i r r a d i a t e d  i n  t h e  ETR. 

on f u e l  f o r  two i r r a d i a t i o n  exper iments  on t h e  Gas-Cooled F a s t  Breeder  

Reac tor  Program on t h e  replacement  f u e l  p i n s  f o r  t h e  F-1 experiment  

and t h e  f u e l  f o r  t h e  GB-10 experiment .  

Work i s  i n  p r o g r e s s  
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Replacement Fuel f o r  t h e  F-1 Experiment (R. A. Bradley) 

Eight f u e l  p ins  containing (U,Pu)O, p e l l e t s  were f ab r i ca t ed  previously 

f o r  t h e  GCFR F-1 i r r a d i a t i o n  experiment i n  co l labora t ion  with Gulf 

General Atomic.' We have been requested t o  prepare the f u e l  f o r  f i v e  

add i t iona l  p ins  t h a t  w i l l  be used i n  replacement capsules. The f u e l  

requirements and t h e  preparation of t h e  f u e l  w a s  discussed previously.2 

We have not  received t h e  surface-roughened cladding from GGA; 

therefore ,  no add i t iona l  work has been done on t h i s  pro jec t .  We expect 

t o  receive t h e  cladding and t o  f a b r i c a t e  t h e  p ins  about February 1972. 

Fuel f o r  GB-10 Capsule (R. A. Bradley) 
The f u e l  p in  f o r  t h e  GB-10 capsule w i l l  contain 8.8 i n .  of nominally 

87.5% dense, s o l i d ,  dished-end p e l l e t s  wi th  an oxygen-to-metal r a t i o  

of 1.97. The smear dens i ty  of t h e  f u e l  p in  i s  required t o  be 84.0 _+ 1.0% 
of theo re t i ca l .  The (Uo.s8,Puo.lz)Oz powder, with the  uranium containing 
9% 235U, was prepared by the  sol-gel process. 3 

We performed s i n t e r i n g  tests on t h e  (U,Pu)OZ powder t o  ob ta in  

shrinkage da ta  required t o  design and f a b r i c a t e  t h e  p e l l e t  pressing 

die .  

pressing and s i n t e r i n g  conditions which w i l l  y i e l d  87.5% dense p e l l e t s .  

This d i e  i s  present ly  being used i n  s i n t e r i n g  tests t o  e s t a b l i s h  

We expect t o  complete t h e  f u e l  f a b r i c a t i o n  and charac te r iza t ion  by 

about February 1, 1972. The capsule i n t o  which the fuel will be loaded 

is  expected from GGA on about t h e  same date .  

'T. N .  Washburn, J. D.  Sease, R. A .  Bradley, E. J. Manthos, and 
M. K. Preston, LMFBR Fuel Cycle Studies  Progr. Rept. May 1970, No. '15,  
ORNL-TM-3018, pp. 57-58. 

J. D. Sease and R. A. Bradley, Fuels ar  2 

3R. A .  Bradley and J. D. Sease, GCR-TU Programs SemiannualProRr. 
Rept. f o r  Period Ending September 30, 1970, ORNL-4637, p. 49. 
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Fuel f o r  t h e  ETR Instrumented Capsules (R. A. Bradley) 
We fabr ica ted  the f u e l  pins  f o r  two instrumented capsules (ORNL 

43-125 and 43-126) f o r  i n  s i t u  measurement of f i s s i o n  gas release. 

Each contains  approximately 20 in .  of mixed oxide fue l .  

(U0.75 ,P~0.25)01 .97  p e l l e t s  fabr ica ted  by WADCO from mechanically mixed 

powders. The o ther  w a s  loaded by t h e  Sphere-Pac process with 

(U0.73yPu0.27)01.97 coarse microspheres and UOz f i n e  microspheres t o  
y ie ld  a nominal f u e l  bed composition of (Uo.80,Puo.20)01.98. The smear 

d e n s i t i e s  of both the  Sphere-Pac and the  p e l l e t  pins a re  83.5 _+ 1.0% 

of theo re t i ca l .  

One contains  

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

F. J. Homan T. N .  Washburn 

The performance c h a r a c t e r i s t i c s  of mixed (U,Pu)02 f u e l s  are being 

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

i n  an LMFBR. 

fabr ica ted  as p e l l e t s  o r  as microspheres loaded by the Sphere-Pac technique. 

The program includes thermal-flux experiments, which p e r m i t  use  of 

instrumented capsules and continuously cont ro l led  hea t  rates, and f a s t  
f l u x  experiments, i n  which the  f i s s i o n  rate d i s t r i b u t i o n  and r ad ia t ion  

e f f e c t s  on the  cladding a re  more typ ica l  of those f o r  operat ing condi t ions 

an t i c ipa t ed  i n  an LMFBR. 

We a re  now concentrating on comparative tests of f u e l  

Fast  Flux I r r a d i a t i o n  Tests (A. R. Olsen) 

The f a s t  f l u x  i r r a d i a t i o n  tests i n  the  EBR-I1 are designed t o  

approximate condi t ions t o  be encountered i n  a commercial-scale LMFBR. 

The objec t ive  of these tests i s  t o  e s t a b l i s h  the  e f f e c t s  of f u e l  f ab r i -  

ca t ion  form (Sphere-Pac o r  p e l l e t ) ,  void d i s t r i b u t i o n ,  and stoichiometry 

on the  swelling of t he  f u e l ,  mechanical and chemical i n t e rac t ions  of 

f u e l  and cladding, release of f i s s i o n  gas, and d i s t r i b u t i o n  of f i s s i o n  

products i n  a (U,Pu)Oz f u e l  operat ing a t  t y p i c a l  hea t  rates t o  design 

l e v e l s  of burnup. 
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The f i v e  S e r i e s  I encapsulated tests a l l  contain Sphere-Pac fue l s .  

Two of the capsules,  S-1-A and S-1-E, w e r e  re turned t o  ORNL a f t e r  t h e  

i n i t i a l  period of i r r a d i a t i o n  i n  subassembly X050 which w a s  discharged 

from t h e  EBR-I1  a t  t h e  end of run 42 on May 18, 1970. The o t h e r  t h r e e  

capsules a re  continuing under i r r a d i a t i o n  i n  subassembly X119 with 

a scheduled incremental exposure of 5600 MWd of EBR-I1 operation. 

Subassembly X119 w a s  i n s t a l l e d  i n  pos i t ion  5F4 of the EBR-I1 g r i d  on 

May 1 6 ,  1971. There have been several in t e r rup t ions  i n  the i r r a d i a t i o n  

schedule as reported previously4 including a subassembly r econs t i t u t ion .  

The cu r ren t  i d e n t i f i c a t i o n  is  X119A. A s  of December 14, t h e  start 

of EBR-I1 run 53, t h e  pins had been exposed t o  3675 MWd o r  66% of the  

cu r ren t  incremental exposure. The combined exposure i n  subassemblies 

X050 and X 1 1 9  t o  d a t e  e s t a b l i s h  a cu r ren t  ca l cu la t ed  peak burnup of 

7.5% FIMA f o r  these  t h r e e  encapsulated pins.  

The p o s t i r r a d i a t i o n  examination of p ins  S-1-A and S-1-E is continuing 

with a l l  e f f o r t  now being d i r ec t ed  toward e s t ab l i sh ing  t h e  r a d i a l  

d i s t r i b u t i o n  of f i s s i o n  products. 

delayed by d i f f i c u l t i e s  i n  obtaining s a t i s f a c t o r i l y  polished sec t ions  

using a nonaqueous polishing medium. The r e s u l t s  of t h e  examination 

t o  d a t e  w e r e  reported a t  t h e  l as t  ANS meeting5 and i n  previous r e p o r t s  

i n  t h i s  series. An ORNL r e p o r t  on these  two p ins  i s  i n  preparation. 

This microprobe ana lys i s  has been 

5 -9 

4A. R. Olsen, Fuels and  Materials Development Program Quart. Progr. 
Rept. f o r  Per iod Ending September 30, 1971, ORNL-TM-3550, pp. 8-12. 

5 A. R. Olsen, "Sol-Gel Sphere-Pac (U,Pu)O, Fuel Performance I n  EBR-I1 
I r r a d i a t i o n  Tests," Trans. Am. Nucl. SOC. l4(2), 596-97 (Oct. 1971). - 

6 A. R. Olsen, Fuels  and Materials Development Program Quart. Progr. 
R e p t .  f o r  Period Ending September 30, 1970, ORNL-4630, pp. 27-29. 

7 A. R. Olsen, Fuels and Materials Development Program Quart. Progr. 
Rept .  f o r  Period E n d l O O ,  pp. 15-19. 

'A. R. Olsen, J. L. Miller, and D. R. Cuneo, Fuels and Materials 
Development Program Quart. Progr. Rept. f o r  Period Ending March 31, 1971, 
ORNL-TM-3416, pp. 15-20. 

'A. R. Olsen, Fuels  and Materials Development Program Quart. Progr. 
Rept. f o r  Period Ending June 30, 1971, ORNL-TM-3540, pp. 45-46. 
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The Series I1 tests are with unencapsulated pins  i n  a 37-pin 

subassembly. Detai ls  of t h e  t e s t i n g  program and the ind iv idua l  p in  

operating conditions are reported i n  the  da t a  package. 

and Wilcox Company f ab r i ca t ed  18 of the f i r s t  37 p ins  t o  be i r r a d i a t e d  

i n  subassembly XU2 and 1 6  p ins  f o r  replacement of p ins  removed a t  

scheduled burnup levels. On Ju ly  1, we  assumed r e s p o n s i b i l i t y  fo r  

t he  e n t i r e  i r r a d i a t i o n  program and p o s t i r r a d i a t i o n  examination. The 

f i r s t  incremental i r r a d i a t i o n  is  being done i n  subassembly X112. This  

subassembly i s  scheduled f o r  discharge a f t e r  10,000 MWd of EBR-I1 operation 

a t  which t i m e  the  predicted peak burnup f o r  the lead p in  i n  the  subassembly 

w i l l  be 3.7% FIMA. 

The Babcock 1 0  

A t  t he  start  of run 49 subassembly X112 w a s  i n se r t ed  i n  EBR-I1 

g r id  pos i t i on  6B2 but  i t  w a s  moved t o  t h e  requested higher f lux  pos i t i on  

6E3 before  t h e  s t a r t  of run 50. A s  of December 15, 1971, the  exposure 

has reached 6179 MWd of EBR-I1 opera t ion  o r  62% of t h e  planned incremental 

i r r a d i a t i o n  period. The ca lcu la ted  peak burnup f o r  t h e  lead  p in  i s  

2.3% FIMA. 

Uninstrumented Thermal Flux I r r a d i a t i o n  Tests (A. R. Olsen and D. R. Cuneo) 

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

X-basket f a c i l i t i e s  of the  ETR. 

arranged i n  tandem. The i n i t i a l  ob jec t ive  of these  tests w a s  t o  i nves t i -  

g a t e  a t  extended burnup the e f f e c t s  of f a b r i c a t i o n  form on release 

of f i s s i o n  gas ,  migration of f i s s i o n  products, and swelling of t h e  

fue l .  
i r r a d i a t e d  f u e l  f o r  LMFBR reprocessing s tud ie s .  

of these  tests i s  given i n  Table 1.1. 

burnup l e v e l  tests have been presented. 

Each capsule contains four  test  p ins  

The capsules now being i r r a d i a t e d  are  t o  provide short-cooled 
The cur ren t  s t a t u s  

The r e s u l t s  of low and intermediate 
11-12 

A. R. Olsen e t  a l . ,  P r e i r r a d i a t i o n  Data f o r  ORNL Se r i e s  I1 and 

A. R. Olsen, C. M. Cox, and R. B .  F i t t s ,  Trans. Am. Nucl. SOC. 12 

10 

B&W Oxide Fuels Tests i n  EBR-11, OWL-TM-3446 (Nov. 1971). 

605-6 (1969). 
1 1  

-9 - 
12A. R. Olsen, Trans. Am. Nucl. SOC. - 13, 32-33 (1970) - 



Table  1.1. Nonins trumented Thermal Flux Tests of (U,Pu)O2 F u e l s  

Experiment Fuel  Number Peak Peak L i n e a r  Peak Cladding S t a t u s  
Number Form Composition of Burnup H e a t  Rate I n n e r  S u r f a c e  December 1971 

Rods (% FIMA)a (W/cm) Tempera ture  
("C) 

43-99 

43-100 

43-103 

43-112 

43-113 

43-115 

43-116 

43-117 

43-118 

43-119 

32-123 

Sphere-Pac 

Spher  e-Pac 

Sphere-Pac 
P e l l e t  

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 

Sphere-Pac 

FTR P e l l e t s  

FTR P e l l e t s  

FTR P e l l e t s  

FTR P e l l e t s  

(23su0 .*O,PUO. 2 0 ) O z  . O O  

(z35u*. s0,Puo . Z O ) O Z .  0 0  

UOZ . O Z  (20% z'5u) 
UO2.,O(2O% 235u)  

(238U0.85 , P U 0 . 1 5 ) 0 1 . 9 7  

UO, .02 (20% z35u)  

(z38uo.s5,Puo. 15)01.97 
uoz.oz(20% z35u)  

(z38U0 .85 ,Puo. 15)01 .97  

u o z  . o z  (20% z35u) 
238 ( u o  . 8 5 ,Puo. 1 s) 01.9 7 

(238uo.75,Puo.,,)oI . 9 8  

(238u0 .75,PUo.25)01.98 

("38U0 . 7 5  ,Puo.25)01.98 

( Z 3 8 U 0 . 7 ~  ,Puo.z5)Oi . 9 8  

2 

2 

3 
1 

3 
1 

3 
1 

3 
1 

4 

4 

4 

4 

4 

b 

b 

1 . 5  

1 .4  

5 

0.7 

10' 

6 .5  

1.5' 

2.5 

8.0' 

10. 0' 

4.0' 

1640b 

1470b 

690 

500 

500' 

600 

600' 

53 0 

430' 

430' 

350' 

1000 

900 

530 

360 

380' 

460 

460' 

410 

360' 

360' 

310' 

Examined 

Examined 

Examined 

Examined 

Being examined co 

Examined 

P r o c e s s e d  

Being examined 

In- reac  t o r  
26.3% FIMA 

In-r e a c  t o r  
26.12 FIMA 

I n  p r e p a r a t i o n  

is f i s s i o n s  p e r  i n i t i a l  a c t i n i d e  m e t a l  atom 

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

'These are t a r g e t  d e s i g n  v a l u e s  

. 
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P o s t i r r a d i a t i o n  metallographic and microprobe examinations of 
t he  pins  from the  high burnup capsules are continuing. 

one sec t ion  from t h e  peak burnup p in  43-113-3 has been examined f o r  

a c t i n i d e  d i s t r ibu t ion .  The microprobe ana lys i s  i nd ica t e s  a gradual 

increase i n  the Pu/U r a t i o  adjacent  t o  the central  void. 

i s  most pronounced i n  the  innermost 20% of t h e  fue l .  It  is not c lear  

whether t h i s  changing r a t i o  is t h e  r e s u l t  of a c t i n i d e  r e d i s t r i b u t i o n  

o r  represents  a t  least i n  p a r t  a reduction i n  plutonium burnup due 

t o  s e l f  shielding i n  these  thermal f l u x  tests. However, t he  exis tence 

of a dense annular f u e l  r i n g  a t  an  R / R  

from t h e  f u e l  cladding in t e r f ace )  which shows a d i s t i n c t  d ip  i n  t h e  

Pu/U r a t i o  suggests a c t i n i d e  r e d i s t r i b u t i o n  s i m i l a r  t o  t h a t  seen i n  

lower burnup samples. The Pu/U r a t i o  i s  genera l ly  lower by about 

15% outs ide  of t h e  dense annular r ing.  Microprobe a n a l y s i s  of t h e  

fuel-cladding i n t e r f a c e  region shows both U and Pu concentrations 

decreasing proportionately.  

are j u s t  s t a r t i n g .  

To d a t e  only 

This measure 

of 0.85 (approximately 0.012 in .  
0 

1 3  

Analyses f o r  f i s s i o n  product d i s t r i b u t i o n s  

Capsules 43-117, 43-118, and 43-119 are  t h e  f i r s t  capsules w e  

have i r r a d i a t e d  with mechanically mixed (U,Pu)02 p e l l e t  fue l .  Only 

capsule 43-117 has completed i ts  planned i r r a d i a t i o n .  Capsules 43-118 

and 43-119 are  continuing their  i r r a d i a t i o n  t o  t h e  t a r g e t  burnup levels 

indicated i n  Table 1.1. These capsules are  pr imari ly  intended f o r  

reprocessing s t u d i e s  on shor t  cooled f u e l .  A s  p a r t  of t h i s  reprocessing 

study t h e  Chemical Technology Division is  comparing measured f i s s i o n  

product recovery with predicted f i s s i o n  product inventory. The predic t ion  
of f i s s i o n  product content  is  being made wi th  the @RIGEN code.14 

d a t a  f o r  t h e  burnup ana lys i s  of t he  four  p ins  i n  43-117 have been received. 
The burnup f o r  t h e  peak p in  i n  pos i t ion  3 w a s  2.5% FIMA. This burnup 

ind ica t e s  that the s t a r t  of l i f e  l i n e a r  heat  ra te  w a s  i n  excess of 
1 6  kW/ft o r  approximately 20% g rea t e r  than an t i c ipa t ed .  

Analyt ical  

A deple t ion  

A. R. Olsen, R. B. F i t t s ,  and W. J. Lackey, In-Reactor 1 3  

Restructuring Temperatures and Kinetics f o r  (U,Pu)02, ORNL-TM-3387 
( Ju ly  1971). 

14M. J. B e l l ,  @RIGEN, The ORNL Isotope Generation and Depletion Code, 
ORNL-4628, i n  preparation. 
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ca lcu la t ion  on the  f u e l  has confirmed t h i s  value and ind ica t e s  t he  
end of l i f e  peak hea t  ra te  w a s  down t o  13.8 kW/ft. Revised @RIGEN 

ca lcu la t ions  a re  being made t o  account a c t u a l  operat ing conditions.  

ETR Instrumented T e s t s  (A. R. Olsen and R. A .  Buhl) 

The ETR instrumented tests are designed t o  determine t h e  performance 

of mixed oxide f u e l  under simulated LMFBR design operat ing conditions.  

Se r i e s  I cons i s t s  of two capsules 43-120 and 43-121. Each capsule  

contains  four  f u e l  p ins  wi th  two thermocouples t o  measu re  cladding 

temperature a t  t h e  f u e l  axial  midplane of each pin. These tests are 

designed t o  inves t iga t e  f u e l  swelling and fuel-cladding chemical i n t e r a c t i o n s  

of Sphere-Pac and pe l l e t i zed  (U,Pu)02 f u e l s  over a wide range of cladding 

temperatures up t o  a m a x i m u m  of 650OC. 

A s  of December 12, 1971,  t he  Se r i e s  I capsules have been i r r a d i a t e d  

approximately 307 e f f e c t i v e  f u l l  power days (EFPD) t o  a peak f u e l  burnup 

of 7% FIMA. 

A s  indicated i n  the  l as t  r epor t  of t h i s  series15 the  peak cladding 

inner  sur face  temperature on experiment 43-120 had f a l l e n  t o  approximately 
52OoC while t h e  43-121 peak cladding inner  su r face  temperature w a s  

approximately 55OoC.  Therefore,  a t  t he  beginning of ETR cyc le  114 

capsule 43-121 w a s  moved t o  a higher f l u x  pos i t i on  intended t o  br ing clad- 
ding inner  su r face  temperature back up t o  a des i red  650-C temperature. 

Although the re  has  been only a l imi ted  amount of i r r a d i a t i o n  during cyc le  1 1 4  

it appears as though the  change i n  loca t ion ,  together  with o the r  changes 

i n  the  ETR core  loading, have r e su l t ed  i n  a power increase  which br ings  
the  peak cladding inner  sur face  temperature up t o  only 58OoC.  

continued operat ion shows the  cladding temperature r i s i n g  more than 

usual between the  beginning and end of cyc le  (approximately 5OoC) we 

w i l l  move capsule 43-120 t o  a higher f l u x  pos i t i on  and terminate  t h e  

i r r a d i a t i o n  of capsule 43-120 during the  next r eac to r  shutdown. 

Unless 

1 5  A .  R. Olsen and R. A .  Buhl, Fuels and Materials Development Program 
Progr. Rept. f o r  Period Ending September 30, 1971, ORNL-TM-3550, pp. 15-17. 
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The Se r i e s  I1 tests w i l l  cons i s t  of t h ree  instrumented capsules.  

These capsules will each contain a s ing le  f u e l  pin with a ZO-in.-long 

f u e l  column. Each pin i s  instrumented with a pressure transducer,  

t o  measure gas pressure i n  the  plenum region during i r r a d i a t i o n ,  and 

nine thermocouples t o  measure cladding temperatures a t  se lec ted  a x i a l  

loca t ions  along the  f u e l  column and i n  the  gas plenum region. 

One capsule  w i l l  contain FTR type p e l l e t s  of the highest  permissible 
densi ty  (94% of theo re t i ca l ) ,  the  second w i l l  contain FTR p e l l e t s  of 

the lowest permissible  dens i ty  (88% of t h e o r e t i c a l ) ,  and the  t h i r d  

w i l l  contain a packed bed of Sphere-Pac U-Fines16 fue l .  
fue l ,  a l l  the  plutonium is  contained i n  the  coarse f r a c t i o n  (%44-~m- 

d i m )  microspheres and a f i n e  f r a c t i o n  (<44-um diam) of depleted UOz 

is i n f i l t r a t e d  i n t o  the  coarse  bed. 

I n  the  l a t t e r  

The two capsules containing the  low dens i ty  FTR p e l l e t s  and the  

Sphere-Pac f u e l  are cu r ren t ly  under construct ion.  The design repor t  

and sa fe ty  ana lys i s  f o r  these  capsules has been s t a r t ed .  

ETR Instrumented Capsule Assembly (E. J. Manthos) 

A descr ip t ion  of the  instrumented capsules is presented i n  the  

sec t ion  on ETR Instrumented Tests. The f ab r i ca t ion  procedure f o r  capsule 

assembly and a l l  necessary da ta  shee ts  have been prepared and approved. 

I n  addi t ion ,  f ab r i ca t ion  of f u e l  p in  and capsule components is  e s s e n t i a l l y  

complete. 

been developed and qua l i f i ed  excep t  f o r  t h ree  l a rge  welds t h a t  w i l l  
be made on a r o t a t i n g  e lec t rode  welding machine. The f u e l  pins  f o r  

capsules 43-125 and 43-126 a re  present ly  being assembled i n  the  Fue l  
Cycle Alpha F a c i l i t y  glove boxes. 

the  loaded and welded f u e l  pins  they w i l l  be gamma scanned and dimensionally 
inspected before  capsule assembly i s  s t a r t ed .  

A l l  of the  welding parameters and brazing parameters have 

After  assembly and inspect ion of 

J. D. Sease, C. R. Reese, R. A. Bradley, and W. H. Pechin, 1 6  

I t  "U-Fine Process, 
Reactor Fuel Cycles, Gatlinburg, Tennessee, May 4-7, 1970, CONF-700502. 

pp. 329-331 i n  Symposium on Sol-Gel Processes and 
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GCBR Fas t  Flux T e s t  Replacement Capsule Fabricat ion (E. J. Manthos) 

We w i l l  f a b r i c a t e  f i v e  F-1 replacement capsules.  The e igh t  capsules  

fabr ica ted  previously17 were in se r t ed  i n t o  the  EBR-I1 during November 

1970. 
capsules except f o r  minor modifications.  ORNL w i l l  f a b r i c a t e  the f u e l  

( r e fe r  t o  sec t ion  on Replacement Fuel f o r  F-1 Capsules) and assemble 

the f u e l  p i n s  and capsules. 

the  f u e l  pin and capsule  hardware. 

Design of t he  replacement capsules i s  s imilar  t o  the  e igh t  o r i g i n a l  

Gulf General Atomic (GGA) w i l l  f u rn i sh  

Suf f i c i en t  hardware has been provided by GGA t o  develop and qua l i fy  

the f u e l  pin and capsule welding parameters. 

f o r  th ree  of t he  f i v e  f u e l  pins  and capsules has been received. 

I n  addi t ion ,  hardware 

The f ab r i ca t ion  and q u a l i t y  assurance plan,  capsule f ab r i ca t ion  

procedure, and necessary da t a  shee ts  have been prepared and approved. 

A l l  of t he  capsule weld parameters and braze parameters have been qua l i f ied .  

The two weld specimens required by EBR-I1 have been fabr ica ted  and 

inspected. 

f o r  the  two remaining f u e l  p ins  and capsules are received. 

Capsule f ab r i ca t ion  should begin soon a f t e r  t h e  hardware 

Tests of Mechanical In t e rac t ion  of Fuel and Cladding (B. F le i scher ,  
R. B. F i t t s ,  and R. L. Senn'") 

The i n t e n t  of our program is t o  measure in-reactor t he  axial  

extension of both the  f u e l  column and cladding and a l s o  the f u e l  p in  

i n t e r n a l  gas pressure during operat ion of prototypic  LMFBR f u e l  pins  
under c a r e f u l l y  cont ro l led  conditi.ons. These include programmed power 

cycles  and an occasional overpower cycle.  The i r r a d i a t i o n  capsules 

are designed s o  t h a t  the  f u e l  pin operates  i n  the  ORR Poolside i r r a d i a t i o n  

f a c i l i t y  a t  LMFBR prototypic  power and temperature conditions.  

i r r a d i a t i o n  tests are planned f o r  one t o  two years  and w i l l  g ive  burnup 

l e v e l s  of 5 t o  9%. 

The 

A s  described previously," t he  f i r s t  in-reactor  power 

I7T.  N. Washburn, J. D. Sease, R. A. Bradley, E. J. Manthos, and 
M. K. Preston,  "Fabrication of GCBR Capsules f o r  I r r a d i a t i o n  i n  EBR-I1  
(GGA Cooperative Program) ," LMFBR Fuel- Cycle Studies  Progr. Rept. May 1970, 

NO. 15,  ORNL-TM-3018, pp. 57-58. 
Reactor Division. 

R. B. F i t t s ,  R. L. Senn, J. G. Morgan, and J. D. Jenkins,  Fuels 

18 

19 

and Materials Development Program Quart. Progr. Rept. f o r  Period Ending 
June 30, 1970, OWL-4600, pp. 58-63. 
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cycling capsule (MINT-1) contains  a prototype Fas t  T e s t  Reactor (FTR) 

f u e l  pin. 

Movember 1 6  shutdown. 

a t  4 kW/ft during t h e  s t a r t u p  phase of operation. 

t o  power and decrease from power has been about 120"C/hr during cont ro l led  

t rans ien ts .  

w a s  a t  a rate somewhat g rea t e r  than 6000°C/hr. This is  t y p i c a l  of 

t he  cooling ra te  t h a t  w i l l  be experienced during simulated r eac to r  

scrams which occur a t  the  end of each of our  planned power cycles.  

The M I N T - 1  capsule w a s  i n s t a l l e d  i n  the  ORR during the  

It has been operated 24 h r  a t  2 kW/ft and 250 h r  

The r a t e  of r ise 

One uncontrolled t r ans i en t  during cooldown from 4 kW/ft 

During the f i n a l  s tages  of capsule assembly w e  discovered t h a t  

the c a l i b r a t i o n  system w a s  inoperative.  

not l i f t  the  push rod. 

w a s  about one ha l f  of the  value measured during the  previous c a l i b r a t i o n  

system checkout. W e  concluded t h a t  a i r r e p a i r a b l e  sho r t  c i r c u i t  ex is ted  

and t h a t  an a l t e r n a t i v e  method of c a l i b r a t i o n  checkout would be required.  

Consequently, we  w i l l  use neutron radiography t o  provide information 

regarding re la t ive push rod posi t ion.  

indicated by the  transducers t o  check t h e i r  correspondence. 

The ca l ib ra t ion  solenoid would 

Inves t iga t ions  revealed t h a t  the  solenoid r e s i s t ance  

This w i l l  be compared with t h a t  

Analysis of Fuel Element Performance 

F. J. Homan 

The objec t ives  of t h i s  work are a fundamental understanding of 

t he  behavior of LMFBR f u e l  elements and the  development of a n a l y t i c a l  

models t o  descr ibe t h e i r  performance and probabi l i ty  of t h e i r  f a i l u r e  

under var ious operat ing conditions.  Spec ia l  emphasis is given t o  modeling 

fuel-cladding mechanical i n t e rac t ions  and t o  charac te r iz ing  i r r ad ia t ed  

(U,Pu)02 fue ls .  
program, providing design methods and evaluat ion of the  tes ts .  

This work is  an i n t e g r a l  pa r t  of t he  i r r a d i a t i o n  t e s t i n g  

Analysis of Oxide Fuel-Cladding Chemical Attack (J. M. Leitnaker) 

W e  are  examining the  chemical behavior of mixed oxide f u e l s  and 

are attempting t o  develop a model t o  explain t h e  observed behavior. 

One of the  most important r e l a t ionsh ips  i s  t h a t  of the  oxygen p o t e n t i a l  
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of t h e  f u e l  t o  the gra in  boundary a t t a c k  seen i n  the  cladding. 

t he  repor t  period we  have made ca l cu la t ions  which tend t o  show t h a t  

the Rand-Roberts-Markin theory2 ' concerning cont ro l  of f u e l  s to i ch i -  
ometry across  the s t rong  temperature gradient  by e i t h e r  an  H20/H2 o r  

CO2/CO r a t i o  can only cont ro l  during the  ea r ly  pa r t  of long-term 

i r r ad ia t ions .  The ca l cu la t ions  show t h a t  t he  amount of carbon oxide 

gases decrease t o  a very low pressure v i a  depos i t  of carbon on the 

cladding and t h a t  l ikewise H2  i s  removed from the  system via d i f fus ion  

through the  s ta in less  steel  cladding. 

During 

The ca lcu la t ions  tend t o  ind ica t e  t h a t  t ranspor t  of oxygen from 

f u e l  t o  cladding occurs by some mechanism o the r  than C02-CO o r  H20-H2 

t ransport .  I f  one pos tu la tes  t h a t  the  a l t e r n a t i v e  t ranspor t  mechanism 

is  Cs-CszO one might reasonably suppose t h a t  sol-gel  f u e l  provides 
a blocking mechanism f o r  the C S Z O  and e f f e c t i v e l y  remove t h e  l a s t  

mechanism f o r  oxygen a t t a c k  of cladding. 

r e s i s t ance  of (U,Pu)02 sol-gel  microsphere oxide fueled pins  t o  i n t e r -  

granular  a t t a c k  of t he  cladding could thus be explained. 

The demonstrated super ior  

There are several approximations i n  the  ca lcu la t ions  done thus 

f a r  which leave room f o r  doubt. We w i l l  d e t a i l  these unce r t a in t i e s  

following a descr ip t ion  of the  ca lcu la t ions .  However, the ca l cu la t ions  

seem t o  ind ica t e  t h e  importance o f  es tab l i sh ing  experimentally the  

oxygen po ten t i a l  across  a f u e l  element. 
been proposed. 

A means f o r  doing t h i s  has 

D q .  - One 

of the  mechanisms proposed by Rand and Roberts" f o r  con t ro l l i ng  the  

oxygen content of (U,Pu)Oz i n  a r eac to r  w a s  a constant  CO/COz r a t i o  

across  the  pin. Under normal operat ing condi t ions,  however, one expects 

11. H. Rand and L.E.J .  Roberts, "Thermodynamics and Nuclear 2 0  

Engineering," i n  Thermodynamics, IAEA, Vienna, 1966, Vol. I, pp. 3-31. 

M. H. Rand and T.  L. Markin, "Some Thermodynamic Aspects of 2 1  

(U,Pu)02 Solid Solut ions and Their Use as Nuclear Fuels,' '  i n  Thermodynamics 
of Nuclear Materials, IAEA, Vienna, 1968, pp. 637-50. 
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carbon t o  be removed from the  f u e l  and deposited on the  inner  sur face  

of the  c lad .  

following ca lcu la t ion .  For the  reac t ion  

We demonstrate the v a l i d i t y  of t h i s  statement by the  

2 co = co2 + c 

t he  standard f r e e  energy change i s  

A G O  = - 40,800 + 41.7 T (ca l )  (2) 

22 from da ta  i n  Kubaschewski et  a l ,  
COz pressures i n  equilibrium wi th  graphi te  and CO a t  var ious pressures 

I n  Table 1.2 w e  t abu la t e  t he  var ious 

of CO. For example, a t  a P 

2.48 x l o 4  a t m ,  and the  - is 2.48 x l o 4 .  Since, i n  general ,  the  

f u e l  has a lower oxygen po ten t i a l  than t h i s ,  t he  pressure of  C02 would 

of 1 a t m  a t  750"K, the  P co 2 would be co P co 2 

pco 

be reduced near t h e  c lad ,  ac t ing  t o  deposi t  carbon. 

What t h i s  means is t h a t  unless  t h e  pressure of COz were l o 4  a t m  

o r  higher ,  a t  a CO p r e s s u r e  of 1 a t m ,  

t o  t he  r i g h t  and deposi t  carbon on the  cladding. 

proceed u n t i l  equilibrium was es tab l i shed  between C y  CO, and C02 and 

the adjacent  fue l .  
corresponded t o  a CO/C02 mole r a t i o  of 10, t he  r e su l t i ng  pressure of 

CO would be 4 x 

A net  e f f e c t  i s  t o  t r a n s f e r  carbon from the  f u e l  t o  the  clad.  
I f  one f a c t o r s  i n  t h e  reac t ion  of graphi te  t o  form Cr,C ( f o r  

Reaction (1) would proceed 

This reac t ion  would 

I f  the  equilibrium oxygen p o t e n t i a l  of t he  f u e l  

a t m  and the C02 pressure would be a ten th  of t h i s .  

22 which da ta  are given i n  Kubaschewvski e t  a l . ,  

be negl ig ib le ,  3.8 x lo-'. 

clad can be deduced from the  observations summarized by Rubin, 

which i t  i s  s t a t e d  t h a t  MZ3C6 i s  found concentrated near the inner  

cladding surface.  

t h e  pressure of C o  would 

That carbon from the  f u e l  reacts with the  
23 i n  

0. Kubaschewvski, E. L1 .  Evans, and C .  B .  Alcock, Metal lurgical  2 2  

Thermochemistry, Vol. I, 4 th  Ed., Pergamon Press ,  New York, 1967. 

B. F. Rubin, Summary of (U,Pu)O Proper t ies  and Fabricat ion 23 

Methods, GEAP-13582, p. 55 (Nov. 1970). 
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Table 1.2 Calculations of Equ i l ib r i a  
i n  System C O ~ - C O - C ~  

pco Rn - 
Rn K P coz pco'pco' T 

f o r  P = f o r  Pco = (K) 
co 

0.1 a t m  1 a t m  0.1 a t m  1 a t m  

500 -17.328 -15.025 -17.328 2.98 x lo-' 2.98 x lo-' 
7 50 -5.515 -3.212 -5.515 4.02 x lo-' 4.02 x 

+0.391 1.47 x 10' 1.478 1000 +O. 391 +2.694 

1250 +3.935 +6.238 +3.935 5.12 x 10' 5.12 x 10' 

1500 +6.297 +8.599 +6.297 5.43 x i o 3  5.43 x 10' 

a Equations used were 
D 

f o r  t h e  reac t ion  

2 CO (g) = COz (g) + C (graphi te)  

f o r  which the  standard f r e e  energy change, A G O T ,  w a s  taken t o  be 

A G O T  = -40,800 + 41.7 T . 
The major uncer ta in ty  i n  t h i s  ca l cu la t ion  i s  t h e  ra te  a t  which 

equilibrium is  es tab l i shed  between carbon i n  the  f u e l  and carb ide  i n  
the cladding under the  imposed temperature gradient .  

t o  t he  f u e l  su r f ace  by some mechanism, be  t ranspor ted ,  and d i f f u s e  

t o  the g ra in  boundaries t o  react. 

not been considered a t  present .  

Carbon must  d i f f u s e  

The rates of these  processes have 

Transport of oxygen i n  (U,Pu)Oz f u e l s  undergoing i r r a d i a t i o n  

by an H2-H20 mechanism has a l s o  been pos tu la ted  by Rand and Markin" 

as a poss ib le  means of determining the  stoichiometry (O/M) ac ross  the  

s t rong temperature grad ien t  of t he  f u e l .  Since d i f fus ion  of H, i n  
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s t a i n l e s s  steels i s  rap id ,  w e  ca l cu la t ed  the t i m e  required t o  

t h e  pressure of Hz t o  a low value where t h e  rate of t r anspor t  

be considered negl ig ib le  by t h i s  mechanism. Since the H z / H z O  

reduce 

might 

mole 
r a t i o  i s  assumed t o  be f ixed  by t h e  f u e l ,  reduct ion of the pressure 

of Hz would l ikewise reduce t h e  pressure of HzO thereby reducing t h e  

ra te  a t  which oxygen could be  t ransported t o  the cladding. 
For t h i s  ca lcu la t ion  w e  have used t h e  d i f fus ion  d a t a  of F l i n t z 4  

and t h e  equation 

S A t  
d 

Q = -  

where Q i s  the number of cm3 of HZ d i f fused  through a su r face  of - A 

sq cm,  of thickness - d mm, i n  - t hr .  S i s  t h e  appropriate  d i f fus ion  

coe f f i c i en t .  We chose 600°C as the cladding temperature t o  obta in  

a d i f fus ion  c o e f f i c i e n t  of 1.2 x lo-' cm3 (STP) cmz hr-' mm-' . To 
ad jus t  the d i f fus ion  c o e f f i c i e n t  a t  each appropriate  pressure change 

w e  used F l i n t ' s  equation 

S f i  
s '  =m 

( 3 )  

( 4 )  

(This equation gives  too f a s t  a ra te  a t  low pressures but  w e  d id  no t  

co r rec t  f o r  t h i s . )  The gas l a w  w a s  used t o  c a l c u l a t e  t h e  pressure f o r  

a case i n  which the  f r e e  volume w a s  assumed t o  be 0.0368 c m 3 ,  the  t o t a l  

amount of Hz was assumed t o  be 0.204 cm3 (which is  t h e  l i m i t  allowed 

by FFTF s p e c i f i c a t i o n s ) ,  a t  an  "effective" gas temperature of 800°C. 

The ca lcu la t ion  w a s  i t e r a t e d  i n  0.001 h r  s t eps ,  reducing t h e  pressure 

appropriately a f t e r  each s t ep .  
0.2 h r  are  required t o  reduce t h e  pressure of H Z  below 

The r e s u l t s  i n d i c a t e  t h a t  less than 

a t m .  

Again, enough approximations have been introduced i n  the  ca lcu la t ion  

t o  se r ious ly  reduce i ts  accuracy. 

Hz d i f f u s e s  from t h e  f u e l  nor what e f f e c t  i r r a d i a t i o n  has on the  rate 

We do n o t  know t h e  rate a t  which 

24P, S.  F l i n t ,  The Diffusion of Hydroaen Throuph Materials of 
Construction, W L - 6 5 9  (December 1951). 
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of d i f fus ion  of H2  through the  s t a i n l e s s  steel. However, even an e r r o r  

i n  the  assumption r e su l t i ng  i n  two orders  of magnitude e r r o r  i n  t h e  

t i m e  would make the  t i m e  involved only 20 hr .  

I f  the  above two mechanisms are eliminated as contenders f o r  

t ranspor t  of oxygen t o  the  c lad ,  f i s s i o n  products seem t o  be a l l  t h a t  

remain. Most l i k e l y  contenders f o r  providing in te rgranular  a t t a c k  

mechanisms are Mo and C s .  

are Sr and T e  (although probably not  as an oxide mechanism). The two 

i n  g rea t e r  abundance are Mo and C s .  Hence, they a re  favored f o r  f u r t h e r  

study. 

Other p o s s i b i l i t i e s  which cannot be excluded 

Experiments by A d a m ~ o n ~ ~  a t  General E l e c t r i c  i n d i c a t e  C s - C s 2 0  

can a f f e c t  the stoichiometry of (U,Pu)02 f u e l  across  a temperature 

with a s l i g h t l y  d i f f e r e n t  hea t  of t r anspor t  than a CO-C02 t ranspor t .  

W e  know of no similar experiments involving Mo-MOO,. 

Analysis of Oxide Fuel-Cladding In te rgranular  Attack Data 
(3. M. Leitnaker and R. E. Adams) 

Grain boundary a t t a c k  creates the  p o t e n t i a l  of cladding f a i l u r e  

We 

have previously described an ana lys i s  of da t a  from GEM-13620 (Ref. 27) 
showing tha t  i n  the  pin examined the in t e rg ranu la r  a t t a c k  exhibi ted 

a l i n e a r  rate when p lo t ted  versus  1000/T ( O K ) .  

are tabulated i n  Table 1.3 and p lo t ted  i n  Fig. 1.1. 

treatment l ed  t o  the  equation 

a t  r e l a t i v e l y  low burnup according t o  Johnson and Cronthamel. 26 

Data from t h a t  repor t  

A least  squares 

log,, ( a t t ack  rate) = - - 4666 - 1.080 
T (K) (5) 

2 5  M. G. Adamson, E. A. Aitken, and S. K. Evans, "Studies of Stoichi-  
ometry-Dependent Phenomena i n  LMFBR Oxide Fuels: 
ACS National Meeting, Washington, D. C. ,  September 1317, 1971. 

A Sta tus  Report," 162nd 

C. E. Johnson and C.  E. Cronthamel, "Fuel-Clad Reactions i n  26 

I r r ad ia t ed  Mixed-Oxide Fuels," Conf. on Fas t  Reac 

27 J. M. Leitnaker,  Fuels and Materials Development Program Quart. 
Progr. Rept. f o r  Period Endfng September 30, 1971, ORNL-TM-3550, pp. 28-32. 
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Table 1.3 Attack on GE P in  B i C  
347 S ta in l e s s  Steel  Cladding 

Attack 
Depth 
(4 

Attack Rate d Attack R a t e  
(cm/hr) (1%) 

1019 1.218 6.48 x 1.41 x -6.851 

1134 1.170 1.64 x 3.56 x -6.450 

1238 1.060 4.95 x 1.08 x -5.967 

1362 0.988 8.00 x 1.74 x -5.760 

1419 0.959 1.31 x lo-' 2.85 x -5.545 

a Data were taken from K. E .  Gregorie, P. E. Novak, and R. E .  Murata, - 
Fai led  Fuel Performance i n  Natura l ly  Convecting Liquid Metal Coolant, 
GEAP-13620 (June 1970). 

bTemperatures were in te rpola ted  from Fig. 6-9, GEAP-13620. 

C Depths were measured with a r u l e r  on photomicrographs i n  Fig.  6-9, 
GEAP-13620. Some uncer ta in ty  r e s u l t s  i n  ascr ib ing  a l l  t h e  a t t a c k  as 
in te rgranular  a t tack .  

d T i m e  of exposure was computed from an average 18 kW/ft power 
(GEAP-13620). 
and 53,000 MWd/metric ton. 

We assumed a f u e l  diameter of 0.559 c m ,  a dens i ty  of 0.9, 
The computed t i m e  w a s  4600 hr .  

The importance of t h i s  g ra in  boundary a t t a c k  has l e d  us  t o  continue 

our examination of ava i l ab le  data on th i s  s u b j e c t .  

I n  Table 1.4 we  t abu la t e  data from an experiment i n  which a 316 
s t a i n l e s s  steel  tube was subjected t o  a flow of A r 4 %  H 2 ,  4000 ppm 

H 2 0  f o r  a period of 500 hr ,  taken from the  r epor t  of F i t t s  e t  a l .  

These d a t a  are a l s o  p lo t t ed  i n  Fig. 1.1 where they can be compared 

28 

R. B. F i t t s ,  E. L .  Long, Jr.,  and J. M. Leitnaker,  Observations 2 8  

of Fuel-Cladding Chemical In t e rac t ions  as Applied t o  GCBR Fuel Rods, 
ORNL-TM-3385 <July  1971) .  
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Fig. 1.1. In tergranular  Attack Rates on S t a i n l e s s  S t e e l s .  

with t h e  d a t a  from t h e  General Electr ic  f a i l e d  p i n  data. 

t reatment  l ed  t o  t h e  equation 

A least  squares 

log,, ( a t t ack  rate) = --- 4816 1.3129 T (K) 

The similar s lopes and not-too-dissimilar o rd ina te s  of t hese  two sets 

of  d a t a  seem important. 
f o r  o the r  f u e l  p i n  da ta .  

The p l o t  can serve as a point  of comparison 

I n  Table 1.5 we l i s t  in t e rg ranu la r  a t t a c k  ra te  on a f u e l  p i n  

operated as a thermocouple experiment f o r  a s h o r t  time i n  the Oak Ridge 

Research Reactor t o  about 2% FIMA a t  18 kW/ft. 

( U ~ . ~ ~ , P U ~ . ~ ~ ) O ~ . ~ ~  c lad  i n  316 s t a i n l e s s  s teel .  

i s  p lo t t ed  i n  Fig. 1.2. Also shown i n  Fig. 1.2 is  a datum from a GE 

pin,  E5B-2;” t h e  datum is tabulated i n  Table 1.6. 

The f u e l  was coprec ip i ta ted  

The s i n g l e  po in t  

It is  seen that  

2 9  K. J. Per ry  and W. E. Baily, High Burnup Performance of Powder 
and P e l l e t  Mixed-Oxide Fuel, GEAP-10385 (Ju ly  1971). 
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Table 1.4 Attack on 316 S t a i n l e s s  S t e e l  Tubing 
i n  A d %  H,, 4000 ppm H,Oa 

1000 Attack 
Depth 

( 4  

Attack R a t e C  Attack Rate 
( c d h r  ) ( loglo)  

733 1.364 

823 1.215 

948 1.055 1 . 7  3.4 io-’ -6.468 

1048 0.954 8.5 1 ;7  x -5.770 

1173 0.853 1.9 3.8 x -5.420 

1198 0.835 2.0 x 4.0 x l oW6 -5.398 

1198d 0.835 2.5 5.0 x -5.301 

?Data were taken from R. B. F i t t s ,  E. L. Long, Jr. , and 
J. M. Lei tnaker ,  Observations of Fuel-Cladding Chemical In t e rac t ions  
as Applied t o  GCBR Fuel Rods, OWL-TM-3385 ( J u l y  1971). 

microscope. 
an oxide layer .  

bDepths w e r e  measured on metallographic sec t ions  with a t r ave l ing  
A l l  were measured as t h e  d is tance  i n t o  t h e  cladding from 

%est  t i m e  w a s  500 h r .  
d T e s t  w a s  run i n  a i r .  Depth of a t t a c k  w a s  measured under an 

oxide f i l m  of 7.5 X cm thickness. 

Table 1.5.  In t e rg ranu la r  Attack on ORTC I V a  

- 
Attack Rate b 1000 Attack 

T T Depth Attack R a t e  
(K) (K-V ( cm> (cm/ h r  1 (log1 0 )  

973 1.027 1.78 x 5.23 x -5.281 

a 

bTime  a t  temperature w a s  340 hr .  

Data from R. B. F i t t s ,  p r i v a t e  communication. 
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Fig. 1.2.  In t e rg ranu la r  Attack Rates. (The lower l i n e  corresponds 
t o  ORNL out-of-pile data;  the upper l i n e  corresponds t o  GE p i n  B 3 C . )  

Table 1.6 Attack on GE P in  E5B-2 Claddinga 

1000 A t  tack 
T T Depth Attack R a t e C  Attack R a t e  

(K) ( K - V  (cm) ( cm/ h r  1 (log,,) 

994 1.006 8.05 x 8.15 x i oW7 -6.089 

a Data w e r e  taken from K. E. Perry and W. E. Baily, High Burnup 
Performanceof Powder and P e l l e t  Mixed-Oxide Fuels ,  GEAP-10385 (Ju ly  1971). 

b In te rgranular  a t t a c k  depth w a s  measured on Fig. 5-6 (pol ished) ,  
GEAP-10385 (Ju ly  1971). 

C T i m e  of exposure w a s  computed from a s t a t e d  22 kW/ft power, a f u e l  
diameter of 0.559 cm, a dens i ty  of 0.84, and 149,000 MWd/metric ton 
burnup. The computed time w a s  9878 hr.  
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. 

the  GE datum l i e s  near t he  l i n e  corresponding t o  the  ORNL out-of-reactor 

da t a  while the  ORTC a t t a c k  r a t e  is much higher  than any of the  o the r  

data .  

For comparison wi th  the  above da ta  we  have tabulated i n  Table 1.7 

a l l  t he  in te rgranular  a t t a c k  d a t a  from pins  containing sol-gel  Sphere- 

Pac oxide. These p ins  showed no d iscernable  in te rgranular  cladding 
a t t a c k  so  i t  w a s  necessary t o  assume some lower l i m i t  of observation. 

We have assumed t h a t  i f  t h e  a t t a c k  were less than 5 x l om4  cm i t  would 
be ind is t inguishable  from f i s s i o n  r e c o i l  damage. Thus, a l l  the da ta  

p lo t ted  i n  Fig. 1.3 represent  an upper l i m i t  t o  the a t t a c k  rate; the  

ra te  w a s  not  g rea t e r  than t h a t  shown. On four  of t h e  pins  the  upper 

l i m i t  l i e s  above the  lowest l i n e ;  hence, nothing d e f i n i t i v e  can be 

sa id  about them r e l a t i v e  t o  t h i s  ana lys i s .  Four of the  poin ts  l i e  

below the  out-of-reactor da t a  and appear t o  exhib i t  a s i g n i f i c a n t l y  

lower rate of a t t ack .  (Note tha t  even here  the  a t t a c k  rate is  only 

shown t o  be less than t h e  p lo t t ed  value.)  

A t  t h e  present ,  incomplete s t age  of our ana lys i s ,  i t  is seen 

tha t  t he  sol-gel-derived Sphere-Pac pins  a l l  exhibited less ra te  of 

a t t a c k  than t h e  o ther  pins  analyzed. It a l s o  seems clear t h a t  t o  g e t  
a t r u e  measure of t he  p o t e n t i a l  advantage of Sphere-Pac pins ,  i n  t h i s  

regard,  p ins  should be run f o r  longer times a t  higher temperatures. 

I n  t h i s  way an  ac tua l  measure of in te rgranular  a t t a c k  might be  obtained 
and a l i m i t  set t o  t he  po ten t i a l  va lue  of p a r t i c u l a t e  fue l .  

Molybdenum Concentration Dis t r ibu t ions  i n  Fuel Pins  (J. M. Leitnaker 
and F. J. Homan) 

During i r r a d i a t i o n  of LMFBR f u e l  pins  molybdenum is produced 

as a f i s s i o n  product, among numerous others .  Molybdenum is observed 

i n  f i s s i o n  product inc lus ions  ( a l so  containing T c ,  Ru, Rh, and Pd) 

and, as we  s h a l l  show, must a l s o  be present  i n  the  oxide phase. We 

have ca lcu la ted  the  d i s t r i b u t i o n  of molybdenum which may be assumed 

t o  be present  i n  the f u e l  and compared the  r e s u l t s  wi th  experiment. 



Table 1 .7 .  Attack Rate Data on Sol-Gel-Derived Fuel P ins  

Peak looo I n t e r -  In t e r -  
Clad - 

Temp(1D) Attack At tack  Rate  
("c) w-') (cm) ( cm/hr) 

l o g  (IGAR) g ranu la r  g ranu la r  pu Oxygen- Peak Smear 
Reactor (u+pu) to-Metal Clad Burnup Density EFPD P i n  Fuel Test Rate 

Rat io  ( X  F W )  (kW/ft) ( X  T.D.1 

S-1-E S 

S-1-A S 

115-3 S 

100-1 s 

SG-3 S 

99-1 s 
100-3 S 

99-3 s 
GA-17 P 

EBR-I1 0.20 1.99 

EBR-I1 0.20 1.99 

ETR 0.15 2.00 

ETR 0.20 2.00 

ORR 0.18 1.99 

ETR 0.20 2.00 

ETR 0.20 2.00 

ETR 0.20 2.00 

ORR 0.12 2.00 

316 6.0 

304 5.9 

3 04 6.5 

304 1 .2  

304 0.5 

304 1.4 

304 2.5 

3 04 2.8 

316 5.1 

13.5 82 234.1 570 

13.7 82 234.1 570 

20.6 82 174 460 

29.3 76 18.9 650 

16.2 82 430 Q700 

34.6 76 18.9 730 

44.9 76 18.9 900 

49.9 76 18.9 1000 

12.2 85 427 630 

1.186 <5 x lo-* <8.90 x lo-'; -7.051 

1.186 <5  x lo-' <8.90 x lo-" -7,051 

1.364 <5 x ~ 1 . 2 0  x lo-' -6 .921  

1.083 <5 x 10" ~ 1 . 1 0  x lo-' -5.959 

1.028 <5 x lo-' ~ 4 . 8 4  x lo- '  -7.315 

0.997 <5 x lo-' 4 . 1 0  x lo-' -5.959 

0.853 <5 x lo-' d.10 x lo-' -5.959 

0.786 <5 x lo-* <1.10 x lo-' -5.959 

1.107 <5  x lo-" 44.88 x lo-' -7.312 
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Fig. 1.3. 
Mixed Oxide Fuel Pins .  
data;  the upper l i n e  corresponds t o  GE p in  B3C.) 

L i m i t  of In te rgranular  Attack Rate on Sol-.Gel-Derived 
(The lower l i n e  corresponds t o  O W  out-of-pile 

The ca l cu la t ion  of t h e  d i s t r i b u t i o n  i s  s t ra ight fornard .  The 
reac t ion  t o  be considered i s  

Mo(s) + 02(g> = M o O z ( s )  

f o r  which the  equilibrium constant, K, i s  

(7 )  

where t h e  a's are a c t i v i t i e s  of t h e i r  subscr ipted material. We assume 

a M o 0 2  = kl[MoOz] 

where k, i s  the  Henry l a w  constant  and [Moo2] is the  M o o z  concentration 

i n  the  oxide phase. Likewise, 



26 

and 

a0, = P 
02 

Then 

where k3 = kl/k2.  One can obta in  the  value of K from 

A G O  = --RT Rn K 

where AG" is  the  standard free-energy change from Reaction (7) ,  R is  

t h e  gas constant ,  and T i s  the  temperature i n  kelvins .  The va lue  of 

A G O  can be obtained from Kubaschewvski e t  a l .  2 9  

AG'(1) = - 140,500 - 4.6 T log  T f 55.8 T (ca lor ies )  . 
P 

as co 2 We can a l s o  obta in  P as  a funct ion of t he  r a t i o  - 
02 pco 

RT Rn P = - 135,000 + + 9.152 log 
02 

r a t i o  as e s t ab l i sh ing  oxygen p o t e n t i a l  co 2/pc0 We continue t o  use the  P 

f o r  two reasons. F i r s t ,  i t  may represent  a c lose  approximation t o  

the  t r u t h  i f  only i n  the  ea r ly  pa r t  of an i r r ad ia t ion .  Second, t he  

t ranspor t  of oxygen by a C s 2 0 / C s  mechanism may not  be too d i f f e r e n t  

i n  i t s  e f f e c t  and t h i s  procedure is  a t  present  easier. Since, from 

Eqs. (12) and (13), 

AGo(l) = -RT Rn k3 [e] ' 

a p O .  Kubaschewvski, E. L1. Evans, and C. B. Alcock, Meta l lurg ica l  
Thermochemistry, Vol. I, 4 t h  Ed., Pergamon Press ,  New York, 1967. 
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[Moo2 I 
[Mo 1 one can solve f o r  t h e  desired quant i ty ,  l o g  k3 Y . 

obtaining 

Moo2 I 
[Mol 
- calculated from I n  Fig. 1.4 w e  p l o t  the va lue  of l og  k3 

Eq. (17) as  a funct ion of temperature f o r  a number of C02-CO r a t i o s .  

I n  Fig. 1.4 one sees that the shapes of t h e  curves are a l l  t h e  same; 

only t h e  ord ina te  d i f f e r s .  This fac t  i s  s i g n i f i c a n t ;  once a s i n g l e  

va lue  of k3 

t h a t  t h e  Rand-Roberts-Markin theory descr ibes  t h e  f u e l  behavior (or  

t h e  devia t ion  from t h e  theory is described as a funct ion of some burnup 

parameter), t h e  oxygen p o t e n t i a l  a t  t h e  fuel-clad i n t e r f a c e  can be 

establ ished.  With th i s  piece of information, t h e  r e l a t ionsh ip  between 

cladding a t t a c k  and oxygen p o t e n t i a l  can be establ ished.  

is determined i n  a f u e l  p in  and i t  i s  establ ished 
[Mol 

While, f o r  es thet ic  reasons, i t  would be d e s i r a b l e  t o  determine 

t h e  values  of kl  [Eq .  (9)] and kZ [Eq. (lo)], the value of k3, t he  

d i s t r i b u t i o n  c o e f f i c i e n t ,  could be determined d i r e c t l y .  It would be 
r a t h e r  simple, a t  l eas t  i n  concept, t o  mix various mixtures of Mo, 

Ru, Rh, and R e  ( a s  a s u b s t i t u t e  f o r  Tc) and e q u i l i b r a t e  with UOz a t  

var ious oxygen p o t e n t i a l s  and temperatures. 

t h e  value of k3, s i n c e  K f o r  Eq. (8) i s  known. This experiment i s  

perhaps t h e  most c r i t i c a l  s i n g l e  experiment t o  be performed i n  the  

study of fuel-cladding i n t e r a c t i o n  of LMFBR fue l s .  

Analysis would then e s t a b l i s h  

Our ca lcu la t ion  can be compared with t h e  experiments of Lawrence 
and Christensen. 30 '" These workers have i r r a d i a t e d  two pins, one 

10 h r  and one 100 h r ,  and have determined t h e  concentration of "Mo 

as a funct ion of r ad ius  across  t h e  f u e l  p i n  i n  each pin. A p l o t  of 

L. A .  Lawrence and J. A. Christensen, "Fission Product Migration 30 

i n  Oxide Fuels," Battelle-Northwest Quart. Progr. Rept. Jan.-Feb.-Mar. 
1970, Reactor Fuels and Materials Development Programs, BNWL-1349-1, 
UC-25, pp. 3.8-3.12 (April  1970). 

31L. A. Lawrence and J. A .  Christensen, "Molybdenum Dis t r ibu t ion  
i n  I r r a d i a t e d  Oxide Fuels," J. Nucl. Mater. I 37, 248-250 (1970). - 
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Fig. 1 .4 .  Calculated Dis t r ibu t ion  of MOO, and Mo Across an Oxide 
Fuel E lemen t .  

t h e i r  normalized data3' is shown i n  Fig. 1.5. 

t he  ca lcu la ted ,  and normalized, d i s t r i b u t i o n  which one would c a l c u l a t e  

i n  a f u e l  p in  as a func t ion  of temperature i n  Fig. 1.6. For t h i s  cal- 

cu la t ion  w e  used Eq. (17). W e  have requested d a t a  from L. A .  Lawrence 

so t h a t  the molybdenum d i s t r i b u t i o n  can be r e l a t e d  t o  rad ius  of t he  

f u e l  p in  a c t u a l l y  s tudied.  

For comparison we p l o t  

We note  there i s  a s t rong  s i m i l a r i t y  between the normalized curves 

of Figs. 1.5 and 1.6. This s i m i l a r i t y  is, i n  a sense, decept ive,  

f o r  t he  experiments o f  Lawrence and Christensen are  p lo t t ed  i n  t e r m s  

of t o t a l  Mo a c t i v i t y  while the ca l cu la t ions  are i n  terms of the - Mo 
concentration r a t i o .  There are, however, some reasons f o r  believing 

them comparable. 

9 9  MOO 2 

Lawrence and Christensen dissolved t h e i r  samples 
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i n  concentrated HN03 with  a t r a c e  of HF added.32 

t o  be l ieve  t h a t  any metall ic inc lus ions  would not  have dissolved wi th  

t h i s  treatment. 
i n  metall ic inc lus ions  across  (U,Pu)O2.0 f u e l  p ins  t o  a burnup of 

5.6 x 10'' f i s s i ~ n s - c m - ~ .  

from a low of 20 w t  % a t  the  c e n t r a l  void t o  a high of 25 w t  % a t  - = 0.7, 

while one would expect t he  

a f a c t o r  of 4 .  
across  the  pin,  then Fig. 1.6 gives very near ly  the  [MOO'] concentration. 

There i s  good reason 

O'Boyle e t  a l .  33 have measured molybdneum concentrat ions 

The amount of molybdenum present  var ied  
r 
R 

r a t i o  t o  vary,  from Fig. 1.6, by 
EM0 1 

If the  molybdenum concentrat ion is  e s s e n t i a l l y  constant  

Although Lawrence and Christensen's experiment w a s  i n  a thermal 

f lux  and they f i r s t  concluded31 t h a t  t he  molybdenum did not move, a 

l a t e r  c a l i b r a t i o n  experiment32 convinced them t h a t  the  molybdenum had 

indeed moved and the re  w a s  a t i m e  dependence t o  t h e  movement. 
remains a bas i c  uncer ta in ty  i n  t h e i r  conclusion. Note t h a t  t he  c a l i b r a t i o n  

experiment involved using a pin i r r a d i a t e d  a t  a center  temperature 

of 1200°C, while t he  experimental p ins  had c e n t r a l  temperatures near 

melting. From Fig. 1.4 one expects q u i t e  d i f f e r e n t  molybdenum d i s t r i b u t i o n s  

a t  low temperatures than a t  high temperatures, and the  c a l i b r a t i o n  

to  account f o r  f l u x  depression may not  be a t  a l l  appropriate .  

There 

I n  our ca l cu la t ion ,  shown i n  Fig. 1.4, thermodynamic equilibrium 

has been assumed. Since the  classical method of approaching equilibrium 

from two s ides  i s  impract ical  (although maybe not  impossible),  an 

a l t e r n a t i v e  is t o  run the  equ i l ib ra t ion  f o r  two t i m e s ,  one much longer 

than the  other .  Lawrence and Christensen have done t h i s  (lo h r  and 

100 hr )  and obtained e s s e n t i a l l y  constant  r e s u l t s  (see Fig. 1.5). The 

high co r re l a t ion  between the  ca lcu la ted  and t h e  experimental curves 

s e e m s  good evidence t h a t  t h e  oxygen p o t e n t i a l  is governed by something 

giving similar d i s t r i b u t i o n  as would a constant  CO2-CO r a t i o .  

L. A. Lawrence, p r i v a t e  communication t o  J. M. Leitnaker.  3 2  

33D. R. O'Boyle, F. L. Brown, and J. E. Sanecki, "Solid F iss ion  
Product Behavior i n  Uranium-Plutonium Oxide Fuel I r r ad ia t ed  i n  a Fas t  
Neutron Flux," J. Nucl. Mater. 2 9 ,  27-42 (1969). - - 
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. 
Some coiments concerning necessary and des i r ab le  experiments 

[MoOzl a t  any poin t  i n  the  f u e l  would y i e ld  the  value of the  oxygen 

are i n  order.  F i r s t ,  i t  i s  obvious t h a t  a knowledge of t he  va lue  of 

k3 [Mol 
po ten t i a l  a t  any point  wi th in  the  f u e l  once (a) the mechanism cont ro l l ing  
the  oxygen d i s t r i b u t i o n  i s  es tab l i shed  on a quan t i t a t ive  bas i s ,  and 

(b) aux i l i a ry  thermodynamic da ta  are ava i lab le ;  both requirements must 

be f u l f i l l e d .  Point (a)  could be es tab l i shed  by ca re fu l  ana lys i s  of 

severa l  f u e l  elements across  severa l  r a d i a l  sect ions.  Before the  ana lys i s  

is  performed, during the  l as t  r eac to r  cycle ,  the  p ins  should be operated 

a t  as constant a temperature as possible  and f o r  a t i m e  o f ,  say, 100 h r  

t o  ensure thermodynamic equilibrium. 

i n  oxide and i n  me ta l l i c  inc lus ions  could be measured e i t h e r  chemically 

o r  by microprobe ana lys i s  with s u i t a b l e  standards,  preferably both. 

The d i s t r i b u t i o n  of molybdenum 

Point  (b) ,  t h e  need f o r  aux i l i a ry  data ,  i s  somewhat more involved. 

F i r s t ,  t he re  is a need f o r  phase r e l a t ionsh ips  i n  the  U-Mo-0 system 

o r ,  b e t t e r ,  U-Pu-Mo-0 i n  the  region near t h e  f l u o r i t e  l a t t i c e  compound. 
These d a t a  must be obtained as a funct ion of oxygen po ten t i a l  and temper- 

a ture .  Second, a c t i v i t y  coe f f i c i en t s  r e l a t i n g  [Mooz] i n  the me ta l l i c  

f i s s i o n  product inclusions t o  a c t i v i t y  as a funct ion of temperature 

and composition are needed. 

c o e f f i c i e n t  may be an easier experiment and i t  would a l so  be des i r ab le  

as a check on the  second and t h i r d  experiments.) 

(The determination of a d i s t r i b u t i o n  

Perry and  bail^^^ repor t  ana lys i s  of metal l ic  inclusio.ns i n  both 

the columnar gra in  region and i n  the  ou te r  f u e l  region of a pin operated 
t o  approximately 148,000 MWd/metric ton. 
f u e l  region w a s  2.5, while i n  t h e  columnar gra in  region t h i s  r a t i o  

w a s  approximately 1. 

with pred ic t ions  made on the  b a s i s  of t he  Rand-Roberts-Markin t h e ~ r y ~ ' ' ~ "  

The Mo/Ru r a t i o  i n  the outer  

This observation a t  high burnup seems a t  var iance 

34K. R. Perry and W. E. Baily,  High Burnup Performance of Powder 
and P e l l e t  Mixed-Oxide Fuel,  GEAP-10385, p. 20 ( Ju ly  1971). 

35M. H. Rand and L.E.J. Roberts, "Thermodynamics and Nuclear 
Engineering," i n  Thermodynamics, IAEA, Vienna, 1966, Vol. I ,  pp. 3-31. 

36M. H. Rand and T. L. Markin, "Some Thermodynamic Aspects of 
(U,Pu)O 
dynamics of Nuclear Materials, IAEA,  Vienna, 1968, pp. 637-50. 

Solid Solut ions and Their Use as Nuclear Fuels," i n  Thermo- 
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as follows. I f  one ca l cu la t e s  t he  d i s t r i b u t i o n  of Mo and Moo2 i n  the  

fue l ,  one sees t h a t  t he  concentrat ion r a t i o  

f u e l  t o  outs ide  must always increase.  

t he  Rand-Roberts theory co r rec t ly  descr ibes  the  behavior of f u e l  wi th in  

the  pin,  then both the  concentrat ion of molybdenum i n  the  metal l ic  

f i s s i o n  products and of Moo2 i n  t he  oxide f u e l  must have both increased 

i n  t he  outer  region of t he  f u e l  r e l a t i v e  t o  the  c e n t r a l  p a r t ;  t he  Moo2 

concentrat ion increase  must, of course,  be a g rea t e r  increase  i n  order  
IMoOzl a l s o  increase  i n  the  ou te r  region. t h a t  t he  concentrat ion r a t i o  

We f e e l  t h a t  t h e  molybdenum concentrat ion i n  the meta l l ic  inc lus ions  
would tend t o  decrease i n  the outer  region r e l a t i v e  t o  the  center ,  

kk%!- s o  t h a t  the 

This surmise is denied by the  work reported by Perry and Baily. 

[Moo21 from center  of 
[Mol 

I f  t he  ana lys i s  i s  co r rec t  and 

[Mo 1 

concentration would increase  i n  the  ou te r  region. 
[Mo 3 

There are several possible  conclusions. One is t h a t  a l a r g e  

f r a c t i o n  of t h e  f i s s i o n  product molybdenum moves t o  the  ou te r  region 

of t he  f u e l  and thus ample Moo2 can be present  t o  accord wi th  the  thermo- 

dynamic ana lys i s .  A second p o s s i b i l i t y  i s  t h a t  even a minor modif icat ion 

[MoOzl concentrat ion 1 of t h e  Rand-Roberts theory does not descr ibe  t h e  

d i s t r ibu t ion .  

does not e x i s t .  

products (Tc, Rh, and Pd) may have a l a r g e  e f f e c t  on the  a c t i v i t y  of 

dissolved molybdenum . 
One cannot t e l l  from the  da t a  given how much of the  molybdenum 

[Mol 
A t h i r d  p o s s i b i l i t y  i s  t h a t  l o c a l  thermodynamic equilibrium 

A fou r th  p o s s i b i l i t y  is  t h a t  t he  o the r  metall ic f i s s i o n  

has been oxidized. 
by assuming 2.5 represented the Mo/Ru r a t i o  i n  a l l  of the  outer  region 

and 1.0 represented the  Mo/Ru r a t i o  i n  the  columnar g ra in  region. 
diameter of t he  columnar gra in  region w a s  se lec ted  from Fig. 5-3 of 

Ref. 33 and checked v i a  Fig. 5-8 of Ref. 33. A volume average gave 

a Mo/Ru metall ic f i s s i o n  product r a t i o  of 1.62. We a l s o  ca lcu la ted  

the  Mo/Ru r a t i o  from expected f i s s i o n  y ie lds ,  su i t ab ly  cor rec t ing  f o r  

f i s s ion ing  of 235U and 239Pu. This ca l cu la t ion  yielded a Mo/Ru r a t i o  

of 1.23. 

our method of averaging the  volumes is incor rec t .  

We attempted t o  c a l c u l a t e  an observed Mo/Ru r a t i o  

A 

The 25% discrepancy i n  the  numbers very l i k e l y  ind ica t e s  
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We a l s o  ca lcu la ted  the  amount of molybdenum which should have 

been oxidized i n  the  pin,  assuming t h e  O/(lJ+Pu) mole r a t i o  remained 

constant and s u i t a b l y  ad jus t ing  t h e  d i f f e r i n g  f i s s i o n  y i e l d s  of 235U 

and 239Pu. 

assuming no reac t ion  wi th  the  cladding. 

l aye r  w a s  observed w e  suspect  the  amount of molybdenum ac tua l ly  oxidized 

was much less than t h i s ;  again,  our ca lcu la t ions  are too crude t o  y i e l d  

r e l i a b l e  estimates of how much. I f  the  above ca lcu la t ions  were taken 

a t  f ace  value they would tend t o  ind ica t e  t h a t  no buffer ing of the  

f u e l  had taken p lace  by the  molybdenum. 

the  d e s i r a b i l i t y  of obtaining both the molybdenum concentrat ion i n  
the metall ic f i s s i o n  products and the MOO, concentrat ion i n  the  oxide 

f u e l  i t s e l f .  

segment of t he  f u e l  f o r  molybdenum i n  the  metal l ic  f i s s i o n  products 

and molybdenum i n  the  oxide. 

of the clad would thus be obtained. The f u e l  i t s e l f  could be dissolved 

i n  HN03,  leaving t h e  m e t a l l i c  f i s s i o n  product inclusions t o  be analyzed 

separa te ly .  

Approximately 65% of t h e  molybdenum would have been oxidized 

Since an  extensive in t e rac t ion  

These ca lcu la t ions  point  up 

Also pointed up is the  d e s i r a b i l i t y  of analyzing a t o t a l  

A measure of t he  ex ten t  of ox id iza t ion  
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2. ADVANCED FAST BREEDER REACTOR FUELS DEVELOPMENT 

J. Z. Scot t  P. Pa t r i a r ca  

The goals  of t h i s  program a r e  t o  i n v e s t i g a t e  t h e  p rope r t i e s  and 

behavior of thDse uranium- and plutonium-base ceramic fuels t h a t  

w e  term conductors such a s  the mononitrides, carboni t r ides ,  and mono- 

carbides and t o  compare t h e i r  p o t e n t i a l  a s  l iquid-metal  f a s t  breeder 

r eac to r  (LMFBR) fue l  wi th  t h a t  of (U,Ru)O*, which by comparison i s  an 

in su la to r .  Since the thermal conduct ivi ty  of the ceramic conductors 

i s  about t en  times t h a t  of (U,Pu)02, one could t h e o r e t i c a l l y  operate  

a conductor a t  t en  times the  power dens i ty  wi th  t h e  same c e n t r a l  
temperature. I n  p rac t i ce ,  hea t  t r a n s f e r  l imi t a t ions ,  thermal stresses 
i n  t h e  cladding, and high r a t e s  of swel l ing a t  high temperatures l i m i t  
t h e  power dens i ty  t o  about two o r  t h ree  times of (U,Pu)02 - s t i l l  a 

challenging improvement. Additionally,  t h e  margins f o r  t r ans i en t  

overpower a r e  much higher i n  t h e  ceramic conductors than i n  (U,Pu)02. 

I n  spi te  of t h e  p o t e n t i a l  bene f i t s  of advanced LMF'BR f i e l s ,  t he  

l e v e l  of e f f o r t  i s  being reduced because of t h e  budget crunch. For  

t h i s  reason t h i s  program i s  being phased out a t  ORNL and the  work 

reported here  represents  an order ly  phaseout. 

Other work on n i t r i d e  fuels i s  reported i n  Chapter 10. 

I r r a d i a t i o n  Testing 

T. N. Washburn 

Thermal Flux Tests 

Two noninstrumented capsules of four  p ins  each a r e  now being 

i r r a d i a t e d  in  t h e  ETR. 

performance of high p u r i t y  (U,Pu)N. 

30 kW/ft and peak burnup w i l l  be about 5% FIMA. 

p e l l e t s  w i th  d e n s i t i e s  from 86 t o  91% of theo re t i ca l ,  and t h e  fue l  pins  

have a 0.010-in. r a d i a l  gap between the  f u e l  p e l l e t  and cladding, f i l l e d  

wi th  NaK-19 t o  enhance hea t  t r a n s f e r .  

These "screening" tes ts  are t o  determine the  

The peak l i n e a r  heat  r a t i n g  i s  
The fue l  i s  cold-pressed 
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Capsules 4 3 - N 1  and 43-N2 were inser ted  i n t o  the  ETR during t h e  

cycle  110 shutdown and t h e  r eac to r  went t o  f u l l  power on December 9, 1970. 

Capsule 4 3 - N 1  is  scheduled f o r  removal from the  reac tor  i n  January 1972 

during the  midcycle shutdown of cycle  114. 

each capsule a t  t h i s  t i m e  w i l l  be approximately 5% FIMA. 

w i l l  remain i n  t he  reac tor  and 43-Nl will be shipped t o  LASL, as planned, 

f o r  p o s t i r r a d i a t i o n  examination. 

Estimated peak burnup i n  
Capsule 43-N2 

Fas t  Flux Tests (E. J. Manthos) 

Seven unencapsulated f u e l  pins  described i n  Table 2 .1were  t rans-  

f e r r ed  t o  Bat te l le  Columbus Laboratory (BCL) f o r  eddy current  inspection 

of t he  sodium bond a t  temperatures above t h e  sodium melting poin t .  

Inspect ion of t hese  p ins  has not been completed because of d i f f i c u l t i e s  

a t  BCL i n  f ab r i ca t ing  a s u i t a b l e  inspection standard.  

Synthesis,  Fabricat ion,  and Character izat ion 
of Advanced FBR Fuels  

V. J. Tennery 

Our e f f o r t  during t h i s  quar te r  has been d i rec ted  toward developing 

a process t h a t  w i l l  permit t he  cont ro l led  conversion of a l l  our Pu- 

contaminated n i t r i d e  scrap  t o  oxide preparatDry t o  shipping the  mater ia l  

f o r  recovery reprocessing and reducing our inventory t o  zero.  This 

procedure must be completed before  we can c lose  down our i n e r t  atmosphere 

mixed-nitride f a c i l i t y .  

Passivat ion Treatment of  Residual N i t r ide  Fuels 

E. S. Bomar 

The AEC Operations Office a t  Richland, Washington, was contacted 

f o r  information on steps t o  recyc le  our plutonium-bearing scrap  ma te r i a l  

r e su l t i ng  from t h e  advanced f'uels work. These scrap materials are i n  

the  form of powder and p e l l e t s  of both PUN and (U,Pu)N. 

t i o n s  on handling pyrophoric mater ia l s ,  such as n i t r i d e s ,  a r e  i n  an 

unse t t l ed  s t a t e  but, i f  possible ,  t h e  n i t r i d e s  should be converted t o  a 
chemically s t a b l e  form such a s  oxide p r i o r  t o  shipment. 

Present  regula- 
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Table 2.1. Charac te r i s t ics  of Unencapsulated Fuel 
Pins f o r  Testing i n  ETR-I1 

Fuel  
Compos it  ion 

Enrichment, '$ 235U 

P e l l e t  diameter, i n .  
P e l l e t  densi ty ,  $I of t h e o r e t i c a l  

Cladding 

Mat er i a 1 

Outer diameter, i n .  

Wall thickness,  in .  

Cold work, '$ 
Fuel  P in  

Smear densi ty ,  $I of t h e o r e t i c a l  

Sodium bond thickness ,  i n .  
Fuel column length,  i n .  
Overall length,  i n .  

Operating Conditions 

Linear  hea t  r a t ing ,  kW/ft 

Spec i f ic  power, W/g 
Peak cladding temperature, "C 

Fue l  cen te r l ine  temperature, "C 

(U-18$ Pu)N 
93 

0.260 

90 

Type 316 s t a i n l e s s  s t e e l  

0.310 

0.015 

20 

7% 
0.010 

13.5 

40 

30 

220 

65 0 
105 0 

We assumed t h e  n i t r i d e  materials would r ead i ly  r eve r t  t o  oxides i f  

exposed t o  an oxidizing atmosphere a t  an elevated temperature. Equip- 

ment composed of a gas-regulation mixing panel  and a smal l  po t  furnace 

was assembled. A control led f r a c t i o n  of t h e  gas mixture could be passed 

through a bubbler t o  add moisture t o  t h e  supply gas.  

We have exposed ( U , F u ) N  a s  powder and as dense p e l l e t s  t o  gas 

mixtures ranging i n  composition from A r 2 5 $  H 2 0  t o  Arc-1.5$ H20-65% a i r  

a t  temperatures up t o  750°C. Surpris ingly,  t h e  n i t r i d e ,  even i n  t he  
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form of powder, does not r ead i ly  oxidize beyond a s u p e r f i c i a l  degree on 

stepwise exposure t o  successively more oxidizing atmospheres. 

A 30-g sample of powder oxidized t o  2.6% oxygen a f t e r  incremental 

exposures t o t a l i n g  about 36 h r  i n  Ar2 .5$  H20 followed by a s imi l a r  

per iod of exposure t o  Ar-l.5% H20-65’$ a i r .  

increased i n  s t eps  t o  a maximum 3f about 625°C. 

The furnace temperature was 

A second powder charge weighing 110 g was loaded i n t o  the  furnace 

and heated i n  contact  with an  Ar-20% H 2 0 7 2 $  a i r  atmosphere a t  tempera- 

t u re s  t o  about 750°C. 

of treatment.  

This mater ia l  contained 0.9% oxygen a f t e r  24 h r  

Although t h e  f r a c t i o n a l  conversion was smal l  t h e  r e su l t i ng  powder 

was found t o  be nonpyrophoric during 11 days of exposure a t  room tempera- 

tu re  t o  a i r  i n  a glove box. Samples from respec t ive ly  t h e  f i rs t  and 

second conversion treatments gained 0.7 and 0.1% by weight i n  t h e  11 days. 
A gain of t h i s  magnitude would be expected due t o  pickup of moisture. 

The Richmond o f f i ce  agrees t h a t  a s u f f i c i e n t l y  s t a b l e  ma te r i a l  can 

be prepared by a treatment of t h e  above type t o  permit shipment. 
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3 .  DEVELOPMENT OF FBR NXUTRON-ABSORBEIR MATERIALS 

G. M. Adamson, Jr. W. R.  Martin R. G. Donnelly 

The object ive of our work i s  t o  charac te r ize  boron carbide s u f f i -  

c i e n t l y  t o  provide measurable con t ro l  parameters t o  properly evaluate  

f ab r i ca t ion  techniques and t h e  e f f e c t s  of i r r a d i a t i o n .  The i r r a d i a t i o n  

s tud ie s  w i l l  emphasize basic  e f f e c t s  of mater ia ls  var iab les  i n  both 

thermal- and f a s t - r eac to r  environments. A concurrent e f f o r t  i s  t o  

examine a l t e r n a t e  absorber mater ia ls  t h a t  are p o t e n t i a l l y  b e t t e r  con t ro l  

mater ia ls  for FBR serv ice .  

Boron Carbide 

Phase Studies  i n  t h e  Boron-Carbon System (J. P. DeLuca) 

This l imi ted  study of t he  boron-carbon phase diagram w i l l  he lp  i n  
the  f ab r i ca t ion  and charac te r iza t ion  of boron carbide i n  seve ra l  ways. 

By determining the  t r u e  equilibrium binary system, one can determine a t  
what l e v e l  various impuri t ies  a r e  important when consider ing various 

nuclear grade materials. This basic  d a t a  w i l l  determine which boron-to- 

carbon r a t i o s  a r e  expected t o  be s t ab le ,  and a l s o  under what conditions 
these  various r a t i o s  can be produced. 

Progress w a s  made t h i s  quarter  on determining t h e  binary phase 
diagram of t he  B-C system. Ten samples of various B/C r a t i o s  from 3.41 
t o  65.5 were annealed and examined by wet chemical ana lys i s  and x-rays. 

The sample used t o  determine t h e  B-C binary phase diagram were 

prepared from ul t ra -pure  elemental boron and carbon.’ 

ana ly t i ca l ly  weighed and oblique blended for 1 hr.  

were prepared by pressing the  blended powders i n  a boron carbide l i ned  

d i e  a t  40,000 ps i .  The i n i t i a l  weight of a l l  t he  samples was 0.350 g. 

The mater ia l  was 
P e l l e t s  1/4 in .  diam 

J. P. DeLuca, Fuels and Mater ia ls  Development Program Quart .  Progr. 1 

Rept. September 30, 1971, ORNL-3550, p. 55. 
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The samples were then annealed ind iv idua l ly  a t  2000 k 20°C for 22 h r  
i n  a borided tantalum crucible .  This c ruc ib le  w a s  heated induct ively 

and the  temperature was read i n  a black body hole  with a disappearing 
fi lament pyrometer. The pyrometer, prism and furnace window were a l l  
ca l ibra ted  t o  determine t h e  temperature cor rec t ion  f ac to r .  Af te r  t he  
anneal, t h e  samples were crushed i n  a boron carbide mortar and pes ta l .  

The r e s u l t i n g  powders were analyzed both by w e t  chemistry and x rays. 

Table 3.1 gives t h e  chemical analysis  of a l l  t he  samples, I n  a11 but 

t h ree  cases t h e  The 
x-ray r e s u l t s  are shown i n  Table 3.2 and Fig. 3.1. I n  a l l  but two cases, 

2KQ and 2IC250, j u s t  a s ing le  "B4C" type phase was present.  
sample j u s t  @-rhombohedral boron was present,  and i n  the  2K250 samples 

both f r e e  carbon and a rrB4C" phase were present.  

carbon plus the  % boron gave grea te r  than 9976. 

I n  the  2K12 

Table 3.1. Chemical Analysis of I'B4Cn Samples 

Total  Sample No. w t  % c wt % B 

2K12 

2K2 5 
2K5 0 
2K75 
2K100 

2K12 5 
2K150 
2K175A 

2K2 OOB 

2K2 5 0 

1.68 

5.3 

9.97 

13.0 
15.3 

17.6 
17.4 
20.5 

20.5 

24.3 

92.8 

93.7 
88.4 

$6.6 

85.3 

$2.4 

79.6 

78.9 

79.3 

74.9 

94.5 

99.0 

98.4 
99.6 

100.6 

100.0 
97.0 

99.4 
99.8 

99.2 

The r e s u l t s  of H. E. Robson2 are  given i n  Table 3.3 and plot ted i n  

Fig. 3 .1  f o r  comparison with t h e  present work. 

sample a t  2000°C, but for considerably shor te r  times, from 8-120 min. 

H e  a l s o  annealed h i s  

2H. E. Robson, Ph.D. Thesis, University of Kansas, 1958. 



40 

Table 3.2. X-Ray Results on "B4C" Phase 

Sample 
No. 

at. % Rhombohedral Rhombohedral Phases 
C a  a (A)  ty (Degrees) Present 

2K12 

2K2 5 

2K50 

2K75 

2K100 

2Kl25 

2K150 

2K175A 

2K2 OOB 

2K250 

1.60 

4.84 

9.22 

11.90 

13.90 

16.13 

16.44 

18.96 

18. 88 

22.66 

5.2061 

5.2059 

5.2050 

5.1973 

5.1816 

5.1673 

5.1659 

5.1660 

5.161'7 

66.021 

65. 884 

65.864 

65.740 

65.681 

65.692 

65.701 

65.701 

65.688 

B-rhombohedral 

I '  B4C ' 
I' B4C " 

B4C 

I' B4C 

' I  BqC" 

*B4Cw 

I' B4C I' 

"B4C" 

"B4CH + C 

+his number w a s  normalized to give at. % C + at. % B = 100 at. %. 

Table 3.3. Results of H. E. Robsm on r1B4C11 

Sample 
No. at. % C RhomboGedral 

a (A)  
Rhombohedral 
a (Degrees) 

3 

5 

6 

7 

8 
9 

11 

18 

19.16 

16.32 

14.57 

14.7'1 

10.87 

9.95 

9.29 

20.0 

~ ~~~ ~ ~~~ 

5.1720 

5.1900 

5.1925 

5.1985 

5.2080 

5.2068 

5.2058 

5.1621 

65.690 

65.709 

65.725 

65. '792 

65.870 

65.952 

65.952 

65.709 
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The agreement between Robson's work and t h e  present work i s  remarkably 

good. However, it was found i n  t h i s  work t h a t  annealing times as long 

as s i x  hours d i d  not give good r e s u l t s  as indicated by B4C, B, and C .  

A l l  being present i n  the  x-ray pat tern.  

From Fig. 3.1 it appears as though t h e  s ing le  phase f i e l d  of ''B4C'' 

extends from approximately 20 a t .  $, C t o  somewhere between 1 . 6  t o  A.84 a t .  '$ 
C.  This i s  considerably wider than previously r e p ~ r t e d . ~ , ~  More work 

needs t o  be done before the  exact lower l i m i t  of t he  homogeneity range 

i s  fixed. 

I r r a d i a t i o n  Behavior of Boron Carbide 

Nuclear Magnetic Resonance Spectrum of 7Li  i n  I r r ad ia t ed  Boron Carbide 
TBC-8) (R.  A. Weeks) 

I n  addi t ion  t o  d is rupt ion  of t h e  s t ruc tu re  by fas t  neutrons two 

impuri t ies ,  7 L i  and 4He, which a r e  t h e  r e s u l t  of t he  r eac t ion  "B(n ,~x)~Li ,  

a r e  a l s o  introduced when boron carbide i s  i r r a d i a t e d  i n  a f i s s i o n  reac tor .  

Both p a r t i c l e s  leave the  log s i t e  a t  which a reac t ion  takes  place with 

su f f i c i en t  energy t o  escape t h e  s i t e  (assuming t h a t  a displacement energy 

of >24 eV i s  required) .  

lo2 '  neutrons cm-2 a t  an  ambient temperature of 730°C, using various 

techniques including x-ray d i f f r a c t i o n  and scanning e l ec t ron  microscopy, 
has shown t h a t  a small d i s t o r t i o n  of t h e  rhombohedral u n i t  c e l l  occurs 
and defects  appear. No evidence of p rec ip i t a t ed  phases has been detected.  

Presumably 7 L i  occupies, randonly, i n t e r s t i t i a l  s i t e s  i n  the  s t ruc ture .  

Examination of samples i r r a d i a t e d  with 

3R. T. Dolloff,  Research Study t o  Determine t h e  Phase Equilibrium 
Relations of Selected Metal Carbides a t  High Temperatures, WAPD Tech. 
Rept., 60-143, pp. 12-14 (1960). 

4R. P. E l l i o t t ,  The Boron-Carbon System, ARF-2200-12 (1961). 
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The amount of 7 L i  i n  an  i r r a d i a t e d  sample B r - 8  from t h e  HEDL EBR-I1 

experiment X042 i s  about 1 a t .  $. This amount of L i  w i l l  have a nuclear 

magnetic resonance absorpt ion t h a t  can be detected.  The c h a r a c t e r i s t i c s  

of a NMR spectrum 8 s  a funct ion of frequency and temperature may 'oe suf- 
f i c i e n t  t o  determine quadrup3le coupling constants ,  asynlletry parameters 
and a c t i v a t i o n  energies f o r  thermally exci ted motion. 

t h i s  information some deductions about t h e  s i t e  or s i t e s  occupied by 

t h e  7 L i  may be made. 

On t h e  basis of 

With t h e  co l labora t ion  of D. Klein, S t a t e  Universi ty  of N e w  York a t  
Albany, preliminary measurements of t he  spectrum of 7 L i  have been made 

on a sample of i r radiated BqC. 

On the  bas i s  of t h i s  measurement a t  one frequency and one tempera- 

t u r e ,  t e n t a t i v e  conclusions are as follows: 

a) The L i  ions are probably not  p rec ip i t a t ed  out of t h e  boron carbide 

s t r u c t u r e  as meta l l ic  L i  nor as a L i  r i c h  phase. 

b) L i  ions  are probably randomly d i s t r i b u t e d  a t  i n t e r s t i t i a l  s i tes  

i n  t h e  boron carbide u n i t  c e l l .  This suggestion i s  very t e n t a t i v e .  

e )  The l i n e  broadening mechanisms a re  unknown but ,  very t en ta t ive ly ,  

may be due t o  L i  ions being i n  s i t e s  with d i f f e r i n g  quadrupole coupling 

constants  and asymmetry parameters. 

Supplemental Evaluation of Powders from HEDL Experiment X042 ( G .  L. Copeland) 

We received about 5 g of boron carbide powder from each of capsules 
Bc-2 and X - 8  which w e r e  i r r a d i a t e d  by KEDL i n  t h e  Em-I1 experiment X042. 

These capsules contained vibratory-compacted boron carbide powders . ( 80% 
of  t h e o r e t i c a l  dens i ty)  and were i r rad ia ted  i n  Row 7 of the  Em-11. The 

burnups, operat ing temperatures, and gas release were determined by HEDL 

and are l i s t e d  i n  Table 3.4. O u r  evaluat ion has consis ted of an 

evaluat ion of t he  i r r a d i a t i o n  damage by transmission e lec t ron  microscopy 

and x-ray d i f f r a c t i o n  as-irradiated and a f te r  pos t i r r ad ia t ion  annealing 

a t  temperatures from 700 t o  1900°C. 



Table 3.4. I r rad ia t ion  Data f o r  Capsules X - 2  and Bc-8" 

G a s  Release,' 
$, of t h a t  He L i d  
Generated atom/cm3 x atom/cm3 x 10-20 

Reaction Products Remaining i n  Powders b I r r ad ia t ion  Burnup 
x 10'20 Capsule Temperature ncy 

( O C )  9 of * 
x - 2  65 0 4 .  8 10 17 
E - 8  73 0 3.7 7.7 48 

8.3 
4.0 

10 

7.7 

?Data supplied by A .  L. P i t t ne r  o f  HEDL. Personal communication. 

bDetermined by mass spectrometry f o r  OB/l1B. 

C Determined by puncturing capsule after i r rad ia t ion .  

Assuming no loss of L i  during i r rad ia t ion .  a 
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A 0.40 g sample of each i r r a d i a t e d  powder was blended with 0.120 g 
of -100 mesh A1 powder, loaded i n t o  a O.Lt-in.-ID graphi te  d i e ,  and vac- 

uum hot pressed a t  4003 p s i  f o r  1 h r  a t  630°C. This conposite w a s  then 
thinned f o r  transmission e l ec t ron  microscopy by ion  bombardment as 

described previously.5 
boron-carbide p a r t i c l e s  as t h e  c o n p x i t e  thinned. Thus, t h e  annealed 

samples were crushed p r i o r  t o  blending i n  order t o  r e t a i n  more p a r t i c l e s  

i n  t h e  thinned sec t ions .  

The l a rge  p a r t i c l e  s i z e  r e su l t ed  i n  loss of some 

Samples weighing 0.040 g of each i r r a d i a t e d  powder were annealed 

1 hr i n  a graphi te  boat. 

a t  700, 850, and lOOO"C, and i n  550 torr of Ar at  1150, 1450, and 1900°C. 

Following t h e  anneal, a small amount of  t h e  powder was loaded i n t o  a 

c a p i l l a r y  f o r  Debye-Scherrer x-ray powder pa t t e rns .  

t h e  annealed powder sample was crushed i n  a boron-carbide mortar and 

p e s t l e  t o  -325 mesh. 

pressed, and thinned as above. For comparison, samples of un i r rad ia ted  
powder were prepared i n  t h i s  same way and examined by transmission 

e l ec t ron  microscopy. 

f r a c t i o n  both as loaded i n t o  t h e  capsules and a f t e r  annealing 1 hr  at 
1033 and 1900°C. 

Samples were annealed i n  vacuum of t o r r  

The r e m i n d e r  of 

The crushed powder w a s  then  blended with aluminum, 

The uni r rad ia ted  sample was examined by x-ray d i f -  

La t t i ce  parameters ca lcu la ted  from C r K a  (V-f i l te red)  Debye-Scherrer 

pa t t e rns  a r e  shown as a function of annealing temperature i n  Figs. 3.2 
through 3.5. The a s - i r r ad ia t ed  samples a re  p lo t t ed  a t  t h e  i r r a d i a t i o n  

temperature. 

r i g h t  of t h e  graph. The volume changes of t h e  unit c e l l  as a percentage 

of t h e  uni r rad ia ted  value a r e  shown i n  Fig. 3.6. The nature of t h e  

l a t t i c e  parameter changes i s  i n t e r e s t i n g  although we present ly  do not 

have an explanation f o r  it. 
hedra l  angle cy decreases and then increases r ap id ly  above 1000°C toward 

t h e  uni r rad ia ted  value. 

1000°C then decreases toward the  uni r rad ia ted  value above t h i s  tempera- 

t u re .  However, t h e  s t r u c t u r e  and s t r a i n  f i e l d s  as seen by transmission 

e l ec t ron  microscopy appear t o  be about t he  same as - i r r ad ia t ed  and a f t e r  

The values from t h e  uni r rad ia ted  samples a re  shown a t  the  

During annealing up t o  1000°C t h e  rhombo- 

The rhombohedral - a parameter increases  up t o  

%.K.H. DuBose, D. N. Braski, and G. L. Copeland, Fuels and Materials 
Program Quart. Progr. Rept. September 30, 1970, ORNL-4630, pp. 168-171. 
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Fig. 3.2. Rhombohedral a Parameter for Bc-2 Powders As-Irradiated 
and After Annealing 1 hr at TGmperature. 

the 1000°C anneal although the lattice parameters are quite different. 

The unit cell volume changes uniformly with annealing temperature 

and appears to be back to the unirradiated value at about 1400°C. 

correlates well with the transmission electron microstructure which 

shows strain fields after annealing one hour at 1150°C and essentially 

no strain after annealing one hour at 1450°C. 

This 
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0 

Representative transmission electron micrographs of t he  powders 

a re  shown i n  Figs. 3.7 through 3.16. 
l i k e  defects accompanied by a complex s t r a i n  f i e l d .  

defects and t h e  magnitude and complexity of t h e  s t r a i n  f i e l d s  appear t o  

be greater  i n  E - 2 .  
fast  fluence, more burnup, more retained react ion products, and operated 

a t  a lower temperature. 

Both powders show planar or needle- 
The densi ty  of 

This i s  t o  be expected s ince E-2 has a higher 

The defects i n  E - 2  have a somewhat d i f f e ren t  
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. 

Fig. 3.9. Transmission Electron Micrograph of E - 2  Powders A f t e r  
(b)  Different f i e l d ,  76,500x. Annealing 1 hr  a t  115OOC. ( a )  65,OOOx. 

appearance than those i n  E - 8  and i n  general are larger .  
the  defects i n  E-2 appear t o  l i e  on more than one plane whereas the  

defects i n  EC-8 seem t o  be on one plane. 

I n  some areas 
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Fig. 3.10. Transmission Electron Micrograph of €32-2 Powders Af te r  
Annealing 1 h r  a t  1450°C. 
f i e l d ,  not t yp ica l ,  76,500X. 

(a) Typical f i e l d ,  118,750X. ( b )  Different  

Only one gra in  boundary (shown i n  Fig. 3.13-b) was observed i n  t h i s  

s e r i e s  of samples. 

i n  both grains.  Also, near t h e  edge of t h e  p a r t i c l e  i n  Fig.. 3.12 the  

densi ty  of defects  i s  g rea t ly  decreased. 

There appears t o  be a denuded region near t he  boundary 

These l i m i t e d  observations a re  
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Fig. 3. 11. Transmission Electron Micrograph of €32-2 Powders A f t e r  
Annealing 1 h r  at  1900OC. 
showing equiaxed voids i n  con junction with dense inclusions,  40, OOOX. 

(a) 97,500X. (b) Dif fe ren t  f i e l d ,  not t yp ica l ,  

not conclusive s ince  other f ac to r s  such as va r i a t ions  i n  f i l m  thickness  

could appear t h e  same. W e  are cu r ren t ly  examining p e l l e t s  i r r a d i a t e d  

i n  Em-I1 which could give more information on t h e  damage in the v i c i n i t y  

of gra in  boundaries. 
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Fig. 3.12. Transmission Electron Micrograph Showing t h e  Edge of a 
P a r t i c l e  From Bc-8 As-Irradiated.  The aluminum mounting can be seen i n  
t h e  lower edge of t he  photograph. 75,OOOX. 

During annealing, t h e  defects  i n  the  powders behave s imi la r ly .  No 
change i s  evident a f t e r  one hour a t  1000°C. After  one hour a t  115OoC,  

t he  s t r a i n  i s  noticeably decreased and the  defects  have begun t o  grow. 

Af te r  an hour a t  1450°C t h e  s t ruc tu re  i s  e s s e n t i a l l y  s t r a i n  f r e e  although 

some areas s t i l l  show s t r a i n ,  espec ia l ly  i n  BC-2. The defects  now appear 
t o  be rectangular with one dimension much l e s s  than the  other tm .  The 
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Fig. 3.13. Transmission Electron Micrograph of E - 8  Powders A f t e r  
Annealing 1 h r  a t  1000°C. 
boundary, 40, OOOX. 

(a )  Typical area, 120,OOOX. (b)  Grain 

large dimensions appear t o  l i e  on more than one plane (e.g., see Fig. 3.15-a) 

since i n  one f i e l d  you seem t o  see through the t h i n  dimension of some 
defects and t h e  th ick  dimension of others ,  
defects do not l i e  only on (111) type planes since within a given gra in  
the  (111) type planes ( the  basa l  planes when re fer red  t o  the  hexagonal 

system) a r e  pa ra l l e l .  

This would indicate  t h a t  the  

After  an hour a t  1900°C more of t h e  defects  a r e  
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8 

Fig. 3.14. Transmission Electron Micrograph of E - 8  Powders Af te r  
Annealing 1 hr a t  1150°C. ( a )  65,OOOX. (b )  Different f i e l d ,  76,500X. 

. 

tending t o  become equiaxed. 

observed (e .g . ,  see Fig. 3.16-b). 

t i o n  damage a t  a l l ,  but m y  be t h e  same void formation observed previously 

i n  boron carbide during hot pressing o r  high temperature annealing. 6 ,  

The exact nature of t he  defects  i s  not completely defined a t  t h i s  

time. A de ta i led  study of t he  defects  and t h e i r  associated s t r a i n  f i e l d s  

i s  cur ren t ly  underway. The defects  as - i r rad ia ted  appear t o  be a planar 

defect  such as a vacancy o r  i n t e r s t i t i a l  loop. During annealing, t he  
defects behave much l i k e  helium bubbles would be expected t o  do. One 

possible  explanation a t  t h i s  time is  t h a t  t he  defects  a r e  vacancy loops 

which form as a r e s u l t  of the  f a s t  neutron displacement damage. 
vacancy loops may then become f i l l e d  with helium generated from t h e  'OB 

r eac t  ion. 

Some very la rge  equiaxed defects  a r e  a l s o  

These may not be r e l a t ed  t o  the  radia-  

These 

6R. S. Mateer and G. L. Copeland, Fuels and Materials Program Quart. 
Progr. Rept. September 30, 1969, ORNL-4480, pp. 133-143. 

7C.K.H. DuBose, D. N. Braski, and G. L. Copeland, Fuels and Materials 
Program Quart. Frogr. Rept. June 30, 1970, ORNL-4600, p. 167. 
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Fig. 3.15. Transmission Electron Micrograph of E - 8  Powders After 
(b)Different f i e l d ,  120, OOOX. Annealing 1 hr. at  1450°C. ( a) 120, OOOX. 

Gas Release and Solid Swelling of I r rad ia ted  BLC From ANL-EBR-I1 Higher- 
Worth Control Rods G and H (G.  I,. Copeland) 

We have received capsules G and H from the  ANL Higher Worth Control 

This assembly received 5468 MW 
Each capsule consis ts  of 14 boron carbi 

Rod, Assembly L-4008 S, from the  ERR-11. 

i r r ad ia t ion  i n  Row 5 of ERR-11. 
‘d 

.de 
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YE- 1 

Fig. 3.16. Transmission Electron Micrograph of E - 8  Powders A f t e r  
Annealing 1 hr a t  1900°C. 
f i e l d ,  showing wide range of void s izes  and shapes, 47,500X. 

( a )  Typical area, 110,OOOX. (b )  Different 

pe l l e t s  about 0.54 in .  d i m  X about 1 in. long i n  a s t a in l e s s  s t e e l  

cladding. The average burnup has been estimated t o  be 1.25 of 'OB 
ncy 

ncy 
(2.5 X leo 3, i f  f u l l y  dense) with a maxi.mum of l.$$ of 'OB 

(3.7 X leo 3, i f  f u l l y  dense) i n  pe l l e t s  13 and 14 nearest  the  core 
midplane. * 

8L. C .  Walters, Argonne National Laboratory, Idaho F a c i l i t i e s ,  
unpublished memorandum, October 27, 1971. 
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The evaluation a t  ORNL i s  planned t o  cons i s t  of: 
(a)  Plenum gas ana lys i s  (pressure,  volume, chemical ana lys i s )  

(b) Visual examinat ion 

( e )  Length, diameter, and weight measurements 

( d )  Burnup determination by 
( e )  Metallography 

( f )  Transmission e lec t ron  microscopy 

( g )  Scanning e l ec t ron  microscopy of f rac tured  sur faces  

( h )  X-ray d i f f r a c t i o n  t o  determine l a t t i c e  parameters 

(i) Measurement of re ta ined  gas by vacuum fus ion  ana lys i s  

Examination of t he  p e l l e t s  from t h e  two capsules i s  now i n  progress. 

'B/llB i so top ic  ana lys i s  

Evaluations ( e )  through ( h )  a re  planned i n  the  a s - i r r ad ia t ed  condition 

and a f t e r  heat treatment a t  various temperatures. 
A f a i l u r e  i n  the  gas sampling system during t h e  puncture of Capsule G 

r e su l t ed  i n  an incomplete ana lys i s  f o r  t h i s  capsule. The only r e l i a b l e  

r e s u l t  from t h i s  measurement i s  t h e  t o t a l  gas volume of 55.58 em3 a t  STp. 
Af te r  t h i s  measurement t h e  mercury from t h e  Toepler pump flowed back 

through t h e  system i n t o  t h e  capsule. The system w a s  completely r e b u i l t  

and checked out with standards p r i o r  t o  puncturing Capsule H so t h a t  

confidence can be placed i n  t h e  following r e s u l t s  f o r  Capsule H: 

Plenum volume: 52.18 cm3. Volume gas a t  1 a t m  and 24°C: 64.02 cm3. 

Volume of gas a t  STP: 58.45 em3. Pressure i n  capsule a t  24°C: 17.99 psia.  

Two samples of t h e  gas were analyzed with both showing g rea t e r  than  

99% helium as shown i n  Table 3.5. 
The capsules were sealed before i r r a d i a t i o n  containing helium at  

15.7 p ~ i a . ~  
using t h e  estimated average burnup of 1.25 of 'OB, t h e  helium released 
t o  t h e  plenum i s  ca lcu la ted  t o  be 1.65% of t h a t  generated during 

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

Assuming t h a t  t he  capsules were welded shut a t  24°C and 

9L. C .  Walters, Argonne National Laboratory, Idaho F a c i l i t i e s ,  
unpublished memorandum, November 30, 1971. 
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Table 3.5. Analysis of Gas From Capsule H 

He 

0 2  

H2O 

8 2  

H3 
N2 + C O  

Argon 

c o 2  

Krypton 

Xenon 

Sample L 
(% ) 

Sample R 
(% 1 

99.1 

0.07 

0.3 

0.04 

< 0.02 
0.24 

0.25 

< 0.02 
< 0.02 

< 0.03 

99.5 

0.04 

0.1 

0.02 

< 0.02 
0.13 

0.23 

< 0.02 
< 0.02 

< 0.03 

. 

The p e l l e t s  were removed from the  cladding e a s i l y  a f t e r  cu t t i ng  off 

The p e l l e t s  s l i d  from the  tubing e a s i l y  the  top  and bottom of the  tube. 

by tapping the  tubing. 

observed on t h e  p e l l e t s  a t  both ends of Capsule G. 

were removed from both capsules. 

appeared t o  be i n  exce l len t  condition. 

a t t r i b u t a b l e  t o  t h e  i r r a d i a t i o n  were observed. 

of t he  p e l l e t s  were very rough and a l l  edges w e r e  chipped but  t h i s  appears 

t o  be the  hot-pressed condition. 

Mercury from the  gas co l l ec t ion  apparatus was 

A couple of small chips 
The p e l l e t s  were examined a t  1 O X  and 

N o  cracks or other i r r e g u l a r i t i e s  
The cy l ind r i ca l  surfaces  

The a c t i v i t y  of t h e  p e l l e t s  ranged from 30 t o  200 &/hr a t  1 1/2 in .  

However, t h e  p e l l e t s  smeared a t  up t o  72,000 dpm contamination. It was 

des i rab le  t o  c lean the p e l l e t s  before evaluat ion t o  lower the  $ 

contamination. The p e l l e t s  were r insed i n  50 v o l  % n i t r i c  acid 

f o r  30 min, then r insed i n  an u l t r a son ic  bath of acetone, then alcohol.  

The p e l l e t s  were placed i n  a 200°F a i r  drying oven t o  dry. 

procedure d i d  not appear v i s u a l l y  t o  a f f e c t  the  p e l l e t s .  The contamina- 

t i o n  was lowered t o  l e s s  than 20,000 and i n  most cases t o  about 3000 dpm. 

This cleaning 
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The r e s u l t s  of length,  diameter, and weight measurements are presented 

i n  Tables 3.6 and 3.7. 
p e l l e t  due t o  t h e  i r r e g u l a r i t y  of t he  surfaces  prevents any de tec t ion  of 

diameter change. 

0.001 t o  0.002 in .  (about 0.1 t o  0.2%) during i r r ad ia t ion .  

nor dens i t i e s  were reported for t he  individual  p e l l e t s  p r io r  t o  irradia- 

t i on .  The as - i r rad ia ted  dens i t ies ,  as calculated from average diameter, 

length,  and weight, ranged from 93 t o  97% of the  t h e o r e t i c a l  densi ty  of 

2.52 g/cm3. 
average densi ty  for t h e  s tack  can be calculated using t h e  p e l l e t  

dimensions t o  ca l cu la t e  t h e i r  volume. These ca lcu la t ions  show an average 

s tack dens i ty  before i r r a d i a t i o n  of 95.1% of 2.52 g/cm3 f o r  Capsule G 

and 95.3% of 2.52 g/cm3 for Capsule H. 
a f t e r  i r r a d i a t i o n  were 94.8 and 9 5 . w  of 2.52 g/c$ f o r  Capsules G and 

H, respect ively.  

0.28 and 0.38% f o r  t he  p e l l e t s  i n  Capsules G and H, respect ively.  
Although these  ca lcu la t ions  a re  approximate, t he  swelling i s  about what 

would be expected and i s  consis tent  with t h e  about 0.1% length change 

observed . 

The spread i n  diameter measurements on a given 

The lengths of t h e  p e l l e t s  i n  general  increased by 
Neither weights 

A t o t a l  s tack  weight f o r  t h e  p e l l e t s  was given s o  t h a t  an 

The average s tack  d e n s i t i e s  

These densi ty  changes ind ica te  an average swelling of 

Microstructure of BLC P e l l e t s  I r rad ia ted  i n  the  Em-I1 
C.K.H. DuBose) 

(A.  Jostons* and 

Boron carbide has been used extensively as a neutron absorber i n  

various types of nuclear reactors .  Currently,  B4C i s  a main candidate 

for use i n  fast  breeder reactors .  Unfortunately, l i t t l e  i s  known about 
t he  nature of  r ad ia t ion  damage .which i n  B4C may a r i s e  from Frenkel defec ts  

created by displacements and by t h e  transmutation reac t ion  

whereby a helium and one l i thium atom a re  formed from each transmuted 'OB 

atom. 

sect ions s u i t a b l e  for transmission e lec t ron  microscopy have enabled us t o  

examine d i r e c t l y  t h e  r ad ia t ion  induced defec t  s t ruc tu re  i n  B4C. 

OB (n ,a )  7Li  

Recently developed techniques a t  ORNL" f o r  preparation of t h i n  

"C.K.H. DuBose, G. L. Copeland, and D. N. Braski, Metallography, 

*On attachment from the  Austral ian Atomic Energy Research Commission, 

i n  press.  

Research Establishment, Lucas Heights, N.S.W. 
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Table 3.6. Dimensional Inspection of P e l l e t s  From Capsule G 

meter D i a m e t e r  Diameter Diameter 
( i n . )  (52) ( in .  1 ( i n . )  ( i n . )  ( i n . )  ( i n . )  ( i n . )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

.536 

.536 

.535 

.538 

.535 

.53? 

.535 

.536 

.537 

.536 

.535 

.537 

.540 

.535 

.541 

.542 

.540 

.542 

.537 

.540 

.540 

.539 

.540 

.544 

.540 

.540 

.544 

.538 

1.010 

1.010 

1.010 

1.007 

1.003 

0.997 

1.007 

1.009 

1.007 

1.007 

1.016 

1.008 

1.900 

1.010 

.5381 

.53?3 

.5366 

d 

,5355 

.5385 

.5365 

.5368 

d 

.5322 

.5367 

.5382 

d 

.5352 

.5411 

.5406 

.5385 

d 

.5373 

.5404 

.5395 

.5388 

d 

.5428 

.538? 

.5389 

d 

.5362 

.5407 1.0111 9.1329 

.5385 1.0111 9.0550 

.5375 1.0108 9.7862 

.5405 1.0080 9.1100 

.5365 1.0042 8.9400 

.5395 0.9990 8.9818 

.5379 1.0085 9.0286 

.5372 1.0107 9.0092 

.5382 1.0102 8.9320 

.5385 1.088 9.0935 

.5420 0. 9934e 8.8970 

.5382 1.0099 8.9588 

.5420 0.9015 8.2779 

.5375 1.012 8.7986 

Tota l  Weight 125.0015 

2.401 95.3 

2.400 95.2 

2.338 92.8 

2.404 95.4 

2.403 95.4 

2.400 95.3 
2.404 95.4 W 

2.400 95.3 

2.372 94.1 

2.412 95.7 

2.369 94.0 

94.4 2.380 

2.429 96.4 

92.8 

Average 94.8 

m 

2.338 - 

a Values from unpublished memorandum by L. C .  Walters, Argonne National Laboratory. 

bAverage of four  measurements. 

dNot avai lable .  

C Calculated from average diameter, length, 
and weight. 

dRechecked. 



Table 3.7. Dimensional Inspection of Pellets From Capsule H 

Unirradiated” As- Irradiat ed 

Length Weight Density‘ Pellet ‘Minimum Maximum Minimum Maximum Aver age D 
Number Diameter Diameter Length Diameter Diameter Diameter dcm’ % of 2.52 &/em3 (in.) (in. 1 (in.) (in. ) (in.) (d 

1 

2 

3 

4 
5 

6 

7 
8 

9 

10 

11 

12 

13 

14 

.537 .541 1.003 .5381 

.535 .540 1.010 .5365 

.536 .540 1.010 ,5382 

.535 .538 1.002 .5353 

.536 .542 1.002 .5398 

.537 .541 1.011 .5386 

.535 .542 1.003 .5382 

.536 .538 1.010 ,5370 

.537 .539 1.008 .5372 

.541 .545 0.908 .5424 

.534 ,543 1.010 .5364 

.536 .539 1.007 ,5366 

.534 .537 0.996 .5352 

.536 .539 1,009 .5374 

Total Stack Weight = 125.26 gms 

.5404 

.5375 

.5408 

.5364 

.5417 

.5423 

.5414 

.5379 

.5407 

.5431 

.5384 

.5387 

.5357 

.5387 

.5395 

.5369 

.5395 

.5357 

.5407 

.5405 

.5400 

.5382 

.5389 

.5428 

.5373 

.5374 

.5354 

,5380 

1.0035 

1.0115 

1.0115 

1.0035 

1.0036 

1.0117 

1.0038 

1.0117 

1.0094 

0.9098 

1.0127 

1.0088 

0.9981 

1.0120 

9.0486 

9.0421 

8.9719 

8.6834 

9.0658 

9.2060 

9.0314 

8.8695 

8.9268 

8.4175 

9.1886 

8.9115 

8.8365 

8,9734 

2.407 

2.410 

2.368 

2.343 

2.401 

2.420 

2.39’7 

2.352 

2.366 

2.440 

2.442 

2.37’7 

2.400 

2.380 

95.5 

95.6 

94.0 

93.0 

95.3 

96.0 
95.1 .b 

93.3 

93.9 

96.8 

96.9 

94.3 

95.2 

a 

- 94.5 

Total Weight 125.1730 Average 95.0 

aValues from unpublished memorandum by L. C . Walters, Argonne National Laboratory. 
bAverage of four measurements. 

C Calculated from average diameter, length, and weight. 

1 . 6 



65 

The observations refer t o  p e l l e t s  from t h e  ANL-Em-I1 Higher-Worth 

Control  Rod G, i r r a d i a t e d  t o  a burnup of 1.2% 'OB 12.5 X leo (n,a)/cm3] 

a t  about 500°C and t o  boron carbide powders i r r a d i a t e d  by HEDL i n  t h e  

Bc-2 and Bc-8 capsules t o  burnups of 4.8% 'OB [lo x 16' (n,cy)/cm3 ] 
and 3.7% ' OB [?.? X leo (n,a)/cm3 ] a t  estimated temperatures of 

650 and 730"C, respect ively.  
The microstructure  of an as - i r rad ia ted  p e l l e t ,  character ized by 

a high dens i ty  of black spot  defec ts  i s  shown i n  Fig. 3.17. There i s  
a gra in  boundary denuded zone of defects but  twin boundaries do not  

exhib i t  denuding, The grown-in l a t t i c e  defec ts ,  twins and s tacking 

f a u l t s ,  are s t i l l  present  a f te r  i r r ad ia t ion .  
t h e  r ad ia t ion  damage s t ruc tu re  c lose ly  resembles t h a t  i n  metals where defec t  

c l u s t e r s  formed by the  aggregation of point  defec ts  caused by displacements 

are the  main evidence of damage f o r  i r r a d i a t i o n  temperatures below about 

0.3 Tm, where Tm i s  the  melting point  i n  OK. 

245OoC, t h e  temperature range invest igated,  about 5O0-73O0C, represents  

0.28-0.36 Tm. 

Thus, t o  a f irst  glance, 

For B4C, with Tm about 

Di f f rac t ion  con t r a s t  s tud ies  of t hese  black spot  defec ts  show them 

t o  be resolvable  i n t o  loops which of ten  exh ib i t  a l i n e  of no cont ras t .  

The l i n e  of no con t r a s t  appears t o  be independent of t h e  d i f f r a c t i o n  

vector .  Consequently, these  defec ts  do not possess a sphe r i ca l  s t r a i n  

f i e ld .  

prismatic d i s loca t ion  loops or prec ip i t a t e s  which are p l a t e  or d i sk  l i k e .  

The s t r a i n  cont ras t  p a t t e r n  i n  Fig.  3.18 i s  not c h a r a c t e r i s t i c  of d i s -  
loca t ion  loops but has been observed for t h i n  p l a t e l i k e  p r e c i p i t a t e s  

surrounded by coherency s t r a i n s .  Furthermore, it has not been found 

poss ib le  so far t o  f i n d  conditions under which some of t h e  images go 

out of cont ras t  as expected for dis loca t ion  loops for g - b  = 0, where 
g i s  t h e  d i f f r a c t i o n  vector  and b i s  the  Burgers vector  of t h e  dis loca-  

t i o n  loop, Due t o  the  ever present  image overlap a r i s i n g  from t h e  high 
defect dens i ty  and s t rong s t r a i n  f ie lds , ,  t h e  nature  of t h e  s t r a i n  f i e l d s  

has not been determined a t  t h i s  stage.  Nor can we deduce r igorously t h e  

nature  of t h e  defect  responsible  for t h e  observed images i n  transmission 

e lec t ron  microscopy. 

Two types of defec ts  .which could expla in  t h e  con t r a s t  behavior are 

- -  
- - 
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Fig. 3.17. Defect Clusters and Grain Boundary Denuded Regions i n  B4C 
Pe l l e t s  Containing Twins I r rad ia ted  a t  About 500°C. 20, OOOx. 



6 7  

Fig. 3.18. Dark Field Image of Irradiated Boron Carbide Showing 
Complex Multiple Loop Images. 100,OOOX. 

To e luc ida te  t h e  nature of t h e  damage i n  irradiated B4C we have 

examined f o i l s  after pos t i r r ad ia t ion  annealing with the  a i m  t h a t  these 
observations may permit us t o  i n f e r  t h e  nature  of t h e  as - i r rad ia ted  

defect  c lus t e r s .  

coarsening of t h e  defect  s t ruc ture ,  Fig. 3.19. 

Fig. 3.20, of t he  area i n  Fig. 3.19 with the  specimen t i l t e d  t o  eliminate 

t h e  s t r a i n  images, unambigously shows t h a t  t he  s t r a i n  i s  associated with 

c a v i t i e s  Fihich appear t o  be oriented crystal lographical ly .  The shape of 

Annealing a t  1150°C (0.52 Tm) f o r  1 hr  resu l ted  i n  s l i g h t  
A through-focus series, 
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. 
Fig. 3.20. Same Area as Shown i n  Fig. 3.19, S l i g h t l y  T i l t e d  t o  Reduce 

S t r a i n  Contrast  i n  t h e  Images. (a)  Over-focus, (b)  Under-focus. The 
change f romblack  t o  white images is  t y p i c a l  of t h a t  expected from small 
cav i t i e s .  100, OOOX. 
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The e f f e c t  of higher ’OB burnup and i r r a d i a t i o n  temperature, as was 

t h e  case f o r  t he  HEDL powders compared with t h e  ANL p e l l e t s ,  w a s  t o  
increase t h e  s i z e  of t he  defec t  c l u s t e r s  and t o  render some of t h e  

defects  c l e a r l y  v i s i b l e  as needle-shaped c a v i t i e s .  

The f r a c t u r e  behavior of  B4C was inves t iga ted  using scanning e lec t ron  

microscopy. Figure 3.22 shows t h a t  t h e  as-irradiated p e l l e t  f rac tured  

predominantly t ransgranular ly .  

represent  manufacturing pores. 

f r a c t u r e  i s  c l e a r l y  in te rgranular .  The lack  of g ra in  boundary c a v i t i e s  i s  

cons is ten t  with transmission e l ec t ron  microscopy observations.  

f r ac tu re  of  t h e  2000°C annealed B4C appears t o  be of mixed mode. 

The crys ta l lographica l ly  faceted c a v i t i e s  
A f t e r  annealing a t  1150°C f o r  1 h r  t h e  

The 

The r e s u l t s  of these  transmission e l ec t ron  microscopy observations 
on i r rad ia ted ,  as w e l l  as pos t i r r ad ia t ion  annealed B4C suggest s t rongly  
t h a t  t h e  defect  s t r u c t u r e ,  f o r  i r r a d i a t i o n  temperatures i n  t h e  range 
500-730°C i s  mainly character ized by helium p rec ip i t a t e s  which, i n  t h e  

i r r a d i a t e d  mater ia l  are accompanied by s t rong  l a t t i c e  s t r a i n  f i e l d s .  These 
l a t t i c e  s t r a i n s  a re  eliminated during annealing a t  temperatures near 1450°C 

with the  growth of helium bubbles. 

denuded zones i n  both t h e  as - i r rad ia ted  as w e l l  as i r rad ia ted  and annealed 

B4C, and t h e  l a t t i c e  s t r a i n s  near helium p rec ip i t a t e s  a re  a t  f i r s t  puzzling. 

However, Speight l l  has shown t h e o r e t i c a l l y  t h a t  t h e  gas pressure can exceed 

t h e  surface tens ion  r e s t r a i n t  under conditions where t h e  gas content i s  

high and t h e  helium atom di f fus ion  coe f f i c i en t  i s  much higher than t h e  

se l f -d i f fus ion  coe f f i c i en t  or more exact ly ,  t h e  vacancy d i f fus ion  
coe f f i c i en t .  

The observation of g ra in  boundary 

This study i s  s t i l l  continuing and w e  w i l l  attempt t o  analyze the  

crystal lography of t h e  helium p r e c i p i t a t e s  as w e l l  as t he  nature  of t h e  

l a t t i c e  s t r a i n s .  

M. V .  Speight,  “An Analysis of Bubble Growth i n  Mater ia ls  Super- 11 

sa tura ted  with I n e r t  Gas”, Met. Se i .  J. 2, 73-76 (1968). - 
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. 

Fig. 3.22. 
I r r ad ia t ed  BqC. 
and ( c )  Ar--sled 1 h r  a t  20OO0C. 

Scanning Electron Micrographs of Fracture  Surfaces of 
( a )  As-irradiated,  ( b )  Annealed 1 h r  at  115OoC, 

1,OOOx. 
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Fabr ica t ion  of EBR-I1 Ser ies  I1 Neutron Absorber Experiment (E. J. Manthos) 

The f ab r i ca t ion  and qua l i ty  assurance plan f o r  component f ab r i ca t ion  

and capsule assembly f o r  capsules 0-14, 0-15, 0-16, 0-17, and 0-18 i n  the  

alpha subassembly has been prepared and approved. 

capsules i s  being car r ied  out under Quality Level I1 as defined i n  the  

ORNL-Q.A. Program, "Definit ions of Qual i ty  Levels", (Revised Apr i l  15, 

1970). 

temperature capsules 0-14, 0-15, and 0-18 have a l s o  been prepared and 

approved. 
0-16 and 0-17 have been prepared and a re  i n  t h e  process of being approved. 

Fabricat ion of t h e  

Fabricat ion procedures, route  sheets ,  and data sheets  for t he  low 

The f ab r i ca t ion  procedures for t he  high temperature capsules 

A l l  materials necessary for t h e  f ab r i ca t ion  of various capsule 

components have been purchased and a r e  on hand. 
required f o r  t he  two pins i n  capsule 0-17 have been received from the  

vendor, 

The -1%. Z r  components 

Development and qua l i f ica t ions  of t h e  welding and brazing parameters 

for a l l  of t he  capsules i s  approximately 75% complete. 

p a r t i a l  assembly and inspect ion of various components and subassemblies 

i s  proceeding. 

two p ins ) ,  O-l4T, 0-14B, 0-15B, have been assembled and welded and a r e  

being inspected. 

Wherever possible ,  

Three of t he  low temperature pins (each capsule contains 

Alternate  Materials 

Fabricat ion of Tantalum Borides (M. M. Martin, J. P. DeLuca) 

Various borides of tantalum a re  being studied f o r  t h e i r  appl ica t ion  

as neutron absorbers. Our object ive is  t o  determine t h e  i r r a d i a t i o n  
performance of Ta2B ( T a  + Ta3B2) and TaB2 a f t e r  an exposure of about 

2.2 X le2 neutrons/cm2 ( o f  energy grea te r  than 0 .1  MeV). 

these  compounds as promising a l t e r n a t e  absorber mater ia l s  for boron 

carbide or tantalum con t ro l  rods being considered f o r  FBR's. Both 

tantalum borides a re  l e s s  dense than tantalum metal and possess more 

r e a c t i v i t y  worth per u n i t  volume. I n  f a c t ,  TaB2 has 12% more worth per 

We se lec ted  
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cubic centimeter than B,C. 

t o  a f ac to r  of 2 l e s s  than t h a t  from boron carbide.  However, they  lack  

s u f f i c i e n t  metal lurgical  charac te r iza t ion  and i r r a d i a t i o n  experience t o  

warrant consideration a t  t h i s  time. 

data  t o  a l l o w  an evaluation of t h e i r  performance i n  service.  

Also, t h e i r  t o t a l  possible  gas r e l ease  i s  up 

We plan t o  provide i r r a d i a t i o n  

Considerable progress has been made t h i s  quarter .  Single  phase TaB2 

powder has been produced by a carbothermic reduction method.12 This 

powder was then hot pressed for 1 hr a t  2000°C and 5000 ps i ,  i n  graphi te  

d ies  t o  form high dens i ty  pe l l e t s .  The p e l l e t s  were then character ized.  

The r e s u l t s  o f  t h i s  charac te r iza t ion  i s  given i n  Table 3.8. The l a rge  

amount of carbon found by wet chemistry i s  thought t o  come from two 
d i f f e r e n t  sources. It could have come from the  carbothermic reduction 

s t e p  t o  produce the  powder and/or from the  carbon d ies  used i n  t h e  hot 

pressing s tep .  

Cermet p e l l e t s  were a l so  produced t h i s  quarter.  I n  making these  

p e l l e t s ,  Ta and B powders were blended t o  give the  desired ove ra l l  

composition of Ta2B. 

5000 p s i  f o r  1 hr.  

see i f  t h i s  would reduce t h e  carbon leve l .  See Table 3.9 f o r  t h e  

charac te r iza t ion  of t h e  cermet p e l l e t s .  

These powder blends were then hot pressed a t  2100°C, 

Some p e l l e t s  were a l s o  l ined  with 2 m i l  T a  f o i l  t o  

Helium Vents f o r  Absorber Rods 

J. I. Federer 

The FTR con t ro l  rods may be l i f e - l imi t ed  due t o  the  n ,a  reac t ion  

involving 'OB. 

would eventual ly  cause swelling of t he  s t a i n l e s s  s t e e l ,  forc ing  ea r ly  

removal of t h e  rods from the  reac tor .  A possible  so lu t ion  t o  t h i s  prob- 

l e m  is  the  use of vents which allow t h e  helium t o  escape from t h e  rods 

i n t o  the  reac tor  coolant.  

thermal exposure, sodium corrosion, and neutron i r r a d i a t i o n  on t h e  helium 

permeabili ty of -potential vent mater ia ls .  

The pressure of helium generated by t h e  n,cY reac t ion  

Therefore, w e  a re  studying t h e  e f f e c t s  of 

''J. P. DeLuca and M. M. Martin, Fuels and Materials Development Program 
&uar t . r .  Rept. September 30, 1971, ORNL-TM-3550, p. 70. 
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Table 3.8. Characterization of TaB2 Not Pressed P e l l e t s  

La t t i ce  Parameter 

W e t  Chemistry 

Hexagonal 
a = 3.0855 k 0.0001 
c = 3.2549 k 0.0003 

%7.2 w t  % Ta  
10.4 s r ,  % B 
0.75 Wt % C 

Metallography Single phase - high dens i ty  

Density 

Spectrographic Analysis 
(major impuri t ies)  

Pyc nomet r i c  13.316 g/cm3 
96.72% of t h e o r e t i c a l  

Element 

A1 
Ca 
Fe 
K 
Mn 
P 
S i  
T i  

wppm 
60 

1000 
100 
30 
4 

40 

10 

Table 3.9. Character izat ion of Tantalum Boride Cermets 
~- 

Pe l l e t s  Pressed Pe l l e t s  Pressed 
i n  Ta Lined Against Graphite 
Graphite Dies 

X-Ray Analysis 
(Phases present)  

Ta, B 
TaB 
T a  

Ta2 B 
TaB 
T a  
Ta2 C 

Metallography Multi-phase showing t o  15% porosi ty  

Density - Pycnometric 13.24 g/cm3 15.003 
86.q; of t h e o r e t i c a l  97.4% of 

t h e o r e t i c a l  
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An important t a sk  i s  design and i n s t a l l a t i o n  of a vent experiment 

The object ive of t h i s  experiment i s  t o  evaluate i n  an EBR-I1 capsule. 

t h e  e f f e c t s  of f a s t  neutron i r r a d i a t i o n  and sodium exposure on the  

permeabili ty of candidate vent mater ia ls .  
14 vents stacked i n  Pin No. 0-19-B, Subassembly Beta. Seven of t h e  vents 

w i l l  be exposed t o  sodium during i r r a d i a t i o n  which w i l l  be conducted a t  
a calculated temperature of 450°C f o r  about one year.  

t o  be invest igated a r e  types 3% and 316 s t a i n l e s s  s t e e l s .  

porous d i sks  of these  mater ia ls  fabr ica ted  by pressing and s i n t e r i n g  

powders. 

t a t e  determination of helium leak  r a t e s  before and a f t e r  r eac t ion  exposure. 

A view of t he  vent holder i s  shown i n  Fig. 3.23, The experiment i s  i n  t h e  

process of being fabricated.  

The experiment cons is t s  of 

The vent mater ia ls  

The vents are 

The disks  w i l l  be meta l lurg ica l ly  bonded t o  a holder t o  f a c i l i -  

Three disks  having leak r a t e s  grea te r  than 4 X l o m 5  cm3/sec were 

electron-beam welded i n t o  s t a i n l e s s  s t e e l  holders.  S l igh t  t a rn i sh ing  of 
t h e  disks  which occurred during welding was a t t r ibu ted  t o  atmospheric 

impuri t ies  i n  the  pores, After  welding, t h e  helium leak  r a t e  through t h e  

disks  was measured over t he  temperature range 25 t o  500°C and a t  pressures 

of 25, 35, and 45 psia .  
r a t e  of only 2 t o  5 x 
i n sens i t i ve  t o  pressure.  

t he  leak  r a t e  increased t o  about 4 X 

dependent. 
adjacent t o  t he  weld fusion zone. 
heating, and was .responsible f o r  t h e  l a rge r  leak  r a t e s .  

The f i rs t  d i s k  t e s t ed  a f t e r  welding had a leak  

cm3/sec up t o  3OO0C,  and t h e  leak  r a t e  was 
A s  t h e  temperature increased from 300 t o  40OoC, 

cm3/sec and became pressure 
A p o s t t e s t  inspect ion .revealed a small  crack i n  t h e  d isk  

The crack evident ly  formed during 

The other  two welded disks had leak  r a t e s  of only about 4 X 10’’ cm3/sec 

over the  range 25 t o  500°C. These r a t e s  were much lower than those 

measured a t  25°C using a rubber sea l .  We suspected that  a small gas 

passage i n  the  d isk  holders was accident ly  closed by welding; however, 

a f t e r  d r i l l i n g  the  opening, the  leak  rate was s t i l l  only 2 t o  4 X lom8 cm3/sec 

One possible  reason f o r  t h e  low leak  r a t e  i s  t h a t  t h e  heat of welding 

closed the  pores of  t he  disk.  

were closed by t h e  t a r n i s h  which formed during welding. 
p o s s i b i l i t y  i s  t h a t  t h e  leak  r a t e  p r i o r  t o  welding was ac tua l ly  much 

lower than was measured. 

Another p o s s i b i l i t y  i s  t h a t  t h e  pores 

S t i l l  another 

This  would imply t h a t  t h e  disks  were s in te red  
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. 

\ - 4  

Fig. 3.23. Vent Holder fo r  Em-I1 I r rad ia t ion  Experiment. ( a) View 
, showing holder with access tube and porous fritt. 

porous fritt welded i n  place i n  holder. 
(b) End view showing 
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t oo  much, and t h a t  t he  measured leak r a t e  was associated with the  rubber 

seal, These p o s s i b i l i t i e s  a r e  being evaluated. 

. 
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4. MECHANICAL PROPERTIES OF ALLOYS I N  REACTOR ENVIRONMEKCS AND 
DEVELOPMENT OF FBR CLADDING APJD STRUCT(JRAL ALLOYS 

J. R. Weir, Jr. H. E .  McCoy, Jr. W. R. Martin 

The main emphasis of  t h i s  program is on a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

Included i n  our work a re  types 304 and 316 s t a i n l e s s  s t e e l  and t i taniwn- 

modified types 304 and 316 s t a i n l e s s  s t e e l .  Types 318, 19-9DL, and 

12R72HV s t a i n l e s s  s t e e l  have a l so  been included i n  recent  experiments 

inser ted  i n t o  the  Experimental Breeder Reactor-I1 (EBR-11) . 
d ia t ion  e f f e c t s  a r e  determined by measurements of  swelling and mechani- 

ca l  p roper t ies  a f t e r  i r r ad ia t ion .  Experiments a r e  run i n  three  reac tors :  

the  EBR-11, the  Oak Ridge Research Reactor (ORR), and the  High-Flux 

Isotope Reactor (HFIR) . 
of f l u x  and reac tor  spectrum. 

i n  a v a r i e t y  of conditions so t h a t  t he  e f f e c t s  of i r r a d i a t i o n  tempera- 
tu re ,  fluence, and metal lurgical  condition can be evaluated. 

The i r r a -  

Comparative r e s u l t s  should reveal  any e f f e c t s  

Specimens of each mater ia l  a r e  i r r ad ia t ed  

Effects  of Fast  Neutron I r r ad ia t ion  on the  Creep-Rupture Propert ies  
of Type 316 Sta in less  S tee l  

E. E. Bloom J. 0. S t i e g l e r  

Type 316 s t a i n l e s s  s t e e l  has been i r r a d i a t e d  i n  the  annealed, 10, 
20, and 50% cold-worked conditions a t  temperatures i n  the  range 450 t o  
about 800°C and to maximum f a s t  neutron fluences of  2.7 X 

(> 0 . 1  MeV). 

neutrons/cm2 

m p t u r e  l i f e  (tR) and secondary creep r a t e  ( e )  as  a f ine t ion  of 

i n i t i a l  applied s t r e s s  (U) f o r  un i r rad ia ted  specimens t e s t e d  i n  the  

annealed and 20% cold-worked conditions a r e  shown i n  Figs. 4.1 and 4.2, 

respect ively.  In  t h e  annealed condition, the log t and t h e  log i s  can 

be represented as  l i n e a r  functions of log cr over the  range o f  t he  data .  

An exception occurred a t  650°C where s u f f i c i e n t  data  were ava i lab le  t o  

show deviation from l i n e a r i t y .  In  general  t h e  propert ies  and behavior 

R 
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Fig. 4.1. Creep-Rupture Properties of Annealed Type 316 Stainless 
Steel. 
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of the annealed mater ia l  were s imilar  t o  those reported by Garofalo 

e t  a l .1 ,2  

dependent upon the  subsequent t e s t  temperature. Twenty percent cold 

work produced a s ign i f icant  reduction i n  creep r a t e  a t  a l l  temperatures 

except 550" C where the annealed and 20% cold-worked conditions exhibited 
approximately the  same creep r a t e s .  Th i s  r e s u l t  i s  due a t  l e a s t  i n  pa r t  

t o  t he  f a c t  t h a t  a t  550°C the  s t resses  were above the  y ie ld  s t r e s s  of 

the annealed mater ia l  and s igni f icant  s t r a i n  occurred on appl icat ion of 
the  load (e.g., a t  60,000 and 40,000 p s i  approximately 16 and 5% loading 

s t r a in ,  respect ively) .  

r e l a t i v e l y  high dis locat ion dens i t ies  as a r e s u l t  of the  loading s t r a i n .  

Maximum strength increase due t o  20% cold work occurred a t  600°C where 
a t  the lower s t r e s s  leve ls  t he  creep r a t e s  were l e s s  than fo r  the  20% 

cold-worked condition a t  550°C. The avai lable  data  a l so  suggest t h a t  

a t  700 and 750°C the  creep r a t e  of t he  20% cold-worked mater ia l  w i l l  be 
equal t o  tha t  a t  650°C a t  s t r e s ses  of 32,000 and 40,000 ps i ,  respectively.  

T h i s  i s  a r e f l ec t ion  of the f a c t  t ha t  t h e  stress dependency of the  creep 
r a t e  (n i n  the  r e l a t i o n  i = A 8, where A i s  dependent on temperature 

but not s t r e s s )  was changed by cold working with t h e  degree and d i rec t ion  
of the  change being dependent on the  temperature. 

a f'unction of temperature. For those instances where t h e  slope of t he  
log :-log O- curve changed with decreasing s t r e s s  (e.g., a t  650°C i n  
Fig. 4.1) t h e  low s t r e s s  value was used. 

the  same fo r  the  annealed and 20% cold-worked conditions. 

e a r l i e r  t h i s  may r e s u l t  from the  s t r a i n  which occurred on loading of the  
annealed specimens. Cold working caused a s ign i f icant  increase i n  the  

value of n a t  600 and 650°C while a t  700 and 75OoC, n was s l i g h t l y  reduced 

as compared t o  the  annealed condition. 

The e f f ec t  of cold working 20% p r i o r  t o  t e s t i n g  was s t rongly 

Thus, a t  55OoC, t h e  annealed mater ia l  contained 

Figure 4.3 shows n as  

A t  55OoC, n was approximately 
As discussed 

IF. Garofalo, 0. Richmond, W. F. Domis, and F. Von Gemmingen, 
Proc. Jo in t  In te rna t iona l  Conference on Creep, August 25-29, 1963, 
New York and September 3GOctober 4 ,  London. 

*F. Garofalo, R. W. Whitmore, W. F. Domis, and F. Von Gemmingen, 
Trans. Met. SOC. AIME 222, 310 (1961). - 

. 
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TEMPERATURE ("C) 

Fig. 4.3.  Variation of t he  S t ress  Dependency of t h e  Secondary 
Creep Rate w i t h  Temperature f o r  Annealed and 20% Cold-Worked Type 316 
Sta in less  S tee l .  

The h e r e a s e d  creep s t rength which i s  imparted by cold working 

r e s u l t s  from t h e  presence of an extremely high d is loca t ion  dens i ty  and 

from PreCiPitatfOn of M2 3C6 carbides on t h e  d is loca t ions .  

has demonstrated t h a t  i n  type 316 s t a i n l e s s  s t e e l  s ign i f i can t  s t rength-  

ening occurs by p rec ip i t a t ion  of M23C6 p rec ip i t a t e s  on the  d is loca t ions  

generated during creep deformation. 

t h i s  p r e c i p i t a t i o n  can occur on the  d is loca t ions  introduced by cold 

working. S t r a in  aging of t he  d is loca t ion  s t ruc tu re  probably occurs a t  
temperatures as  low as  55OoC, but  because of the  dis locat ions generated 

during loading of the  annealed specimens, they exhib i t  near ly  the  same 
response as  the  d is loca t ions  generated by 20% cold work. 

Barnby37' 

I n  the  case o f  cold-worked mater ia l  

A t  higher tem- 
peratures  and thus lower s t r e s ses ,  t h e  amount of 

sharply. The k ine t i c s  of the  p rec ip i t a t ion  lead  

'J. T. Barnby, J. I ron  S tee l  I n s t .  (London) 

'J. T. Barnby, J. I ron  S tee l  I n s t .  (London) 

loading s t r a i n  decreases 
t o  maximum strengthening 
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a t  about 600°C. 

t a t e s  i s  l imi t ing  while a t  higher temperatures rapid growth and poss ib ly  

ripening of the  p rec ip i t a t e s  makes them inef fec t ive .  I n  addition, a t  

the  higher temperatures, thermal recovery of  t h e  d i s loca t ion  s t r u c t u r e  

becomes important - 

Presumably, a t  lower temperatures nucleation of p rec ip i -  

The e f f e c t s  of 20% cold work upon t h e  rupture l i f e  were a l s o  s t rong ly  

dependent on temperature (compare Figs. 4.1 and 4 . 2 ) .  
cold work produced l i t t l e  e f f ec t  on t h e  rupture l i f e  while a t  600°C t h e  

maximum increase was found. A t  700 and 750°C the  cold-worked condition 

exhibited longer rupture l i v e s  a t  high s t r e s s e s  and shor t e r  rupture  lives 
a t  lower s t r e s ses .  The e f f ec t  of p r e s t r a i n  on rupture l i f e  i s  the  ne t  

r e s u l t  of two e f fec t s :  

(2) a decrease i n  t h e  amount of s t r a i n  which occurs during primary and 

secondary creep. Figure 4.4 shows s t ra in- t ime curves f o r  t e s t s  a t  700°C 
and s t r e s s e s  of 25,000 and 15,000 p s i .  

worked mater ia l  exhibi ted an increased rupture  l i f e ,  while a t  t h e  lower 

s t r e s r  t h e  opposite was observed. 

A t  55OoC, 20% 

(1) a decrease i n  the  secondary creep r a t e ,  and 

A t  t h e  high stress l e v e l  t h e  cold- 
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Fig. 4.4. Strain-Time Curves fo r  Annealed and 20% Cold-Worked Type 316 
Sta in less  S tee l  Tested a t  700°C and ( a>  25,000 and (b) 15,000 p s i .  
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The e f f e c t s  of f a s t  neutron i r r a d i a t i o n  on t h e  rupture  l i f e  and 
creep r a t e  of mater ia l  i r r a d i a t e d  i n  the  annealed and 20% cold-worked con- 

d i t i ons  a r e  shown i n  Figs. 4.5 and 4.6 .  
condition, r e l a t i v e l y  small decreases i n  rupture l i f e  (a f ac to r  of 3 o r  
l e s s )  occurred i n  the  temperature range 550 t o  700°C. 
t u r e  l i f e  was reduced by 1 t o  2 orders of  magnitude w i t h  t he  e f f e c t  being 

grea te r  a t  t h e  higher s t r e s s  l eve l s .  

dency of t h e  creep r a t e  were not s ign i f i can t ly  a f fec ted  by i r r a d i a t i o n  

i n  the  temperature range 550 t o  700°C. 

markedly increased a t  750°C. 

When irradiated i n  t h e  annealed 

A t  750°C t he  rup- 

The creep r a t e s  and stress depen- 

The creep r a t e  was, however, 

When i r r a d i a t e d  i n  t h e  cold-worked condition, t he  changes i n  creep- 

rupture proper t ies  were qu i t e  complex. 

and creep r a t e s  decreased a t  550°C while a t  600°C t he  opposite t rend  

occurred. 

l i f e  and increased creep r a t e  a t  high s t r e s s  l eve l s  with t h e  e f f e c t  

becoming l e s s  and possibly going i n  t h e  opposite d i r ec t ion  a t  lower 

s t r e s s  leve ls .  

The rupture  l i f e  was increased 

A t  700 and 750°C the  l imi ted  data  suggest a decreased rupture 

Pos t i r rad ia t ion  creep-rupture d u c t i l i t y  as  a fbnction of i r r a d i a t i o n  

and t e s t  temperature i s  shown i n  Fig. 4.7. When i r r a d i a t e d  i n  the  

annealed condition, t h e  d u c t i l i t y  was reduced a t  a l l  temperatures i n  

the  range 550 t o  750°C. 

750°C w i t h  s i g n i f i c a n t l y  higher values a t  intermediate temperatures of 
650 and 700°C. 

material  i r r ad ia t ed  i n  t h e  annealed condition was not s t rongly dependent 
on s t r a i n  r a t e .  When r e s u l t s  of t e n s i l e  t e s t s  were included, Fig. 4.8 ,  
t h e  d u c t i l i t y  was found t o  decrease over the  range of s t r a i n  r a t e  10 t o  

Lowest d u c t i l i t i e s  occurred a t  550,  600, and 

A t  550 and 600°C t h e  creep-rupture d u c t i l i t y  of the  

%/hr and then became constant a t  lower s t r a i n  r a t e s .  A t  700 and 

750°C t he  d u c t i l i t y  decreases r a the r  sharply with decreasing s t r a i n  r a t e  

(over a narrow range of  s t r a i n  r a t e ) .  

occurs i s  higher a t  t h e  higher tes t  temperature. 

d u c t i l i t y  f o r  t h e  20% cold-worked condition was s l i g h t l y  higher than 

t h a t  f o r  t he  annealed condition a t  550°C. 

condition, t he  d u c t i l i t y  decreased w i t h  increasing temperature reaching 

a m i n i m  a t  about 650°C and then increased a t  700 and 750°C. 

The s t r a i n  r a t e  a t  which t h i s  

The pos t i r r ad ia t ion  

I n  the  case of the cold-worked 
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Fig. 4.5.  
Range 1.5 t o  2.7 X 
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Effect  of I r r ad ia t ion  t o  Fast Neutron Fluences i n  the  
neutrons/cm2 (> 0.1 MeV) on t h e  Creep-Rupture 

Specimens were i r r ad ia t ed  within +30°C of 
Sol id  l i n e s  represent  

. 



87 

ORNL-DWG 72- If44 

CREEP RATE (%/hr) 

I "  

RUPTURE LIFE ( h r )  

Fig. 4.6 .  
Range 1 . 5  t o  2 .7  X 
Propert ies  of 20% Cold-Worked Ty-pe 316 Sta in less  S tee l .  
represent un i r rad ia ted  proper t ies .  
+30°C of respect ive t e s t  temperatures. 
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The fractures  which occurred i n  type 316 s t a in l e s s  s t e e l  i r r ad ia t ed  

i n  the annealed condition and creep-rupture t e s t ed  a t  550, 650, and 
750°C a re  shown i n  Fig. 4.9. A t  each temperature t h e  fractures  were 
predominantly intergranular  and were accompanied by extensive crack 

formation on boundaries normal t o  the applied load. Grain boundary 

cracks could be found along the  e n t i r e  gage sect ion of the  samples. A t  

550 and 65O0C, t he  cracks appeared t o  be "W" type cracks having or ig i -  

nated a t  t r i p l e  gra in  junctions. It often appeared, however, t h a t  these 
cracks were propagating by the  l inking of voids which formed ahead of 

t he  advancing crack t i p  as  shown i n  Fig. 4.10. 

a ry  cracks were c lear ly  formed by t h e  l inking of cavi t ies  which formed 
along the  boundaries as  shown i n  Fig. 4.11. 

A t  750°C the grain bound- 

The influence of cold-work l eve l  on the creep-rupture propert ies  a t  

600°C a f t e r  i r r ad ia t ion  a t  580 t o  650°C t o  1.5 t o  2.7 X 

(> 0.1 MeV) is shown i n  Fig. 4.12. 

di t ions,  a flrrther increase i n  rupture l i f e  and decrease i n  creep r a t e  i s  
obtained by cold working 50% as  compared t o  the  annealed and 20% cold- 

work resu l t s .  These improved s t rength propert ies  a re  obtained without 

a f i r t h e r  decrease i n  d u c t i l i t y  a s  compared t o  the  20% cold-worked con- 

d i t ion .  

a t  tR = 91.3 hr, 7.1% a t  tR = 610.7 hr ,  and 2.3% a t  tR = 1118.4 hr.  

neutrons/cm2 
For these i r r ad ia t ion  and t e s t  con- 

Total elongations fo r  the 50% cold-worked condition were 4.0% 

Determination of Temperatures i n  EBR-I1 Cladding and 
Structural  Material I r r ad ia t ion  Experiments 

E. E. Bloom W. W. Davis 

In  EBR-I1 cladding and s t ruc tu ra l  mater ia l  i r r ad ia t ion  experiments, 

temperatures above t h e  ambient sodium coolant temperature a r e  obtained 
by means of a gas gap between the  surface of cy l indr ica l  spechen  holders 

and the ins ide  of Mark B-7 containment tubes as  shown schematically i n  

Fig. 4.13. The dimensions of t he  specimen holder and thus the  gas gap 

are  calculated t o  give the  desired i r r ad ia t ion  temperature. The gamma 

heating r a t e s  (corrected t o  t h e  desired reac tor  power l eve l )  which a re  

used i n  t h i s  calculat ion were obtained i n  an i n i t i a l  ca l ibra t ion  
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Fig. 4 .9 .  Creep-Rupture Fractures of  Type 316 Sta in l e s s  S t e e l  I r r ad ia t ed  i n  t h e  Annealed Condi- 
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(a )  I r r a d i a t e d  a t  58OoC, 2.7 X neutrons/cm2 (> 0.1  MeV), t e s t e d  a t  55OoC, 45,000 p s i .  
neutrons/cm2 (> 0 . 1  MeV), t e s t e d  a t  65OoC, 25,000 p s i .  

neutrons/cm2 (> 0 . 1  MeV), t e s t e d  a t  75OoC, 7,500 p s i .  
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Fig. 4.10. Grain-Boundary Cracks i n  Gage 
Section of Type 316 Stainless  S t e e l  I r rad ia ted  i n  
t h e  Annealed Condition a t  630°C t o  2.3 X 
neutrons/cm2 (> 0 . 1  MeV) and Creep Tested a t  650°C 
and 25,000 p s i .  

R-56231 

Fig. 4.11. Grain-Boundary Cracks i n  Gage 
Section of Type 316 Sta in less  S t e e l  I r radiated i n  
t h e  Annealed Condition a t  735 t o  795°C t o  
2.7 x lo2* neutrons/cm2 (> 0 .1  MeV) and Tested a t  
750°C and 7,500 p s i .  
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of Type 316 Stainless  S tee l  a t  600°C. 
perature range 580 t o  650°C t o  a fluence of 1.5 t o  2.7 X 
(> 0 . 1  MeV). 

Specimens i r r ad ia t ed  i n  the  tem- 
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Fig. 4.13. Schematic of EBR-I1 Specimen Holder. 

experiment. 

l a r g e s t  contr ibutor  t o  t h e  uncertainty i n  the calculated i r r a d i a t i o n  

temperature. 

i r r a d i a t i o n  character izat ion of s i l i c o n  carbide (S ic)  samples which a r e  

placed i n  se lec ted  specimen holders. 

t he  l a t t i c e  parameter and volume of S i c  increase rap id ly  with increasing 

neutron fluence reaching a sa tu ra t ion  value which i s  dependent upon the  
i r r a d i a t i o n  temperature a t  fluences of about 5 X lo2’ neutrons/cm2. 

i r r a d i a t i o n  temperature can be infer red  from t h e  temperature a t  which 

recovery of the  radiation-induced volume increase begins as  determined 
i n  isochronal pos t i r r ad ia t ion  anneals. In  previous experiments, mea- 
surement of t he  specimen length was used t o  determine volume change.7 

The uncer ta in ty  i n  gama  heating r a t e  continues t o  be the  

I r r ad ia t ion  temperatures a r e  being checked by t h e  post-  

A s  discussed by Thorne e t  a1.6 

The 

5E. E. Bloom, A. F. Zul l iger ,  and J. R. Weir, Jr., Fuels and Materials 
Development Program Quart. Progr. Rept. Dec. 31, 1967, Om-TM-2090, pp. 45-42 

‘R. P. Thorne, V. C. Howard, and B. Hope, Proc. B r i t .  Ceram. SOC. 
7 - (February 1967) . - - 

7E.  E.  Bloom and A. F. Zul l iger ,  Fuels and Materials Development 
Program Quart .  Progr. Rept. March 31, 1971, ORNL-TM-3550, p. 94. 
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T h i s  technique i s  time consuming and requires t h a t  very accurate length 

measurements be made. 

An indicat ion of the i r r ad ia t ion  temperature can a l so  be obtained 

by determining the  i r r ad ia t ion  induced increase i n  l a t t i c e  parameter. 

A ca l ibra t ion  curve of  l a t t i c e  parameter change a s  a f'unction of i r r a -  

d ia t ion  temperature i s  required. 
t i n g  S i c  samples i n  the  ORR a t  450, 550, 650, and 750°C. The temperature 

was maintained within -+lO"C of the desired temperature by means of elec- 

t r i c a l  heaters and was monitored continuously by thermocouples attached 
t o  s t a in l e s s  s t e e l  tubes which held the  Sic.  The samples were i r r ad ia t ed  

t o  neutron fluences of  about 1.4 X lo2' neutrons/cm2 (> 1.0 MeV). 
lowing i r rad ia t ion ,  l a t t i c e  parameters were determined. Results a r e  

tabulated i n  Table 4.1. 

plo t ted  as  a f ine t ion  of the  i r r ad ia t ion  temperature. I n  t he  range 450 
t o  750°C the  change i n  l a t t i c e  parameter can be represented by a l i nea r  

f inc t ion  of  the  temperature. 

those of Thorne e t  a1.6 a t  475 and 700°C. 

fit of t h e  450 t o  750°C data t o  lower temperatures underestimates t h e  

r e s u l t s  of Thorne e t  a l .  a t  25OoC, thus indicat ing t h a t  a l i nea r  re la t ion-  

ship does not ex i s t  over t h i s  e n t i r e  temperature range. Lat t ice  parameters 
of samples i r r ad ia t ed  i n  EBR-I1  experiments a r e  shown i n  Fig. 4.15. The 
data a re  p lo t ted  a t  the  calculated i r r ad ia t ion  temperatures. 
perature of the  sample which i s  p lo t ted  a t  380°C i s  known t o  be correct  

This curve has been obtained by i r r ad ia -  

Fol- 

I n  Fig. 4.14 the  change i n  l a t t i c e  parameter i s  

These r e su l t s  a re  i n  good agreement w i t h  

Extrapolation of t he  l i n e a r  

The tem- 

Table 4.1. Lat t ice  Parameter of Sil icon Carbide I r rad ia ted  i n  the  
Oak Ridge Research Reactor 

I r rad ia t ion  
Temperature 

("C) 

Lat t ice  Increase from 
Parameter 
(1 ) 

Unirradiated Value 
(72 

Unirradiated 

450 

550 

650 

750 

4.3579 

4.3774 

4.3751 

4.3726 

4.3694 

0.447 

0.394 

0.264 

0.337 
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t o  about 10°C s ince  the  sample was i n  a specimen holder which was located 

below the  reac tor  core and was designed t o  operate c lose t o  the  ambient 
coolant temperature (370°C on the  i n l e t  s i d e  of the  core) .  

point agrees well  w i t h  the  ORR r e s u l t s .  

t h e  calculated temperatures agree with t h e  temperatures indicated by t h e  

S ic  within about 25°C. 

culated temperatures o f  825 and 835°C gave r e s u l t s  which indicated much 

higher i r r a d i a t i o n  temperatures, about 1O5O0C, on t h e  bas i s  of extrapola- 

t i o n  of the  ORR r e s u l t s .  The s t a i n l e s s  s t e e l  samples which were i r r a -  

d ia ted  i n  these  holders contained a high concentration of carbide 

p rec ip i t a t e s  both i n  t h e  matrix and a t  t he  gra in  boundaries. This indi-  

cates  t h a t  t h e  temperature could not have reached 1050°C s ince  t h i s  i s  
above the  so lu t ion  temperature for  these carbides.  The discrepancy a t  

high temperatures may a r i s e  because a l i n e a r  extrapolat ion of t h e  450 

t o  '750°C S i c  data  i s  inva l id .  

T h i s  data  

I n  the  range 3'70 t o  about 65OoC, 

S i l icon  carbide from specimen holders having cal-  

Analysis of S t ress -St ra in  Behavior o f  Unirradiated 
Type 316 Sta in less  S tee l  

D. Fahr 

These t e s t s  were ca r r i ed  out i n  order t o  enhance our understanding 
of t h i s  type o f  s t e e l  w i t h  respect  t o  i t s  mechanical behavior. As- 

annealed and cold-worked specimens were t e s t e d  i n  aged and unaged con- 

d i t i ons  a t  d i f f e r e n t  temperatures and crosshead speeds i n  t e n s i l e  t e s t s .  
Without a thorough understanding of t h e  behavior cha rac t e r i s t i c s  of 

an uni r rad ia ted  s t e e l  no progress can be expected as  t o  the  in te rpre ta -  
t i o n  of t he  e f f e c t s  of i r r a d i a t i o n  on mechanical proper t ies .  

Considering t h e  f a c t  t h a t  s ign i f i can t  macroscopic changes i n  mechan- 
i c a l  p roper t ies  a r e  caused by i r r a d i a t i o n  as  a r e s u l t  of microscopic and 

submicroscopic changes i n  t h e  defect  s t ruc tu re  and a l l o y  composition 

(transmutation products and radiat ion-  induced p rec ip i t a t ion )  it appears 

t o  be much more important t o  f ind  out why things occur than t o  simply 

observe and descr ibe what happens. It i s  f o r  t h i s  reason t h a t  a de ta i led ,  

qua l i t a t ive  ana lys i s  of t e n s i l e  data  has been attempted t o  co r re l a t e  

. 
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microscopic processes w i t h  mechanical behavior. 
of t h e  phenomena involved and t h e i r  mutual in te rac t ions  during processing 

and t e s t i n g  w i l l  enable one t o  extrapolate  and t o  pred ic t ,  wi thin l imi t s ,  

mechanical behavior f o r  s imi la r  a l loys  and other  conditions.  

A bas ic  understanding 

The Significance and Potent ia l  of S t ress -St ra in  Curves 

Long before t h e  concepts of l i n e  and poin t  defec ts  had been developed 

and substant ia ted,  engineers t e s t e d  metals and a l loys  t o  determine y i e l d  
and u l t imate  t e n s i l e  s t rength  a s  wel l  as  elongation values.  Today, w i t h  
the  a v a i l a b i l i t y  of an advanced d is loca t ion  theory backed up by e lec t ron  

microscopy, we s t i l l  ref’use t o  ex t r ac t  more information from a stress- 
s t r a i n  curve than we did a century ago. 
only 3 o r  4 points,  which represent  t he  end of e l a s t i c  (yield s t rength)  

and p l a s t i c  (elongation) deformation and t h a t  of uniform s t r a i n  and max- 
imum sustainable  load (ult imate t e n s i l e  s t rength) ,  ignoring completely 

the  wealth of information ava i lab le  i n  the  r e s t  of t he  s t r e s s - s t r a i n  

curve. 

We confine ourselves t o  choosing 

To understand the  behavior cha rac t e r i s t i c s  of a mater ia l  one has t o  

study what happens between these end points  a t  which one can a r r i v e  v i a  

d i f f e ren t  ways. 

and l o w  work-hardening r a t e s .  

of achieving the  same r e s u l t ?  

f i t s ?  Such questions can ce r t a in ly  not be answered by a t ab le  l i s t i n g  

only the  usual  t e n s i l e  t e s t  data .  Seldom does one f ind  a reference t o  
the  shape of a s t r e s s - s t r a i n  curve o r  t he  occurrence of se r ra t ions  i n  

it, although such evidence reveals  important atom-atom, atom-defect, 

and/or defect-defect i n t e rac t ions .  

High u l t imate  s t rength  values can be obtained a t  high 

How can one e f fec t  these d i f f e ren t  ways 
Can they be combined f o r  addi t iona l  bene- 

Serrat ions can be observed i n  s t r e s s - s t r a i n  curves of many d i f f e r e n t  
a l loys ,  and depending on s p e c i f i c  a l l o y  cha rac t e r i s t i c s  and t e s t  condi- 

t ions ,  they may be due t o  short-range order hardening,8 vacancy hardening, 9 

‘R. W. Cahn, “Correlation of Local Order with Mechanical Propert ies ,  
p .  181 i n  Proceedings of Symposium on Local Atomic Arrangements Studied 
by X-ray Diffract ion,  Gordon and Breach, New York, 1965. 

9H. Green and N. Brown, Trans. AIME - 197, 1240 (1953). 
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crea t ion  of  s tacking f au l t s ,  mar tens i t ic  phase transformations and 

o ther  mechanisms. 

s t a i n l e s s  s t e e l  a t  temperatures of  350°C and above a r e  a t t r i b u t e d  t o  the  

in t e rac t ion  of i n t e r s t i t i a l  carbon and ni t rogen atoms w i t h  d i s loca t ions .  

Thus, the  occurrence of se r r a t ions  i n  s t r e s s - s t r a i n  curves of  type 316 

s t a i n l e s s  s t e e l  i s  a f'unction of t he  t es t  temperature (d i f fus ion  r a t e ) ,  

s t r a i n  r a t e  [diff'usion = f (time) 1, a l l o y  content ( a f f ec t s  diff 'usion 

r a t e  and binding energy between vacancies and so lu t e  atoms >, aging 

treatments (carbon, nitrogen, and o ther  elements may form p rec ip i t a t e s ,  

and thus not be ab le  anymore to d i r e c t l y  i n t e r a c t  w i t h  d i s loca t ions )  and 

several  o ther  f ac to r s .  

mentally and a study of se r ra t ions ,  therefore ,  can lead  t o  probable 

explanations of t h e  mechanical property r e s u l t s .  

c i a l l y  usef'ul for t he  comparison of i r r a d i a t e d  specimens w i t h  t h e  cor- 

responding uni r rad ia ted  control  specimens. The increased vacancy 

concentration a s  w e l l  a s  possible  radiation-induced p r e c i p i t a t i o n  

(depleting the  matrix of carbon and ni t rogen)  w i l l  c e r t a i n l y  be r e f l ec t ed  

i n  t he  appearance o f  the  ser ra t ions .  Moreover, transmutation products 

w i l l  a l s o  a f f ec t  t he  type, shape, frequency, and amplitude of  t h e  ser ra -  

t i ons .  For example, Wilcox and Smith'' showed t h a t  s t r e s s - s t r a i n  curves 

for hydrogen-charged nickel  were heavily se r r a t ed  w h i l e  hydrogen-free 

nickel  exhibi ted a completely smooth s t r e s s - s t r a i n  curve a s  d id  the  
o r i g i n a l l y  hydrogen-charged nickel  after degassing. 

f 'us ivi t ies  of elements l i k e  hydrogen and carbon, for instance,  would 
allow a separat ion of these e f f ec t s .  

charged and hydrogen-free nickel  were run a t  -8O"C, a temperature too low 
fo r  carbon- o r  nitrogen-caused se r r a t ions  t o  occur even a t  t h e  lowest 
poss ib le  crosshead speed. 

The se r r a t ions  observed i n  the study of type 316 

Most of these  f ac to r s  can be separated experi-  

It should prove espe- 

The d i f f e r e n t  d i f -  

The above t e n s i l e  t e s t s  on hydrogen- 

loC. H. White and R. W. Honeycomb, J. I ron  S tee l  I n s t .  (London) 

"B. A. Wilcox and G. C. Smith, Acta Met. 12, 371-376 (1964). 

- 200, 457 (1962). - 
- - 
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Discontinuous Yielding . 
. 

The Portevin-LeChatelier e f f e c t  l2 or  the  phenomenon of repeated o r  
discontinuous yielding during a t e n s i l e  t e s t  has been a t t r i b u t e d  t o  

dynamic s t r a i n  aging and the  so lu te  responsible i s  considered t o  d i f f i s e  

f a s t  enough t o  slow down f r e e l y  moving d is loca t ions  by forming an atmo- 

sphere o r  1 1 ~ l o ~ d 1 1 1 3  around them. EventualJy, the  s t r e s s  r i s e s  s u f f i -  

c i e n t l y  t o  cause t h e  dis locat ions t o  break away from t h e i r  so lu t e  

atmospheres and/or t o  generate new dis loca t ions .  

repeated. Accordingly, d i s loca t ion  movement o s c i l l a t e s  between f a s t  

and slow motion and a se r r a t ed  s t r e s s - s t r a i n  curve i s  observed. 

This process i s  then 

The manifold and complex appearance of such ser ra t ions  must have 

been the  main reason why s o  many researchers found it  more convenient 

t o  simply ignore them than t o  co r re l a t e  t h e i r  shape, amplitude, and 

frequency with processes on an atomic sca le .  It is, however, possible  

t o  ascr ibe  d i f f e r e n t  types of se r ra t ions  t o  d i f f e ren t  atom-defect i n t e r -  

act ions within an a l l o y  i f  the  processing and t e s t i n g  conditions a r e  

known. 

C las s i f i ca t ion  of Serrat ions 

Careful analysis  and comparison of the  o r i g i n a l  load-elongation 

graphs and t h e  respect ive t e s t  temperatures and s t r a i n  r a t e s  permit one 

t o  d is t inguish  between th ree  types of s e r r a t ions  due t o  s i g n i f i c a n t l y  
d i f f e r e n t  micromechanisms. 

s t r a i n  curves which, more of ten than not, contain combinations of two 
and, under c e r t a i n  conditions, even a l l  th ree  types of se r ra t ions .  

lhlssel" was the  f i r s t  t o  d is t inguish  between two types of se r ra t ions ,  
A and B, studying repeated yielding i n  tin-bronze a l loys .  

t o  lhlssel' s work, Soler-Gomez and Tegart15 a l so  dis t inguished between 

Figure 4.16 shows typ ica l  portions of s t r e s s -  

I n  reference 

12A.  Portevin and F. LeChatelier, C .  R.  Acad. Sci.  (Par i s )  - - 176, 
507 (1923). 

''A. H. C o t t r e l l  and B. A. Bilby, Proc. Phys. SOC. (London) 67, 

14B.  Russel, Phi l .  Mag. - - 8,  615 (1963). 

1 5 A . J . R .  Soler-Gomez and W. J. McG. Tegart, Phi l .  Mag. - - 20, 495 (1969). 

49 (1949). 
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TYPE A 

ORNL-DWG 72-33 
I 

- -  

TYPE 6 TYPE C 

Fig. 4.16. Class i f ica t ion  of Discontinuous Yield Points i n  Type 316 
Sta in less  S tee l .  

type A s e r r a t ions  and a new ser ra t ion ,  ty-pe C, studying se r r a t ed  flow i n  

gold-indium a l loys .  While the  se r r a t ions  i n  t h e  above s tud ie s  were due 

t o  in te rac t ions  between mobile dis locat ions and mobile, s u b s t i t u t i o n a l l y  

dissolved so lu t e  atoms, discontinuous yielding i n  type 316 s t a i n l e s s  

s t e e l  i s  caused b y  in te rac t ions  between mobile atoms of t h e  i n t e r s t i t i a l l y  

dissolved elements, carbon and nitrogen, and mobile d i s loca t ions .  Consid- 

er ing t h a t  two species  of atoms with s l i g h t l y  d i f f e r e n t  diff 'usion coef- 

f i c i e n t s  cause the  above in te rac t ions ,  it i s  not surpr i s ing  t h a t  t h ree  

types of s e r r a t ions  (A, B, and C >  can be dis t inguished i n  type 316 s t a in -  

less s t e e l .  

Type A. - Type A yielding is  character ized b y w i d e l y  spaced y i e l d  

poin ts  which increase i n  s i z e  and spacing a s  the  p l a s t i c  s t r a i n  increases  
(Fig. 4.16). 

Type A se r r a t ions  a r e  sometimes a l so  r e fe r r ed  t o  as  locking ser ra -  

t i ons .  

locked during the  deformation process i t s e l f )  and everytime a deforma- 

t i o n  band has passed down the  gage length i t  requires  a s i g n i f i c a n t l y  

higher s t r e s s  t o  t r i g g e r  a second deformation band than would be neces- 

sa ry  under normal work-hardening conditions provided t h a t  t h e  aging time 

i s  s u f f i c i e n t l y  long f o r  d i s loca t ions  t o  ge t  locked. 
extension between y i e ld  poin ts  o r  type A se r r a t ions  depends, thus, 

obviously on the  instantaneous gage length which, of course, increases  

w i t h  increasing s t r a i n .  Moreover, the  frequency of type A s e r r a t ions  

This is  due t o  dynamic s t ra in-aging (i.e.,  d i s loca t ions  ge t  

The amount of 
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i s  a l so  temperature and time, t h a t  i s  t o  say, s t r a i n  r a t e  dependent. If 

the  s t r a i n  r a t e  is too high f o r  locking t o  occur a t  a given temperature, 

no se r r a t ions  w i l l  occur due t o  t h e  above mechanism. On the  o ther  hand, 

if t h e  temperature would be increased, the  higher d i f f u s i v i t y  of t he  
carbon and nitrogen atoms would make locking se r r a t ions  possible  even 

a t  a r e l a t i v e l y  high s t r a i n  r a t e .  

Since the  d i f f 'us iv i ty  of t he  carbon and nitrogen atoms as  wel l  as  

t he  average d is loca t ion  ve loc i ty  a re  a f fec ted  by t h e  amount of s t r a i n ,  

an increased s t r a i n  r a t e  o r  lowered temperature may merely s h i f t  t he  
onset of se r ra t ions  t o  higher s t r a i n  values on t h e  s t r e s s - s t r a i n  curve. 

During p l a s t i c  deformation vacancies a r e  formed which a r e  known t o  

increase t h e  diff 'usion r a t e ;  moreover, t h e  increased d is loca t ion  densi ty  

may a l s o  enhance diff 'usion v i a  the  so-cal led pipe d i f fus ion  mechanism. 

A t  the  same time, the average d is loca t ion  ve loc i ty  i s  decreased because 

of t he  more frequent in te rac t ions  with other  dis locat ions.  Thus, a t  

l a rge r  s t r a ins ,  mobile atoms can diff 'use more rap id ly  while dis locat ions 

a r e  slowed down. This, of course, f a c i l i t a t e s  anchoring of d i s loca t ions  

by atmospheres and explains why ser ra t ions  appear only l a t e  during a t e s t  

(i. e. , a t  l a rge  s t r a i n s )  under c e r t a i n  t e s t  conditions.  

While some of t h e  above remarks apply t o  dynamic s t r a i n  aging i n  

general, they do not apply exclusively t o  type A ser ra t ions .  

s e r r a t ions  occur when mobile atoms cannot a f f e c t  the  d is loca t ion  wi th in  

t h e  narrow deformation band. Due t o  the  s t r e s s  concentrations i n  the  

band, d i s loca t ions  a r e  t o r n  from t h e i r  so lu t e  atmospheres and move rapidly,  
while those l e f t  behind move more slowly under the  applied stress and 
gradually slow down as  t h e i r  so lu t e  atmospheres a re  renewed. 

locat ions f i n a l l y  become locked t o  such a degree t h a t  p l a s t i c  f l o w  is 

r e s t r i c t e d  t o  a minimum and the stress rises sharply u n t i l  a new defor- 

mation band forms a s  a r e s u l t  of breakaway and/or f r e sh ly  generated dis-  

locat ions.  

successive y i e ld  points,  the  temperature of tes t ing ,  and t h e  ins tan ta-  

neous d i f fus ion  coe f f i c i en t  which increases  with p l a s t i c  s t r a i n .  

Type A 

The d is -  

The amplitude of type A se r r a t ions  depends on the  time between 

Type B. - While type A se r r a t ions  a r e  thought t o  be due t o  dynamic 
s t r a i n  aging ef fec ts  on dis locat ions l e f t  behind a deformation f r o n t  
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which moves along the  specimen every few minutes, type B se r r a t ions  

occur when t h e  fast-moving d is loca t ions  within the  deformation band a r e  

a f fec ted  by dynamic s t r a i n  aging. 

minimum d i f f i s i o n  coef f ic ien t ,  or, i n  o ther  words, type B se r r a t ions  

usua l ly  occur a t  higher temperatures, lower s t r a i n  r a t e s ,  and/or l a r g e r  

s t r a i n s  than type A s e r r a t ions  and of ten  i n  combination w i t h  them. 

Unstable movement of d i s loca t ions  i n  the deformation f ront ,  therefore ,  

r e s u l t s  i n  a jerky progress of t h e  f ron t  and t h e  t y p i c a l l y  se r r a t ed  

s t r e s s - s t r a i n  curve. Thus, a necessary condition f o r  type A s e r r a t ions  

t o  occur i s  t h a t  t he  ve loc i ty  of so lu t e  atoms diff 'using through t h e  a l l o y  

i s  about equal t o  t h a t  of the r e l a t i v e l y  slow moving d is loca t ions  behind 
the  deformation band, while f o r  type B ser ra t ions  t o  occur, t h e  v e l o c i t y  

of so lu t e  atoms has t o  be approximately equal t o  t h e  average d r i f t  veloc- 

i t y  of d i s loca t ions  i n  t h e  deformation band. 
Type C. - Figure 4.16 shows t h a t  type C s e r r a t ions  a r e  character ized 

Such a condition requi res  a higher 

- 

by having y i e ld  drops t h a t  a r e  always below the  general  l eve l  of t h e  
s t r e s s - s t r a i n  curve i n  cont ras t  t o  type A and B s e r r a t ions  which osc i l -  

l a t e  above and below the curve. Type C s e r r a t ions  a r e  considered t o  

result from dis loca t ion  unlocking and usua l ly  occur only when the  mini- 

mum so lu t e  d i f fus ion  coe f f i c i en t  i s  higher than t h a t  required f o r  type B 

se r r a t ions .  I n  o ther  words, type C s e r r a t ions  requi re  t e s t  conditions 

t h a t  would ac tua l ly  r e s u l t  i n  no se r r a t ions  when the  deformation i s  
homogeneous, f o r  t he  diff 'usion r a t e  of t h e  so lu t e  must be high enough 
fo r  them t o  migrate w i t h  t h e  d is loca t ions  i n  the  deformation band. 

ever, whenever t h e  deformation becomes inhomogeneous because of stress 
concentrations a t  g ra in  boundaries o r  nonuniform cross-sect ional  a rea  

of t h e  specimen, small sect ions of t h e  gage sect ions w i l l  deform a t  a 

s t r a i n  r a t e  g rea t e r  than the  ove ra l l  s t r a i n  r a t e .  This r e s u l t s  i n  an 

increased drag of the atmospheres on t h e  d is loca t ions  which, however, 

does not lead  t o  a measurable stress increase but  ins tead  causes t h e  

d is loca t ions  t o  break away from t h e i r  atmospheres. 
i t y  of many "free"  d is loca t ions  decreases t h e  s t r e s s  which, i n  turn,  

lowers t h e  average d is loca t ion  ve loc i ty  i n  t h e  deformation band so t h a t  

t he  r e l a t i v e l y  f a s t  moving so lu t e  atoms can relock t h e  d is loca t ions  

temporarily f o r  t he  process t o  be repeated. 

How- 

The sudden ava i l ab i l -  

This r e s u l t s  i n  very  
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s t r a i n - r a t e  dependent type C se r ra t ions .  
u n t i l  t h e  d i f m s i o n  r a t e  is enhanced t o  t h e  extent  t h a t  the d is loca t ions  

can be permanently relocked. A s  soon as t h a t  condition i s  a t t a ined  ser- 
ra t ions  may s top forming very abrupt ly  (Fig. 4.16). 

The ser ra t ions  w i l l  continue 

"Locking" a t  t he  above diff 'usion r a t e s  does not imply immobilization 

of d i s loca t ions  but  r a t h e r  surrounding of d i s loca t ions  with drag-exerting, 

so lu te  atmospheres. 

It is  obvious t h a t  t h e  temperature range, where the  diff 'usion r a t e  

i s  such t h a t  so lu t e  atoms can migrate with t h e  dis locat ions,  is very 

narrow and t h a t  the  balance between the  d is loca t ions  being locked o r  
unlocked is s o  c r i t i c a l  t h a t  any s l i g h t  deviat ion from i d e a l i t y  results 
i n  catastrophic  unlocking. The c r i t i c a l  nature  i s  substant ia ted by t h e  
abrupt change from a ser ra ted  t o  a smooth s t r e s s - s t r a i n  curve and by t h e  

randomness of t h e  occurrence of t h e  ser ra t ions  on t h e  curve. 

Since t h e  instantaneous d i f fus ion  r a t e  increases with increasing 

p l a s t i c  s t r a i n  one would expect type B s e r r a t ions  t o  be followed by, o r  
appear i n  combination with, type C se r ra t ions  as  t h e  t e n s i l e  t e s t  pro- 

ceeds. This has been observed. Moreover, it i s  not impossible t o  f ind,  

under c e r t a i n  conditions,  evidence of a l l  t h ree  types of se r ra t ions  i n  

d i f f e ren t  port ions of t h e  s t r e s s - s t r a i n  curve. 

The r e s u l t s  t o  be discussed below ac tua l ly  revea l  even a four th  
type of se r ra t ion ,  which could be ca l l ed  type D, s ince it can be observed 

a t  temperatures below t h e  "type A" temperat-ures. 

appearance are ,  however, very s imi la r  t o  that  of type C s e r r a t ions  so 
t h a t  it was  decided not t o  extend t h e  above c l a s s i f i ca t ion ,  although 

Soler-Gomez and Tegartl '  s t a t e d  t h a t  type C s e r r a t ions  can occur only a t  

high temperatures. 

The mechanism and 

Unlocking of more o r  l e s s  immobile dis locat ions can, however, occur 

a t  r e l a t i v e l y  low temperatures simply as  a r e s u l t  of t he  increasing stress 
due t o  work hardening and very limited formation of atmospheres. 

i s  possible  because t h e  atmospheres a r e  r e l a t i v e l y  small a t  low tempera- 

.tures and not much s t r e s s  i s  required fo r  t h e  dis locat ions t o  break away. 

This 

The y i e ld  drops a r e  always below the  general  l e v e l  of t h e  s t r e s s -  

s t r a i n  and a r e  separated from one another by a considerable amount of 
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s t r a i n  as  a r e  the  type A y i e ld  drops. 

with increasing s t r a i n ,  however, not because the  instantaneous gage 

length increases  but  r a the r  on account of an increase i n  the  ins tan ta-  
neous d i f fus ion  r a t e ,  which permits t h e  formation of l a r g e r  s o l u t e  

atmosphere and thus requires  a higher s t r e s s  l e v e l  f o r  d i s loca t ions  t o  
break away. 

only be reached w i t h  l a rge r  s t r a i n s .  

The separat ion a l s o  increases  

A t  a constant work-hardening r a t e ,  higher s t r e s s  l eve l s  can 

The Effect  of Different  S t r a in  Rates on Tensi le  Data 

While body-centered cubic metals and a l loys  a re  very s e n s i t i v e  t o  

changes i n  s t r a i n  r a t e ,  t e n s i l e  data of face-centered cubic metals o r  
a l loys  such as type 316 s t a i n l e s s  s t e e l  can be a f fec ted  very  l i t t l e  by 
va r i a t ions  of t h a t  parameter. Tensi le  data  of 50% cold-worked specimens 

t e s t e d  a t  room temperature and as-annealed specimens t e s t e d  a t  650°C a r e  

l i s t e d  i n  Table 4.2 f o r  crosshead speeds increasing by f ac to r s  of 10 from 

0.002 t o  2 in./min. 

The increase i n  y i e l d  s t rength,  presumably due t o  t h i s  1000-fold 

increase i n  crosshead speed, was f o r  each condition l e s s  than 4000 p s i .  

While the  y i e ld  s t rength  was p r a c t i c a l l y  not a f f ec t ed  by such d r a s t i c  

changes i n  s t r a i n  r a t e ,  the  u l t imate  t e n s i l e  s t rength  can be a f f ec t ed  

as  soon a s  diff 'usion, and thus time-dependent processes p lay  a ro l e .  

The most d r a s t i c  change would be expected when r e c r y s t a l l i z a t i o n  could 

take place during the  t e s t .  But  even i n  annealed specimens s i g n i f i c a n t  

changes can be observed. For instance,  a change i n  crosshead speed fYom 
0.002 t o  0.020 in./min a t  650°C r e su l t ed  i n  no change i n  y i e ld  s t rength  

(Table 4 . 2 )  but  i n  an increase i n  u l t imate  t e n s i l e  s t rength  of about 
8000 p s i .  This  i s  due t o  an increase i n  work-hardening r a t e  as a r e s u l t  

of mobile dislocation-mobile so lu t e  atom in t e rac t ions  which a r e  revealed 

by se r r a t ions  i n  the  respect ive s t r e s s - s t r a i n  curves. Figure 4.17 shows 

650°C s t r e s s - s t r a i n  curves of as-annealed specimens t e s t e d  a t  d i f f e r e n t  

crosshead speeds. A carefu l  comparison of the  four  curves revea ls  excel- 

l e n t  agreement w i t h  the  above developed model. A t  t he  lowest s t r a i n - r a t e  

(most time f o r  d i f fus ion )  only unlocking or type C s e r r a t ions  appear 

which abrupt ly  disappear a f t e r  about 2.5$ s t r a i n  [Fig. 4.17 ( a )  1 because 

the  instantaneous d i f f i s i o n  coe f f i c i en t  was h igh  enough from the re  on t o  
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Table 4.2.  Room-Temperature and 650°C Tensi le  Data of Cold-Worked and Annealed Q-pe 316 
Sta in less  S t e e l ,  Respectively,  a t  Varying Crosshead Speeds 

Strength,  p s i  Test Crosshead Uniform 
Temperature Speed Ultimate P l a s t i c  S t r a i n  Elongat ion Thermomechani c a l  

History ( %) ("a (in.  /min) Tensi le  ( %) 

1 h r  a t  1050°C plus 
50% reduct ion i n  a rea  
a t  room temperature 

50% reduct ion i n  a rea  
a t  room temperature 

50% reduct ion i n  area 
a t  room temperature 

50% reduct ion i n  a rea  
a t  room temperature 

50% reduct ion i n  a rea  
a t  room temperature 
plus  1 hr at 1050°C 

50% reduct ion i n  a rea  
a t  room temperature 
p lus  1 hr at  1050°C 

50% reduct ion i n  a rea  
a t  room temperature 
p lus  1 hr a t  1050°C 

50% reduct ion i n  a rea  
a t  room temperature 
plus  1 h r  at 1050°C 

1 hr at  1050°C plus 

1 h r  a t  1050°C plus 

1 h r  a t  1050°C plus  

Room 
temperature 

Room 
temperature 

Room 
temperature 

Room 
temperature 

650 

650 

650 

650 

0.002 

0.020 

0.200 

2.000 

0.002 

0.020 

0.200 

2.000 

x i o3  
157.7 

148.13 

151.3 

161.3 

17.3 

17.2 

17.0 

21.1 

x io3  
158.7 1.9 

159.8 6.7 

160.7 2.1 

164.0 3.9 

56.8 22.7 

65.1 31.0 

67.6 31.3 

68.8 28.6 

13.1 

14.1 

P 
0 
VI 

12.5 

10.0 

36.6 

38.3 

37.1 

34.0 
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( x  io3) 

6 0  

40 

- .- 20 
a - 
2 0  

(xi03) 
i- m 

60 

40 

2 0  
0.200 in./min 

0 

ORNL-DWG 72-209 
1 I I I 1 I I I 

( b )  
1 

CROSSHEAD SPEED 
0.020 in./min 

0 10 2 0  30 40 0 10 20 30 40 
STRAIN (%) STRAIN (%) 

Fig. 4.17. m i n e e r i n g  S t ress -St ra in  Curves of Type 316 S ta in l e s s  
S tee l  Specimens Annealed f o r  1 h r  a t  1050°C and Tested a t  650°C a t  Cross- 
head Speeds of ( a )  0.002, (b) 0.020, ( c )  0.200, and (d) 2.000 in./min. 

allow the  carbon and ni t rogen atoms t o  migrate w i t h  about the  same veloc- 
i t y  as the  average d i s loca t ion  i n  the  deformation band. 

r a t e  i s  low s ince  r e l a t i v e l y  few d is loca t ions  a r e  a c t u a l l y  immobilized, 

and there  is no need f o r  la rge  amounts of new dis loca t ions  t o  accommodate 

the  s t r a i n .  
t i a l l y  corresponding t o  a temperature decrease) type C se r r a t ions  occur 

only a t  l a rge  s t r a i n s  preceded by type B se r r a t ions  and again s top forming 

abrupt ly  as the  specimen i s  s t r a ined  even f 'urther [Fig. 4 .17 (b ) l .  A t  a 
crosshead speed of 0.2 in./min [Fig. 4 .17(c) l ,  type A se r r a t ions  form 

first alone and, a t  l a r g e r  s t r a ins ,  i n  combination w i t h  type B se r r a t ions .  

A s  the  crosshead speed i s  f i n a l l y  increased t o  2 in./min [Fig. 4 .17(a)] ,  

one sees  t h a t  t he  e f f e c t  of s t r a i n  r a t e  on the  form of s e r r a t ions  is  very 

marked. 

amplitude decrease, and the  se r r a t ions  a r e  ill defined [Fig. 4 .17(d) l .  

From a s t r a i n  of about 15% on upward, t he  work-hardening r a t e s  of 

The work-hardening 

As  t he  crosshead speed i s  increased t o  0.02 in./min (essen- 

With increased s t r a i n  r a t e  the  frequency of se r r a t ions  and the  

specimens pul led  a t  crosshead speeds of 0.02 in./min and above ( a t  650°C) 

a r e  c l e a r l y  higher than t h a t  of t he  specimen pul led a t  0.002 in./min as  

. 
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r e f l ec t ed  i n  t h e i r  higher uniform p l a s t i c  s t r a i n s  and u l t imate  t e n s i l e  

s t rengths  (Table 4.2) as  w e l l  a s  i n  the  more extensive se r r a t ions  of 
t h e i r  respect ive s t r e s s - s t r a i n  curves (Fig. 4 .17) .  

The more ser ra ted  a s t r e s s - s t r a i n  curve of a specimen, t h e  higher 

is  i t s  work-hardening r a t e  and i t s  d is loca t ion  dens i ty  f o r  a given amount 

of s t r a i n .  

i s  considered due t o  t h e  f a c t  t h a t  more new dis locat ions have t o  be gen- 

e ra ted  t o  accommodate t h e  s t r a i n  when t h e  o r i g i n a l l y  mobile d i s loca t ions  

ge t  anchored by so lu t e  clouds. 

This has been subs tan t ia ted  by e lec t ron  microscopy16, l7 and 

The Effect  of Different  Test Temperatures on Tensile Data 

Specimens i n  t h e  Annealed Condition. - Tensile data of specimens 

annealed fo r  1 h r  a t  1050°C and t e s t ed  a t  various temperatures from 350 

t o  750°C a r e  l is ted i n  Table 4.3. 

annealed specimens hardly vary w i t h  temperature up t o  75OoC, the  ul t imate  

t e n s i l e  s t rength and uniform p l a s t i c  s t r a i n  values drop rap id ly  above 

550°C (Fig. 4.18). 

specimens which remains e s s e n t i a l l y  the  same between 350 and 550°C. The 

s t r e s s - s t r a i n  curves fo r  these test  temperatures [Fig. 4.19(a),  (b), and 
(c )  1 show se r r a t ions  along almost t h e  e n t i r e  s t r e s s - s t r a i n  curve, while 

t h e  s t r e s s - s t r a i n  curve of t he  specimen t e s t e d  a t  650°C exhib i t s  some 

type C s e r r a t ions  only a t  very low s t r a i n s .  

of the  low-temperature type C, a t  450°C they a re  of  almost pure type A, 

and a t  550°C a combination of types A and B can be seen. When the  t e s t  
temperature increases,  t he  frequency of the ser ra t ions  must increase i n  

order t o  maintain approximately the  same work-hardening r a t e .  A s  t he  

diff 'usion r a t e s  of the  carbon and nitrogen atoms increase t o  the  extent  

t h a t  they can migrate a t  a ve loc i ty  equal t o  o r  higher  than t h a t  of  t h e  
average dis locat ion,  no s ign i f i can t  d i s loca t ion  so lu t e  atom in te rac t ions  

w i l l  take place anymore. Moreover, t h e  tendency toward formation of 

While t h e  y i e ld  s t rengths  of the 

Both measures r e f l e c t  t he  work-hardening r a t e  of these 

A t  350°C the  se r r a t ions  a r e  

16B. A. Wilcox and G. C .  Smith, Acta M e t .  - 12, 371-376 (1964). - 
I7J. W. Edington and R. E. Smallman, Acta Met. - - 12, 1313 (1964). 



Table 4.-3. Tensile Data of As-Annealed Type 316 Sta in l e s s  S t e e l  at Varying Test Temperatures 

Elongat ion Uniform Strength,  p s i  Test Crosshead 

( 4) Thermomechanical Tempe rat  u r  e Speed Ultimate P l a s t i c  S t r a i n  
("C) ( in .  /min) Tensile (4) History 

~~ 

x 103 x io3  
50% reduct ion i n  a r e a  350 0.002 23.0 88.5 
at  room temperature 
plus  1 hr at  1050°C 

34.2 

50% reduct ion i n  a rea  450 0.002 20.8 87.7 36.6 
at room temperature 
plus 1 hr at 1050°C 

50% reduct ion i n  a rea  550 
at  room temperature 
plus  1 h r  a t  1050°C 

0.002 19.2 82.4 

50% reduct ion i n  a rea  650 0.002 17.3 56.8 
at  room temperature 
plus 1 h r  a t  1050°C 

at  room temperature 
plus 1 hr at  1050°C 

50% r e d w t i o n  i n  a rea  750 0.002 18.4 33.4 

34.6 

22.7 

13.3 

40.5 

43.3 

P 
0 39.6 03 

36.6 

53.0 

. 
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Speed o f  0.002 in./min a t  (a)  350, (b) 450, ( c )  550, and (d) 650°C, 
respect  ive  l y  . 

atmospheres i s  decreasing rap id ly  with increasing temperatures above 
650°C; the  s t r e s s - s t r a i n  curve a t  750°C is  completely smooth. 

The high elongation value a t  750°C [Fig. 4.18(b)1 i s  due t o  recrys- 
t a l l i z a t i o n  during the  t e s t  i t s e l f .  Electron microscopy s tud ie s  have 
shown t h a t  1 hr  a t  750°C su f f i ces  t o  r e c r y s t a l l i z e  a 20% cold-worked 

specimen completely. A t  t h e  given crosshead speed, t h e  750°C t e n s i l e  

t e s t  l a s t e d  more than 4 hr .  

The microstructure  of the  uniformly s t r a ined  por t ion  of t h e  gage 
sec t ion  i s  shown i n  Fig. 4.20 f o r  t he  as-annealed specimens t e s t e d  a t  

various temperatures. No evidence can be found t h a t  p r e c i p i t a t i o n  took 

place during t h e  t e s t s  a t  350, 450, and 550°C [Fig. 4 .20(a) ,  ( b ) ,  and ( c ) ]  

while gra in  and twin boundaries of t he  specimens t e s t e d  a t  650 and 750°C 

a r e  c l e a r l y  decorated with p rec ip i t a t e s  t h a t  formed during the  tes t .  
Thus, not only were the  carbon and nitrogen diff 'usion r a t e s  too high a t  

650 and 750°C f o r  s e r r a t ions  t o  occur t o  any s ign i f i can t  extent  a t  t h e  



. 

Fig. 4 .20 .  Optical Micrographs Showing t h e  Microstructure of t h e  Uniformly Strained Port ion of 
t h e  Gage Section of Type 316 Sta in less  S t e e l  Specimens Annealed f o r  1 h r  a t  1050°C and Tested a t  a 
Crosshead Speed of 0.002 in./min a t  ( a>  350, (b) 450, (c )  550, (c )  650, and (e)  75OoC, Respec- 
t i v e l y .  Vibra tor i ly  polished and etched (50% HC1, 33% glycer in,  and 17% ~ ~ 0 3 )  a t  room temperature. 
7 5 m .  
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given crosshead speed, but  the  ac tua l  amount of these  elements i n  solu- 

t i o n  has a l s o  been reduced because of p r e c i p i t a t i o n  during the  t e s t .  

Specimens i n  the  Annealed and Aged Condition. - Tensile data of 

specimens annealed for 1 h r  a t  1050°C and subsequently aged ( f o r  4000 h r )  

and t e s t e d  a t  450, 550, and 65OoC, respect ively,  a r e  l i s t e d  i n  Table 4 -4 .  

A comparison of the  data l i s t e d  i n  Tables 4.3 and 4.4 reveals  t h a t  long- 
- 

time aging a t  450 and 540°C has p r a c t i c a l l y  no e f f e c t  on t h e  mechanical 

proper t ies .  The y ie ld  s t rengths  a r e  s l i g h t l y  higher i n  the  unaged con- 

d i t i on ,  and very small amounts of p r e c i p i t a t e s  t h a t  may have formed 

during aging a r e  most l i k e l y  responsible f o r  t h e i r  lower u l t imate  t e n s i l e  

s t rengths  due t o  a lower work-hardening r a t e .  

no s i g n i f i c a n t  p r e c i p i t a t i o n  took place a t  45OoC, while some gra in  bound- 

a r y  p rec ip i t a t e s  formed a t  550°C. 
values a t  450°C a r e  higher i n  the  unaged condition, while t he  specimen 

aged and t e s t e d  a t  550°C reached higher values than the  corresponding 

unaged specimen. Aging a t  65OoC, however, has a s i g n i f i c a n t  e f f e c t  on 

mechanical property da ta :  i n  s p i t e  of the  higher t e s t  temperature, the  

y i e ld  s t rength  a t  650°C i s  about 35 t o  40% higher than those of t he  

specimens aged and t e s t e d  a t  550 and 45OoC, respect ively.  

higher than t h a t  of the  unaged specimen t e s t e d  a t  650°C. 

t a t i o n  s t r u c t u r e  shown i n  Fig. 4 .2 l (b )  must be considered responsible  

f o r  t h i s .  While the  p r e c i p i t a t e s  increase the  y i e l d  s t rength,  t he  u l t i -  
mate t e n s i l e  s t rength  i s  f o r  the  same reason lower than i n  the  unaged 

condition. Carbon and al loying elements taken out of so lu t ion  reduce 

the  work-hardening r a t e ,  which i s  a l s o  r e f l ec t ed  i n  the  uniform p l a s t i c  

s t r a i n  value being only about ha l f  t h a t  of t he  unaged specimen although 
the  elongation values a r e  p r a c t i c a l l y  the  same. 

Figure 4.21(a)  shows t h a t  

Uniform p l a s t i c  s t r a i n  and elongation 

It i s  a l s o  

The p rec ip i -  

The s t r e s s - s t r a i n  curve of t h e  specimen aged and t e s t e d  a t  450°C 

exhib i t s  types A and B se r r a t ions .  

character ize  t h e  s t r e s s - s t r a i n  curve of t h e  specimen aged and t e s t e d  a t  

550°C. These heavy se r r a t ions ,  heavier than f o r  t he  corresponding as- 

annealed specimen, a r e  ind ica t ive  of a high work-hardening r a t e  and 

explain the  high uniform p l a s t i c  s t r a i n  and elongation values [Fig. 4.22 (b) 1 .  
Figure 4 .22(a)  shows a marked d i f fe rence  between u l t imate  t e n s i l e  and 

y i e l d  s t rengths  fo r  specimens t e s t e d  and aged a t  450 and 550"C, 

Very heavy se r r a t ions ,  mainly type B, 
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a 

Fig. 4.21. Electron Micrographs Showing the Microstructure of the 
Unstrained Portion of As-Annealed (1 hr at 1050°C) Type 316 Stainless 
Steel Specimens Aged (4000 hr) and Tested (Crosshead Speed 0.002 in./min) 
at (a) 450, (b) 550, and ( c )  650°C, Respectively. 

- 
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Fig. 22. Effect of Test ing Temperatures on (a )  Ultimate 
Elongation and Uniform P l a s t i c  Tensile and Yield Strengths, 

S t ra in  of As-Annealed (1 h r  a t  1050°C) Type 316 Stainless  S tee l  Speci- 
mens Aged (4000 h r )  @ Tested (Crosshead Speed 0.002 in./min) a t  the  
Same Temperatures, Respectively. 

respectively.  This measure of work-hardening r a t e  then drops t o  about 
one-third of i t s  value a t  lower temperatures when a specimen i s  t e s t ed  
and aged a t  650°C. 

550 and 650°C [Fig. 4, .22(b)] a l so  r e f l e c t s  t he  much decreased work- 
hardening r a t e  and indicates  t h a t  the  d r a s t i c  change cannot be due t o  

a change i n  t e s t  temperature alone but  must a l so  be caused by a s i g n i f i -  

cant change i n  microstructure. To prove t h i s ,  a specimen aged fo r  4000 hr  

a t  550°C was t e s t ed  a t  65OoC, and the  uniform p l a s t i c  s t r a i n  dropped from 

only 35 t o  25% while it dropped t o  below 12% fo r  the  specimen t e s t ed  and 

The sharp drop i n  uniform p l a s t i c  s t r a i n  between 

aged a t  650°C. 
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I n  Fig. 4.23, t h e  s t r e s s - s t r a i n  curves of t h e  above specimens aged 
a t  550°C and t e s t e d  a t  550 and 65OoC, respectively,  a r e  compared. The 

mobile atom-mobile d is loca t ion  in te rac t ions  a t  550°C lead  t o  the  heavy 
ser ra t ions  re fer red  t o  above. The se r r a t ions  a r e  mainly of t he  type B 

combined with some of  type A. A t  a t e s t  temperature of 650°C only 

type C s e r r a t ions  occur and the  s t r e s s - s t r a i n  curve becomes smooth a t  

l a rge  s t r a i n s .  

so lu te  atom-dislocation in te rac t ions  and the  v a l i d i t y  of  t he  model 

developed e a r l i e r .  
complete reversa l  of the  two s t r e s s - s t r a i n  curves by increasing t h e  

work-hardening r a t e  of the  specimen represented by curve A and decreasing 

t h a t  of the  specimen character ized by curve B. 

Figure 4.23 dramatically demonstrates the  e f f e c t s  of  

An increase i n  crosshead speed can br ing about a 
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Fig. 4.23. Engineering S t ress -St ra in  Curves of As-Annealed (1 h r  
a t  1050°C) Type 316 Sta in less  S tee l  Specimens Aged for  4000 h r  a t  550°C 
and Tested (Crosshead Speed 0.002 in./min) a t  ( A )  650 and (B) 550°C. 
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Specimens i n  the  Cold-Worked Condition. - Tensile data of specimens 
reduced 20% i n  area by swaging a t  room temperature and t e s t ed  a t  various 

temperatures from 350 t o  650°C a re  l i s t e d  i n  Table 4.5. 

The work-hardening r a t e  of  the  cold-worked specimens is  very low 

f o r  a l l  t e s t  temperatures, as  can be seen from the  small difference 
between ul t imate  t e n s i l e  and y i e ld  strengths i n  Fig. 4.24(a) and the  

low uniform p l a s t i c  s t r a i n  i n  Fig. 4,.24(b). 

s t r e s s - s t r a in  curves exhibi ts  any serrat ions,  whi le  serrat ions could be 

found i n  most of the  s t r e s s - s t r a in  curves of as-annealed specimens t e s t e d  

a t  corresponding temperatures (Fig. 4.19). 

Moreover, none of the  

The absence of serrat ions i n  s t r e s s - s t r a in  curves of  cold-worked 

specimens i s  believed t o  be due t o  the  much higher stress leve l  a t  which 
p l a s t i c  deformation took place and the  resu l t ing  higher average dis- 

locat ion veloci ty .  Moreover, more carbon and nitrogen can be expected 
t o  be t i e d  up by the  much l a rge r  number of dis locat ions which a l so  

f a c i l i t a t e  prec ip i ta t ion  on heating t o  the  t e s t  temperature and during 

the  t e s t .  

The t e n s i l e  data  presented i n  Fig. 4.24 seem t o  indicate  t h a t  

The recovery has taken place before and during t h e  t e s t  a t  650°C. 

elongation value increases abruptly a t  650°C [Fig. 4.24(b)l, and the  
drop of both t h e  y ie ld  and ult imate t e n s i l e  s t rength between 550 and 

650°C is  sharper for  cold-worked [Fig. 4.24(a)l  than fo r  as-annealed 
specimens [Fig. 4.19 (a )  1, indicat ing t h a t  changes i n  the  cold-worked 
s t ruc ture  accentuate the  decline i n  s t rength due t o  an increased t e s t  

temperature alone. 
Optical micrographs of t he  uniformly s t ra ined  port ion of the gage 

sect ion (Fig. 4.25) reveal t h a t  p rec ip i ta t ion  during the test  has pro- 
ceeded f'urther i n  the  specimen tested a t  650°C [Fig. 4 .25(b)l  than i n  
t h e  specimen t e s t ed  a t  550°C [Fig. 4 .25(a) l .  
w i t h  Fig. 4.20 a l so  shows t h a t  prec ip i ta t ion  occurs more readi ly  i n  

cold-worked than i n  annealed specimens. 

A comparison of Fig. 4.25 

Specimens i n  the  Cold-Worked and Aged Condition 

Long-Time Aging. - Tensile data of specimens reduced 20% i n  area by 

swaging a t  room temperature and subsequently aged ( for  4000 h r )  - and t e s t e d  
a t  450, 550, and 650°C, respectively, a r e  l i s t e d  i n  Table 4.6. 



Table 4.5. Tensile Data of Cold-Worked Type 316 S t a i n l e s s  S t e e l  a t  Varying Test Temperatures 

Strength,  p s i  Test C r  o s she ad Uniform 
Temperature Speed Ultimate P l a s t i c  S t r a i n  Elongat ion Thermome chanica l  

His tory  ( 8)  ( "c )  ( in .  /min) Tensile (%I 
x i o 3  x io3 

1 h r  a t  1050°C p lus  350 0.002 131.3 136.8 
20% reduction i n  a rea  
a t  room temperature 

1 h r  a t  1050°C p lus  450 0.002 129.6 136.2 
20% reduct ion  i n  a rea  
a t  room temperature 

1 h r  at 1050°C p lus  
20% reduction i n  a rea  
a t  room temperature 

20% reduct ion  i n  a rea  
a t  room temperature 

1 h r  a t  1050°C p lus  

550 

650 

0.002 117.9 123.7 

0.002 78.3 84.4 

0.6 

0.7 

0.9 

1.3 

5.1 

5.2 

5.4 

21.0 

. 
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Table 4.6. Tensile Data of Cold-Worked and Aged Type 316 S t a i n l e s s  S t e e l  
a t  Varying Test Temperatures 

-~ 

Elongat ion Uniform Strength,  ps i Test Crosshead 

(%) 
Thermomechanical Temperature Speed Ultimate P l a s t i c  S t r a i n  

His tory  ("a ( in .  /min) Tens i le  (%I 

450 0.002 114.5 118.2 0.6 20% reduct ion i n  a rea  at 
room temperature plus  
4000 h r  a t  450°C 

20% reduct ion i n  a rea  a t  
room temperature plus 
4000 h r  at 550°C 

550 0.002 90.5 96.9 2.3 

P 
tu 
P 

4.7 

8.0 

650 0.002 43.4 50.0 5.1 24.8 20% reduct ion i n  a rea  a t  
room temperature plus 
4000 h r  at 650°C 
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Long-time aging a t  450 and 550°C had p rac t i ca l ly  no e f f ec t  on ten- 

s i l e  data of specimens i n  the  as-annealed condition. 

specimens a t  these temperatures, however, brings about measurable changes 

i n  t e n s i l e  propert ies .  
p rec ip i ta t ion  a t  lower temperatures, and the  s tored energy supplies a 

driving force fo r  a change i n  microstructure by recovery and/or recrys- 

t a l l i z a t i o n .  
t e s t  and aging temperature i n  the cold-worked and aged specimens 

[Fig. 4.26 (a)  1 is, therefore, much grea te r  than i n  annealed and aged 

specimens [Fig. 4.22 (a) 1. 

Aging of  cold-worked 

The cold-work s t ruc ture  i tself  i s  conducive t o  

The var ia t ion  of y i e ld  and ul t imate  t e n s i l e  s t rengths  with 

ORNL- DWG 72-29 

30 
ELONGATION 

350 4 50 5 5 0  650 
T E S T  A N D  AGING T E M P E R A T U R E  ("C) 
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Fig. 4.26. Effect of Test and Aging Temperatures on (a) Ultimate 
Tensile and Yield Strengths, and-) Elongation and Uniform P las t i c  
S t ra in  of Cold-Worked (20% Reduction i n  Area a t  Room Temperature) 
Q-pe 316 Stainless  S tee l  Specimens Aged (4000 h r )  and Tested (Crosshead 
Speed 0.002 i n .  / m i d  a t  the Same Temperatures, Respectively. 

- 
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While the work-hardening r a t e s  i n  the cold-worked and aged specimens 

were as law as i n  the unaged cold-worked specimens, the s t rength level  

decreased s igni f icant ly ,  and the r a t e  of loss of y i e ld  and ult imate ten- 
s i l e  s t rength with increasing t e s t  and aging temperatures was higher fo r  

the  cold-worked and aged [Fig. 4.26(a)l  than for the  as-cold-worked con- 

d i t i on  [Fig. 4 .24(a) l .  This was due t o  more extensive recovery and pre- 

c ip i ta t ion ,  and a t  65OoC, even p a r t i a l  (20%) recrys ta l l iza t ion .  
micrographs, depicting the  microstructure of the unstrained port ion of 
cold-worked specimens aged and t e s t ed  a t  450, 550, and 650°C, respectively,  
subs tan t ia te  t h i s  (Fig. 4.27). 

Electron 

The possible e f f ec t  of a lower s t r e s s  l eve l  on the appearance of 

the s t r e s s - s t r a i n  curves was of fse t  by a la rger  amount of p rec ip i t a t e s  
which increased a s  the  s t r e s s  leve l  (due t o  recovery and recrys ta l l iza-  

t i on )  decreased. 

A s  for annealed specimens, aging a t  450°C resul ted i n  lower uniform 

p l a s t i c  s t r a i n  and elongation, and aging a t  550°C i n  an improvement of 

these parameters over those of the  corresponding unaged specimens 

(Tables 4.5 and 4.6).  
A comparison of the elongation values of aged and unaged cold-worked 

specimens shows t h a t  t e s t  temperatures up t o  550°C do not a f f ec t  elonga- 
t i o n  i n  unaged specimens [Fig. 4.24t(b)], while t he  e f f ec t  of long-time 

aging i s  revealed i n  the continuous increase i n  elongation w i t h  t e s t  

and aging temperatures [Fig. 4.26 (b) 1. 
Long-time aging of as-annealed specimens led  t o  a decrease i n  u l t i -  

mate t e n s i l e  s t rength and an increase i n  y ie ld  s t rength (because of pre- 
c i p i t a t e s )  as  t he  t e s t  and aging temperatures increased [Fig. 4.22 (a) 1. 
For cold-worked specimens both y ie ld  and ul t imate  t e n s i l e  strengths,  

though a t  a higher level ,  decreased w i t h  increasing t e s t  and aging tem- 

peratures  [Fig. 4 , .26(a) l .  
aging temperatures was much l a rge r  fo r  the  previously cold-worked speci- 

mens, the  ul t imate  t e n s i l e  strengths were t h e  same f o r  the annealed and 

aged and the  cold-worked and aged specimens a t  a t e s t  and aging tempera- 

t u re  of 650°C. 

was s t i l l  higher a t  650°C than t h a t  of the annealed and aged specimen. 

Since the drop i n  s t rength w i t h  t e s t  and 

The y i e ld  s t rength of the cold-worked and aged specimen 
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Fig. 4.27. Electron Micrographs Showing t h e  Microstructure of t he  
Unstrained Portion of Cold-Worked (20% Reduction i n  Area a t  Room Temper- 
ature) Type 316 Sta in less  S tee l  Specimens Aged (4000 hr) and Tested 
(Crosshead Speed 0.002 in./min> a t  (a)  450, (b) 550, and (c) 65OoC, 
Respect ive ly . . 
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. 

. 

However, an extrapolation of the  respective curves i n  Figs. 4.22 (a)  and 

4.26(a) seems t o  indicate  tha t ,  a t  a t e s t  and aging temperature of 700 
o r  75OoC, the  annealed and aged specimen would have a higher y ie ld  
strength than the  cold-worked and aged specimen. 

A comparison of the  microstructures of the unstrained port ion of 
specimens t h a t  have been annealed and cold worked, respectively, and 

subsequently aged f o r  4000 h r  a t  650°C (Fig. 4.28) makes the above pre- 

d ic t ion  appear very plausible .  The crystal lographical ly  oriented pre- 

c i p i t a t e  s t ruc ture  of the  annealed and aged specimen suggests a higher 

y ie ld  strength than the  morphologically d i f f e ren t  p rec ip i t a t e  s t ruc ture  

of the  cold-worked and aged specimen i n t e r d n g l e d w i t h  large u-phase 

pa r t i c l e s .  

While the  annealed and aged specimen derives i t s  strength from i t s  
p rec ip i t a t e  s t ructure ,  the  y i e ld  strength of the cold-worked and aged 

specimen a t  650°C i s  due t o  the  remaining 80% of cold-worked and 

recovered microstructure. 

a ture  would lead t o  complete r ec rys t a l l i za t ion  and, therefore, d ra s t i -  

c a l l y  lower the  y ie ld  strength of such a specimen, while such a 

A small increase i n  test and aging temper- 

Fig. 4.28. Electron Micrographs Showing the  Microstructure of t he  
Unstrained Portion of (a) an Annealed (1 hr  a t  1050°C) and (b) a Cold- 
Worked (20% Reduction i n  Area a t  Room Temperature) Type 316 Stainless  
S tee l  Specimen, ed (4000 hr )  - and Tested (Crosshead Speed 
0.002 in./min a t  
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temperature increase would be expected t o  a f f e c t  t h e  p r e c i p i t a t e  s t ruc-  

t u r e  of t h e  annealed and aged specimens t o  a much l e s s e r  degree. 

Thus, cold work seems t o  favor formation of u-phase and w i l l ,  on 
aging a t  temperatures above 65OoC, produce p r e c i p i t a t e  s t ruc tures  t h a t  
a r e  i n f e r i o r  i n  s t rength  and d u c t i l i t y  t o  those obtainable by aging as- 

annealed specimens. 

Short-Time Aging. - Room-temperature t e n s i l e  data of specimens 

reduced 20% i n  area by swaging a t  room temperature and aged f o r  10 h r  

a t  450, 550, 650, and 75OoC, respectively,  a r e  l i s t e d  i n  Table 4.7. 

While aging f o r  4000 h r  a t  450 and 550°C did a f f e c t  t he  t e n s i l e  

propert ies  of  cold-worked specimens, an aging time of only 10 h r  does 

not r e s u l t  i n  any s ign i f i can t  t e n s i l e  property changes. 

shows t h a t  both y i e ld  and ul t imate  t e n s i l e  s t rengths  change markedly 

only a t  aging temperatures above 550°C. 

a t  650°C c l e a r l y  a f fec ted  t h e  microstructure [Fig. 4.3O(c)] and t h e  

mechanical proper t ies  [Fig. 4 .29(a)I ,  and an aging temperature of 750°C 

l ed  t o  a completely r ec rys t a l l i zed  specimen. Figure 4.29(b) shows t h a t  

both elongation and uniform p l a s t i c  s t r a i n  increased by about t h e  same 

amount as  the  aging temperature was increased. Hcros t ruc tu res  r e su l t i ng  

from the  various aging treatments, from the as-cold-worked up t o  the  

f i l l y  r ec rys t a l l i zed  condition, a r e  shown i n  Fig. 4.30. 

Figure 4.29(a)  

Recovery during aging f o r  10 h r  

The Effect  of Different  Amounts of Tensile P res t r a in  on Postaging 
Tensile Data 

Tensile data o f  specimens pres t ra ined  i n  tension and subsequently 
Small increases i n  aged f o r  4000 h r  a t  650°C a r e  l i s t e d  i n  Table 4.8. 

t e n s i l e  p re s t r a in  a t  room temperature p r i o r  t o  an aging treatment of 
4000 h r  a t  650°C l ed  t o  small increases  i n  y i e l d  and ul t imate  t e n s i l e  

s t rengths  [Fig. 4 . 3 l ( a ) ]  and decreases i n  uniform p l a s t i c  s t r a i n  

[Fig. 4 . 3 l ( b ) l  a t  650°C. 

A comparison of t e n s i l e  data  between a specimen pres t ra ined  20% i n  

tension and another one reduced 20$ i n  area by swaging shows t h a t  not 

only the y i e ld  and ul t imate  t e n s i l e  s t rengths  but  a l s o  uniform p l a s t i c  

s t r a i n  and elongation a re  lower f o r  t he  swaged specimen than f o r  t h e  

specimen prestrained i n  tension (Fig. 4.31).  T h i s  i s  most l i k e l y  due 
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Table 4.7. Room-Temperature Tensi le  Data of Cold-Worked and Aged Type 316 S ta in l e s s  S t e e l  

Strength,  p s i  
Test Crosshead Uniform 

Temperature Speed U l t i m t e  P l a s t i c  S t r a i n  Elongation Thermomechanical 
History (8) ( " C )  ( in .  /min) Tensi le  (%I 

20% reduct ion i n  area at Room 0.002 146.9 156.8 1.1 
room temperature plus 
no aging 

room temperature plus temperature 
10 h r  a t  450°C 

temper at u r  e 

20% reduct ion i n  area at Room 0.002 148. 7 161.0 2.3 

8.1 

9.6 

20% reduction i n  area a t  Room 0.002 148.6 159.2 4.1 10.3 
room temperature plus 
10 h r  a t  550°C 

room temperature plus temperature 
10 h r  a t  650°C 

t e mp e r  a t u r  e 

20% reduction i n  area a t  Room 0.002 130.2 144.8 7.6 13.2 

20% reduction in area a t  Room 0.002 100.7 126.7 17.1 24.9 
room temperature plus temperature 
1 0  h r  a t  750°C 
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Fig. 4.29.  Effect of Aging Temperature on (a )  Ultimate Tensile 
and Yield Strengths, and (b) Elongation and Uniform P las t i c  S t r a in  of 
Cold-Worked (20% Reduction i n  Area a t  Room Temperature) Type 316 Stain- 
l e s s  S tee l  Specimens Aged for  10 hr  and Tested a t  Room Temperature a t  
a Crosshead Speed of 0.002 in./min. 
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Fig. 4.30. Electron Micrographs Showing the Microstructure of the 
Unstrained Portion of Type 316 Stainless Steel Specimens 20% Reduced in 
Area by Swaging at Room Temperature in (a) the As-Cold-Worked Condition 
and Cold-Worked-and-Aged Conditions; (b) Aged 10 hr at 550°C; (c) Aged 
10 hr at 650°C; and (d) Aged 10 hr at 750°C. 



Table 4.8. Tensile Data of Pres t ra ined  and Aged Ty-pe 316 Sta in l e s s  S t e e l  

Strength,  p s i  
Test Crosshead Uni form 

Temper at u r  e Speed Ultimate P l a s t i c  S t r a i n  ("a (in .  /min) 

Elongat ion The rmome chani c a l  
History (%) Tensi le  (4) 

26.9 48.1 11.7 36.8 0% p r e s t r a i n  a t  room 65 0 0.002 
temperature plus  4000 h r  
at 650" C 

65 0 0.002 35.7 54.4 5% p r e s t r a i n  a t  room 
temperature plus 4000 h r  
a t  650" C 

38. 9 54.6 10% p r e s t r a i n  a t  room 650 0.002 
temperature plus  4000 h r  
a t  650" C 

65 0 0.002 46.6 57.8 20% p r e s t r a i n  at room 
temperature plus 4000 hr  
a t  650" C 

10.3 40.6 

8.8 33.1 

6.6 33.7 

P 
W 
0 
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1 A ULTIMATE TENSILE STRENGTH 
FOR SPECIMEN REDUCED 2 0 %  
I N  AREA AT ROOM TEMPERA- 2ot TURE PRIOR TO AGING I 

A YIELD STRENGTH 

I 1 
5 0  

I 
-4b- 

,, L L  0 N G A T I 0 N 

ROOM TEMPERATURE PRIOR 
TO AGING 

Ah a 
LL 

( b )  

20  
O 

5 i o  15 
TENSILE PRESTRAIN i%) 

Fig. 4.31. Effect of Tensile P res t r a in  on ( a >  Ultimate Tensile and 
Yield Strengths, and (b) Elongation and Uniform P l a s t i c  S t r a in  of  Type 316 
Sta in less  S tee l  Specimens Prestrained a t  Room Temperature and Aged 
(4000 h r )  - and Tested (Crosshead Speed 0.002 in./min> a t  650°C. 
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t o  the  d i f f e r e n t  kinds of deformation r e su l t i ng  i n  d i f f e ren t  amounts of 

cold work and gra in  or ien ta t ion .  

t i o n  took place during aging of t h e  specimen reduced 20% i n  area by 

swaging, the difference i n  y i e l d  and u l t imate  t e n s i l e  s t rengths  may 

w e l l  be due t o  d i f f e ren t  degrees of p r e t e s t  r ec rys t a l l i za t ion ,  expected 

t o  be l e s s  f o r  t h e  specimen pres t ra ined  20% i n  tension. 

s t r a ins ,  r e c r y s t a l l i z a t i o n  may not take place a t  a l l .  

Since p a r t i a l  (- 20%) r ec rys t a l l i za -  

A t  lower pre- 

The lower elongation and uniform p l a s t i c  s t r a i n  values f o r  t h e  

specimen reduced 20% i n  area by swaging as  compared t o  t h e  specimen 

pres t ra ined  20% i n  tension may wel l  be explained by the  difference i n  

d i r e c t i o n a l i t y  of the  deformation process. Grains w i l l  be or ien ted  

d i f f e r e n t l y  and so w i l l  g ra in  boundary p r e c i p i t a t e s  w i t h  respect  t o  

the  d i r ec t ion  of  the t e n s i l e  s t r e s s  during t h e  t e s t .  

No se r r a t ions  were observed i n  the  s t r e s s - s t r a i n  curves of the  

above specimen i n  agreement w i t h  o ther  findings and t h e  low work- 

hardening r a t e .  
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5. FABRICATION DEVELOPMENT FOR FEB CIADDING 

G. M. Adamson, Jr. W. R. Martin 

Our e f f o r t  i s  cu r ren t ly  d i rec ted  toward a b e t t e r  evaluat ion of t he  

e f f e c t s  of defec ts  on the  proper t ies  of un i r rad ia ted  and i r r a d i a t e d  

type 316 s t a i n l e s s  s t e e l  tubing. 

E f fec t  of Fabricat ion Variables 

Biaxia l  Stress-Rupture Propert ies  of Type 316 S ta in l e s s  S t e e l  Tubing 
( R .  T. King, G. A. Reimann, K. V. Cook) 

The e f f e c t s  of c e r t a i n  f ab r i ca t ion  var iab les  on t h e  b i a x i a l  s t r e s s -  

rupture propert ies  of type 316 s t a i n l e s s  s t e e l  tubing a t  650°C have been 

character ized.  This study was performed on tubing produced from one 

heat  of s t e e l ,  Allegheny-Ludlum Heat 65808. 

a t  ORNL t o  e i t h e r  0.250 i n .  O.D. x 0.016 in .  nominal w a l l  th ickness ,  o r  

0.230 in .  O.D. X 0.0155 in .  nominal w a l l  th ickness  f in i shed  dimensions. 

The prec ise  f ab r i ca t ion  schedules used t o  produce the  tubing have been 

published previously.' J 2  Three l o t s  of tubing were produced which had 
conventional gra in  s i z e s  between ASTM 3 and ASTM 8: 
annealed tubing ( f i n a l  anneal 1 hr at  925°C) with an ASTM 5 t o  6 gra in  

s i z e  designated BA1-1, (2 )  2C$ cold-worked tubing with an ASTM 6 t o  8 
gra in  s i z e  p r i o r  t o  t h e  f i n a l  drawing passes, designated EA1-2, and 

(3 )  20% cold-worked tubing with an ASTM 3 t o  5 grain s i z e  p r i o r  t o  the  
f i n a l  drawing passes,  designated BA1-3. Three other  l o t s  of tubing 
were prepared by a f ab r i ca t ion  schedule which produced so-called 

" u l t r a f i n e  gra in  s ize"  tubing i n  which v i r t u a l l y  a l l  of t he  ava i lab le  
carbon was prec ip i ta ted  during the  f ab r i ca t ion  processes. 
each l o t  was used i n  t h i s  study and each was t e s t ed  i n  a d i f f e r e n t  

The tubing was fabr ica ted  

(1) solu t ion  

One tube of 

'G. A.  Reimann, "Drawing of Type 316 S ta in l e s s  S t e e l  Tubing" , Fuels 
and Materials Program Quart, Progr. Rept. June 30, 1969, ORNL-4440, p. 76. 

2G.  A. Reimann, Development of an Ul t ra f ine  Grain Size Type 316 
S ta in l e s s  S t e e l  Cladding, ORNL-TM-2937 (May, 1970). 



134 

condition: 

s i z e  (Tube 4 4 ) ,  ( 2 )  t he  2C$ cold-worked condi t ion plus l -hr  s t r e s s  

r e l i e f  anneal a t  '700°C with an ASTM 14 gra in  s i z e  (Tube 4 6 ) ,  and 
(3) the  f u l l y  r ec rys t a l l i zed  condition, produced by cold-working 53% 

and annealing f o r  3- h r  a t  7 6 O P C ,  having an ASTM 1 3  g ra in  s i ze .  

(1) the  2% cold-worked condi t ion with an ASTM 14 gra in  

A l l  of t h e  tubing used i n  t h i s  study w a s  inspected f o r  longi tudina l  

and t ransverse  d i scon t inu i t i e s  y ie ld ing  s i g n a l  responses g rea t e r  than 

those produced by a standard 0.002 in.-de?p by 0.0025-in. wide by 0.030-in.- 

long notch; none of t h e  tubing exhibi ted such d i scon t inu i t i e s .  

Four-in. long specimens were then f i t t e d  with end caps and 

pressurizing tubes,  and t e s t ed  a t  650 f. 1 ° C  under a s e r i e s  of constant  

i n t e r n a l  pressures ,  P. An i n e r t  p ressur iz ing  gas was used and t h e  

environment was He15 0 2 .  

The s t r e s s  versus rupture  time r e s u l t s  a r e  p lo t ted  i n  logarithmic 

form i n  Fig. 5.1. The dotted l i n e  represents  Atomics In t e rna t iona l  d a t a  

f o r  20% cold-worked tubing fabr ica ted  elset.ihere from the  same hea t  of 
s t a i n l e s s  s t e e l ;  it had an ASTM '7 gra in  s ize .3  

tubing has cons i s t en t ly  sho r t e r  rupture  t i m e s  over t h e  range of t es t  

conditions inves t iga ted  than does t h e  conventional gra in  s i z e  tubing. 

The curves tend t o  converge t o  common values f o r  sho r t e r  rup ture  times. 
The annealed tubing of t h e  u l t r a f i n e  g ra in  s i z e  s e r i e s  has sho r t e r  

rupture  times than comparable cold-worked tubing (Tube 38 versus Tubes 
44 and 4 6 ) ,  and t h e  annealed conventional gra in  s i z e  tubing l ikewise 

exh ib i t s  sho r t e r  rupture  times than do i t s  cold-worked counterpar ts  
(Ml-1 versus BA1-2 and -3). 

gra in  s i z e  tubing has only a minor e f f e c t  on rupture  t i m e  (Tube 44 versus 

Tube 4 6 ) .  The e f f e c t  of changing gra in  s i z e  p r i o r  t o  t h e  f i n a l  cold- 

working for conventional tubing has l i t t l e  e f f e c t  on rupture  time 
(BA1-2 versus M1-3). 

The u l t r a f i n e  gra in  s i z e  

S t r e s s - r e l i ev ing  t h e  cold-worked u l t r a f i n e  

3W. T. Lee, Biaxia l  Stress-Rupture Propert ies  of Aus ten i t ic  
S t a in l e s s  S t e e l  i n  S t a t i c  Sodium, AI-AX-12694 (June 30, 1968).  
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TUBE 38 -ULTRA-FINE GRAIN SIZE (ASTM 1 3 ) t  53% CW 
- + \ hr AT 760°C-FULLY RECRYSTALLIZED 

RUPTURE TIME ( h r )  

Fig. 5.1. Plo t  of S t r e s s  versus Rupture Time for Type 316 S t a i n l e s s  
S t e e l  Tubing Tested i n  Biaxia l  Stress-Rupture a t  650°C (Allegheny-Ludlum 
Heat 65808). 

A d i r e c t  p l o t  of c i rcumferent ia l  s t r a i n  versus hoop s t r e s s  does 

not permit ready comparisons between the  tubing l o t s .  However, when 

circumferent ia l  s t r a i n  i s  p lo t ted  versus rupture  t i m e  (Fig.  5 . 2 ) ,  such 

a comparison becomes more reasonable. A nonlinear regression ana lys i s  
was again used t o  produce the  curves shown. 

data, t h e  full d a t a  set  was t r ea t ed  ( s o l i d  l i n e ) ,  and then a subset of 
data was analyzed (dot ted  l i n e )  which omitted the  two circumferent ia l  

s t r a i n  points  below 8%. 

a t  a weldment, but  t h e  f a i l u r e  of t he  other  specimen appeared normal 

outs ide of i t s  unusually low d u c t i l i t y ;  t h e  omission of t h e  l a t t e r  

point was qui te  a rb i t r a ry .  

I n  the  case of t h e  BA1-1  

One of t he  corresponding tube specimens f a i l e d  

The curves of Fig. 5.2 c l e a r l y  ind ica t e  t h a t  t h e  conventional 2@ 

cold-worked l o t s  of tubing (BA1-2 and - 3 )  have the  lowest d u c t i l i t i e s  

of a l l ,  ranging from 3 t o  $% c i rcumferent ia l  s t r a i n .  The d u c t i l i t y  of 
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ORNL- DWG 7<-9957 

I I I I I I I ' I  I I i I 1 i i I 1  

0 
100 4 0' 102 103 

RUPTURE TIME (hr)  

Fig. 5.2. P lo t  of Circumferential  S t r a i n  Near the  Fa i lu re  Point 
versus Rupture Time f o r  Type 316 S ta in l e s s  S t e e l  Tubing Tes ted  a t  650°C 
( Allegheny-Ludlum Heat 65808). 

the  conventional annealed tubing (BA1-1) i s  comparable with t h a t  of -the 

cold-worked and s t ress - re l ieved  u l t r a f i n e  gra in  s i z e  tubing (Tubes 44 
and 46), while the  highest  s t r a i n s ,  ranging from 18 t o  365 were recorded 

for t h e  annealed u l t r a f i n e  gra in  s i z e  tubing. 

To obtain a measure of how rap id ly  t h e  tubes were s t r a in ing  without 
subject ing them t o  repeated thermal and s t r e s s  cycl ing by in t e r rup t ing  

the  tests, w e  divided the  circumferent ia l  s t r a i n  near t he  f r a c t u r e  by 

t h e  rupture time. 

i s  p lo t ted  versus nominal hoop s t r e s s  i n  Fig. 5.3. 
t he  u l t r a f i n e  gra in  s i z e  tubing always s t r a i n s  more rap id ly  a t  any given 

s t r e s s  l e v e l  than does the  conventional grain s i z e  tubing. 

tubing of a l l  those t e s t e d  i s  the  u l t r a f i n e  gra in  s i z e  tubing i n  the  

annealed condition, while t he  s t rongest  tubes a re  t h e  2% cold-worked 

conventional gra in  s i z e  tubes.  

This measure of  average circumferent ia l  s t r a i n  r a t e  

Except a t  shor t  times, 

The weakest 



13 7 

I O 0  

0 TUBE 44-ULTRA-FINE GRAIN SIZE (ASTM 14) -20% CW 
A TUBE 46-ULTRA-FINE GRAIN SIZE (ASTM 14) -20% CW 

+ 1 hr AT 700°C-STRESS RELIEF 
0 TUBE 38- ULTRA-FINE GRAIN SIZE ( A S T M  131+53% CW 

+I hr AT 760°C -FULLY RECRYSTALLIZED 
0 B A I - I  - ANNEALED I h r  AT 925°C 

- 

Fig. 5.3. P lo t  of Circumferent ia l  S t r a i n  Rate versus Nominal Hoop 
S t r e s s  f o r  Type 316 S t a i n l e s s  S t e e l  Tubing i n  Biaxia l  Stress-Rupture a t  
650°C (Allegheny-Ludlwn Heat 65808). 

Three f a c t o r s  warrant f u r t h e r  i nves t iga t ion  of t he  possible  u t i l i t y  

of t he  u l t r a f i n e  g ra in  s i z e  tubing f o r  fas t  breeder reac tor  f u e l  cladding. 

They are: 

s ince  e a r l i e r  work has demonstrated that  embrittlement r e s i s t ance  i s  

improved by reducing t h e  gra in  s i z e  of a s t a i n l e s s  s t e e l ; 4  ( 2 )  the  f inding 

tha t  2% cold-worked u l t r a f i n e  g ra in  s i z e  type 316 s t a i n l e s s  s t e e l  

i s  a t  l e a s t  as r e s i s t a n t  t o  void formation as convention s t e e l s  f o r  
some i r r a d i a t i o n  conditions which have been invest igated;  and (3) the  

high i n i t i a l  d u c t i l i t y  of t he  mater ia l .  

(1) possible  r e s i s t ance  of t he  mater ia l  t o  helium embrittlement, 

4W. R. Martin and J. R .  Weir, Jr., Influence of Grain S ize  on t h e  
Embrittlement of S t a i n l e s s  S t e e l  a t  EleTrated Temperatures, ORNL-"I-1043 
(March 1965). 
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Studies of Defected Tubing 

Stress-Rupture Propert ies  of S t a in l e s s  S t e e l  Tubing with Defects 
(R. T. King, G. A. Reimann, K. V. Cook) 

We have reported t h e  e f f e c t s  of electro-discharge machined notches 

on t h e  b i a x i a l  s t ress - rupture  proper t ies  of type 316 s t a i n l e s s  s t e e l  

tubing (Allegheny-Ludlum Heat 65808) a t  650°C. 5, 

the  tubes were t e s t e d  i n  t h e  annealed or cold-worked condition, t h e  

notches exerted an adverse e f f e c t  on t h e  rupture  time and circumferent ia l  

s t r a i n  which occurred p r io r  t o  f a i l u r e .  However, the specimens were 

a11 produced from one heat of s t a i n l e s s  s t e e l  and the  same technique was 
used t o  produce each notch. There remains some questions as t o  

whether only t h i s  hea t  or type of steel  might be sens i t i ve  t o  notches, 

or whether t he  manner of introducing the  notches m i g h t  have unique 

e f f ec t s .  

t e s t  r e s u l t s  from t e s t i n g  s e r i e s  now i n  progress i n  order t o  answer 

these questions. 

the  more recent  r e s u l t s .  

c l e a r l y  t h a t  any f l a w  which l o c a l l y  reduces t h e  w a l l  th ickness  of cladding 

or otherwise destroys the  load-bearing a b i l i t y  of t he  tubing (such as 

fo lds)  i s  l i k e l y  t o  be a point  a t  which f a i l u r e  occurs. 

which t h e  f a i l u r e  is  premature i s  governed by t h e  geometry and or ienta-  

t i o n  of the defect.  The evidence which supports t h i s  view includes t h e  
following cases: 

0.2% Ti-modified type 304L s t a i n l e s s  s t e e l  tubing (Allvac Heat 3756) a t  

600°C and 700°C resu l ted  i n  t h e  conclusion t h a t  scratches introduced 

during tubing f ab r i ca t ion  a f f ec t  t h e  loca t ion  of t he  f a i lu re .7  

Regardless of whether 

We have examined some e a r l i e r  t e s t  r e s u l t s  and some preliminary 

It i s  too soon t o  place any s t a t i s t i c a l  confidence i n  

However, t h e  o v e r a l l  p ic ture  at t h i s  time i s  

The degree t o  

(1) A study of the biaxial  creep-rupture proper t ies  of 

Rapid, 

5R. T. King, G. A.  Reimann, and K. V. Cook, Fuels and Materials Develop- 
ment Program Quart. Progr. Rept. Juse 30, 1971, ORNL-TM-3540, p. 81 

6R. T. King, G. A. Reimann, and K. V. Cook, Fuels and Materials Develo-p 

7R. T. King, Fuels and Materials Development Program Quart. Progr. 

ment Program Quart .  Progr. Rept. December 31, 1970, ORNL-TM-3300, p. 135. 

Rept. December 31, 1968, ORNL-4390, p. 213. 
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extensive in te rgranular  separat ion occurred beneath the  0.003 in .  deep 

scratches,  and there  was a tendency f o r  scratched tubes t o  exhib i t  
shor te r  rupture times and lower d u c t i l i t i e s  than more per fec t  tubes. 

Because t h i s  study was performed on a d i f f e ren t  type of s t a i n l e s s  s t e e l ,  

and because t h e  scratches were of a d i f f e r e n t  o r ig in  than t h e  more 

recent  work, it tends t o  support t h e  general  nature of t h e  e f f e c t s  of 

defects  on tubing. ( 2 )  We have i n i t i a t e d  a program t o  evaluate t h e  
e f f e c t  of notch sharpness ( a t  t he  root  of t h e  notch) on t h e  b i a x i a l  

s t ress - rupture  propert ies  of 20% cold-worked type 316 s t a i n l e s s  s t e e l  
tubing from Allegheny-Ludlum Heat 65808. Defects a re  electro-discharge 

machined i n t o  t h e  tubing a t  an ea r ly  s tage  of t he  f ab r i ca t ion  process, 

and undergo a s e r i e s  of cold working-annealing cycles which reduce t h e i r  

width. This process probably destroys any e f f e c t s  pecul iar  t o  the  

electro-discharge machining process. Such sharp notches a re  apparently 

a t  l e a s t  as e f f ec t ive  as t he  broader electro-discharge machined notches 

i n  degrading the  rupture ,  time and s t r a i n  t o  f a i l u r e  of the  tubing. A s  

an example, a tube bearing a 0.25 in .  long X 0.0005 in .  deee X 0.00015 in .  

wide sharp ( a l t e r e d )  notch f a i l e d  a f t e r  82.4 hr  at 650°C under 30,000-psi 

hoop s t r e s s .  

sharp a l t e r ed  notch which was located on the  i n t e r n a l  surface of the  

tube. By comparison, cont ro l  specimens fabricated i n  the  same manner 

ruptures a f t e r  approximately 200 hr ,  specimens bearing as-electro-discharge 

machined notches 13,250 in.long x 0.0015 in .  deep X 0.0025 in .  wide 

ruptured a f t e r  approximately 100 hr .  Although it i s  too e a r l y  t o  have 
quant i ta t ive  assurance of t h e  s t a t i s t i c a l  v a l i d i t y  of t h i s  and s imi la r  
r e s u l t s ,  they do ind ica te  t h a t  the or ig in ,  h i s to ry ,  and geometry of 
defects  may play an important r o l e  i n  determining t h e i r  e f f e c t s  upon 

tubing propert ies .  
e f f ec t s  of electro-discharge machined notches on the  propert ies  of 

another l o t  of type 316 s t a i n l e s s  s t e e l  tubing t o  a sce r t a in  whether t he  

degrading e f f e c t s  of these  notches occur only f o r  t he  Allegheny-Ludlum 

Figure 5.4 c l e a r l y  shows t h a t  t h e  f a i l u r e  occurred a t  t h e  

( 3 )  W e  have i n i t i a t e d  a small  program t o  evaluate the  



. 

Fig. 5.4. Fai lure  of Type 316 S ta in l e s s  S t e e l  Tubing a t  t h e  Location 
of an Inner Surface "Altered" Sharp Notch. 
30,000 p s i  i n i t i a l  hoop s t r e s s .  

Tested a t  650°C under 

Heat 65808 steel. 
form (0.250 in .  0.1). X 0.016 in.  w a l l  thickness) from Carpenter Technology. 

The acquis i t ion  and handling of these tubes has been discussed previously. 
Two specimens of t h i s  tubing bearing electro-discharge machined notches 

on t h e  inner tube surface have f a i l e d  a t  t h e  notch during t e s t i n g  a t  65OOC 

and 30,000 p s i  hoop stress. 
by 0.0025 in.  wide. However, one tube bearing a notch 0.001 in .  deep 

f a i l e d  a f t e r  147% hr ,  while t he  tube bearing a notch 0.003 in .  deep 

f a i l e d  after only 647 hr. 

f o r  over 1000 hr but has not ye t  f a i l e d  i n  t h e  gage sec t ion  of t h e  specimen. 

The tubing used i n  t h i s  study was obtained i n  f inished 

I n  each case the  notches were 0.250 in .  long 

A comparable cont ro l  specimen has been t e s t ed  
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f 

Again, t he  resul ts  may be in te rpre ted  as evidence t h a t  t h e  e f f e c t  of 

notches i s  not l i m i t e d  t o  one heat of s t a i n l e s s  s t e e l .  

problem i n  t h e  t e s t i n g  program has been t h e  f a i l u r e  of specimens near t he  

end caps. Our specimen design u t i l i z e s  a s l i p - f i t  cap approximately 

0.375 in.  long which i s  posit ioned in s ide  t h e  specimen tube and then 
welded t o  the  tube. We have observed t h a t  foreign matter o r  rough 

surfaces  can cause s m a l l  scratches on the  ins ide  surface of t h e  tube 
where t h e  end cap i s  located, and t h a t  premature f a i l u r e  can sometimes 

be t raced t o  the  presence of such scratches.  

unlike those which were found t o  a f f e c t  t h e  f a i l u r e  of t he  0.2% T i  type 

304L s t a i n l e s s  s t e e l  tubing. 

( 4 )  An experimental 

These defects  a re  not 

I n  summary, then, w e  have found t h a t  notches o r  defects  i n  th in-  

w a l l  s t a i n l e s s  s t e e l  tubing of the  type proposed f o r  Fast  Breeder 
Reactor f u e l  cladding do degrade the  creep-rupture propert ies  of t h e  

tubing and i n i t i a t e  premature f a i l u r e .  
vary with t h e  defect geometry and or ien ta t ion ,  and perhaps t h e  type o r  

meta l lurg ica l  condi t ion of t he  s t a i n l e s s  s t e e l  tubing. However, t he  
e f f e c t  has been found t o  p e r s i s t  through severa l  heats  of s t e e l ,  and t o  

be present f o r  defects  of s eve ra l  d i f f e ren t  or ig ins  o r  h i s t o r i e s .  

The precise  e f f ec t s  w i l l  probably 
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6. COMPATIBILITY OF STEAM GENERATOR MATERIALS 

P. Pa t r i a r ca  J. R. Weir, Jr. 

Steam Corrosion of Advanced Steam Generator Mater ia ls  

G. M. Slaughter 

The purpose of t h i s  program i s  t o  inves t iga t e  the  corrosion behavior 

of steam generator a l loy  weldments. Special  emphasis i s  placed upon 

mater ia l s  f o r  LMFBR steam generator use and s t r e s s  corrosion as the  mode 

of f a i l u r e .  
The program cur ren t ly  includes two areas  of inves t iga t ion :  (1) general  

corrosion (uniform scaling, including i n t e r n a l  oxidation and loca l i zed  

a t t ack  a t  weld fusion l i n e s )  a t  480 and 595°C (900 and 1100"F), and 

(2)  s t r e s s  corrosion cracking (induced by chlor ide or  caus t i c  a s  contami- 
nants )  i n  steam environments t h a t  include superheated conditions and 

cycling between the  superheated and water-saturated s t a t e s .  

General Corrosion (J. P. Hammond) 

A group of tes t  specimens prepared from mater ia l s  of i n t e r e s t  f o r  LMFBR 

steam generators was i n s t a l l e d  i n  the  high-pressure steam corrosion loop on 
December 7, 1971, f o r  isothermal t e s t s  at 480 and 595°C. A l i s t  of t he  
a l loys  represented together  with a descr ip t ion  of t he  exposures and type of 

corrosion analyses t o  be made were given i n  the  l a s t  quar te r ly  report . '  

In  the  interim, sheet mater ia l  was received i n  the  much-publicized 
26% Cr-@ Mo a l loy  from Airco Vacuum Metals. 

t i o n  and spec ia l  f ab r i ca t ion  process (prepared by electron-beam melt ing) ,  

t h i s  mater ia l  i s  expected t o  exhib i t  i n t e r e s t i n g  corrosion proper t ies .  

Eighteen specimens were prepared i n  it, each i n  t h e  ground and e l ec t ro -  
polished condition fo r  s tud ies  of corrosion by the  th ree  p r inc ipa l  methods 

of analysis ,  both a t  480 and 595°C. 

loop a t  t he  1000-hr exposure mark of the  main body of specimens. 

Because of i t s  unique composi- 

These were in se r t ed  i n  the  corrosion 

'J. P. Hammond, Fuels and Mater ia ls  Development Program wart. Progr. 
Rept. Sept. 30, 1971, OIWL-TM-3550, pp. 134-142. 
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Stress-Corrosion Cracking (J. P. Hammond) 

Construction and Operation of Loops. -During the l a s t  repor t ing  period, 

a seventh s t ress-corrosion run was completed i n  the  ch lor ide- in jec t ion  

corrosion loop and i s  reported here.  

of 24 weeks of exposure i n  contaminated steam without incident  was logged on 

the  Incoloy 800 st ress-corrosion loop since the  time of i t s  f a i l u r e  and 

r epa i r .  

ances of a s t r e s s  corrosion crack, the  continued s e r v i c e a b i l i t y  of t h i s  

loop r a i s e s  the  question of whether t he  crack indeed stemmed from s t r e s s  

corrosion. 

add i t iona l  runs i n  t h i s  loop before removing a sect ion from the  f a i l e d  

region t o  attempt t o  determine the  o r i g i n  of t h e  crack. 

With the  completion of run '7, a t o t a l  

Although the  crack found i n  the  loop had a l l  t he  ex te rna l  appear- 

It i s  now planned t o  conduct an eighth and possibly s t i l l  

All of the  loop f i t t i n g s  and pipe have now been received f o r  t he  

Inconel 625 loop being constructed f o r  t he  caus t ic - in jec t ion  phase of t h e  

program. It i s  planned t o  operate the  caus t i c  loop a t  a pressure twice t h a t  

used i n  t h e  present  chlor ide loop ( a t  about 1800 p s i ) ,  which w i l l  be he lp fu l  

i n  g rea t ly  increasing the  s o l u b i l i t y  of contaminants i n  the  steam. 

Test Results.  - The r e s u l t s  of t he  s i x t h  s t r e s s  corrosion run, which 

consis ted of cycling between 425 and 280°C (24 hr a t  280°C sa tura t ion  

temperature th ree  times per week) with 10 ppm NaCl and 20 ppm 0, were given 

i n  the  last  report . '  
t i o n s  but f o r  a somewhat longer per iod (16 weeks), and the  t e s t  mater ia l s  

included severa l  new categories .  

The seventh run was conducted under i d e n t i c a l  condi- 

The r e s u l t s  of run 7 a re  given i n  Table 6.1. The f i rs t  two ca tegor ies  

of t e s t  mater ia l s  included i n  t h i s  run were a l so  t e s t e d  i n  run 6. The 
f i rs t  consis ted of s t r i p  specimens cut  from similar-metal  weldments prepared 

i n  1/2-in.  -p l a t e  mater ia l ,  furnished i n  the  hot - ro l led  condition (specimen 

groups 1 through '7 of Table 6.1). 

410 s t a i n l e s s  s t e e l ,  Incoloy 800, and various high-nickel a l loys  as base 

metals. 

welded, 1/16-in.-thick sheet i n  many of the  same base metals (groups 8 
through 12). A t h i r d  and new category of specimens consis ted of s t r i p  

specimens cut  from nonwelded, 1/16-in. - thick sheet i n  nickel-base a l loys  

which are  genera l ly  produced by the  Cabot Corporation (groups 13 through 17), 

These weldments incorporate types 304 and 

The second category consis ted of s t r i p  specimens cut  from non- 



Table 6.1. Results of S t r e s s  Corrosion Run No. 7 Conducted wi th  
10  pprn N a C l  and 20 ppm 0 In j ec t ed  i n t o  the  Steam 

Specimens measuring 3 114 in .  x 112 in .  x 1/16 in.  t h i ck  were bent on a 1/2-in. radius  and 
cycled between 425 and 280°C (24 hr at 280°C sa tura t ion  temperature th ree  times per week). 

Crack I n i t i a l  F ina l  
Number I n i t i q i o n  Crack Crack 

Time s izec  Size 
No. Fai lures  (week) ( in .  ) (in.  ) 

Crack 
Location of Specimen Surface Group Base Metal F i l l e r  Metal 

1 ryPe 304 SSe 

2 Type 410 SSe 

3 Incoloy 800e 

4 Inconel 625e 

5 Inconel 600e 

6 IN 102e 

7 Hastelloy Xe 

f 8 Incoloy 800 

Qpe 308 SS 

Type 410 SS 

Inconel 82 

Inconel 625 

Inconel 82 

I N  102 

Hastelloy X 

NO weid 

Ground 
Process annealed 
Pickled 

Ground 
Pickled 

Ground 
Process annealed 

Ground 
Process annealed 

Ground 
Process annealed 

Ground 
Process annealed 

Ground 
Process annealed 

Ground 
Process annealed 

3 of 3 1-2 
3 of 3 11 
3 of 3 16 

0 of 3 
0 of 3 

3 of  3 1-7 
1 of 3 7 

0 of 3 
0 of 3 

2 of 3 1-4 
0 of 3 

3 of 3 8-16 
0 of 3 

3 of 3 1 
1 of 3 1 

3 of 3 16 
1 of 3 16 

B i n t o  W 
B i n t o  W 

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

1/64-1/16 1/64-1/16 B (many) 

P 
f- 
.F- 1/16-3116 7/16 B i n t o  FL 

3/16 114 FL 

1/8-3/16 318-7116 FL 

1/16-1/8 1/16-1/8 FL i n t o  W 

1/ 4-5 / 16 112 W; B i n t o  W 
3/16 3/16 B (1) 

1/ 16 1/ 16 E 
118-3116 118-3116 I; E 

(continued) 

, 
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Table 6.1 (Continued) 

Crack I n i t i a l  F ina l  
I n i t i a t ' o n  Crack Crack Crack Specimen Number 

Location SizeC Size 6 Time of  Surf ace Group Base Metal F i l l e r  Metal 

(week) ( in .  ) ( in .  ) No. Fa i lures  

18 2 1/4Cr-lMog 

19 2 ~ / ~ c ~ - u I o -  
1/2Ni, Nbg 

20 5Cr-1/2Mog 

2 1  9Cr-lMog 

23 Z C r - l M 0 ,  
Ni, W, Vg 

24 Type 304 SSh 

25 Type 304 SS 

No weld 

No weld 

No weld 

No weld 

No weld 

N o  weld 

Type 308 SS 

Type 308 SSi 

Ground 
Process 

Ground 
Process 

Ground 
Process 

Ground 
Process 

Ground 
Process 

Ground 
Process 

Ground 
Process 

Ground 
Process 

annealed 

annealed 

anne a l e  d 

annealed 

annealed 

annealed 

annealed 

annealed 

0 of 3 
0 of 3 

0 of 3 
0 of 3 

0 of 3 
0 of 3 

0 of 3 

0 of 3 

0 of 3 
0 of 3 

2 of 3 16 3132-318 3132-318 
2 of 3 1-16 11 16-114 11 16-114 

0 of 3 
0 of 3 

E; I 
E; I ( severa l )  

a Ground = surfaces  ground on a 100-mesh be l t .  
Process annealed = ground on 100-mesh b e l t  and heated 10 min at 980°C except for ferr i t ic  materials which 

Pickled = process annealed as above and then pickled i n  solut ion recommended by supplier of a l loy.  
were ground and heated 10 min j u s t  below the lower c r i t i c a l  temperature. 

( continued) 

. 
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Table 6.1 (Continued) 

Stress relieved = cold rolled and s t ress  relieved by supplier. In  preparing specimens, material was 
sheared and then ground on edges through 240-mesh bel t .  

bCrack distance i n  a l a t e r a l  direction at the time f i r s t  observed (specimens were inspected a t  one-week 
intervals) .  

Crack distance i n  a l a t e r a l  direction a t  the termination of t e s t  ( a f t e r  16 weeks). C 

% = base metal; W = w e l d  deposit; FL = at or immediately adjacent t o  fusion l ine ;  I = inside edges of 

e 
specimen; and E = a t  edges. 

Weldment prepared by the gas tungsten-arc process from 112-in. -thick plate  i n  the hot-rolled, descaled, 
and annealed condition. 

fOne-sixteenth-inch-thick sheet supplied i n  the cold-rolled and stress-relieved condition. 

'Strips machined from hot-rolled plate  or from pipe tha t  had been flattened, then normalized, and heated 

hStrips machined ent i re ly  from the base metal of a weldment prepared by the submerged-arc welding process. 
i 

j u s t  below the  lower c r i t i c a l  temperature. 

Str ips  machined entirely from the weld deposit of a weldment prepared by the submerged-arc welding process. 
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while s t i l l  a fou r th  new category consis ted of s t r i p  specimens prepared i n  

f e r r i t i c  a l loys  of i n t e r e s t  f o r  LMFBR steam generators tha t  a re  genera l ly  
furnished as tubular  products (groups 18 through 23). The mater ia l s  of 

categories  2 and 3 were received i n  the  co ld- ro l led  and s t r e s s - r e l i eved  

condition, while specimens of category 4 were usua l ly  machined from a l loys  

as tubular  products t h a t  had been f l a t t e n e d  and heat  t r ea t ed .  

Final ly ,  a f i f t h  category of specimens (groups 24 and 25) was included 

t o  determine whether submerged-arc welds i n  s t a i n l e s s  s t e e l  behave d i f f e r -  

en t ly  from welds made by t h e  gas tungsten-arc process (group 1). 

A s  i n  the  e a r l i e r  t e s t i n g ,  t h e  specimens were general ly  examined i n  

severa l  conditions t o  e s t a b l i s h  the  e f f e c t s  of surface condition. These 

general ly  included (1) 100-mesh ground, ( 2 )  ground and heat  t r e a t e d  i n  

various ways or  heat t r e a t e d  a s  furnished, and ( 3 )  ground, heat t r ea t ed ,  

and pickled. 

In  the  s i x t h  s t ress-corrosion run, it was found t h a t  type 304 s t a i n l e s s  

s t e e l  and vaxious commercial nickel-base al loys,  including Incoloy 800 and 

Hastelloy X, were more prone t o  crack when t e s t e d  a s  specimens cu t  from 

1/2-in.  -p la te  weldments than when t e s t e d  as  nonwelded sheet mater ia l .  

cracks i n  the  weld specimens were general ly  in te rgranular  and usua l ly  

located i n  the  base metal adjacent t o  the  weld fusion l i n e .  

of these r e s u l t s ,  t h i s  type of comparative study was more o r  l e s s  dupl icated 

i n  run 7 and a more comprehensive inves t iga t ion  was planned f o r  run 8 t o  

throw add i t iona l  l i g h t  on t h e  f a c t o r s  involved. 

The 

On the  basis 

An examination of t he  r e s u l t s  of t e s t s  on the  first two ca tegor ies  of 

specimens of Table 6 .1  (groups 1 through 7 and 8 through l2), however, does 

not appear t o  completely bear out the  f indings of run 6 i n  that many of t h e  

a l loys  i n  sheet form i n  the  last run developed cracks. 
example, f o r  Incoloy 800 and Hastelloy X (groups 8 and 12). Otherwise, the  

r e s u l t s  of these  two categories  of specimens were s imi la r  t o  t h e i r  behavior 
i n  run 6. 

joined with themselves d i d  not crack i n  any surface condition, whereas 

type 304 s t a i n l e s s  s t e e l  welded with type 308 f i l l e r  metal f a i l e d  i n  a l l  
three conditions.  

I N  102 showed s u b s t a n t i a l  t o  moderate s u s c e p t i b i l i t y  t o  cracking. 

This was t rue ,  f o r  

Weldment specimens i n  Inconel 625 and type 410 s t a i n l e s s  s t e e l  

Again, p l a t e  weldments of Hastelloy X, Inconel 600, and 

Incoloy 800 
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welded with Inconel 82 displayed about the  same cracking response as 

previously, although the  crack propagation r a t e  appeared t o  be increased 

somewhat. 

Of t he  various surface preparat ions tested, t h e  ground condition again 

showed the  highest  s u s c e p t i b i l i t y  t o  cracking, with one exception. I n  t h e  

case of t he  materials furnished i n  the  cold-rol led and s t ress - re l ieved  

condition (groups 8 through 17 of Table 6.1), some of these showed a g rea t e r  
tendency t o  crack when t e s t e d  as furnished ( s t r e s s  re l ieved)  than when 

ground. This proved t r u e  f o r  Hastelloy X (group 12) and seemingly f o r  

Hastelloy S’ (group 17).  In  preparing these  materials f o r  t e s t  i n  the  
as-received (s t ress - re l ieved)  condition, they were f i rs t  sheared t o  produce 

specimens and then t h e  specimen edges were ground with 100-mesh through 
240-mesh bel ts  t o  remove the  very crack-susceptible shear e f f e c t .  It 

appears t h a t  t he  240-mesh gr ind on edges may make specimens more suscept ible  
t o  cracking than t h e  100-mesh grind, although t h e  cracks do not usual ly  

appear as la rge  with t h e  240-mesh grind. 

Of t he  nonwelded sheet specimens, Inconel 601, Hastelloy C, and 

Hastelloy G, along with Inconel 625, r e s i s t e d  cracking i n  a l l  tes t  
conditions. On t h e  other  hand, a l l  of t h e  specimens t e s t e d  i n  Hastelloy N 

and Hastelloy M, including both surf  ace conditions, cracked. 

Signif icant ly ,  t he  f e r r i t i c  category of t e s t  mater ia ls  (groups 18 
through 23) displayed a per fec t  record of r e s i s t i n g  cracking. 

s t a i n l e s s  s t e e l  weldments prepared with type 308 f i l l e r  metal by two 

submerged-arc procedures (groups 24 and 25) gave r e s u l t s  similar t o  those 

obtained on weldments made by t h e  gas tungsten-arc method (group 1) i n  tha t  

cracking appeared t o  i n i t i a t e  i n  t h e  base metal and was confined l a rge ly  t o  

the  base metal. However, f o r  reasons unknown, the  cracking behavior i n  t h e  
l a t te r  category of specimens was  more s u p e r f i c i a l  i n  nature than i n  the  

former . 

The type 304 

The s t ress-corrosion specimens f o r  run 8, which w i l l  be conducted under 

the  same operating conditions as runs 6 and 7, are  now being prepared. 

specimens will include a number of mater ia l s  t h a t  have not been examined. 

Specimens a l so  have been prepared i n  Incoloy 800, and type 304 s t a i n l e s s  

These 

’This i s  an experimental a l loy  furnished by the  Cabot Corporation, 
Kokomo, Indiana; it nominally contains 15.5% Cr--15.5% Mo-l% Fe-0.2% Al, 
0.02% max C, 0.02% La, and ba l  N i .  
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s t e e l  designed t o  gain information on the  r e l a t i v e  importance t o  cracking 

of such f ac to r s  as whether t he  material be p l a t e  or  sheet, welded or nonwelded, 

and o r i en ta t ion  of t he  t e s t  specimen with respect  t o  t h e  mater ia l s  r o l l i n g  

plane and d i rec t ion .  
s t ress-corrosion tes ts  t h a t  use tubular  specimens i n  order  t o  more c lose ly  

simulate the  welded components i n  steam generators.  

Work i s  present ly  being conducted t o  develop s t a t i c  

Examination of Alco/BLH Steam Generator 

G. M. Slaughter J. H. DeVan R. W. McClung 
B. C. Lesl ie  R. H. Jones’ G. M. Goodwin 

We are examining the  Alco/BLH steam generator which f a i l e d  while under 

t es t  at the  Liquid Metal Engineering Center ( L I v E C ) . ~ ,  

a t  the  Sodium Components Test I n s t a l l a t i o n  of t h e  LMEC i n  1965, t he  steam 

generator operated in t e rmi t t en t ly  with sodium f o r  7600 hr and with steam f o r  

4100 hr .  
was t raced  t o  an area of extensive cracking i n  the  lower tube sheet .  Exten- 

s ive corrosion r e su l t i ng  from leakage of steam i n t o  sodium was a l s o  subse- 

quently observed near t h e  top  tube sheet .  I n  view of t h e  v i t a l  r o l e  of 

steam generators i n  t h e  LMFBR demonstration p lan t  program and t h e  w e l l -  

documented f ab r i ca t ion  and opera t iona l  h i s to ry  of this un i t ,  it i s  being 

examined t o  determine t h e  mechanisms of  f a i l u r e  and t o  study o ther  metal lurgi-  

c a l  features of i n t e r e s t .  

A r t e r  i n s t a l l a t i o n  

A water leak  on the  feedwater chest  was found i n  M a y  1970, and it 

A progress repor t  covering t h e  work t o  date has been draf ted  and i s  
being reviewed. I n  t h i s  quarter ly ,  we w i l l  b r i e f l y  discuss  recent  a c t i v i -  
t i es  i n  severa l  se lec ted  areas  of work which encompass t h e  r a the r  wide scope 

of our inves t iga t ion .  

Thermographie Inspection of Bond Quality i n  Tubes 
Sections of severa l  of t h e  duplex tubes from t h e  steam generator varying 

i n  length between 5 and 8 ft were inspected with a l i q u i d  c r y s t a l  thermal 

3Member of t h e  Plant and Equipment Division, ORNL. 

‘G. M. Slaughter, J. H. DeVan - e t  -’? a1 Fuels and Materials Developent  
Program Quart. Prog. Ijept., June 30, 1971, ORNL-TM-3540, pp. 97-98. 

5G. M. Slaughter, J. H. DeVan e t  al., Fuels and Materials Development -- 
Program Quar t .  Prog. Rept., September 30, 1971, ORNL-3550, pp. 224-133. 
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t e s t  t h a t  was developed t o  de tec t  unusual bond conditions.  These tubes 
came from row 5 i n  t he  assembly, and t h e i r  loca t ions  were designated as 

"gas-sodim in t e r f ace  region" and the  "center-of -bundle region. 

the  

The thermal t e s t  used a s m a l l  hea te r  probe wound t o  c lose ly  f i t  t he  

inner  bore of t he  duplex tube. The hea ter  c o i l  was f ab r i ca t ed  from comer-  

c i a 1  hea ter  wire (0.040-in. d i m )  composed of an Inconel sheath containing 

MgO i n su la t ion  and a nichrome heating element. 

1 in .  long and was mounted on the  end of a tube t h a t  i s  approximately 6 f t  

long. Current flow t o  the  c o i l  was  maintained a t  approximately 2.4 amp at 
around 25 V during t h e  t e s t .  

The duplex tube was scanned by drawing the  tube over t he  "hot" s t a t iona ry  

The heater  was approximately 

heater  c o i l  by a dol ly  containing a three-prong l a t h e  steady r e s t  ( i n t o  which 

one end of the  tube was clamped) t h a t  was drawn along a hor izonta l  5-ft-long 

lead-screw mechanisr. Maximum scan length w a s  45 in., and intermediate 

support was maintained by rubber-coated wheels. 

Heat generated by the  probe ins ide  the  bore of the  duplex tube d i f fuses  

t o  the  outer  surface and s e t s  up a heat  f ron t  t h a t  t r a v e l s  along the  tube 

length  a t  a uniform ra t e ,  provided heat input and tube movement a re  appro- 

p r i a t e l y  balanced. 

as  detect ion methods. 

t h e  emissivi ty  problem associated with in f r a red  t e s t s  and t o  reduce the  

surface g la re  t h a t  i s  prevalent when the  l i q u i d  c r y s t a l  i s  melted. 

Both in f r a red  and l i q u i d  c r y s t a l  techniques were examined 

A black coating was sprayed onto the  tube t o  reduce 

The l i q u i d  c r y s t a l  technique f o r  evaluat ing heat movement w a s  se lec ted  

because of i t s  response t o  the  dynamic t e s t  conditions and because a v i s u a l  

image of nonbonding could be formed, 

narrow range (40 t o  42°C and 50 t o  52°C) l i q u i d  c rys ta l s ,  which change 
through the  color  spectrum a s  temperature r i s e s ,  were t r i e d  f irst .  
these c r y s t a l s  were very good f o r  the  dynamic t e s t i n g  conditions,  although 

i n  a s t a t i c  or  semis ta t ic  t e s t  they  a re  very promising. 

d i f fuses  rap id ly  i n  t h i s  tubing, a condition t h a t  i s  necessary t o  obtain a 

f a s t  inspection, and even t h e  wide range c r y s t a l  was not s a t i s f a c t o r y  f o r  

reproducible t e s t s .  

from green t o  black a s  the  temperature r i s e s  above 42°C proved t o  be a very 

good heat detector .  We were able  t o  v i s u a l l y  monitor t he  heat f r o n t  a s  it 
t r ave led  along the  tube length and t o  record t h e  image with a c losed-c i rcu i t  

Both wide response (4.5 t o  57°C) and 

None of 

The heat  f r o n t  

However, a memory type of l i q u i d  c r y s t a l  t h a t  changes 
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t e l ev i s ion  system and video tape recorder.  
and l i gh t ing  a re  c r i t i c a l  t o  obtain optimum cont ras t  from the  t e s t .  
must be introduced and detected a t  about t h e  same inc iden t - r e f l ec t ion  angles 

f o r  both black and white and color recording; however, t he  color  recording 

requires  in tense  spectrum l igh t ing  such as i s  provided by quartz iodine 

lamps. 

The pos i t ions  of both the  camera 
The l i g h t  

A s  a reference defect ,  a l/g-in.-diam flat-bottomed hole was d r i l l e d  t o  
the  bond l i n e  from the  outer  surface of one of t he  tubes.  
dim) tungsten wire was placed on t h e  bottom of the  hole, and then the  hole 

was f i l l e d  with a plug of welding rod which was subsequently soldered i n t o  

place.  

plugged area. 

dupl icat ing t e s t  methods and r e s u l t s .  

of t he  heat f ron t ,  which can be e a s i l y  and reproducibly detected.  

of t he  t e s t  allows the  slow-motion and stop-action viewing of the  d iscont inui ty  

a f t e r  the  t e s t  i s  completed. Figure 6 .1  shows the  in t e r rup t ion  of the  heat 

f ron t  by the  reference hole. 

A small (0.001-in. - 

The tube surface was then pol ished with emery paper t o  smooth the  

This plugged hole served as a reference f o r  c a l i b r a t i n g  and 

The reference hole causes a d i s t o r t i o n  

Play back 

One of t he  tubes t h a t  was inspected had ind ica t ions  of d i scon t inu i t i e s  

comparable t o  the  reference 1/8- in .  -dim hole;  however, these  ind ica t ions  

were due t o  a surface coating on t h e  outer  surface of t he  tube and not t o  

nonbonding between core and c lad  tubing. No o ther  s i g n i f i c a n t  ind ica t ions  

of thermal b a r r i e r s  were observed i n  the tubing inspected. 
metallographic sect ioning W i l l  be performed on sec t ions  showing minor pe r tu r -  

bat ions i n  t h e  thermal response. 

Se lec t ive  

Model of Lower Tube Sheet 
A f u l l - s c a l e  Lucite model of a 180-deg segment of t h e  lower tube sheet has 

been constructed and i s  shown i n  Fig. 6.2. The 180-deg segment includes all 

regions i n  the  lower tube sheet i n  which cracks have been observed. 

The crack pa t t e rns  observed v i sua l ly  (with or without t h e  a i d  of pene- 

t r a n t )  on a l l  cut surfaces  of t he  tube sheet have been drawn on the  model, 

r e su l t i ng  i n  a three-dimensional representat ion of t h e  a c t u a l  crack systems. 

The model has s i g n i f i c a n t l y  a s s i s t e d  i n t e r p r e t a t i o n  of the  crack pa t te rns ,  

and a s i m i l m  model of t he  top  tube sheet i s  being constructed.  
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Fig. 6.1. Thermographic Inspection of Duplex Tube Showing Distor t ion 
of t h e  Heat Front Caused by Reference Hole. 

Fig. 6.2. P l a s t i c  Model of Bottom Tube Sheet Showing Crack Patterns.  
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Examination of Umer Tube Sheet 

All tubes i n  t h e  Alco/BLH steam generator were helium-leak t e s t e d  p r i o r  

t o  disassembly. 

detected i n  leak t e s t s  a t  LMEC. 

t h ree  tubes t h a t  had been previously detected (and plugged) by LMECC. 

l eaks  a s  was previously discussed,5 were a l l  located within the  upper tube 

sheet.  We therefore  cut sec t ions  of the  two leaking tubes found a t  ORNL 

from the  top tube sheet i n  such a way t h a t  the  sect ions could be f reed  from 

the  tube sheet and helium-leak checked from end t o  end. 

were detected. This observation was supported by the c leanl iness  of the  

crevice regions surrounding the  tubes and by the absence of cracking i n  

e i t h e r  the  tubes or the  surrounding tube sheet.  

t he  fu l l  span of both tubes between the  top  and bottom headers. 

This operation loca ted  two leaking tubes t h a t  had not been 

In  addition, we have confirmed leaks i n  

These 

However, no leaks 

We are  now leak checking 

We have also begun t o  map t h e  wastage pa t t e rns  located i n  the  argon 

cover gas region between the  f r e e  surface of the sodium and upper tube sheet .  

A s  discussed previously, tubes i n  c lose proximity t o  the  th ree  tubes which 

leaked within the  upper header showed heavy wastage immediately below the 

lower face of the  top  tube sheet.  Measurements have now been determined on 

a number of tubes at varying dis tances  f romthe  top  tube sheet.  

i l l u s t r a t e s  the  metallographic appearance of tube 61, row 5, which was spaced 

only two tubes away from the c l u s t e r  of t h ree  leaking tubes.  A s  shown i n  

Fig. 6.3b, much l e s s  a t t ack  occurred on tube 15, row 5, whose a x i a l  dis tance 

from the  leaking c l u s t e r  was about 20 in.  

Figure 6.3a 

Tube-to-Tube Sheet Welds 
We have examined representa t ive  tube-to-tube sheet welds from 12 

loca t ions  i n  the  top  tube sheet, including both t h e  region of severe wastage 

and a region 180 deg from the  wastage region. 

welds a re  shown i n  Fig. 6.4. F r o m t h e i r  ove ra l l  appearance, the  welds seem 
t o  have been produced using cons is ten t  welding techniques; t h a t  is, the  
f i l l e t  geometry, thickness  of t he  ligament between f i l l e t  and inner  ( Inconel)  

tube w a l l ,  e t c . ,  do not show inordinate  v a r i a b i l i t y .  However, defects  such 

as  porosi ty ,  f i s su res ,  and lack  of fusion regions do occur with a higher 

frequency than would be an t ic ipa ted  with modern s ta te -of  - the-ar t  welding 

techniques. To date, each of t he  welds inves t iga ted  has shown a t  l e a s t  

one of the  above mentioned defects .  For example, i n  Fig. 6.4, T-56, R-4,  

Macrographs of s i x  t y p i c a l  
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Fig. 6.3. Metallographic Appearance of Corrosion on Tubes. 
(a) Tube 61, Row 5, which was two tubes away from leakers. 
row 5, which was 20 in. f r o 3  leakers. 

(b) Tube 15, 
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Fig. 6.4 Tube-to-Tube Sheet Welds from t h e  Top Tube Sheet of 
Alco/BL;H Steam Generator. 

shows poros i ty  ( l e f t  side),  lack  of fus ion  (upper l e f t  and r i g h t  side),  

and f i s s u r i n g  (at termination of right. c rev ice) .  

Microprobe analyses are being conducted on t y p i c a l  tube-to-tube 
sheet welds t o  determine, among other  th ings ,  t h e  degree of d i l u t i o n  of 
t h e  severa l  l aye r s  of Inconel overlay and t h e  Inconel f i l l e t  welds. 
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7. J O I N I N G  OF STRUCTURAL ?UTERIALS 

J. R. Weir G. M. Slaughter 

Joining research and development i s  being car r ied  out on a wide 

va r i e ty  of s t r u c t u r a l  mater ia l s  of i n t e r e s t  t o  t h e  Liquid Metal Fas t  

Breeder Reactor Pro jec t .  The vessel ,  primary piping, intermediate heat 

exchanger, and core support s t ruc tu re  of the Fast  Flux Test F a c i l i t y  

(FFTF) a r e  being made of a u s t e n i t i c  s t a i n l e s s  s t e e l  while steam genera- 

t o r s  f o r  t h e  demonstration p l an t s  w i l l  l i k e l y  contain f e r r i t i c  s t e e l s  

or Incoloy 800. Inconel 718, on t h e  other  hand, i s  being used or con- 

s idered f o r  such appl ica t ions  as t h e  Power Burst F a c i l i t y ,  t he  ins t ru-  

ment t r e e  f o r  FFTF, and valves and bearing surface components f o r  l i q u i d  

metal service.  

I n  view of t h e  d ive r s i ty  of problems associated with those d i f f e r -  
ent  c lasses  of mater ia l s ,  t h e  progress i s  reported under the  general  

mater ia ls  types ( i . e . ,  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  f e r r i t i c  s t e e l s ,  and 

nickel-r ich a l loys ) .  

AUSTENITIC STAINLESS STEELS 

Welding Development f o r  FBR S ta in l e s s  S t e e l  Components 

G. M. Slaughter H. E. McCoy 

We a r e  evaluating t h e  behavior of weldments i n  a u s t e n i t i c  s t a i n l e s s  

s t e e l  a t  370 t o  750°C as a funct ion of both welding process and t h e  va r i -  
ab les  within a process f o r  appl ica t ion  t o  liquid-metal-cooled fast 

breeder reac tor  (LMFBR) vesse ls  and components. 

s t ruc tu re  of t h e  weld metal markedly inf luences t h e  mechanical proper t ies  
of a weldment a t  elevated temperature; s ince  t h e  s i z e  and type of sub- 

s t ruc tu re  a r e  s ign i f i can t ly  influenced by f a c t o r s  which the  welder can 

cont ro l ,  o x  approach i s  t o  determine t h i s  l i n k  between welding var iables ,  

the  s o l i d i f i c a t i o n  substructure  which these  var iab les  produce, and the  

r e su l t an t  mechanical proper t ies .  

The s o l i d i f i c a t i o n  sub- 

Also included i n  t h e  s tud ies  a r e  
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corrosion behavior, i r r a d i a t i o n  s t a b i l i t y ,  and t h e  e f f ec t  of heat t r e a t -  

ment, and, of course, deposit  composition, on s t ruc tu re  and proper t ies .  

A new t a sk  involving t h e  use of radioisotopes t o  study the  mechanism of 
weld cracking i s  l ikewise discussed i n  t h i s  r epor t ,  

Invest igat ions of Mechanical Propert ies  (R.  G. Berggren, G. M. Goodwin) 

Submerged-Arc Welds. - Creep-rupture t e s t s  on f i v e  type 308 
submerged-arc weldments, designated SA-2 through SA-6 , have extended 
t h e  data for these  welds t o  rupture times grea te r  than 1000 hr. 

rupture  t e s t  i s  s t i l l  i n  p r o g e s s  on weld SA-7 after 1300 hr .  The 

r e s u l t s  of t h e  completed t e s t s  do not s ign i f i can t ly  a l t e r  t h e  r e s u l t s  

previously published.2 

12,000 p s i  ruptured a t  2673 h r  with a t o t a l  elongation of 6.2$. The 
other welds, SA-3 through SA-5, a l s o  exhibi ted good elongations (6 t o  

12%) f o r  rupture  times of 1030 t o  21013 hr .  Tests a r e  now i n  progress 

on specimens from t h e  2-in.-thick submerged-arc weldment, SA-9, i n  t h e  

"as-welded" condition t o  rupture  times grea te r  than 1000 hr.  

viously published2 creep-rupture r e s u l t s  f o r  t h i s  weldment i n  four  post-  

weld heat-treatment conditions. A creep-rupture t e s t  program i s  now i n  

progress on a submerged-arc weldment made with a low-sil icon f l u x ,  
Linde CR-10. The ava i lab le  r e s u l t s  f r o m t h i s  t e s t  s e r i e s  a r e  about t h e  

same as previously published2 fo r  welds SA-2 through SA-7. One t e s t  of 
t h i s  weldment i s  s t i l l  i n  progress a f t e r  1300 hr.  
reported,  we see no marked property differences between these  submerged- 
a r c  weldment s . 

A creep- 

A t e s t  on weld SA-2 a t  650°C (1200°F) and 

We pre- 

A s  previously 

Shielded Metal-Arc Welds. - We previously reported t h e  development 

of a weld composition, F-21, containing boron, phosphorus, and f e r ro -  

t i tanium, having superior creep d u c t i l i t i e s  and s t rength.  Creep-rupture 

data  on t h i s  weld have been extended t o  a rupture  time of 3050 hr  and 

the  weld s t i l l  exhibited 12% elongation. This and other  t e s t s  on t h e  
shielded metal-arc welds did not a l t e r  t he  r e s u l t s  previously reported.  

lR. G. Berggren and G. M. Goodwin, Fuels and Materials Development 
Program Quart .  Progr. Rept., March 31, 1971, ORNL-TM-3dl6, p. 118. 

2R. G. Berggren and G. M. Goodwin, Fuels and Materials Development 
Program Quart .  Progr. Rept.,  September 30, 1971, ORT\n;-TM-3550, pp. 144-148. 
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Electroslag Velds. - A  creep-rupture study of two e lec t ros lag  welds 
i s  now i n  progress. 

s t e e l  and one was m d e  on cas t  type CF8 s t a i n l e s s  s t e e l .  

wire w a s  type 308 s t a i n l e s s  s t e e l .  Seventeen creep-rupture t e s t s  have 

been completed t o  date  on the  weld metal, wrought p l a t e ,  cas t  p l a t e ,  
and composite specimens. 

t he  same as f o r  t h e  submerged-arc welds and d u c t i l i t i e s  a t  l e a s t  as 
good as f o r  t h e  submerged-arc welds. 

progress. 

One weld w a s  made on wrought type 3@4 s t a i n l e s s  

The f i l l e r  

Preliminary r e s u l t s  ind ica te  s t rengths  about 

Additional t e s t s  a r e  now i n  

Gas Tungsten-Arc Welds. - - A  t e n s i l e  and creep-rupture t e s t  program 

i s  i n  progress on welds i n  types 30A and 316 s t a i n l e s s  s t e e l .  

study i s  p a r t  of t he  development of improved bare f i l l e r  wires f o r  

welding s t a i n l e s s  s t e e l  piping by t h e  gas tungsten-arc process, reported 
i n  t h e  following sec t ion  of t h i s  repor t .  

have been made and t e n  a r e  now i n  t e s t  with f i v e  short-time creep t e s t s  

c omp 1 e t  e d . 

This 

Fourteen experimental welds 

F i l l e r  Metal Development f o r  Pipe Welding (N. C. Cole, G. M. Goodwin) 

We a r e  developing improved bare  f i l l e r  wires and electrodes f o r  

w e l d i q  s t a i n l e s s  s t e e l  piping. The i n i t i a l  aim i s  t o  dupl icate  t h e  

deposit  ana lys i s  produced by the  spec ia l  shielded metal-arc e lectrodes 

used i n  t h e  production of t he  FFTF vessel .  Since t h e  amount of minor 

elements recovered i n  t h e  deposit  i s  unknown f o r  t he  gas tungsten-arc 

process, i n i t i a l  experiments must be conducted t o  optimize t h e  composi- 

t i o n  of t h e  f i l l e r  wire i t s e l f .  Screening mechanical proper t ies  s tud ies  

w i l l  then be conducted t o  determine t h e  degree of improvement afforded 
by t h e  control led minor element addi t ions.  

Production and Procuremmt of Experimental F i l l e r  Wires. -As 
reported previously,3 spec ia l  hea ts  of ty-pe 308 s t a i n l e s s  s t e e l  have 

been melted, ca s t ,  and drawn i n t o  wire. 

same ( type 308) base stock. 

of B ,  P, and T i  were attempted. 

Most of them were made with t h e  

Various combinations of  se lec ted  addi t ions 

I n  addi t ion,  two heats  were made by 

3N. C. Cole and G. M. Goodwin, Fuels and Materials Development 
Program quart. Progr. Rept., September 30, 1971, ORNL-TM-3550, p. 150. 
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melting pure stock t o  compare t h e  e f fec t  of sm11 amounts of s i l i con .  

All of these compositions should y i e ld  deposit  analyses which conform 

t o  the  appropriate  ASTM spec i f ica t ions .  

One-half-inch-thick weld t e s t  p l a t e s  have been made using these  

f i l l e r  metals. Test p l a t e s  using commercial type 308 f i l l e r  were a l s o  

welded f o r  comparison. The chemical analyses of severa l  of these  weld 

deposits a r e  l i s t e d  i n  Table 7 .1  along with analyses of deposi ts  of com- 

mercial  type 316 f i l l e r  metal on which we a r e  determining base- l ine data .  

I n  general ,  small amounts of t h e  in t en t iona l ly  added elements were 
picked up on remelting and welding. 

f i l l e r  wire resu l ted  i n  0.63% i n  t h e  weld deposi t .  

0.1307% B f i l l e r  wire was not found i n  the  weld deposit ;  however, 

0.00% B appeared t o  be re ta ined  i n  t h e  weld made with t h e  O.Oi;C$ P f i l -  

l e r  wire. Probably t h e  high-boron content was a r e s u l t  of boron impuri- 

t i es  i n  t h e  i ron  phosphide which was added t o  achieve t h e  high-phosphorus 

l eve l .  According t o  t h e  ana lys i s ,  only 0.042% P was re ta ined  i n  t h e  weld 

deposi t ,  

O u r  at tempts t o  add 1% T i  t o  t h e  

Boron from t h e  

Using information gained i n  t h e  production of t hese  f i l l e r  wires, 

w e  w i l l  produce similar f i l l e r  wires f o r  welding type 316 s t a i n l e s s  s t e e l .  

I n  addi t ion,  we a r e  obtaining comerc ia l ly ,  spec ia l  batches of types 
308 and 316 s t a i n l e s s  s t e e l  e lectrodes i n  an attempt t o  dupl ica te  t h e  

improved high-temperature proper t ies  obtained i n  type 305 shielded Ketal- 
a r c  welds i n  t h e  cooperative program between ORNL and Combustion 

Engineering, Inc., Chattanooga, Tennessee. ' 
Special  batches of types 308 and 316 s t a i n l e s s  s t e e l  e lectrodes a r e  

on order from Combustion Ensineering, Inc., and spec ia l  type 308 s t a in -  
l e s s  s t e e l  e lectrodes a r e  on order from Arcos Corporation, Philadelphia,  

Pennsylvania, and Airco Welding Products, Murray H i l l ,  ?Jew Jersey.  
noted i n  Table 7.1, welds have been produced using commercial 16-8-2 

type electrodes.  

A s  

' G .  M. Goodwin e t  a l . ,  Fuels and Materials Development Program Quart. -- 
Progr. Rept., June 30, 1971, ORTJL-TM-3540, pp. 82-85. 
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Table 7.1. Chemical Analyses of Aus ten i t i c  S t a i n l e s s  S t e e l  Weld Deposits and Base Metals 

chemical Composition, wt % Weld 
N i  B P T i  S i  S Mn C Mo Co Cu Cb T a  N, Number Cr 

Gas Tungsten-Arc Welds 
Type 3Q4 base plate ,  

heat No. 600286, 
welded with type 3U3 
f i l l e r  wire 

Comercial f i l l e r  V05 
metal No. D177308L VC5 

Special heat, 1% T i  V07 

0.05@ P V09 
Commercial f i l l e r  V O 1  
metal No. 23281 VO2 

0.007% B VOS 

21.1 
21.2 

9.80 
9.79 

10.1 
10.0 

13.0 
12.9 

9.90 

0.0005 
0.000: 
0.0005 
0.0005 
'0.0020 
0.0005 
0.0002 

0.018 <O. 02 
0.017 < O . W  

0.018 0.63 
0.017 -3.02 
0.042 <o. 02 
0.022 <0.02 
0.024 <0.02 

0 .55  
0.61 

0.64 
0.53 
0.38 
0.44 
0.44 

0.015 
0.014 
0. o u  
0.012 
0.013 
0.013 
0.013 

1.65 
1.45 
1.44 
1.50 
1.45 
1.70 
1.81 

0.054 
0.024 
0.035 
0.029 
0.038 
0.043 
0.OG 

0.13 
0.20 
0.13 
0.13 
0.12 
2.2 
7.2 

4. 05 
4 . 0 5  

4 . 0 5  
4.05 
93.05 
0.1 
0.1 

0.07 
0.03 
0.07 
0.05 
0.05 
0.1 
0. w 

<O. 05 
<O. 05 
<O. 05 
<O. 05 
<O. 05 
<O. 05 
<0. 05 

<O.l 0.039 
<0.01 0.036 
<0.1 0.039 
<0.1 0.037 
<0.1 0.039 
<0.1 0.033 
<0.1 0.032 

21.3 
21.7 
71.3 
18.7 
19.1 

Type 316 base metal 
welded with type 316 
f i l l e r  wire 

Shielded Metal-Arc Welds 
Type 316 base metal 
welded with 16-8-2 
electrodes 

Ease Metals and Melt Stock 
Type 3% base metal 

Comercial electrode V03 
No. 53011 V04 

16.9 
16.1 

8.91 
8.93 

0.0001 
0.0001 

0.015 <0.02 
0.015 <0.02 

0.37 
0.36 

0.015 
0.016 

1.95 
1.97 

0.056 
0.066 

1.7 
1.7 

93. 05 
93.05 

0.07 
0.05 

<O. 05 
<O. 05 

<0.1 0.030 
<O.l 0.%3 

Commercial heat - 

Comercial heat 
Commercial wire 

No. 600286 

No. D17730SL remelted 
t o  make special heats 

18.7 9.02 0.018 - 0.66 0.026 1.46 0.024 0.29 0.10 0.32 

Type 316 base metal 
rype 303 f i l l e r  metal 

17.0 
21.42 

12.9 
10.02 

0.016 <0.02 
0.010 - 

0.44 
0.45 

0.012 
0.007 

1.65 
1.65 

0.010 
0.024 

2.7 
- 

0.05 
- 

0. w <O. 05 
- 

<0.1 0.029 
-- 
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Use of Radioisotopes t o  Study Cracking 

G. M. Slaughter 

A study has been i n i t i a t e d  t o  inves t iga t e  weld cracking i n  s t a i n l e s s  

s t e e l s  using microautoradiography as t h e  main inves t iga t ive  too l .  Suscep- 

t i b i l i t y  t o  hot cracking w i l l  be determined by t h e  spot Varestraint  Test .5  

By introducing rad ioac t ive  t r a c e r s  i n  welding wires, t h e  r o l e s  of var ious 

microconsti tuents and such f ac to r s  BS a l loy  mixing during welding can be 

examined and cor re la ted  with propensity toward cracking. 

Select ion of Radioisotopes (J. P. H m o n d )  

The radioisotopes considered f o r  t r a c e r s  fa l l  i n t o  two c l a s s i f i c a -  

t i ons :  

and thus evenly d i s t r i b u t e  i n  it, and ( 2 )  isotopes t h a t  concentrate i n  

or a r e  s toichiometr ical ly  l inked with secondary phases and, hence, a r e  

se l ec t ive ly  d is t r ibu ted .  

extent of a l l o y  mixing between f i l l e r  metal  and base metal  during welding. 

The l a t t e r  c l a s s  of isotopes should a i d  i n  i d e n t i m i n g  and de l inea t ing  

spec i f i c  microconsti tuents commonly associated with hot cracking, such 

as t h e  su l f ide  and phosphide or t h e i r  eu tec t ics .  

(1) ones t h a t  a r e  highly soluble  i n  t h e  matrix of s t a i n l e s s  s t e e l  

The former t r a c e r s  are usefu l  f o r  examining 

A second f ac to r  considered i n  se l ec t ing  isotopes was t h e  Gharacter- 

i s t i c s  of t h e  rays emitted by them as they r e l a t e  t o  achieving needed 
autoradiographic resolut ion.  

autoradiographic work because of t h e  very penetrat ing nature of t h e i r  

radiat ion.  On t h e  other  hand, isotopes that e m i t  alpha or  beta r ad ia t ion  
a r e  usef'u16 and should be espec ia l ly  su i ted  when f r e e  of s t r a y  gamma rays 
(produces f i lm fogging) and are s u f f i c i e n t l y  low i n  energy t o  assure  good 

autoradiographic resolut ion.  

Gamma-emitting t r a c e r s  a r e  unsui table  for 

5P. W. Turner, Effect  of I ron  on Fissuring of Uranium Weld Metal, 
Y-1678 (Aug. ll, 1969), pp. 17-19. 

6Claude Laymonie , Radioactive Tracers i n  Physical  Metallurgy, 
Chapman and H a l l ,  London, 1963. 
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Alpha rays, as a r e s u l t  of high energy r e l ease  r a t e s  ( shor t  p a r t i c l e  

Unfortunately, range) general ly  give very high photographic resolut ion.  
however, alpha sources a r e  few and they usua l ly  e m i t  supplemental rays 
t h a t  produce undesirable background fogging. 

Beta-emitting sources would seen t o  o f f e r  t h e  bes t  compromise f o r  
autoradiographic use. Beta p a r t i c l e s  have fa i r ly  low ranges, and those 

of lower i n t e n s i t y  should give reasonably good photographic resolut ion.  

Beta-emitting sources a r e  qu i t e  numerous; many of these  do not have 

gamma or  other contaminating rays,  

The pure beta-emitt ing isotopes are l i s t e d  i n  Table 7.2. The 

t r a c e r s  selected f o r  our work a r e  l i s t e d  i n  Table 7.3 with t h e i r  charac- 

t e r i s t i c s .  A s  w i l l  be noted subsequently, considerable progress has been 

made i n  developing techniques f o r  studying welding, using 6 3 N i  as t h e  

t r ace r .  
f i l l e r  metals fo r  studying t h e  r o l e  of niobium carbide i n  t h e  hot cracking 

of t h i s  material .  

se lec ted  a r e  a t t r a c t i v e l y  low. 

The isotope 1 4 C  w i l l  be incorporated i n  type 347 s t a i n l e s s  s t e e l  

Note t h a t  t h e  maximum energies of a l l  t h e  isotopes 

The various p rac t i ces  of t h i s  program 

7F. E. McKinney, S. A. Reynolds, and P. S. Baker, Isotopes Users' 
Guide, ORNL-11C-19 (Sept. 1969). 

Table 7.2. Pure Beta-Emitting Isotopes and t h e i r  Energies 

Maximum 
Energy (MeV) Maximum Maximum Isotope 

Energy (MeV) Isotope Energy (MeV) Isotope 

9* 
a7Zra 
2P 

0 ly 

3 1Si  
%r 

2 10gia 
loslpda 
14 3 ~ r  

2.28 
1.90 
1.71 
1.54 
1.48 
1.46 
1.17 
1.02 
0.93 
0.90 
0.76 

0.71 
0.70 
0.58 
0.56 
0.55 
0.54 
0.43 
0.3g 
0.35 
0.29 
0.26 

3P 

5s  
c 

15 %m 
6 3 N i  
2 2 8Raa 
2 2 7 ~ ~ ~ ~  
1 o 6 ~ ~ "  

3H 

14 7pm 
6 6 ~ i a  

0.25 
0.22 
0.20 
0.167 
0.156 
0.076 
0.067 
0.05 
0. 045 
0.039 
0.018 

?Decays t o  daughter product ( s )  having other  rad ia t ions  t h a t  must 
be considered. 
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Table 7.3. Charac te r i s t ics  of Selected Radioactive Tracers 

Maximum Dis t r ibu t ion  
Energy Half - L i f  e i n  Type of 

Isotope Ac t iv i ty  (MeV) Microstructure 
~ 

6 3 N i  Pure Beta 0.057 92 years  Matrix Phase 
l4 c Pure Beta 0.156 5.7 x lo3 years  Se lec t ive  
5s Pure Beta 0.167 88 days Se lec t ive  
3P Pure Beta 0.25 25 days Se lec t ive  

w i l l  be worked out i n  d e t a i l  while working with 6 3 N i  and 1 4 C  before begin- 
ning s tudies  involving the  t r a c e r s  of more l imi ted  ha l f  l i f e  (35S and 33P) 
i n  order t h a t  an e f f i c i e n t  scheduling of work may be e f f ec t ed  when working 

with the  l a t t e r  t r a c e r s .  

Welding 
and T. M. Kegley) 

Studies Using 6 3 N i  as Tracer i n  F i l l e r  Metal Wire (J. P. Hmond  

The operating procedures f o r  making 1/16-in. -dim s t a i n l e s s  s t e e l  welding 

wires containing 6 3 N i  t r a c e r  were developed and approved by our Health Physics 

a u t h o r i t i e s  and the Metals and Ceramics Division Radiation and Control Off icer .  
After one unsuccessful attempt a t  incorporat ing 6 3 ~ i  i n  a s t a i n l e s s  s t e e l  

f i l l e r  metal a l loy ,  t he  d i f f i c u l t y  was corrected and a batch of about 

100 l i n e a r  inches of type 347 s t a i n l e s s  s t e e l  f i l l e r  metal wire w a s  prepared. 
A number of welds were prepmed with t h i s  wire t o  determine i t s  usefulness  f o r  
conducting autoradiographic work. 

t racer-containing cas t ing  from which t h e  welding wire was fabr ica ted ,  t h e  
impounded f i l l e r  metal wire, and a b u t t  weld prepared with t h e  f i l l e r  metal 
wire r e f l e c t e d  encouragingly on a11 s tages  of the  development. 

Contact autoradiographs prepared of the  

Fabricat ion of  63Ni-Containing Welding Wire. - Isotope 6 3 N i ,  being a 

pure be ta  emi t te r  of r e l a t i v e l y  low energy, i s  qui te  innocuous when ex i s t ing  
as  an al loying ingredient  i n  s t a i n l e s s  s t e e l  i n  s o l i d  form. 

introduced i n t o  the  human body as a powder, vapor, or l i q u i d  solut ion,  it 
However, i f  

i s  highly radiotoxic .  

1 6 5 ~ ~ .  
Its maximum permissible burden i n  the  human body i s  
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I n  terms of operating prac t ice ,  t h i s  means t h a t  when the  isotope- 
associated material i s  i n  a highly spreadable form, the  operat ion must be 
r e s t r i c t e d  t o  a l imited amount of r ad ioac t iv i ty  (< 50 mc) and t h e  operation 

conducted i n  an a i r t i g h t  hood connected t o  an absolute f i l t e r .  This would 

be the  case f o r  f'usion welding, f o r  example. 

mater ia ls  as so l ids ,  such as machining a cast ing or  cold swaging a wire, t h e  

operation could be ca r r i ed  out i n  the  open. 

On the o ther  hand, when handling 

Isotope 6 3 N i  was avai lable  a t  ORNL, but only as an aqueous so lu t ion  of  

t h e  following de s c r i p t  ion : 

Form: 1 M H C 1  solut ion 
Specif ic  Activity:  > 5 curies/g N i  

Radiochemical pur i ty :  > 95%, 5 9 N i  about 0.1% 
Price: 0-200 mc $7.50/mc 

> 200 mc $5.50/mc 

O f  severa l  approaches considered f o r  converting the  isotope t o  a form 

su i tab le  f o r  incorporation i n  a s t a i n l e s s  steel  alloy, t h e  following proved 

t h e  most pract icable:  e l ec t rop la t e  6 3 N i  out of an aqueous solut ion onto a 

f i n e  metal wire and subsequently incorporate the  wire i n  a s t a i n l e s s  s t e e l  

ingot by melting and casting. 

A ca lcu la t ion  conducted t o  e s t a b l i s h  an appropriate amount of 6 3 N i  t o  

incorporate i n  the  welding wire t o  su i t ab ly  expose an autoradiographic f i l m  
i n  a period of 2 hr gave a value of about 1 mc/cm3 of cast ing or wire. This 

concentration was  based on a be t a  p a r t i c l e  range i n  s t a i n l e s s  s t e e l  of 1 pm 

and t h e  assumption t h a t  lo7 t o t a l  particles/cm* would appropriately expose 

the film. The calculated value proved t o  be reasonably close as 24-hr 
exposures on Kodak NTB-2 p l a t e s  gave good autoradiographs. 

The procedure es tab l i shed  f o r  manufacturing experimental 3Ni-containing 

f i l l e r  metal wires i n  types 347 and 308 s t a i n l e s s  s t e e l  cons is t s  of the 

following s teps .  
1. Conversion of t h e  radioisotope from t h e  avai lable  aqueous form t o  

a usable, s o l i d  form by e lec t ropla t ing  it on a n i cke l  wire 0.020-in. dim x 
1 f t  long. 

2. Preparation of a 1/2-in.-diam X 2 1/4-in.-long cas t ing  of t h e  

s t a i n l e s s  steel  a l loy  containing t h e  isotope-plated wire of Step 1 as a 
melting charge ingredient.  The cas t ing  i s  made by tungsten-arc melting 

s ix  times t o  achieve good homogeneity and then drop cas t ing  i n  a water- 

cooled copper mold, 
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3 .  Reduction of t he  pencil-shaped cas t ing  t o  a welding wire 1/16 in .  

i n  diameter (approx 100 i n ,  long) .  

swaging a t  650°C (1200°F) t o  break up t h e  cas t  s t ruc ture ,  then ac id  
cleaning t o  remove any adhering oxide sca le ,  and, f i n a l l y ,  reducing t o  f i n a l  

wire s i ze  by a l t e r n a t e l y  cold swaging and vacuum annealing a t  1065°C (1950°F). 

This i s  accomplished by f irst  warm 

The conversion operation of t h i s  process (Step 1) required considerable 

experimentation before success, and it required converting from a hydro- 

ch lor ic  p l a t i n g  bath t o  one based on m o n i u m  oxalate.  

t he  isotope, it was  secured t o  the  wire by e l ec t rop la t ing  addi t ional ,  

na tu ra l  n i cke l  over it by a conventional n icke l -e lec t ropla t ing  process. 

An i so topic  analysis  conducted f o r  6 3 N i  on an arc-melted cas t ing  prepared 

by the  above procedures indicated t h a t  about 95% of t h e  t r a c e r  supplied i n  

the  o r i g i n a l  source solut ion was retained.  

After p l a t i n g  out 

Figure 7.1 shows autoradiographs prepared of t he  sprue and t h e  body of 

3Ni-containing cas t ing  t h a t  was  prepared by our standard f ab r i ca t ion  the  

procedure while Fig. 7.2 i s  an autoradiograph taken of the  end of t h e  welding 

wire t h a t  w a s  made from the  casting. 

achieved at each of these stages of fabr ica t ion .  The crack seen a t  the  end 

of t he  swaged wire (Fig. 7.2) i l l u s t r a t e s  t he  e f fec t iveness  of t h i s  auto- 

radiographic techniques f o r  del ineat ing cracks. The crack i s  spurious, 

however, and does not r e f l e c t  on t h e  qua l i t y  of t he  welding wire. 

Note that good i so topic  homogeneity i s  

Autoradiographic Examinations. - To study weld cracking and a l loy  mixing 
between f i l l e r  and base metals, w e l d s  were prepared with tracer-impounded, 
1/16-in.-diam, type 347 s t a i n l e s s  s t e e l  welding wire and type 347 s t a i n l e s s  

steel  base metal i n  th ree  d i f f e ren t  weldment designs. 

the following jo in t s ,  i n  order  of increasing r e s t r a i n t :  
These consis ted of 

1. 

2. 

Butt weld on 1/16-in.-thick sheet. 
Root pass  on 1/2-in.-thick p l a t e  with 100 deg included V-groove, 

using welding parameters designed t o  give a high d i lu t ion  of weld deposit  

with base metal. 
3. Bead-on-plate weld along a 2 1/2-in.-long s l o t  of 1/16-in. width 

on a square p l a t e  measuring 5/8-in.-thick and 6 in .  on an edge, 

None of these  welds produced any cracking or ser ious poros i ty  t h a t  
w a s  detectable  with a stereoscopic microscope (8Ox) or  by metallographic 
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Y-10130S . 

Fig. 7.1. Beta Autoradiographs of me 347 Stainless Steel  Casting 
Containing 0.14 mc of Nickel-63 per  Gram. 
radiograph of sprue. Ix . 
of 1/4-in.-diam body of cast ing.  

(a) Contact p r i n t  of auto- 
(b ) Photographic enlargement of autoradiograph 

12.5~. 



168 

Fig. 7.2.  Photographic Enlargement of Co.ntact Autoradiograph Made 

Note crack at  end of wire produced 
of Swaged Type 347 Sta in less  S t e e l  Welding Wire. 
casting containing 0.24 mc of 6 3 N i .  
during swaging operat ion. 22x. 

Wire was made from 

means. 

a l loy mixing between the  f i l l e r  metal and base metal. 

However, autoradiographic examination indicates  an inhomogeneity of 

Fig. 7.3 compares an autoradiograph with a photomicrograph made of the 
above bu t t  j o in t .  
graph and indicates  a moderate inhomogeneity i n  weld-metal mixing i n  the  

form of a l a y e r  e f f ec t  (onion skin) .  

The weld region i s  neat ly  delineated i n  the  autoradio- 

In  the  future,  macro- and micro-autoradiographic techniques using 
6 3 N i  as the  t r a c e r  will be developed f o r  invest igat ing a l loy  mixing between 

f i l l e r  metal and base metal during fusion welding of s t a in l e s s  s t ee l s .  The 
influence of a l loy  mixing on soundness of welds will be studied. 
and f i l l e r  metal compositions, j o i n t  design, and welding parameters w i l l  be 
examined as experimental variables.  

Base metal 

NICmL-RICH ALLOYS 

D. A. Canonico 

Inconel 600 and Incoloy 800 

We have investigated the  hot d u c t i l i t y  of a number of experimental heats  

of Inconel 600 and Incoloy 800. These invest igat ions complement those of 
previous s tudies  and m e  providing data  germane t o  the  influence of minor 

quant i t ies  of elements on the  weldabili ty of nickel-rich alloys.  
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Fig. 7.3. Q-pe 347 Sta in l e s s  S t e e l  Sheet Butt Welded with 63Ni 
Impounded Type 347 F i l l e r  Metal Wire. 
(b) Photomicrograph of sec t ion  from which autoradiograph was made (as 
polished),  lox. 

(a) Autoradiograph a t  lox. 
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During t h i s  report ing period, we have inves t iga ted  the  influence of 

t i tanium on the  hot d u c t i l i t y  of Inconel 600. 
not contain titanium. Figure 7.4 summarizes the  r e s u l t s .  The addition 
of nominally 0.38 wt % T i  does not de le te r ious ly  a f f e c t  t h e  hot d u c t i l i t y  

of Inconel 600. The hot d u c t i l i t y  of t h i s  a l loy  [Fig. 7.4(a)] i s  similar 
t o  t h a t  previously reported' f o r  an a l loy  of similar composition without a 

t i tanium addition. 

i n  ser ious loss  i n  d u c t i l i t y ,  both on heating and on cooling. 

t h e  presence of sulfur negated any an t ic ipa ted  bene f i c i a l  e f f e c t s  of t he  

0.38 w t  % T i  addition. 

t i tanium l e v e l  was increased t o  0.60 wt $I [Fig 7.4(c)].  

[Fig. ? .4(d) ]  when present a t  a l e v e l  as high as 0.60 w t  % appears t o  be 

detrimental .  A f i f t h  a l loy  containing phosphorus and manganese i n  

addi t ion t o  the  0.015 w t  % S and 0.60 wt % T i  a l so  exhibi ted a subs t an t i a l ly  

reduced d u c t i l i t y  [Fig. 7 .4(e)] .  

and phosphorus a l so  indicated t h a t  these elements can be somewhat de le te r ious  

when both are present. Further, t he re  were ind ica t ions  that  t h e  manganese 

may indeed be the  more h a r m f u l  of t he  two. However, t he  r e s u l t s  shown i n  

Fig. 7 .4 (e )  are poorer than those previously noted, and t h e  presence of t h e  

0.60 wt % T i  i n  addi t ion t o  manganese and phorphorus may cause a synerg is t ic  

e f f e c t  which i s  more de le te r ious  than the  e f f e c t  produced by e i t h e r  element 

alone. 

Commercial Inconel 600 does 

Adding nominally 0.015 w t  % S, [Fig. 7 .4(b)]  r e su l t ed  

Apparently, 

Recovery i n  hot d u c t i l i t y  was  obtained when the 

Titanium alone 

A previous study' of an a l loy  with manganese 

Previous experimental a l loys  of Incoloy 800 used i n  hot d u c t i l i t y  

s tud ies  did not contain combined carbon, t i tanium, and sulfur. The ind iv idua l  
e f f e c t s  of titanium, sulf'ur, and carbon have been reported previously.g These 

s tudies  showed no e f f e c t  of 0.38 w t  % T i ,  a loss  of  on-heating and on-cooling 

d u c t i l i t y  as a consequence of  an 0.015 w t  $I S addition, and a negl ig ib le  

e f f ec t  due t o  0.08% C. 

0.38 w t  % T i  i n  t he  presence of nominally 0.0% C does not a f f e c t  on-heating 

d u c t i l i t y  but may somewhat impair t he  recovery of  d u c t i l i t y  on cooling from 

The a l loys  s tudied i n  t h i s  repor t  period show t h a t  

'D. A. Canonico and W. J. Werner, Fuels and Materials Developaent Program 

'D. A. Canonico and W. J. Werner, Fuels and Materials Developent Program 

Quart. Prog. Rept., June 30, 1969, ORNL-4440, p. 161. 

Quart. Prog. Rept., March 31, 1970, ORNL-4560, p. 239. 
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Fig. 7.4. Results of Hot Duct i l i ty  Tests on Experimental. Heats of 
Inconel 600. 
0.03% C, 0.04% Cu, 0.20% Mn, 0.20% S i ,  and 0.3% T i .  

(Nominal analysis i s  ( w t  %): Bal N i ,  15.5% C r ,  8% Fe, 
Additions and 

Deviations are noted. ) 

a high temperature. Adding 0 .OE Wt % S t o  an 0.38 Wt % T i ,  0.08 Wt % C 

a l loy caused a d i s t inc t  loss  i n  the a l loy ' s  a b i l i t y  t o  recover duc t i l i t y  

a f t e r  being heated t o  i t s  zero d u c t i l i t y  temperature. These r e s u l t s  are  
shown i n  Fig. 7.5. 

FERRITIC STEELS 

D. A. Canonico 

Stabi l ized Grades 

The 1/4-in. and 1/2-in. welds previously discussed'' were t e s t ed  i n  the 
as-welded condition i n  accordance with the ASME Code. 

the bend requirements, it was necessary t o  t e s t  four weldments fo r  each 

heat of s t e e l ,  

I n  order t o  s a t i s f y  

All of the face and root bends successfully passed the 

'OD. A. Canonico, Fuels and Materials Development Program Quart. Prog. 
Rept., Sept. 30, 1971, ORNL-TM-3550, p. 156-157. 
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Fig. 7.5. 
Incoloy 800. 
0.38% T i ,  0.0%$ C. 

Resul ts  of Hot Duct i l i t y  Tests on Experimental Heats of 
[Nominal ana lys i s  i s  ( w t  % : B a l  Fe, 32.5% N i ,  21% C r ,  3 Additions a re  noted. 

2T-bend requirement. 
t e n s i l e  t e s t s  a r e  given i n  Table 7.4. 
because i n  a l l  tests f r a c t u r e  occurred near the specimen shoulder. 

reductions i n  a rea  a re  t h e  average of two readings, 90 deg apa r t .  

i s  a tendency for  anisotropic  behavior during f r ac tu re .  

an e l l i p t i c a l  f r ac tu re .  

good. 

specimens t e s t e d  a t  565°C. 

t u r e  t e s t s  and near ly  90% f o r  t h e  565°C t e s t s .  

The r e s u l t s  of room temperature and 565 "C (1050 "F) 
The elongation values  a r e  clouded 

The 

There 

This r e s u l t s  i n  

There i s  a notable increase i n  the  y i e ld - to - t ens i l e  r a t i o  f o r  t he  

The s t rength  values and d u c t i l i t i e s  are  a l l  qu i te  

These r a t i o s  a re  about 75% f o r  the  room-tempera- 
Fa i lure  appears t o  have 
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Table 7.4. Results of Tensile Tests  on Welds i n  t h e  Niobium- 
Stab i l ized  2 1/4--1Mo-l/2Ni S t e e l  

He a t  No. Test P l a t e  Test Strength, p s i  Duct i l i ty ,  % 
(Base Metal and Thickness Temp. 

Y ie ld  Reduct ion Ultimate Elongation i n  Area ( 0.2% Offset ) F i l l e r  Metal) ( in .  ) 

403150 

403150 

450543 

450543 

403150 

403150 

450543 

450543 

R. T. 

R. T. 

R.T. 

R.T. 

565 "C 

565 " C 
565 " C 
565°C 

61,700 

64,400 

65,400 

57,100 

45,.200 

41, 800 

44,100 

35 , 400 

85 , 700 
80 , 000 

74,100 

86,200 

51,000 

44,600 

50,400 

40,100 

13 

18 

15 

15.6 

12.2 

14.2 

10 

16.8 

77 

76 

75.5 

76.1 

76 

80.7 

80 

80.0 

occurred i n  t h e  base metal; however, s tud ies  are being conducted t o  determine 

i t s  prec ise  locat ion.  

no s a c r i f i c e  i n  d u c t i l i t y .  

In  s p i t e  of t h e  high y ie ld- to- tens i le  r a t i o ,  t he re  i s  

Charpy V-notch specimens were prepared from addi t iona l  welds made i n  

112 in.  p l a t e s  of each heat.  

surface of the  weldment and i n  the  weld metal, heat-affected zone, and near 

t h e  fusion l i ne .  The Charpy t e s t s  were conducted at + 40°F, and energy and 

lateral  expansion measurements made. 

The notches were located p a r a l l e l  t o  t he  

The r e s u l t s  of t he  t e s t s  of t h e  as-welded specimens a re  given i n  

Table 7.5. 
however, th is  may be a t t r i bu tab le  t o  the  notch locat ion.  The absorbed 

energy values and la teral  expansion measurements are impressively high. 

The weld-metal toughness i s  i n  excess of 40 f t - l b  a t  5°C (40°F). 
as high as 125 f t - l b  and 86 mils la teral  expansion have been recorded f o r  

t es t s  made with the  notch near the  fusion l i n e .  Metallographic s tud ies  a re  

under way t o  determine the exact loca t ion  of t h e  base of the  notch and t h e  

propagation path. 

There does appear t o  be considerable s c a t t e r  i n  the  r e s u l t s ;  

Values 
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Table 7.5. Results of Charpy V-Notch Tests on Niobium-Stabilized 
2 1/4Cr-lMo-1/2 N i  Welds 

[Test Plate Thickness was 1/2-in. and Test Temperature was 5°C (4OoF)] 

He a t  
No. 

Notch 
Lo cat  ion 

Absorbed 
Energy 

( f t - l b )  

Lateral  
Expansion 

( m i l s )  

450543 Weld Metal 
Weld Metal 
Fusion Line 
Fusion Line 

Fusion Line 

He a t  -Affected Zone 

Heat-Affected Zone 

403150 Weld Metal 

Weld Metal 
Fusion Line 

Fusion Line 
Fusion Line 
Heat-Affected Zone 

Heat-Affected Zone 

63 
42 

31 
88 
48 

118 
79 

48 

111 

99 

I25 
64 

67 
57 

53 

35 
27 
78 
42 

81 
72 

43 

86 
70 

82 
52 
55 

50 

Samples of the same welds have been s t r e s s  re l ived a t  705°C (1300°F) 
for 1 hr and Charpy V-notch specimens are  being made. 

Two additional 1/2-in.-thick welds have been made and are being 

machined fo r  tes t ing .  These welds were made with preheat temperatures of 
150 t o  260°C (300 t o  500°F). The welding parameters, other than preheat, 

are iden t i ca l  t o  those employed fo r  the welds discussed above. 

Low-Carbon Grades 

The 1/2-in.-thick p la tes  of the low-, medium-, and high-carbon heats 

of 2 1/4 C r - 1  Mo s t e e l  were machined and prepared f o r  additional welding 

studies. 

included angle, 1/16 root gap and zero land) were used again. 

The j o i n t  configuration used i n  the e a r l i e r  welds (100 deg 

The welds 
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were made using a commercial 5% Cr-l% Mo f i l l e r  metal and a f i l l e r  metal 

obtained from t h e  base p l a t e .  

The welds made with t h e  commercial a l loy  were unacceptable due t o  a 
Rather than spend the  funds necessary t o  prepare high degree of porosity.  

samples from t h i s  questionable material ,  we inmediately reprepared t h e  base 

metal f o r  welding and made welds with f i l l e r  metal  obtained from the  base 

metal. 

been submitted f o r  preparat ion f o r  mechanical property tests.  
A preheat of 150 t o  260°C (300 t o  500°F) was  used. These welds have 

Tube-to-Tube Sheet Studies 

Our tubular  welding s tudies  su f fe r  from the  problem of having t o  make 

t h e  tubular  welds from t h e  outs ide ( r a t h e r  than bore-side).  

included 1 1/2-in., 7/8-in., and 3/4-in.-diam tubes. 

t he  1 1 / 2 - i n .  d i m  tubes, 0.188 t o  0.353 in . ,  i s  too  grea t  f o r  a single-pass 

weld. 

burn-through upon reaching the  o r i g i n a l  rrstart" pos i t ion  and penetrat ion 

tends t o  be non-uniform. 

where the  r e s u l t s  of a study on 7/8-in.-diam tubes a re  given. 

seen t h a t  buildup of heat i n  these tubular  welds results i n  a considerable 

difference i n  penetrat ion between the  weld start  (0 deg.) and 180 deg 

locat ions.  

these two locat ions.  

differences,  but t h e  possible  influence of heat buildup on microstructure 

and proper t ies  must be taken i n t o  consideration i n  the optimization of 
welding procedures by i n d u s t r i a l  f ab r i ca to r s .  

O u r  work has 

The w a l l  th ickness  of 

Smaller tubes with thinner  w a l l s  (e.g., 0.171 i n . )  tend t o  exh ib i t  

An example of t he  problem i s  shown i n  Table 7.6 

It can be 

There i s  a difference of near ly  50% i n  t h e  penetrat ion a t  
Additional work i s  being done t o  minimize these 

Several simulated tube-to-tube sheet welds of a configuration l i k e  t h a t  

shown previously'' have been made. 
"tube-sheet" and "tube" i s  c r i t i c a l  and troublesome. Complete-penetration 

welds have been made made with parameters of about 165 amp, I2 v, and 7 imp 

t r a v e l  speed. 

Thermocouples were embedded i n  t h e  p l a t e s  and temperatures measured during 

Maintaining t h e  alignment between t h e  

Welds have been made with (150 t o  260°C) and without preheat.  

"D. A. Canonico, Fuels and Materials Development Program Quart. Bog.  
Rept., Sept. 30, 1971, ORNL-TM-3550, p. 159. 
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Table '7.6. Parametric Studies of Tubes and Simulated Tube-to-Tube 
Sheet Welds i n  2 1 / 4  (21-1 Mo Steel  

(Tubes are 7/%-in. OD x 0.1'71-in. Wall) 

~~ ~ ~~~~ ~~ ~ ~~~~~ 

Weld Pa rme te r s  He at Penetration, $ 
Input 

start (0") Travel Speed (k j / in .  ) 
( V I  (amp) (imp) 

1%0 O 

13 200 15 10.4 38.5 27 

13 200 12.5 12.5 53.9 30.8 

13 200 10 15.6 61.5 46 

13 200 '7.5 20.8 92.5 54 

13 200 5 31.2 Burn through 

welding. 
subsequent welds. 

s tudied and w i l l  provide t h e  basis for  addi t iona l  weldabi l i ty  and mechani- 
c a l  p roper t ies  evaluations.  

This technique i s  being optimized and w i l l  be employed i n  

The welds made t o  date a re  being metallographically 



1 7 7  

8 .  NONDESTRUCTIVE TESTING DEVELOPKENT 

W. 0. Harms R. W. McClung 

This program i s  designed t o  develop new and improved methods of 

examining LMFBR materials and components. Among t h e  methods being s tudied 

are electromagnetic induction, ul t rasonics ,  and penetrat ing r ad ia t ion ,  

Special  emphasis i s  being given t o  developing techniques f o r  inspection 

problems related t o  the  steam generator. 

NDT Development for  Steam Generators 

R. W. McClung 

We have begun a development program t o  solve spec i f i c  problems of 

nondestructive t e s t i n g  of steam generators f o r  LMFBR. 

given t o  t h e  inspect ion of bore-side tube-to-tube sheet j o i n t s  although 

other  problems such as in-place inspection of tubing f o r  wall thinning and 

i n t e g r i t y  will a l so  receive a t t en t ion ,  

Emphasis i s  being 

Radiography (R. W. McClung, B. E. Fos te r )  
Further inves t iga t ion  has been made i n t o  t h e  a v a i l a b i l i t y  and capabil-  

i t y  of radiographic equipment f o r  inspection of the  bore-side weld. 

conjunction with other  European t r ave l ,  a v i s i t  was made t o  Roentgen 
Technische Dienst i n  Rotterdam, Holland, t o  .see and discuss t h e  small 
diameter, long rod mode x-ray tube developed by them. 

device operates at a peak energy of 80 kvp m d  has a f o c a l  spot s i z e  of 

0 .1  m i n  the 15-m-diam rod t h a t  has been made as long as 0.5 meter. 

The system contains i t s  own pump f o r  maintenance of the  vacuum, allowing 

simple, rap id  interchange of the t a r g e t  and fi lament.  Development work 

i s  under way t o  extend t h e  x-ray energy up t o  about 150 kvp. 
framework with counterweights allows ready movement of the  x-ray tube i n  

x-, y- and z-directions.  Several  organizations have invest igated the  

p o s s i b i l i t y  of using Thulium 170 as a radiographic source with varying 

opinions about i t s  capab i l i t y  r e l a t i v e  t o  t h e  x-ray sources. There i s  

I n  

The present 

A mechanical 



178 

general  agreement, however, on the  obvious f a c t  t h a t  t h e  inherent ly  l a r g e r  

physical  s i z e  of the  i so topic  source w i l l  reduce the  sharpness and image 

d e t a i l  of t h e  radiograph. 
disclosed t h a t  t he  usefu l  port ion of t h e  spectrum ( f o r  t h i s  pro jec t  t h e  

87 keV gamma) was such a s m a l l  contr ibutor  t o  the  ove ra l l  r ad ia t ion  output 

t h a t  it i s  no longer considered a contender. 

Further inves t iga t ions  i n t o  the  energy of Io9Cd 

Liquid Penetrants (K. V. Cook, B. E. Fos te r )  

We are  developing techniques f o r  t he  performance of l i q u i d  penetrant 
inspection of the  tube-to-tube sheet weld jo in t s .  For the  f i rs t  s tage of 

development we are working with a system using tubing as the  specimen and 

have prepared appropriate mechanical f i x t u r i n g  t h a t  w i l l  allow us t o  work 
as much as  3 1/2 f t  ins ide  a tube with an inner bore of 1/2 i n .  

technique being considered employs a high s e n s i t i v i t y  post emulsif icat ion 
f luorescent  l i q u i d  penetrant and a 3/8-in. -dim black- l igh t  borescope. 

order t o  adequately wash the  emulsified penetrant from the  inner surface, 

we fabr ica ted  a water spray nozzle from a length of 3/8-in. brass tubing 

with r a d i a l  holes around the  circumference t o  d i r e c t  t he  fo rc ib l e  spray. 

Similar spray devices w i l l  be developed f o r  t h e  other  l i qu ids  required i n  

the  penetrant process,  

The first 

I n  

With the  current  system, a modified 10-in. l a the  i s  used as t h e  scanning 

mechanism. 

which can be manually ro ta ted  o r  locked i n  posi t ion.  

mounted on the  t o o l  post assembly i s  driven over t he  borescope by the lead  
screw. 
t o  permit l i n e a r  movement of t he  borescope. 

The chuck i s  used t o  hold and center  the  black-l ight  borescope 

The tube which i s  

It will be necessary t o  reverse t h i s  mechanical arrangement l a t e r  

Concurrently we are  inves t iga t ing  the coupling of c losed-c i rcu i t  

t e l ev i s ion  (CCTV) t o  t he  borescope t o  ease the  viewing of ind ica t ions  and 

t o  o f f e r  t he  p o t e n t i a l  f o r  recording. 

used an aluminum p l a t e  containing quench cracks which had been subjected 

t o  a standard appl icat ion of t he  f luorescent  dye penetrant.  

wavelength was  approximately 56001 (green-yellow) which, of course, i s  i n  

the  region of maximum s e n s i t i v i t y  of t he  eye as well as  a standard CCTV 

Vidicon. The CCTV was a Sony, high resolut ion,  high s e n s i t i v i t y ,  black and 

white system. 

For the  preliminary specimen, we 

The f luorescent  
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. 

We invest igated various l ens  combinations including CCTV l ens  with 

4: 1 zoom, 10: 1 zoom, and standard 16 mm with and without l ens  on t h e  
black-l ight  borescope. The f luorescent  ind ica t ions  of t h e  cracks i n  t h e  

aluminum were f a i n t l y  v i s i b l e  with the  bes t  imaging provided by the  

4:l zoom lens  with borescope opt ics .  

optimum magnification due t o  the  low in t ens i ty .  

However, we were not able t o  achieve 

We evaluated a miniature u l t r a - sens i t i ve  camera with a newly developed 

"Tivicon" mosaic which has a s e n s i t i v i t y  t o  white l i g h t  severa l  times higher 

than the  standard vidicon. However, i t s  maximum s e n s i t i v i t y  i s  i n  t h e  red 

region of t he  v i s i b l e  spectrum. 

penetrant (green-yellow 56001), t he  s e n s i t i v i t y  was approximately 2-3 times 

t h a t  of t he  standard vidicon. However, t h e  combination of l i g h t  i n t e n s i t y  

and camera s e n s i t i v i t y  s t i l l  seems t o  be in su f f i c i en t  f o r  optimum viewing 

of t he  penetrant indicat ions.  

A t  t he  wavelength of t he  f luorescent  

A red dye penetrant,  u t i l i z i n g  white l i g h t  i l lumination will be 

evaluated f o r  possible  increase i n  l i g h t  i n t e n s i t y  reaching t h e  vidicon 

and improved system sens i t i v i ty .  

Eddy Currents (C .  V. Dodd, W. A. Simpson, Jr.) 

We are using our previously developed computer ca lcu la t iona l  techniques 

f o r  determining t h e  optimum parameters f o r  a dual  enc i rc l ing  c o i l  eddy- 

current  bridge for t h e  detect ion of defects  i n  tubing. This i s  the  f i r s t  
phase of a study t o  develop techniques f o r  inspection of i n s t a l l e d  tubing 

and detect ion of f l a w s  i n  tube-to-tube sheet welds. The bridge i s  designed 
t o  operate i n  an unbalanced mode and has t h e  advantages of high through-put 
rate and low s e n s i t i v i t y  t o  changes i n  those tubing proper t ies  which normally 
vary slowly with dis tance (e.g., conductivity, w a l l  thickness and diameter). 

Discrimination against  these unwanted var iab les  i s  achieved by mounting t h e  
c o i l s  close together and including them i n  opposite legs  of t he  bridge. 
Additional discrimination against  diametral (f i l l - f a c t o r  ) changes i s  obtained 

through judicious choice of t he  unbalanced operating point .  

Preliminary computer s tud ies  ind ica te  t h a t  it i s  possible t o  s e l e c t  

t h e  operating frequency such t h a t  both maximum s e n s i t i v i t y  t o  a defect  

located on the  tubing surface opposite the  c o i l  and minimum s e n s i t i v i t y  t o  

f i l l - f a c t o r  va r i a t ions  are achieved simultaneously. The s tudies  a l so  show 



t h a t  at t h i s  optimum frequency and f o r  t he  bridge unbalance chosen so a s  t o  

minimize f i l l - f a c t o r  var ia t ions ,  t he  s e n s i t i v i t y  t o  equal s i ze  defects  

located a t  various depths i n  the  wal l  f irst  increases  as t h e  depth decreases 

and then decreases as  t he  defect ge t s  very near the  surface.  This paradoxical 

r e s u l t  i s  due t o  the  f a c t  t h a t  near t h e  surface the  phase of the  defect-  
produced voltage i s  p a r a l l e l  t o  t h a t  produced by f i l l - f a c t o r  va r i a t ions  and 

i s  thus discriminated against  by the  unbalance configuration. This shor t -  

coming can e a s i l y  be overcome by using a two-frequency system, t h e  f i r s t  

frequency being chosen for those defec ts  located deep i n  t h e  w a l l  and the  

second, and higher, being chosen f o r  those loca ted  on or near the  surface.  

Preliminary r e s u l t s  ind ica te  t h a t  it should be possible  t o  de tec t  

defects  having diameters of t he  order of 1% of the  w a l l  thickness  at  the  

maximum poss ib le  depth. This f igu re  may improve a s  the  design progresses.  

We recognize t h a t  spher ica l  f l a w s  a r e  not normally encountered i n  p rac t i ce  
(except a s  poros i ty  i n  welds), however, these simply serve as convenient 

reference flaws f o r  determining r e l a t i v e  r e s u l t s .  
will produce s i g n i f i c a n t l y  l a r g e r  responses. 

Planar d i scon t inu i t i e s  

Electromagnetic Inspection Methods (Eddy Currents) 

C. V. Dodd, W. A. Simpson, Jr., C. C. Cheng,l C. W. Nestor,2 and W. E. Deeds3 

We continued research and development of electromagnetic inspect ion 

We a re  studying t h e  methods on both t h e o r e t i c a l  and experimental bases. 
measurement of thickness of s ing le  l aye r s  as well as thickness  of one 

ma te r i a l  c lad  on another using the  phase-sensit ive eddy-current instrument. 

We determined the  optimum c o i l  design f o r  various cases of thickness  measure- 
ment t o  give minimum l i f t - o f f  e f f ec t s .  

(pr imari ly  the  minimum l i f t - o f f  and t h e  c o i l  l ength)  t o  give the  minimum 

l i f t - o f f  e f f ec t  at the  same value of u p s  as the  maximum s e n s i t i v i t y .  

t h e  case of thickness  measurements of a s ing le  conductor, t he re  i s  an 

We a r e  varying the  c o i l  dimensions 

For 

'Consultant, Knoxville, Tennessee. 

3Consultant from the  University of Tennessee. 

Mat hemat i c  s Division. 
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optimum value of t he  dimensionless product 
which i n  t u r n  depends on the  r a t i o  of t h e  thickness of t h e  conductor 

divided by t h e  c o i l  mean radius. 
minimum l i f t - o f f  e f f e c t  var ies  as a function of thickness/F2 f o r  various 

values of minimum l i f t - o f f .  

f o r  maximum s e n s i t i v i t y  

Figure 8.1 shows how the c o i l  length f o r  

W e  have completed t h e  experimental measurements needed t o  v e r i f y  the  

thickness and c lad  thickness  calculat ions.  One s e r i e s  of measurements was 

made with s i x  co i l s ,  a l l  of which were of an i d e n t i c a l  design so therefore  
would have t h e  same results except f o r  fabr ica t ion  var iables .  

t he  calculated and measured r e s u l t s  follows: 

A summary of 

A. Measurement range 0.1108 t o  0.1304 in .  of 7075 A 1  

(p = 3.755 pi2 cm) a t  500 Hz. 
Average measured phase s h i f t  = 2.84", s t d  dev = 0.07". 

Calculated phase s h i f t  = 2.80". 

Measured e r r o r  = +0.04' = +1.4$. 
Calculated l i f t - o f f  va r i a t ion  = 0.07". 

Measured l i f t - o f f  va r i a t ion  = 0.07'. 

B. Measurement range 0.0755 t o  0.0853 i n .  of 7075 A1 
(p = 3.755 pi2 cm) at 1 KHZ. 

Average measured phase s h i f t  = 2.41', s t d  dev = 0.08'. 
Calculated phase s h i f t  = 2.43'. 

Measured error = 4.02" = -O.%$. 

Calculated l i f t - o f f  va r i a t ion  = 0.045'. 

Measured l i f t - o f f  va r i a t ion  = 0.05". 
C.  Measurement range 0.0755 t o  0.0853 in .  of 7075 AI. 

(p = 3.755 pi?, cm) clad on a Ni-Cu a l l o y  (commercially 
designated 60 Alloy) (p = 9.65 pi2 cm) at  1 KHz. 

Average measured phase shif t  = 0.99', s t d  dev = 0.03'. 

Calculated phase sh i f t  = 1.02 

Measured e r r o r  = 4 . 0 3 "  = -3%. 

Calculated l i f t - o f f  va r i a t ion  = 0.04'. 

Measured l i f t - o f f  va r i a t ion  = 0.04'. 

Other measurements were made at various frequencies with o ther  co i l s ,  

including thicknesses up t o  0.360 in .  
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A l l  e r r o r s  i n  phase s h i f t  were l e s s  than 10% of the  range f o r  measure- 

ments with any s ingle  co i l ,  and a l l  e r r o r s  were well within experimental 

e r r o r .  

cases where the  mater ia l  was homogeneous). 

was approximately the  same as the  calculated l i f t - o f f  var ia t ion .  

o f f  va r i a t ion  was so small t h a t  it was d i f f i c u l t  t o  measure and t o  ad jus t .  

It was on the  order of the  reso lu t ion  of  the instrument (0.01"). 

We f e e l  t h a t  these  measurements have demonstrated t h a t :  

The r e p e a t i b i l i t y  of t he  measurements was within - +0.02" ( i n  a l l  
The measured l i f t - o f f  va r i a t ion  

The l i f t -  

(1) the  
previously derived eddy-current theory i s  qui te  accurate and can be used 

t o  design optimum eddy-current t e s t s ;  and ( 2 )  t he  s e n s i t i v i t y  and l i f t - o f f  
va r i a t ion  of t h e  optimally designed t e s t  w i l l  be qui te  c lose t o  t h e  calcu- 

l a t e d  values and exceedingly accurate,  and repeatable eddy-current measure- 

ments can be made ( typ ica l ly  - + 0.1% of the thickness) .  

We have wr i t ten  a s ingle  computer program t h a t  w i l l  allow us t o  design 

re f lec t ion- type  c o i l s  and the  ex te rna l  c i r c u i t r y  f o r  measurement of th ick-  

ness and cladding thickness.  

and i s  f a s t e r ,  more accurate and v e r s a t i l e .  

This program replaces  three  previous programs 

We are  a l so  studying the  design of a t tenuators  t o  use with the  various 

probes. These at tenuators ,  consis t ing of R-C networks, can have the  

following bene f i c i a l  e f f ec t s ,  i f  properly matched t o  the p a r t i c u l a r  

inspect ion problem: (1) they l i m i t  t he  bandwidth of the  c o i l  and therefore  

reduce the  noise;  ( 2 )  they can s i g n i f i c a n t l y  reduce the  temperature drifts 

of the  c o i l ;  and (3)  they can vary the  l i f t - o f f  c h a r a c t e r i s t i c s  of a c o i l .  

Measurement of Cold Work i n  S ta in l e s s  S t e e l  
We are continuing our s tud ies  of t h e  appl icat ion of electromagnetic 

methods t o  the  determination of t he  degree of cold work i n  type 316 s t a i n l e s s  

s t e e l .  
i n  magnetic permeabili ty produced by cold working, 

frequency eddy-current bridge and i s  used f o r  examining tubular  specimens. 

The second method, appl icable  t o  f l a t - p l a t e  specimens, emphasizes the  use 

of t he  Phase-Sensitive Eddy-Current Instrument. 

We a r e  present ly  u t i l i z i n g  two methods f o r  t he  detect ion of changes 
The f i r s t  employs a low 

We completed our measurements on the  various avai lable  samples of 

0.230-in. OD FFTF tubing, including those of t he  "Round-Robin'' program. 

In general, we have found t h a t  it i s  possible  t o  obtain good co r re l a t ion  
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between instrument reading and the  degree of cold work f o r  a given f ab r i ca -  

t i o n  l o t  of tubing, but t h a t  r eca l ib ra t ion  i s  necessary whenever hea ts  or 

vendors a re  changed. This eventua l i ty  was an t ic ipa ted  from the  beginning. 

We received a number of f la t  p l a t e  specimens from Argonne National 

Laboratory and began a computer study and c o i l  optimization procedure 

preparatory t o  making the  necessary measurements with the  Phase-Sensitive 

Eddy-Current Instrument. 
accompanied the  tubing measurements will be encountered. 

instrument, however, a s  a standard piece of equipment, lends i t s e l f  more 
r ead i ly  t o  t h e  so lu t ion  of these problems. 

It i s  an t ic ipa ted  tha t  the same problems which 
The phase-sensit ive 

Ultrasonic Inspect ion Methods 

K. V. Cook, H. L. Whaley, and Laszlo Adler3 

Ultrasonic Frequency Analysis 

We continued our bas ic  s tud ies  of frequency e f f e c t s  i n  u l t r a son ic  

t e s t i n g  by means of s p e c t r a l  analysis .  We are employing a spec ia l  

e l ec t ron ic  system developed f o r  these s tud ies  t o  l ea rn  more about t h e  

e f f e c t s  of frequency on conventional u l t r a son ic  techniques and t o  develop 

new t e s t  techniques based upon p r inc ip l e s  derived from these  s tud ies .  
We a r e  studying the  spec t r a l  va r i a t ions  i n  broadbanded u l t r a son ic  

pulses  as a funct ion of t he  acous t ica l  d i scont inui ty  with which they have 

in te rac ted .  

of hidden flaws i n  mater ia l s  and components by u l t r a son ic  inspection. 

Such a study will l ead  t o  improvements i n  the  charac te r iza t ion  

I n  the  last  repor t  on t h i s  work,4 an inconsistency i n  r e s u l t s  obtained 

with the  two-transducer technique was reported.  This problem occurred when- 
ever t he  r e f l e c t o r  was inc l ined  i n  the  general  d i r ec t ion  of t he  rece iver  and 

disappeared when the  r e f l e c t o r  was inc l ined  away from the  receiver .  
s i t u a t i o n  has been inves t iga ted  i n  more d e t a i l  and found t o  be due t o  

specular r e f l e c t i o n s  reaching the  rece iver .  
f i e d  experimentally by the  occurrence of abrupt amplitude changes i n  the  rf 

This 

This condition can be i d e n t i -  

‘H. L. Whaley, K. V. Cook and Laszlo Adler, Fuels and Mater ia ls  
Development Program Quart. Progr . Rept . September 30, 1971, ORNL-TM-3550, 
p. 169-171. 
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waveform and by i r r e g u l a r  changes i n  the  frequency spectrum as the receiver  

pos i t ion  i s  var ied s l i g h t l y .  

where no specular r e f l e c t i o n s  are  obtained. With the  solut ion t o  t h i s  

problem i n  hand, it was seen t h a t  the  assumptions made t o  simplify the  

mathematical ana lys i s  were correct ,  and a simple computer program was 

wr i t t en  f o r  t h e  two-transducer technique. 

new da ta  from the s p e c t r a l  ana lys i s  of t e n  r e f l e c t o r s  of i r r e g u l a r  shapes 

and contours a t  random angles with respect  t o  the  source and receiver .  

r e s u l t s  were obtained f o r  r e f l e c t o r  s i ze  i n  each case. 

The rece iver  can then be ro t a t ed  t o  a pos i t i on  

This program was used t o  process 

Good 

A number of p r a c t i c a l  considerations f o r  data  taking with the  two- 

transducer technique were formulated as a r e s u l t  of t h i s  experience. 

of t he  more important ones a re  l i s t e d  below: 

A few 

1. Use of t h e  dual e l ec t ron ic  gate  ( f o r  s e l ec t ing  port ions of  

t he  complex rf s igna l  f o r  ana lys i s )  i s  necessary f o r  a l l  

but the  simplest of r e f l e c t o r  shapes. 

The most c r i t i c a l  p a r t  of t he  technique i s  the  placement 

of the  two ga tes  f o r  each Af determination. The cor rec t  

posi t ioning of t he  ga tes  i s  aided by experience and the 

a b i l i t y  t o  make small changes i n  the  receiver  pos i t ion  

while observing the  corresponding changes i n  the  rf 
s igna l  . 

2 .  

3. Reflect ions with i r r e g u l a r  contours may r e f l e c t  specular ly  

i n  a number of d i rec t ions ,  and care must be taken not t o  

analyze these  specular s igna ls .  They may be recognized 
as  la rge  abrupt changes i n  s i g n a l  amplitude as  a rece iver  

pos i t i on  i s  var ied.  
f ac to r  i n  separat ing specular s igna ls  from the  desired 

sca t t e red  s igna ls  from the  edges of the  r e f l e c t o r .  

Experience again i s  an important 

Ultrasonic  iinmina 
Optical  techniques a re  use fu l  t o  gain an understanding of u l t r a son ic  

in t e rac t ions  t h a t  a r e  d i f f i c u l t  t o  analyze by conventional methods employing 

e l ec t ron ic  equipment only, 

while Bragg d i f f r a c t i o n  and volume holography display any acous t ica l  

d i scont inui ty  with which t h e  ultrasound f i e l d  has interacted.  

Schlieren techniques image the sound i t s e l f ,  

We a r e  
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i n t e re s t ed  i n  a l l  such techniques and have developed a f l e x i b l e  o p t i c a l  

system fo r  various s tud ies .  The bas ic  system i s  a mirror  sch l ie ren  system 
with both continuous and pulsed l i g h t  sources, a 6-in.-diam f i e l d  of view 

and a t e l e v i s i o n  display.  

r e  cor ding. 

We have added a video tape system f o r  data  

The new o p t i c a l  t ab l e  employing s implif ied,  inexpensive o p t i c a l  benches 

and component c a r r i e r s  was  used t o  s e t  up an experimental in te r fe rometr ic  
system f o r  imaging ultrasound. The p r inc ip l e  of operat ion i s  qu i t e  similar 
t o  t h a t  of t he  Michelson interferometer .  A r eo r i en ta t ion  of in te r fe rence  

f r inges  was observed when the  ul t rasound w a s  propagated through a water 

bath located i n  one l e g  of t he  interferometer .  

t o  i n i t i a l l y  ad jus t  t he  op t i c s  and t o  maintain alignment due t o  the  r e l a t i v e  

i n s t a b i l i t y  of t h e  mechanical f i x t u r i n g  and the  marginal coherence of the  

small cw l a s e r  ava i lab le  f o r  t h i s  experiment. However, t h i s  technique shows 

a promise as a supplementary v i sua l i za t ion  technique under more ca re fu l ly  

control led conditions.  

It was very d i f f i c u l t  both 

The a u x i l i a r y  o p t i c a l  system i s  now being employed t o  s e t  up the  Bragg 
d i f f r a c t i o n  technique f o r  imaging of acous t i ca l  d i scon t inu i t i e s  i n  mater ia l s .  

New mechanical f i x t u r e s  have been b u i l t  t o  provide the necessary support and 

motions f o r  the  transducer,  manipulator, water tank, l a s e r ,  and smaller 

o p t i c a l  components. 

cross  sec t ion  and high power capaci ty  e spec ia l ly  for t he  Bragg d i f f r a c t i o n  

work. A minor change allows the t e l ev i s ion  system of the  sch l ie ren  op t i c s  

t o  be used i n  t h e  Bragg system. 

water between the  u l t r a son ic  transducer and the  area where the  l a s e r  beam 

passes through the  water bath have already been obtained. 
t u a l l y  be able t o  image flaws i n  the  weld samples discussed i n  recent  

Quarterly Reports by t h i s  technique f o r  comparison with t h e  r e s u l t s  obtained 

by inspect ing these  samples i n  the  sch l ie ren  system and by conventional 

u l t rasonics .  

and ease of use of t h i s  system. 

We also constructed four transducer u n i t s  of square 

Blurred images of wire hooks placed i n  the  

We hope t o  even- 

We w i l l  continue t o  improve the  image qual i ty ,  s e n s i t i v i t y ,  



187 

Penetrat ing Radiation Inspection Methods 

B. E. Foster and S. D. Snyder 

W e  have continued our development of a c losed-c i rcu i t  t e l ev i s ion  

system5 for use as  a rap id  high s e n s i t i v i t y  densitometer for i n t e rp re t ing  

radiographs. 

cont ro ls  on t h e  sampling u n i t  and x-y recorder s e t  a t  10  and 200 mv/cm, 
r e  spe c t  ive ly . 

The optimum system response i s  achieved with the  s e n s i t i v i t y  

A model160 Boxcar In tegra tor  was evaluated a s  a replacement for t he  

1S1 sampling un i t .  

sampling r a t e  and i n t eg ra t ion  time as  wel l  as the  capab i l i t y  of noise 

suppression. 

such an instrument. 

The Boxcar In t eg ra to r  provided var iab le  gate  w i d t h ,  

Quite an improvement of  t he  system could be achieved w i t h  

We have v i r t u a l l y  eliminated the  e a r l i e r  problem of v e r t i c a l  j i t t e r  

by u t i l i z i n g  coincidence t r igge r ing  of  the  l i n e  se lec t ion  and read-out 
devices . 

5B. E. Foster  and S. D. Snyder, Fuels and Materials Development 
Program wart. Progr. Rept. September 30, 1971, ORNL-TM-3550, p. 173-174. 



188 

9. MECHANICAL PROPERTIES OF STRUCTURAL MATERIALS 

J. R. Weir, Jr., H. E. McCoy, Jr., and W. R. Martin 

The use of s t r u c t u r a l  mater ia ls  i n  nuclear reac tors  a t  progressively 

higher temperatures requires  t h a t  we improve design methods t o  insure 

dependable and sa fe  operation of such systems. 

methods involve t h e  procurement of mechanical property da ta  under various 

possible se rv ice  conditions and t h a t  ana ly t i ca l  methods be developed f o r  

using these  materials propert ies  t o  design complex s t ruc tures .  ORNL i s  
cur ren t ly  ac t ive  i n  both of these areas ,  but t h e  present repor t  w i l l  be 

concerned only with the  mechanical propert ies  information. 

The improved design 

Although many of the  methods t h a t  w i l l  be developed w i l l  be uni- 

ve r sa l ly  appl icable  f o r  high temperature design, t h e  cur ren t  work i s  

concerned primarily with IMFBR's. The mater ia ls  being s tudied include 

types 304 and 316 s t a i n l e s s  s t e e l ,  types 304 and 316 s t a i n l e s s  s t e e l  

weldments prepared by d i f f e ren t  welding processes, and base metal and 

weldments of Cr-Mo steels of various compositions. 

Mechanical Propert ies  of 304 Sta in l e s s  S tee l s  

R.  W. Swindeman R. D. Waddell, Jr. 

We are  continuing i n  our e f f o r t s  t o  generate the s o r t  of mechanical 

property data on type 304 s t a i n l e s s  s t e e l  which w i l l  prove usefu l  f o r  
design appl icat ions.  Par t  of our work i s  i n  d i r e c t  support of t he  

S t ruc tu ra l  Design Methods f o r  WEiR Components Program (AM: 189 Ac t iv i ty  

No. 10556), which requires  a wide va r i e ty  of exploratory t e s t s  including 
t e n s i l e ,  creep, re laxat ion,  and s t r a i n  cycling. Data a re  needed t o  

assist i n  the  development of t he  cons t i t u t ive  equations required f o r  

design analysis .  The program emphasis i s  on a s ing le  heat  of type 304 

s t a i n l e s s  s t e e l  (9T2796), although some preliminary work has been per- 

formed using a d i f f e ren t  heat (8043813). 
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. 

The other p a r t  of our e f f o r t  i s  concerned with a study of the  

va r i a t ion  i n  t h e  mechanical behavior of aus t en i t i c  s t a i n l e s s  s t e e l s  from 

one hea t  t o  another. 

chemistry and thermo-mechanical h i s to ry  on subsequent t e n s i l e  and creep 

propert ies .  

s t e e l  w i l l  be involved i n  our invest igat ions.  

316 s t a i n l e s s  s teel  w i l l  a l s o  be included. 

Emphasis here i s  being placed on the  e f f ec t  of 

We expect as many as 20 heats  of type 304 s t a i n l e s s  
To a l e s se r  extent  type 

A t  t h e  present t i m e  w e  have received and are  working with 11 

heats  of type 304 s t a i n l e s s  s t e e l .  

with vendor chemistry data. 

(912796 and 8043813) have been involved i n  the S t ruc tu ra l  Design Methods 

Program. 
heats  which were used t o  fabr ica tme t h e  FFTF vesse l  and are  a l so  included 

i n  t h e  ORNL weldment s tud ies .  Similar ly ,  t h e  f i f t h  heat  has a l s o  been 

used as base metal f o r  a weldment program at  NRL. 

purchased by the  AEC f o r  r ad ia t ion  e f f e c t s  work a t  WAEO/HEDL and i s  

being used i n  t h e  f a t igue  programs a t  ANL, BMT, and AG. 

heats  a re  p a r t  of a l a rge  group, o r ig ina l ly  purchased by the  Maritime 

Service,  but  which have been t ransfer red  t o  ORNL through the  USAEC f o r  

use on IMFBR programs. 

These a re  l i s t e d  i n  Table 9.1 along 

A s  mentioned previously, t h e  f i rs t  two heats  

The t h i r d  and four th  heats  (600414 and 300380) represent two 

The s i x t h  hea t  was 

The other  f i v e  

Data co l lec ted  regarding t h e  influence of re-annealing on the  gra in  

s i z e  and room temperature t e n s i l e  propert ies  are summarized i n  Table 9.2. 

I n  severa l  instances the  re-annealed y ie ld  s t rengths  f a l l  below t h e  

30,000 p s i  m i n i m u m  expected value. The differences i n  the  mechanical 
behavior of the d i f f e r e n t  heats  i s  fu r the r  i l l u s t r a t e d  by the  y ie ld  

curves shown i n  Figs.  9.1 and 9.2, which represent  t rac ings  from the  

extensometer p lo t s  obtained from t e n s i l e  tests a t  room temperature and 
427°C. Notice t h a t  a l l  curves tend t o  depart from the  e l a s t i c  modulus 

l i n e  a t  the  same stress and tend t o  show about the  same slope beyond t h e  
0.2$ of f se t  y ie ld  stress. 

the  r a t e  of hardening between t h e  "proportional" l imit* and t h e  0.2% 

The b i g  difference between the  curves i s  i n  

Whe t r u e  proport ional  l i m i t  i s  much lower than indicated i n  Figs.  9 .1  
and 9.2; f o r  example, it i s  around 15,000 p s i  at room temperature. 



Table 9.1. Vendor Chemistry for Several  of t he  Heats of Type 304 S t a i n l e s s  S t e e l  
Being Evaluated by ORNL 

Source Heat No. S ize  
Chemistry a 

C Mn P S S i  N i  C r  N2 

USS 

Republic 

C ar Is on 

C arls on 

C arls on 

Allegheny 

Allegheny 

Allegheny 

Allegheny 

Allegheny 

USS 

9T2 796 

8043 813 

60C4.14- IA 

300380-LA 

K44086 

55697' 

346544-1 

33733 0-2 

337187-1 
345866-9 

X22926-2D 

1" Pla t  e 

1" p l a t e  

2 3/8" Pla t e  
2 3/8" Pla t e  

1" p l a t  e 

5/8" B a r  

2" Pla t e  

1 l/8" Pla t e  

1 1/2" Pla t e  
3" p l a t e  

2" p l a t e  

.048 

.063 

,061 

.058 

.048 

.051 

. 070 

.063 

.057 

.047 

.050 

1.22 .028 

1.7'9 .036 

1.48 .016 

1.60 .016 

1.48 .025 

0.83 .020 

1.06 .022 

1.99 .020 

0.99 .022 

1.60 .019 

1.43 .029 

.015 

.007 

.014 

.011 

.015 

.012 

.ox2 

.010 

.013 

.011 

.024 

.48 

.50 

.64 

55 
.52 
.470 
.450 

.60 

.39 

.50 

.?1 

9.70 

9.1 

9.56 

8.44 

9.45 

9.50 

9.68 

9.30 

9.73 

9.30 

9.7 

18.6 .031 

18.24 .033 

18.88 .054 

18.68 

18.57 

18.30 .052' 

18.42 

1%. 24 

18.23 

18.65 

18.96 

P 
\D 
0 

%eight percent .  

b~~~ ana lys is .  

HEDL analys is .  C 
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Table 9.2. Ef fec t  of Thermo-Mechanical Condition 
on t h e  Room Temperature Tensile Propert ies  

of Several  Heats of Ty-pe 304 S ta in l e s s  S t e e l  

0.2% Yield rmS Elongation R.A. 
(ksi)  (ks i )  ($1 (3) Heat No. Grain Size‘ 

9T2796 (Plate) 
9T2796 (Plate) 
W2796 ( B U )  
9T2796 (BU) 
8043813 
8043 813 
600414 
600414 
300380 
3 003 80 
K44086 
337187 
337330 
346544 
345866 
X2292b 

A-240 
1093°C Anneal 
A-479 
1093°C Anneal 
A-240 
1063°C Anneal 
A-240 
1063°C Anneal 
A-240 
1063°C Anneal 
A-240 
A-240 
A-240 
A-240 
A-240 
A-240 

1-3 
1-3 
3-5 
1-3 
3-5 
3-5 
2-3 
2-3 
4 
4 

43.9d 
26-29 
52-67 
28.8 
36.3 
28.5 
37 
31 
40 
33.5 
37.0 
38.8 
43.2 
43.5 
39 
38. gd 

81.4 
79-88 
8 5 9 1  
86.8 
80.8 
87.0 
82.0 
87.0 
86.5 

83.0 
81.2 
86.7 
86.2 
83.0 
80.4 

55 
8b95 
51-57 
85 
66 
90 
57 
95 
55 

57 
68 
60 
55 
62 
64 

67 
7586 
76-78 
84 

69 

68 

72 
72 
75 
75 
73 

?lata  corresponding t o  Condition ASTM A-240 were provided by the vendor. 

b A l l  re-anneals were performed on machined specimens i n  argon for  1/2 hr.  

C ASTM grain size numbers. 

‘One- half t o t  a1 strain. 

o f f s e t  yield.  

behaved, and it appears t o  us at t h e  present t i m e  t h a t  t h e  t r u e  stress- 

t r u e  s t r a i n  r e l a t i o n  proposed by Ludwik’ provides a simple and usable 

model. This equation may be wri t ten:  

Beyond t h e  y ie ld  s t rength  the  flow curves a re  f a i r l y  wel l  

P. Ludwik, Elemente der Technologischen Mechanik, Julius Springer,  
Berlin,  p. 32 (1900). 
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Fig. 9.1. Yield Curves For Several  Heats of Type 304 S t a i n l e s s  S t e e l  at Room Temperature. 
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Fig. 9.2. Yield Curves For Several Heats of Type 304 Stainless steel 

a t  427°C. 
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n 
C J = O  + K e  

0 

where cr is  t h e  t rue  s t r e s s ,  e i s  the  t r u e  s t r a i n ,  and o0, K, and n a re  

mater ia l  constants.  The conventional time-load char t s  from t h e  Ins t ron  

t e n s i l e  t e s t i n g  machine were used t o  ca l cu la t e  t rue - s t r e s s  t r u e - s t r a i n  

data f o r  a number of specimens. 

constants of t he  Ludwik Equation by a least-squares-technique. Figure 9.3 

shows a p lo t  of t he  processed da ta  obtained on specimens machined from bar  

s tock of hea t  9T2796 and re-annealed a t  1093°C f o r  1/2 hr .  
t h e  data,  obtained a t  temperature i n  the  range from room t o  538°C f a l l  

near ly  on t h e  same l i n e .  

s ens i t i ve  t o  temperature. 

performed a t  427°C including th ree  more heats .  

Fig. 9.4 t o  t h e  l i n e  drawn i n  Fig.9,3. 
heat  300380 it appears t h a t  most of va r i a t ion  i n  t h e  t e n s i l e  y i e ld  curve 

can be accommodated by adjust ing t h e  o0 term i n  t h e  Ludwik Equation. 

The data were a l s o  used t o  ca l cu la t e  t h e  

Notice t h a t  

This ind ica tes  t h a t  ne i the r  K nor n is  very 

Going fu r the r ,  w e  processed a number of t e s t s  

The d a t a  are compared i n  

With t h e  exception of t h e  t e s t  on 

The Ludwik r e l a t i o n  becomes less appl icable  when t h e  temperature and 

s t r a i n  rate are such t h a t  t i m e  dependent phenomena occur. 

temperatures, however, t he  r e l a t ionsh ip  could be usefu l  f o r  descr ibing 

behavior-within l imited ranges of s t r e s s  and/or s t r a i n .  

Even a t  high 

We have accumulated a s izable  body of creep data on the  two hea ts  
of type 304 s t a i n l e s s  s t e e l  involved i n  the  S t r u c t u r a l  Design Methods 

Program. 
from 8000 t o  15,000 p s i  at  649OC, which showed t h a t  near ly  a l l  of t h e  
deformation f o r  t h e  f irst  2000 hr  consisted of primary creep. 
dependency of primary creep showed a parabolic decrease i n  t h e  e a r l y  s tages  

but  eventually it seemed t o  sa tu ra t e  toward a l imi t ing  value. 

following exponential  and hyperbolic formulas were suggested as showing 
promise: 

We reported data2 f o r  heat  8043813 t e s t e d  i n  t h e  stress range 

The time 

The 

2R. W. Swindeman and R.  Waddell, Fuels and Materials Development 
Program Quart. Progr. Rept. September 31, 1971, ORNL-TM-3550, p. 175-182. 
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1 

Fig. 9.3. True-Stress versus True-Strain Data for Type 304 Stainless Steel Plotted According to 
the Ludwik Equation (9T2796 Bar Annealed at 1093°C for 1/2 hr). 
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Fig. 9.4. True-Stress versus True-Strain Data for Several Heats of 
Type 3% Stainless Steel at 427°C Plotted According to the Ludwik Equation. 
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e = et (1-exp - r t )  (1) 

. 

e = et [ l-exp (-rt)  1/21 ( 2 )  

(3) e = et tarin ( r t ) 1 / 2  

and e = et El-sech ( r t )  1/21 ( 4 )  
where e i s  the  primary creep s t r a i n ,  t i s  time, et i s  the l imi t ing  
t r ans i en t  creep s t r a i n ,  and r i s  a constant which charac te r izes  t h e  r a t e  

of approach of e One of t h e  objections t o  Equations ( 2 )  and (3) r e s t s  

i n  the  f a c t  t h a t  they predic t  i n f i n i t e  creep r a t e  a t  zero time. Equation 
( 4 )  predic t s  a creep rate whose l i m i t  is  zero, while Equation (1) predic t s  

a f i n i t e  non-zero r a t e  and i s  more des i rab le  from an ana ly t i ca l  

Since seve ra l  t e s t s  i n  t h e  s e r i e s  on heat 9T2796 at  593°C have reached t h e  

5000 hr  t a r g e t ,  we are i n  a pos i t ion  t o  evaluate,  a t  least qua l i t a t ive ly ,  

the  primary creep behavior of t h i s  mater ia l .  

a r e  p lo t t ed  i n  Fig.  9.5 and were used t o  ca l cu la t e  t he  f r a c t i o n  of t he  

t o t a l  s t r a i n  contributed by primary creep. 

excess of 20,000 p s i  a t  595OC, t h a t  t he  simple exponential  form of 

Equation (1) provided a good representat ion of t he  data. 

20,000 p s i  and below, t h e  primary creep curves a re  more complicated. 
some cases ,  t he re  appears t o  be a double inf lex ion  when t h e  curves a r e  

p lo t ted  on log-log coordinates as shown i n  Fig. 9.6. 

requires  a t  l e a s t  two exponential  creep terms of t he  type represented by 

Equation (1). 

t' 

Minimum creep r a t e  data 

We found, f o r  s t r e s s e s  i n  

However, a t  

I n  

Such behavior 

Another a rea  of creep t e s t i n g  which .we are  exploring i s  t h e  deforma- 

t i o n  response a f t e r  incremental changes i n  s t r e s s .  

performed on heat  8043813 a t  649°C a re  summarized i n  Fig.  9.7. 
f o r  specimens F33, P37, P39, and P45 were incremented upward a t  500, 1000, 

and 1300 hr .  
be based on s t r a i n  r a t h e r  than time. 

s t r e s s e s  i n  excess of t he  y i e ld  s t rength ,  which f o r  t h i s  mater ia l  i s  a t  

12,500 ps i .  
upon t h e  i n i t i a l  loading. 

A s e r i e s  of t e s t s  
S t resses  

The general  r e s u l t s  suggest t h a t  t h e  hardening r u l e  should 
This i s  pa r t i cu la r ly  t r u e  a t  

Tests s t a r t e d  a t  12,500 p s i  and above a l l  yielded p l a s t i c a l l y  

However, no incremental loadings i n  t h i s  s e r i e s  
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Fig. 9.7. Creep Curves a t  649°C for Type 3% Sta in less  S t e e l  Shok-ing the  Response t o  Incremental 
Changes i n  S t r e s s  (Heat 8043813 Annealed a t  1063°C f o r  1/2 hr) .  



2Q1 

produced p l a s t i c  flow. Based on these and other  da ta  not included here 

we f e e l  t ha t  the magnitude of p l a s t i c  f l o w  t h a t  occurs when t h e  stress 
i s  increased depends l a rge ly  on the  s i z e  of t he  stress increment and t h e  
amount of s t r a i n  accumulated a t  the  lower stress. 

That pa r t  of our study which deals with the  heat-to-heat va r i a t ion  

i n  creep s t rength  is  now underway. 
selected t o  be 593°C at  s t r e s s e s  which should produce rupture  i n  100 and 

1000 hr ,  assuming heats  of average s t rength.  These s t r e s s e s  were 35,000 

and 30,000 ps i ,  respect ively.  

and should produce approximately 1$ t o t a l  s t r a i n  i n  1000 h r  for heats  of 

average s t rength.  

compared t o  average and minimum expected rupture  propert ies  i n  Table 9.3. 

Lives at 35,000 p s i  range from 23 t o  325.9 h r  and a t  30,000 p s i  from 101 
t o  3184 hr .  Heats 600414 and 300380 show losses  i n  rupture s t rength  as 
a r e s u l t  of t h e  re-anneal a t  1063°C while K44086 indicated a gain i n  

s t rength ,  Creep curves f o r  tests a t  17,000 and 17,500 p s i  a t  593°C a re  

shown i n  Fig. 9.8. These curves include the  e l a s t i c  and p l a s t i c  s t r a i n  

which occur on loading. 

important i n  determining whether or not 1% s t r a i n  i s  achieved within the  

f i r s t  1000 hr .  Those heat  which were i n  the  A-240 condition exhibited 

small  p l a s t i c  s t r a i n s  on loading and were wel l  below the  1% l eve l .  
heats ,  such as 9T2796 and 8043813 i n  the re-annealed conditions,  exceeded 

the  1% s t r a i n  l e v e l  a t  time zero. 

The i n i t i a l  t e s t i n g  condition w a s  

A t h i r d  s t r e s s  was selected t o  be 17,000 ps i  

The s t ress - rupture  data  which we have obtained a r e  

It i s  apparent p l a s t i c  y ie ld ing  i s  extremely 

Weak 

A t e s t  s e r i e s  was i n i t i a t e d  t o  explore t h e  re laxa t ion  behavior of 

type 304 s t a i n l e s s  s t e e l  (hea t  9T2796). 

i n  Table 9.4 and Fig. 9.9. 

machine and t h e  servo-controlled s t r a i n s  were within ? 2% in . / in .  

(approximately ? 500 ps i ) .  

w a s  performed a t  593°C a t  d i f fe ren t  s t r a i n  l eve l s  ranging from 0.2 t o  

1.8%. The 

other  group of  t e s t s  i n  t h e  lower p lo t  was conducted a t  0.5% t o t a l  s t r a i n  
and a t  temperatures ranging from 538 t o  816°C. 

The t e s t  r e s u l t s  a re  summarized 
Testing was performed i n  an electro-hydraulic 

One group of t e s t s ,  shown i n  the  upper p lo t  

I n  a11 t e s t s ,  re laxa t ion  became not iceable  i n  about 1 hr.  

Relaxation i s  not iceable  



202 

Table 9.3. Stress-Rupture Data fo r  Several  Heats 
of Ty-pe 304 Sta in less  S t e e l  a t  593°C (1100°F) 

Heat No. S t r e s s  Life 
( k s i )  (hr) 

Condition 

Aver age 
Minimum 

9'11.2796 
9T2796 (Bar) 

9T2796 ( B a r )  
8043 813 

8043 813 
600414 

600414 
3 003 80 
300380 

K44086 
K44086 
Average 
Minimum 

9T2796 
9T2796 ( B a r )  

8043813 

8043813 
600414 
600414 
3 003 80 
300380 

K44086 

K44086 

A-240" 

A-240 

1093°C Annealb 

1093°C Anneal 

A-479 
A-240 
1063°C Anneal 
A-240 

1063°C Anneal 
A-240 

1063°C Anneal 

A-240 
1063°C Anneal 

A-240 
A-240 

1093°C Anneal 
1093°C Anneal 

A-240 
1063°C Anneal 

A-240 
1063°C Anneal 
A-240 
1063°C Anneal 

A-240 

1063°C Anneal 

35 

35 

35 
35 

35 

35 
35 

35 
35 
35 

35 

35 

35 

30 
30 

30 
30 
30 

30 
30 
30 
30 

30 

30 

30 

100 
9 

26 

23 

37.6 

284.2 

2 87 
325.9 
119.5 
168.1 

102.8 

52.6 

88.7 
1000 

37 
111 

101 
1600 (I)' 

3 184 
1958 

500 (I) 
738.4 

100 (I) 
331.8 

428.1 

a A-240 i s  an ASTM specif icat ion f o r  aus t en i t i c  s t a i n l e s s  s t e e l  p la te .  

bThe re-anneals were performed on machined specimens i n  argon f o r  
1/2 hr. 

C (I) denotes a specimen s t i l l  i n  t e s t .  
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Table 9.4. Summary of Relaxation Tests  Performed" 
on Type 304 S t a i n l e s s  S t e e l  (Heat 2796) 

I n i t i a l  Post Test  I n i t i a l  

Y ie ld  Yie ld  Y i e l d  
( k s i )  ( k s i )  ( k s i )  

0.02% 0.02% 0.2% 
Specimen Temperature Total  I n i t i a l  Time F i n a l  

(OC> ( %I ( k s i )  (Hr) ( k s i )  
S t r a i n  S t r e s s  S t r e s s  Number 

RP 56 

RP 69 

RP 53 

RP 63 

RP 67 
RP 54 
RP 57 

RP 70 
RP 72 

RP34 

538 

5 93 

5 93 

593 

5 93 

649 

704 

760 

816 

593 

0.5 
0.2 

0.5 

1.0 - 1.8 
0.5 

0.5 

0.5 

0.5 

0.5 

12.5 

10.2 

12.0 

13.8 

16.5 

12.2 

11.7 

11.0 

11.2 

25 

95 

140 

90 

92 

76 

95 

95 

48 
24 

90 

11 

8 

9.6 

8 

10.8 

5.1 

1.8 

1.5 

1.3 

13 :3 

10.6 

9.2 

9.7 

8.9 

8.9 

8.3 

7.7 
17.9 

12.8 

10.7 

12.5 

16.5 

12.2 

10.2 

9.2 

9.0 

22.1 

11.4 

10.8 

10.6 

11.3 

10.6 

9.8 

10 

24 

N 
0 
.b 

?RP specimens were machined from 1 in .  p l a t e  p a r a l l e l  t o  the  r o l l i n g  d i rec t ion .  Specimens were 
re-annealed for 1/2 hr  a t  1093°C. 
t h e  A-479 condi t ion.  

Specimen RP 34 was machined from nominal 5/8 d i m  bar  and t e s t e d  i n  
All t e s t s  were s t r a ined  t o  the  indicated l e v e l  a t  a r a t e  of 0.0025 min-1, 

. 
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ORNL-DWG 72-1176 

TIME ( h r )  

Fig. 9.9. Relaxation Curves f o r  Type 3% Etainless S t e e l  (Heat 
9T2796). 
a t  1093 "C . Specimens Machined from 1 in .  P l a t e  and Re-Annealed f o r  1/2 hr 
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a f t e r  10 hr a t  538°C and immediately a t  816°C. 

0.02% yie ld  s t rengths  before and after re laxa t ion  ind ica tes  t h a t  none 

of t h e  specimens recovered t o  a s t rength  comparable t o  the  v i r g i n  

condition. 

A comparison of t h e  

Because t h e  reannealed specimens were very weak i n  regard t o  
t e n s i l e  y i e ld  s t r eng th  t h e  s t r e s s e s  r e s u l t i n g  from s t r a i n s  up t o  1.8% 
were qui te  l o w .  To explore re laxa t ion  a t  a higher s t r e s s ,  one tes t  was 

performed on a specimen taken from t h e  5 / 8  i n .  d i m  bar i n  t h e  as- 

received condition (ASTM A-479). 
i n i t i a l  s t r e s s  a t  0.5s t o t a l  s t r a i n .  The r e l axa t ion  curve was processed 
t o  y ie ld  the  type of p l o t  suggested by Conway3 f o r  describing r e l axa t ion  

behavior. I n  t h i s  p lo t ,  shown i n  Fig. 9.10, t h e  data should f a l l  on a 
s t r a i g h t  l i n e  according t o  the  equation: 

This condition resu l ted  i n  a much higher 

-1 do 
B d t  - (-) = A t m  

where (T i s  t h e  instantaneous stress, ( d o / d t )  t h e  r a t e  of s t r e s s  decrease, 

t i s  time, while A and m a re  mater ia l  constants.  For times i n  excess of 

1 hr  the  da ta  tend toward t h i s  type of behavior. 

Analysis Phases i n  Type 316 S ta in l e s s  S t e e l  

J. E. S p r u i e l l  R.  E. Gehlbach 

Our s tud ies  of p rec ip i t a t ion  occurring i n  type 316 s t a i n l e s s  s t e e l  

have been directed pr imari ly  towards refinement of techniques and develop- 

ment of methods t o  semiquantitatively determine the  r e l a t i v e  amounts of 

t he  various phases present i n  a sample. 

i den t i f i ca t ion  by x-ray d i f f r ac t ion  of extracted p rec ip i t a t e s  were 
hampered by instrumental  problems which prevented adequate separa t ion  of 
overlapping d i f f r a c t i o n  peaks t o  iden t i fy  t h e  p rec ip i t a t e s .  

fluorescence from t h e  i ron  i n  t h e  p rec ip i t a t e s  due t o  t h e  use of CUK, 

r ad ia t ion  created excessive backgrounds. 

Our previous e f f o r t s  of phase 

I n  addi t ion,  

3J. B. Conway, An Analysis of the  Relaxation Behavior of AIS1 304 and 
316 S ta in l e s s  S t e e l  a t  Elevated Temperature, GEMP-730 (December 1969). 
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To overcome these problems w e  have i n s t a l l e d  a graphi te  c r y s t a l  

d i f f r ac t ed  beam monachromator on a Norelco diffractometer .  Both l ine- to-  

background r a t i o s  and peak reso lu t ion  a r e  g rea t ly  improved. 

using s i l i c o n  s ing le  c rys t a l s ,  cu t  so t h a t  no d i f f r a c t i o n  peaks occur, 

as subs t ra tes  f o r  t he  extracted p rec ip i t a t e s  t o  minimize background. 

As a r e s u l t ,  t h e  background l e v e l  has decreased from200-2000 cps t o  

2-8 cps. 
employing a goniometer scanning speed of 1/8 degree per minute t o  obtain 
reasonable counting s t a t i s t i c s .  

W e  are a l s o  

Data is  col lected on punch tape  and computer processed, 

We have rerun pa t te rns  from specimens of standard type 316 s t a i n l e s s  

s t e e l  aged 4000 hr  with and without 2% p r i o r  cold work, conditions which 

have been previously r e p ~ r t e d . ~  

specimen w a s  found t o  contain small amounts of M23c6, Chi and Laves 

phases i n  addi t ion t o  copious amounts o f o .  We were previously 

unable t o  resolve t h e  Chi and M2&6 phases. The monochromator system 

described above has permitted reso lu t ion  of peaks with differences i n  
in te rp lanar  spacings of 0.005 i n  the  2.0 t o  2.5 range. 

The residue from the  non-cold worked 

Estimation of r e l a t i v e  quant i t ies  of t he  various p rec ip i t a t e s  i s  s t i l l  

d i f f i c u l t  because of superposit ion.  

estimating t h e  r e l a t i v e  amounts of phases is  being developed, based upon 

t h e  analysis  of G i a m e i  and Freise .  

t h e  r e l a t i v e  i n t e n s i t i e s  of severa l  peaks from each phase and employs an 
in t e rac t ive  procedure t o  obtain estimates of r e l a t i v e  amounts of phases 

present  i n  cases where superposit ion and preferred o r i en ta t ion  are 

encountered. 

A semiquant i ta t ive technique fo r  

This method involves comparison of 

These techniques a r e  being developed i n  order t o  ca r ry  out a com- 
prehensive study of phases formed by thermal-mechanical treatments of 

a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

4R. E. Gehlbach, Fuels and Materials Development Program Quart .  Progr. 
Rept., December 31, 1970, ORNL-TM-3300, pp. l2+122. 

5A. F. Giamei and E. J. Fre ise ,  Trans. AIME, 239, pp. 16761685 
( 1967). - 



Propert ies  of FFTF Vessel Type 308 Sta in l e s s  S t e e l  T e s t  Weldments 

Procurement of FFTF Welds (G.  M. Goodwin) 

Using techniques outlined i n  t h e  previous quarter ly ,  Combustion 
Engineering, Incorporated, Chattanooga, Tennessee, has continued t h e  

production of FFTF weld t e s t  p la tes .  

production batches used i n  t h e  vesse l  t o  date  a re  now represented i n  

t e s t  p la tes .  

Electrodes from seven of t h e  nine 

As of t h i s  date,  approximately 85% of the  t o t a l  number of t es t  pieces 
has been completed, and the  remainder i s  scheduled f o r  del ivery during 
January 1972. 

Tensi le  Propert ies  (R .  T. King and G. Goodwin) 

We have begun a program t o  inves t iga te  t h e  t e n s i l e  propert ies  of 

type 308 s t a i n l e s s  s t e e l  tes t  weldments. 

f ab r i ca t ion  of t e s t  pieces,  and h i s to ry  of the  welding process a t  

Combustion Engineering, Inc. ,  of Chattanooga, has already been described. 

All of the  weld specimens discussed below came from one of th ree  t e s t  

p l a t e s ,  CE-3, CE-15, or CE-17. 

joining two sec t ions  of metal from one of t he  heats  of  type 304 s t a i n l e s s  

s t e e l  used i n  t h e  FFTF vessel ,  Carlson Heat 600414-I-A, using t h e  HBEA 

batch of type 308 s t a i n l e s s  s teel  welding rods.  

The acquis i t ion  of mater ia l ,  

These th ree  t e s t  p l a t e s  were made by 

I n  order t o  conserve material ,  t h e  specimens f o r  t h i s  program were 
fabr ica ted  by joining gage blanks of the  weld metal using a low heat input 
welding process t o  type 304 s t a i n l e s s  s t e e l  specimen end pieces and 

machining t o  t he  dimensions shown i n  Fig. 9.11-a. These specimens tended 
t o  f a i l  near t he  ends of the  gage length where the  end pieces were joined 
t o  the  gage length,  and the  specimen design was l a t e r  modified t o  t h a t  
shown i n  Fig. 9.11-b. 

6G. M. Goodwin, Fuels and Materials. Development Program Quart. Frog. 
Rept. September 30, 1971, ORNLTM-3550. 
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Fig. 9.11. Weld T e s t  Specimens. 
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Because we had found t h a t  the  room temperature hardness of the  weld- 

ments var ied through t h e  thickness  of t h e  weld, tending t o  be r e l a t i v e l y  

s o f t  near t he  sur face  of t he  t e s t  p l a t e s Y 7  we segregated the  specimens 

according t o  t h e i r  d i s tance  from the  weld t e s t  p l a t e  surface.  
metal specimens prepared with t h e i r  gage lengths p a r a l l e l  t o  t h e  welding 

d i rec t ion ,  with t h e i r  cen ter l ines  located 0.19 in .  below the surface,  

were designated L1-type specimens ( longitudinal-Level 1). 

located 0.56 in .  below the  surface were designated type L2, and specimens 

located 0.94 in .  below the  surface were designated type L3. 

i l l u s t r a t e s  t h e  loca t ions  from which these specimens were cu t .  
of longi tudina l  specimens prepared according t o  t h i s  scheme y ie lds  no 

more than four type L1, four  type U ,  and two type I 2  specimens, and no 
more than th ree  such sect ions can be prepared from each weld t e s t  p la te .  

All weld 

Specimens 

Fig. 9.12 
Each s e t  

The scope of t he  t e n s i l e  t e s t i n g  program i s  t o  provide information 

f o r  t e s t  temperatures between 23 and 649OC, a t  d i f f e ren t  s t r a i n  r a t e s .  

We have begun t e s t i n g  i n  air  a t  23, 566 ( t h e  upper temperature f o r -  t he  

FFTF vesse l ) ,  and 649°C ( t h e  proposed upper temperature f o r  a demonstration 

MFEB). 
s t r a i n  information a t  small s t r a i n s ,  t he  e f f e c t s  which we wish t o  discuss  

a r e  adequately described by the  Ins t ron  load-crosshead t r a v e l  char t .  The 

s t r a i n  r e s u l t s  presented here  have been corrected f o r  def lec t ions  of t he  

Ins t ron  machine components during t e s t i n g .  With the  exception of one 
s p e c i a l  t e s t  t o  be described below, a l l  of the  t e s t s  reported i n  t h i s  

sec t ion  were performed on specimens i n  t h e  as-welded condition. 

Although extensometers were used t o  provide accurate  stress- 

The r e s u l t s  f o r  some t e s t s  which have been performed a r e  presented 

i n  Table 9.5. Specimens made by the  Fig. 9.11-a design frequent ly  f a i l e d  

near t he  end piece weldment. 

deformation i n  a heat-affected zone, desp i te  the  low heat  input welding 

techniques used, t he  measured proper t ies  must be considered preliminary 

values subject  t o  v e r i f i c a t i o n  by la ter  t e s t i n g .  We are  p a r t i c u l a r l y  
suspicious t h a t  t he  r e s u l t s  f o r  specimens 376, 375, and 374 a r e  not 

proper for these  reasons. 

Because these  ruptures  may have involved 

7R. T. King and R.  E. Gehlbach, Fuels and Materials Development Program 
Quart. Progr. Rept. September 30, 1971, OmL-TM-3550, p. 187. 
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Table 9.5. Tensi le  Test  Resul ts  f o r  FFTF-Type 308 
S t a i n l e s s  S t e e l  Test Weldments 

Reduction Diameter 
S t ra in  S t ra in  5 of Normal Para l le l  

Number Type FC) ( in. Iin. Imin) Engineering Engineering/ (Ehgineering) (Engineering) ( t rue)  ( t rue)  Of Area t o  Plate t o  Plate 

Total Strain Uniform Total Uniform 
St ra in  

0.2% Offset 'Itimate 

Rate Strength Strength 
Tensile Strain Yield Specimen Specimen Test Tem rature  

t rue ( e )  (I) 
(ks i )  ( k s i )  

372 I2 23 0.022 54.6 85.51108.8 27.3 27.8 .24 .23 20.6 17.5 4.7 

376a L2 566 0.000089 33.0 49.9151.7 3.5 21.2 .035 .l2 11.5 9.2 2.8 
379a L1 5 66 0. a 2  25.9 47.0154.9 16.7 18.1 .15 .17 16.1 11.6 5.2 

377a L2 566 0. a22 32.2 39.9148.8 22.5 25.0 .20 .19 17.4 14.2 4.2 

17-Ub I;! 566 0. gr, 43.4 52.8163.0 19.3 28.6 .18 .76 53.5 39.7 24.8 

375& L3 5 66 0.022 43.2 54.1160.4 11.6 17.1 .11 .10 9.56 7.3 2.5 
15-11" L1 649 0.022 30.2 51.1161.6 20.6 25.7 .19 .74 52.7 34.3 27.9 
371a Ll 6.19 0. a22 28.4 38.8/44.2 13.9 29.6 .13 .29 25.4 17.1 10.2 

37da L3 649 0. a22 31.4 41.1143.2 5.0 9.8 . a 8  .59 5.7 4.7 1.1 

370 L l  649 0.022 27.5 35.5140.7 14.7 34.7 .14 1.1 66.6 45.7 38.9 

$ractures occurred near the end weld. 

b A l l  specimens l i s t e d  except 17-18 were of Fig. 9.11-a design; Specimen 17-18 was of the Fig. 9.11-b design. 

The reductions of area are  measured on the unfailed regions away from the  end welds. 

N 
P 
w 
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Comparing the  r e s u l t s  f o r  t he  Ll-, I2-, and L3-type specimens tested 
a t  566°C leads t o  the  conclusion t h a t  t he  0.2% o f f s e t  y ie ld  s t rength  a t  
566°C var ies  with the  loca t ion  of t he  specimen. 

s t rength t o  increase w i t h  increasing dis tance from t h e  specimen surface.  

This r e s u l t  agrees with our o r i g i n a l  hardness r e su l t s .8  The weld metal 
i s  r e l a t i v e l y  strong, when compared with the  base metal, and duc t i l e .  

The room temperature y ie ld  s t rength  f o r  base metal i s  about 30,000 t o  
40,000 p s i  compared t o  54,600 p s i  f o r  the weld metal, and a t  649OC t h e  

base metal y i e lds  at  10,000 t o  20,000 p s i  whereas t h e  weld metal y i e lds  

a t  about 27,000 t o  32,000 ps i .  

The t rend i s  f o r  the 

One point  i s  p a r t i c u l a r l y  worthy of note. The deformation character-  

i s t i c s  of t h e  weld metal a re  anisotropic .  

we measured the  maximum and minimum diameter of t h e  f a i l e d  cross sec t ion ,  or 

the  maximum and minimum diameter of a cross sec t ion  away from the end piece 
weldment i f  rupture  occurred near that  weldment. The r a t i o  of t h e  

maximum t o  minimum diametral  s t r a i n  var ies  between about 1.5 and 4, but 

t he re  are  too few da ta  t o  understand the  e f f e c t s  of any var iab les  upon 

the  degree of anisotropy. 

or ien ta t ions  within the  weld t e s t  p l a t e  t o  charac te r ize  the anisotropy 

f o r  some t e s t  conditions,  s ince  t h i s  behavior must be considered f o r  

reac tor  design purposes. Metallography performed on t e s t e d  specimens 
has shown t h a t  the  g rea t e s t  diametral  s t r a i n  occurs i n  t h e  d i r ec t ion  

normal t o  the tes t  p l a t e  surface (see Fig. 9.12 f o r  or ien ta t ion) .  

After  t e s t i n g  each specimen 

We a re  preparing specimens having other  

Because the  anisotropy w a s  observed i n  specimens which were heavi ly  
deformed as w e l l  as those which deformed only a few percent, we speculated 
t h a t  t he  anisotropy e f f e c t  occurred even a t  very small p l a s t i c  s t r a i n s .  

To ve r i fy  t h i s  f o r  one t e s t  and specimen condition, w e  t e s t ed  a specimen 
FF17-9 (Type U) a t  room temperature and 2.2%/min s t r a i n  rate, and 

per iodica l ly  hal ted the  Ins t ron  crosshead t o  measure t h e  diametral s t r a i n  

which had occurred. 

micrometers at t h r e e  locat ions,  0.25 in .  from e i t h e r  end of t h e  gage 
The maximum and minimum s t r a i n s  were measured with 

8R. W. Swindeman and R. D. Waddell, Fuels and Materials Development 
Program Quart. Progr. Rept. September 30, 1971, ORNL-TM-3550, p. 175. 
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length  and a t  t h e  center  of t h e  gage length.  These diametral  s t r a i n s  a re  

p lo t ted  versus the  nominal engineering s t r a i n  i n  Fig. 9.13. The measure- 
ments made a t  t h e  th ree  locat ions agree qui te  w e l l  and they demonstrate 

beyond any doubt t h a t  fo r  these conditions the  mater ia l  s t r a i n s  

an iso t ropica l ly  a t  a l l  p l a s t i c  s t r a i n s  above 0.25%. We f e e l  t h a t  t h i s  i s  

probably a l so  t r u e  a t  smaller s t r a i n s .  

I n  order t o  determine whether the anisotropic  behavior could be 
eliminated by annealing, specimen FF17-10 ( type Ll) w a s  annealed for 

2 hr  a t  954°C i n  argon and t e s t ed  i n  the  same manner t h a t  specimen FF17-9 

was t e s t ed .  The r e s u l t s  are  shown i n  Fig. 9.14; it i s  apparent t h a t  the  

degree of anisotropy a f t e r  t h i s  annealing treatment i s  near ly  i d e n t i c a l  
t o  t h a t  f o r  t h e  as-welded specimen. 

t he  as-welded specimen vas 50,200 p s i  and i t s  f r ac tu re  s t r a i n  40.7%, 

while those values f o r  t he  annealed specimen were 40,400 p s i  and 60.15, 

respect ively,  ind ica t ing  t h a t  the  annealing treatment was probably 

adequate t o  cause some s t r u c t u r a l  changes i n  the  weld metal. 

The 0.2% o f f s e t  y i e ld  s t rength  of 

C reep-Rupture (R.  T. King) 

The creep-rupture t e s t i n g  of as-welded specimens of t he  design 

shown i n  Fig.  9.11-b and from t e s t  weldment p l a t e s  CE-15 and C E - 1 7  i s  i n  

progress. The tes ts  were performed i n  a i r  a t  482, 566, and 649OC. The 
specimens were all t e s t ed  with longi tudina l  extensometers on a 1-ia. 

sec t ion  of t h e  gage length t o  measure s t r a i n ,  

Because we were already aware of t he  va r i a t ion  of hardness and 

t e n s i l e  s t rength across the tes t  weld cross-sect ion when t h e  f i r s t  

s e r i e s  of creep-rupture t e s t s  was s t a r t e d ,  we selected t e s t  conditions 

and specimens t o  determine whether t h i s  var iab le  might a l s o  be important 

during creep-rupture t e s t ing .  

The i n i t i a l  round of t e s t i n g  at 566°C involved t e s t i n g  one type L1, 

two type 12, and one type L3 specimen a t  35,000 p s i  ( see  Fig. 9.15). 

type L1 specimen f a i l e d  a f t e r  s t r a i n i n g  37.8% i n  139.6 hr ;  the  type L2 

specimens have been i n  tes t  f o r  approximately 800 and 600 hr ,  s t r a i n i n g  

The 
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Fig. 9.13. Anisotropic Diametral S t r a ins  for As-Welded Type 308 
Sta in less  S t e e l  Weld Metal Tested a t  Room Temperature. 



217 

30 

MINIMUM MAXIMUM 
Ad/do (Yo) Ad/do (70) 

BOTTOM OF GAGE LENGTH 
CENTER OF GAGE LENGTH 

0 0 

m 0 

A A TOP OF GAGE LENGTH 25 - 
A 

0 

> A  f I A  0 

o c  0 
0 2  0 - 2 0  A 

b? 

z 
0:. 

A 
0 

v 

a A 
IY 
I- 
v, 
-I A g o  
a 0 

2 
5 
n 

E 45 
W 

0 

A 0 0  
\ b6 Ql 

10 A\ 2 ~ E S ~ A  
2 

ORNL-DWG 72-4484 

0 

0 

0 0 0  0 1 
g g A A  

ID 

0 

0 
m .  

% A A  

5 

0 

o/* 

A 0 0  

0 . < : A m  ‘ ~ m  

‘ A 0  ‘d 0 

r A 

0 

A 
0 “4 8 A 

A 0 

0, - 
A/* 

m m  

8 A 
0, A 
A,* A e.(’ 4 
0 0 3 m m  

4 :  
Oih 

3 0  40 5 0  60 0 10 2 0  



21 8 

I FF 

30 

2: 

20 2 
0 

17-4 

10 

5 '  

I 

% 

FF 15-30 
Lf  (35,000 psi) 

ORNL- DWG 72- (482 

-. ... 
F I 

L2 (35,000 DSi)  0.0030 I- 
1 C C  1E P I I r id-o --c 

, 0.00025 L 3  (35,000 psi) I 
0 200 

400 600 800 
TIME (hr) {OOO 

Fig. 9.15. 
Weldments a t  566°C. 

Strain-Time Behavior of FFTF-Type 308 S t a i n l e s s  S t e e l  
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approximately 3% without f a i l i n g ,  and t h e  ty-pe I3 specimen has s t ra ined  
l e s s  than 1% i n  600 hr  without f a i l i n g .  

avai lable  t e s t  da ta  a re  O.l47%/hr, 0.0017% and 0.0030%/hr, and 0.00025$/hr 
for t h e  type Ll, Z, and L3 specimens, respect ively.  The t e n t a t i v e  

conclusion from these t e s t s  i s  t h a t  a t  l e a s t  a t  566°C and 35,000 p s i  

s t r e s s ,  t he  s t rength  of t h e  t e s t  weldments increases  with increasing 

dis tance from the  weldment surface.  

The minimum s t r a i n  r a t e s  for the 

Figure 9.15 demonstrates two other points .  F i r s t ,  comparing t h e  

pa i r  of t e s t s  on type L2 specimens FF15-17 and FF17-4 (from tes t  p l a t e s  

CE-17 and CE-15, respect ively)  a t  35,000 p s i  provides an ea r ly  ind ica t ion  

t h a t  t he  r e s u l t s  a re  reasonably reproducible f o r  any given loca t ion  within 

t h e  t e s t  weldments, and t h a t  specimens taken from similar t e s t  p l a t e s  have 
about t h e  same propert ies .  

was t e s t ed  a t  37,000 p s i  f a i l e d  a f t e r  70 h r ,  compared t o  a 139.6 hr  

rupture time f o r  t he  type L1 specimen (FF15-30) which was t e s t ed  a t  
35,000 ps i .  

Second, the  type L 1  specimen (FF17-21) which 

Neither of t he  type I2 specimens vhich are  i n  t e s t  a t  482°C have 

fa i led a f t e r  about 800 hr  under s t r e s ses  of 45,000 and 50,000 ps i ,  

respec t ive ly  ( see  Fig.  9.16). The specimen which was s t ressed  at 50,000 p s i  
exhibited t h e  higher s t r a i n  on loading and during the  f i r s t  port ion of t h e  

t e s t .  

Strain-time r e s u l t s  f o r  the only specimen t e s t ed  a t  649°C (FF15-1) 

a re  presented i n  Fig. 9.17. 
t he  t h i r d  s tage period of the  t e s t ,  j u s t  before t h e  specimen ruptured. 
The L1-type specimen ruptured a f t e r  s t r a in ing  47.6% i n  23.6 hr.  

qui te  comparable with rupture  times for both standard electrode and control led 
impurity e lectrodes tes ted  i n  t h e  we ld  development program. 7 lo 

d u c t i l i t y  of t h i s  specimen i s  comparable t o  those obtained f o r  weld 

Note t h a t  most of t he  s t r a i n  occurred during 

T h i s  i s  

The 

9N. C .  Binkley, G. M. Goodwin, and D. G. Harmon, Fuels and Materials 
Development Program Quart. Progr. Rept. June 30, 1970, ORNL-4600, p. 144. 

'OR. G. Berggren and G. M. Goodwin, Fuels and Materials Development 
Program Quart. Progr. Rept. September 30, 1971, OTWL-TM-3550, p. 146. 
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Fig. 9.16. 
Weldments at 482°C. 

Strain-Time Behavior of FFTF-Type 308 Stainless Steel 
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deposi ts  having s i m i l a r  compositions from t h e  development program. 
Although more t e s t i n g  w i l l  be required t o  ve r i fy  t h i s  point ,  the  ea r ly  

creep-rupture t e s t s  from the  FFTF vesse l  - type 308 s t a i n l e s s  s t e e l  t e s t  

weldments ind ica te  t h a t  t h e  vesse l  welds should have proper t ies  comparable 

t o  the  b e t t e r  weld deposi ts  produced by the  weld development program. 

W e  have a l so  invest igated s t r a i n  anisotropy at the  f r a c t u r e  of creep- 

rupture  specimens t e s t e d  a t  566 and 649°C. Table 9.6 gives the maximum 

and minimum diametral  reductions as measured by micrometers. The diametral  

s t r a i n s  are  not i so t rop ic  at 566, nor a t  649°C. Thus, a complete creep 

t e s t i n g  program should include charac te r iza t ion  of the anisotropy e f f e c t  

as well  as the  va r i a t ion  of propert ies  with specimen locat ion.  

Table 9.6. Maximum and Minimum Diametral S t r a ins  a t  Fracture  
for Failed Type 308 Sta in l e s s  S t e e l  Creep-Rupture Specimens 

S pee imen S t r e s s  Test 
Temperature 

(Ps i )  ("a 
Diametral S t r a i n  (%) 

Maximum Minimum 
- ~- - 

FF15-1 649 28,000 39.2 32.0 

FF17-21 566 37,000 51.6 35.2 

FF15-30 5 66 35,000 41.2 30.4 

Mechanical Propert ies  of 2 1/49 C r l 9  Mo S t e e l  

R .  L. Klueh 

The 2 1/4% C r l %  Mo s t e e l  (Croloy) w i t h  0.10 t o  0.15% C (0.15% 

maximum) i s  a candidate for t he  s t r u c t u r a l  mater ia l  f o r  steam generators 

f o r  t he  Liquid Metal Fas t  Breeder Reactor (LMFBR). 
f e r r i t i c  s t e e l ,  w i l l  be i n  a flowing sodium c i r c u i t  t h a t  a l s o  contains 

aus t en i t i c  s t a i n l e s s  s t e e l ,  t he re  is some concern about t he  carburiza- 

t i o n  of t h e  Croloy and the  subsequent carburizat ion of t h e  s t a i n l e s s  

s t e e l  by carbon mass t ranspor t  through t h e  sodium. To determine the  

Since Croloy, a 

. 
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e f f e c t  of decarburization, it i s  necessary t o  know the  mechanical proper- 
t i e s  of 2 1/4% C r l %  Mo as a funct ion of carbon content.  

such da ta  it w i l l  be possible  t o  determine whether t h e  use of low carbon 

2 1/49 C r l %  Mo as a s t r u c t u r a l  mater ia l  i s  f eas ib l e .  

Also, w i t h  

Three 300 l b  heats  of 2 1/4% C r l %  Mo s t e e l  with 0.003, 0.035, and 

0.11% C have been acquired from the  Bureau of  Mines. S m a l l  t e n s i l e  
specimens (1 in .  gage length,  0.125-in.-diam) of a l l  weld metal and 

t ransverse weldments, both made from welded 1/2-in. -plate ,  and l a rge r  

base metal t e n s i l e  specimens ( 2  i n .  gage length,  0.250 in .  diam) made 

from 7/8-in.-diam rod a r e  being t e s t ed .  

Croloy (0.135% C )  was procured from Babcock and Wilcox and i s  being 

factored i n t o  the  program. 

A 1- in . - thick p l a t e  of standard 

Annealing Studies  

We previously reported on t h e  tempering c h a r a c t e r i s t i c s  of t he  th ree  

modified carbon steels.’’ 

mater ia ls  f o r  examination by e l ec t ron  microscopy. 

t o  determine t h e  nature  of the  p rec ip i t a t e s  present  a f t e r  normalizing 1 h r  

a t  927°C and a f t e r  normalizing and tempering 1 h r  a t  794°C. 

We have now heat  t r ea t ed  specimens of these  

An e f f o r t  w i l l  be made 

Mechanical Propert ies  

Welds - 
We have continued our s tud ies  on t h e  creep-rupture proper t ies  of a l l  

weld metal and t ransverse  weldments. 

creep rupture  proper t ies  f o r  t he  a l l  weld metal and t ransverse weld 

specimens, respec t ive ly ;  Figures 9.18 and 9.19 show the  respect ive creep- 

rupture  curves. 

I n  Tables 9.7 and 9.8 we l i s t  the  

R. L. Klueh and H. E. McCoy, Fuels and Mater ia ls  Development 
Program Quart. Progr. Rept. September 30, 1971, ORNL-TM-3550, pp. 193-203. 

11 
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Table 9.7. Creep Propert ies  of 2 l /4$ ,  C r l p  Mo Weld Metal 
a t  565°C (1050°F)a 

Rupture Reduction S t r a i n  i n  Area 
( P) ( c )  

L i f e  
( h r )  

0.003 30,000 11.2 
20, 000 182.0 
15, OOOb > 580 

0.035 

0.110 

35,000 7.6 
25,000 148.9 
20, 000 723.9 

40,000 14.5 
30,000 137.0 
20, 000 2017.2 

34.0 
35.5 

35.5 
26.0 
45.7 

17.9 
18.2 
12.5 

91.7 
82.6 

86.8 
86.9 
86.2 

83.2 
79.0 
30.5 

a 

b 

A l l  specimens were tempered for 1 h r  a t  7C4"C (1300°F). 

T e s t  i n  progress.  

A s  seen i n  Table 9.7, t h e  two low carbon mater ia ls  show good d u c t i l i t y :  

more than 8@ reduction i n  area,  and with one exception ( t h e  0.035% C 

specimen t e s t ed  a t  25,000 p s i )  g rea te r  than 3% s t r a i n .  
showed less d u c t i l i t y ,  and the re  appears t o  be a s i g n i f i c a n t  decrease 
i n  d u c t i l i t y  for t h e  specimen t e s t e d  a t  20,000 p s i  as opposed t o  those 
t e s t ed  at 30,000 and 40,000 ps i .  

The 0.11% C 

Examination of t he  f r ac tu res  with a s tereographic  microscope showed 

t h a t ,  with the  exception of t he  0.11% C specimen t e s t e d  a t  20,000 ps i ,  

a l l  specimens exhibi ted a cup-cone type of f r ac tu re  with a smooth 
p r o f i l e  and a rough sur face ,  a l l  i nd ica t ing  a d u c t i l e ,  t ransgranular  

f rac ture .  

hand, had a rough, almost saw-toothed, p r o f i l e ,  and t h e  f r a c t u r e  sur-  

face appeared t o  have smooth f ace t s ,  ind ica t ing  a mostly in te rgranular  
(note t h a t  t h i s  i s  not a b r i t t l e  f r ac tu re  because the re  was 12.5% s t r a i n  

and 30.5% reduction i n  a rea ) .  

subs t an t i a t e  t hese  conclusions. 

The 0.11% C specimen t e s t e d  a t  20,000 p s i ,  on t h e  other  

Further metallography w i l l  be done t o  
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Table 9.8. Creep Propert ies  of 2 1 /4% C r l %  Mo Transverse Welds 
a t  565°C (1050°F) 

Red uc t i on 
i n  Area S t r a i n  Rupture 

Life  
( % I  ($1 

C arbon S t r e s s  

(%I  (ps i1  ( h r )  

0.003 30,000" 16.4 17.2 
20,000 51.1 24.2 
15,000 150.9 26.4 
10, ooob > 1 2 5 1  

0.035 

0.110 

30,O0Oa 11.7 17.0 
25,000 13.6 23.5 
2 0,000 46.8 32.8 
15,000 362.5 22.8 
12,000 1739.2 33.5 
9 ,  ooob > 348 

30,000" 35.0 21.6 
25,000 75.4 27.9 
25,000 105,. 8 18.5 
20,000 591.9 23.8 
1 5  , 000 2839.0 14.5 

8 .6 
81.0 
94.1 

83.1 
83.8 
92.4 
86.6 
90.7 

85.7 
87. '7 
83.7 
81.8 
70.8 

%ested as welded; a l l  other  specimens were tempered f o r  1 h r  a t  
704°C (1300°F). 

Test i n  progress.  b 

Figure 9.18 shows t h a t  f o r  a given s t r e s s ,  the  rupture  t i m e  increases  
with carbon content.  
metal specimens has been drawn (for t h e  0.035% C )  along with the  curve 
given by Smith12 f o r  annealed weld metal of standard Croloy. The data 

f o r  t he  0.11% C fa l l s  on Smith's  curve. 

Only one of t h e  creep-rupture curves f o r  the  we ld  

The t ransverse weld specimens a l l  show r e l a t i v e l y  good d u c t i l i t y ;  

t h e  d i f fe rence  between the  two low carbon specimens and a l l  but one of 

the  0.11% C specimens i s  not as l a rge  as it was for t he  a l l  weld metal 

~ 

12G.  V. Smith, An Evaluation of the  Elevated Temperature Tensi le  and 
Creep-Rupture Propert ies  of 2 1 /4% C?l& Mo S tee l ,  t o  be published. 
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A l l  specimens were tempered for 1 hr at 704,"C. Results 
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specimens. However, there  i s  again the  apparent sharp decrease i n  

d u c t i l i t y  i n  going from t h e  0.11% C specimen t e s t e d  a t  20,000 p s i  and t h a t  
t e s t ed  a t  15,000 ps i .  

f rac tures  appeared t o  be the  duc t i l e  t ransgranular  type. 

the  0.11% C specimen t e s t ed  a t  15,000 p s i  and showing t h e  decreased 

d u c t i l i t y  appeared t o  be pr imari ly  intergranular .  

With the  exception of t h i s  l a t te r  specimen, t he  

The f r a c t u r e  of 

Figure 9.20 shows micrographs of t he  f r ac tu res  f o r  two of t h e  

specimens t e s t ed  a t  20,000 psi .  Except f o r  t he  0.11% C specimen t e s t ed  a t  
15,000 ps i ,  t he  two high carbon mater ia ls  invariably showed a cup and cone 

f a i l u r e  (Fig.  9.20-b and 9.20-e) and t h e  f r a c t u r e  surfaces  appeared 

c i r c u l a r  ( a s  i f  t he  specimen were pul l ing  t o  a poin t ) .  

the  other hand, appeared t o  be pul l ing  t o  a "knife  edge" r a t h e r  than a 

point,  and t h e  f r ac tu re  surface was e l l i p t i c a l ,  thus giving r ise t o  the  

cross sec t ion  shown i n  Fig. 9.20-a. Furthermore, t he  ex terna l  surface of 

the  0.003% C specimens had s t r i a t i o n s  t h a t  r an  p a r a l l e l  t o  t h e  specimen 

ax is  away from the  f r ac tu re  about T/8 in. on each par t  of t h e  
f rac tured  specimen. 

e f f e c t  caused by the  la rge  grains of t h i s  mater ia l .  

The 0.003% C ,  on 

Tentat ively it i s  suggested t h a t  t h i s  i s  an anisotropy 

We previously s ta ted13 t h a t  t he  f a i l u r e s  of t he  t ransverse  weld 

specimens occurred i n  the  base metal near enough t o  t h e  fusion l i n e  t h a t  

t he  propert ies  may have been affected by heating during welding. 
metallographic examination of the  specimens t e s t ed  a t  20,000 ps i ,  w e  found 
some v a r i a b i l i t y  i n  the  dis tance of t h e  f a i l u r e  from the  apparent fusion 

l i n e .  Values of about 0.15, 0.62, and 0.41 in .  were measured f o r  t h e  

0.003, 0.035, and 0.11% C specimens, respect ively.  
specimen was sectioned, and from hardness measurements along the  axis of 

the  specimen t h e  dis tance from t h e  apparent fusion l i n e  t o  base metal 

unaffected by welding was about 0.15 in .  

i n  the  base metal. 
f a i l u r e  microstructures by l i g h t  microscopy and comparison of t he  f a i l u r e s  

Upon 

An untested 0.11% C 

Thus, the  f a i l u r e s  are apparently 

This conclusion was ve r i f i ed  by examination of the  

I3R.  L. Klueh and H. E. McCoy, Fuels and Materials Development 
Program Quart .  Progr. Rept. September 30, 1971, ORNL-TM-3550, pp. 19F203. 
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. 

Y-10 Y-109665 

Fig. 9.20. 
at 20,000 psi, 565°C. 

Photomicrographs of the Transverse Weld Specimens Tested 
(a) 0.003% C, (b) 0.035% C, and (e) 0.11% C. 
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with macro-etched specimens of s imi l a r ly  welded mater ia ls .  
f a i l u r e s  a l so  occurred i n  the  nine t e n s i l e  specimens ( th ree  from each 

mater ia l )  t h a t  have been examined by l i g h t  microscopy. 

Base metal 

We began creep t e s t i n g  t ransverse welds a t  510°C and discovered some 

unexpected r e s u l t s .  When t h i s  program began, only dead-load machines were 

avai lable ,  and a l l  the  565°C tests on t ransverse welds were done on such 

machines ( t h e  a l l  weld metal and base metal t e s t s  have been done on lever  

arm machines). 

30,000 p s i  f o r  each material on dead load machines; t h e  r e s u l t s  a r e  shown 

i n  Table 9.9. Because of t he  l a r g e r  loads and because lever-arm machines 

became avai lable ,  creep tests of t he  0.035 and 0.11% C a t  35,000 p s i  were 

made on 12:l l ever  arm machines; as seen i n  Table 9.9, t he  rupture times 

exceeded those f o r  t h e  30,000 p s i  tests (i.e.,  longer times for t h e  higher 

stress). Retests a t  30,000 p s i  on the lever  a r m  machines gave times 
longer than those a t  35,000 ps i .  

Similar ly ,  t he  f i rs t  tests, a t  510°C were conducted a t  

The only difference i n  the  tests appears t o  be the loading. For a 
30,000 p s i  t es t  on the button head specimens used, a dead load machine 
has t o  be loaded t o  about 345 lb ,  whereas a l 2 : l  l eve r  arm needs only 

about 30 l b .  
nearest  20 lb ;  then t h e  balance of t he  weight i s  put on the  pan using 5, 
1, and 1/2 l b  weights and lead shot.  Since grea t  care  i s  used t o  ensure 

t h a t  t h e  weight i s  gent ly  lowered onto the  pan, the  only apparent difference 

i s  the  time required t o  place 30 and 345 l b  on the  respect ive weight pans. 

The 30 l b  load can very quickly be placed on the  pan, whereas t h e  345 l b  
load requires t h a t  seventeen 20 l b  weights be ind iv idua l ly  placed on the 

pan, an operation tha t  could requi re  severa l  minutes t o  complete. 
S i m i l a r  observations on the  e f f e c t  of loading have been found by 

Both machines a re  loaded with 20 l b  weights up t o  t h e  

Hodgson14 who showed t h a t  a 1 Cr-Mo-V s t e e l  annealed t o  produce ferr i te  
plus p e a r l i t e  i s  extremely sens i t i ve  t o  t h e  i n i t i a l  s t r a i n  h i s to ry  above 

about 0.42 T,. Hodgson s t a t e s :  

I4B.J.R. Hodgson, The Effec t  of Fre-Strain and Pre-Strain Rate on 
t h e  Creep Behavior of 1 Cr-Mo-V SteeLRD/B/N1139 (Sept. 1968). 
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"The creep r a t e  above 0.42 Tm depends upon t h e  r a t e  of 
appl ica t ion  of the load i n  a conventional creep t e s t  and upon 
t h e  r a t e  of applying p l a s t i c  s t r a i n  before creep t e s t i n g .  If 
p l a s t i c  s t r a i n i n g  or loading i s  accomplished i n  l e s s  than one 
second then normal creep r a t e s  ensue. If the  pre-creep s t r a i n  
i s  applied i n  t i m e s  exceeding 30 seconds, then abnormal creep 
r a t e s  a r i s e  which a r e  two or th ree  orders of magnitude grea te r  
than usual. If 

Table 9.9. Creep Propert ies  of 2 1/4$ Crl$ Mo Transverse Welds 
a t  510°C (950°F)" 

Carbon 
w t  % 

S t r e s s  
( P s i )  

Rupture L i f e  
( h r )  

0.003 

0.035 

0.110 

30, OOOb 

30, 00Ob 

30,000 

30, OOOb 
35,000 
30,000 

35,000 

133.1 

53.4 
93.7 
440.2 

254.8 
277.3 
743.1 

a All specimens were tempered 1 hr  a t  704°C. 

bSpecimens were t e s t ed  on dead-load machines; a l l  o thers  were t e s t ed  
on l 2 : l  l ever  arms. 

Hodgson found t h a t  when a 35,000 p s i  load a t  550°C w a s  applied i n  

1 and 50 see, respec t ive ly ,  t h e  minimum creep r a t e s  were l o m 6  and 
the  slowly loaded t e s t  was i n  t r u e  secondary creep a f t e r  6 h r  while t he  

quickly loaded specimen took 150 hr .  He found t h a t  specimens t e s t ed  a t  

400°C (0.37 Tm) were in sens i t i ve  t o  the  loading r a t e ,  while a t  500°C 
(0.42 T,) t he  e f f e c t  became apparent. 

requi res  " r e l a t i v e l y  high s t r e s s . "  Hodgson suggested: 

hr-'; 

He ind ica tes  t h a t  the  phenomenon 

". . . . that  t he  high creep rate phenomenon may be due t o  
a d i f fus ion  control led process. ... it i s  t e n t a t i v e l y  suggested 
t h a t  the  process may be due t o  s l i p  creep plus g ra in  boundary 
creep a r i s i n g  from continuous r e c r y s t a l l i z a t i o n  and/or grain 
boundary migration. I' 
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Base Metal 

We continued our s tud ie s  of t h e  creep rupture  proper t ies  of t h e  base 

metals a t  56.5"C. 
began t e s t s  on the  standard Croloy p l a t e .  

Table 9.10. 

rupture  data for  a standard Croloy (3/4 i n .  bar) taken from Smith's  

c o t r ~ p i l a t i o n ~ ~  i s  a l s o  included. 

I n  addi t ion t o  the  th ree  modified carbon s t e e l s ,  we a l s o  

The r e s u l t s  t o  date a r e  i n  

S t ress - rupture  curves a re  shown i n  Fig. 9.21 where t h e  creep- 

15G. V. Smith, An JWaluation of the  Elevated Temperature Tensi le  and 
Creep-Rupture Proper t ies  of 2-1/4% C r l $  Mo S t e e l ,  t o  be published. 

Table 9.10. Creep Propert ies  of >1/4% C r l %  Mo Base Metal 
a t  565°C (1050°F)" 

Carbon, S t r e s s  
w t $  ( p s i )  

Reduction 
i n  Area S t r a i n  Rupture 

Life  
( %I ( %I ( h r )  

0.003 25,000 5.6 28.7 87.3 
25 , OOOb 1.9 42.5 90.7 
22, 5OOb 8.7 47.5 84.1 
20,000; 48.7 26.0 90.3 
20,000 59.6 25.3 91.2 
15 , 000 429.2 33.5 91.0 
12,500 797.7 38.0 90.4 

0.035 

0.110 

25,O0Ob 10.1 53.9 90.3 
20, 0OOb 424.1 42.2 89.2 
20,000 214.5 56.7 83.8 
1 7 , 0 O O c  > 298 

50, OOOb 0.2 22.5 86.7 
45 , 000 1.3 30.0 87.8 
35, OOOb 32.4 31.2 83.9 
35,000 25.0 35.0 87.0 
30, OOOb 194.5 31.3 78.8 
25,000 435.9 30.1 71.2 
20, ooob 2519.5 18.5 33.9 

0.135 30,000 362.1 19.5 37.8 
(Standard) 

a A l l  specimens were normalized f o r  1 h r  a t  927°C (1700°F) then 
tempered for  1 h r  a t  7 0 4 ° C  (1300°F). 

C bStep loaded. T e s t  i n  progress.  
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A study of the  d u c t i l i t y  da t a  given i n  Table 9.10 shows t h e  r e s u l t s  

t o  be similar t o  those found for t he  welds: t h e  high carbon specimens 

loaded t o  the  lower s t r e s s e s  showed decreased d u c t i l i t y ;  note a l so  t h e  

lower d u c t i l i t y  f o r  t he  one standard Croloy specimen t e s t ed .  

Although the  base metal specimens were t e s t ed  on lever-arm machines, 

t he  method of loading varied.  Some machines contain e leva tors  t h a t  allow 

the  loaded weight pans t o  be smoothly and quickly lowered (loading i s  

complete i n  a f e w  seconds). 

could take up t o  a minute), 
noted; a l l  o thers  were elevator  loaded. 
cussed above was j u s t  recent ly  found, no t e s t s  s p e c i f i c a l l y  designed t o  

study the  loading e f f e c t  have ye t  been completed. 

l imited r e s u l t s  of Table 9.10, t he re  are indica t ions  t h a t  t h e  e f f e c t  i s  
present i n  the  base metal t e s t s .  

Some t e s t s  were s t e p  loaded (such loading 

I n  Table 9.10 t h e  step-loaded specimens a re  
Since the  loading e f f e c t  d i s -  

Nevertheless, from the  

The repeated tests of Table 9.10 were repeated because t h e  first tes t  
f a i l e d  near t h e  end of t he  gage length.  

ruptures were caused by the  s e t  screws of the  extensometers being too  

t i g h t . )  

t he  rupture times should correspond qui te  w e l l  t o  those observed for a 
center  rupture.  

p s i  shows t h a t  t h e  step-loaded specimen f a i l e d  almost four times as f a s t  

as t h e  e leva tor  loaded specimen. 
step-loaded 0.11% C specimen t e s t ed  at 50,000 p s i  i s  compared with a 

value extrapolated from t h e  curve of Fig. 9.20, a f a c t o r  of 10 d i f fe rence  
i s  detected.  

show e s s e n t i a l l y  no change. 

the  elevator-loaded specimen. 

( W e  now fee l  t h a t  these  end 

Although t h e  end rupture may cause an e r r o r  i n  t h e  s t r a i n  data, 

Comparison of the  two 0.003% C specimens loaded t o  25,000 

Likewise, i f  t h e  rupture  t i m e  of t h e  

However, t h e  two 0.11% C specimens t e s t ed  a t  35,000 p s i  
Indeed, t he  step-loaded specimen out las ted  

Tentat ively we conclude t h a t  t h e  e f f e c t  of loading is  s t r e s s  de- 

pendent as Hodgson16 has indicated,  and we plan t e s t s  designed t o  f u r t h e r  

document t h e  nature of t h i s  e f f ec t .  

16B.J.R. Hodgson, The Effec t  of Pre-Strain and Pre-Strain Rate on 
t h e  Creep Behavior of 1 Cr-Mo-V S tee l ,  RD/B/N1139 (Sept.  1968). 
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10. DEVELOPMENT OF URANIUM MONONITRIDE FUELS 

J. L .  Scot t  P. Pa t r i a rca  

The objec t ive  of t h e  ORPJL program f o r  i r r a d i a t i o n  t e s t i n g  of 

uranium mononitride (UN) i s  t o  obtain bas ic  information on f u e l  swelling, 

f iss ion-gas re lease ,  and compatibi l i ty  with cladding mater ia l s  a t  f'uel 

temperatures from 1000 t o  15OO0C, cladding outs ide surface temperatures 

of 900 t o  l4OO0C, and l i n e a r  heat ra t ings  of 5 t:, 1 0  kW/ft. 

descr ip t ions  of our capsule design' and previous t e s t  r e su l t s2 ,  3 ~ 4  have 

been reported.  

Detai led 

Thermal Simulation Tests  

E. J. Manthos 

The e ight  thermal simulation f u e l  pins  for capsules UN-4, -5, 
and -6 described previously5 were t r ans fe r r ed  t o  t h e  Materials Compati- 

b i l i t y  group f o r  simulation exposure a t  temperatures comparable t o  those 

i n  the ORR. 

a t  a cladding temperature of 1000°C on a 12-day isothermal hold cycle. 

The UN-6 simulation pins  w i l l  a l s o  be maintained on a 12-day isothermal 

hold cycle;  however, t h e  cladding temperatures w i l l  be 850°C f o r  the  

f irst  1500 h r  and 1000°C f o r  t h e  remaining 6500 h r .  

conducted i n  vacuum. 

The UN-4 and -5 simulation f u e l p b s  w i l l  be maintained 

A l l  t e s t s  w i l l  be 

'V. A.  DeCarlo, F. R. McQuilkin, R.  L .  Senn, K.  R .  Thorns, and 
S. C .  Weaver, 

2T. N. Washburn, D .  R. Cuneo, and E. L .  Long, Jr., " I r r ad ia t ion  
Performance of Uranium N i t r i d e  a t  15OO0C, 
(1971). 

Am. Ceram. SOC. Bull. 50, 427 - 

3T. N .  Washburn, K .  R. Thgms, S. C .  Weaver, D .  R .  Cuneo, and 
E .  L .  Long, Jr., "Examination O f  UN-Fueled Pins I r r ad ia t ed  a t  1400°C 
Cladding Temperature,'' Trans. Am. Nucl. SOC. - 13, 101 (1971). - 

'S. C .  Weaver, K .  R .  Thgms, and V.  A .  DeCarlO, " I r r a d i a t i m  Testing 
gf  UN i n  ORR," Trans. Am. Nucl. SOC. - 12, 547 (1969). - 

5B.  F le i scher ,  K .  R. Thgms, and T .  N .  Washburn, Fuels and Materials 
DevelDpment Program Quart .  Prggr.  Rept. September 30, 1971, ORNL-3550, 
pp. 209-211. 
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Operation of Capsules 

B. F le i scher ,  K. R.  T. N. Washburn, and V. J. Tennery 

- UN-4. This capsule was i n s t a l l e d  i n  t h e  ORR on February 9, 1971, 

and has been operating 6101 hr above 800°C cladding temperature a s  of 

December 14, 1971. 
We have continued t o  con t ro l  t he  capsule a t  10.2 kW/ft based 

on calorimeter measurements. 

couples a re  now unre l i ab le .  

Four out of s i x  of  t he  cladding thermo- 

UN-5. This capsule was i n s t a l l e d  i n  t h e  ORR on March 1, 1971, 

and has operated 5643 hr  above 800°C cladding temperature a s  of 

December 14, 1971. 
The burnup and time averaged cladding temperature and heat generation 

r a t e s  a re  presented i n  Table 10.1 f o r  operation through 5150 h r  of 

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

6React3r DivisiDn 

Table 10.1 Average Operating Conditions and Estimated 
Fuel Burnup f9r the  Three Fuel  Pins of Capsule UN-5 

After 5150 Hours of I r r a d i a t i o n  

Average Heat 
Fuel F in  Average Cladding Genera t i on Estimated Burnup 

Temperature Rate (Q F M )  
( "C)  (kW/ft) 

TOP 984 

M i  dd l e  989 

Bottom 95 0 

10.2 

9.9 

10.4 

1.45 

1.41 

1.48 
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UN-6. Capsule UN-6 was i n s t a l l e d  i n  t h e  OFB on August 3, 1971, 

and has operated 2691 h r  above 800°C as  of December 14, 1971. 

An extensive ana lys i s  of t h e  capsule data  revealed t h a t  gamma 

heating was contr ibut ing a l a r g e r  than expected proportion of t he  heat  

generated. 

gamma heat  r a the r  than 9% used previously showed good cor re la t ion  

between measured and predicted cladding temperatures. To achieve 

increased cladding temperature without r a i s i n g  t h e  heat r a t i n g  of t h e  

f u e l  element we subs t i t u t ed  argon f o r  helium i n  the  secondary gas gap. 

Consequently, we a re  no longer operating t h e  capsule using a l i m i t  

of 1030°C on t h e  top  f u e l  element cladding temperature and 1000°C on the  

bottom element. The average operating conditions f o r  t he  previous 

and present  mode of operation a re  presented i n  Table 10.2 along wi th  the  

estimated burnup values.  

Correct ion of t he  calor imeter  ca l ib ra t ion  curves f o r  22% 

. 



Table 10.2. Average Operating Conditions and Estimated Fuel  Burnup for t h e  
Three Fuel  Pins of Capsule UN-6 After 2120 Hours of I r r a d i a t i o n  

Period from 1550 t o  2120 Hr Estimated 
Average Average Heat Average Averate Heat Burnup 
Cladding Generation Rate Cladding Generation Rate ( 4  FIMA) 

Fuel  Pin Period Covering F i r s t  1550 H r  

Temperature (kW/ft 1 Temperature (kW/ft ) 
("C) ("C) 

TOP 86 0 4.1 980 4.5 0.37 

Middle 845 4.6 938 4.8 0.40 

Bottom 887 5 .1  975 5.4 0.45 

N 
c. 
0 

. 1 
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11. TUNGSTEN METALLURGY 

A. C .  Schaf fhauser  

The o b j e c t i v e  of t h i s  program is  t o  p r o v i d e  t h e  b a s e  technology 

on t u n g s t e n  materials f o r  advanced space  power a p p l i c a t i o n s .  We 

are developing  f a b r i c a t i o n  p r o c e s s e s  f o r  t u n g s t e n  a l l o y s  based on 

chemical  vapor  d e p o s i t i o n  (CVD) and high-temperature  e x t r u s i o n  techniques .  

S i n c e  a primary c r i t e r i o n  f o r  u s e  of t u n g s t e n  materials f o r  f u e l  

c ladding  is  based on t h e  c r e e p  p r o p e r t i e s ,  w e  are conduct ing e x t e n s i v e  

long-time tests a t  t h e  tempera tures  of i n t e r e s t  and de termining  

t h e  mechanisms t h a t  c o n t r o l  c r e e p  behavior .  The e f f e c t s  of decomposi t ion 

products  from a r e a c t o r  f u e l  on c r e e p  p r o p e r t i e s  are  be ing  determined.  

We are a l s o  e v a l u a t i n g  t h e  e f f e c t s  of high-temperature  f a s t - n e u t r o n  

i r r a d i a t i o n  on t h e  s t r u c t u r e  and p h y s i c a l  p r o p e r t i e s  of t u n g s t e n  

a l l o y s .  

Creep P r o p e r t i e s  of Tungsten Materials 

J .  0. S t i e g l e r  H.  E .  McCoy 

V a r i a t i o n s  i n  The Creep P r o p e r t i e s  of F l u o r i d e  CVD Tungsten 

Previous  work' h a s  shown t h a t  t h e  e l e v a t e d  tempera ture  c r e e p  proper-  

t i e s  of  CVD t u n g s t e n  d e p o s i t e d  from WF6 d i s p l a y  s t r o n g  v a r i a b i l i t y  fxom 

b a t c h  to b a t c h  and tha t  a rough c o r r e l a t i o n  can be m a d e  between creep 

p r o p e r t i e s  and f l u o r i n e  c o n t e n t .  

more e x h i b i t  r e l a t i v e l y  h i g h  c r e e p  s t r e n g t h s  and r u p t u r e  l ives  b u t  

g e n e r a l l y  have s i g n i f i c a n t l y  lower f r a c t u r e  s t r a i n s  t h a n  d e p o s i t s  con- 

t a i n i n g  7 ppm F o r  less. T y p i c a l  p r o p e r t i e s  of d e p o s i t s  c o n t a i n i n g  

1 7  and 7 ppm F are  g iven  i n  Table  11.1. 

Depos i t s  c o n t a i n i n g  9 ppm F o r  

H. E. McCoy, F u e l s  and Materials Development Program Quart .  Progr .  1 

Rept. September 30, 1971, ORNL-TM-3550, pp. 2 1 6 2 1 9 .  
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Table 11.1 Creep Proper t ies  of CVD Tungsten a t  1650°C 

Minimum 

Rate 
(%/hr) 

Fluorine Rupture Fracture  S t r e s s  Creep Content L i f e  S t r a i n  
(%> 

Lot 

(hr) No. (Psi)  (PPm) 

WF-1 1 7  10,000 6.5 0.18 1 . 7  

WF-1 17 5,000 172.0 0.015 1.5 
WF-1 17 3,500 740.1 0.005 30.9 

WF- 6 7 10,000 1.0 8.6 45.6 
WF- 6 7 5,000 108.8 0.16 28.8 

WF- 6 7 3,000 743.5a 0.0054 4.5a 

WF- 6 7 2,250 1407. 4a 0.0011 

a Discontinued 

An e lec t ron  microscopy study w a s  undertaken t o  determine reasons 

f o r  the abrupt change i n  proper t ies  wi th  f l u o r i n e  content and t o  under- 

stand t h e  reduced f r a c t u r e  s t r a i n s  and increased rupture  l i v e s  of t h e  

higher f l u o r i n e  content material. This lat ter poin t  is somewhat 

surpr i s ing  s ince  these  materials genera l ly  f a i l  by t h e  growth and l ink ing  

of gas bubbles on t h e  g ra in  boundaries.2 
expected t o  resu l t  i n  a sho r t e r  rup ture  l i f e  i n  opposi t ion t o  the  

experimental f inding.  

A higher gas  content would be 

Electron fractography w a s  used t o  examine the  loca t ion  and morphology 
of t he  gas bubbles. Specimens t h a t  had been creep t e s t ed  w e r e  f rac tured  

a t  room temperature where t h e  b r i t t l e  cracks genera l ly  ran  along t h e  
g ra in  boundaries and exposed t h e  bubbles and c a v i t i e s  formed a t  high 

temperatures f o r  examination. These low temperature f r a c t u r e  sur faces  

were r ep l i ca t ed  f o r  examination i n  t h e  e lec t ron  microscope. 

2H. E. McCoy and J. 0. S t i eg le r ,  "Mechanical Behavior of CVD Tungsten 
a t  Elevated Temperatures," pp. 391-425 i n  Proceedings of t h e  Conference 
on Chemical Vapor Deposition of Refractory Metals, Alloys and Compounds, 
ed. by A. C. Schaffhauser, American Nuclear Society,  Hinsdale, Ill., 1967. 
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G a s  b u b b l e s  w e r e  p r e s e n t  on v i r t u a l l y  a l l  boundar ies  of b o t h  t h e  

The number of bubbles  w a s  s l i g h t l y  low and h i g h  f l u o r i n e  materials. 

g r e a t e r  i n  t h e  h igh  f l u o r i n e  material. G r a i n  s i z e s  were up t o  a f a c t o r  

of 2 l a r g e r  i n  t h e  low f l u o r i n e  material. There were s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  morphologies  of t h e  g r a i n  boundary cavi t ies  i n  t h e  

two classes of  CVD t u n g s t e n .  

10,000 p s i  t h e  cav i t ies  i n  t h e  h i g h  f l u o r i n e  material were g e n e r a l l y  

equiaxed w h i l e  t h o s e  i n  t h e  low f l u o r i n e  material had t h e  f l a t ,  non- 

c r y s t a l l o g r a p h i c  amoeboid appearance  u s u a l l y  a s s o c i a t e d  w i t h  h i g h  stresses 

o r  low tes t  tempera tures .3  The d i f f e r e n c e s  i n  appearance  are  i l l u s t r a t e d  

i n  Fig.  11.1. I n  t h e  low f l u o r i n e  material  [Fig.  l l . l ( b ) ]  t h e  c a v i t i e s  

e v i d e n t l y  grew r a p i d l y  a l o n g  t h e  s u r f a c e  of t h e  g r a i n  boundary i n  

p r e f e r e n t i a l  d i r e c t i o n s .  Frequent  merger and c o a l e s c e n c e  occurred .  I n  

t h e  h i g h  f l u o r i n e  material  [F ig .  l l . l ( a ) ]  growth w a s  s lower ,  non- 

p r e f e r e n t i a l  i n  d i r e c t i o n ,  and t h e  cav i t ies  r e t a i n e d  equiaxed shapes.  

Consequently,  mergers  were c o n s i d e r a b l y  rarer. A t  v e r y  low stresses, 

3000 p s i  a t  165OoC, t h e  cav i t ies  i n  t h e  low f l u o r i n e  material were 

equiaxed b u t  r e l a t i v e l y  wide ly  spaced,  e v i d e n t l y  because  of e x t e n s i v e  

g r a i n  growth. 

For tests a t  1650°C and a t  5,000 and 

These o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  g r a i n s  are  r e l a t i v e l y  h a r d e r  

i n  t h e  h i g h  f l u o r i n e  material  t h e r e b y  making d i s l o c a t i o n  motion more 

d i f f i c u l t  and reducing  t h e  minimum c r e e p  rate. The c a v i t i e s  probably  

grow by a c c e p t i n g  v a c a n c i e s  from t h e  g r a i n  boundary and consequent ly  

expand s lowly  i n  a n  equiaxed morphology. 

however, t h e  deformat ion  p r o c e s s e s  w i t h i n  t h e  g r a i n s ,  p o s s i b l y  accompanied 

by g r a i n  boundary s l i d i n g ,  augmented t h e  c a v i t y  growth and changed t h e  

c a v i t y  morphology. 

3J. 0. S t i e g l e r ,  K. F a r r e l l ,  B.T.M. Loh, and H. E. McCoy, "Nature  

I n  t h e  low f l u o r i n e  material, 

S i m i l a r  b e h a v i o r  h a s  been found4 i n  i r r a d i a t e d  

of Creep Cavities i n  Tungsten," ASM Trans.  Q u a r t .  60, 494 (1967). 

4 J. 0. S t i e g l e r ,  unpubl ished d a t a .  
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t u n g s t e n  where t h e  c r e e p  rate is reduced by s o l u t i o n  hardening  from 

transmutat ion-produced rhenium and osmium atoms. I n  t h a t  case, as t h e  

n e u t r o n  f l u e n c e  i n c r e a s e d ,  t h e  minimum c r e e p  ra te  d e c r e a s e d  and t h e  

c a v i t i e s  changed from t h e  f l a t  t o  equiaxed morphology a t  c o n s t a n t  stress 

and temperature .  I n  t h e  case of t h e  low f l u o r i n e  CVD t u n g s t e n  t h e  more 

r a p i d  l i n k i n g  of t h e  cav i t ies  caused by t h e i r  f l a t  growth mode l e a d s  t o  

a s h o r t e r  r u p t u r e  l i f e  b u t  t h e  enhanced deformat ion  w i t h i n  t h e  g r a i n s  

a l l o w s  t h e  material t o  undergo a g r e a t e r  e l o n g a t i o n  b e f o r e  f r a c t u r e .  

A t  v e r y  low stresses t h e  e l o n g a t i o n  i n  b o t h  classes of  material 

o c c u r s  by c a v i t y  growth. T h e r e f o r e ,  g r e a t e r  e l o n g a t i o n s  are  o b t a i n e d  i n  

t h e  h i g h  f l u o r i n e  material because o f  a h i g h e r  bubble  c o n c e n t r a t i o n  and 

a smaller g r a i n  s i z e .  The l a r g e  e l o n g a t i o n  g i v e n  i n  T a b l e  11.1 f o r  t h e  

d e p o s i t  c o n t a i n i n g  1 7  ppm F t e s t e d  a t  3500 p s i  i s  somewhat m i s l e a d i n g  

because  much of t h i s  e l o n g a t i o n  occurred  l a t e  i n  t h e  t es t  through 

t h e  opening of c r a c k s  formed by t h e  l i n k i n g  of  t h e  bubbles .  

Although a c o r r e l a t i o n  can be made between c r e e p  p r o p e r t i e s  and 

f l u o r i n e  c o n t e n t ,  i t  is  n o t  t o t a l l y  clear t h a t  t h e r e  i s  a d i r e c t  r e l a t i o n -  

s h i p .  A s  s t a t e d  above, t h e  p r i n c i p a l  d i f f e r e n c e  between t h e  two classes 

of CVD t u n g s t e n  is t h a t  t h e  g r a i n s  of t h e  h i g h  f l u o r i n e  material are  

h a r d e r  and more r e s i s t a n t  t o  d i s l o c a t i o n  motion. T h i s  could  a r i se  from 

a f i n e  d i s t r i b u t i o n  of s m a l l  gas  bubbles  w i t h i n  t h e  g r a i n s .  A l t e r n a t i v e l y  

i t  could b e  a s o l u t i o n  hardening  e f f e c t  from some o t h e r  i m p u r i t y  i n t r o -  

duced d u r i n g  t h e  d e p o s i t i o n .  T h i s  q u e s t i o n  i s  c u r r e n t l y  under i n v e s t i -  

g a t  ion .  

It is clear t h a t  t h e  c r e e p  p r o p e r t i e s  of CVD t u n g s t e n  can b e  v a r i e d  

o v e r  a wide r a n g e  through manipula t ion  of t h e  d e p o s i t i o n  parameters .  

S e r v i c e  requi rements  should  d i c t a t e  t h e  parameters  t o  b e  used f o r  a 

p a r t i c u l a r  a p p l i c a t i o n .  I f  a r i g i d  s t r u c t u r e  is r e q u i r e d ,  t h e  h igh  

f l u o r i n e  material  would b e  s a t i s f a c t o r y ,  b u t  if t h e  s t r u c t u r e  must 

deform t o  accommodate stresses d u r i n g  service t h e  low f l u o r i n e  mater ia l  

would be p r e f e r a b l e .  

8 



Creep of Duplex Deposits of CVD Tungsten 

Creep  tests have a l so  been conducted on some duplex depos i t s  of CVD 

tungsten supplied by Gulf General Atomic. Specimens w e r e  made from shee t s  

i n  which about three-quarters of t he  thickness  had been deposited from WF6 
and t h e  remainder from W C 1 6 .  The microstructure  of t he  as-received 

material  is  shown i n  Fig. 11.2. Chemical ana lys i s  showed t h a t  t h e  

f luo r ide  p a r t  of t he  deposi t  contained about 16 ppm F, which 

places i t  i n  the  high f luo r ine  category with respec t  t o  creep proper t ies .  

Test r e s u l t s  given i n  Table 11.2 show, however, t h a t  t h e  duplex 

material does not  f i t  i n t o  the  grouping of creep proper t ies  f o r  f l u o r i d e  

deposi ts  discussed above. 
creep r a t e  w a s  t h a t  t o  be expected from t h e  high f l u o r i n e  content  mater ia l ,  

but  the  f r a c t u r e  s t r a i n  s i g n i f i c a n t l y  exceeded t h a t  f o r  t he  low f l u o r i n e  

material. 

longer than f o r  any of t he  f l u o r i d e  deposi ts .  

1650OC the  duplex material combines the  bes t  creep p rope r t i e s  of t he  

var ious f luo r ide  materials with an except ional ly  long rupture  l i f e .  

I n  a test  a t  5000 p s i  a t  165OoC t h e  minimm 

I n  addi t ion ,  t h e  rupture  l i f e  w a s  almost an order  of magnitude 

For tests a t  5000 p s i  a t  

Metallographic examination suggested some reasons f o r  t h i s  unusual 

combination of propert ies .  Following t h e  test t h e  i n i t i a l l y  f l a t  gage 

length of t h e  specimen w a s  curved and i n  c ros s  sec t ion  resembled a 

quadrant of a piece of tubing as i l l u s t r a t e d  i n  t h e  scanning e lec t ron  

micrograph shown i n  Fig. 11.3. The f l u o r i d e  deposi t ,  which w a s  d u l l  i n  

appearance and showed numerous in te rgranular  cracks,  provided t h e  outer  

diameter of t h e  curved piece while  t h e  ch lo r ide  deposi t ,  which appeared 

br ight  and r e l a t i v e l y  f r e e  of g ra in  boundary cracks,  made up the  inner  

diameter. A c ross  sec t ion  of t he  specimen (Fig. 11.4) shows t h e  extensive 

g ra in  boundary separa t ion  i n  the  f l u o r i d e  port ion of t h e  material. 

Extensive g r a i n  growth occurred i n  t h e  ch lor ide  deposi t ,  but  l i t t l e  w a s  

evident i n  the  f luo r ide  p a r t  of t h e  specimen. 

The reason f o r  t h e  exceptional creep proper t ies  and t h e  unusual 

morphology of t he  t e s t ed  specimen is  tha t  the  elongat ion occurred by 

d i s t i n c t l y  d i f f e r e n t  mechanisms i n  t h e  two p a r t s  of t h e  deposi t .  I n  t h e  

ch lor ide  pa r t  d i s loca t ion  motion w a s  t h e  p r inc ipa l  deformation mode. 

This w a s  accompanied by the  usual  reduct ion i n  area. On t h e  f l u o r i d e  
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Fig. 11.3. Scanning Electron Micrograph I l l u s t r a t i n g  Curvature 
of the Gage Sec t ion  of a Duplex CVD Deposit Tested a t  5000 p s i  at  1650OC. 
The f r a c t u r e  su r face  shown on t h i s  micrograph w a s  obtained by breaking 
the  specimen a t  room temperature following the  tes t .  The f luo r ide  p a r t  
of t h e  deposi t  f a i l e d  in te rgranular ly  and showed a h igh  concentration 
of equiaxed cavities (Fig. 11.5) i n  addi t ion  t o  cracks. The chlor ide 
p a r t  of the deposi t  had a very l a rge  gra in  s i z e  and f a i l e d  by cleavage. 
Micrograph courtesy of L. D. Hu le t t ,  ORNL Analy t ica l  Chemistry Division. 

pa r t  l i t t l e  d i s loca t ion  motion occurred and elongat ion occurred mainly 

by the  growth of equiaxed g ra in  boundary cavi t ies  as shown i n  Fig. 11.5. 
This type of elongation is  not accompanied by any s i g n i f i c a n t  reduct ion 

i n  area. 

with reduct ion i n  area on one s i d e  of t he  specimen and elongat ion without 

i t  on the  other .  

The curvature  of t h e  creep specimen r e s u l t s  from elongat ion 

Normally a f luo r ide  deposi t  of t h i s  type  would have f a i l e d  i n  a 

small f r a c t i o n  of t h e  rupture  l i f e  t h a t  w a s  observed. Evidently t h e  
ch lor ide  pa r t  of t he  deposi t  supported enough of t h e  load t o  prevent 
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Fig. 11.5. Electron Fractograph I l l u s t r a t i n g  Equiaxed Creep CavttSes 
i n  Fluoride P a r t  of Duplex CVD Deposit Tested a t  5000 p s i  a t  165OOC. 

ea r ly  l ink ing  of t h e  c a v i t i e s  i n t o  l a r g e  cracks.  A t  t h e  same time t h e  
rate of elongation w a s  governed by t h e  slower of t h e  deformation processes,  

cav i ty  growth, and the  composite material displayed a creep s t r eng th  

equivalent t o  t h a t  of a f luo r ide  deposi t  having a high f l u o r i n e  content.  

Whether t h e  elongation of t h e  duplex depos i t  is use fu l  because of t h e  
d i s t o r t i o n  accompanying the  d i f f e r e n t  deformation modes depends on t h e  

s p e c i f i c  appl icat ion.  
A t  t h e  higher  stress, 7000 ps i ,  t h e  p rope r t i e s  of t he  duplex material 

w e r e  not except ional  and resembled those of f l u o r i d e  depos i t s  wi th  the  

poss ib le  exception t h a t  t h e  elongation w a s  s l i g h t l y  higher.  T h i s  stress 

level w a s  high enough t h a t  t h e  creep cavities i n  t h e  f l u o r i d e  p a r t  of 

t h e  depos i t  showed t h e  f l a t  d i r e c t i o n a l  growth mode (Fig. 11.6). This  

growth behavior caused ea r ly  l ink ing  i n t o  cracks and subsequent f a i l u r e  

before  extensive elongation could occur. 

would b e  expected t o  occur only a t  stresses low enough that t h e  slow, 

The except ional  creep p rope r t i e s  

equiaxed cav i ty  growth occurs i n  t h e  f l u o r i d e  deposi t .  

t h i s  appears t o  depend on t h e  f l u o r i n e  content.  

caution should be used i n  ex t rapola t ing  these  r e s u l t s  t o  o the r  deposi ts .  

A s  discussed above, 

A s  a r e s u l t ,  some 
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Fig. 11.6. Electron Practograph Showing Merger of F l a t  Creep 
Cavities i n  Fluoride P a r t  of Duplex CVD Deposit Tested a t  7000 p s i  a t  
1650'C. 

Low-Stress Creep T e s t s  on CVD Tungsten 

W e  are exfending the  creep da ta  on CVD tungsten t o  lower stresses 

producing 1% s t r a i n  i n  1000 t o  10,000 h r  t o  provide design da ta  needed 

f o r  t he  thermionic reac tor  program. A test  matr ix  l i s t i n g  the  materials 
and test  condi t ions i s  given i n  Table 11.3. Five u l t rah igh  vacuum creep 
machines with provision f o r  o p t i c a l  s t r a i n  measurement are being used a t  

O W .  

w i l l  be  used i n  a cooperative t e s t i n g  program t o  accelerate acquis i t ion  

of data.  

t e s t i n g  of specimens t o  gain g rea t e r  r e l i a b i l i t y  i n  t h e  data.  

Similar  equipment ava i l ab le  through NASA-Lewis Research Center 

This cooperative t e s t i n g  program w i l l  a l s o  provide dupl ica te  

The major emphasis is on duplex depos i t s  of CVD tungsten (described 

i n  t h e  preceding sect ion)  which is the  reference material f o r  thermionic 

f u e l  elements. Tubular depos i t s  of t h i s  material, 1 in .  sq. by 4 in .  long, 

are being supplied by Gulf General Atomic (GGA). 
supply four  sheet-type creep specimens 0.040 in .  t h i ck  with t h e  thickness  

Each depos i t  w i l l  
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Table 11.3 T e s t  Matrix f o r  Low-Stress Creep Tests 
on Tungsten and Tungsten Alloys 

Material 
T e s t  S t r e s s ,  p s i ,  a t  

Indicated T e s t  Temperature 
1650°C 1 5 O O 0 C  1800°C 

Duplex CVD 
5-10 ppm F 

Fluoride CVD 
15-20 ppm F 

W and W-5% R e  
A r c  Melted 

W2% ThOz 
Powder Metallurgy 

2250 
1 5 O O a  
1000 

500 

2250 
1500 
1000 

2000 
1000 

500 

3000 
2000 
1000 

20ooa 
1500 
1000 

2 500 
1500 
1000 

1500 
1000 

500 
300 

1500 
1000 

500 

1500 
1000 

500 

2000 
1000 

500 
~ ~~~ ~~ 

%plica te  specimens w i l l  be t e s t ed  by ORNL and NASA. 

of t h e  ch lor ide  CVD depos i t  being 0.012 in.  thick.  

deposited under conditions s imi l a r  t o  those used f o r  f ab r i ca t ing  emitters 

f o r  thermionic f u e l  element i r r a d i a t i o n  tests a t  GGA. 

being f u l l y  characterized f o r  f luo r ine  impurity content ,  microstructure,  

and response t o  heat  treatment t o  ensure the  consistency of t es t  materials. 

The material is  

Each deposit  is  

Based on our previous test r e s u l t s  on CVD tungsten w e  expect t h a t  

t h e  p r e t e s t  hea t  treatment w i l l  have a s i g n i f i c a n t  e f f e c t  on gas bubble 
formation i n  the g ra in  boundaries and thus the  creep p rope r t i e s  of t h i s  

material .5 The cu r ren t  f ab r i ca t ion  procedure f o r  emitters includes an 

5 H. E. McCoy and J. 0. S t i e g l e r ,  "Mechanical Behavior of CVD Tungsten 
a t  Elevated Temperatures," pp. 391-425 i n  Proceedings of t h e  Conference 
on Chemical Vapor Deposition of Refractory Metals, Alloys and Compounds, 
ed. by A. C. Schaffhauser, American Nuclear Society, Hinsdale, Ill . ,  1967. 
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o u t g a s s i n g  t r e a t m e n t  of 6 h r  a t  2000°C. W e  have  determined t h e  e f f e c t  

o f  t h i s  t r e a t m e n t  and an a l t e r n a t e  o u t g a s s i n g  t r e a t m e n t  of 20 h r  a t  

1800°C on g r a i n  boundary g a s  bubble  growth by e l e c t r o n  f r a c t o g r a p h y .  

The material used i n  t h i s  s t u d y  w a s  t h e  f i r s t  duplex  d e p o s i t  r e c e i v e d  

f o r  low-s t ress  c r e e p  t e s t i n g  ( d e p o s i t  GGA-D2). The d e p o s i t  c o n t a i n e d  

9 ppm F. 

Average bubble  c o n c e n t r a t i o n s  and s i z e s  are p r e s e n t e d  i n  T a b l e  11.4.  

A l l  o b s e r v a t i o n s  p e r t a i n  t o  t h e  f l u o r i d e  p a r t  o f  t h e  d e p o s i t ;  t h e  c h l o r i d e  

r e g i o n  f a i l e d  by c l e a v a g e  and no bubbles  w e r e  observed ,  i f  p r e s e n t .  

These f i g u r e s  may b e  somewhat m i s l e a d i n g ,  however, f o r  f e w  "average" 

areas were observed.  One of t h e  more uniform areas found i n  t h e  

specimen annea led  6 h r  a t  2000°C is  shown i n  Fig.  11.7(a) .  
of l a r g e r  than  a v e r a g e  bubbles  can be s e e n  a d j a c e n t  t o  small bubble- f ree  

r e g i o n s .  A more extreme case, Fig.  11.7(b) shows several l a r g e  bubble- 

f r e e  areas a long  w i t h  s t r i n g s  of bubbles ,  some of which l i e  a l o n g  a 

t r i p l e  g r a i n  j u n c t i o n  ( t h e  l i n e  formed a t  t h e  i n t e r s e c t i o n  of t h r e e  

g r a i n s ,  o f t e n  c a l l e d  t r i p l e  l i n e s  o r ,  i n  two-dimensional terminology 

t r i p l e  p o i n t s ) .  However, n o t  a l l  t r i p l e  l i n e s  were d e c o r a t e d  w i t h  

bubbles  as can  b e  s e e n  i n  Fig.  11.7(b).  

C l u s t e r s  

Probably  bubbles  formed 

T a b l e  11.4 Bubble S t a t i s t i c s  i n  Annealed CVD Duplex Tungsten 
( d e p o s i t  GGA-D2) 

Annealing 
Treatment  

C o n c e n t r a t i o n  
(Bubbles/cmz) 

Averag eo D i a m e  t er 
(A) 

Gra in  Boundary Bubbles 

20 h r  a t  1800°C 1.17 x i o 7  
6 h r  a t  2000°C 3.47 x i o 7  

Bubbles on T r i p l e  L i n e s  

20 h r  a t  1800°C 6.3 x i o 3  
6 hr a t  2000°C 6.7 x i o 3  

d 6 0 0  

2400 

2340 

3400 
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. 

Fig. 11.7. Grain Boundary Bubbles i n  the Fluorfde P a r t  o f  a Duplex 
CVD Tungsten Deposit. (a and b) 6 h r  a t  20OO0C. Cc and d) 20 hr  at 1800'C. 



2 55 

i n i t i a l l y  a l o n g  most t r i p l e  l i n e s ,  b u t  d u r i n g  f u r t h e r  a n n e a l i n g  many 

of t h e s e  l i n e s  m i g r a t e d  l e a v i n g  s t r i n g s  of bubbles  behind and forming 

bubble- f ree  segments of t r i p l e  l i n e .  I n  Fig.  11.7(b) p a r t  of a l i n e  

e v i d e n t l y  m i g r a t e d  s l i g h t l y .  The s t r i n g  o f  bubbles  above i t  extends  

from t h e  segment of  t h e  l i n e  d e c o r a t e d  by bubbles  and t h u s  probably 

marks t h e  i n i t i a l  p o s i t i o n  of t h e  l i n e .  Some of t h e  bubble- f ree  areas 

on two g r a i n  i n t e r f a c e s  may have r e s u l t e d  from m i g r a t i o n  of g r a i n  

boundar ies  a l t h o u g h  c o n v e n t i o n a l  r i p e n i n g  p r o c e s s e s  cannot  b e  r u l e d  

o u t .  

S i m i l a r  f e a t u r e s  w e r e  found i n  t h e  specimen annea led  20 h r  a t  1800°C 

[Fig.  11 .7(c) ] .  The bubbles  w e r e  s i g n i f i c a n t l y  smaller and were p r e s e n t  

i n  a somewhat lower c o n c e n t r a t i o n  t h a n  i n  t h e  specimen annea led  6 h r  

a t  2000°C. 

s e e n  i n  Fig.  1 1 , 7 ( d j .  I n  t h i s  case t h e  l i n e  i s  n o t  c l o s e  t o  b e i n g  

s t r a i g h t ,  s u g g e s t i n g  t h a t  i t  may be pinned a t  p o i n t s  by bubbles  t o o  

s m a l l  t o  b e  seen .  

Some bubble- f ree  t r i p l e  l i n e s  w e r e  a l s o  observed as can b e  

Because of  t h e  s m a l l  s i z e  of t h e  bubbles  and t h e  p o s s i b i l i t y  t h a t  

many are n o t  b e i n g  r e s o l v e d ,  t h e  s t a t i s t i c s  g i v e n  i n  T a b l e  11.4 f o r  

t h e  specimen annea led  20 h r  a t  1800°C may b e  b i a s e d .  

85% of  t h e  bubbles  had d i a m e t e r s  less t h a n  about  1750 A and were grouped 

t o g e t h e r  i n  t h e  smallest  s i z e  i n t e r v a l  i n  our  count ing  ins t rument .  

t h a t  w e  can  say  a t  p r e s e n t  is  t h a t  t h e  a v e r a g e  d iameter  is  less t h a n  

a b o u t  1600 A. Likewise,  t h e  v a l u e  l i s t e d  f o r  t h e  bubble  c o n c e n t r a t i o n  

is  a lower estimate. S i n c e  t h e  measured c o n c e n t r a t i o n  w a s  h i g h e r  f o r  

t h e  a n n e a l i n g  t r e a t m e n t  a t  200O0C, it i s  l i k e l y  t h a t  w e  are n o t  

r e s o l v i n g  a l l  t h e  bubbles  f o r  t h e  1800°C annea l .  

I n  t h i s  specimen 
0 

A l l  

0 

The bubble  c o n c e n t r a t i o n s  w e r e  lower and s i z e s  smaller than  i n  

t h e  material s t u d i e d  p r e v i o u s l y  by F a r r e l l  e t  a1.6'7 

d i f f e r e n c e s  i n  d e p o s i t i o n  parameters  o r  f l u o r i n e  c o n t e n t .  
T h i s  l i k e l y  r e f l e c t s  

~ ~ 

6K. F a r r e l l ,  J. T .  Houston, and A. C. S c h a f f h a u s e r ,  "The Growth of 
Grain Boundary Gas Bubbles i n  Chemically Vapor Deposi ted Tungsten,"  
pp. 363-390 i n  Proceedings  of t h e  Conference on Chemical Vapor D e p o s i t i o n  
of R e f r a c t o r y  Metals, A l l o y s  and Compounds, ed.  by A. C. S c h a f f h a u s e r ,  
American Nuclear  S o c i e t y ,  Hinsda le ,  Ill . ,  1967. 

'A. Wolfenden and K. F a r r e l l ,  "Bubble Growth P r o c e s s e s  a t  Gra in  
Boundaries  i n  CVD Tungsten," J. Nucl. Mater. - - 29, 133  (1969). 
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Our p r e v i o u s  work h a s  i n d i c a t e d  t h a t  i n  c r e e p  tests a t  low stresses 

t h e s e  materials f a i l  by t h e  growth and l i n k i n g  of t h e s e  bubbles  t o  form 

c r a c k s .  " Unlimited growth of  a b u b b l e  o c c u r s  o n l y  i f  i t  exceeds some 

c r i t i c a l  r a d i u s  r = 0.77 y/o, where y i s  

t h e  s u r f a c e  t e n s i o n  shown t o  b e  about  2100 ergslcm' f o r  bubbles  i n  CVD 

t u n g s t e n  a t  1650°C. 

occur  i n  t h e  specimen annea led  20 h r  a t  1800°C a t  stresses of 2540 p s i  o r  

less. I n  t h e  specimen annea led  6 h r  a t  20OO0C t h e  c r i t i c a l  stress is 

about  1670 p s i .  

l a r g e  bubbles  a long  the t r i p l e  l i n e s  and p o s s i b l e  thermal-induced growth 

of l a r g e  b u b b l e s  a t  t h e  expense of t h e  smaller ones.  

r e l a t e d  t o  t h e  stress cr by r 
0 0 

10 Accordingly,  no s t r e s s - i n d u c e d  b u b b l e  growth w i l l  

T h i s  n e g l e c t s  s t r e s s - i n d u c e d  growth of  t h e  o c c a s i o n a l  

Another f a c t o r  i n f l u e n c i n g  t h e  c r e e p  p r o p e r t i e s  of t h i s  material  

i s  t h e  a p p a r e n t  s t r e n g t h e n i n g  of t h e  matrix b y  f l u o r i n e  i m p u r i t i e s  i n  

s o l u t i o n  o r  i n  t h e  form of ex t remely  f i n e  bubbles .  

t r e a t m e n t  would c a u s e  more of t h e  f l u o r i n e  i m p u r i t i e s  t o  p r e c i p i t a t e  i n  

l a r g e r  bubbles  t h u s  weakening t h e  matrix i n  a d d i t i o n  t o  growing l a r g e r  

g r a i n  boundary bubbles .  

t r e a t m e n t  f o r  emitters b e  l i m i t e d  t o  20 h r  a t  1800OC. T h i s  h e a t  t r e a t m e n t  

w i l l  b e  used as t h e  p r e t e s t  t r e a t m e n t  f o r  t h e  l o w - s t r e s s  c r e e p  test  

specimens.  

The h i g h e r  a n n e a l i n g  

Based on t h e s e  r e s u l t s  w e  recommend t h e  o u t g a s s i n g  

%. E. McCoy and J. 0. S t i e g l e r ,  "Mechanical Behavior  of CVD Tungsten 
a t  Elevated Temperatures ,"  pp. 391-425 i n  Proceedings  of t h e  Conference 
on Chemical Vapor D e p o s i t i o n  of R e f r a c t o r y  Metals, A l l o y s  and Compounds, 
ed.  by A .  C. S c h a f f h a u s e r ,  American Nuclear  S o c i e t y ,  H i n s d a l e ,  Ill., 1967. 

9J. 0. S t i e g l e r ,  K .  F a r r e l l ,  and H. E. McCoy, "Stress-Induced Growth 
of Gas Bubbles i n  S o l i d s , ' '  J. Nucl. Mater. - 25, 340 (1968). - 

J. 0. S t i e g l e r ,  unpubl i shed  d a t a .  10 
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E f f e c t  of  C a r b u r i z a t i o n  on t h e  Creep P r o p e r t i e s  
of Tungsten A l l o y s  

H. Inouye 

The c r e e p  p r o p e r t i e s  of 0.040-in.-diam W w i r e  are  b e i n g  

measured i n  low-pressure CHI, t o  s i m u l a t e  t h e  e f f e c t  of c a r b u r i z a t i o n  

by UC a t  thermionic  tempera tures .  P r e v i o u s l y ,  w e  r e p o r t e d  t h a t  CHI, 

lowers  b o t h  t h e  r u p t u r e  d u c t i l i t y  and t h e  r u p t u r e  l i f e  a t  1800°C b u t  

s t r e n g t h e n s  t u n g s t e n  a t  1650°C. 1 1  

During t h i s  p e r i o d ,  a series of c r e e p  tests were run  t o  de te rmine  

t h e  e f f e c t  of CH, p r e s s u r e  on t h e  c r e e p  p r o p e r t i e s .  T a b l e  11.5 summarizes 

t h e  r e s u l t s  of c r e e p  tests on t u n g s t e n  s t r e s s e d  t o  2000 p s i  a t  1650°C. 

A c o n s i d e r a b l e  amount of scat ter  i n  t h e  measured c r e e p  s t r a i n s  d u r i n g  

t h e  e a r l y  s t a g e s  of t h e  tests does n o t  permi t  any c o n c l u s i o n s  r e g a r d i n g  
t h e  e f f e c t  of t h e  CH, p r e s s u r e ;  however, f o r  c r e e p  s t r a i n s  of 1% o r  more, 

i t  is observed t h a t  t h e  t i m e  r e q u i r e d  t o  produce a g i v e n  s t r a i n  i n c r e a s e d  
and t h e  c r e e p  r a t e  decreased  as t h e  CHI, p r e s s u r e  i n c r e a s e d .  P o s t t e s t  

x-ray a n a l y s e s  showed W2C and W as t h e  phases  p r e s e n t  i n  t h e  specimen 

H. Inouye, F u e l s  and Materials Development Program Quart .  P r o g r .  1 1  

Rept. September 30, 1971, ORNL-TM-3550, pp. 222-223. 

T a b l e  11.5 E f f e c t  of CH4 P r e s s u r e  on Creep P r o p e r t i e s  of 
Tungsten S t r e s s e d  t o  2000 p s i  a t  1650°C 

P r e s s u r e  of T e s t a  T i m e  ( h r )  Minimum 
Environment T i m e  f o r  S t r a i n  of C r e e p  Rate 

( t o r r )  ( h r )  0.5% 1.0% 1.5% 2.0% ( i n .  / in . -  /hr- ' )  

3 x IO-' (vacuum) 959 75 188 292 385 5.0 x 

9 x (CH,) 1007 52 445 862 (1280) 1 .2  x 

3 x (CH,) 721 232 375 562 (750)b 2.6 x l om5  

a 

'Parentheses  i n d i c a t e  e x t r a p o l a t e d  v a l u e s .  

Discont inued  tests a t  i n d i c a t e d  t i m e s  w i t h o u t  r u p t u r e .  
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exposed t o  CH4.  

t o  3 x lo-' and 9 x lo-' t o r r  CH4,  r e s p e c t i v e l y .  The f a c t  t h a t  t h e  

carbon c o n t e n t  d i d  n o t  i n c r e a s e  w i t h  t h e  CH4 p r e s s u r e  s u g g e s t s  t h a t  

carbon d i f f u s i o n  through t h e  W2C is  c o n t r o l l i n g  the c a r b u r i z a t i o n  ra te .  

Analyses  showed 0.18 and 0.11% C f o r  specimens exposed 

E f f e c t  of Fast-Neutron I r r a d i a t i o n  on t h e  P r o p e r t i e s  o f  Tungsten A l l o y s  

F. W. Wiffen 

Our h i g h  tempera ture  t u n g s t e n  i r r a d i a t i o n  experiment  w a s  i n s e r t e d  

i n t o  EBR-I1 a t  t h e  beginning  of r u n  5 1 C  on September 1 9 ,  1971. The 

one p i n  experiment ,  d e s c r i b e d  p r e v i o u s l y ,  i s  l o c a t e d  i n  subassembly 

X136 a long  w i t h  two i n s u l a t o r  i r r a d i a t i o n  experiments  from Los Alamos 

S c i e n t i f i c  Labora tory  i n  t h e  7 C 1  p o s i t i o n  of EBR-11. 

The experiment  w i l l  b e  withdrawn a t  t h e  end of r u n  56 i n  l a t e  

March 1972 a f t e r  r e c e i v i n g  a n  exposure of 7100 MWd, producing a n  

e s t i m a t e d  peak f l u e n c e  of 8 x 10" neutrons/cm* (>0 .1  MeV). 

1 2  F. W. Wiffen and D. A .  Dysl in ,  F u e l s  and Materials Development 
Program Quart .  P r o g r .  Quart .  Progr .  Rept.  December 31, 1970, ORNL-TM-3300, 
p. 258. 
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12. PHYSICAL METALLURGY 

R. G. Donnelly 

OF IiEFRACTORY ALLOYS 

P. Pa t r i a r ca  

The purpose of t h i s  program i s  t o  provide a base technology evaluat ion 

of high-temperature materials f o r  use i n  space appl icat ions of  radioisotope 
thermoelectric generators (RTG' s ) .  
molybdenum a l loys  used as containment mater ia l s  for  

Emphasis i s  present ly  on tantalum and 

3 8 ~ 0 2 .  

Effect  of Oxygen Contamination on the  Mechanical Propert ies  of T - 1 1 1  

C. T. Liu 

The t e n s i l e  proper t ies  of 20-mil sheet specimens of T - 1 1 1  oxygen con- 

taminated a t  1000°C have been reported previously.' In  order t o  show the  
e f f e c t s  of specimen thickness and doping temperature, both 20- and 40-mil 

sheet specimens were doped with oxygen at 825°C and 1 x lom5 t o r r  oxygen 

pressure. The t e n s i l e  proper t ies  of these specimens a t  temperatures up t o  
1093°C (2000°F) are presented i n  Tables 12.1 and 12.2. 

general ly  increases  with amount of oxygen. 

room and elevated temperatures are plot ted,  respect ively,  i n  Figs. 12.1 and 

12.2 as a function o f  the amount of oxygen doped at 825 and 1000°C. 

room-temperature d u c t i l i t y  (Fig. 12.1) of T - 1 1 1  doped a t  1000°C decreases 

continuously with oxygen up t o  700 ppm. 
moderate decrease of d u c t i l i t y  at the  lower owgen l e v e l s  (200 t o  300 ppm) 
and a sharper decrease a t  higher l eve l s .  The d u c t i l i t y  i s  sens i t ive  t o  t h e  

specimen thickness;  t he  20-mil specimens can t o l e r a t e  about 100 ppm more 

oxygen than 40-mil specimens. 

(Fig. l2.2), t h e  d u c t i l i t y  keeps constant i n i t i a l l y  un t i l  a c r i t i c a l  

oxygen l e v e l  i s  reached. 

doping temperature and specimen thickness.  Beyond t h a t  leve l ,  the  

d u c t i l i t y  decreases continuously with oxygen content. 

The t e n s i l e  s t rength 

The d u c t i l i t i e s  obtained at  

The 

Doping a t  835°C causes only a 

When t e s t e d  at e levated temperatures 

The c r i t i c a l  oxygen l e v e l  va r i e s  with both the  

For a s t r a i n  of 5% 

'C. T. Liu and R. G. Donnelly, Fuels and Materials Development Program 
Quart .  Progr. Rept. September 30, 1971, ORNL-TM-3550, p. 224-227. 
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Table 12.1. Tensile Properties of 20-mil Sheet T - 1 1 1  
Specimens As-Doped with Various Levels of Oxygen a t  825°C 

~~ ~~ 

Oxygen Added Elongation Ultimate Tensile 
( P P I  (% 1 Strength (ps i )  

0 
302 
400 
641 
770 

0 
2 90 
375 
460 
565 
660 

6 80 

Room Temperature 

28 
19 
2 
1.3 
0.8 

825°C 

17.8 
15 
10.6 

8.5 
4.0 
2.0 

1093 " C 

0.5 

101,000 
111,000 
100,000 
125,000 
150,000 

69,000 
79,000 

83,000 
71,000 
70,000 

81,000 

77,000 

. 

the  T-111 can to l e ra t e  480 and 560 ppm, respectively, fo r  40- and 20-mil 

specimens doped a t  825"C, and 750 ppm a t  1000°C. 
also indicate t h a t  at  a given oxygen content, f o r  example, 350 ppm i n  
40-mil specimens, the  T-111 has higher d u c t i l i t y  a t  825°C (10%) than at  
room temperature (1.6%) o r  1093°C (2.5%). 
b r i t t l e  t r ans i t i on  temperature" for  oxygen-contaminated T-111; instead, 
there  i s  a "duc t i l i t y  maximum" tha t  for tui tously appears t o  occur near 

the heat source temperature of 825°C. 

Tables 12.1 and 12.2 
I 

Thus, there i s  no "ductile-to- 

The fracture  process i n  the oxygen-contaminated specimens was 

examined during a room-temperature t ens i l e  t e s t .  
were observed t o  form f i rs t  on the edges and surfaces which contain a 

higher l eve l  of oxygen and are  therefore more b r i t t l e .  
o f  these cracks, once present, through the duct i le  core causes the low 

d u c t i l i t y  of the specimens t e s t ed  a t  room temperature and 1093°C. 

The macroscopic cracks 

The propagation 

However, 
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Table 12.2. Tensile Properties of 40-mil Sheet T - 1 1 1  
Specimens As-Doped with Various Levels of Oxygen a t  825°C 

Oxygen Added Elongation Ultimate Tensile 
(PPd (%) Strength ( p s i )  

Room Temperature 

162 
215 
300 
391 

140 
296 
389 
5 10 

25.5 
20.5 
1.6 
0.5 

825°C 

18 
10.2 
7.5 
4.2 

1093°C 

99,500 
106,000 
96,000 
114,000 

64,000 
66,000 
63,000 
69,000 

306 2.5 51,000 
3 30 2.4 5 1,000 

the  edge and surface cracks do not propagate as eas i ly  when t e s t ed  a t  825°C; 
consequently, numerous cracks were observed on the  f rac ture  specimen as 
shown i n  Fig. 12.3b. 

temperature and 1093°C (Fig. 12.3a and 1 2 . 3 ~ ) .  

thickness have a b ig  e f f ec t  on the  propert ies  of oxygen-contaminated T-111.  

It i s  a lso expected t h a t  the  mechanical behavior of T-111 var ies  with the  
doping rate, because the  doping rate a f f ec t s  t he  surface oxygen concentration 
and the  oxygen gradient. 
obtained from specimens doped a t  a high r a t e  (40 t o  100 ppm/hr) and t h a t  

d i f fe ren t  r e s u l t s  may be obtained i f  d i f fe ren t  r a t e s  are used. 

I n  contrast ,  only a few cracks were observed a t  room 

The r e s u l t s  so far indicate  t h a t  both doping temperature and specimen 

It should be noted t h a t  t h e  above data were 
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Fig. 12.1. The Effect of Oxygen on the Ductility of T - 1 1 1  at 
Room Temperature. 
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OXYGEN PRESSURE 

o 0.02- in.  SPECIMENS DOPED AT 825°C AND I x torr 

A 0.04- in.  SPECIMENS DOPED AT 825°C AND 1 x I O - ~  torr 

Fig. 1 2 . 2 .  The Effect  of Oxygen on the  Duc t i l i t y  of T-111 at  825°C and 760°C. 
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Fig. 12.3. Surface and Edge Cracking Behavior of T-111 Tensile 
Specimens Doped with Approximately 300 ppm Oyygen as  a Function of Test 
Temperature. (a) Room Temperature, (b) 825OC, ( c )  1093°C. 

Effect of Oxygen on the Mechanical Properties of 0.090-in.-thick T-111 

H. Inouye 

Previously, we reported tha t  the o q g e n  concentration causing embrit t le-  
ment of T-111 decreased as the doping temperature was decreased from 1000 

t o  825°C and a l so  as the specimen thickness increased from 20 m i l s  t o  40 m i l s  
(see Figs. 12.1 and 12.2 i n  previous sect ion) .  

specimens a t  825°C w a s  a lso higher (80 ppm/hr fo r  20-mil and 40 ppm/hr f o r  

the 40-mil specimens) than tha t  indicated i n  the Pioneer heat source. 
of these differences, a new ser ies  of specimens, 90 m i l s  thick, i s  being 

doped with oxygen a t  a r a t e  of 1.5 ppm/hr (1 x 

The doping r a t e  of t he  above 

Because 

t o r r  0 2  a t  825°C). In  
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. addi t ion t o  these changes, t he  oxygen i s  being added t o  blanks 0.090 in .  x 
3/4 i n .  x 2 1 / 2  in .  p r i o r  t o  machining the t e n s i l e  specimens i n  order t o  

eliminate oxygen from the  edges of the  specimen gage length which was present 

i n  the  thinner  specimens. 
The t e n s i l e  proper t ies  of the  oxygen-doped, 90-mil-thick specimens, 

t e s t e d  a t  825°C are  shown i n  Table 12.3. Up t o  290 ppm 0, t h e  t e n s i l e  

s t rength increased with the  oxygen content but  did not impair t h e  d u c t i l i t y  

at a l l .  
content at 825°C unt i l  a c r i t i c a l  l e v e l  i s  reached. 

l e v e l  decreased from approximately 240 ppm t o  150 ppm 0 as  t h e  specimen 
thickness increased from 20 t o  40 m i l s ,  it was expected t h a t  t h e  90-mil 

specimen would have a s t i l l  lower c r i t i c a l  oxygen content. 

these  surpr is ing r e s u l t s  may be due t o  e i t h e r  a much lower oxygen doping 

r a t e  and/or the  elimination of oxygen from the  edges of t he  t e n s i l e  speci-  

mens by machining. 

Figure 32.2 shows t h a t  t he  d u c t i l i t y  i s  insens i t ive  t o  t h e  oxygen 
Because t h i s  c r i t i c a l  

Therefore, 

Table 12.3. Effec t  of Oxygen on the  Tensile 
Propert ies  of 90-mil-thick T-111 at 825°C 

Oxygen Added Elongation Ultimate Tensile 
($J) Strength (ps i )  (PPd  

Control 18.0 

185 20.5 

290 18.5 

59,200 

72 , 500 

77 , 500 

a Annealed 1 hr  at 1650°C. Annealed analysis:  
10 ppm oyygen, 10 ppm nitrogen, 3 ppm hydrogen, and 
24 ppm carbon. 
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Contamination Studies of T - 1 1 1  and TZM by Impurities 
Outgassed from Graphite and Min-K 1301 

H. Inouye 

Tensile specimens of bare T-111, molybdenum-coated T-111, and TZM are 

being exposed at 825°C t o  an environment t h a t  approximates t h a t  i n  the 
Pioneer heat source. The environment consis ts  of about 600 Torr argon plus 

the impurity gases outgassed from a 70-g cylinder of ATJ graphite and 1.6 g 
of Min-K 1301, both a t  538"C.* Both bare and palladium-wrapped zirconium 

sheet 0.010 x 0.5 x - 6 in .  long were wrapped around the graphite cylinder 
t o  ge t t e r  the impurities. Copper oxide a t  190°C was used as a stand-in f o r  

pu02 . 
The chemistry changes and the  reaction r a t e s  of T - 1 1 1  based on the 

weight gain of the  specimens are  shown i n  Table 12.4. These r e s u l t s  show 

tha t  the average contamination r a t e  i s  constant (i.e.,  weight gain var ies  

l i nea r ly  with time). 
specimens i s  a t t r ibu ted  t o  the shielding of the act ive gases by the adja- 
cent specimens. 

terminated a t  534 h r  when the specimen fractured during handling. 

The sca t t e r  among the duplicate and t r i p l i c a t e  

Specimen T-12 scheduled f o r  a 1000-hr exposure was 

The contamination r a t e  of T - l l l b y  the  gases outgassed from graphite 
but get tered with zirconium (without argon cover gas and Min-K) was 

6400 ppm i n  200 hr or  32 ppm/hr. 
simulated Pioneer environment averaged 11.4 ppm/hr. Thus, it appears t h a t  
600 Torr of argon lowers the reaction k ine t ics  by about a f ac to r  of 3. 

Table l2.4 shows t h a t  the  r a t e  i n  the 

Molybdenum coatings continue t o  show t h e i r  effectiveness i n  lowering 
the  contamination of T-111. 
molybdenum lowers the contamination r a t e  of T - 1 1 1  by a fac tor  of about 3, 

0.2 m i l  lowers the r a t e  by a factor  of about 6, and a coating thickness of 

1.2 m i l s  completely protected T - l l l  for 496 hr. The edges of the T-111 
specimen coated with 0.2 m i l  of evaporated molybdenum fragmented in to  a 

black powder and consumed about one-half of the t ens i l e  specimen a f t e r  1030 hr 

A s  shown i n  Table 12.4, 0.1 m i l  of evaporated 

*ATJ graphite was vacuum outgassed 4 h r  a t  1200°C. The fin-K was baked 
i n  air 4% hr a t  4OOOC.- Both were then vacuum outgassed i n  the contaminating 
apparatus for 2 hr  a t  600°C t o  a pressure of l o m 6  Torr. 
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Table 12.4. Contamination of 0.020-in.-Thick Sheet Specimens of T-111 and Molybdenum-Coated T-111 
in a Simulated Pioneer Heat Source Environment 

Rate Calculated" 
Contamination 

(PPdh) 
Sample Exposure 
Number 

(PPd 
Mater i a1 

T-111 

T -111 

0.1 mil Mo on T-111 

0.2 mil Mo on T-111 

T-10 204 
T-11 204 
T-12 204 

T-11 
T-12 

T -M-3 

T -M-4 

534 
534 

204 

204 
534 

1.2 mil Mo on T-111 T -MC -2 496 

1900 9.3 
2040 10.0 
3290 16.1 

Average 11.8 

5400 
6480 

820 

460 
800 

Ob 

10.1 
12.1 

Average 11.1 

4.0 

2.2 
1.5 - 

Average 1.8 

0 

N 
rn 

%ased on weight gain of specimens. 

bSpecimen lost weight. 
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of exposure. T h i s  specimen was unsuitable f o r  t ens i l e  tes t ing .  The coating 
on the T - 1 1 1  specimen coated with 0.2 m i l  of evaporated molybdenum plus 

1.0 m i l  of CVD molybdenum fa i l ed  a f t e r  802 hr  of exposure a t  coating defects 

i n  the specimen shoulders i n  the manner described above. The in t ac t  gage 

section of t h i s  specimen was bent without f a i l u r e  through a 1 T  bend a t  room 
temperature. 

20-mil specimen was estimated t o  be approximately 30% and the oxygen contami- 

nation < l o 0  ppm (see Table 12.5). 

calculated since the specimens l o s t  about 0.0001 g (out of 2.3 g)  i n  1030 hr. 

From t h i s  resu l t ,  the  d u c t i l i t y  i n  the outer f i b e r  of the 

The contamination of TZM could not be 

The room-temperature t e n s i l e  t e s t s  conducted t o  date are summasized i n  

Table 12.5.  
fo r  specimens containing several thousand par t s  per mill ion of oxygen. 

Bare T - 1 1 1  shows complete embrittlement as would be expected 

The r e su l t s  f o r  TZM c lear ly  show t h a t  the simulated Pioneer environ- 

ment has no e f f ec t  for  exposures t o  1030 hr a t  825°C. 
for  additional TZM specimens have been completed and are being evaluated. 

Exposures t o  2000 hr  

Table 12.5 .  The Effect of Impurities Degassed fmm Graphite and Min-K I301 
on the Room Temperature Tensile Properties of 20-mil-thick T-111 and TZMa 

Ultimate 
Tensile Elongat ion 
Strength (%) 

minat  ion 

(Ps i )  P P I  1 -+ai4 

T-111 204 

T-111 534 

0 . 1  m i l  Mo 204 

0.2 mil Mo 1030 

on T - 1 1 1  

on T - 1 1 1  

1.2 m i l  Mo 
on T-111 

TZM 

TZM 

802 

1900 113,000 Ob 

6480 Fractured on handling 

820 139,000 Ob 

Specimen fragmented i n  
environment - 30 (es t ) '  

534 Not 77,800 35.7 
determined 

determined 
1030 Not 78,400 32.8 

79,600 33.5 TZM Control - 

a Specimen exposure temperature = 825°C; graphite and Min-K = 538°C; 
environment = 600 Torr argon + impurities. 

bFractured i n  shoulder of specimen. 

'Based on bend t e s t .  
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Contamination Studies of T - 1 1 1  and TZM by Water Vapor 

. 

H. Inouye 

Since water vapor i s  a probable contaminant i n  Pioneer generators, 

t he  e f f ec t  of exposures of T - 1 1 1  and TZM t o  t h i s  environment i s  being 

evaluated. 

of t e n s i l e  specimens a f t e r  several  exposure times t o  1 x Torr water 
vapor are tabulated i n  Table 12.6. These data show that the  contamination 

r a t e  up t o  676 ppm i s  constant but decreases with the  exposure time as the  

contamination l e v e l  increases fur ther .  Based on p r io r  work, t he  weight 
gain i n  w a t e r  vapor i s  due only t o  oxygen contamination.3 

of a reaction was not detected i n  e i the r  T - 1 1 1  or TZM. 

TZM specimens (approximate weight = 2.4 g )  t o  1 x l om5  Torr water vapor at 
825°C show an average weight loss  of 0.0005 g after 457 hr. A t  1002 hr of 

exposure, a very small weight increase of 0.000032 g was  measured. 

The chemistry change of T - 1 1 1  calculated from the  weight gain 

Visual evidence 

Exposures of 20-mil 

The e f f ec t  of water vapor contamination on the  t e n s i l e  propert ies  of 

T - 1 1 1  are l i s t e d  i n  Table 12.7. These r e s u l t s  show that the  d u c t i l i t y  i s  

ser iously impaired at about t he  same l eve l s  indicated i n  oxygen contamina- 

t i o n  tests. 
Table 12.8 shows the  t e n s i l e  propert ies  of TZM a f t e r  exposure t o  water 

vapor. The room-temperature t e s t s  show a s m a l l  decrease i n  the  elongation 
t h a t  appears t o  become more serious w i t h  the  exposure t i m e .  The t e n s i l e  
strengths of t h e  exposed specimens are a l so  higher than the control. 
the  tests a t  825°C show evidence of some loss  of duc t i l i t y ,  elongation of 

approximately 16% i s  cha rac t e r i s t i c  of recrys ta l l ized  and uncontaminated 

TZM at 982°C.4 
and are  being evaluated. 

Although 

Scheduled exposures of TZM t o  2000 hr have been completed 

'M. Semchyshen and R. Q. B a r r ,  Symposium on Newer Metals, Special 
Technical Publication No. 272, ASTM (1959), pp. 1-24. 
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Table 12.6. 
t o  1 x 

Contamination of T-111 Exposed 
Torr Water Vapor a t  825°C 

Specimen 
Thickness 

( in .  ) 

Calculated" 
Contaminat ion 

(PPd 

0.020 

0.040 

16 308 (average of 4 )  
32 676 (average of 4 )  

2 16 2735 (average of 2 )  
457 4155 (average of 2 )  

16 196 (average of 2 )  
32 410 (average of 2 )  

19.2 
21.1 
12.7 
9 .1  

12.2 
12.8 

%ased on weight gain of specimens 

Table 12.7. Effect of Water Vapor Contamination 
on the  Room-Temperature Tensile Properties 

of T - 1 1 1  

Oxygen Contamination Tensile Specimen 
Thickness Level" Strength Elongat ion 

(% 1 ( in .  ) (PPm) (Ps i )  

0.020 

0.040 

Control 
311 
720 

187 
395 

101,000 28 
109,000 12.3 
135,000 0.8 

102,000 27.5 
10?,000 4.0 

a Calculated from weight gain of  specimen. 
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Table 12.8. Tensile Properties of  20-mil-Thick TZM Exposed 
Torr H 2 0  a t  825°C t o  1 X 

. ~~ 

Ultimate Tensile Elongat ion Test Temperature Exposure 
( "c )  Strength ( p s i )  (% 1 

. 

* 

Room 
Room 

Room 

82 5 
825 

82 5 

Control 79,600 
457 83,200 

1002 80, 600 

C ont r o  1 

457 
1002 

45,000 
45,600 
46,000 

33.5 
31.0 

29.3 

24.8 
20.2 

16.3 

Effect  of Oxygen Contanination on t h e  Mechanical 
Properties of Molybdenum-Base Alloys 

C.  T. L i u  

In  order t o  qualify the  use of molybdenum-base al loys as the  cladding 

mater ia l  for space isotopic  heat sources, 20-mil TZM and M d 6 %  R e  sheet 
specimens were doped with oxygen a t  825 and 1000°C and a t  1 t o  4 x l o m 5  Torr 

oxygen pressure. 
oxide and molybdenum-rhenium a l loy  shows a s m a l l  weight gain under low- 
oxygen pressure. 

and Mo-Re gains 800 ppm after 1000 hr  exposure a t  825°C. 

TZN shows a weight l o s s  due t o  evaporation of molybdenum 

For example, TZM loses  3800 ppm a f t e r  2000 hr exposure 

The contaminated specimens were then t e s t e d  i n  tension at various 
temperatures; the  r e s u l t s  are  presented i n  Tables 12.9 and 12.10. The data 

i n  Table 12.9 indicate  t h a t  oxygen contamination of TZN a t  825°C only causes 

a s m a l l  increase of t e n s i l e  s t rength and a moderate decrease of duc t i l i t y .  
As  a matter of f ac t ,  TZM has 24.5% s t ra in  at room temperature and 17.7% a t  

825°C after 2000 hr exposure. N o  apparent change of mechanical propert ies  

of Mc-4676 Re i s  observed a f t e r  1000 hr exposure. 

t h a t  t he  molybdenum-base a l loys  are compatible with low-pressure oxygen at 
825°C. 

A l l  these r e s u l t s  indicate  
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Table 12.9. Tensile Properties of 20-mil-Thick TZM and M d 6 %  Re 
Sheet Specimens Contaminated with Oxygen at 825°C 

Tensile Doping Condition 
Elongation Strength 

(% 1 ( p s i )  
Alloy Time Oxygen Pressure 

(Torr) 

TZM a 
a 

110 

500 

2000 
M0-&6% R e  a 

1000 

TZM a 
2000 

Mo+6% Re 1000 

Room Temperature 

a 
a 

4 x 10'~ 
1 x 
1 x 

1 x 10'~ 
a 

825 "C 

a 
1 x 
1 x 

37 

33.5 

35.3 
29.2 

24.5 

8.2 

9.2 

2A. 8 

17.7 
13.7 

79,000 

81,200 

79,600 

85 , 000 

85,000 

195,000 

192,000 

45,000 

5 1,200 
116,000 

a A s  r e  cry s t  a l l ized .  

Table 12.10, Effects  of Heat Treatment and Testing Temperature 
on t h e  Tensile Properties of TZM Specimens Doped with 

Oxygen Pressure 
Oxygen f o r  207 Hr at  1000°C and 1 x Torr 

He a t  Testing Temperature Elongat ion Tensile Strength 
Treatment ( "c )  ($) ( p s i )  

None Room Temperature 0" 5000-7000 

None 825 2.5 63,000 
None 1093 0.7 48,100 
15 min at 1700°C Room Temperature 31.6 85,000 . 

?Fracture within the  e l a s t i c  limits. 
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. 

. 

* 

Table 12.10 shows the  e f f e c t s  of t e s t i n g  temperature and heat treatment 

on t h e  t e n s i l e  proper t ies  of TZM specimens doped at 1000°C and 1 x l om5  Torr 
oxygen pressure.  The as-doped specimen w a s  extremely b r i t t l e  and f rac tured  

within t h e  e l a s t i c  l i m i t  when t e s t e d  a t  room temperature. 

t e s t  temperature t o  1093°C does not improve the  d u c t i l i t y  s ign i f icant ly .  

But t h e  d u c t i l i t y  of t he  specimen i s  completely res tored  a f t e r  15 min 

heating a t  1700°C. 

s imi la r ly  a f t e r  oyygen contamination.5 

oxygen penetrat ion i n  molybdenum matrix, it i s  important t o  note t h a t  from 
t h e  standpoint of environmental s t a b i l i t y ,  TZM may be su i tab le  as a cladding 

mater ia l  for  space power systems when the  operation temperature i s  low, f o r  
example, 825"C, as i n  t h e  Pioneer radioisotope thermal generators.  

Increasing the  

These results c l e a r l y  ind ica te  t h a t  TZM and T-111 behave 

However, due t o  the  low rate of 

Effect  of CO-Gas Contamination on the  Mechanical Propert ies  
of  Molyb denm-B ase Alloys 

C. T. Liu 

The 20-mil sheet specimens of TZM and M0-46% R e  a l loys  were contaminated 

a t  a CO pressure of 1 x l om5  Torr and 825°C. 

control led by doping time. 

time exposure. 

room temperature and 825°C; t h e  data are presented i n  Table 12.11. Both t h e  

t e n s i l e  s t rength and elongation of t he  contaminated specimens are not s ign i -  

f i c a n t l y  d i f f e ren t  from the  as - recrys ta l l ized  ones, even a f t e r  2000 hr 

exposure. W e ,  therefore ,  conclude t h a t  t he  molybdenum-base a l loys  a re  

compatible with CO gas a t  825°C. 

results of oxygen contamination and exposure t o  graphite and Min-K reported 

i n  t h e  previous sect ions leads t o  t h e  general  conclusion tha t ,  from t h e  

standpoint of environmental s t a b i l i t y ,  TZM and Mo-Lt6% Re a l loys  are su i tab le  

f o r  use as  f u e l  cladding mater ia l s  f o r  Pioneer space power systems whose 

operation temperature i s  i n  t h e  range of 800 t o  850°C. 

The amount of contamination i s  
Both a l loys  show a small weight gain a f t e r  long- 

The contaminated specimens were then t e s t e d  i n  tension at 

Combination of these r e s u l t s  with t h e  

5C. T. Liu, Fuels and Materials Development Program Quart. Progr. Rept. 
June 30, 1971, OWL-TM-3540, p. 110. 
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Table 12.11. Tensile Properties of 20-mil-Thick TZM and M d 6 %  Re 

Torr Oxygen Pressure 
Sheet Specimens Contaminated with CO Gas at 825°C 

and 1 x 

Alloy Doping Time 
(b) 

Elongat ion 
(% 1 

Tensile 
Strength 

( P s i )  

TZM 

M0-46% Re 

TZM 

M d 6 $  Re 

Room Temperature 

0 

0 

196 
1000 
2000 

0 

1004 

825°C 

0 

2000 

1004 

37.0 

33.5 

33.2 
30.0 

27.9 

8.2 
10.7 

24.8 

22.5 

10.5 

79,000 

79,600 

79,500 
83,000 

82,000 
195,000 
190,000 

45,000 

46,300 

115,000 

c 
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13. CLADDING MATERIALS FOR SPACE ISOTOPIC HEAT SOURCES 

R. G. Donnelly H. Inouye 

The purpose of t h i s  program i s  t o  develop al loys with a superior 

combination of proper t ies  t o  b e t t e r  assure r e l i a b l e  containment of 

radioisotopc f u e l s  such as 238Pu02 and 244Cm203 under both operating and 

accident conditions f o r  space thermoelectric generators.  

encapsulating mater ia l  should be insens i t ive  t o  t h e  operating environment 

and capable of surviving launch aborts,  reen t ry  heating, and e a r t h  impact 

as wel l  as provide maximum post-impact containment of t h e  fue l .  

same time it must be both fabr icable  and weldable. 

Idea l ly  the  

A t  t h e  

We f e e l  these goals can bes t  be accomplished with high-strength, 

noble-based a l loys  having melting points  above 2000°C. Presently, w e  are 
character iz ing Pt-Rh-W a l loys  f o r  t h i s  appl icat ion.  

Preparation of Pt-Rh-W Sheet 

J. H. Erwin 

To compare the  f a b r i c a b i l i t y  of the  Pt-Rh-W a l loy  with small changes 

i n  composition, 500-g melts of each of three a l loys  with nominal composi- 

t i o n s  of Pt-26% Rh-8% W, Pt-30% Rh-lO% W, and Pt-30% Rh-lO% W-1% Hf- 

0.1% T i  were electron-beam melted and drop-cast t o  make 0.5-in.-thick by 

1-in.-wide by 2-in.-long ingots  as shown i n  Fig. 13.1. These ingots  w e r e  
hot-rol led at 1200 t o  1300°C without environmental protect ion t o  make 
0.040-in. - thick sheet (Fig. 13.2).  The hot-rol led sheet was cold-rol led 

with intermediate anneals t o  0.030-in. thickness.  Formability of t he  

a l loys  w a s  then evaluated from standard bend t e s t s  ca r r i ed  out i n  accordance 

with Materials Advisory Board recommendations (MAB-176-M) . Each a l loy  was 
heat- t reated i n  vacuum at the  appropriate temperature t o  produce specimens 

representat ive of s t r e s s  re l ieved,  nominally 50% recrys ta l l ized ,  and filly 

r ec rys t a l l i zed  s t ruc tures .  

Table 13.1. 
smaller bend radi i  t h a t  provided the  bas i s  f o r  ca lcu la t ion  of minimum bend 

radius.  

Data from the  bend t e s t s  a re  given i n  

The a l loys  were compared a t  a 4T bend radius followed by other  
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Fig. 13.1. One-Pound Ingots of Pt-Rh-W Alloys Produced by Electron- 
Beam Melting and Drop-Casting. 

The bend data from the  Pt-30% Rh-lO% W a l loy  does not appear t o  agree 
with comparable t e n s i l e  r e s u l t s  shown i n  Table 13.2. Examination of t he  
t e s t  specimens by metallographic procedures ind ica t e s  probable surface 

contamination t h a t  could a f f e c t  t he  d u c t i l i t y  of t h e  a l loys .  

p resent ly  attempting t o  iden t i fy  and el iminate  t h i s  problem i n  the  Pt-2608 

We a re  

a l loy .  

Developent of Improved Alloys 

C. T. Liu 

We found t h a t  t he  pt-30$, Rh-l2% W alloy cannot be f ab r i ca t ed  s a t i s f a c -  

t o r i l y  i n  temperatures up t o  1100°C. The upper l i m i t  of  tungsten content i n  
the  Pt-Rh-W a l loy  f o r  f a b r i c a b i l i t y ,  therefore ,  appears t o  be between 10-12$,. 

. 

4 



277 

Fig. 13.2. Forty-Mil Sheet Produced by Hot Rolling Pt-Rh-W Drop-Cast 
Ingots i n  A i r  a t  l200-1300"C. 

. 

I n  order  t o  show t h e  e f f e c t s  of hafhium and t i tanium on the  physical  

and mechanical proper t ies  of t he  Pt-Rh-W a l loy  base, four ingots  with 
compositions Ft-30% Rh*o W-1% €E-O.2% T i ,  pt-30% Rh-@ W-0.5% Hf-O.2% T i ,  

Pt-30% RhMo W-O.25% H f ' 4 . 1 %  T i ,  and Ft-30% Rh+% W-O.5% Hf4.2% T i  were 
prepared by e i t h e r  electron-beam drop-casting or cas t ing  i n t o  pancake 

form. The ingots  were first  hot-rol led i n  a i r  i n  the  1000 t o  1230°C range. 
When the  as-cast  s t ruc ture  was  broken, t he  a l loys  were successful ly  r o l l e d  

at room temperature t o  20- t o  35-mil sheet with intermediate anneals between 

950 and 1000°C. 

Tensile specimens were stamped from the  sheets  and t e s t e d  a t  room and 

elevated temperatures. Table 13.2 shows the  t e n s i l e  proper t ies  of s t ab i l i zed  

a l loys  together  with the  da ta  for Pt-Rh-W a l loys  reported previously.' The 

'C. T. Liu and H. Inouye, Fuels and Materials Development Program 
Quart. Progr. Rept. September 30, 1971, ORNL-TM-3550, p.  235-238. 
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Table 13.1. Bend Formability Evaluation 
of Pt-Rh-W Alloys a t  Room Temperature 

Heat Treatment 

Temp Condi- 
( "c)  tion" 

Bend 
Radius 
(TI 

Bend 
Angle 

Elon- 
gation 

(% ) 

b Bend 
Strength 

(Ps i )  

950 
1000 
1100 
1200 

950 
1000 
1100 
I200 

950 
1050 
I200 
1300 

Pt-26% Rh-%% W 

SR 4 C 40 
RC - 50% 4 > 90 

RC 4 7 90 
RC 2.7' 90 

Pt-30% Rh-lO% W 

- 258,000 
- 238,000 
- 156,000 

15.5 144,000 

- SR 4 c 30 

RC 4 < 40 - 
RC 9.2' 90 5.2 

RC + 50% 4 < 20 - 

Pt-30% Rh-lO% W-1% Hf-O.l% T i  

- SR 4 < 15 

RC 4 C 25 - 
RC 9.3= 90 5.1 

RC - 5% 4 < 15 - 

210,000 

200,000 
215,000 

117,000 

351,000 

226,000 
206 , 000 

344, 000 

a 

bOuter f iber .  

SR = s t r e s s  relieved, RC = recrys ta l l ized .  

C Calculated minimum bend radius. 

hafnium and ti tanium improve the  t e n s i l e  s t rength of Pt-Rh-W base at a l l  

temperatures measured. 
Table 13.2 shows t h a t  the 0.5% Hf-stabil ized 8% W a l loy  i s  comparable to ,  

and the  1% Hf a l loy  i s  stronger than Pt-3% Rh-10% W. 
d u c t i l i t y  of s t ab i l i zed  a l loys  i s  lower than t h a t  of t h e  base. However, 
1% H f  md 0.2% T i  improve t h e  d u c t i l i t y  of t h e  Pt-30% Rh% W a l loy  from 

1% t o  24.1% at  1093°C. 

This e f f e c t  i s  more prominent at 1093OC. 

The room-temperature 

. 
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Table 13.2. Room- and Elevated-Temperature Tensile Proper t ies  of the  
Platinum-Base Alloys Recrystal l ized 1 Hr at 1200°C 

Alloy Composition 
( w t  % >  

Ultimate Tensile Elongation 
Strength ( p s i )  (% 1 

Room Temperature 

Pt-30 Rh 76,000 

Pt-26 Rh-8 W 142,000 

Pt-30 Rh-6 W-0.5 Hf-0.2 T i  113,000 
Pt-30 Rh-8 W-0.5 Hf-0.2 T i  135,000 
Pt-30 Rh-8 W - 1  Hf-0.2 T i  130,000 

Ft-30 Rh-6 W 1l2,ooo 

Pt-30 Rh-10 W 118,000 

Pt-30 Rh 
Pt-30 Rh-6 W 
Pt-26 Rh-8 W 
Pt-30 Rh-lO W 
Pt-30 Rh-6 W-0.5 Hf-0.2 T i  
Pt-30 Rh-8 W-0.5 HT-0.2 T i  
Ft-30 Rh-8 W-1 JH-0.2 T i  

Ft-30 Rh 
Pt-30 Rh-6 W 
Pt-26 Rh-8 W 
Pt-30 Rh-10 W 
Pt-30 Rh-6 W-0.5 Hf-0.2 T i  
Pt-30 Rh-8 W-0.5 Hf-0.2 T i  
Ft-30 Rh-8  W-1 Hf-0.2 T i  

760°C (1400°F) 

48,000 
80,000 

81,000 

108,000 

95,000 
95,000 

91,000 

1093°C (2000°F) 

24,000 
36,000 

47,000 
42,200 
44,500 
52,000 

38,000 

42 
26 
16 
14.5 
19.3 
19.0 
11.7 

28.8 
23.3 
16 
28 
27.5 
24.3 
26.3 

38 
33.3 
18 
15.5 
28.1 
12.5 
24.1 

The oxidation behavior of t he  Pt-26% Rh-@ W-1% Hf4.l% T i  a l loy  i n  

a i r  has been determined. The a l loy  oxidized a t  an average r a t e  of 

+2 x -5 x and -6.7 x l o m 6  g/cm2 .hr at 760, 1000, and 1200°C, 

respect ively.  Since the  base t e rna ry  a l loy  Ft-26% R h 4  W a l loy  exh ib i t s  

oxidation r a t e s  of +2 x lom7,  -1 x l o m 6 ,  and 6 x 
conclude t h a t  t h e  hafnium and t i tanium addi t ions do not impair the  

excel lent  oxidation res i s tance  of the  te rnary  base. 

g/cm2 .hr, we 
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Character izat ion of Iridium 

C. T. Liu 

Iridium metal i s  a t t r a c t i v e  i n  terms of i t s  high melting point,  

des i rab le  mechanical strength,  and moderate oxidation res i s tance .  However, 
t he  use of iridium as a cladding ma te r i a l  f o r  space i so top ic  heat  sources 

i s  retarded because of many d i f f i c u l t i e s ,  such as  low d u c t i l i t y ,  poor 

f a b r i c a b i l i t y ,  and extremely la rge  va r i a t ions  i n  mechanical proper t ies .  It 
i s  believed t h a t  the  problems are  caused by minor, as  ye t  un iden t i f i ed  

impuri t ies .  The object ive of t h i s  t a s k  i s  twofold: (1) t o  charac te r ize  

the  physical  and mechanical proper t ies  of iridium, and ( 2 )  t o  resolve the  

major problems of d u c t i l i t y  and f a b r i c a b i l i t y .  

Iridium metal i n  sheet and p l a t e  forms was purchased from Englehard 

Indus t r ies .  To determine the  r e c r y s t a l l i z a t i o n  temperature, sof tening 

behavior, and bend d u c t i l i t y ,  20-mil sheet i n  t h e  warm r o l l e d  condition 

was cut  i n t o  s t r i p s  and then annealed 1 h r  i n  t h e  400 t o  1600°C range. 

The microhardness da ta  i n  Table 13.3 show a general  decrease a t  low temper- 

a tures  and a more rap id  decrease above 1000°C. 

reveals  no ind ica t ion  of r e c r y s t a l l i z a t i o n  a t  1200°C, 50% r e c r y s t a l l i z a t i o n  

at 1300 "C, and complete r e c r y s t a l l i z a t i o n  at 1400°C. I n  t h e  r e c r y s t a l l i z e d  

condition, iridium has a hardness of about 200 DPH. The e f f e c t  of annealing 
treatment on t h e  d u c t i l i t y  was determined by bending s t r i p s  90" at  room 

temperature and then examining metallographically.  
show macro- and microcracks with the  exception t h a t  no cracks were observed 

i n  the  specimen annealed a t  1200°C. A l l  cracks were formed on g ra in  bound- 

a r i e s ,  and t h e i r  propagation caused the  f a i l u r e  of specimens on bending. 

Metallographic examination 

A l l  t he  annealed specimens 

Based on the  bending data, t he  ir idium sheet was duc t i l i zed  by heat-  
t r e a t i n g  1 h r  a t  1200°C as t e n s i l e  specimens were stamped out  successful ly  

a t  room temperature. 

shown i n  Table 13.4. 

t u r e ;  however, i t s  s t rength  decreases slowly with increasing temperature. 
The s t rength  da ta  i n  Table 13.4 a re  i n  good agreement with t h e  r e s u l t s  

Tensile t e s t s  a t  room and elevated temperatures a r e  

Iridium has qui te  low t e n s i l e  s t rength  at  room tempera- 

4 
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. Table 13.3. Effect of 1-Hr Annealing Treatment on Hardness, 
Recrystall ization, and Bend Duct i l i ty  of Unalloyed Iridium Sheet 

~ 

Annealing Microhardness Recrystal l izat ion Results of 90" Bend 
Temp ("C) (DPH) (% ) Test a t  Room Temp 

A s  received 

400 

600 

800 

1000 

1100 

I200 

1300 

1400 

1500 

1600 

490 

498 

478 

426 

400 

365 

3 10 

265 

221 

198 

205 

0 

0 

0 

0 

0 

0 

0 

50 

100 

100 

10 0 

~ 

Cracked 

Cracked 

Cracked 

Cracked 
Microcracks 

Microcracks 

No cracks 

Microcracks 

Microcracks 

Cracked 
Cracked 

Table 13.4 Room- and Elevated-Temperature Tensile Properties 
of Unalloyed Iridium Recrystall ized 1 Hr at  1500°C 

Testing Temperature Ultimate Tensile Elongation 
( " e )  Strength (ks i )  (%) 

Room Temperature 

760 

56 

56 

5.7 

23.5 

1093 35 19.8 
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f o r  commercially pure ir idium reported by Ja f f ee  -- e t  a1.2 

t h a t  ir idium i s  much weaker than the  hafnium- and t i t an ium-s tab i l ized  

Pt-Rh-W a l loys  a s  shown i n  Table 13.2. 

It should be noted 

The d u c t i l i t y  of ir idium i s  low at  room temperature and increases  t o  

23.5% a t  760°C. 

who found the  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature of iridium t o  be 

approximately 600 " C . 
This r e s u l t  i s  a l so  cons is ten t  with the  work of J a f f ee  

The r e c r y s t a l l i z e d  i r idium sheet specimens were oxidized i n  s t a t i c  a i r  

a t  1040, 900, and 770°C f o r  1100 hr, The r e s u l t s  are  described below: 

Oxidation a t  1040°C - No oxide layer  i s  observed a t  t h i s  
temperature. After 50-hr exposure, t h e  mater ia l  on t h e  edge 

and surface of t he  specimen gradual ly  lo ses  i t s  adhesion and 

begins t o  f l ake  of f  i n  the  form of me ta l l i c  grains .  

t he  oxidation r a t e  i s  qui te  l i nea r ,  a t  an average r a t e  of 

-880 x loe6 g/cm2 .hr. 

with the  reported value (-900 x 
e t  a1.2 

Oxidation at 900°C - An adherent dark blue oxide l aye r  

gradually appears on the  surface of specimen a t  900°C. 

The i n i t i a l  r a t e  of oxidation i s  parabol ic  with low 

oxidation r a t e .  However, a f t e r  600-hr exposure, t he  

specimen begins t o  show corner e f f e c t s  and the oxidation 

r a t e  increases  t o  approximately -27 x 
Oxidation a t  770°C -Although the  dark blue oxide l aye r  
i s  observed t o  form, no apparent weight change can be 

However, 

This value i s  i n  exce l len t  agreement 

g/cm2 .hr) by Jaf fee  

g/cm2 .hr. 

measured a t  t h i s  temperature. 

2R. I. Ja f f ee  -- e t  a l .  "Rhenium and t h e  Refractory Pt-Group Metals," 
p. 383 i n  Refractory Metals and Alloys, Vol 11, ed i t ed  by M. Semchyshen 
and J. J. Harwood, Interscience,  N.Y. (1961). 

9 
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Previous  r e p o r t s  i n  t h i s  series are: 

ORNL-TM-920 
OW-TM-9 60 
ORNL-TM- 100 0 
ORNL-TM- 11 00 
ORNL-TM- 12 00 
ORNL-TM-1270 
ORNL-TM-1400 
ORNL-TM- 15 00 
ORNL-TM- 15 70 
ORNL-TM-1700 
0 PJTL- TI I- 1 7 2 0 
ORNL- TM- 18 2 5 
OFWL-TM- 19 4 1 
ORNL-TM-2020 
0 RNL- TT I- 2 09 0 
ORNL-TM-2 21 7 
ORNL-4330 
ORNL- 4 3 5 0 
ORNL-4390 
ORNL-44 20 
ORNL-4440 
ORNL- 4 4 8 0 
ORNL-4520 
ORNL-4560 
ORNL-4600 
ORNL - 4 6 3 0 
ORNL- TM- 3 3 00 
ORNL-TM-3 4 16 
0 RNL- TM- 3 5 4 0 
ORNL-TM-3550 

P e r i o d  Ending June  30, 1964 
P e r i o d  Ending September 30, 1964 
P e r i o d  Ending December 31, 1964 
P e r i o d  Ending March 31, 1965 
P e r i o d  Ending J u n e  30, 1965 
P e r i o d  Ending September 30, 1965 
P e r i o d  Ending December 31, 1965 
P e r i o d  Ending March 31, 1966 
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Fig. 3.19. Defects Showing S t r a i n  Field Images i n  I r r ad ia t ed  Boron 
Carbide After  1 hr  Anneal a t  1150°C; Bright Field.  100,000~. 

these  cavi t ies ,  deduced from t h e  appearance of t h e  c rys ta l lographica l ly  

equivalent vaxiants,  appears t o  be needle or ribbon l i k e .  The c a v i t i e s  

grow fu r the r  on annealing a t  2000°C (0.85 Tm) f o r  1 h r  as shown i n  Fig. 3.21. 
The denuded zone near gra in  boundaries increases  i n  width although some 

c a v i t i e s  are observed occasionally on gra in  boundaries. 
I n  specimens annealed at 1450°C and higher, t he  c a v i t i e s  were found 

t o  be free of the  l a t t i c e  s t r a i n s  observed i n  as - i r rad ia ted  specimens as 
wel l  as those given a pos t i r r ad ia t ion  anneal a t  1150°C. 
densi ty  of t he  c a v i t i e s  was  determined for t h e  powder BC-8B annealed fo r  
1 hr at 1450°C (0.63 Tm). 
estimated as 2.5$. 

were f r e e  of l a t t i c e  s t r a i n s ,  it i s  possible  to use t h e  r e l a t ionsh ip  

The s ize  and number 

The amount of swelling due t o  t h e  c a v i t i e s  was 
Since t h e  c a v i t i e s  i n  specimens annealed at  1450°C 

p = -  2Y 
r . 
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Fig. 3.21. Faceted Cavi t ies  i n  I r r ad ia t ed  B4C Annealed f o r  1 h r  a t  
2000°C. 80, OOOX. 

t o  estimate the number of helium atoms i n  the  specimens; p i s  the  pressure 

necessary t o  balance the  sur face  tension forces  i n  a bubble of radius ,  r. 

Gamma, t h e  spec i f i c  surface energy, was assumed t o  be 1000 ergs/cm2. The 
helium contents estimated from bubble measurements were about fou r  times 

higher than estimated from a knowledge of 'OB burnup and the amount of 
helium released during i r r ad ia t ion .  
of the  uncertainty of the  value of gamma and t h e  f a c t  that  helium re l ease  

may have occurred during annealing of the  i r r ad ia t ed  powders. 
more, the  average helium content i s  over-estimated by bubble s i z e  

measurements s ince  no cor rec t ion  was made f o r  t he  gra in  boundary denuded 

regions. 

This agreement i s  exce l len t  i n  view 

Further- 


