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FOREWORD 

This  r epor t  i s  the  fou r t een th  i n  a s e r i e s  of Technical  Progress  
Reports on "Alloy Development f o r  Irradiation Performance" (ADIP), which 
i s  one element of the  Fusion Reactor Mate r i a l s  Program, conducted i n  
support  of the  Magnetic Fusion Energy Program of the  U.S. Department of 
Energy. Other elements of t h e  H a t e r i a l s  Program a r e  

- Damage Analysis and Fundamental Studies (DAFSI 

Ptama-Materials Interaction @'MI) 
Specidl-Purpose Materials (SPM) 

The f i r s t  seven r epor t s  i n  t h i s  s e r i e s  a r e  numbered DOE/ET-0058/1 
through 7. This  r epor t  is the  e i g h t h  i n  a new numbering sequence t h a t  
begins with WE/ER-0045/1. 

The ADIP program element is  a n a t i o n a l  e f f o r t  composed of con t r i-  
but ions  from a number of National  Labora tor ies  and o the r  government 
l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It w a s  organized 
by the  Mate r i a l s  and Radiat ion E f f e c t s  Branch, Off ice  of Fusion Energy, 
DOE, and a Task Group on Alloy Development f o r  Irradiation Performance, 
which ope ra t e s  under the  auspices  of t h a t  Branch. The purpose of t h i s  
s e r i e s  of r e p o r t s  is  to  provide a working t e c h n i c a l  record of t h a t  e f f o r t  
f o r  the  use of the  program p a r t i c i p a n t s ,  fo r  the  fus ion  energy program 
i n  gene ra l ,  and f o r  the  Department of Energy. 

This  r epor t  is organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a 
Program Plan of the  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments 
may be followed r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, t he  work 
of a given l abora to ry  may appear throughout the  r epor t .  Chapters 1, 2 ,  
8, and 9 review a c t i v i t i e s  on a n a l y s i s  and eva lua t ion ,  t e s t  methods 
development, s t a t u s  of i r r a d i a t i o n  experiments ,  and co r ros ion  t e s t i n g  
and hydrogen permeation s t u d i e s ,  r e spec t ive ly .  These a c t i v i t i e s  r e l a t e  
t o  each of the a l l o y  development paths. Chapters 3,  4 ,  5, 6 ,  and 7 
present  t he  ongoing work on each a l l o y  development path. The Table of 
Contents is  annotated €or the  convenience of the  reader .  

This r e p o r t  has been compiled and e d i t e d  under the  guidance of the  
Chairman of the  Task Group on A l l o y  Development f o r  Irradiation Performance. 
E. E. Bloom, Oak Ridge National  Laboratory, and h i s  e f f o r t s  and those of 
t h e  suppor t ing  s t a f f  of ORNL and the  many persons who made t e c h n i c a l  
c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. T. C. Reuther,  Ma te r i a l s  and 
Radia t ion  E f f e c t s  Branch, i s  the  Department of Energy Counterpart t o  the  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  the  ADIP Program wi th in  DOE. 

D. L. Vieth,  Chief 
Ma te r i a l s  and Radia t ion  E f f e c t s  Branch 
Of f i ce  of Fusion Energy 
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been irradiated i n  
No voids or 

Both SA 31 6 
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6. INNOVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . .  313 

6.1 Microstructures of Iron-Base Long-Range-Ordered Alloys 
Bombarded to 70 dpa with Nickel Ions (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  314 

worked conditions -re bombarded with 4-MeV nickel wns t o  
70 dpa a t  temperature8 from 570 t o  680OC. Both conditions 
retained order f o r  bombardment below the c r i t i ca l  ordering 
temperature of about 65O0C, and cold work improved the 
swelling resistance, especially above Tc. Both conditions 
showed bet ter  resistance t o  swelling than 26% -cold-worked 
type 316 s tainless  s t e e l .  

Disks of LRO-37-5 in the as-ordered and 20%-cold- 

6.2 Status of Scale-up of an Iron-Base Long-Range-Ordered Alloy 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . .  321 

The semiproduction scale-up of an iron-base LRO al loy  
i s  under way by a c m e r c i a l  eource. 
have been produced by two d i f f e ren t  melt practices.  
Chemical analyses indicate that  the compositions of the 
ingots are near the al loy  specif ications.  Specimens from 
the ingots were successfully cold rvtted a t  room tem- 
perature and hot rolled a t  l lOO°C. Further evaluation of 
a l loy  homogeneity and d i s t r ibu t ion  of second phases i s  i n  
progress. 

Three 18-kg ingots 

6.3 Microstructures of Iron-Base Long-Range-Ordered A l l o y s  
Irradiated to 10 dpa in HFIR (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  327 

The LRO-16, -20, and -37 alloys were irradiated 
i n  HFIR a t  300 t o  600OC t o  wminal ly  8.3 dpa and 
1000 a t .  ppm He. A l l  three remained ordered, and inter-  
s t i t i a l  t O O p 6 ,  dislocation segments, and cav i t i es  formed 
i n  the microstructure. 
{ l l l l  loops, and helium bubbles formed on grain boundaries 
a t  the higher temperatures. 
wa8 low; LRO-16 swelled more than annealed EA. 

cav i t i e s  grew preferent ial ly  on 

Swelling i n  LRO-20 and -37 
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7. PATH E ALLOY DEVELOPMENT -FERRITIC STEELS . . . . . . . . . . .  335 

7.1 Postirradiation Notch Ductility and Fracture Toughness 
Behavior of AOD Heat of Alloy HT-9 (Naval Research 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  336 

Alloy HT-9 i s  being euatuated for potential  applica- 
t i o n  a6 a f i r s t  mll material i n  magnetic fus ion  reactors. 
One objective of the current studies i s  the assessment of 
material notch d u c t i l i t y  and fracture  toughness i n  the pre- 
and postirradiation conditions. 

Charpy-V ( C U I  and fat igue precmcked Charpy-V fPCC,I 
specimens of a 1.7 an thick plate from the HT-9 reference 
melt ( R O D  process) were irradiated at  93O awl at  288OC t o  
-8 x 1 0 1 9  n/m2, E> 0.1 MeV, i n  a mter-cooled t e s t  reactor. 
The Cv t rans i t ion  temperature elevation produced by the 
93OC irradiat ion ms more than three times that  produced by 
the 288OC irradiat ion.  The 93OC irradiat ion data showed 
the  alloy t o  be unacceptable for 93OC service m l e s s  (on l y )  
e la s t i c  fracture  resistance is acceptable. Good agreement 
m s  observed between Cv and E C v  determinations of 
radiation-induced mbr i t t l ement .  

7.2 Impact Test Results f o r  Irradiated Ferritic Alloys 

To be reported i n  the next semiannual report. 
(Westinghouse Hanford Company) . . . . . . . . . . . . . .  342 

7.3 Microstructural Examination of HT-9 and 9Cr-1Mo Contained 
in the AD-2 Experiment (Westinghouse Hanford Company) . . .  3 4 3  

The microstructures of HT-9 and modified 9Cr-1Mo have 
been examined before and a f t e r  irradiat ion i n  B R - I I  i n  the 
AD-2 experiment t o  a f l u e m e  of 2.5 x 1022n/cm2 IE>O.l MeV) 
a t  temperatures from 400 t o  550OC. The precipitate struc- 
ture of unirradiated HT-9 consists  of M23Cg which forms a t  
martensite la th  and prior austenite p i n  boundaries. 
9Cr-1Mo shows much l e s s  M23Cgat p i n  boundaries, but 
contains finely-dispersed f Nb, V ,  C r )  C o i t h in  gmins .  
Irradiation of both at toys  a t  40OoC causes extensive 
additional precipitation,  formation of a dislocation 
substructure, and,  i n  9Cr-IMo, void formation. The 
irradiation-induced precipitate i n  HT-9 was iden t i f i ed  (16 

G-phase, a nickel  s i l i c i d e  with f c c  crystal  structure and 
l a t t i c e  parameter of 1.12 run. 
nickel  are required i n  f e r r z t i c s  t o  promote the formation 
o f  G-phase. 
Cr2C.  Above 45OoC, the HT-9 formed additional M23Cg, 
whereas the 9Cr-1Mo formed additional MC and a phosphide 
wi th  Fe, C r ,  and Mo. No voids were observed above 450°C i n  
the  9Cr-1Mo a l loy .  The formation of finely-dispersed G 
phase i n  HT-9 and Cr2C i n  9Cr-1Mo during irradiat ion be ta ,  
450OC i s  believed t o  contribute t o  observed irradiat ion 
hardening and increased DBTT. 

Only  very emall additions of 

9Cr-1Mo irradiated a t  4OO0C formed rod-shaped 
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7.4 The Procurement and Characterization of the Electroslag 
Remelted National Fusion Program Heat of 12Cr-1Mo Steel 
(General Atomic Company) . . . . . . . . . . . . . . . . .  363 

Previously it ms reported that a 30,000 l b  heat of a 
12C~lMo  s teel  netted t o  the speci f icat ion of  Sandvik HT-9 
was procured by General Atomic Company from Electralloy 
Corporation f o r  the Ferri t ic  Steel  Program. This heat of 
argon-oxygen decarburization f AOD) l2Cr-1Mo s teel  has, 
since, been electrostag Wrlelted f ESR) by Universal CyC10ps 
Corporation i n  Pittsburg, and converted t o  plate and bar 
stock.  This remelted heat fNo .9607R2)  ms within the 
chemical speci f icat ion requirement of HT-9. 
ingot ms homogenized a t  l l O 0 C  for 16 hrs prior to conver- 
sion t o  the product forms. 
bar stock, each form m6 given a s t ress  r e l i e f  a t  700C f o r  
6 hrs.  
0.625 i n  (1 .58 BIl) plate ha6 ShOWn that  it meet6 the 
strength and tens i le  elongation speci f icat ions .  
was 121 kSi ( 8 3 5  .Wd, the yield s t ress  m6 87.5  k s i  
f 604 m a ) .  and the elongation ms 2B . 
energy determined 011 standard Charpy impact specimens ms 
85 f t-16s I l l S J )  as compared to  the upper shelf  of the AOD 
heat of 66 f t - l b s  f 8 9 J )  . Microstructural examination 
showed a uniform tempered martensitic 6 t P U C t U r E  with a 
de l ta  f e r r i t e  content less than B .  

The remelted 

Af ter  conversion t o  plate rmd 

Subsequent mechanical property analysis on the 

The fls 

The upper shelf  

7.5 The Weldability of HT-9: Preheat and Position Effects 
(General Atomic Company) . . . . . . . . . . . . . . . . .  370 

To be reported i n  the next semknnual report. 

7.6 The Toughness of Simulated Heat-Affected Zone Microstruc- 
tures in a 12Cr-1Mo-0.3V Martensitic Stainless Steel 
(Sandia National Laboratories) . . . . . . . . . . . . . .  371 

t i f i e d  i n  HT9 GTA w e l d s  were simulated i n  the n e e b t e  i n  
order t o  produce bulk microstructural Charpy V-notch 
samp1es suitable f o r  evaluation of notch toughness. 
Samples both transverse and longitudinal t o  the rol l ing 
direct ion (R.D.) of AOD melt plate stock were evaluated. 
Pollotring the nEEblE thermal treatment the samples were 
given a postweld heat treatment f PWHT) for 1 hour a t  760OC. 
Charpy t e s t s  of the individual microstructures were per- 
formed over the temperature range from -60 t o  200OC. 

ro l l ing  direct ion Inotch aligned parallel t o  R.D.) f e l l  in 
a wide scatterband ntrich ac losed  the base metal toughness 
a t  low temperatures and m6 s l igh t l y  le66 than the base 
metat l A l t U E  on the upper she l f .  

The four dist inct  HAZ miCrO6truCture6 which Gere iden- 

The 
toughness lAllUe6 Of sample6 oriented f7YWl6VEP6E t o  the 

When samples oriented 
parallel  t o  the R.D. Inotch transverse t o  R.D.) were 
evaluated the toughness of three of the microstructural 
regions m6 again equivalent t o  that  of the base metal. 
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The fourth  region, which contained a f i n e  prior austenite 
grain s i z e  exhibited superior toughness properties with 
respect t o  both the duct i le- to- bri t t le  transi t ion tem- 
perature (DBTT) and the upper shelf  energy. 

7.7 The Effect of Postweld Heat Treatment on the Toughness of 
the Heat-Affected Zone in a 12Cr-1Mo-0.3V Steel (HT9) 
(Sandia National Laboratories) . . . . . . . . . . . . . .  388 

Samples both transverse and longitudinal t o  the 
rol l ing direct ion (R.D.) of the plate were subjected t o  
thermal cycles i n  the Gleeble which simulated four d i s t i nc t  
microstructures i n  the HAZ. Following the Gleeble heat 
treatment, the samples were tempered a t  e i ther  76OoC or 
60OoC for one hour and subsequently tested over a range of 
temperatures i n  the Charpy apparatus. Charpy t e s t  resu l t s  
revealed that the higher PWHT decreased the ductile-to- 
b r i t t l e  transi t ion temperature (DBTT) and increased the 
upper shel f  energy of three of the microstructures. 
four th  microstructure was re la t ive ly  m f f e c t e d  by the PWHT 
since the peak temperature experienced by t h i s  HAZ region 
i s  not su f f i c i en t  t o  reaustenit ize the structure during 
welding. 
s l i g h t l y  above the austeni t izat ion temperature during 
Uelding exhibi ts  the best toughness properties due t o  the 
refinement of the austenite grain s i ze .  

The Charpy results indicate that a 60OoC postweld heat 
treatment i s  not su f f i c i en t  t o  increase the toughness of 
the  w e l d  region t o  a level  which would guarantee the struc- 
tural i n t egr i t y  of a large component. 
that  the ambient temperature toughness should be s u f f i c i e n t  
t o  ensure extended l i f e  during cyc l ic  loading and periodic 
shutdown of the reactor. 

Interpretive Report on the Weldability of 12Cr-lMo-0.3V 
(HT9) Martensitic Stainless Steel, Part 2: Suitability for 
Fusion Reactor First Walls and Blanket Structures (Sandia 
National Laboratories) . . . . . . . . . . . . . . . . . .  399 

mercial experience and ADP-sponsored research concerned 
o i t h  the weldabil i ty of the HT9 candidate al loy .  
general conclusion of t h i s  report was that  HT9 exh ib i t s  
adequate weldabil i ty and i s  suitable from a fabrication 
standpoint; however, the question of in-service behavior 
and survivabi l i ty  i n  an operating reactor have not been 
addressed. T o  date, the data t o  m k e  such judgments are 
not available. Continuing research i n  the areas of irra-  
diat ion damage, fa t igue behavior, hydrogen embritttement, 
and the synergism among these issues  and others must be 
pursued before the s u i t a b i l i t y  of HT9 weld microstructures 
i n  fus ion  reactor environments can be property assessed. 

A 

The region of the microstructure heated j u s t  

I t  i s  imperative 

7.8 

A previous report s u m r i z e d  the resu l t s  of both com- 

The 
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7.9 Hydrogen Embrittlement of ESR Processed 12Cr-1Mo Steel 
(Sandia National Laboratories) . . . . . . . . . . . . . .  401 

of hydrogen on the d u c t i l i t y  of a quenched-and-tempered 
12Cr-1Mo a l loy  from the National Fusion Heat-ESR 
processed. specimens Were cathodicatl charged with 

150 minutes. In the uncharged condition, the ESR specimens 
f a i l e d  by intergranular rupture with prominent secondary 
cracking along prior austenite grain boundaries. 
l eas t  severe cathodic charge (0.003 A/cm2 - 15 minutes), 
the  t ens i l e  d u c t i l i t y  (RA)  decreased 33% and the degree 
o f  secondary cracking increased. A t  0.003 A/cm2 f o r  
150 minutes, the d u c t i l i t y  decreased fur ther  and the frac-  
ture  mde  changed t o  classical  intergranular fracture .  
These resul ts  generally mztched those f o r  the AOD processed 
120-1Mo a l loy  that had been tested previously. 

phosphorous and the carbide-forming elements Cr, Mo, W t o  
the  prior austenite grain boundaries. I n  the l i t era ture ,  
phosphorous has been shown t o  embrit t le these boundaries, 
especially i n  the presence of hydrogen. 

The combimtion of t ens i l e  data on hydrogen charged 
ESR mad AOD 12Cr-lMo s tee t  present several reasons f o r  con- 
cern regarding the suscep t ib i l i t y  of t h i s  a l loy  t o  hydrogen 
embrittlement. 
Sandvik HT-9 are addressed i n  terms of these mre recent 
f ind ings  . 

Tensile t e s t s  were performed t o  determine the e f f e c t  

hydrogen a t  0.003 A/cm2 and 0.006 A/cm Y f o r  15 t o  

For the 

Auger analysis indicates that there i s  segregation of 

Earlier resu l t s  of hydrogen charged 

7.10 Tensile Properties of Ferritic (Martensitic) Steels After 
Low-Temperature HFIR Irradiation (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  414 

I n  addition t o  the f e r r i t i c  s t ee l s  previously tes ted,  
experiment HFIR-CTR-33 also contained t ens i l e  specimens of 
ZO%-cold-worked type 316 s tainless  s tee l  f o r  i r m d i a t i o n  a t  
about 55oC. The t ens i l e  behavior of the type 316 s tainless  
s t ee l  WIS determined a t  room temperature and 3OO0C, and the 
resu l t s  showed the i rmdia ted  properties of the two classes 
o f  s t ee l s  t o  be qui te  similar. 

7.11 Helium Embrittlement Tests on Ferritic Steels (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . . .  424 

1 2  -1 MOW s tee l s  that  were i rmd ia t ed  a t  55OC i n  HFIR t o  
produce up t o  about 50 a t .  ppm He indicated that  there was no 
helium embritttement. These resu l t s  contrast with l i t era ture  
data showing that very small amounts of helium can cause a 
large decrease i n  d u c t i l i t y  f o r  nuny a l loys  when tes ted under 
equivalent conditions. 

Tensile t e s t s  a t  7OO0C a nickel-doped 9 Cr-1 MolrNb and 
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7.12 Reconstitution of the AD-2 Ferritics Experiment 
(Westinghouse Hanford Company) . . . . . . . . . . . . . .  431 

Six  uninstrumented B-7c capsules were removed from the 
EBR-II a f t e r  undergoing irradiation during Cycles 109-113. 
Several specimens were removed and distributed f o r  interim 
emmination, white the remaining specimens were re- 
encapsulated i n to  four new B-7c capsules. 
some irradiated specimens were included i n  the new 
capsules. 
end a f t e r  Cycle 123.  

In addition, 

Irradiation continued with Cycle 118 and will 

7.13 Fractographic Examination of Compact Tension Specimens of 
Unirradiated HT-9 and Modified 9Cr-1Mo Welds (Westinghouse 

Miniature compact tension specimens of HT-9 and 
Hanford Company) . . . . . . . . . . . . . . . . . . . . .  442 

modified 9Cr-1Mo w e l d  w t a l  and HT-9 HAZ mzterial have been 
tes ted and examined by scanning electron microscopy i n  
order t o  provide baseline data f o r  comparison with i r m -  
diated specimens, t o  provide understanding of the fracture 
process in these mzteriats, and t o  assess the usefulness of 
crack opening displacement masurements based on frac- 
tographic analysis. For specimens tested at  ZOSOC, crack 
propagation i s  found to  be due t o  microvoid coalescence. 

7.14 Postirradiation Notch Ductility of the Weld Heat Affected 
Zone ( H A Z )  of Alloy HT-9 Plate (AOD Heat) (Naval Research 
Laboratory and Sandia National Laboratories) . . . . . . .  460 
t i on  as a f i r s t  wztt mzterial i n  ntzgnetic fus ion  reactors. 
The s ize  and complexity of projected components m y  
necessitate the use of welding f o r  component fabrication; 
according1 y ,  s tudies of A l l o y  HT-9 mdia t ion  resistance 
capabi l i t ies  are including assessments of weld  deposits 
and weld HAZ mzterials. 
sents a jo in t  e f f o r t  by the Naval Research Laboratory 
( N R L )  and the Sandia National Laboratories at  Livermore 
( S N L L I .  

c h r p y - v  (C,) specimens simulating four  posit ions 
across a weld HAZ and specimens of the parent plate 
material were irradiated a t  288Oc t o  -8 x 1019 n/cm2, 
E> 0.1 MeV. The HAZ specimens were thermally cycled on 
a Gleeble apparatus; individual thermal cycles provided 
peak temperatures of 1380, 1152, 974 ur 828OC. Postirra- 
diat ion notch d u c t i l i t y  determinations revealed the HAZ t o  
have essen t ia l ly  uniform mdia t ion  embrittlement sen- 
s i t i v i t y  across i t s  width. In addition, the data showed 
the  mdia t ion  resistance level  of the HAZ t o  be comparable 
t o  that of the parent plate.  
tha t ,  f o r  the 288oC service condition, the fracture  
resistance of irradiated HT-9 weldments will not be 
governed primarily by the ueld HAZ. 

A l l o y  HT-9 i s  being evaluated f o r  potential  applica- 

The present investigation repre- 

The resu l t s  i n  turn suggest 
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8 .  STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . .  467 

National Laboratory) . . . . . . . . . . . . . . . . . . .  46% 
8 . 1  Irradiation Experiment Status and Schedule (Oak Ridge 

principal features of mny DIP irradiation experi- 
ments are tabulated. Bar charts show the schedule for 
recent, current, and planned experiments. Experiments are 
presently under m y  i n  the O a k  Aidge Research Reactor IORR) 
and the High F l u  Isotope Reator (HFIR), which are mixed 
spectrum reactors, and i n  the Experimental Breeder Reactor 
( E B R- I I ) ,  which is a f a s t  reactor. 

8.2  ETM Research Materials Inventory (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  476 

The o f f i c e  of E s i o n  Energy  has assigned program 
responsibi l i ty  t o  ORNL f o r  the establishment and operation 
of a central inventory of research m t e r i a l s  t o  be used i n  
the  Fusion Reactor MatEriah research and development 
programs. 
material f o r  the Fusion Reactor Materials Program. This 
will minimize unintended mz t e r iah  variables and provide 
for economy i n  procurement and for centralized record- 
keeping. 
related t o  first-wall and structural applications and 
related research, but various special purpose m t e r i a t s  m y  
be added i n  the future .  

The objective i s  t o  provide a c o m n  SUpp1y of 

I n i t i a l l y  t h i s  inventory will focus on m t e r i a t s  

9 .  MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . .  481 

9 .1  Corrosion of Austenitic, Ferritic, and Long-Range- 
Ordered Alloys in Flowing Lithium (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  482 

Result6 from l i th ium theml-convec t ion  loop (TCL) 
t e s t s  of type 316 s ta in less  s t ee l ,  Sandvik HT9, and a long- 
range-ordered (LEO) a l loy  composed of Fe-31.8 N622.5 V- 
0.4 T i  (ut %) are reported. Type 316 s tainless  s teel  and 
HT9 had similar steady-state dissolution rates  at  500OC. 
The Lm alloy was rapidly corroded in t y p e  316 s tainless  

l i th ium showed that  dissimilar-metal transfer  probably mde  
a very s igni f icant  contribution t o  the overall LIio a l loy  
corrosion rate measured i n  the above experiments. 

s tee l  TCLS. .YOueVer, ? ' E s U l t s  from i so therm1 tes t6  in 

9.2 Environmental Effects on Properties of Structural Alloys 
(Argonne National Laboratory) . . . . . . . . . . . . . . .  491 

Compdtibility tests were conducted with several can- 
didate structural m t e r i a t s  t o  study the corrosion behavior 
in flowing lithium, and fa t igue  t e s t s  were performed with 
HT-9 al loy  specimens that  were preexposed t o  lithium. 
resu l t s  indicate that  the corrosion rate of f e r r i t i c  s t ee l s  

The 
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is an order of mzgnitude lower than for the  austeni t ic  
s ta in less  s t ee l .  
Type 316 s ta in less  s teel  is a fac tor  of 3 greater than that 
for the annealed s t ee l .  Freeqosure (1000 h/ of the HT-9 
a l loy  t o  tow-nitrogen l i thium has no e f f e c t  a fat igue 
l i f e .  
V-15Cr-5Ti a l loys  are highly corrosion res is tant  i n  523 K 
f250OCJ deoxygenated nzter .  

The corrosion rate for cold-worked 

Preliminary scoping studies indicate that V-15Cr and 

9.3 Corrosion of Austenitic and Ferritic Steels in Static 
Pt-17 at. % Li (Oak Ridge National Laboratory) . . . . . , 500 

Specimens of type 316 s tainless  s teel  and Sandvik HT9 
were exposed to  s ta t i c ,  m l t e n  Pb-17 a t .  % A i .  Weight 
losses of these al loys  exposed t o  P b 1 7  a t .  % L i  were m c h  
greater than those measured i n  s ta t i c ,  pure lithium. 
Decreased weight losses at  longer exposure times m r e  
thought t o  be a resul t  of possible corrosion product for- 
mation a the specimen surfaces due t o  impurit ies in the 
melt.  

9.4 Compatibility Studies of Structural Alloys with Solid 
Breeder Materials (Argonne National Laboratory) . . . . . . 507 

The compatibility of solid L i 2 0 ,  L C A l O 2 ,  and L i 2 S i 0 3  
breeder rmterials with Type 326 s ta in less  s tee l  and ET-9 
a l loy  has been investigated a t  773 K (500OO.  The resu l t s  
show that  f o r  L i z O ,  the alloy-ceramic interactions at  773 K 
are similar t o  that observed a t  973 K (7OO0C).  Both s t ee l s  
show a uniform layer of i n t e r n 1  penetration and a thick  
outer scale that consis ts  of the ceramic rmteriat embedded 
with iron-rich corrosion products. Specimens exposed with 
L i A l 0 2  or L i 2 S i O 3  show no wasumbte  interact ion.  
p a t i b i l i t y  t e s t  d t h  L i 2 0  has been in i t i a t ed  at  823 K 
155OOCI in a f l o h n g  helium enoironment containing 
controlled mounts  of m i s t u r e  and hydrogen. 

A com- 
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1.1 MATERIALS HANDBOOK FOK FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell 
Douglas Astronautics Company - St. Louis) and T. K. Bierlein (Hanford 

Engineering Development Laboratory) 

1.1.1 ADIP Task 

Task Number 1 . A . 1  - Define material property requirements and make 

structural life predictions. 

1.1.2 Objective 

To provide a consistent and authoritative source of material property 

data for use by the fusion community in concept evaluation, design, safety 

analysis, and performance/verification studies of various fusion energy 

systems. A secondary objective is the early identification of areas in 

the materials data base where insufficient information or voids exist. 

1.1.3 Summary 

The third publication package of data sheets for the MlIFES has been 

released. This publication package contains seven new tab dividers, re- 

visions to the table of contents, a new revision control page, and 21 pages 

on properties of a glass epoxy laminate called G-10 CR which is used in 
superconducting magnets. These pages describe the ultimate tensile 

strength, interlaminar shear strength, ultimate tensile strain, Poisson's 

ratio, static Young's modulus in tension, dynamic Young's modulus, ultimate 
compressive strength, compressive strength under gamma irradiation, 

flexural strength under gamma irradiation, thermal conductivity, thermal 
expansion, electrical resistivity, resistivity under irradiation, electric 

strength, density, composition of gases generated by irradiation, radio- 

activity after irradiation, and weight loss due to irradiation. Data 

pages covering the electrical resistivity and tritium permeability of 

20% cold worked type 316 stainless steel, the thermal expansion of lithium 

oxide, and the mechanical properties of graphite have been received and 

are currently being reviewed by the Analysis and Evaluation task group 

prior to release to the handbook. In addition, page preparation of data 

sheets on lithium compounds, alumina, and ferritic steels are in 

progress. 
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1.1.4 Progresr, and Status 

Superconducting magnets are currently planned for use on near term 

machines such as EBT-P and MFTF-B and longer term devices such as FED/ETR 

and DEMO along with the commercial designs. In order to support the 

near term design projects and the longer range conceptual designs, requests 

were made to various organizations active in the field of superconducting 

magnets to provide data sheets on G-1OCR (glass epoxy laminate) which is 

used as an insulator in superconducting magnets. In response to these 

requests, data sheets were prepared by G. P. Lang of MDAC and R. R. Coltman 
of ORNL. These data sheets, which cover a wide range of physical and 

mechanical properties, were prepared in support of the EBT-P project 

and were distributed to holders of the handbook in the third publication 

package. The 24-page GlOCRdata package consists of the ultimate tensile 

strength, interlaminar shear strength, ultimate tensile strain, Poisson's 

ratio, static Young's modulus in tension, dynamic Young's modulus, ulti- 

mate compressive strength, compressive strength under gamma irradiation, 
flexural strength under gamma irradiation, thermal conductivity, thermal 

expansion, electrical resistivity, resistivity under irradiation, electric 

strength, density, composition of gases generated by irradiation, radio- 

activity after irradiation, and weight loss due to irradiation. 

Data sheets relating to the electrical resistivity and the tritium 

permeability of 20% cold worked 316 stainless steel have been prepared 

by R. F. Mattas of ANL as part of their Starfire Studies. These data 

sheets have been submitted for review and approval to the Analysis and 
Evaluation task group and shouid be available t o  t h e  handbook holders 

in early fall. In addition to data sheets on 316 stainless steel, there 
are a number of other data sheets currently nearing completion which 

should be available for review and approval this summer and will likely 

be part of the fourth publication package. These data pages cover the 

thermal expansion of lithium oxide (submitted by G. W. Hollenberg, HEDL), 

properties of graphite (submitted jointly by G. P. Lang, MDAC, and 

W. Eatherly, ORNL) and the properties of lithium (submitted by W. Brehm, 
HEDL) . 

One of the primary difficulties the handbook has encountered over 

the past year has been to maintain a constant supply of data sheets to 
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t h e  handbook h o l d e r s .  i n  an e f f o r t  t o  remedy t h i s  s i t u a t i o n ,  t h e  N a t t r i a l s  

and Radia t ion  E f f e c t s  branch of O . F . E .  s e n t  ii programmatic l e t t e r  t o  E.II 

p r i n c i p a l  i n v e s t i g a t o r s ,  involved i n  m a t e r i a l s  r e s e a r c h ,  s o l i c i t i n g  

t h e i r  suppor t  i n  p repar ing  d a t a  s h e e t s  and s e t t i n g  a goal  of i n c o r p o r r t i n g  

i n t o  t h e  liandbook 2 4  a d d i t i o n a l  d a t a  pages for  t h i s  y e a r .  A number of 

t h e  resea rchers  have responded w i t h  commitments t o  p repare  d a t a  sheet? ,  

on a v a r i e t y  of m a t e r i a l s  ranging from .4lumina t o  f e r r i t i c  s t e e l s .  The 

suppor t  of these  r e s e a r c h e r s  should he111 t o  a l l e v i a t e  t h i s  probl.em. 

1 . 1 . 5  Fu tu re  Work .- 

The e f f o r t  f o r  t h e  handbook over t h e  next  s i x  months w i l l  be 

d i r e c t e d  towards t h e  p r e p a r a t i o n  of d a t a  s h e e t s  f o r  a wide range of 

m a t e r i a l s .  Cur ren t ly  planned d a t a  s h e e t s  w i l l  cover f e r r i t i c  s t e e l s ,  

alurnina, s o l i d  l i t h i u m  compounds, and g r a p h i t e .  The longer  range e f f o r t  

w i l l  be d i r e c t e d  towards developing c o r r e l a t i o n s  o n  s w e l l i n g  and 

i r r a d i a L i o n  c rcep  a l o n g  w i t h  p repar ing  data sliects showing the  i r r a d i a t e d  

meclianical p r o p e r t i e s  of 116 s t a i n l e s s  s t e e l .  



2. T E S T  MATRICES AND METHODS DEVELOPMENT 

5 
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2.1 NEUTRONIC CALCULATIONS I N  SUPPORT OF THE ORR-MFE-4 SPECTRAL TAILORING 
EXPERIMENTS - R. A. L i l l i e ,  R. L. Childs,  and T. A. Gabr ie l  
(Oak Ridge Nat ional  Laboratory) 

2.1.1 ADIP Task 

ADIP Task I . A . 2 ,  Define Test Matrices and T e s t  Procedures. 

2.1.2 Objec t ive  

The o b j e c t i v e  of t h i s  work is  t o  provide the  neu t ron ic  des ign f o r  

materials i r r a d i a t i o n  experiments i n  the  Oak Ridge Research Reactor (ORR). 

S p e c t r a l  t a i l o r i n g  t o  c o n t r o l  t h e  f a s t  and thermal f l u x e s  i s  requ i red  t o  

provide the  d e s i r e d  displacement and helium product ion rates i n  a l l o y s  

con ta in ing  n i c k e l .  

2.1.3 Summary 

The geometric model of the  ORR-MFE-4 exper imental  capsules  has been 

modif ied ,  and c a l c u l a t e d  f luences  are being sca led  t o  ag ree  with the  

exper imental  data. A s  of March 8 ,  1982, t h i s  t rea tment  y i e l d s  

36.30 a t .  ppm H e  (not  including 2.0 a t .  ppm H e  from 'OB) and 4.35 dpa f o r  

type  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-4A, and 17.52 a t .  ppm He and 2.87 dpa 

i n  ORR-MFE-4B. 

2.1.4 Progress  and S t a t u s  

The geometric model of the  ORR-MFE-4 exper imental  capsu les  employed 

i n  the  three- dimensional neu t ron ics  c a l c u l a t i o n s  ' J  has been modified. 

The new model inc ludes  more d e t a i l  and lowers the  calcula ted- to-  

exper imental  f luence r a t i o s  3-5 from 1.46 t o  1.32. 

a r e  p r e s e n t l y  being sca led  t o  f o r c e  agreement wi th  the  exper imental  da ta .  

The opera t ing  and c u r r e n t  c a l c u l a t e d  da ta  ( f luences  sca led  by 0.76 t o  

agree  with the  exper imental ly  measured f luences  

f o r  the  ORR-MFE-4A and -4B experiments are summarized i n  Table 2.!.1. 

All c a l c u l a t e d  f luences  

and helium product ion5)  

The real- t ime p r o j e c t i o n s  of the a t .  ppm He t o  dpa l e v e l s  based on 

c u r r e n t  c a l c u l a t e d  data ( f luences  sca led  by 0.76) as of March 8, 1982 are 

given i n  Figs. 2.1.1 and 2.1.2 f o r  the ORR-MFE-4A and -4B experiments,  
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Table 2.1.1. Operating and Calculated Data f o r  Experiments ORR-MFE-4A 
and -4B as  of March 8, 1982 

ORR-MFE-4A ORR-MFE-4B 

ORR cycles  34 21 

Power (Mwh) 266,186 188,769 

Thermal fluence (neutrons/m2) 

Total fluence (neutrans/m2) 

5.47 x loz5 (7.20 x loZ5)" 

1.72 X l o z 6  (2.26 X loz6) 

3.65 x IOz5 (4.80 X loz5) 

1.14 X 10" (1.50 X loz6) 

Helium (a t .  ppm~b 36.30 (59.43) 

dpa 4.35 (5.72) 

17.52 (28.83) 

2.87 (3.78) 

Walues in parentheses represent unscaled calculated data. 

h e l i u m  and dpa values are for type 316 s t a i n l e s s  s t e e l .  

. TYPE 315 STAINLESS STEEL.  
C U R R E N T C A L C U L A T E D D A T A  

STAINLESS STEEL 1 c A L C U L A ~ ~ ~  
PROJECTED 

0 PCA 1 D A T A  

/ L U L  28 '63 i R E M O '  , ./ FIRST SAMPLES 

DISPLACEMENT D A M A G E  L E V E L  Idpal 

Fig. 2.1.1. Current and Pro jec ted  Helium and Displacer I ,!zmage 
Levels Expected i n  the Om-MFE-4A Experiment. 



P R O J C C T F D  
TYPE 316 
S T A l N L F S S  S T E E L  CIILCuLITL,) 

PCA I D A T A  

0 MAR 1 ' 8 4  lREMOVE 
F I R S T  SAMPLES)  

A MAR 8 '82 

0 - '  1/ - I L L  1 - - . - L  
0 2 4 6 8 10 12 14 

DISPLACEMENl OAMAGL L E Y t L  m a 1  

Fig. 2.1.2. Current  and Pro jec ted  Helium and Displacement Damage 
Levels Expected i n  the  ORR-MFE-4B Experiment. 

r e s p e c t i v e l y .  

f a c t o r  of 0.86. The pro jec ted  d a t e s  i n  both f i g u r e s  have changed from 

those  p rev ious ly  g iven3  because of t h e  24% reduc t ion  i n  c a l c u l a t e d  

f luences  imposed because of the  exper imental  data. Also,  because of the  

reduc t ion  i n  thermal f luence ,  t h e  dpa l e v e l  a t  which the  s o l i d  aluminum 

core  p iece  i s  requ i red  has increased from 6 t o  7.5 dpa. 

The p ro jec ted  d a t e s  were obta ined by assuming an ORR duty 

2.1.5 Fu ture  Work 

The i n v e s t i g a t i o n  t o  determine the  reason f o r  t h e  r e l a t i v e l y  l a r g e  

calcula ted- to- exper imental  f luence  r a t i o  of 1.32 will be continued.  U n t i l  

t h i s  discrepancy is reso lved ,  t h e  c a l c u l a t e d  f luences  from the ongoing 

three- dimensional neu t ron ics  c a l c u l a t i o n s  f o r  each ORR r e a c t o r  c y c l e  will 

cont inue t o  be rev i sed .  
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2.2 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A A!?D 
ORR-MFE-4B - I. T. Dudley and J. A. Conlin (Oak Ridge National  
Laboratory) 

2.2.1 ADIP Task 

ADIP Task I.A.2, Define Test Matrices and Test Procedures. 

2.2.2 Objec t ive  

Experiments ORR-MFE-4A and - 4 B ,  which i r r a d i a t 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 ,  use neutron spectrum t a i l o r i n g  t o  achieve t h e  same helium-to- 

displacement-per-atom (He/dpa) r a t i o  as p red ic ted  f o r  fus ion  r e a c t o r  

f i r s t- w a l l  se rv ice .  Experiment ORR-MFE-4A con ta ins  mainly type 316 

s t a i n l e s s  s tee l  and Path A Prime Candidate Alloy (PCA) a t  i r r a d i a t i o n  

temperatures  of 300 and 400°C. Experiment ORR-MFE-4B con ta ins  similar 

m a t e r i a l s  a t  i r r a d i a t i o n  temperatures of 500 and 600°C. 

2.2.3 Summary 

The ORR-MFE-4A experiment has operated f o r  an equ iva len t  of 391 d a t  

30-MW r e a c t o r  power, wi th  maximum specimen temperatures  i n  t h e  upper and 

lower reg ions  of 400 and 33OoC, r e s p e c t i v e l y .  A problem caused by a leak 

i n  the  capsu le  primary system has been reso lved ,  and t h e  capsule  i s  aga in  

in opera t ion .  The ORR-MFE-4B experiment,  wi th  specimen temperatures of 

500 and 600°C, has operated f o r  283 d a t  30-MW r e a c t o r  power. 

2.2.4 Progress  and S t a t u s  

On September 8 ,  1981, two of the  m u l t i j u n c t i o n  thermocouples loca ted  

i n  the  lower region of the  ORR-MFE-4A capsu le ,  as p rev ious ly  

i n d i c a t e d  sharp  drops in temperatures of about 90°C on each. The capsu le  

was removed from the  r e a c t o r  on September IO, 1981, f o r  an i n v e s t i g a t i o n  

i n t o  t h e  cause of the  temperature drop. It was suspected that  a leak had 

developed i n  t h e  inner  c y l i n d r i c a l  primary boundary and allowed some NaK 

t o  e n t e r  the  annulus. A series of leak tests were made on t h e  capsule  

systems. The tests  d id  revea l  t h a t ,  indeed,  a leak had developed i n  

the primary system. It was a l s o  found t h a t  the  l eak  was between the  

primary system and region "A" of the  capsule .  The leakage amounted t o  

approximately 1 s t d  cm3/min of helium with  a d i f f e r e n t i a l  p ressure  of 

3.45 x IO5 Pa (50 p s i ) .  



Region "A" i s  defined as  the  volume i n s i d e  the  capsule  lead tube ,  

which i s  made of 51-mm ( P i n . ) ,  sched-40 pipe and extends from the  top of 

t h e  capsule  bulkhead t o  the  next bulkhead loca ted  about 0.3 m (12 in . )  

above the  r e a c t o r  tank top. 

The s e r i e s  of pressure  tests ind ica t ed  t h a t  t h e r e  were no o the r  l eaks  

i n  the  p r imary  system or region "A" and t h a t  t h e r e  were no l eaks  i n  e i t h e r  

the  thermocouple well  or  the  secondary system. Af t e r  a review of the  cap- 

sule design and the  l o c a t i o n  of the  l eak ,  it was concluded t h a t  opera t ion  

could be s a f e l y  resumed by rear ranging  the  primary and secondary system 

boundaries ,  changing system opera t ing  p res su res ,  and adding a thermocouple 

wel l  p r e s s u r i z a t i o n  system. 

Region "A" i s  now designated as a p a r t  of t he  primary system 

boundary. This region is  pressur ized  t o  50 ps ig  and maintained a t  t he  

same p res su re  a s  the  volume immediately above t h e  NaK, which was o r i g i-  

n a l l y  designated a s  the  primary system. The two volumes, now com- 

municating through the  small l eak ,  a r e  p o s i t i v e l y  joined e x t e r n a l l y  by 

ty ing  t h e i r  gas l i n e s  together .  Af ter  p r e s s u r i z a t i o n ,  t he  primary gas 

system i s  sea led  by c los ing  the  i n l e t  and o u l e t  va lves  and i s  continuously 

monitored f o r  inward or  outward leakage. The p res su re  i s  g r e a t e r  than 

r e a c t o r  cool ing water pressure ,  so  t h a t  any leakage would be outward. 

The mul t i j unc t ion  thermocouple w e l l  is kept  p re s su r i zed  with helium 

t o  4.5 X l o 5  Pa (65 ps ig) .  

t he  primary system, so t h a t  if a leak  should develop between it and the  

primary s y s t e m ,  it would r e s u l t  i n  a helium flow i n t o  the  primary system. 

The c o n t r o l  gas system pressure  w a s  increased  t o  4.5 X l o 5  Pa (65 ps ig)  

a l s o .  Leakage of the  c o n t r o l  gas i n t o  t h e  primary system would be indi-  

ca ted  by a r i s e  i n  the  primary system pressure .  It should be noted t h a t  

t h i s  arrangement c o n s t i t u t e s  s i n g l e  containment of the  NaK. 

This pressure  i s  g r e a t e r  than t h e  pressure  of 

The leak  i n  the  primary system may al low NaK t o  cont inue seeping i n t o  

t h e  annulus around the  c e n t r a l  thermocouple w e l l  and cause u n c e r t a i n t i e s  

i n  the  temperature measurement c o r r e l a t i o n s .  For  t h a t  reason another  

means of temperature c o n t r o l  was needed. 

ope ra t ing  da ta  ind ica t ed  t h a t  t he  temperatures  could be held wi th in  10'C 

of the  des i r ed  value over an ORR f u e l  cyc le  by maintaining predetermined 

A s tudy of h i s t o r i c a l  capsule  
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fixed ratio argon-helium gas mixtures for the control gases to each cap- 

sule region. This method of temperature control is now being used for 

ORR-MFE-4A capsule operation, and through March 31, 1982, the capsule has 

accumulated an equivalent of 391 d at 30-MW reactor power operation. 

The ORR-MFE-4B capsule continues to operate as planned since it was 

installed i n  the reactor on April 23, 1981. Through March 31, 1982, it 

has accumulated an equivalent 283 d at 30-MW reactor power operation with 

maximum specimen temperature of 600°C in the upper region and 500°C in the 

lower region. Thermocouple E - 1  located in the upper region3 failed on 

February 12, 1982. 

2.2.5 References 

1. 

2. 

3. 

K. R. Thoms and M. L. Grossbeck, "Operation of the ORR Spectral 

Tailoring Experiment ORR-MFE-4A," ADIP  Quart. Prog. Rep.  

Sept.  30, 1980, DOE/ER-0045/4, pp. 2&24. 
K. R. Thoms, "Operation of the ORR Spectral Tailoring Experiment 
ORR-MFE-&A," ADIP  Quart. Prog. Rep.  March 31, 1981, D@E/ER-0045/6, 

pp. 18-21. 

I. T. Dudley, "Operation of the ORR Spectral Tailoring Experiments 

ORR-MFE-4A and ORR-MFE-4R," A D I P  Semiannu. Prog. Rev. Sept. 30, 1981 ,  

DOE/ER-0045/7, pp. 2629. 
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2.3 TEM SPECIMEN MATRIX FOR THE AD-2 RECONSTITUTION - D.  T. Pe terson  

(Westinghouse Hanford Company) 

2 .3 .1  ADIP Task 

The Department of Energy (DOE) Of f i ce  of Fusion Energy (OFE) has 

c i t e d  t h e  need f o r  t hese  d a t a  under t h e  ALIP Program Task, F e r r i t i c  

Ma te r i a l  Development (Path E). 

2.3.2 Objec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  s tudy t h e  m i c r o s t r u c t u r a l  response 

of a v a r i e t y  of f e r r i t i c  and a u s t e n i t i c  a l l o y s  t o  f a s t  neutron i r r a d i a -  

t ion .  

2 .3.3 Summary 

TEM specimens have been prepared f o r  i n c l u s i o n  i n  t h e  r e c o n s t i t u-  

t i o n  of t h e  AD-2 t e s t .  The mat r ix  inc ludes  specimens of HT-9 weld fus ion  

zones and s imulated hea t- a f fec t ed  zones, undoped and n i c k e l  doped 12Cr- 

1Mo and 9Cr-1Mo a l l o y s ,  and r a p i d l y  s o l i d i f i e d  Path A a l l o y s .  

2.3.4 Progress  and S t a t u s  

The AD-2 experiment was r e c e n t l y  discharged from E B R - I 1  f o r  i n t e r i m  

examination and r e c o n s t i t u t i o n .  One s e t  of TEM specimens, as descr ibed  

i n  r e fe rence  1, was removed f o r  examination. A d u p l i c a t e  s e t  of spec i-  

mens w i l l  cont inue  i r r a d i a t i o n  i n  the  r e c o n s t i t u t e d  experiment.  A se t  

of cold specimens was included i n  t h e  r e c o n s t i t u t i o n  t o  r e p l a c e  t h e  d i s -  

charged specimens. 

Table 2.3.1 l i s t s  t h e  specimens prepared by t h e  Hanford Engineering 

Development Laboratory (HEDL). Specimens K7 through KR a r e  being i r r a -  

d i a t e d  i n  t h e  HFIR-MFE-RB1 test  bu t  were not  included i n  the  o r i g i n a l  

AD-2 mat r ix .  These specimens a r e  d iscussed  i n  r e fe rence  2 .  The Path B 

a l l o y s  have been i r r a d i a t e d  i n  a s e r i e s  of H F I R  experiments.  (3y4) 

specimens a r e  p r e s e n t l y  being examined t o  a s s e s s  the  e f f e c t  of i r r a d i a -  

t i o n  i n  a high helium environment upon t h e i r  d u c t i l i t y .  A l i m i t e d  s e t  

of t hese  specimens was included i n  t h e  AD-2 r e c o n s t i t u t i o n  t o  provide a 

low helium b a s e l i n e .  

These 
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Table 2.3.1 Specimens Prepared by HEDL 

Alloy1 

HT-9 (91353) 

9Cr-1Mo (30176) 

2kCr-lMo ( 5644 7 ) 

HT-9 (91353) 

HT-9 (91353) 

HT-9 (91353) 

HT-9 (91353) 

HT-9 (91353) 

B 1  (5-271-1) 

B2 (5-268-2) 

B 3  (3-267-1) 

B 4  (3-264-1) 

B6 (5- 262- 1) 

Code 

K 7  

KA 

KB 

KE 

KF, K H  

K J ,  KK 

KL, KN 

KP, KR 

KT 

KU 

KV 

K x  

N I  

TMT - 

M i l l  annealed round ba r  

1038°C/5min/AC+760"C/lhr/AC 

900"C/0.5hr/AC+700"C/lhr/AC 

Weld f u s i o n  zone + 760"C/Zhr/AC 

HAZ 111 + 760"C/Zhr/AC 

HAZ 1;2 + 760°C/2hr/AC 

HAZ 113 + 760"C/Zhr/AC 

HAZ 114 + 760°C/2hr/AC 

30%CW 

30%CF! 

30%CW 

30%CW 

4 0 % C W  

'The h e a t  numbers a r e  l i s t e d  in p a r e n t h e s i s .  

Table 2 .3 .2  l i s t s  t h e  specimens prepared by t h e  Oak Ridge National  

Laboratory (ORNL).  These specimens c o n s i s t  of a series of nicke l  doped  

12Cr-1Mo and 9Cr-1Mo a l l o y s  and t h e i r  undoped c o u n t e r p a r t s .  

doped a l l o y s  were developed by ORNL t o  enhance t h e  product ion of helium 

dur ing  i r r a d i a t i o n  i n  mixed spectrum r e a c t o r s  such as H F I R .  (') 

specimens are being i r r a d i a t e d  i n  E B R - I 1  where n e g l i g i b l e  helium w i l l  be 

produced t o  provide  a comparison w i t h  specimens i r r a d i a t e d  i n  H T I R .  

These n i c k e l  

These 

Table 2.3.3 l i s t s  t h e  specimens prepared by t h e  Massachusetts  

I n s t i t u t e  of Technology (MIT). These specimens a r e  all r a p i d l y  s o l i d i -  

f i e d  a u s t e n i t i c  a l l o y s .  The PA-1 a l l o y  i s  t h e  Path  A PCA a l l o y ;  PA-2 

i s  t h e  Path  A PCA modified t o  o b t a i n  O.O81%C and 0.60%Ti;  PA-3 i s  t h e  

Path  A PCA modified t o  o b t a i n  0.17%C and 0.90% T i ;  and 316 + 17Al i s  

a u l t r a  low carbon and n i t r o g e n  con ten t  316 s t a i n l e s s  s t e e l  remelted 

w i t h  t h e  a d d i t i o n  of 1 % A l  t o  form d i spersed  aluminum oxide p r e c i p i t a t e s .  
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Table 2.3.2 Specimens Prepared by ORNL 

Alloy1 

12Cr-1Mo (3587) 

12Cr-1Mo-1Ni (3588) 
12Cr-lMo-2Ni (3589) 

9Cr-1Mo (3590) 

9Cr-lMo-2Ni (3591) 

12Cr-1Mo-2Ni Adj. (3592) 

9Cr-1Mo-2Ni Adj. (3593) 

TMT2 - 
N ;NT ;NFT 

N;NT;NFT 
N;NT;NFT 

N ;NT ;NFT 

N;NT;NFT 

N ;NT;NFT 

N ; NT ; NFT 

'The heat numbers are listed in parenthesis. 
*N = Normalized; NT = Normalized + Tempered 700"C/lhr; 
NFT = Normalized + Fully Tempered. 

Table 2.3.3 Specimens Prepared by MIT 

PA- 1 
PA-1 

PA-2 

PA- 2 

PA-3 

PA- 3 

PA-3 
316+17!1 

316+lYAl 

Code 

N7 
NA 

NB 

NE 

NF 

NH 
NJ 
NK 

NL 

- TMT - 

20%CW 

40%CW 

20%CW 

40%CW 
850"C/l%hr 

40%CW 

As consolidated 
1100"C/lhr 

25%CW 

2.3.5 Future Work 

Microstructural examinations will be performed on selected speci- 

mens after the final discharge of the AD-2 test. 

2.3.6 References 

1. R. J. Puigh and N. F. Panayotou, "Specimen Preparation and Loading 
for the AD-2 Ferritics Experiment," ADIP &uarterZy Progress Report, 

ApriZ-June, t980,  DOE/ER-004513, 260. 
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3 .  D. T .  Pe te r son ,  "Specimen Matrix f o r  t h e  HFIR I r r a d i a t i o n  of t h e  

Pa th  B A l l o y s ,"  A D D  Q u a r t e r l y  Progress R e p o r t ,  JuZy-September 1939 ,  

DOE/ER-0045/4, 54. 

4 .  M. L .  Grossbeck, J. W .  Woods and G .  A.  P o t t e r ,  "Experiments HFIR-CTK- 

30, -31, and -32 f o r  I r r a d i a t i o n  of  Transmission Elec t ron  Microscopy 

D i s k  Specimens, " I b i d .  , 36. 

5. R. L .  Klueh and J. M. Vi tek ,  " Charac te r iza t ion  of F e r r i t i c  S t e e l s  

f o r  HFIR I r r a d i a t i o n , "  ADIP Quar t e r ly  Progress Report, A p r i Z - J u n e  

1980, DOE/ER-0045/3, 294. 
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2.4 HFIR/FFTF IRRADIATION EXPERIMENT - CONCEPTUAL PLAN - A .  M. E r m i  
(Hanford Engineering Development Laboratory)  and J. M. Vitek (Oak 
Ridge Na t iona l  Laboratory)  

2.4.1 ADIP Task 

ADIP Task I . A . 2 ,  Define T e s t  Matr ices  and T e s t  Procedures.  

2.4.2 Objec t ive  

A combined HFIRjFFTF i r r a d i a t i o n  experiment i s  be ing  planned t o  

o b t a i n  mechanical p r o p e r t i e s  d a t a  and m i c r o s t r u c t u r a l  in format ion  on 

n icke l- bear ing  f i r s t- w a l l  cand ida te  a l l o y s  a t  very high displacement  

damage l e v e l s  (100- 200 dpa) whi le  main ta in ing  h e l i u n  concen t r a t ion  l e v e l s  

a p p r o p r i a t e  f o r  a f u s i o n  r eac to r .  

p roduct ion  rates and t h e  FFTF f o r  high displacement  damage r a t e s ,  t h e  high 

displacement  damage a t  t h e  a p p r o p r i a t e  He/dpa (10-15 a p p / d p a )  can be 

achieved more r a p i d l y  than  by u t i l i z i n g  e x i s t i n g  single i r r a d i a t i o n  

f a c i l i t i e s .  

By u t i l i z i n g  t h e  H F I R  f o r  high helium 

2.4.3 Summary 

P l a n s  f o r  a combined HFIR/FFTF i r r a d i a t i o n  experiment on P a t h  A PCA 

and long- range ordered  a l l o y s  a r e  descr ibed .  

-180 dpa w i t h  t h e  a p p r o p r i a t e  h e l i m  l e v e l s  expected f o r  f u s i o n  

environments. 

t a t i v e  matr ix of s w e l l i n g  d i s k s ,  c reep  tubes ,  and t e n s i l e ,  crack growth 

and f r a c t u r e  toughness specimens has  been i d e n t i f i e d .  

I r r a d i a t i o n  w i l l  be  up t o  

I r r a d i a t i o n  tempera tures  w i l l  be f r m  400  t o  600°C. A ten-  

2.4.4 Progress  and S t a t u s  

2.4.4.1 I n t r o c h c t i o n  

Development of m a t e r i a l s  f o r  f u s i o n  r e a c t o r  f i r s t  w a l l  a p p l i c a t i o n  

r e q u i r e s  t h a t  t he  m a t e r i a l  p r o p e r t i e s  be cha rac t e r i zed  a s  a func t ion  of 

t h e  h o s t i l e  f i r s t - w a l l  i r r a d i a t i o n  environment. S ince  no h igh  f l u e n c e  

f u s i o n  t es t  f a c i l i t y  i s  c u r r e n t l y  a v a i l a b l e  f o r  t h e  f u s i o n  a l l o y  develop- 

ment program, s imula ted  s t u d i e s  must be under taken  i n  e x i s t i n g  i r r a d i a t i o n  

f a c i l i t i e s .  A review of t h e  problems a s s o c i a t e d  w i t h  t h e  s imula t ions  and 



of t h e  f a c i l i t i e s  a v a i l a b l e  f o r  f u s i o n  f i r s t  w a l l  m a t e r i a l s  development 

h a s  been d e t a i l e d  by Klueh and Bloom. 

a r e  j o i n t l y  planning i s  a combined HFIRIFFTF i r r a d i a t i o n  t e s t  which would 

achieve  high displacement  damage l e v e l s  w i t h  t h e  a p p r o p r i a t e  average 

He/dpa r a t i o  more r ap id ly  t h a n  i n  o t h e r  e x i s t i n g  f a c i l i t i e s .  Using t h e  

H F I R  f o r  high helium product ion  r a t e s  i n  n icke l- bear ing  a l l o y s  (PCA and 

t h e  long- range ordered  a l l o y s ) ,  and t h e  FFTF f o r  high displacement  damage 

r a t e s ,  i t  w i l l  be  p o s s i b l e  t o  achieve t h e  d e s i r e d  displacement  damage a t  

t h e  a p p r o p r i a t e  average Heidpa r a t i o  i n  a r e l a t i v e l y  s h o r t  per iod  of time 

( 1 0 0  dpa by 1989). 

One experiment which HEDL and ORNL 

2.4.4.2 I r r a d i a t i o n  P lan  and T e s t  Matr ix 

The g e n e r a l  HFIR/FFTF experiment t e s t  p l a n  c a l l s  f o r  a s e r i e s  of 

i r r a d i a t i o n s  a l t e r n a t i n g  between t h e  H F I R  and t h e  FFTF. The loading ,  

i r r a d i a t i o n ,  and unloading c y c l e  i n  each f a c i l i t y  i s  t o  b e  approximately 

one year .  For t h e  ma jo r i ty  of t h e  specimens, i r r a d i a t i o n  would begin i n  

t h e  H F I R ,  fo l lowing what i s  des ignated  a s  Pa th  1. A t  t h e  end of each 

r e a c t o r  i r r a d i a t i o n ,  a number of specimens would be d ischarged  f o r  i n t e r i m  

examinat ion or t e s t i n g .  The Pa th  1 t e s t  p l a n  i s  i l l u s t r a t e d  i n  Fig. 2.4 .1 .  

Specimens no t  l o c a t e d  i n  t h e  peak f l u x  p o s i t i o n  w i l l  have a s l i g h t l y  lower 

helium content .  

A f t e r  t h e  f i r s t  FFTF d ischarge ,  a number of specimens of a l l  t ypes  

Th i s  a r e  removed ( excep t  c r eep  tubes  which a r e  measured and rep laced) .  

p rovides  space  f o r  t h e  a d d i t i o n  of s w e l l i n g  and t e n s i l e  specimens t o  t h e  

second H F I R  i r r a d i a t i o n .  

FFl'F i r r a d i a t i o n  and w i l l  t h e r e f o r e  follow a s l i g h t l y  d i f f e r e n t  sequence 

of i r r a d i a t i o n s .  Th i s  sequence, des igna ted  a s  Pa th  2 ,  i s  i l l u s t r a t e d  i n  

Fig.  2.4.2 a long  w i t h  Pa th  1.  Swell ing and t e n s i l e  specimens would be 

d ischarged  a long  Pa th  2 only a t  t h e  f o u r  times which co inc ide  w i t h  t h e  

P a t h  1 i r r a d i a t i o n s  ( a f t e r  t h e  3rd,  5 t h ,  7 t h ,  and 9 t h  y e a r ) .  

These specimens w i l l  be inc luded  i n  t h e  f i r s t  

The t e s t  p l a n  desc r ibed  above p e r t a i n s  only t o  i r r a d i a t i o n  of t h 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  Prime Candidate  Alloy (PCA). D e t a i l s  of t h e  

t e n t a t i v e  P a t h  A PCA t e s t  ma t r ix  a r e  g iven  i n  Table  2.4.1. 

a l l o y  v a r i a n t s  have no t  been i d e n t i f i e d  a t  t h i s  time. 

The s p e c i f i c  
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PATH 1 PCA IRRADIATION 

- -- HFIR IRRADIATION / - FFTF IRRADIATION 

/ 

1.2 /' 

? /d12,3A,6 I // 

- I /I/ 
1.2 I /  

I 

I /  

1.2.3 
I 

I // Hddpa = 14 appmldpa 

P 
1.2 

/ 1.2.3A.6 
/ 

/ I 
I / 

/ - I /  
SPECIMEN DISCHARGE CODE: 

=!5Bmmmx 
l;-4;.3,6 / 

I / 1 CREEP TUBES 
2 SWELLING DISKS 
3 TENSILE 
4 CRACK GROWTH 

' // I /  

I /  * <2,%4.6 6 FRACTURE TOUGHNESS 

I 

0 W 100 160 
FLUENCE IN dpa 

Fig. 2.4.1 Proposed I r r a d i a t i o n  T e s t  P l an  f o r  PCA Using t h e  H F I R  and 
FFTF ( P a t h  1). 

I n  a d d i t i o n  t o  Pa th  A PCA, i t  i s  of i n t e r e s t  t o  i n c l u d e  t h e  long- 

ranged ordered  (LRO) a l l o y s .  

t h e  HFIR capsu le  h a s  been completed t h e  a d d i t i o n  of t h e  LRO t o  t h e  t es t  

program w i l l  b e  evaluated.  
product ion  r a t e s  a t  t h e  H F I R  capsu le  e x t r e m i t i e s  w i l l  b e  compensated by 

t h e  h ighe r  n i c k e l  content  of t h e s e  a l l o y s  s o  t h e  a p p r o p r i a t e  He/dpa r a t i o  

may be achieved. A t  t h i s  t ime, i t  i s  l i k e l y  t h a t  some space  f o r  s w e l l i n g  

and t e n s i l e  specimens a t  two temperatures  w i l l  be a v a i l a b l e .  

Once a space  a n a l y s i s  a t  t h e  extremities of 

The lower f l u x  and concurrent  lower helium 

2.4.4.3 Desc r ip t ion  of Tes t  Hardware 

The major f a c t o r  d i c t a t i n g  t h e  course  which t h e  HFIR capsu le  des ign  

Since  i t  i s  impor tan t  t o  main ta in  t h e  h a s  taken  i s  temperature con t ro l .  

same tempera tures ,  w i t h i n  limits, i n  HFIR as i n  FFTF, i t  was determined 

t h a t  sodium f i l l e d  capsu le s  w i t h  c o n t r o l l a b l e  g a s  blends through a g a s  gap 

were necessary.  Th i s  l i m i t e d  t h e  experiment t o  t h e  instrumented removable 
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I I 

PATH 1 AND PATH 2 PCA IRRADIATIONS 

, 

-3- PATH 1: IRRADIATE IN HFIR FIR 

-A-  PATH 2: IRRADIATE IN  FFTF FIR 

NUMBERS DENOTE IRRADIATION YE) 

I I 
150 

0 
0 100 

FLUENCE IN dpa 

0 

Fig. 2.4.2 Proposed I r r a d i a t i o n  T e s t  P l a n  f o r  PCA Using t h e  FFTF and 
H F I R ,  I l l u s t r a t i n g  Two I r r a d i a t i o n  Paths .  

beryl l ium (RB) p o s i t i o n s  i n  H F I R . *  The d i a m e t r a l  requirement f o r  t h e  spec- 

imen i r r a d i a t i o n  volume w a s  d i c t a t e d  by t h e  1.27 c m  wide f a t i g u e  crack 

grcwth t abs .  S ince  specimens and i n s t r u m e n t a t i o n  m s t  be doubly 

encapsula ted,  t h e  l a r g e  R B  f a c i l i t y  ( 3 . 5 6  c m  I D )  w a s  s e l e c t e d  f o r  t h e  

i r r a d i a t i o n s .  

A schemat ic  of a s e c t i o n  of a proposed R B  subassembly i s  i l l u s t r a t e d  

i n  Fig.  2.4.3.  In t h i s  p a r t i c u l a r  des ign,  specimen packe t s  a r e  i n s e r t e d  

i n t o  b a s k e t s  (-2.3 cm diameter)  which a r e  loaded i n t o  a primary conta in-  

ment tube. 

f e r e n t  temperatures .  

s l i p p e d  i n s i d e  a secondary containment tube. 

b o t h  t h e  gap needed t o  accommodate t h e  v a r i a b l e  helium/argon g a s  mix ture  f o r  

temperature  c o n t r o l ,  and t h e  double  containment necessary  t o  s e p a r a t e  t h e  

c o o l a n t  water from the  s o d i m .  

I n s u l a t o r s  s e p a r a t e  t h e  b a s k e t s  which w i l l  b e  opera ted  a t  d i f -  

The primary containment i s  f i l l e d  w i t h  sodium and 

The secondary t u b e  p rov ides  
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Table 2.4.1 Proposed PCA T e s t  Matr ix f o r  t h e  HFIR/FFTF 
I r r a d i a t i o n  Experiment. a 

MATERIAL: PRIME CANDIDATE ALLOY (PCA) 

# OF SPECIMENS AT 
# OF EACH TEMPERATURE ('C) TOTAL 

SPECIMEN IRRAD, ALLOY DUPLI-  # OF li OF 
TYPE & VARIANTS CATIONS EXAMS 500 550 600 SPEC, 

1 5 PRIM. 3 9 135 135 135 135 

5 2ND 3 3 45 45 45 45 1 960 

5 PRIM. 3 4 61) 60 60 60 

SWELLING 

CREEP 1 1 4 STRESSES 10 4 4 4 4 16 

40 I 168 
4 2 5 40 40 
2 2 4 16 16 0 16 

TENS I LE 

1 1 3 3 9 9 0 9 27 
FATIGUE 
CR4CK GROWTH 

FRACTURE 1 1 1 4 4 0 0 0 4 

a 
NOTE: E S  NOT I N C L I E  LRO PNTER1.U FURTICN, 
PATH 1: I W I A T E  IN HFIR FIPST, 
PAN 2: SKIP FIRST HFIR IRRADIATI@i: IRWIATE IN FFTF FlRSl 

An ins t rument  t u b e  runs  down t h e  c e n t e r  of t h e  assembly, con ta in ing  

u p  t o  t e n  thermocouples and two p rehea te r s .  

t i a l l y  t o  m e l t  s o d i m  i n  t he  instrument t ube ,  t h u s  providing a p a t h  t o  t h e  

f r e e  s u r f a c e s  f o r  t h e  expanding s o d i m  which m e l t s  f i r s t  a t  t h e  c e n t e r  of 

t h e  specimen r eg ion  du r ing  r e a c t o r  s t a r t u p .  

The p r e h e a t e r s  are used i n i -  

During ope ra t ion ,  a f lowing blend of h e l i m  and argon w i l l  pa s s  

w i t h i n  t h e  secondary tubes ,  e n t e r i n g  a t  t h e  bottom and e x i t i n g  a t  t h e  top .  

The secondary w i l l  be  opera ted  a t  -50 p s i g  back pressure .  

containment w i l l  c o n t a i n  a h e l i m  cover  g a s  a t  -10 ps ig .  

secondary p res su res ,  the  secondary i n l e t  and o u t l e t  flow rates, and the  

capsule  tempera tures  w i l l  be  monitored d u r i n g  t h e  experiment.  

a d d i t i o n ,  mois ture  d e t e c t o r s  w i l l  be l o c a t e d  a t  t h e  secondary g a s  o u t l e t  

as p a r t  of t h e  s a f e t y  system. 

The primary 

The primary and 

In 
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HFIRIFFTF IRRADIATION EXPERIMENT 

HFIR RB SUBASSEMBLY 

THERMOCOUPLES AND 
PREHEATERS 

INSTRUMENT TUBE 

GAS , lhlE I _... L 

GAS GAP 

, SPECIMEN 
, BASKET 

PRIMARY 
CONTAINMEN1 
INa FILLED1 K 
SECONDARY 
CONTAINMENT 
IHe/Ar FILLED] 

REACTOR 
CO 0 LA NT 
IHz01 I 

Fig. 2.4.3 Cutaway of a S e c t i o n  of a Proposed HFIR R B  Subassembly. 

A f t e r  i r r a d i a t i o n  i n  HFIR, t h e  capsu le  w i l l  be shipped t o  HEDL f o r  

specimen removal. 

i n t o  b a s k e t s  and placed i n  t h e  M a t e r i a l s  Open T e s t  Assembly (MOTA) 

capsu les .  D e t a i l s  of t h e  d e s i g n  and o p e r a t i o n  of MOTA i n  FFTF are  

desc r ibed  elsewhere.  A f t e r  i r r a d i a t i o n  i n  FFTF, t h e  specimens w i l l  be 

removed a t  HEDL, and t h o s e  t o  b e  i r r a d i a t e d  i n  H F I R  w i l l  b e  i n s e r t e d  i n t o  

a new R B  subassembly. 

Specimens t o  be i r r a d i a t e d  i n  t h e  FFTF w i l l  be i n s e r t e d  
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2.4.4.4 Schedule 

A t e n t a t i v e  i r r a d i a t i o n  p l a n  and tes t  schedu le  i s  g i v e n  i n  Fig. 2.4.4. 

The helium and dpa v a l u e s  r e f l e c t  peak r e a c t o r  v a l u e s  f o r  P a t h  A PCA. 

remainder of FY82 w i l l  b e  devoted t o  the  HFIR capsu le  d e s i g n  w i t h  

procurement, f a b r i c a t i o n  and assembly of the  capsu le  scheduled d u r i n g  

FY83. 

The 

The f i r s t  i r r a d i a t i o n  i n  HFIR i s  planned f o r  t h e  beginning of CY84.  

2 3  dpa 62 dpa 101 dpa 139 dpa 177 dpa 
300 ppmHe 875 ppmHe 1475 ppmHe 1975 pprnHe 2450 ppmHe 

\ \ \ I I 
FFTF 

CYCLES 

I 

30 dpa 69 dpa 107 dpa 145 dpa I 

f 300 pprnHe 875 ppmHe 1475 ppmHe 1975 ppmHe 2450 pprnlie 
dpa . - - . 

DESIGN FABRICATION 
& ASSEMBLY 

I I 82 I 83 1 84 ' 85 ' 86 ' a7 I 88 ' 89 ' 90 I 91 I 92 I 93 1 
CALENUAR YEAR 

Fig. 2.4.4 Ten ta t ive  HFIR/FFTF Experiment Test  P l a n  and Schedule 
(Numbers Refer t o  P a t h  1 I r r a d i a t i o n ) .  

2.4.5 Fu ture  Work 

The remainder of FY82 w i l l  b e  devoted t o  f i n a l i z i n g  t h e  HFIR capsu le  

d e s i g n  w i t h  p re l iminary  and f i n a l  d e s i g n  reviews scheduled d u r i n g  the  

smmer a t  HEDL, and a s a f e t y  review b e f o r e  t h e  Reac tor  Experiments Reivew 

Committee (RERC) a t  ORNL i n  October 1982. Also d u r i n g  FY82, a mock-up of 

t h e  capsule  w i l l  b e  f a b r i c a t e d  i n  o r d e r  t o  t e s t  t h e  e f f e c t i v e n e s s  of t h e  

sodium prehea te r s .  

f i n a l i z e d  by t h e  end of FY82. 

The P a t h  A PCA and LRO t e s t  matrices w i l l  a l s o  b e  
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2.5 SPECIMEN S I Z E  EFFECTS AND FUSION MATERIALS RESEARCH - N .  F. Panayotou 

and E .  K. Opperman (Westinghouse Hanford Company) 

2.5.1 ADIP Task 

The development of des ign  d a t a  base and t e s t  methods t o  gene ra t e  

design o r  engineer ing  d a t a :  1B1-1B7,  lB9-1Bl1, 1B13-1B15, 1 C 2 ,  1 C 3 ,  

lC6-1C8, 1C10. 

2.5.2 Objec t ive  

The o b j e c t i v e  of t h i s  r e p o r t  i s  t o  quan t i fy  t h e  e f f e c t  of specimen 

s i z e  on the  development of des ign  o r  engineer ing  d a t a  bases  of i n t e r e s t  

t o  t h e  f u s i o n  m a t e r i a l s  community. 

2 .5 .3  Summary 

Avai lab le  d a t a  from specimens compatible w i t h  t h e  Fusion M a t e r i a l s  

I r r a d i a t i o n  Tes t  (FMIT) f a c i l i t y  have been compared wi th  l a r g e  specimen 

d a t a  t o  determine and quan t i fy  specimen s i z e  e f f e c t s .  

p r o p e r t i e s  examined, i nc lud ing  p r o p e r t i e s  where s i z e  e f f e c t s  a r e  w e l l  

documented, i t  was determined t h a t  t h e  d a t a  obtained from smal l  specimens 

a r e  i n  good agreement wi th ,  and i n  some c a s e s  i n d i s t i n g u i s h a b l e  from, 

l a r g e  specimen d a t a .  Small specimens however, r e q u i r e  c a r e f u l  a t t e n t i o n  

t o  t h e  d e t a i l s  of des ign ,  t e s t i n g  and a n a l y s i s .  Never the less ,  a good 

approximation of engineer ing  o r  des ign  q u a l i t y  d a t a  can be obtained d e s p i t e  

t h e  comparat ively l imi t ed  i r r a d i a t i o n  volume of f u s i o n  spectrum neutron 

r a d i a t i o n  sources  such a s  FMIT. 

For most of t h e  

2.5.4 P rogres s  and S t a t u s  

2.5.4.1 I n t r o d u c t i o n  

Radia t ion  e f f e c t s  experiments gene ra l ly  employ specimens which a r e  

smal le r  than  specimens employed i n  u n i r r a d i a t e d  m a t e r i a l s  t e s t i n g .  Large 

specimens a r e  undes i r ab le  due t o  large in- reac to r  temperature and damage 

g r a d i e n t s ,  excess ive  induced r a d i o a c t i v i t y  and l i m i t e d  i r r a d i a t i o n  space. 

I f  t h e  o b j e c t i v e  of an experiment is t o  t e s t  a p r o t o t y p i c  component o r  

t o  e s t a b l i s h  r e l a t i v e  t r ends  t h e  e x i s t e n c e  of  a specimen s i z e  e f f e c t  can 
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be ignored or discounted. In many cases, data generated from small speci- 

mens is assumed, a priori, to be significantly different from data obtained 

from larger specimens. However, if this is not the case, data obtained 

from small specimens may qualify as design or engineering data. 

The specimen matrix for the FMIT facility was established based on 
a concensus of the materials experts of the fusion materials research 

community.’ The initial purpose of this specimen matrix was to ensure 

that general radiation effects data of interest to the community would 

be generated in a timely fashion from FMIT. With a few exceptions there 

was no concerted effort to consider specimens which would also provide 

engineering o r  design type data. 

The purpose of this report is to evaluate whether or not size effects 

exist for specimens which are compatible with FMIT. The basic considera- 

tions which dictate the size of specimens utilized in the FMIT are reviewed. 

The material properties of interest are defined and the means of determin- 
ing each property briefly stated. Finally a comparison is made between 
small and large specimen data for each property of interest. 

2 . 5 . 4 . 2  Facility Restrictions on Specimen Size 

There are two fundamental considerations that dictate the size of 

materials test specimens utilized in the FMIT. The first is nuclear 

heating. Specimens must be sized so that nuclear heating will not result 

in large temperature gradients within specimens. Typically acceptable 

specimen temperature gradients are - <lilac. The second consideration is 
damage gradients. The damage produced within a materials specimen is 

required to be sufficiently uniform to produce representative materials 

data. The degree of uniformity is very much a function of the portion 

of the specimen volume that is actually required to produce the materials 

data. For example, some tensile specimens are about .5 mm thick by 3 mm 

wide by 40 mm long. The only portion of the tensile specimen requiring 

neutron damage is the reduced section o r  the section that actually 

deforms during the tensile test. This length is typically 5 to 10 mm. 

Hence, the region requiring uniform irradiation is approximately 10 mm 

o f  a 40 mm specimen. 



2 .5 .4 .2 .1  Nuclear Heating. Specimens irradiated in the highest 

available FMIT flux will be subjected to nuclear heating rates as high 
as nine watts per gram of specimen material. The highest rate occurs in 

the region closest to the neutron source and decreases with distance away 
from the source (nuclear heating is approximately linear with flux). The 

heating rate along the beam centerline within the vertical test assembly 

(VTA) modules 1 and 2 is shown in Fig. 2 . 5 . 1 .  

Generally, temperature gradients across a specimen of up to 10°C are 

commonly sustained in reactor irradiations. Since the heating rate varies 

significantly with position in the FMIT the upper limit of specimen size, 

consistent with intra specimen temperature gradients of <lO"C, will also 
vary with position. In a solid cylindrical specimen in which the heat 

transfer is primarily radial (neglect axial heat transfer), the allowable 

specimen diameter as a function of nuclear heating can be calculated and 

is shown in Fig. 2 . 5 . 2 .  As seen by Fig. 2 . 5 . 2 ,  all of the FMIT test 

matrix specimens are well within the region of acceptance. From a thermal 

standpoint, specimens with considerably larger dimensions than those in 

the FMIT test matrix can be utilized without exceeding a temperature 

gradient of 10°C across a specimen. 

2.5 .4 .2 .2  Damage Gradients. The criteria controlling the maximum 

allowable damage gradient within a materials test specimen are functions 

of many variables. The type of data required (engineering, scoping, 
screening, surveillance, etc.), the type of specimen and the type of test 
(microscopic examination, tensile test, hardness test, etc.) all must be 

considered. In large test reactors such as the Experimental Breeder 
Reactor (EBR)-I1 and the Fast Flux Test Facility (FFTF) the damage grad- 

ients are much less than one percent per mm. In smaller reactor cores 

such as the high flux isotope reactor (HFIR) at Oak Ridge National Labor- 

atory (ORNL) the gradients are approximately < . 4  percent per mm. However, 

in the 14 MeV neutron facility, Rotating Target Neutron Source (RTNS)-I1 

gradients exceed approximately 30 percent per mu. The maximum gradient 

in the FMIT is approximately 12 percent per mm; however, in most of the 
irradiation volume the gradient is five percent or less per mm. 

- 
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VTA M O D U L E  1 
VTA M O D U L E  2 

i 

F M I T  

SOURCE 
NEUTRON --- 

+ 

1 1 1 
O 2 4 6 8 10 12 14 16 18 20 22 24 

D ISTANCE F R O M  
TARGET lcml 

- 10 

- 1  

- 1 

HEATING RATE 
WATrS  
G R A M  

~~ ~ 

Fig .  2 .5 .1 .  Neutron f l u x  and neutron h e a t i n g  w i t h i n  t h e  i n n e r  
chambers of t h e  high- flux modules of t h e  FMIT v e r t i c a l  tes t  assembly 
(VTA) .  Values c a l c u l a t e d  assuming equal  volumes of coo lan t  (NaK) and 
s t a i n l e s s  s teel .  
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f 
SPECIMEN 
DIAMETER 

(mm) 
5 

4 

3 

2 

1 

0 

BEAMS, CHARPY, 
LARGE TENSILE FLATS 

4 1 TEM DISCS 

4 1 PREssuRizm TUBE WALL 

- - 1 TENSILE WIRES 

2 4 6 8 
HEATING RATE 

(WAlTS/grn) 
HEDL 8205147.2 

Fig. 2.5.2. Allowable specimen diameter as a function of heating 
rate (position) in FMIT. Calculation assumes a solid cylindrical rod 
of stainless steel and neglects axial heat transfer. 
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The distribution of specimens in the high flux region of the FMIT 

is shown in Fig. 2.5.3. As seen by Fig. 2.5.3, the specimens close to 

the target, where gradients tend to be the largest, are transmission 

electron microscopy (TEM) disks which are 3 mm diameter by .3 mm thick 

and the tensile wires that have an active gage length of approximately 

10 mm (oriented in Y direction) and a diameter of .5 mm (oriented in the 

Z direction). The maximum gradient in damage occurs across the TEM disks 

and is approximately 10 to 15 percent. At a distance 5 cm away from the 
target the intra specimen gradient drops to approximately seven percent 

for the TEM disks and to one percent for the tensile specimens. These 
values are considered totally acceptable. A s  illustrated in Fig. 2.5.3, 
the FMIT test matrix positions larger specimens further from the target. 

This is a result of not only gradient (temperature and damage) considera- 

tions, but also the optimization of flux magnitude per specimen. Optimi- 

zation of flux magnitude simply means getting the maximum number of 
specimens to the highest possible fluence in the least amount of time. 

2.5.4.3 Material Properties of Interest 

The FMIT test matrix is listed in Table 2.5.1 and a summary of the 

type of information that will result from completion of the test matrix 

is given in Table 2.5.2. The FMIT test matrix includes only the types 

of specimens required to yield the data specified as first priority by 

the fusion materials community. The subsequent discussion however, will 
include a broader and more generic review of materials test specimens 

utilized for irradiation testing. 

Data required for radiation damage analysis and materials engineer- 

ing considerations are as follows: 

1. Microstructure 

2. Swelling 

3. Fracture Toughness 

4 .  Fatigue 

5. Fatigue Crack Growth 

6 .  Tensile 

7. Creep 



31 

VTA-1 CHAMBER VTA-2 CHAMBER 

NUMBERISPECIMEN TYPE 

1WTEM 
E8 TENSILE 
6 CREEP 
9 BEAMS 

18 STRESS RELAXATION 
2 DOSIMETRY PACKETS 

NO SCALE 

20 STRESS CYCLIC' 
OR 

20 FLUX CYCLIC * 

270 TEM 
B1 TENSILE 
8 CREEP 
9 BEAMS 
b CHARPY 
12 STRESS REL4XATlON 
0 DOSIMETRY PACKETS 

676 TOTAL SPECIMENS 

YCYCLIC TESTS ARE 
ANTICIPATED TO REQUIRE 
ENTIRE CHAMBER 
VOLUME WHEN UTILIZE01 

Fig. 2.5.3. Specimen packing arrangement in the inner chambers of 
The smallest specimens, TEM (M) disks, VTA Module 1 and 2 of the FMIT. 

tensile and creep specimens are positioned closest to the neutron source. 
Refer to Fig. 2.5.1 for the relative positions of the neutron source and 
VTA Module 1 and 2. 
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TABLE 2 . 5 . 2  

Experimentation i n  FMIT 

The High Flux Test Matrix Data 

TEM Disc Specimens 

Mic ros t ruc tu ra l  Evolut ion and S t a b i l i t y  
Volumetric Swell ing 
Deformation 

- St reng th  
- D u c t i l i t y  
- Hardness 

Transmutation Products  

- Sol id  
- Gas 

Tens i l e  Specimens (Wire & F l a t s )  

S t r eng th  

- Yield 
- Ultimate 

D u c t i l i t y  and Flow 

- Reduction i n  a r e a  
- Tota l  Elongat ion 
- Uniform Elongat ion 

15+30 A l l o y s  a t  
3+4 Temperatures 

f o r  
+ t  TO 100 dpa 

10  - 15 Alloys 
3 Temperatures 
$ t  To 100 dpa 

Creep  (Pressur ized  Tubes, Bent Beams) 

5 Al loys  
3 Temperatures 
+t+lO0 dpa I dpa Rate E f f e c t s  

Spectrum Dependence 
Creep Rupture 
S t r e s s  Relaxat ion 

Cycl ic  Data 

10 Alloys 
3 Temperatures 
$t+20 dpa 

Minimal Stress & Flux Cycling 

- Micros t ruc tu re  
- Swell ing 
- Phase S t a b i l i t y  
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2 . 5 . 4 . 3 . 1  Microstructure. The universally 'iccepted microstructure 

specimen is the TEM disk. This is an internationally accepted specimen 

utilized for both irradiated and unirradiated microstructural examination. 

The acceptance of the TEM disk is best illustrated by its selection for 

use in the International Tokamak Reactor (INTOR),2 the Tandem Spiegelstudie 

Karlsruhe (TASKA)3 as well as its current use in the U.S. Breeder Reactor 
Program and in current fusion materials irradiation experiments. ' 
disks comprise approximately 10 ,000  of the 15,000 specimens in the FMIT 

test matrix. 

TEY 

2 . 5 . 4 . 3 . 2  Swelling. In highly irradiated structures swelling, the 

coalescence of vacancies created by neutron irradiation which results in 

a net increase in volume, can limit the life of the component. Density 
determinations performed on TEM disk specimens is the generally accepted 

method for determining the total volumetric swelling caused by neutron 
irradiation. 

Fig. 2 .5 .4  compares the swelling measured in both rod (large) and 

disk (small) specimens of 20 percent cold worked 316 stainless steel, 
irradiated in three EBR-I1 experiments at a temperature of about 600°C. 

Size effects, if they exist, should be evident at this relatively high 

irradiation temperature. The swelling data obtained from the large 

(0.09 cm3) rod specimens are indistinguishable from the data obtained 

from the smaller ( 0 . 0 0 3  cm3) TEM disk specimens indicating the absence 

of a specimen size effect for swelling. 

2 . 5 . 4 . 3 . 3  Fracture Toughness. The study of the resistance of a 

metal to fracture can be divided into two basic areas depending on the 

rate at which the flawed structure is loaded. Static fracture toughness 

refers to loading rates in the range per second while dynamic frac- 
ture toughness generally deals with impact type loading rates, l o 3  per 

second. 

Knowledge of quantitative static-type fracture toughness parameters 

permits the calculation of the maximum safe stress or the maximum safe 
flaw size for a given material. Linear-elastic fracture toughness para- 

meters are used to describe high strength alloys or structures which by 
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._ 

593-6OOOC 

OAA-I 
AB109 
VB119 

0 BIZ1 

NEUTRON FLUENCE (E>0.1 MeV) 
Fig. 2 . 5 . 4 .  Comparison of swelling data from rod (large/AA-I and B109) 

and TEM disk (small/RS-1) specimens of 20 percent cold worked 316 stainless 
steel irradiated at about 600°C in three EBR-I1 experiments; AA-I, B109 and 
RS-1. Note the consistant trend in the data and therefore the absence of 
any specimen size effect. 



v i r t u e  of ex t ens ive  c o n s t r a i n t  behave i n  a l i n e a r - e l a s t i c  manner. Core 

components f o r  breeder  r e a c t o r s  and components fiir f i r s t  w a l l  f u s ion  

r e a c t o r  a p p l i c a t i o n s  a r e  gene ra l l y  d u c t i l e  me ta l s  and/or t h i n  components 

which e x h i b i t  e l a s t i c - p l a s t i c  t ype  deformation.  For t h i s  c a se  a technology 

has  been developed which can determine t h e  f r a c t u r e  toughness of t h i n ,  

d u c t i l e  m a t e r i a l s  us ing  t h e  J- i n t e g r a l ’  npproach. 

def ined  only f o r  a two dimensional  s t ress  s t a t e ,  t h a t  i s ,  p l ane  s t r a i n  

cond i t i ons .  I t  i s  gene ra l l y  assumed t h a t  t h e  J - i n t e g r a l  cannot be prope r ly  

appl ied  t o  very t h i n  s e c t i o n s  where ex t ens ive  out of p lane  deformation 

o c c i ~ r s  (p lane  s t r e s s ) .  The e x i s t e n c e  of a s i z e  e f f e c t  f o r  3- i n t e g r a l  

t e s t i n g  i s  well  known.6 However t h e  i s s u e  h e r e  i s  whether o r  no t  t h e  

.I- integral npprciacli r a n  he appl i e d  t o  s t r u c t u r e s  of i n t e r e s t  t o  t h e  breeder  

arid fus iun  programs. I ~ t  h a s  been demonstrated t h a t  s u f f i c i e n t  c o n s t r a i n t  

e x i s t s  i n i t i a l l y ,  even in 1 .02  mm t h i c k  specimens, t o  permit  t h e  proper  

a p p l i c a t i o n  of t h e  J - i n t e g r a l .  

The , l - in tegra l  i s  

7 

J - i n t e g r a l  t e s t i n g  i s  performed us ing  a compact t ens ion  type  spec i-  
P men. P r i o r  t o  t e s t i n g  t h e  specimens a r e  f a t i g u e  precracked fo l lowing  

s tandard  procedures t o  produce a w e l ~ l  def ined ,  sharp  flaw. Data a r e  ob- 

t a ined  by t h e  mu1 t i p l e  specimen techniquc!. Specimens are loaded so t h a t  

silme c r ack  ex t ens ion  i s  obta ined  and then unloaded. Load- deflect ion d a t a  

a r e  a l s o  recorded.  The c rack  ex tens ion  i s  determined by hea t  t i n t i n g  t h e  

specimen and then  p u l l i n g  t h e  specimen a p a r t  t o  permit  a v i s u a l  measure- 

ment t o  be made. A 3 v a l u e  i s  c a l c u l a t e d  f o r  each specimen, b a s i c a l l y  

by computing t h e  a r e a  under t h e  load d e f l e c t i o n  curve up t o  t h e  po in t  o f  

unloading. Data a r e  p l o t t e d  a s  J v e r s u s  c r ack  ex tens ion ,  and J i s  

obta ined  by c o n s t r u c t i o n  as the v a l u e  a t  t h e  i n t e r s e c t i o n  of t h e  b l u n t i n g  

l i n e ,  2rrflow x Aa and t h e  l ea s t  squares  f i t  l i n e  through a l l  t h e  p o i n t s  

of J v e r s u s  Aa, where Aa i s  the c r ack  ex tens ion  and IS 

I C  

+ - - 
(‘yield 

I C  

f low 
)/2 ( F i g s .  2 . 5 . 5  and 2 . 5 . 6 ) .  Whether o r  no t  a v a l i d  J va lue  17 u l  t ima t e 

ha s  been obta ined  i s  determined by t h e  fo l lowing  r e l a t i o n s h i p  

B ~ 2 5 ~ ,  Jc  

y i e l d  

where B i s  t h e  specimen th i cknes s  and J i s  t h e  c r i t i c a l  va lue  of J t o  

he  v a l i d a t e d .  
C 

E 
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0.5 1 .o 
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HEDL 7807-099.1 

Fig.  2.5.5. J ver sus  Aa t e s t e d  a t  25°C f o r  3.05 mm t h i c k  A286 
specimens (p resen t  work). Note e x c e l l e n t  agreement w i th  l a rge  specimen 
( 1 2 . 7  mm t h i c k )  d a t a  ( M i l l s ) .  
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CRACK EXTENSION, MM 

HEDL 7807-099.3 

Fig. 2.5.6. J versus An tested at 538°C f o r  1.02 mm and 3.05 mm 
thick A286 specimens. Note good agreement with large specimen (12.7 mm 
thick) data (Hills). 
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J-integral testing has been carried out on specimens with thicknesses 

equal to that of breeder reactor ducts, 1.02 and 3.05 mm.’ 

ing these specimens do not meet the ASTM criterion for the proper specimen 
size to obtain a valid JIc or critical J value. 

the small specimen data with larger, i.e., valid specimen data, indicated 

very good agreement. 

extension data obtained for a total of three distinct specimen thicknesses 

of alloy A286 which were tested at two temperatures. 
obtained using thin specimens was within 20 percent of the value deter- 
mined from the ASTM valid 12.7 mm thick specimen. 
ficant size effect in this range of specimen thickness has also been 

observed for 316 stainless steel and the ferritic alloy HT-9. It is 
important to note that for irradiated metals the valid use of even thinner 

specimens is possible since irradiation decreases fracture toughness (J ) 

yield while increasing yield strength (o  

J-integral technique has been developed. By monitoring crack growth using 
a calibrated electropotential technique an entire J versus Aa curve, which 

previously required five specimens to define, can be obtained from a 
single specimen. 

Strictly speak- 

However comparison of 

Figs. 2.5.5 and 2.5.6 compare the J versus crack 

In all cases the Jc 

The absence of a signi- 

C 
). Recently a single specimen 

9 

Ferritic metals undergo a sharp transition in their dynamic fracture 

behavior from mostly ductile to mostly brittle dheii subjected to combina- 
tions of dynamic loadings, lowered service temperatures and triaxial 

stress states. 

ves the impact loading of a notched bar known as a Charpy specimen. 
The energy required to completely break the specimen is determined as a 

function of temperature. 

is defined as the ductile to brittle transition temperature (DBTT). 
Strictly speaking the DBTT determined for a metal using a specimen of a 
certain thickness is only valid for structures bf the same thickness. 

However, it has been determined that the change ‘in.DB’rT caused by irradi- 

ation, for example, is independent of specimen size.” 

specimen convehently sized for an irradiation experiment can be used to 

generate radiation effects data which can then be applied to a specific 
structure merely by determining the absolute DBTT using unirradiated 
specimens of the appropriate thicknesg. 

The most common method of quantifying this behavior invol- 
1 0  

The temperature at which the transition occurs 

Therefore, a 
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A smz 1 Charpy t y p e  spec 
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men h a s  been developed at Westinghouse 

Hanford Company (WHC) f o r  the f u s i o n  and b r e e d e r  programs. 

compares t h i s  nominal ly  one-half s i z e  Charpy specimen ( 5  mm by 5 mm 

c r o s s e c t i o n )  t o  a f u l l  s i z e  Charpy specimen (10 mm by 10 m c r o s s e c t i o n ) .  

Even smaller one- th i rd  s i z e  specimens have been developed and s u c c e s s f u l l y  

a p p l i e d  i n  o t h e r  programs. 11*12 

designed t o  e n s u r e ,  f o r  example, t h a t  t h e  specimen w i l l  f r a c t u r e  and n o t  

mere ly  bend upon impact.  

Fig .  2.5.7 

C l e a r l y ,  specimens must be c a r e f u l l y  

F 

F i g .  2.5.7. Smal l ,  h a l f - s i z e  and l a r g e ,  f u l l  s i z e  Charpy t y p e  
specimens.  
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Small and large Charpy specimen data are compared in Fig. 2.5.8. 
In this case excellent agreement has been obtained for the DBTT of HT-9 
with no indication of a size effect. However, due to differences in the 

prior history and specimen orientation of the small and large specimens 

it w a s  suggested that this result was fortuitous. 1 3  

FULL SIZE CVN DATA 

0 HEDL HALF SIZE 
CVN DATA 

I I 1 I I 1 I 

-100 -60 -20 +20 +w +1w +140 +180 
TEST TEMPERATURE, OC 

HEDL mio-11.1 

Fig. 2.5.8. Comparison of full size and half-size Charpy specimen 
data. Excellent agreement f o r  the DBTT was not expected and may be 
fortuitous (see text). 
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Recently, in an attempt to extract fracture toughness data from the 

simple Charpy type impact test, instrumentation has been developed to 
record the load history of the impact event.14 

applied to the testing of half-size Charpy specimens. l 3  The results 

obtained are qualitatively in agreement with other determinations of 
fracture toughness. 

This technology has been 

2.5.4.3.4 Fatigue. Fatigue is the tendency for a metal to fail 

under fluctuating stress levels whose maximum value is less than the mono- 

tonic tensile strength of the metal. All structures are subjected to 

fluctuating stress levels during their lifetimes and designing against 

fatigue type failures is of great importance. One method of determining 

the fatigue life of a metal employs an hourglass shaped specimen, 

Fig. 2.5.9. Specimens are subjected to axial push-pull type loadings at 
varying total strain levels and the number of cycles required to cause 
failure at a given strain level is determined. 

Fig. 2.5.9. Small hourglass shaped specimen for constant strain 
range axial fatigue type testing. 

Size effects are expected for fatigue testing.15 Decreasing the 

volume of the test article by using small specimens decreases the avail- 

able specimen surface area. This decrease in the surface area of the 
specimen is usually thought to be important since fatigue failures initi- 

ate at the specimen surface. However, over the range of minimum specimen 
diameters allowed by ASTM,I6 5.1 to 25.4 mm, no size effect has been 

observed for plain carbon steels." Furthermore, a comparison of avail- 

able data for 20 percent cold worked 316 stainless steel from two speci- 

men sizes, 5 . 1  mm diameter (large)la and 3.2 mm diameter (small)lg speci- 

mens also does not show any evidence of a size effect, Fig. 2.5.10. 
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2.5.4.3.5 Fa t igue  Crack Growth. The methodology of f a t i g u e  crack  

growth (FCG) i s  b a s i c a l l y  t h e  a p p l i c a t i o n  of f r a c t u r e  mechanics t o  f a t i g u e .  

S t r u c t u r e s  a r e  assumed t o  have p re- ex i s t ing  f laws and t h e  ques t ion  t o  be 

answered i s  how f a s t  does t h e  f law grow a s  a func t ion  of the  s e r v i c e  load-  

ing.  I f  t h e s e  d a t a  a r e  ob ta inab le ,  then  

he s p e c i f i e d  which w i l l  p rec lude  f a i l u r e  

It has been demonstrated t h a t  

where da/dn i s  t h e  c rack  growth r a t e ,  AK 

s a f e  loads  and c rack  l eng ths  can 

over  a s p e c i f i e d  s e r v i c e  l i f e .  

i s  t h e  range of s t r e s s  i n t e n s i t y  

f a c t o r  c a l c u l a t e d  f o r  t h e  f a t i g u e  cyc le ,  A i s  a cons t an t  and p depends on 

t h e  meta l  and s t r e s s  l e v e l  and can range from 1 t o  6. For f u s i o n  r e a c t o r s  

one p o t e n t i a l  f a i l u r e  mechanism i s  the  growth of a p re- ex i s t ing  flaw t o  

a s i z e  equ iva len t  t o  t h e  th i ckness  of t h e  vacuum boundary. Th i s  loss  of 

vacuum i n t e g r i t y  could te rminate  t h e  ope ra t ion  of t h e  device .  

I n  o rde r  t o  a s s e s s  t h e  r e s i s t a n c e  of v a r i o u s  candida te  a l l o y s  t o  

FCG t h e  q u a l i f i c a t i o n  of a c e n t e r  cracked panel  type specimen was i n i t i -  

ated."  The i d e a l  specimen would be smal l  t o  conserve i r r a d i a t i o n  space 

and would a l s o  be t h i n ,  t h a t  i s ,  p r o t o t y p i c  of f i rs t  w a l l  s t r u c t u r e s .  

The r e s u l t  of t h e  development was a smal l  panel  25.4 mm wide and 1 2 . 7  m 

high which w i l l  be i r r a d i a t e d .  A f t e r  i r r a d i a t i o n  p u l l  t a b s  w i l l  be 

remotely welded t o  t h e  i r r a d i a t e d  panel  f o r  t e s t i n g .  The min ia tu re  c e n t e r  

cracked t ens ion  (CCT) type  specimen i s  shown i n  F i g .  2.5.11. Larger  spec i -  

mens which were used i n  t h e  development of t h e  min ia tu re  CCT specimen a r e  

a l s o  shown. 

Data obta ined  from t h e  min ia tu re  CCT specimen" a r e  i n  good agree-  

ment with:  (1) t h e  l a r g e r  CCT specimens (Fig .  2.5.12) of 304 s t a i n l e s s  

s t e e l  and s i x  o t h e r  specimen des igns ,  t e s t e d  i n  a i r  a t  25"C, F i g .  2.5.12;" 

( 2 )  convent ional ,  i . e . ,  l a r g e ,  compact t ens ion  type FCG type  specimens of 

20 pe rcen t  cold worked 316 s t a i n l e s s  s t e e l  t e s t e d  i n  a i r  a t  25"C, F ig .  

2.5.13, and a t  315"C, F i g .  2 .5 .14;22  and (3) wi th  a convent iona l  s i n g l e  

edge notch c a n t i l e v e r  (SENC) type specimen of 20 percent  cold worked 316 

s t a i n l e s s  steel t e s t e d  i n  a i r  a t  593"C, F i g .  2 .5 .15 .23  
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0 0  

0 0  

TYPE l b  rYPE 2 TYPE 3 
HEDL 8205~147.1 

Fig. 2.5.11. Miniature center cracked tension (CCT) specimen develop- 
ment. Type 3 is the optimized miniature specimen design. 

There are two major limitations on the use of miniature CCT type 
specimens. 

test is required and second, the size of a single miniature specimen per- 

mits only a small range of AK to be examined as compared to larger speci- 
mens. Both of these limitations have been addressed. 

First, an accurate method of following crack growth during a 

A precise electropotential technique which permits continuous monitor- 
ing of crack growth has been applied to miniature CCT FCG testing. 

technique eliminates the need to interrupt the test to determine crack 

extension and is well suited to remote, computerized data acquisition. 
By connecting several miniature CCT specimens, each precracked to a 

different initial crack length, in series to form a chain, a large range 

of AK values can be obtained under identical experimental conditions. 

This novel technique has been used to perform both in-core and ex-core 

fatigue crack propagation (FCP) type testing. This technique has demon- 

strated for example, that for 20 percent cold worked 316 stainless steel 
there is no significant effect of dynamic irradiation on FCP. 

The 

2 4  

24 
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10-41 
10-5 

10-6 

20% CW 316 STAINLESS STEEL 
TESTED IN AIR AT 315OC 

@MINIATURE CCT SPECIMEN 
ACT SPECIMEN, JAMES 

J 1 1 ~ 1 1 1 1 1 1 1 1 a i  I , ,  I , , ,  
8 10 20 

STRESS INTENSITY, AK, MPaViii 
Fig .  2.5.14. Comparison of e l e v a t e d  t empera tu re  FCG f o r  m i n i a t u r e  

CCT specimen (e .p .  method) and convent . iona1 CT specimen ( v i s u a l  method) 
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STRESS INTENSIr/,AK, MPafi 
Fig. 2.5.15. Comparison of elevated temperature FCG for miniature 

CCT specimen (e.p. method) and SENC specimen (visual method). 
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2.5.4.3.6 Tensile. I n  the tensile test a specimen is subjected to 

continually increasing uniaxial tensile force while simultaneous observa- 

tions are made of the elongation of the specimen.25 

elongation data derived from the tensile test are perhaps the most commonly 
used means of ranking metals. 

The strength and 

Two measures of strength, yield and ultimate and one measure of duct- 

ility, percent total elongation, are usually extracted from the tensile 

test data. 

meter for ranking metals it is generally agreed that it is of little 

fundamental significance. '6 

wider acceptance despite the large number of empirical correlations of 

ultimate strength with properties such as fatigue strength and hardness. 

Ultimate strength is defined as the onset of plastic instability, or 
localized deformation, in the tensile specimen and is known to be affected 

by specimen geometry in general and nonuniformities in the specimen cros- 
section in particular. Yield strength is defined as the strength at some 
small designated amount of permanent strain or offset, 

within limits, is not affected by specimen size. Elongation data are 

known to be a function of the length of the reduced section of the speci- 

men and data are reported as percent elongation per some specified length. 

However, elongation data from a small specimen can be scaled to larger 

sizes by applying Barba's Law which simply states that geometrically 
similar specimens deform in a similar fashion. 

While ultimate strength has been the most commonly used para- 

Instead, the use of yield strength is gaining 

Yield strength, 

2 7  

Two small tensile specimens developed for the fusion materials develop- 

ment program by WHC are shown in Fig. 2.5.16. Both specimens are approxi- 

mately 13 mm in overall length with reduced section lengths of about 6 mm. 

The diameter of the wire type specimen's reduced section is .25 mm and 

the sheet type specimen reduced section is 1 by .25 nm. The volume of 

the reduced section of the wire and sheet type specimens are about 10,000 

and 1,000 times less, respectively, than the volume of the reduced section 

of a standard ASTM bar type specimen. Nevertheless, reasonable agreement 
is obtained when data from small (wire type) specimens" and larger (3.2 mm 

diameter by 32 mm long reduced section) cylindrical specimens of 20 percent 

cold worked 316 stainless steel are compared, Fig. 2.5.17. 

2 5  
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Fig. 2.5.16. Small wire and sheet type tensile specimens. 

The grain size of both large and small tensile specimens was identi- 
cal. Furthermore there were a sufficient number of grains across the 

reduced section of the small specimen to ensure that bulk material proper- 

ties would be measured. It is not surprising therefore that the 0.2 per- 
cent offset yield strength of large and small specimens is in good agreement. 
Although similar numbers of specimens were tested for this analysis, the 

total volume of metal sampled using the wire specimens is, of course, small 

in comparison to the volume sampled by the large specimens. 

account for the larger spread in the yield strength data observed for 

large specimens. 

in this comparison were not exceptionally uniform. 2 8  

that the small and large specimen ultimate strength data are not i n  close 

This would 

As reported the crossection of the wire specimens used 

It is not surprising 



52 

20% COLD WORKED 316 SS lV87210) 

0.2% OFFSET YIELD 
fMPa) 

ULTIMATE 
IMPa) 

ELONGATION - 1%) 

0 

LARGE SPECIMEN DATA SMALL SPECIMEN DATA 

"(E I )L -m,  

Fig. 2.5 .17.  Comparison of yield and ultimate strength and elonga- 
tion for wire (small) and rod (large) specimens of 20 percent cold worked 
316 stainless steel. 

agreement. 

men data is evident. 

been attributed to specimen to specimen variations in the length of the 

reduced section. 2 8  

to more exacting tolerances than wire specimens, were developed partly 

in response to this large amount of data scatter. 

is based on a similar type specimen designed by workers at ORNL. 

In terms of elongation some overlap of small and large speci- 
The large scatter in the small specimen data has 

Miniature sheet type specimens, which can be produced 

The sheet type specimen 
4 

2.5 .4 .3 .7  Creep. Creep, the progressive deformation of a metal at 

a constant stress, is another phenomenon which can limit the life of 

reactor components. 
surized tube, for the National Cladding/Duct Materials Development Program, 

was a major achievement for the breeder reactor program. 29*30 

men allows a large number of alloys and/or experimental conditions to be 

The development of a small creep specimen, the pres- 

This speci- 



5 3  

tested in-reactor in the space formerly occupied by a single uniaxial 

creep test. 

stress level in the cladding and sealed. After a predetermined amount of 

in-reactor exposure they are removed and the change in the diameter of 

each specimen is determined. 
creep curve, strain versus time, for the metal being tested. 

Specimens to be tested are pressurized to produce the required 

The procedure is repeated to determine the 

The data obtained from these volume efficient specimens is in good 
agreement with data from open, i.e., uniaxial tube ( 5 . 8  mm diameter by 
.38 mm wall, 25 to 75 mm gage length) specimens and uniaxial rod type 

( 5 . 5  mm diameter, 28.6 gage length) specimens of 20 percent cold worked 

316 stainless steel as shown in Fig. 2 .5 .18 .  3 1  

pressurized tubes used in this comparison were 5 .84  mm diameter, .38 mm 

wall and 25 .4  mm gage length. 

The dimensions of the 

In addition to being the national standard specimen for creep studies 
for the United States Breeder Reactor Program, the British have recently 

adopted an analogus specimen and measurement procedure for their breeder 

program. 

tube has been selected. 

development at WHC. 

For FMIT a 2.5  mm outside diameter, . 2  mm thick wall pressurized 

This new specimen design is currently under 

Creep data have also been obtained using small diameter wire type 

specimens similar to the specimens used for tensile testing. 

men and a specially designed torsional creep apparatus were used to obtain 
data on the effect of proton irradiation on creep. 3 2  

from this study are in good agreement with data obtained from pressurized 
tube experiments, Fig. 2.5.19.  

This speci- 

The data obtained 

2.5 .4 .3 .8  

In an effort to maximize the data which can be obtained from the 
limited irradiation volume of fusion irradiation environments, techniques 

are being developed to determine properties of interest in novel and in 

some cases, by pseudo non-destructive means. 

Other Measures of Strength and Ductility 

Indenter type microhardness is a means of determining the flow pro- 
perties of a metal. 

TEM disk type specimens have been shown to correlate very well with the 

yield strength of metals. 

Standard Vickers microhardness data obtained from 

The major advantage of this technique is that 
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since the deformation associated with the microhardness indent is localized 

a single specimen can be examined by several analytical techniques or can 

be repeatedly tested as part of an extended irradiation or postirradiation 
conditioning program. 

I n  Figs. 2.5.20 and 2.5.21, the i.ncrease in the 0.2 percent offset 

yield strength calculated from hardness data is compared to strength values 

obtained from tensile specimens, as a function of high energy neutron expo- 

sure for pure copper and for 316 stainless steel. 3 3  

between hardness and strength have been obtained for irradiated nickel 

and 316 stainless steel hardened by cold work. 

Similar correlations 

Lucas, et. al., have employed a ball indenter type hardness test 

technique to obtain, in a semi-empirical fashion true stress, true strain 

data from disk type ~pecirnens.~~ 

test data with tensile data is shown in Fig. 2.5.22. 

ment is good. 
that instrumented hardness data can be obtained from TEM disk specimens. 

A comparison of instrumented hardness 

I n  general the agree- 

Efforts are currently underway to scale the technique so 

The primary caution in correlating hardness t o  strength data is that 

the parameters of the test must be adjusted so that the volume of the 

metal sampled by the indenter contains a sufficient number of grains so 
that bulk properties are being measured. This can be achieved by proper 

selection of the applied loads and specimen thicknesses. 

The bending of TEM disks has been shown to be a valid method of 
TEM disk specimens are mounted in a die obtaining ductility data.35 

above a hemi-spherical cavity and are centrally loaded with a hydrauli- 

cally driven punch, Fig. 2.5.23. The edge of the disk initially is simply 

supported. Load versus punch displacement data are recorded during the 

test. The ductility measured by this disk bend technique agrees quite 

well with larger specimen tensile ductilities obtained from the identical 

metal, Fig. 2.5.24. This technique was originally developed at WHC and 

is being extended by workers at the Massachusetts Institute of Technology. 3 6  

2.5.5 Conclusions and Future Work 

Data from microstructural, swelling, static and dynamic fracture 

toughness, fatigue, fatigue crack growth and tensile type specimens which 

are compatible with FMIT have been compared with data obtained from large 
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Fig. 2.5.23. D i s k  bend test fixture schematic. 
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o c  

TENSILE DUCTILITY (%) 

HEDL 8004-320.7 

Fig. 2 . 5 . 2 4 .  Comparison of measured tensile ductility and calculated 
ductility from the disk bend test. 

specimens. In all cases either the absence of a specimen size effect has 

been demonstrated or a means of utilizing the small specimen data for 

engineering purposes has been suggested. Pressurized creep tubes for use 
in F’MIT are under development. Furthermore two hardness techniques and 

a disk bend technique have been described which allow strength and duct- 

ility data to be obtained from small specimen geometries. The data 

obtained by these novel techniques are also in good agreement with data 
obtained by more conventional testing techniques. Additional data will 

be integrated into this comparison and reported. 
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2.6 Neutron Source Charac t e r i za t ion  fo r  Mate r i a l s  Experiments - - 
L .  R. Greenwood (Argonne-National Laboratory) 

2.6.1 ADIP/DAFS Tasks 

ADIP Task I.A.2 - Define T e s t  Matr ices  and Procedures 

DAFS Task I I . A . l  - F i s s i o n  Reactor Dosimetry 

2.6.2 Object ive 

To c h a r a c t e r i z e  neutron environments in terms of neutron 

f l u x ,  s p e c t r a ,  and fundamental damage parameters  (DPA, PKA, t ransmutat ion)  

and t o  provide these  exposure parameters dur ing  m a t e r i a l s  i r r a d i a t i o n s .  

2.6.3 Summary 

Data a r e  presented from HFIR-CTR32, EBRII-X287, and t h e  Omega 

West Reactor.  An important new source  of damage in n icke l  a r i s e s  from the  

340 keV 56Fe r e c o i l  from t h e  59Ni(n,a) r e a c t i o n  used t o  produce high 

helium l e v e l s  in m a t e r i a l s  i r r a d i a t i o n s  in a thermal spectrum. The s t a t u s  

of a l l  o the r  experiments is summarized in Table 2.6.1. 

2.6.4 Progress  and S t a t u s  

2.6.4.1 Dosimetry Resu l t s  f o r  t h e  HFIR-CTR32 I r r a d i a t i o n  

The CTR32 i r r a d i a t i o n  in t h e  PTP of the  High Flux 

Iso topes  Reactor  (HFIR) a t  Oak Ridge National  Laboratory was conducted 

from August 17, 1980 t o  December 1 2 ,  1980 f o r  a t o t a l  exposure of 124 

days (10,863 MWD). Dosimeters were i n s e r t e d  a t  12 v e r t i c a l  he igh t s  in 

t h e  experiment.  Six of t h e  dosimetry capsu le s  contained rad iometr ic  
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Table 2.6.1 

S t a t u s  of Reactor  Experiments 

HFIR - 

Faci l i ty /Exper iment  

ORR - MFEl 

- MFE2 

- MFE4A 

- MFE4B, C 

- TBC07 

- TRIO - T e s t  

- CTR32 

- CTR30, 31, 34, 35 

- T 1 ,  T2, T3 

- RB1, RB2, RB3 

- CTR39, 40, 41,  42, 43 

- 

Omega West - S p e c t r a l  Analysis  

- HEDL 1 

EBR I1 - X287 

- IPNS - LASL 1 (Hurley) 

Statudcomments  

Completed 12/79 

Completed 06/81 

Completed 12/81 

Samples Expected 06/82 

Completed 07/80 

Analysis  in Progress  

Completed 04/82 

I r r a d i a t i o n s  in Progress  

I r r a d i a t i o n s  in Progress  

I r r a d i a t i o n s  in Progress  

Planning in Progress  

Completed 10/80 

Completed 05/81 

Completed 09/61 

I r r a d i a t i o n  02/82 
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monitors (Ni, Cu, 0.1% Co-A1, 80% Mn-Cu, Nb, T i ,  and Fe).  The o t h e r  six 

capsules  contained helium accumulation monitors  suppl ied  by Rockwell 

I n t e r n a t i o n a l  (Fe,  Ni, Cu, Nb, T i ) .  A l l  of t he  samples were gamma 

counted a t  ANL. The helium monitors a s  we l l  a s  some of the  radiometr ic  

samples were then s e n t  to Rockwell f o r  helium a n a l y s i s .  

The rad iometr ic  dosimetry r e s u l t s  a r e  g iven  in 

Table 2.6.2. Burnup c o r r e c t i o n s  were applied to a l l  of the  r e a c t i o n s ,  

a l though most c o r r e c t i o n s  were <10 pe rcen t .  

r e a c t i o n s  r e q u i r e  s i g n i f i c a n t  c o r r e c t i o n s ,  20-30% f o r  coba l t  and 10-20% 

for iron. I n  t h e  iron c a s e ,  t h e  l a r g e s t  c o r r e c t i o n  is due to  double 

cap tu re  i n  5JFe. 

r e c t i o n s  a r e  q u i t e  accu ra t e  (v-2%). This  is a l s o  confirmed by t h e  e x c e l l e n t  

agreement between the  v a r i o u s  thermal neutron r e a c t i o n s .  The c o r r e c t i o n s  

to  54Mn from the  54Fe(n,p)  and 55Mn(n,2n) r e a c t i o n s  a r e  unce r t a in  s i n c e  

the  54Mn thermal c r o s s  s e c t i o n  is not  known ( < l o  ba rns ) .  I f  we assume 

an average c r o s s  s e c t i o n  of 5 ba rns ,  then  the  54Mn c o r r e c t i o n s  have an 

u n c e r t a i n t y  of t4%. A l l  o the r  co r rec t ed  a c t i v i t i e s  a r e  accu ra t e  t o  22%. 

The 50Co(n,y) and 58Fe(n,y) 

A s e l f - c o n s i s t e n c y  t e s t  i n su res  t h a t  these  burnup c o r -  

The STAYSL computer code was used t o  determine f l u x  

and s p e c t r a l  va lues .  The a c t i v a t i o n  r a t e s  in Table 2.6.2 were used t o  

a d j u s t  a HFIR spectrum c a l c u l a t e d  by K a m  and Swanks .l 

was found between t h i s  spectrum and our  dosimetry r e s u l t s  (Table 2.6.2). 

The f i n a l  ad jus t ed  spectrum is shown in Figure 2.6.1. Fluence va lues  a r e  

l i s t e d  in Table 2.6.3. V e r t i c a l  f l u e n c e ,  g r a d i e n t s  were a l s o  determined 

from t h e  d a t a  i n  Table 2.6.2 and these  g r a d i e n t s  a r e  shown in Figure 2.6.2. 

Exce l l en t  agreement 

Displacement damage r a t e s  were computed using t h e  

ad jus t ed  s p e c t r a  and our  revised displacement damage c r o s s  s e c t i o n s  which 
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Table 2.6.2 

Activation Rates f o r  HFIR-CTR32 

o$(atom/atom-s) (100 MW) 

cm 

20.8 

16.7 

12.5 

4.18 

-- 

5.56 

1.27 

1.37 

I .70 

4.13 

5.22 

6.44 

1.23 

_-  
1.94 

3.11 

-- 
4.42 

4.2 

0 .o 

-4.2 

-8.3 

-12.5 

-16.7 

-20.8 

7.21 

--  
7.28 

-- 
5.76 

- _  

4.22 

2.17 

-- 
2.19 

1.87 

1.75 

-- 
1.21 

6.99 

-- 
6.86 

6.77 

6.08 

-- 
3.86 

10.46 

10.34 

10.23 

8.89 

7.28 

5.66 

2.13 

-- 
2 .lo 

-- 
1.83 

- _  
1.23 

4.84 

-- 
4.83 

-- 
5.11 

-- 

2.88 
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%?- 

-I HFIR - CTR32 

Fig.  2 . 6  . l .  Measured neutron spectrum for the HFIR-CTR32 experiment at 
midplane of the PTP. The dotted and dashed l i n e s  show the 
standard deviations to  group f luxes;  however, correlations 
are very strong. 

0 
\ 
C 

I , I I I 
-30.0 -20.0 -10.0 0.0 10.0 20.0 

HEIGHT ABOVE MIDPLflNE,crn 
Fig.  2 . 6 . 2 .  Fluence gradients measured during the HFIR-CTR32 irradiation.  
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Table  2.6.3 

Neutron Fluences  for HFIR-CTR32 

Fluence ,  x loz1 n/cm2 
He igh t ,  cm T o t a l  The rmal a >0.1 M e V  

(*5%) (*5%) (*a%) 
-25 .O 22.2 9.5 5.7 

-20.8 27.5 11.8 7.1 

-16.7 33.6 14 .O 8.9 

-12.5 39.4 16.2 10.6 

-8.3 

-4.2 

0.0 

4.2 

8.3 

12.5 

16.7 

20.8 

44.1 

48 .O 

48.7 

48 .O 

44.4 

39.4 

32.7 

28.1 

17.8 

20.5 

21  .o 

20.3 

18.7 

15.6 

12.9 

11.8 

12.1 

12.5 

12.6 

12.6 

11.8 

10.9 

9.1 

7.4 

aThermal n e u t r o n s  below 0.5 e V .  M u l t i p l y  va lues  
t i m e s  0.8862 f o r  e q u i v a l e n t  2200 m l s  f l uence .  
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were r e c e n t l y  put  i n t o  t h e  NMFE Computer a t  Lawrence Livermore Laboratory. 

The spec t ra l- averaged  displacement and helium genera t ion  rates a r e  l i s t e d  

i n  Table 2.6.4. 

Rockwell I n t e r n a t i o n a l .  

The experimental  helium values w i l l  be measured by 

The n i cke l  two- s tep ,  thermal product ion of helium 

was computed assuming t h e  formula t ion  f o r  HFIR of T .  Gabriel  (ORNL/TM-6361, 

1979). The c o r r e c t n e s s  of t h i s  procedure is c u r r e n t l y  being reexamined 

and t h e  c a l c u l a t i o n s  may change s l i g h t l y .  However, experimental va lues  

w i l l  a l s o  be provided by Rockwell. 

The thermal neutron capture  r eac t ion  in n icke l  a l s o  

l e a d s  t o  a s u b s t a n t i a l  i n c r e a s e  in displacement damage, a poin t  which has 

been neglected in previous  c a l c u l a t i o n s .  

r e a c t i o n  is  5.097 MeV. 

r e c o i l  and a 4757 keV a lpha .  Using t h e  Lindhard energy p a r t i t i o n  model 

and a cu t- of f  o f  40 eV, one f i n d  t h a t  each thermal capture  produces 1763 

displacements  (1701 from 56Fe and 62 from the  a lpha ) .  I f  we compute the  

helium production in n i c k e l ,  then  we can e a s i l y  determine t h i s  e x t r a  

number of d isp lacements ,  a s  fo l lows:  

The Q-value f o r  t h e  59Ni(n,a)56Fe 

Hence, thermal neutrons produce a 340 keV 56Fe 

He (appm in Ni) 

567 DPA ( n , a )  = 

This equat ion  holds  f o r  a l l  thermal  i r r a d i a t i o n s  

and can be used t o  c o r r e c t  all previous experiments (e .g. ,  in ORR). In 

t h e  p re sen t  case  a t  midplane, t he  usua l  c a l c u l a t i o n s  f o r  N i  g ives  9.71 DPA 

and 41 appm He. 

an a d d i t i o n a l  5.11 DPA. Hence, neglec t ing  t h i s  e f f e c t  would cause us  to  

underpredic t  the  n i cke l  DPA value by 53%! In 316 SS the  e f f e c t  i nc reases  

Double thermal neut ron  cap tu re  produces 2897 appm H e  and 
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Table  2.6.4 

Damage Parameters  f o r  HF--~-CTR32 
He i n  appm, DPA = d i sp l acemen t s  pe r  atom, (n ,y )  inc luded  

Values a c c u r a t e  t o  f10% 
~ ~~ ~~~ 

Heigh t ,  cm:  20.8 12.5 4.2 

Element DPA H e  UP A H e  DPA H e  

AI 

T i  

V 

C r  

Mna 

Fe  

coa 

N i b  

cu 

Nb 

316 SSc 

9.59 

6.03 

6.78 

6.01 

6.62 

5.32 

6.73 

7.80 

5.18 

5.13 

5.70 

4.67 

3.09 

0.15 

1.07 

0.89 

1.82 

0.93 

1196. 

1.65 

0.35 

121. 

14.26 6.73 

9.16 4.67 

:10.12 0.22 

8.99 1.57 

9.81 1.29 

7.97 2.64 

9.82 1.35 

:l1 .85 1922. 

7.73 2.39 

7.65 0.51 

8 3 5  194. 

16.21 7.45 

10.39 5.16 

11.49 0.25 

10.18 1.73 

11.21 1.43 

9.01 2.92 

11.43 1.49 

14.82 2938. 

8.77 2.64 

8.66 0.56 

9.82 296. 

a (n ,y )  effect is 8.4% f o r  Mn and 27.6% f o r  c o b a l t ;  however, c o r r e c t i o n s  
f o r  neut ron  s e l f  - s h i e l d i n g  effects  may be r equ i r ed !  

bNickel i n c l u d e s  thermal  neu t ron  c a p t u r e  hel ium and DPA e f f e c t  (see t e x t )  

c316 SS: Cr(16) ,  Mn(2), Fe(70) ,  N i ( l O ) ,  Mo(2) 
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t he  ne t  DPA va lue  by 4%. In longer  i r r a d i a t i o n s ,  t h i s  e f f e c t  w i l l  be even 

more impor tant ,  e s p e c i a l l y  i f  one is  t r y i n g  t o  t a i l o r  He/DPA r a t i o s  t o  

f u s i o n  va lues!  

It should a l s o  be noted t h a t  the  DPA r a t e s  in 

Table 2.6.4 inc lude  (n,Y) e f f e c t s ,  but not  beta-decay.  This  omission w i l l  

be co r rec t ed  i n  our f i l e s  and new values  w i l l  be c a l c u l a t e d .  In  any c a s e ,  

g r e a t  cau t ion  must be used with the  (n,Y) c o n t r i b u t i o n s  due t o  neutron 

s e l f - s h i e l d i n g  e f f e c t s ,  e s p e c i a l l y  f o r  Mn and Co. 

2.6.4.2 Dosimetry f o r  the  EBRII-X287 I r r a d i a t i o n  

The EBRII-XZ87 experiment was i r r a d i a t e d  i n  Row 7 

from Jaunary 1977 t o  November 1978 f o r  a t o t a l  exposure of 30,496 MWD. 

Most of the  exposure was i n  p o s i t i o n  7A4 dur ing  runs 87A-95H (24,000 MUD). 

The experiment was then moved t o  p o s i t i o n  7E3 f o r  runs 96A-97G (5000 MWD). 

The average ope ra t ing  power was 62.5 MW. 

Twelve dosimetry capsules  were i r r a d i a t e d ,  t h r e e  

each i n  subassemblies B,  C ,  D ,  and F. Ten r e a c t i o n  were measured from 

each dosimetry capsule which contained Fe,  N i ,  Co, Cu, Nb, S c ,  T i ,  235U, 

and 238U. The a c t i v a t i o n  r e s u l t s  a r e  repor ted  i n  Table 2.6.5. 

Burnup c o r r e c t i o n s  were required f o r  t h e  235U(n,f) 

r e a c t i o n .  

l o c a t i o n .  

r e a c t i o n s  due to  t h e  product ion and subsequent f i s s i o n  of 239Pu i n  t h e  

samples. I n  t h i s  c a s e ,  i t  can be shown t h a t  the  c o r r e c t i o n  f o r  each 

f i s s i o n  product has the  form: 

The c o r r e c t i o n s  va r i ed  from 5-7% depending on t h e  f l u x  a t  each 

Correc t ions  were a l s o  requi red  f o r  the  238U and 237Np f i s s i o n  

(O+)i = (@)o  (1 - k i  Ri) (2 )  
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Table 2.6.5 

ACTIVATION RATES FOR EBRII-X287 EXPERIMENT 

Values normalized to 62.5 MW. 
except 238U (*lo%) and 2 3 7 ~ ~  (5%). 

Accurary +2% 

04 (atomlatom-s) 

D' (R = 30 cm) B (R = 31.6 cm) 

React ion Z, cm: -17.1 -0.44 +16.2 -11.4 +5.1 +15.3 

Z, cm: 

18.22 
3.24 

1.13 

1.48 

2.65 
1.33 

6.81 

2.65 

6.96 
5.68 

4.87 
2.67 

2.38 

3.26 

5.90 

2.88 

14.42 

2.46 

11.52 
8.58 

6.80 
2.77 

1.77 

2.33 

4.19 
2.24 

9.83 

2.14 

8.38 
6.38 

-_ 
2.86 

1.73 

2.49 

4.43 

2.16 

10.15 

2.35 

8.72 
7.07 

5.39 
-_ 

- _  
2.41 

10.23 
7.60 

-_ 
2.69 

1.54 
-- 
- -  
1.73 

10.66 

2.15 

7.42 
5.45 

F (R = 33.6 cm) C (R = 34.0 cm) 

-17.1 -0.44 +16.2 -11.4 +5.1 +15.3 

21.22 7.38 10.68 -- _ _  11.08 

3.33 2.80 2.91 2.98 2.95 2.84 

0.88 1.92 1.23 1.39 1.47 1.14 
1.30 2.90 1.96 1.89 2.22 1.75 

2.03 4.38 3.10 3.01 3.58 3.45 
1.14 2.58 1.67 1.63 1.75 1.39 

5.11 10.54 7.48 7.30 7.52 6.60 
2.62 2.42 1.93 2.48 2.43 2.23 

6.16 9.47 6.36 7.25 -- 6.32 
4.72 7.68 5.05 6.09 6.15 4.83 
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where (a$)o i s  the  uncorrected a c t i v a t i o n  r a t e ,  (00 )1  is the  t r u e  r e a c t i o n  

r a t e ,  R i  is the  r a t i o  of f i s s i o n  y i e l d s  f o r  product i from Pu d iv ided  by 

U ,  and k is a cons t an t  f o r  any g iven  l o c a t i o n  dependent on t he  product ion 

and f i s s i o n  rates f o r  Pu. Fo r tuna te ly ,  t h r e e  fission products  were 

measured f o r  each r e a c t i o n ,  namely Io6Ru, 137Cs,  and 144Ce. 

program was then w r i t t e n  t o  va ry  t h e  parameter k in equat ion (2)  f o r  each 

case  u n t i l  t h e  t h r e e  f i s s i o n  products  gave va lues  of (0$)1  with the  

sma l l e s t  s tandard d e v i a t i o n .  The c o r r e c t i o n s  va r i ed  smoothly w i t h  the  

f l u x  level and ranged from 0.71 t o  0.79 f o r  r e a c t i o n s  va r i ed  smoothly 

with the  f l u x  l e v e l  and ranged from 0.71 t o  0.79 f o r  238U(n,f) and from 

0.85 t o  0.97 f o r  237Np(n,f) .  

v a t i o n  r a t e s  is es t imated  t o  be ? l o %  f o r  238U and f5X f o r  237Np. 

c o r r e c t i o n s  were requi red  f o r  t h e  remaining r e a c t i o n s .  

A computer 

The abso lu te  accuracy of the  co r rec td  a c t i -  

No o t h e r  

The STAYSL computer code was used to a d j u s t  t h e  

c a l c u l a t e d ( 2 )  neutron spectrum a t  each l o c a t i o n .  Reasonable f i t s  were 

obtained using an  input  spectrum a t  a r ad ius  of 31.0 cm f o r  capsules  B 

and D and one of 33.7 cm f o r  capsules  C and F. In each case, these  va lues  

a r e  wi th in  1 c m  of  t h e  c e n t e r  of each c a p s u l e ,  Calcula t ions  were a l s o  

a v a i l a b l e  f o r  p o s i t i o n s  w i t h i n  1 cm of the  v e r t i c a l  he igh t  (Z) of each 

capsule .  In a l l  c a s e s ,  t h e  measurements agreed rather w e l l  w i t h  t h e  c a l -  

cu la t ed  s p e c t r a ,  e s p e c i a l l y  cons ider ing  t h e  s t e e p  f l u x  g r a d i e n t s  ac ross  

the  assembly. 

The f i n a l  i n t e g r a l  f l uence  va lues  a r e  l i s t e d  i n  

Table 2.6.6. A t y p i c a l  ad jus t ed  f l u x  spectrum is shown i n  F igure  2.6.3. 

Fluence g r a d i e n t s  a r e  shown in Figure 2.6.4. 
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Table 2.6.6 

NEUTRON FLUENQCS FOR EBRII-X287 

Fluence x n/cm2. Pe rcen t  e r r o r s  
are l i s t e d  in p a r e n t h e s e s .  

T o t a l  Fluence 

B F C - D 

2, c m  R ,  cm: 30.0 31.6 33.6 34 .o 

-17.1 5.47 (10 )  -- -- 5.00 (10 )  

6.05 (15 )  -- 5.72 (10) -11.4 -- 
-0.4 6.73 ( 8 )  -- 6.16 ( 9 )  -_ 

6.76 (15) -- 5.86 ( 9 )  

5.02 (14 )  _- 4.68 (10)  

+5.1 - -  
+15.3 _ _  
+16.2 5.14 ( 9 )  -- 4.36 (9 )  _-  

Fluence >0.11 MeV 

-17.1 4.16 (14)  -_ 3.66 (15) -- 

-0.4 5.75 (11) -- 5.08 (12)  -- 
4.515 (12 )  -- 4.50 (13) -11.4 -- 

5.1.3 (12 )  -- 4.69 (13) 

3.93 (13) _-  3.51 (14)  

+5.1 -- 
+15.3 -- 
+16.2 4.04 ( 1 2 )  -- 3.25 (13) -_ 

Fluence >1.0 MeV 

-17.1 0.82 (13) -- 0.69 (13) - -  

-0.4 1.38 (12) -- 1.15 (12)  -- 
1.08 (12 )  -_ 0.90 (12 )  -11.4 - -  

1.20 (12 )  -- 0.97 (13) 

0.72 (13) 

+5.1 _ -  
+15.3 - -  0.86 (12 )  -- 
+16.2 0.96 (12) -- -- 0.74 (12) 
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CL 
k-l 
3 
W z 
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A D 30.0 cm 
+ F 33.6 cm 
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Damage c a l c u l a t i o n s  were performed using our r e c e n t l y  

r ev i sed  ENDFIB-V c r o s s  s e c t i o n  f i l e .  DPA and helium production r a t e s  a r e  

g iven  f o r  each dosimetry capsule  p o s i t i o n  in Tables 2.6.7 and 2.6.8. The 

DPA for 316 SS ranges from 15 t o  27 wi th  a corresponding helium production 

between 3 and 8 appm. 

2.6.4.3 Dosimetry Resu l t s  f o r  t h e  Omega West Reactor  

Measurements have been completed f o r  the  HEDL-1 

experiment ( N .  Panayotou) in t he  Omega West Reactor a t  Los Alamos Scien-  

t i f i c  Laboratory. 

Samples were i r r a d i a t e d  in t he  LLL-HEDL furnace in 

core  p o s i t i o n  4F from January 2 2 ,  1981 t o  February 10 ,  1981. The net 

exposure w a s  849.36 MWH with an up t i m e  of 106.25 hours a t  8.0 MW. 

Thin f o i l s  of  Fe, Ni, T i ,  Mn, and Co-A1 (wire)  were 

included with the  i r r a d i a t e d  samples and a t  l e a s t  four  of each type of 

f o i l  was  gamma counted.  Values were ve ry  c o n s i s t e n t  for each r e a c t i o n  

measured i n d i c a t i n g  t h a t  g r a d i e n t s  were less than 1% with in  t h e  expe r i -  

mental capsule.  

Seven r e a c t i o n  r a t e s  were determined, as l i s t e d  in 

Table 2.6.9. 

dur ing  a complete (30 r e a c t i o n )  s p e c t r a l  measurement (WE/ER/0046/4, 

p. 15,  1981). A s  shown in Table 2.6.9, t h e  f a s t  r e a c t i o n s  agree  with the 

previous measurements w i t h i n  5%; however, t h e  two thermal r e a c t i o n s  

i n d i c a t e  about 10% more thermal f l u x  i n  t h e  p re sen t  i r r a d i a t i o n .  This  

d i f f e r e n c e  is most l i k e l y  due t o  small changes in the  f u e l  or r e a c t o r  

ope ra t ing  c o n d i t i o n s .  

These r a t e s  are compared t o  r a t e s  measured in October 1980, 
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Table 2.6.7 

DAMAGE PARAMETERS FOR EBRI I -X287 

DPA (-+lo%);  H e  in appm (*15%) 

Capsule D (R = 30.0 c m )  

Z: -17.1 c m  -0.4 c m  +16.2 c m  

Element DPA H e  DPA H e  UP A H e  

A l  
T i  
V 
C r  
Mn 
Fe 
c o  
Ni 
c u  
Z r  
Nb 
Mo 
Ta 
316 SS 

A 1  
T i  
V 
C r  
Mn 
Fe 
c o  
Ni 
c u  
Z r  
Nb 
Mo 
Ta 
316 S S  

41.1 3.12 
17.7 4.81 
23.4 0.066 
19.7 0.77 
21.4 0.60 
17.7 1.42 
19.4 0.66 
20.4 25.71 
18.3 1.20 
22 .o 0.12 
20 .o 0.29 
14.7 -- 

4.8 -- 
18.3 3.70 

Z: -11.4 c m  

49.8 4.66 
22 .o 6.90 
28.6 0.097 
24.5 1.21 
26.2 0.91 
22 .o 2.18 
23.8 1.03 
24.9 40.83 
22.5 1.82 
27 .O 0.19 
24.7 0.45 
17.8 -- 
22.7 5.82 

-- 6 .O 

50.9 6.33 41.5 4.16 
26.7 9.02 19 .o 6.47 
34.1 0.13 24.3 0.082 
29.4 1.62 20.9 1.13 
31.3 1.21 22.3 0.82 
26.6 3.03 18.7 2.06 
28.5 1.35 20.1 0.93 
29.8 55.86 21.1 39.58 
27 .O 2.49 19.1 1.64 
32.2 0.26 22.6 0.17 
29.6 0.61 20.7 0.42 
21.1 -- 15.1 -- 

7.3 -- 5.1 -- 
27.4 7.99 19.3 5.60 

Capsule B ( R  = 31.6 c m )  

+5.1 c m  +15.3 c m  

53.2 4.53 39.5 4.67 
24.7 7.44 17.8 5.77 
31 .O 0.095 22.9 0.095 
26.5 1.22 19.6 1 .I5 
28.5 0.88 21 .o 0.90 
23.7 2.16 17.6 2.16 
25.8 1.01 19.0 I .oo 
26.9 41.91 20 .o 37.65 
24.3 1.76 18 .O 1.81 
28.8 0.18 21.4 0.18 
26.2 0.44 19.6 0.44 
19.4 -- 14.3 - -  
24.5 5.92 18.2 5.48 

-- 4.0 -- 6.5 



81 

Table 2.6.8 

DAMAGE PARAMETERS FOR EBRII-XZ87 

DPA (+lo%); He in appm (+15%) 

Capsule F ( R  = 33.6 c m )  

Z: -17.1 cm -0.4 cm +16.2 c m  

Element DPA He DPA He DPA He 

A l  
Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zr 
Nh 
Mo 
Ta 
316 SS 

Al 
Ti 
V 
Cr 
Mn 
Fe 
co 
Ni 
cu 
Zr 
Nb 
Mo 
Ta 
316 SS 

35.8 2.30 
15.4 3.95 
20.4 0.051 
15.7 0.61 
18 .6 0.45 
15.3 1.10 
16.9 0.51 
17 .a 20.25 
15.9 0.90 
19.1 0.10 
17.4 0.22 
12 .a -- 
4.2 -- 
15.6 2.90 

51.4 
23.0 
29.7 
25.6 
27.2 
23.0 

25.9 
23.5 

25.7 

6.3 
23.7 

24 .a 

28 .o 

18.5 

4.50 
7.45 
0.091 
1.24 

2.22 
0.99 
43.74 
1.79 
0.19 
0.46 

0.87 

-- 
-_ 

6.14 

33.4 3.10 

19.5 0.064 
16.6 0.84 
17.8 0.60 
14.9 1.53 

16.9 29.12 
15.2 1.22 
18.1 0.13 
16.5 0.32 
12.1 -- 
15.4 4.13 

15.3 4 .ao 

16.2 0.68 

-- 4.1 

pule C . = 34. cn, 

2: -11.4 cm +5.1 cm +15.3 c m  

44.6 3.26 46.6 3.52 35.0 3.09 
19.3 5.55 20.2 5.98 15.4 4.59 
25.4 0.07 26.6 0.075 20.2 0.065 
21.6 0.89 22 -7 0.96 17.1 0.80 
23.2 0.63 24.3 0.69 18.4 0.60 
19.3 1.54 20.3 1.70 15.3 1.45 
21.1 0.72 22.1 0.78 16.7 0.67 
22.2 30.03 23.3 32 .a2 17.6 27.14 
20 .o 1.26 20.9 1.41 15.8 1.22 
24 .O 0.13 25.1 0.15 18.8 0.13 
21.9 0.32 23.0 0.35 17.2 0.30 
15.9 -- 16.6 - -  12.6 --  -- -_ 4.2 -_ 5.5 5.3 
20.0 4.24 21 .o 4.64 15.8 3.87 
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Table 2.6.9 

ACTIVATION RATES FOR OMEGA WEST - HEDLl 

( I r r a d i a t i o n  from 1-22-61 t o  2-10-81) 
(Exposure = 849.36 MWH; Average Power ( l i v e )  = 8.0 MW) 

~ ~ 

a$ (atomlatom-s) 

Reac t ion  P o s i t i o n  6 P o s i t i o n  10 S p e c t r a l  Runa R a t  io 

5 9 ~ 0  ( n  , y)60co 2.43-9 2.43-9 2.15-9 1.130 

58Fe( n, u) 59Fe 6.88-11 6.75-11 6.29-11 1.083 

54Fe( n, p)54Mn 2.91 -12 2.91-12 3.07-12 0.948 

58Ni(n,p)58Co 3.73-12 3.73-12 3.78-12 0.987 

4 6 T i  (n ,  p) 46Sc 3.94-13 3.94-13 3.99-13 0.987 

55Mn( n , 2 1 1 ) ~ ~ n n  9.01 -15 9.06-15 8.66-15 1.043 

54Pe( n ,  a)51Cr 3.00-14 -- 2.89-14 1.038 

aL.  R.  Greenwood, DOE/ER-0046/4, Volume 1, p.  15 (1981) .  

Table 2.6.10 

FLUX AND FLUENCE VALUES FOR OMEGA WEST - HEDLl 

(F luxes  normalized t o  8.0 MW) 

F lux  Fluence 
(x 10LY) E r r o r ,  % Energy Range, MeV (x 1 0 l J )  

T o t a l  19.03 7.27 1 0  

Thermal 8.06 3.08 15 

>0.11 5.74 2.19 1 5  

>1 .o 2.82 1.08 16 

>5 .O 0.20 0.076 14 

>10 .o 0.0047 0.0018 2 1  
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The f l u x  spectrum, shown i n  Figure 2.6.5, w a s  

determined using t h e  STAYSL computer code and t h e  seven r e a c t i o n  rates 

i n  Table 2.6.9. The input  spectrum was  taken from our  previous  s p e c t r a l  

measurement. The i n t e g r a l  f l u x e s  and f luence  va lues  a r e  l i s t e d  i n  Table 

2.6.10. Damage parameters  were then computed using t h e  SPECTER computer 

code with o u r  r e c e n t l y  c a l c u l a t e d ,  ENDFIB-V displacement c r o s s  s e c t i o n s  

and recommended va lues  a r e  l i s t e d  i n  Table 2.6.11. The (n ,y )  r e a c t i o n  is 

a l s o  included i n  t h e  damage c a l c u l a t i o n s ;  however, t h i s  e f f e c t  is gener-  

a l l y  l e s  than 2%. 

Helium c a l c u l a t i o n s  f o r  n i cke l  were performed using 

the  t o t a l  thermal  f l u x  (<.5 eV) and t h e  equat ion  recommended by T.  Gabriel  

(ORNLITM-6361, 1979).  This  procedure was found t o  work q u i t e  w e l l  i n  

previous tests in ORR. It is important to  note  t h a t  f o r  ve ry  s h o r t  i r -  

r a d i a t i o n s ,  t h i s  equat ion  r equ i re s  more exact  parameters .  More accu ra t e  

va lues  can a c t u a l l y  be obtained a t  low f luence  using t h e  f i r s t  o rde r  

expansion: 

He/M(58Ni) = 112 (Ot)2 oyaa 

where O t  is the  thermal f l u e n c e ,  uyaa t h e  (n ,y )  and (n ,a)  c r o s s  s e c t i o n s  

f o r  5 8 N i  and 5 9 N i ,  r e s p e c t i v e l y .  

progress  f o r  t h e  OWR by D .  Kneff and H. F a r r a r  I V  (Rockwell I n t e r n a t i o n a l )  

and more p r e c i s e  helium values w i l l  t h u s  be repor ted  l a t e r .  

!some helium measurements are now i n  

2.6.5 Future  Work 

The s t a t u s  of o t h e r  experiments is summarized i n  Table 2.6.1. 

Many i r r a d i a t i o n s  a r e  i n  progress  o r  planning i n  HFIR. Dosimeters a r e  

expected s h o r t l y  f o r  t h e  second phase of the  MFE4 experiment i n  ORR. 
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Fig .  2 . 6 . 5 .  Neutron f l u x  spectrum computed using the STAYSL computer code 
for the HEDLZ experiment i n  posit ion 4-F of the Omega West 
Reactor. Seven reactions were used t o  adjust a previously 
measured spectrum. The dotted and dashed l i n e s  represent one 
standard deviation. The f l u x  per unit lethargy is simply 
energy times f lux .  
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Table 2.6.11 

SPECTRAL-AVERAGED DAMAGE PARAMETERS FOR OMEGA WEST - HEDL1 

[Fluence = 7 . 3  x 1019 (2.2 x 1019 above 0.11 MeV)] 
(Damage c r o s s  s e c t i o n s  c a l c u l a t e d  using ENDFIB-V.) 

Damage Energy H e  - 
Element U D ,  keV-b (evlatom) DPA (appb) 

A l  26 .O 1.9 0.028 9.5 

T i  22.7 1.6 0.016 8.5 

V 25.8 1 .a 0.019 0.31 

C r  23.3 1.7 0.017 2.5 

Mn 23.9 1.7 0.017 1.9 

Fe 20.8 1.5 0.015 4 .1  

co 20.9 1.5 0.015 2 .o 

Ni 21.7 1.6 0.016 66 .O 

(0.047)a (83.3)a 

cu 20 .o 1.5 0.015 3.5 

zr 22.3 1.6 0.016 0.38 

Nb 20.5 1.5 0.015 0.83 

1.6 0.01 1 --b Mo 22.2 

316 SSc 21.4 1.6 0.016 (11 .6)a 

aThermal process  included in parentheses ;  s e e  equat ion ( 1 ) .  

h e l i u m  c r o s s  s e c t i o n  not  known. 

CComposition assumed t o  be Mn(2), Cr(16) ,  Ni(109, M0(2), Fe(70);  
minor elements neg lec t ed .  
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Dosimetry tes ts  have been conducted f o r  t h e  t r i t ium-breeding experiment 

(TRIO) i n  ORR. 

1. 

2.  

1. 

2. 

3. 
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2.7 ELEVATED TEMPERATURE IRRADIATION OF FERRITIC STEEL CHARPY SPECIMENS: 
EXPERIMENTS HFIR-CTR-34 and -35 - J. M. Vitek (Oak Ridge National 
Laboratory) 

2.7.1 ADIP Task 
ADIP Task I.A.2, Define Test Matrices and Test Procedures. 

2.7.2 Objective 

This experiment is intended to evaluate the impact properties of 

ferritic steels after irradiation at elevated temperatures under con- 

ditions which simultaneously produce displacement damage and helium. 

The samples are nickel-doped 12 Cr-1 M O W  and 9 Cr-1 MoVNb alloys. The 

transmutation of nickel results in helium production and the influence of 

helium on the properties will be determined by comparing the properties of 

alloys with different nickel 1evel.s. 

2.7.3 Summary 

The HFIR-CTR-34 and -35 experiments contain miniature Charpy V-notch 
specimens of nickel-doped 12 Cr-1 MOW and 9 Cr-1 MoVNb alloys. Different 

nickel contents result fn different helium levels generated during irra- 
diation in HFIR, to allow for an assessment of the effect of helium on 

impact properties. Irradiations at 300 and 4OO0C, to a midplane damage 

level of 10 dpa, have been completed. 

2.7.4 Progress and Status 

2.7.4.1 Introduction 

By taking advantage of the two-step transmutation reaction of nickel, 

which results in helium production, increasing levels of helium can be 
generated during irradiation by increasing the initial nickel content of 

the alloy. 

being studied in order to ascertain the effect of helium at levels 

expected in fusion reactor service on various material properties. These 

experiments w i l l  provide the first impact property data on the Path E 
ferritic steels under irradiation conditions that generate both helium and 

Nickel-doped ferritic alloys1 with 0.5, 1, and 2% Ni are 
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displacement damage. In  a d d i t i o n ,  they w i l l  provide the  f i r s t  moderate- 

f luence  (-6 dpa) da ta  at  an i r r a d i a t i o n  temperature  of 300'C. Comparison 

wi th  r e s u l t s  on companion samples i r r a d i a t e d  i n  the EBR-I1 AD-2 experiment 

w i l l  p rovide  a f u r t h e r  means of eva lua t ing  the  e f f e c t  of helium on impact 

p r o p e r t i e s .  

2.7.4.2 Experiment Design 

Minia ture  Charpy V-notch specimens have been used f o r  e v a l u a t i o n  of 

impact p r o p e r t i e s .  The samples are 5 by 5 m i n  c r o s s  s e c t i o n ,  and 

25.4 nun i n  length .  The notch has  a root  r a d i u s  of 0.05 t o  0.10 m and the 

remaining sample ligament Is 4.24 nun i n  length .  The samples were not  

precracked.  The specimens were cu t  from 5.3-mm-thick p l a t e  wi th  t h e  

l e n g t h  p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n  and the notch running through t h e  

th ickness  of t h e  p l a t e .  

The specimens are enclosed i n  s t a i n l e s s  s teel  ho lders  and those  

ho lders  are i n s i d e  aluminum s leeves .  The o u t e r  d iameters  of t h e  s teel  

specimen ho lders  are a d j u s t e d  t o  compensate f o r  the v a r i a t i o n  i n  nuc lea r  

h e a t i n g  rate a long the  l eng th  of the  capsu le  i n  o r d e r  t o  achieve t h e  

d e s i r e d  temperature.  Nuclear hea t ing  of the specimens and s t a i n l e s s  s tee l  

ho lders  provides  enough hea t  t o  raise the  sample temperatures  t o  the  

d e s i r e d  values .  A thermal g r a d i e n t  exists from the  i n t e r i o r  t o  e x t e r i o r  

s u r f a c e  of t h e  specimens, but  t h i s  has been c a l c u l a t e d  t o  be less than 

45"C. 

shown i n  Fig. 2.7.1. 

A schematic drawing of a specimen wi th in  a capsu le  assembly i s  

Two types  of temperature monitors have been used. A pure z inc  m e l t  

wire (mel t ing po in t  420'C) was i n s e r t e d  i n t o  one of t h e  9 Cr-1  MoVNb-2 N i  

samples t o  be i r r a d i a t e d  a t  400°C. I n  a d d i t i o n ,  SIC temperature  monitors 

were i n s e r t e d  i n t o  both capsu les  i n  both the  300 and 400°C temperature 

l e v e l s .  Three f l u x  monitors were a l s o  loaded i n t o  each test  capsule.  

2.7.4.3 T e s t  Matrix and I r r a d i a t i o n  Condit ions 

The min ia tu re  Charpy samples were made from four  d i f f e r e n t  a l l o y s :  

two v a r i a t i o n s  of 12 Cr-1  MoVW and two v a r i a t i o n s  of 9 Cr-1 MoVNb. The 

a l l o y s  have been doped wi th  0 and 2% N i  i n  o rde r  t o  achieve d i f f e r e n t  
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Fig. 2.7.1. Schematic Diagram Illustrating Miniature Charpy V-Notch 
Specimen within Irradiation Capsule. 

helium levels during irradiation. Alloy chemistries have been reported 

previously. The alloys are in the normalized and tempered condition. 
Table 2.7.1 lists the alloys and their heat treatments. 

The HFIR-CTR-34 capsule contained the 12 Cr-1 M O W  series, whereas 

the 9 Cr-1 MoVNb alloys were in capsule HFIR-CTR-35. Each capsule con- 
tained 16 miniature Charpy V-notch specimens, 8 at 30OoC and 8 at 400°C. 

The matrix for the two capsules is given in Table 2.7.2. 

The capsules were irradiated in the HFIR peripheral target positions. 

Irradiation was f o r  five cycles, yielding a displacement damage level at 

the experimental midplane of approximately 10 dpa, and approximately 6 dpa 

at the capsule ends. Calculated helium levels at the midplane are about 

10 to 20 at. ppm He in the base alloys and about 85 at. ppm He in the 
2% Ni-doped alloys. Irradiation was started in December 1981 and comple- 

ted in April 1982. 
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Table 2.7.1. Alloys Irradiated in HFIR-CTR-34 and -35 

Normalizing Tempering 

("C) ( h )  ("C) ( h )  
Alloy Heat a 

12 Cr-1 M O W  XAA-3587 1050 0.5 780 2.5 

12 Cr-1 MoVW-2 Ni XAA-3589 1050 0.5 700 5 

9 Cr-1 MoVNb XA-3590 1040 0.5 760 1 

9 Cr-1 MoVNb-2 Ni XA-3591 1040 0.5 700 5 

%endor: Combustion Engineering. 

Table 2.7.2. Irradiation Matrix for Miniature Charpy 
V-Notch Specimens in HFIR-CTR-34 and -35 

Temperature Heat 
Position ("C) 

HFIR-CTR-34 HFIR-CTR-35 

1 300 XAA-3587 XA-3590 
2 300 XAA-3587 XA-3590 
3 300 XAA-3587 XA-3590 
4 300 XAA-3587 XA-3590 
5 400 XAA-3589 XA-3591 
6 400 XAA-3589 XA-3591 
7 400 XAA-3589 XA-3591 
8 400 XAA-3589 XA-3591 
9 400 XAA-3587 XA-3590 

10 400 XAA-3587 XA-3590 
11 400 XAA-3587 XA-3590 
12 400 XAA-3589 XA-3591 
13 300 XAA-3587 XA-3590 
14 300 XAA-3589 XA-3591 
15 300 XAA-3589 XA-3591 
16 300 XAA-3589 XA-3591 

2.7.5 Reference 

1. R. L. Klueh and J. M. Vitek, "Characterization of Ferritic Steels f o r  

HFIR Irradiation," ADIP Quart. Prog. Rep.  June 30, 1980, DOE/ER-0045/3, 
pp. 294-308. 
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2.8 ELEVATED-TEMPERATURE IRRADIATION OF FERRITIC STEEL TENSILE SPECIMENS: 
EXPERIMENTS HFIR-CTR-39, -40, and -41 - J. M. Vitek (Oak Ridge 
Nat ional  Laboratory) 

2.8.1 D I P  Task 

ADIP Task I .A.2,  Define T e s t  Matrices and T e s t  Procedures.  

2.8.2 Objec t ive  

This experiment is intended t o  eva lua te  the  t e n s i l e  p r o p e r t i e s  of 

fe r r i t ic  s t e e l s  a f t e r  e l eva ted  temperature i r r a d i a t i o n  i n  the  High Flux 

I so tope  Reactor (HFIR). I r r a d i a t i o n  i n  HFIR of the  nickel-doped 

9 Cr -1  MoVNb and 12 Cr-1 MoVW a l l o y s  w i l l  r e s u l t  i n  simultaneous d is-  

placement damage and helium production. The t ransmuta t ion  r e a c t i o n  of 

n i c k e l  l eads  t o  helium product ion,  and d i f f e r e n t  n i c k e l  l e v e l s  will a l low 

f o r  an assessment of the  e f f e c t  of helium on t e n s i l e  p rope r t i e s .  A 

2 1 /4  Cr-1  Mo a l l o y  w i l l  a l s o  be i r r a d i a t e d .  

2.8.3 Summary 

The HFIR-CTR-39, -40, and -41 experiments con ta in  rod tensi le  speci-  

mens of the  nickel-doped 9 Cr-1 MoVNb and 12 Cr-1  MOVW a l l o y s  and t h e  

2 1/4 Cr-1 Mo a l l o y .  D i f f e ren t  n i c k e l  l e v e l s  r e s u l t  i n  d i f f e r e n t  helium 

l e v e l s  generated during i r r a d i a t i o n .  Tes t ing  of these  a l l o y s  w i l l  provide 

d a t a  on the e f f e c t  of helium on t e n s i l e  p rope r t i e s .  I r r a d i a t i o n s  will be 

a t  300, 400, and 500'C t o  a midplane f luence  equiva lent  t o  12 dpa. 

2.8.4 Progress  and S t a t u s  

2.8.4.1 In t roduc t ion  

A s  i n  o the r  HFIR experiments on Path E f e r r i t i c  steels,1-3 the two- 

s t e p  t ransmuta t ion  r e a c t i o n  of n i c k e l  w i l l  be used t o  produce va r ious  

l e v e l s  of helium by a d j u s t i n g  the  n i c k e l  content  of t he  a l l o y s  being 

i r r a d i a t e d .  

being s tud ied  i n  order  t o  ascertain t h e  e f f e c t  of helium, at l e v e l s  

expected i n  fus ion  r e a c t o r  s e r v i c e ,  on va r ious  m a t e r i a l  p rope r t i e s .  The 

HFIR-CTR-39, -40, and -41 experiments will be the  f i r s t  experiments t o  

Nickel-doped f e r r i t i c  a l l o y s 4  with 0.5, 1, and 2% N i  are 
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provide such data on tensile properties after elevated-temperature irra- 

diations. In addition, by comparison with identical alloys in the same 
heat treated condition presently being irradiated at similar temperatures 

in EBR-I1 AD-2, further insight into the effect of helium will be possible. 

2.8.4.2 Experimental Design 

Each of the three experiments w i l l  consist of a column of 11 rod 
tensile samples. The rod tensile specimen configuration is shown in 

Fig. 2.8.1. The capsule design used is essentially the same as that used 

successfully for irradiation of type 316 stainless steel.5 
held in place by centering spurs. Nuclear heating is used to heat the 

samples, and a gas gap around the sample gage length and shoulder provide 
the gradient to achieve the elevated temperatures required. The gas gaps 

Samples are 

Fig. 2.8.1. Rod Tensile Specimens to be Used for Irradiation in 
Experiments HFIR-CTR-39, -40, and -41. 
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a r e  ad jus t ed  f o r  d i f f e r e n t  desired temperatures  and d i f f e r e n t  nuc lear  

hea t ing  r a t e s  along the  length  of the  assembly. The a c t u a l  gas gap dimen- 

s i o n s  have been c a l c u l a t e d  from t h e  most recent  da t a  a v a i l a b l e  on the  

hea t ing  r a t e s  f o r  t hese  s t e e l s  i n  the  HFIR-PTP f a c i l i t y .  

S i l i c o n  carb ide  temperature monitors w i l l  be used t o  check each of 

the  t h r e e  i r r a d i a t i o n  temperatures .  The S i c  monitors w i l l  be i n s e r t e d  

i n t o  ho le s  d r i l l e d  i n  the shoulders  of the rod tensile samples. T e s t s  on 

cold  samples have shown t h a t  such holes  i n  the  shoulder  s e c t i o n  do not 

a f f e c t  t he  t e n s i l e  property measurements. Two dosimetry monitors w i l l  

a l s o  be included i n  each capsule.  

2.8.4.3 T e s t  Matrix and I r r a d i a t i o n  Conditions 

Six d i f f e r e n t  a l l o y s  a r e  included i n  t h i s  experiment: t h r e e  

v a r i a t i o n s  of 12 Cr-1  MoVW with 0.5, 1, and 2% Ni, two v a r i a t i o n s  of 

9 Cr-1 MoVNb with 0.1 and 2% N i ,  and 2 1/4 C r - 1  Mo. Alloy compositions 

are given i n  Table 2.8.1. The a l l o y s  w i l l  be i r r a d i a t e d  i n  the  normalized 

and tempered condit ion.  Table 2.8.2 l ists the  hea t  t rea tments  used f o r  

each a l l o y .  Eleven t e n s i l e  specimens w i l l  be included i n  each capsule.  

The i r r a d i a t i o n  temperature mat r ix  i s  given i n  Table 2.8.3. 

Table 2.8.1. Composition of Alloys Included i n  the  HFIR-CTR-39 
-40, and -41 Experiments (wt %) 

Heat XAA 3587 XAA 3588 XAA 3589 XA 3590 XA 3591 72768 

C r  

Mo 

C 

N 

N i  

Mn 

W 

V 

Nb 

si  
Fe 

11.97 

0.94 

0.21 

0.021 

0.43 

0.51 

0.55 

0.27 

0.024 

0.18 

B a l  

11.92 

1.05 

0.20 

0.017 

1.13 

0.47 

0.53 

0.31 

0.020 

0.14 

Bal 

11.73 

1.00 

0.21 

0.018 

2.27 

0.48 

0.54 

0.31 

0.016 

0.14 

Ba 1 

8.64 

0.97 

0.091 

0.050 

0.10 

0.35 

0.01 

0.21 

0.064 

0.07 

Bal  

8.54 2.2 

0.97 0.89 

0.070 

0.054 

2.18 0.07 

0.35 0.48 

<0.01 

0.22 0.002 

0.068 

0.08 0.31 

Ba 1 Ba 1 



94 

Table 2.8.2. Alloys,  Heat Numbers, and Heat Treatments Used 
f o r  Samples in Experiments HFIR-CTR-39, -40, and -41 

Normalizing Tempe ring 

("C) ( h )  ("C) ( h )  
Alloy Heat 

12 Cr-1 M O W  XAA 3587 1050 0.5 780 2.5 

12 Cr-1 MOW-1 Ni XAA 3588 1050 0.5 780 2.5 

12 Cr-1 MoVW-2 Ni XAA 3589 1050 0.5 700 8 
9 Cr-1 MoVNb XA 3590 1040 0.5 760 1.0 
9 Cr-1 MoVNb-2 Ni XA 3591 1040 0.5 700 8 
2 114 Cr-1 Mo 72768 900 0.5 700 1 

Table 2.8.3. Matrix of Irradiation Temperatures for Tensile 
Specimens in Experiments HFIR-CTR-39, -40, and -41 

HFIR-CTR-39 HFIR-CTR-40 HFIR-CTR-41 Temperature 
( "C )  

Position 

1 (top) 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

300 

300 
400 

400 

500 

500 

500 

400 

400 

300 

300 

XAA 3587 

XAA 3587 

XAA 3587 

XAA 3587 

XAA 3587 

XAA 3587 

72768 

XAA 3588 

XAA 3588 

XAA 3588 

XAA 3588 

XAA 3589 

XAA 3589 

XAA 3589 

XAA 3589 

XAA 3589 

XAA 3589 

XA 3591 
72768 

72768 

72768 

72768 

XA 3590 
XA 3590 
XA 3590 
XA 3590 
XA 3590 
XA 3590 
XA 3591 
XA 3591 
XA 3591 
XA 3591 
XA 3591 
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Irradiation w i l l  be in the HFIR peripheral target positions planned 

for six cycles, resulting in a displacement damage level of approximately 
12 dpa at the midplane and 7 dpa at the capsule extremities. 

helium levels at the midplane for the base alloys are about 15 to 

25 at. ppm He, while the expected helium levels for the 1 and 2% nickel- 
doped alloys at the midplane are about 50 and 90 at. ppm He, respectively. 

Insertion into HFIR is scheduled f o r  May 1982, and completion i s  expected 

by October 1982. 

Expected 

1. 

2. 

3. 

4. 

5. 
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3.1 SWELLING OF PATH A PCA IRRADIATED TO 10 dpa I N  H F I R  - P. .I. Maziasz 
and D. N. Braski (Oak Ridge National  Laboratory) 

3.1.1. ADIP Task 

ADIP Tasks I.C.1, Mic ros t ruc tu ra l  S t a b i l i t y ,  and I .C.2 ,  Micros t ruc ture  

and Swelling i n  Aus ten i t i c  Alloys. 

3.1.2 Objec t ives  

The o b j e c t i v e  of t h i s  work is  t o  eva lua te  the  e f f e c t  of p r e i r r a -  

d i a t i o n  m i c r o s t r u c t u r a l  v a r i a t i o n  on swell ing of Path A PCA i r r a d i a t e d  i n  

HFIR. These r e s u l t s  w i l l  a l s o  be compared with r e s u l t s  on type 316 and 

316 + T i  s t a i n l e s s  s t e e l s  i r r a d i a t e d  under s i m i l a r  condi t ions .  

3.1.3 Summary 

The Path A PCA with var ious  pre t rea tments  and ZO%-cold-worked 

type  316 s t a i n l e s s  s t e e l  (CW 316) were i r r a d i a t e d  i n  H F I R  a t  300 t o  600°C 

t o  f luences  producing up t o  9.7 dpa and 620 a t .  ppm He. Very l i t t l e  

swel l ing  was observed a t  500°C and below, but swel l ing  a t  600°C ranged 

from 0.2 t o  1.2%. Swelling appears  coupled t o  p r e c i p i t a t e  phase and 

d i s l o c a t i o n  m i c r o s t r u c t u r a l  development. 

3.1.4 Progress  and S t a t u s  

Previous experiments i n  € F I R  def ined  the  swel l ing  and m i c r o s t r u c t u r a l  

development of CW 316 (DO hea t )  a t  f luences  producing up t o  60 dpa 

and 4000 at.  ppm H e  and of CW 316 + T i  (R1 h e a t )  a t  up t o  16 dpa and 

1000 a t .  ppm He over the  i r r a d i a t i o n  temperature range 55 t o  about 

750°C. ’-* 
survey m i c r o s t r u c t u r a l  development i n  Path A PCA and two hea t s  of CW 316 

(N l o t  and Heat X15893) during i r r a d i a t i o n  a t  300 t o  600°C t o  neutron 

f luences  producing up t o  10 dpa and 500 a t .  ppm He (ref.  9). Examination 

of melt-wire capsules  has shown much b e t t e r  agreement between these  calcu-  

l a t e d  design temperatures  and the  a c t u a l  i r r a d i a t i o n  temperatures  than had  

been obtained i n  previous experiments. The dpa f o r  t hese  materials range 

from 8.7 t o  9.7 dpa ( r e f .  10) and the  helium content  from 440 t o  

520 a t .  ppm He i n  type 316 and 530 t o  620 a t .  ppm He i n  PCA ( r e f .  11). 

This repor t  dea l s  with experiment HFIR-CTR-32, intended t o  
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Helium production is about 20% higher in the PCA than in type 316 stain- 

less steel because of the higher n.icke1 content. Compositions of the 

steels mentioned above (except heat X15893) are given in Table 3.1.1. 

The preirradiation microstructures of PCA and thermal mechanical 

treatments used to produce them are described in Table 3.1.2. These 

microstructures have been characterized in earlier reports. ''-I5 

seven microstructures, AI, A2, El, B2, and C were investigated in this 
experiment. Microstructure A3 is included in the higher fluence experi- 
ments, HFIR-CTR-30 and -31 (ref. 9), and will be examined later. 

Of the 

Disks for transmission electron microscopy (TEM) were thinned with 

an automatic dual jet Tenupol thinning unit in a hot cell and examined via 

standard methods in JEM IOOC and IOOCX electron microscopes. 

Table 3.1.1. Composition of Austenitic Stainless Steels Included in 
the HFIR-CTR-32 Irradiation Experiment 

Alloy Composition (wt %) 
Alloy 

Fe Cr N i  Mo Mn Si C Ti P S N 

PCA Bal 14.0 16.2 2.3 1.8 0.4 0.05 0.24 0.01 0.003 0.01 

CW 316 t Ti Bal 17.0 12.0 2.5 0.5 0.4 0.06 0.23 0.01 0.013 0.006 
(R1 h e a t )  

CW 316 Bal 18.0 13.0 2.6 1.9 0.8 0.05 0.05 0.01 0.016 0.05 
(W heat )  

CW 316 Bal 16.5 13.5 2.5 1.6 0 . 5  0.05 0.01 0.006 0.006 
(N lot) 

3.1.5 Results and Discussion 
The results of quantitative TEM on the cavity volume fraction (cvf) 

swelling are given in Table 3.1.3 and plotted as a function of temperature 
in Fig. 3.1.1. 

CW 316 (DO heat) and CW 316 + Ti (R1 heat) are also included in Fig. 3.1.1 
plotted at irradiation temperatures that have been corrected by +50 to 

f75-C from those reported previously. 

Swelling curves taken from previously reported data3 on 
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Figure 3.1.1 shows that all samples from HFIR-CTR-32 show temperature- 

dependent swelling, with the swelling increasing monotonically with 

increasing irradiation temperature. At 300"C, the various pretreatments 

of PCA and CW 316 (N lot) show no observable cavitation and hence no cvf 

swelling. Among the various PCA pretreatments, swelling of microstructure 

AI remains as low a6 or lower than the other samples at 500°C and below. 

At 600"C, the swelling after pretreatments A1 and C is about 0.7%, with 

microstructure B2 swelling less, about 0.4%. At 6OO0C, pretreatments A2 
and B1 of PCA show the greatest swelling at 1.1 to 1.2%. 

Figure 3.1.2 compares the various pretreatment microstructures before 

and after irradiation at 600°C. Pretreatments A1 and A2 did not contain 
MC prior to irradiation. Pretreatments B1 and B2 contained coarse and 

fine intragranular MC, respectively, prior to irradiation (Table 3.1.2). 

It is not clear at present whether A1 and A2 contain fine MC after 
irradiation. The lowest swelling PCA at 600"C, B2, contains fine MC, but 
there are fewer particles after irradiation than prior to irradiation. 

The coarse MC present in B1 prior to irradiation has dissolved, coincident 

with B1 showing the maximum swelling. The size distribution of the cavity 

microstructure of B1 is plotted in Fig. 3.1.3. The sharp, narrow peak in 

the size distribution represents a high population of fine cavities and 

the broad tail as size increases represents a diminishing population of 

much larger cavities. If we discuss this size distribution in terms of 
the cavity classifications into voids and bubbles given in ref. 8 and 

typical critical radius bubble-to-void-conversion arguments, '6- * then 
the small cavities are most likely bubbles and the very large cavities are 

most likely voids forming from bubbles that have exceeded their critical 

radius. 

because only a small fraction of the cavities are voids and the cavities 

are smaller. In all samples, the large cavities identified as voids 

account for most (8C-90%) of the cvf swelling. 

Microstructure B2 shows the lowest swelling of the PCA conditions 

If we compare the swelling of CW 316 (N lot) with the various PCA 

pretreatments (Fig. 3.1.1 and Table 3.1.3), we find that it is similar to 

pretreatment A1 at 300 to 500'C and is the lowest swelling material at 

600°C. Microstructures for CW 316 (N lot) and PCA-A1 are compared in 
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Fig. 3.1.2. A Comparison of Pre- (a,c,e.g) and Post- (b,d,f ,h)  Irradiation uicro- 
structures for Path A PCA with Various Pretreatments Followed by AFIR Irradiation at  6OO'C 
to  up to 10 dpa and 620 at .  ppm He. Pretreatment designations are indicated. Inlay on 
(e) is a dark f i e ld  image of MC precipitation. 
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Fig. 3.1.3. A Plot of Cavity Size Distribution Together with the 
Microstructure of Path A PCA B1 after HFIR  Irradiation at 600OC. The 
large cavities clearly appear to be voids converting from fine bubbles. 
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Fig. 3.1.4 for  HFIR i r rad ia t ion  a t  300 to  60OOC to  about 10 dpa. This 

s e r i e s  shows the same temperature dependence of the swelling as  

i l l u s t r a t e d  i n  Fig. 3.1.1. 

for the CW 316 i r radiated a t  6OO0C are  plotted i n  Fig. 3.1.5(a), together 

with micrographs representing each cavity component. Unlike the various 

PCA samples, swelling i n  the CW 316 (N l o t )  is very spa t ia l ly  heterogeneous. 

Fine bubbles are  quite uniformly dis t r ibuted i n  s ize  and space i n  a l l  

regions, as seen i n  Fig. 3.1.5. However, swelling varies from about 0.05 

t o  about 0.35% from region t o  region because of nonuniform conversion of 

some fract ion of the f ine  bubbles into  larger  voids. The swelling of 0.2% 

given i n  Fig. 3.1.1 and Table 3.1.3 is an area-averaged value. 

The s i ze  d i s t r ibu t ions  of bubbles and voids 

The present resu l t s  can be compared with previous HFIR re su l t s  on 

CW 316 (DO heat) and CW 316 + T i  ( R 1  heat) a f t e r  similar i r rad ia t ion  

conditions. The swelling of CW 316 (N l o t )  and the various pretreatments 

of PCA is l ess  a t  300'C and similar or greater  a t  400 to 60OOC than the 

swelling i n  the previously studied s t e e l s  (see Fig. 3.1.1). Figure 3.1.6 

compares cavity s ize  dis t r ibut ions  a t  several  fluences for  CW 316 
(DO heat) and CW 316 + T i  (R1 heat)  i r radiated i n  HFIR a t  600 t o  64OOC. 
Representative microstructures for  i r rad ia t ion  t o  15 dpa are  a lso shown. 

Comparison can be made with similar resu l t s  for CW 316 (N l o t )  

(Fig. 3.1.5) and PCA B1 (Fig. 3.1.3). From our previous interpreta t ion 

concerning voids and bubbles,8 the CW 316 (DO heat) and CW 316 + T i  

(R1 heat) show considerably l e s s  swelling than the materials examined i n  

t h i s  present work because the cavity microstructures consist  of f ine  

bubbles with no s ignif icant  conversion of these to  coarser voids. The 

CW 316 + Ti (R1 heat) shows less swelling than the CW 316 (DO heat) 

because the bubble microstructure i n  the former contains nearly an order 

of magnitude higher cavity density than does the bubble microstructure i n  

the l a t t e r .  This refinement e f fec t  is due d i rec t ly  t o  bubble association 

with f ine MC par t ic les  i n  the CW 316 + Ti ( re fs .  3, 6, 12, 19). Swelling 

in the CW 316 (DO heat) remains due to  bubbles for i r rad ia t ion  i n  HFIR  

producing up to  42 dpa and does not show evidence of void formation 

(Fig. 3.1.6). 

the fluence dependence of swelling for CW 316 (DO heat) i r radiated i n  
HFIR. 20-22 

There is currently controversy about the cavity nature and 
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Pig. 3.1.4. A Comparison of Hicrostruetures for 20%-Cold-Worked Type 316 (N Lot) 
(a,e.e,g) and PCA A1 (b,d,f ,h) after  WIR Irradiation at 300 to  600Y to up to about 10 dpa. 
Irradiation temperatures are indicated. 
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The CW 316 (N lot) and various PCA samples show strong tendencies 

toward Frank interstitial loop and irradiation-induced y’ precipitate 

formation during H F I R  irradiation at 500 and 6OO0C, concurrent with the 

development of void swelling at these conditions. Frank loops are 

observed in significant proportion over the entire temperature range in 

all samples examined here. Precipitation of Y’ is observed at 60OoC in 

CW 316 (N lot) and PCA A 2 ,  B 1 ,  and B2. A t  50OoC y’ is also detected in 
CW 316. According to our current understanding of void development and 

swelling, Frank loops help provide an interstitial bias, necessary for 

void growth, 2 3  and of ten coincide with development of irradiation-induced 
phases. 6 ,  8,24,25 

consequence of a high level of irradiation-induced solute segregation 

(RISS) .  A high level of RISS and the presence of irradiation-induced 

phases most often coincide with substantial void swelling under neutron 

irradiation. 8,20-25 High RISS w i l l  also hinder formation or contribute 

to instability of phases that are naturally incompatible with the effects 

of RISS (i.e., nickel- and silicon-poor phases), like tau (M23C6) and 

titanium-rich MC. 5, 6 ,  8 ,  19, 24, 25 Hence the concurrent formation of voids 

and the nickel- and silicon-rich y’ precipitate in the alloys irradiated 

at 600°C in HFIR in this work are mutually consistent. Further, the coin- 

cidence of y’ formation and/or lack of MC formation or its dissolution in 
the various PCA samples is also reasonable. 

The presence of irradiation-induced phases is also a 

The following factors affect MC stability under irradiation: 

1. homogeneity of titanium and carbon distribution; 
2. vacancy availability due to oversized misfit between MC and the matrix; 
3. formation of other phases rich in carbon, molybdenum, and titanium; 
4.  level of RISS (because MC is molybdenum-rich and nickel-, silicon-poor); 
5 .  availability of heterogeneous nucleation sites; and 

6. cascade mixing and/or dissolution. 
The reasons bubbles do not develop into voids in CW 316 (DO heat) and 

CW 316 + Ti (R1  heat) during H F I R  irradiation, as they do in CW 316 (N lot) 
and the various PCA pretreatments, appear related both to important dif- 

ferences in dislocation structure development and precipitate phase 

stability. 

interstitial loops after HFIR irradiation above 425 to 45OoC (ref. 7 ) .  

Both the R1 and Do heats of steel have essentially no Frank 
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They also have qualitatively lower concentrations of total dislocation 

concentration than the N lot of PCA steels examined here. Furthermore, 
both the precipitate phases and their compositions indicate very low 

levels of RISS in the DO and R1 heats compared with the high RISS apparent 

in the N lot and PCA steels. Overall, these observations are consistent 

with the swelling comparison made above. In general, the swelling in 

Fig. 3.1.1 at 600°C orders with increased y’ formation and decreased MC 

stability, for the PCA samples and R1-heat steel. For the DO-heat and 

N lot steels, the same order is  found for considering y- and tau (M23C6). 

The PCA E 1  and A2 have the highest swelling and most y’; PCA A1 and C have 

intermediate swelling and at present show little evidence of either y’ or 
MC. The PCA E2 and CW 316 ( N  lot), which have still lower swelling, show 

only a little y- ,  and PCA B2 has fine MC formation. Both CW 316 (DO heat) 

and CW 316 + Ti (R1 heat), which have the lowest swelling because voids 

are not forming, have no y’ and very little evidence of RISS effects, 
and the CW 316 + Ti ( R 1  heat) has a considerable amount of fine titanium- 

rich MC. 

In constrast to the behavior of these materials at 500°C and above, 

the HFIR results at 400’C and below show more swelling in the R1- and 
DO-heat steels than in N lot o r  the various conditions of PCA. The expla- 

nation is not as straightforward as at the higher temperatures. Swelling 

in the CW 316 (DO heat) at low temperatures is due to void formation and 

coincident dislocation and/or RISS-precipitation effects. Although no 

voids are present in the R1-heat steel at these temperatures, bubble 

swelling is greater than in N lot or  PCA steels because bubble swelling 

is low or unresolved in the latter two. 

3.1.6 Insight for Future Alloy Development 

The purpose of the various pretreatments of PCA was to examine the 

effect of preirradiation microstructure on microstructural development 

during HFIR irradiation. The PCA variants and CW 316 (N lot) all show 
better swelling resistance at 3 0 O o C  than CW 316 R1 or W heats. The 

situation begins to reverse at 400 to 5OO0C, and at 600OC the swelling is 

greater in the PCA and N lot steels than in CW 316 DO and R1 heats. The 
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general phenomenon, in all cases, is swelling due to void development. 

Swelling reduction requires the prevention of the bubble-to-void 

conversion. Considering all the results, the principles of increased sink 

strength and microstructure refinement (i.e., higher bubble, precipitate, 

and/or dislocation densities) and maximum MC stability with minimum 

radiation-induced phase formation and RISS effects still appear to be 

legitimate goals for development of swelling-resistant materials. Varying 

degrees of resistance to void swelling are observed in the PCA pretreat- 

ments and CW 316 (N lot) irradiated at 600°C. Void swelling resistance 
has also been observed in CW 316 (R1 heat) irradiated at similar con- 
ditions. An important result of this work is that the swelling resistance 
of PCA AI (solution annealed) is at least as good as the other PCA 

variants (excluding 25% CW PCA A3) and the CW 316 N lot, R1, and DO steels 

at 500OC and below. This is seldom the case, as void swelling is usually 

greater in the solution-annealed stainless steels than in cold worked. 

This may be important to the behavior of weld and heat-affected zones, 

where the initially cold-worked or complex microstructural pretreatments 
will be erased or perturbed. 

8,26 

Figure 3.1.7 presents schematically the swelling behavior in low and 
high helium generating irradiation environments, with the swelling 

phenomena divided into void and bubble swelling regions. Known data 

trends are also represented. This representation summarizes our previous 

discussion and projects a direction for future work. Even in EBR-11, 

void swelling is generally a two-step process, first bubble nucleation 
and then conversion of the bubbles to voids. In fast reactors, almost all 
measurable swelling is  due to voids. However, in higher helium-producing 

environments, including fusion, some swelling will be due to bubble for- 

mation and maximum swelling w i l l  result if bubbles convert to voids. 

Therefore, the relevant strategy for minimum swelling in a fusion environ- 

ment is to suppress void formation and manage the helium accumulation. 

After fast reactor irradiation, the advanced titanium-modified austenitic 

steels generally show better swelling resistance than unmodified CW 316 
because void swelling is being suppressed for the reasons stated 

above. 25 > Increased helium generation can present a substantial problem 



t 

c) 

E . 

0 

n 

f 

108 

N 
N 
N 
w > 

z 
m 

5 
ae 
0 
N 

m 
0 
-0 

I' 

I 

" 
c 





113 

for fusion if void swelling is not suppressed. 16,17,20,28 

most confidence in the potential for service in a fusion reactor with an 

alloy that is void swelling resistant in both EBR-I1 and HFIR. 

We can have 

Under irradiation MC dissolution may be contributing to the void 

swelling observed in HFIR. In addition to the absence of the beneficial 
MC-helium interfacial trapping and dislocation pinning, MC dissolution 

will also contribute excess vacancies to the vacancy supersaturation. 

Given our understanding of the coupling of these phases to R E S , *  MC 

dissolution and instability are certainly consistent with y' formation. 

The vacancy effect is a direct result of the large oversized misfit of 

the MC phase (+0.7 atomic volumes per metal solute atom) that requires 

absorption of about 0.7 vacancies per solute atom during particle growth. 

Dissolution will contribute the same vacancies back to the matrix. These 

may be important during the critical nucleation stage of void development, 

consistent with the greater swellings of PCA B1 than of PCA C and B2. The 

maximum stable MC distribution formed under irradiation, as we find in 

CW 316 + Ti ( R 1  heat), may not result from the maximum intragranular MC 
present prior to irradiation, as we thought earlier. Rather, it may result 

from the most homogeneous, supersaturated solid solution present prior to 

irradiation. This reasoning would predict lower swelling of PCA A3 and 

A1 than of PCA A2, B1, C, and possibly B2. Further compositional 
variations may be necessary for PCA A1 and A3 to influence maximum MC 

stability under irradiation and to minimize RISS effects. 

3.1.7 Conclusions 

1. Various pretreatments of PCA and CW 316 ( N  lot) have been irra- 

diated to produce up to 10 dpa at 300 to 600°C in HFIR. None of the 

samples swelled at 300'C. Varying amounts of void and bubble swelling 

(up to 0.2%) are observed at 400 and 500°C and all samples show void 

swelling at 6OOOC. Solution-annealed PCA A1 and CW 316 (N lot) are among 

the lowest swelling at 400 and 500°C. The PCA B1 (coarse precipitate) and 

A1 (10%-cold worked) are the highest swelling (1.1-1.2%) at 600'C. The 

PCA A1 and C (fine precipitate) are intermediate (-0.7%) and PCA-B2 (fine 

matrix precipitate) and CW 316 (N lot) are lowest swelling (0.2--0.4%). 
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2. Swelling of PCA variants (excluding PCA A3, 25% C W )  and CW 316 

(N lot) is less than CW 316 (DO heat) and CW 316 + Ti (R1 heat) after 
irradiation to about 10 dpa at 300 to 4OO0C, but definitely greater than 
in those steels at 400 to 600°C. The swelling at 500 and 600°C in the 

PCA and N lot steels is due to void swelling, whereas bubble formation 

but no void formation is evident at these conditions in DO- and R1-heat 

steels. 

3. At 500 and 600°C the presence of Frank loops and irradiation- 

induced y- (indicating a high level of RISS) appear to be contributing in 
a complex fashion to the greater void swelling in PCA and CW 316 ( N  lot) 

steels than in R1- and DO-heat CW 316 steels. The trend is for maximum 

y' formation and/or MC instability to coincide with the highest void 
swelling. 
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3.2 G R A I N  BOUNDARY MICROSTRUCTURE I N  PATH A PCA IRRADIATED TO 10 dpa I N  
H F I R  - P. J. Maziasz and D. N. Braski  (Oak Ridge Nat ional  Laboratory) 

3.2.1 ADIP Tasks 

ADIP Tasks I . C . l ,  Mic ros t ruc tu ra l  S t a b i l i t y ,  and I . C . 2 ,  Mic ros t ruc tu re  

and Swell ing i n  Aus ten i t i c  Alloys. 

3.2.2 Objec t ives  

The o b j e c t i v e  of this work is  t o  examine and evaluate t h e  e f f e c t  of 

thermal-mechanical pre t reatments  of PCA t h a t  are in tended t o  in f luence  

g r a i n  boundary m i c r o s t r u c t u r a l  development under High Flux I so tope  Reactor 

(HFIR) i r r a d i a t i o n .  This f a c e t  of the  a l l o y  development was designed t o  

reduce embri t t lement  on the  b a s i s  of our  understanding of the  e f f e c t s  of 

m i c r o s t r u c t u r e  on mechanical behavior.  

3.2.3 Summary 

Path A PCA i n  s e v e r a l  p r e i r r a d i a t i o n  g r a i n  boundary m i c r o s t r u c t u r a l  

c o n d i t i o n s  was i r r a d i a t e d  in HFIR a t  300 t o  600'C t o  10 dpa, t o g e t h e r  wi th  

20%-cold-worked ( N  l o t )  type 316 s t a i n l e s s  s tee l  (CW 316). None of the 

samples show s i g n i f i c a n t  g r a i n  boundary bubble formation a t  300 t o  500'C. 

A t  6OO0C, PCA-B1 and -R2, wi th  s t a b l e ,  moderately s i z e d  g r a i n  boundary MC, 

have the f i n e s t  d i s p e r s i o n s  of g r a i n  boundary bubbles. 

3.2.4 Progress  and S t a t u s  

3.2.4.1 I n t r o d u c t i o n  

Completion of the f i r s t  phase of a l l o y  development of the Path A PCA 

(namely, des ign and f a b r i c a t i o n  of va r ious  p r e i r r a d i a t i o n  m i c r o s t r u c t u r e s )  

was repor ted  earlier.  ' 9 '  

i n v e s t i g a t i o n  and e v a l u a t i o n  of t h e s e  p r e t r e a t e d  samples. Figure  3.2.1 is 

a schematic flow diagram i n d i c a t i n g  c a t e g o r i e s  and i n t e r r e l a t i o n s h i p s  of 

the v a r i o u s  p o r t i o n s  of the o v e r a l l  e v a l u a t i o n  e f f o r t .  The mechanical 

p r o p e r t i e s  e v a l u a t i o n  and their  c o r r e l a t i o n  wi th  m i c r o s t r u c t u r a l  e f f e c t s  

i s  an important  f a c e t  of t h e  o v e r a l l  a l l o y  development e f f o r t .  I n  t h i s  

r e p o r t  we o u t l i n e  t h e  p r i n c i p a l  ideas  behind our approach t o  developing 

We are c u r r e n t l y  i n  t h e  second phase, which is  
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Fig. 3.2.1.  Efforts Planned and Under Way to  Evaluate the Performance 
of the Path A PCA and to  Guide Further Alloy Development. 

embrittlement-resistant a l loys .  I n i t i a l  resu l t s  are  presented of the 

e f f ec t s  of HFIR  i r radiat ion on grain boundaries i n  PCA and CW 316 (N l o t ) .  

3.2.4 .2  Development of Alloys with Improved Ductil i ty 

Embrittlement, i n  the form of premature fa i lu re ,  can generally be 

caused by some suff ic ient  amount and/or d i s t r ibu t ion  of helium a t  the 

grain  

500'C and above and is relevant to  fusion f i r s t  walls, which wi l l  experi- 

ence much higher helium generation than f a s t  reactor irradiation.  6,10s11 

Embrittlement can be considered for t ens i le ,  creep, and fatigue properties. 

It was shown ea r l i e r  that  embrittlement can occur a f t e r  low-fluence HFIR 

i r rad ia t ion  of CW 316 (DO heat). Figure 3.2.2 shows s t ress- stra in  curves, 

This can occur i n  s ta in less  s t ee l s  a t  about 400 t o  
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Pig. 3.2.2. A Correlation of Tensile Stream-Strain (*mres with 
Hicrostructures and Fracture Surfaces for ZO%-Cold-Worked (W Heat) 
Type 316 Stainless Steel Irradiated in WIR at 650 to 675.C to the low 
Pluences Indicated. The test temperature vas 575'C. 
denee of recrystallization and intergranular failure an the fracture 
surface. 

Sample B shows mi- 
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Similar low-fluence HFIR irradiation12 of CW 316 + Ti (R1 heat) does 
not result in the embrittlement shown for the CW 316 (DO heat), as shown 
by comparison of Figs. 3.2.4 and 3.2.2. 

tility of the CW 316 + Ti (R1 heat) curves are greater than the corre- 
sponding properties of CW 316 (DO heat), we interpret these results as 

embrittlement resistance of the former. The fracture surface comparison 

supports this interpretation. The microstructural comparison illustrates 

that the titanium-modified steel shows only slight recovery and no 

recrystallization compared with type 316 stainless steel. This is due 

to formation of fine titanium-rich (MC) carbide particles that contribute 

directly to helium trapping, dislocation pinning, and phase control. 

However, at higher fluence, the resistance will degrade and embrittlement 

again begins, coincident with the development of grain boundary bubbles. 

We can summarize our understanding o f  premature failure due to 
embrittlement with the schematic tensile curves and properties relation- 
ships that classify the various stages of embrittlement in Fig. 3.2.5. 

The normal relationship of strength to ductility is increased strength at 
the expense of decreased ductility for comparison of unirradiated solution- 

annealed material (SA) with CW 316. However, progressive embrittlement 
under irradiation generally involves strength and ductility decreasing 

together. 
of grain boundary bubble formation and a transition from a transgranular 

ductile to intergranular failure mode. Figure 3.2.6 shows a correlation 

of grain boundary microstructure with failure mode (in postirradiation 
tensile tests) for CW 316 (DO heat) irradiated at several temperatures 
in HFIR. This comparison illustrates the transition from intra- to 

intergranular failure with increased grain boundary bubble size (which 
increases as irradiation temperature increases). Concurrently, the amount 

of grain boundary precipitation of eta (MgC)  and/or tau ( M 2 3 C g )  phases 

also decreases as the irradiation temperature increases. Both effects 

combine to lead to the onset of helium embrittlement. Helium bubble 

formation is irreversible and always presents the potential for premature 

Because both strength and duc- 

The earliest stages of embrittlement usually involve the onset 
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Fig. 3.2.5. Schematic Representation of Normal Tensile Curves for 

The shaded areas indicate transition 
Unirradiated 20%-Cold-Worked (CW 316, Top) and Solution Annealed (SA 316, 
Bottom) Type 316 Stainless Steel. 
regions between the various stages of helium embrittlement. 
ticular property relationships for these embrittlement stages are sum- 
marized on the side. 
to be described as premature failure of either SA or (cw 316. 

The par- 

This representation allows progressive embrittlement 

failure and progressively worsening embrittlement. Figure 3.2.7 illus- 

trates clearly how increased helium generation (HFIR compared with EBR-11) 
increases grain boundary bubble formation for stress-free irradiation of 

SA and (cw 316 at 615 to 640'C. 
The current alloy development strategy for fusion, with regard to 

embrittlement resistance, is either to prevent grain boundary cavitation 
through stable grain boundary precipitate development or to minimize 

bubble growth. 
precipitation at the grain boundaries, to optimize the helium accommodation 

in the boundary. 

This is achieved through microstructures with controlled 
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3.2.4.3 Results of HFIR Irradiation of PCA and CW 316 (N Lot) 
Toward the goal of achieving embrittlement resistance, preirradiation 

grain boundary microstructures have been varied through several thermal- 

mechanical treatments designed for the Path A PCA. A table of the sample 

designations and microstructural descriptions is found elsewhere in this 

reporta2 A survey of the various microstructural conditions is shown in 

Fig. 3.2.8. For the samples irradiated in HFIR-CTR-32, the grain boundary 

structure of PCA-A1 is representative of a precipitate-free grain boundary 
and would also describe the preirradiation conditions of boundaries in 

PCA-A2 and -A3 (not illustrated here; see ref. 2) and CW 316 (N lot). 
Fine grain boundary MC precipitate is produced by heat treating heavily 

cold-worked material for 2 h at 75OoC, shown for PCA-C in Fig. 3.2.8. 

Coarse grain boundary MC is produced by heat treating SA material for 8 h 

at 800°C, as shown for PCA-B1 in Fig. 3.2.8, and is also representative of 
the preirradiation grain boundary structure in PCA-B2. 

After HFIR irradiation to about 10 dpa at 300 to 5OO0C, virtually no 
additional grain boundary precipitation is observed in CW 316 (N lot) or 
in PCA-AI, -A2, or -C. The first three materials contained no grain 

boundary precipitation prior to irradiation, whereas the PCA-C had fine 

MC present. At 6OO0C, PCA-A2 and -C still show no evidence of grain 
boundary precipitation during Irradiation. At 600°C, CW 316 (N lot) and 
PCA-A1 show evidence of eta (M6C) and/or tau (M23C6) precipitation at the 

grain boundaries. The grain boundary precipitates of PCA-A1 and CW 316 
. _. ^ ^ ^  _ . .  (N - . 

tog 

lot) are mown m rlg. ~ . L . Y ,  and tne1.r cavlty mtcrostructures, 
ether with that of PCA-C, in Fig. 3.2.10. 

The coarse grain boundary MC introduced prior to irradiation in 
-B1 and -B2 remains stable during HFIR irradiation at all temperatur 

mined. There are occasional grain boundary eta particles in PCA-B1, 

PCA 

exai 

'es 

No bubbles were found in PCA-B2. The grain boundary MC is identical for 

both samples and apparently independent of the large difference in matri 

microstructural development (including MC stability) within the grains ft 

these two samples. Precipitation and cavities at the grain boundary are 
_ .  

K 

or 

shown in Figs. 3.2.9 and 3.2.10, respectively, for PCA-B1 as well. Grain 

boundary cavities are not observed in PCA-B1 and -B2 at 50OOC or below. 
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Fig. 3.2.9. A Survey of Grain Boundary P r e c i p i t a t i o n  Micros t ruc ture  
in Samples I r r a d i a t e d  in HFIR at 6OO0C t o  up t o  10 dpa and 620 a t .  ppm He. 
(a) 20%-cold-worked (N l o t )  type 316 s t a i n l e s s  steel,  wi th  a f i n e r ,  con- 
t i n u a l  d i s t r i b u t i o n  of eta (MgC) and/or  t a u  (M23Cg) phase p a r t i c l e s  
(dark- f ie ld  i n l a y ) .  (b) PCA-A1, with partial coverage of eta and/or  t a u  
a t  the boundary. 
s i z e d  MC particles at  the  boundary (dark- f ie ld  in l ay ) .  

(c) PCA-B1, with a c o n t i n u a l  d i s p e r s i o n  of moderate 
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ORNL-PHOTO 1840-82 

Fig. 3.2.10. A Survey of Grain Boundary Bubble Microstructures 
Produced by HFIR Irradiation at  60OoC to up to 10 dpa and 620 a t .  ppm H e .  
( a )  20%-cold-worked (N l o t )  type 316 s ta in l e s s  steel,  (b) PCA-AI, 
( c )  PCA-C, and (d) PCA-B1. 
boundary of PCA-B1, which has many MC part ic les  there. 

Note the extremely f ine  bubble s i z e  at  the 
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Comparing the  g r a i n  boundary cav i ty  s t r u c t u r e s  f o r  the  s e v e r a l  

mic ros t ruc tu res ,  Fig. 3.2.10, we see t h a t  boundary bubbles i n  a l l  samples 

a r e  i n  genera l  smal l ,  with the  sma l l e s t  found i n  PCA-B1 and the  l a r g e s t  i n  

PCA-A1. 

p r e c i p i t a t e- f r e e  boundary. The CW 316 (N l o t )  c l e a r l y  shows bubbles a t  

and between p a r t i c l e s  along the  boundary. 

bubbles along the  i n t e r f a c e s  of the  many MC p a r t i c l e s  t h a t  v i r t u a l l y  cover 

t h e  boundary, with few bubbles i n  between. This is s i m i l a r  t o  the  MC 

i n t e r f a c i a l  helium t rapping  observed a t  mat r ix  MC p a r t i c l e s  i n  the  R 1  heat  

of CW 316 + T i . 1 4  

Both PCA-A1 and -C show con t inua l  bubble d i s t r i b u t i o n  along the  

Sample PCA-B1 shows very f i n e  

Coarse g r a i n  boundary MC su rv ives  i n  s p i t e  of the  apparent  i n t r a -  

g ranu la r  MC d i s s o l u t i o n  t h a t  occurs i n  the  PCA a t  600°C.2 Simi lar  

t i tanium-modified s t e e l s  e x h i b i t  MC d i s s o l u t i o n  or  lack  of MC formation 

during EBR-I1 i r r a d i a t i o n  a t  about 500°C and below, so t h a t  helium may 

a c t u a l l y  be a id ing  the  MC s t a b i l i t y  i n  H F I K .  14, l 5  

3.2.4.4 Discussion 

The behavior of g r a i n  boundaries i n  a l l  PCA pre t rea tments  and CW 316 

( N  l o t )  a r e  a s  good as  or b e t t e r  than previous resul ts  on CW 316 (DO hea t )  

and CW 316 + T i  (R1 h e a t ) ,  fo r  H F I R  i r r a d i a t i o n s  a t  equiva lent  f luences  up 

t o  about 450'C. Under these  same cond i t ions ,  swel l ing  r e s i s t a n c e  of the  

PCA and CW 316 ( N  l o t )  is  a l s o  as good a s  or  b e t t e r  than CW 316 (DO hea t )  

o r  CW 316 + T i  (R1 h e a t ) ,  as noted elsewhere. 

A t  500 and 6OO0C, the s i t u a t i o n  begins t o  reverse .  There can be pre- 

c i p i t a t i o n  a s  well  a s  cav i ty  d i f f e r e n c e s  a t  the boundary t h a t  vary from 

one a l l o y  t o  another  and with pretreatment  wi th in  any a l l o y  system. 

H F I K  i r r a d i a t i o n  a t  500 t o  550"C, the  R 1  and Do hea t s  of s t e e l  develop 

g r a i n  boundary p r e c i p i t a t i o n  of e t a  and tau  i n  both solut ion- annealed and 

ZO%-cold-worked condit ions.  Only PCA-B1 and -B2, with coa r se r  g r a i n  boun- 

dary MC developed v ia  pre t rea tment ,  show any g r a i n  boundary p r e c i p i t a t i o n  

during HFIR i r r a d i a t i o n  a t  500°C. In CW 316 (DO h e a t ) ,  t he  g r a i n  boundary 

p r e c i p i t a t i o n  observed a t  525 t o  550°C a t  10 dpa d i s s o l v e s  by 16 dpa, 

g iv ing  way t o  the  c a v i t a t e d  boundary shown i n  Fig. 3.2.6. Grain boundary 

p r e c i p i t a t i o n  persists t o  higher  f luence  i n  the  CW 316 + T i  (R1 hea t )  

i r r a d i a t e d  a t  525 t o  550'C. l 6  

During 

The g r a i n  boundary bubbles i n  the  CW 316 
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(DO heat) after 16 dpa at 525 to 55OoC in H F I R  are larger than in any of 

the PCAs or CW 316 (N lot) irradiated at 5OOOC. However, there is no hint 

of void development in the CW 316 (DO heat), so the swelling resistance is 

certainly better than in CW 316 ( N  lot) or the PCA except PCA-A1 (ref. 2). 

At 625 to 650"C, CW 316 (DO heat) (Fig. 3.2.6) and CW 316 + Ti (R1 heat) 
have clear grain boundary bubbles that are measurably larger than any of 

the matrix bubbles, and no grain boundary precipitation is found. The 

grain boundary microstructures of CW 316 ( N  lot) and the various PCA 

microstructures (particularly PCA-B1 and -B2) are clearly better than W 

or R1 heats of type 316 stainless steel with regard to bubble size and 

distribution at the boundary (Figs. 3.2.6 and 3.2.10). However, the 

swelling of PCA (excluding PCA-A3) and CW 316 (N lot) is greater than 
that of the CW 316 (DO heat) and CW 316 + Ti (R1 heat). The general 

observation begins to unfold that the grain boundary microstructure with 

regard to bubble size and distribution is better when voids are developing 
in the matrix than when not. This is also the case if we compare PCA-A1, 

-A2, -C, and CW 316 ( N  lot). It is also observed in the comparison of 
grain boundary structures between solution-annealed and CW 316 (DO heat) 

irradiated in HFIR or EBR-I1 at higher temperatures (Fig. 3.2.7) and also 

correlates with tensile properties after HFIR irradiation (at least at 

5O0-55O0C test temperature, high fluence) in the case of those same 

materials.6 
SA type 316 stainless steel than in CW 316. Both PCA-B1 and -B2, with 

coarser grain boundary MC, are exceptions to this rule. At 600°C PCA-B1 

shows the greatest swelling and PCA-B2 the least, and yet the grain boun- 

dary microstructure is constant, with an almost undetectably fine bubble 

dispersion. 

The swelling and void formation are generally greater in the 

On the basis of grain boundary microstructures, none of the PCAs or 
CW 316 (N lot) show excessive bubble coarseness or growth during HFIR 

irradiation at 300 to 6OOOC. From the standpoint of the known beneficial 
effects of grain boundary precipitation on embrittlement resistance, the 

CW 316 (N lot) and PCA-B1 and -B2 are good. The coarse grain boundary MC 

has the finest bubble dispersion associated with it, finer than the CW 316 
(N lot). Higher fluence HFIR irradiation will test the stability of the 
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MC versus the eta and/or tau grain boundary precipitation. 
viewpoint of the design objectives, the coarser grain boundary MC 

pretreatment is the only successful means of keeping or introducing this 

phase at the boundary because the MC phase either does not form or 

dissolves in the other pretreatments. In the other materials, swelling 

and embrittlement resistance may be tradeoffs. However, in the PCA the 

coarser grain boundary MC that is developed prior to irradiation, indepen- 

dent of matrix pretreatment, also survives under H F I K  irradiation, 

independent of matrix microstructural development. It may offer the only 

avenue for obtaining resistance to both embrittlement and void swelling. 

From the 

3.2.5 Conclusions 

1. After HFIR irradiation at 300 to 50OoC to 10 dpa, little or no 

grain boundary precipitation o r  bubble formation were observed in CW 316 

(N lot) or PCA-A1, -A2, or -C. 

2. At 6OO0C, CW 316 ( N  lot) formed a continual dispersion of eta 
and/or tau at the grain boundary, and PCA-A1 has widely separated coarse 

particles of the same phase. 

precipitation. All alloy conditions show grain boundary bubble formation, 
with PCA-A1 having more and larger bubbles than the others. 

Both PCA-A2 and -C show no grain boundary 

3. Both PCA-B1 and -B2, which contained coarse grain boundary MC 
prior to irradiation, maintain the same stable grain boundary structure 

during HFIR irradiation at 300 to 600°C. At 6OO0C, only the finest of 

bubbles are detectable in association with the MC particles at the 
boundary. 
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3.3 FATIGUE L I F E  AT 650°C OF 20%-COLD-WORKED TYPE 316 STAINLESS STEEL 
IRRADIATED I N  THE H F I R  AT 550'C - M. L. Grossbeck and K. C. Liu 
(Oak Ridge National  Laboratory) 

3.3.1 ADIP Task 

D I P  Task I . B . 5 ,  S t r e s s- St ra in  Control led Fat igue of Aus ten i t i c  

Alloys. 

3.3.2 Objec t ive  

This study eva lua te s  the  e f f e c t s  of simultaneous displacement damage 

and helium product ion during i r r a d i a t i o n  on the  low-cycle f a t i g u e  l i f e  of 

ZO%-cold-worked type 316 s t a i n l e s s  s t e e l .  The e f f e c t  of t e s t i n g  a t  a tem- 

p e r a t u r e  100°C higher  than the i r r a d i a t i o n  temperature is inves t iga t ed .  

3.3.3 Summary 

S t r a i n  c o n t r o l l e d  f a t i g u e  tests were performed i n  vacuum a t  650'C 

on ZO%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  the  HFIR a t  

550'C. Fluences ranged from 0.85 t o  1.4 x l o z 6  neutrons/m2. 

e f f e c t  of i r r a d i a t i o n  was observed, but t e s t i n g  a t  650°C f a i l e d  to  show 

t h e  10 '-cycle endurance l i m i t  observed a t  550°C. 

L i t t l e  

3.3.4 Progress  and S t a t u s  

3.3.4.1 In t roduc t ion  

Since tokamak fus ion  r e a c t o r s  may ope ra t e  i n  a c y c l i c  mode, f a t i g u e  

of the  f i r s t  wall and blanket  s t r u c t u r e s  i s  a concern. Previous work has 

examined t h e  e f f e c t  of simultaneous atomic displacement damage and helium 

product ion of f a t i g u e  l i f e .  1*2 

p o s s i b i l i t y  of very s e r i o u s  e f f e c t s  on m a t e r i a l s  during plasma disrup-  

t i o n s .  

mel t ing  under c e r t a i n  cond i t ions ,  armor f o r  t h e  f i r s t  wall will p r o t e c t  

t h e  load-bearing s t r u c t u r e s .  However, such a severe thermal pulse  is 

l i k e l y  t o  cause l a r g e  thermal s t r e s s e s ,  aga in  r a i s i n g  the  concern f o r  

f a t i g u e  f a i l u r e ,  but now a t  temperatures h igher  than the  normal ope ra t ing  

temperature.  Since severe  embri t t lement  has been observed i n  n i c k e l  

However, recent  s t u d i e s  have r a i s e d  the  

Although plasma d i s r u p t i o n s  are p red ic t ed  t o  cause s u r f a c e  
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a l l o y s  t e s t e d  approximately 100°C above the  i r r a d i a t i o n  temperature,  t h i s  

increment was chosen f o r  t e s t i n g .  Specimens i r r a d i a t e d  a t  55OoC were 

t e s t e d  at  650°C. 

3.3.4.2 Experimental Procedure 

Hourglass specimens with minimum gage diameters  of 3.18 mm (0.125 in . )  

were i r r a d i a t e d  i n  pe r iphe ra l  t a r g e t  p o s i t i o n s  of the  High Flux Iso tope  

Reactor (HFIR). A helium environment was used with a gas gap i n s u l a t i n g  

t h e  specimen t o  provide the  e l eva ted  temperature.  D e t a i l s  of t he  i r r a -  

d i a t i o n  have been previous ly  repor ted .5  

remote servo- hydraulic t e s t i n g  machine equipped f o r  elevated- temperature 

t e s t i n g  i n  vacuum. A f u l l y  reversed ramp funct ion  providing a s t r a i n  r a t e  

of 4 X lO+/s was used. S t r a i n  was measured at  the  minimum c ross  s e c t i o n  

with a d iametra l  extensometer with ceramic b lades  and a l i n e a r  v a r i a b l e  

d i f f e r e n t i a l  t ransformer (LVDT). The diametra l  s i g n a l  i n  t u r n  was con- 

ver t ed  t o  an equiva lent  a x i a l  s t r a i n  through a s t r a i n  computer f o r  machine 

c o n t r o l .  

Tes t ing  was performed with a 

D e t a i l s  of t e s t i n g  have been previous ly  repor ted .  * s 6  

Following f a i l u r e ,  f r a c t u r e  s u r f a c e s  were s tud ied  with a scanning 

e l e c t r o n  microscope (SEM). Resu l t s  of the  f r a c t u r e  s t u d i e s  a r e  incomplete 

and w i l l  be repor ted  subsequently. 

3.3.4.3 R e s u l t s  and Discussion 

Resu l t s  of t he  f a t i g u e  t e s t s  f o r  both i r r a d i a t e d  and u n i r r a d i a t e d  

specimens appear i n  Table 3.3.1 and a r e  p l o t t e d  i n  Fig. 3.3.1. The curves 

i n  Fig. 3.3.1 show no s i g n i f i c a n t  d i f f e r e n c e  between specimens i r r a d i a t e d  

a t  550°C and t e s t e d  a t  65OoC and u n i r r a d i a t e d  specimens t e s t e d  a t  65O'C. 

However, t h e r e  were some s i g n i f i c a n t  d i f f e r e n c e s  observed i n  the  high 

cyc le  regime between specimens t e s t e d  at  55OoC and those t e s t e d  a t  65OOC. 

At 550°C an endurance l i m i t  ( l o 7  cyc le  c r i t e r i o n )  was observed a t  a t o t a l  

s t r a i n  range of Act = 0.35% f o r  u n i r r a d i a t e d  specimens and Act  = 0.30% f o r  

i r r a d i a t e d  specimens.l However, a t  a test temeperature of 65OoC a s i m i l a r  

endurance l i m i t  a t  these  s t r a i n  range l e v e l s  was not observed. All speci-  

mens t e s t e d  a t  650'C f r ac tu red .  
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Table 3.3.1. I r r a d i a t i o n  and Fat igue T e s t  Parameters f o r  
ZO%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  I r r a d i a t e d  

i n  the  H F I R  and Tested a t  650OC 

Fluence To ta l  Cycles t o  
F a i l u r e  Specimen ( E  > 0.1 MeV) dpa S t r a i n  Range 

( X )  (neutronsIm2) ( a t .  ppm) 

G48 
G47 
AA20 
G37 
AA2 1 
G36 
G62 

A7 9 
A8 4 
A9 1 
A70 
A77 

0 
0 
0 
0 
0 
0 
0 

1.0 x 1026 
1.4 x loz6 
1.4 X loz6 
0.85 X IOz6 
1.2 x 1026 

2.0 
1.0 
1.0 
0.70 
0.50 
0.30 
0.25 

7.7 310 2.0 
11.0 500 1.0 
11.0 500 0.50 
6.6 240 0.35 
9.0 400 0.30 

1.462 
6; 985 
10,354 
48,354 
185,000 

6,000,000 
16,224,790 

780 
6,730 

175,725 
1,033,800 
2,500,000 

ORNL DWG 82.781 
1 0 ,  

0 Or = 0. TEST A T  650'C 

E 
Y - I  ," \ 

0 Or 1>0.1 MeV1 = 0.85 - 1 .4  x " I d  
TEST AT 650°C 

-@I 1>0.1 MeV1 = 1 . 1  -1.9 x 1 0 2 6 n l m 2  
TEST AT 550'C 

IRRADIATION A T  550°C 

102 io3 1 o4 i o 5  1 06 10' 108 

CYCLES TO FAILURE 

Fig. 3.3.1. Cycles t o  F a i l u r e  as a Function of Tota l  S t r a i n  Range 
f o r  20%-Cold-Worked Type 316 S t a i n l e s s  Steel. Specimens were i r r a d i a t e d  
i n  H F I R  a t  550°C. The s o l i d  l i n e  r ep resen t s  da t a  from specimens i r r a -  
d i a t e d  and t e s t e d  a t  550°C. The h o r i z o n t a l  po r t ion  of the  curve i n d i c a t e s  
t h e  550°C endurance l i m i t  a t  A% = 0.3%. 
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The absence of an endurance l i m i t  or  s h i f t  t o  lower s t r a i n  range 

va lues  may be a consequence of environmental e f f e c t s  even under the  vacuum 

cond i t ions  used i n  t h i s  experiment (10-7-10-4 Pa). 

mation on the  newly formed f a t i g u e  crack s u r f a c e s  may be s u f f i c i e n t l y  

r ap id  t o  prevent rewelding. However, t he  environment may have an 

in f luence  p r i o r  to  crack nuclea t ion .  Fresh s u r f a c e s  formed by i n t r u s i o n  

and ex t rus ions  may be s u s c e p t i b l e  t o  oxygen a t t a c k ,  thus  providing n u c l e i  

f o r  f a t i g u e  cracks.  The thermodynamics of the  oxide f i l m  is now being 

i n v e s t i g a t e d  t o  determine s t a b i l i t y  of the  oxide f i lm  with r e spec t  t o  

d i s s o l u t i o n .  

A t  650°C oxide for-  

3.3.5 Conclusions 

The low cyc le  f a t i g u e  l i f e  of 20%-cold-worked type 316 s t a i n l e s s  

s teel  i r r a d i a t e d  a t  550°C and t e s t e d  a t  650'C appears  unchanged from 

u n i r r a d i a t e d  m a t e r i a l  t e s t e d  a t  650°C. For i r r a d i a t i o n  t o  11 dpa and 

500 a t .  ppm He, t h i s  i n d i c a t e s  t h a t ,  un l ike  c e r t a i n  nickel- base a l l o y s ,  

s e r i o u s  embri t t lement  and f a t i g u e  l i f e  reduct ion  do not occur. However, 

t he  absence of a l o 7  cyc le  endurance l i m i t  a t  650°C raises a concern over 

t h e  e f f e c t  of environment on the  l i f e  of the  fus ion  r e a c t o r  f i r s t  wall and 

b lanket  s t r u c t u r e s .  The effect of oxygen is dependent upon temperature,  

p a r t i a l  p re s su re ,  and exposure time. For m a t e r i a l s  i n  contac t  with l i q u i d  

l i t h i u m ,  the  oxygen p a r t i a l  pressure  is expected t o  be s u f f i c i e n t l y  low t o  

prevent  oxygen a t t ack .  However, i n  s t r u c t u r e s  i n  con tac t  with o the r  

coo lan t s ,  t he  slow duty cyc les  of a c t u a l  machines may p e r m i t  oxygen a t t a c k  

with r e s u l t a n t  reduced f a t i g u e  f a i l u r e  a t  or above temperatures  of 650°C. 

Fur the r  research  is being done i n  t h i s  a rea  with i n v e s t i g a t i o n  of c y c l i c  

hold periods.  A t  t he  present  t ime, sus t a ined  ope ra t ion  of type 316 

s t a i n l e s s  s t e e l  a t  650°C and h igher  is not recommended. 
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3.4 IRRADIATION RESPONSE OF RAPIDLY SOLIDIFIED PATH A TYPE PRIME 
CANDIDATE ALLOYS - D. Imeson, C.  Tong, M. Lee, J. B. Vander 
Sande and 0. K. Harling (Massachusetts Institute of Technology) 

3.4.1 ADIP Task 

Task I.C.5, Microstructure and Swelling of Special and Innovative 
Materials. 

3.4.2 Objective 

The objective of this study is to present a first assessment of 

the microstructural response to neutron irradiation shown by Path A 
alloys prepared by rapid solidification processing. 

strate the potential of the method, alloys with increased titanium and 

carbon content have been used in addition to the Path A prime candidate 
alloy. 

To more fully demon- 

3.4.3 Summary 

The microstructural irradiation response of the Path A prime candi- 
date alloy and two similar alloys with increased titanium and carbon 

content prepared by rapid solidification processing, has been investi- 

gated by neutron irradiation to 8.5 dpa (360 appm He) in the HFIR, and 
by dual ion irradiation to much higher dose ( > l o 0  dpa). 

show minor differences between conventionally prepared PCA and PCA pre- 
pared by rapid solidification techniques. However, these differences 
and the characteristic features of the response, the formation of very 

high densities of small cavities or bubbles and changes in the composi- 
tion of initially existing Tic particles, are explained by a hypothesis 
of much importance to the rapid solidification approach. 

suggest that increasing concentrations of titanium and carbon are bene- 

ficial, but only if the elements are initially in solution or present 

as very small (-2 nm) particles of Tic. The only way to practically 

achieve this for higher Tic contents than in PCA, is by using rapid 

solidification processing. 

The results 

Our results 
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3.4.4 Progress and Status 

3.4.4.1 Introduction 

It has now been demonstrated that void swelling in irradiated 
Type 316 austenitic stainless steel is considerable, even at relatively 
low doses.’ 

nickel content because of its segregation to vacancy sinks and precipi- 

tation as a component in one or more of several possible phases, some 
only stable under irradiation . In addition, large intergranular 

M C and MC phases form at lower temperatures, while at higher tempera- 

tures the grain boundaries contain a large number of very large cavi- 
ties . Both effects are seriously deleterious for the mechanical 
properties of the material, adding to the problem of intragranular 

cavity swelling, which becomes increasingly more severe as the matrix 
4 nickel is reduced. 

generally reduced by the addition of a small amount (0.23 wt%) of 
titanium to the 316 steel, but that the grain boundary problems remain. 
The consequent metallurgical modification of this material carried 

out at ORNL, lowering both Ni and Cr content, gives the Prime Candidate 
Alloy (PCA) in the Path A approach to alloy development for fusion 

reactors . The detailed evaluation of this material under neutron 
irradiation has only recently begun (a 10 dpa HFIR irradiation studied 

by ORNL is discussed in this report). Our initial results6 indicate 
that there is indeed a much improved grain boundary response to irradia- 

tion. 

As the irradiation proceeds, the matrix is depleted in 

2 

23 6 

3 

It has been shown that the cavity swelling is 

5 

The history of improved irradiation response outlined above has 

been achieved by control of the composition and starting microstructure 

of the material, in order to beneficially affect future microstructural 

and microchemical changes. Rapid solidification processing (RSP) is 
capable of producing a wide range of metastable alloy states, offering 

substantial control of elemental composition and distribution in the 

matrix and in other phases, including states that cannot be achieved 
by conventional methods. RSP could thus be a valuable tool in achieving 
the optimum composition and microstructure, whereby the best irradiation 

response for a particular type of alloy could be attained. This report 
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is concerned firstly with investigating the irradiation response of 

the PCA alloy when prepared by rapid solidification methods as compared 

to when prepared by conventional means. It is also concerned with 

the irradiation response of some modified alloys prepared by RSP that 
may more clearly show the potential of the RSP technique. Lastly, 

the optimum microstructure and composition for these alloys is far 
from being well understood, and results such as these may eventually 

add a little to that understanding. 

We should make it clear before proceeding that although the final 
arbiter of "irradiation response" must be the change in the bulk mechani- 

cal properties, these bear an intimate relationship to microstructure 
and microchemistry, wherein lies an understanding of the mechanical 

properties. We shall here be concerned only with the microstructural 

and microchemical response brought about by irradiation and not at 

all with mechanical property measurements (which are, however, being 

pursued as a separate part of our total effort). 

3.4.4.2 Experimental and Irradiation Procedures 

National Laboratory7, with composition in w/o: Ni 16.6, Cr 14.3, 
Mo 1.96, Mn 1.62, Si 0.53, Ti 0.32, C 0.046, Co 0.015, P 0.014, N 
0.008, S 0.002, Fe bal. This material was rapidly solidified from 

the melt by means of a roller quencher to thin foils which were then 
hot extruded at 1O4O0C. 
recrystallized by annealing at 85OoC, to form the Alloy PA-1. 

and PA-3 alloys were similarly prepared except that extra titanium 
and carbon was added to the PCA melt to double and to triple, respec- 

tively, the TIC content. The materials were irradiated either as- 
annealed, or annealed plus cold work to 20% reduction in area, except 

in the case of PCA used in the dual ion irradiations to be described, 
where as-solution-annealed at 1150°C and annealed plus cold work to 

25% R.A. material was used (as provided by ORNL). 

Prime Candidate Alloy, in ingot form, was provided by Oak Ridge 

The alloy w a s  subsequently cold worked and 
PA-2 

Our primary irradiation test is by neutron irradiation in one 

of a number of research reactors. The results to be described for 

PCA based materials show the response to irradiation in the High Flux 
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Isotope Reactor at Oak Ridge, at nominal temperatures of 5OO0C and 

6OO0C, and to 6.2 dpa (210 appm He) or 8.5 dpa (360 appm He). [There 
are indications from temperature calibrations made at ORNL that these 
temperatures are too high by 50-75OC.l 
irradiations, some results will be described of examination of samples 
irradiated simultaneously with 4.8 MeV Fe and 0.2-0.4 MeV He ions 

at ORNL, to a range of doses exceeding 100 dpa maximum at 55OoC and 
65OoC. 

irradiation or 'ion' irradiation, for brevity. 

In addition to these neutron 

These irradiations will be referred to as either 'neutron' 

Specimens were prepared for electron microscopical examination using 

standard electropolishing procedures, following, in the case of ion irra- 

diations, electrochemical removal of 0.7 ? 0.05 urn of material from the 
irradiated surface (which was polished prior to irradiation). Specimens 

were examined in either a Siemens Elmiskop 101, o r  a JEOL 2OOCX TEM. 

Analytic microscopy was performed using a VG HB5 STEM. 

3.4.4.3 Void Swelling in PA-1 and PCA Alloy8 
Use of both neutron and ion irradiations. In this section, and 

throughout, results of studies performed on specimen8 from both the 
neutron and ion irradiations will be described. The reason for the 

use of ion irradiation data here is to provide some information about 
the high dose irradiation response, supplementing the information 

available from the more important, but far lower dose, neutron irradia- 

tions. We do not wish to justify mixing results in this way on the 
basis that the ion irradiations adequately simulate neutron irradia- 

tion to higher doses, but rather because we are concerned mostly with 

comparative responses between materials. The results will be clearly 

separated and attributed to the appropriate irradiation in every case. 

However, the general features of the microstructures observed suggest 

that the same fundamental mechanisms operate in both cases, and there- 

fore that comparison of materials response at high ion doses has some 

relevance. An important possible exception to this is the observation 

of microchemical changes during ion irradiation, described in detail 
below. There is insufficient evidence yet available from neutron 
irradiation testing to confirm the presence or absence of similar 

changes. Since studies in other materials suggest a different behavior 
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during neutron irradiation, the response to ion irradiation at very 

high doses (100 dpa, here), which depends strongly on earlier micro- 

chemical changes, will not be discussed. 

Examination and comparison of RS and conventionally processed 
alloys. 

diation performance of the rapidly solidified PA-1 with that of the 

conventionally processed PCA. At the low dose levels presently at- 
tained and studied in the neutron irradiation tests, there do not 
appear to be large differences in microstructure between the two mate- 

rials. 

ably, at doses up to about 50 dpa, in terms of cavity population. 

However, there is observed some difference in microchemical behavior 

under ion irradation and in the cavity population development at higher 
doses (-100 dpa). 

and because of the uncertainty about whether the microchemical effects 

are reproduced in neutron irradiations, we shall not consider further 

the ion irradiations to doses higher than about 50 dpa. 

the microchemical effects in Section 3.4.4.4 below. 

through 3.4.5 illustrate the similarity of the PA-1 and PCA response, 

and these will now be described in detail. 

Figures 3.4.1 and 3.4.2 show microstructures of the alloys after 

neutron irradiation at 5OO0C and 6OO0C to 6.2 dpa (210 appm He), and 
at 5OO0C to 8.5 dpa (360 appm He), respectively. 

placed in the reactor in the as-annealed state. Data is also avail- 
able for samples irradiated at 3OO0C and 4OO0C, but neither show any 

cavity swelling, just a high density of faulted dislocation loops. 
These loops are also seen at the higher temperatures, with density 

decreasing and size increasing with temperature so that at 6OO0C they 
do not form a large component of the total dislocation density. 

ties are evenly distributed throughout the specimens examined, with 

density, average size and the calculated volume fraction swelling 

given in Tables 3.4.1 and 3.4.2 for the 6.2 dpa irradiation. 

some differences between the two alloys can be inferred from the figures 

and tables, it is difficult to confer statistical significance to 
these small variations. Prior to irradiation the PA-1 alloy contained 

A basic objective in this work is the comparison of the irra- 

Neither does the response to ion irradiation differ notice- 

Because these phenomena are almost certainly linked, 

We describe 

Figures 3.4.1 

The samples were 

Cavi- 

Although 
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Fig. 3.4.1. Micrographs illustrating the void population observed 
in neutron irradiated annealed PA-1 and PCA alloys. Foil thicknesses 
are similar in each case. 
diated at 6OO0C, (b) PA-1 at 600 C, (c) PCA at 500 C, (d) PA-1 at 50OoC. 

Dose 8.2 dpa, 210 appm ;e. (a) PCA irra- 
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Fig. 3.4.2. The micrographs show void population in (a) annealed 
PCA and (bd PA-1 alloys after neutron irradiation to 8.5 dpa, 360 appm 
He, at 500 C. 
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Table 3.4.1. Quantitgtive Analysis of Void Size and Density 
at 500 C, 6.2 dpa, 210 appm He 

Swelling 
A v/v % 

Average Size Density 
ALLOY (diameter) X 

in nm 1 

PA-1, Ann. 7.5 f 0.5 2.7 f 0.8 0.09 
PCA, Ann. 6.0 f 0.3 3.6 f 0.9 0.05 
PA-1, CW 6.0 f 0.7 1.5 f 0.5 0.036 
PCA, CW 5.0 f 0.7 2.0 f 0.5 0.026 

Table 3.4.2. Quantitgtive Analysis of Void Size and Density 
at 600 C, 6.2 pda, 210 appm He 

Swelling 
AV/V $ 

Average Size Density 
ALLOY (diameter) X 

in nm 10” m-3 
PA-1, Ann. 8.2 f 1.0 1.3 f 0.3 0.09 
PCA, Ann. 11.0 f 1.5 1.0 f 0.3 0.17 
PA-1, CW 8.5 f 2.0 0.06f 0.05 0.002 

a high density (approximately 1 x 1021 m-3) of TIC particles, as con- 
firmed by analytical electron microscopy, with average size of about 

16.0 nm . 
percentage of titanium. 

some extent in the elements Mo and Ni, however, as shown by energy dis- 
persive X-ray analysis. 

apparently, has their density, although this is very difficult to deter- 

mine due to their not being coherent, their small size, and the complex- 

ity of the microstructure. 

below. 

0 After neutron irradiation the particles still contain a high 

The particles have also become enriched to 

Their size has not changed significantly nor, 

Further discussion is given in Section 3.4.4.4 

Figure 3.4.3 shows the microstructure obtained after neutron irra- 

diation of samples cold worked before irradiation, to 6.2 dpa at 50OoC. 
As shown in Table 3.4.2, the cavity density at 6OO0C was very low. 

Few dislocation loops were seen in the cold worked samples. Again there 
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6.2 dpa, 210 appm He. 
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are no marked differences between the PA-1 and PCA alloys. 

results and discussion on the 6.2 dpa neutron irradiations have been 

published , including the observation that there does not exist signifi- 
cant cavity swelling at grain boundaries in any of these materials at 

this dose, which was a primary concern in the alloy design. 

Additional 

6 

Figures 3.4.4 and 3.4.5 show microstructures of PA-1 and PCA alloys, 

both cold worked prior to irradiation, after ion irradiation to about 
50 dpa (760 appm He) at 55OoC and to about 35 dpa (587 appm He) at 65OOC. 

At 55OoC, the cavity populations are seen to be quite similar, as is 

the dislocation density. A large number of particles can be seen to 
exist in the PA-1 alloy, as compared with only a few for the PCA alloy. 
These particles are irradiation induced, having a different composition 
from the initial Tic. The parti- 

cle density can vary quite widely between different areas of the sample, 

and these particles are often associated with voids. 

similar at 65OoC. 

to all the microstructures examined. 

of small cavities in all of the samples, from both neutron and ion irra- 
diation, with sizes extending down to the practical resolution limit 

of approximately 1.0-1.5 nm. It is difficult under these circumstances 

to obtain a reliable estimate of the true void density. 

in the cavity size distribution is clearly shown in Figure 3.4.6. 
small cavities or bubbles (of helium) are often apparently associated 
with particles, but particularly appear to line up along dislocations 

of the network. 

This will be discussed further below. 

As shown in Figure 3.4.5, the cavity populations are also quite 

This figure also clearly illustrates a feature c o m n  

There exist a very large number 

This bimodality 

The 

3.4.4.4 Particles and Microchemistry 
The ability of the titanium modified Type 316 steels to resist 

swelling during neutron irradiation has been accounted for by the action 

of titanium carbide particles . In this interpretation, small bubbles 
form at the titanium carbides and accommodate helium, preventing or 
reducing the rate of void nucleation elsewhere. The particles are there- 

fore of central interest, both in elucidating their role in more detail, 
and in terms of their stability under irradiation. 
this second question first. 

9 

We shall consider 
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irradiation to about 50 dpa at 33U L, ana compare (a) cola wowea i-wi 
( 52 dpa, 760 appm He) with (b) cold worked PA-1 (49 dpa, 760 appm He). 
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Fig. 3.4.6. Void size distributions measured in three samples 
with differing ion irradiation and material conditions. Note that all 
show a bimodal distribution, most pronounced at the higher temperature. 
(a) PA-1 annealed, irradiated to 18 dpa, 259 appm He a$ 55OoC, (b) PCA 
cold worked, irradiated to 52 dpa, 700 appm He, at 550 C6 and (c) PA-1 
cold worked, irradiated to 38.5 dpa, 587 appm He, at 650 C. 

In previously published work” the observation was reported that 

previously existing, Tic particles are dissolved after ion irradiation 

of PA-1 alloy to about 50 dpa at 550 and 65OoC, while a nickel and sili- 

con rich phase has precipitated out. 

cles were found. 

were after 7 dpa ion irradiation, when the original Tic particles were 
found to be little changed apart from an enrichment in Mo. 
results have now been obtained at the intermediate doses of 18.1 dpa 
and 38.5 dpa, both at 55OoC. 

determined by energy dispersive X-ray analysis includes mostly Ti but 

also Mo and a significant amount of Ni. Figure 3.4.7 compares the spec- 

tra obtained, in situ, from a typical particle with that from the matrix 

nearby. At 38.5 dpa, the nickel content has risen substantially, and 

some silicon can now be detected, as can be seen in Figure 3.4.8. In 

No small (<50 nm) Ti rich parti- 
In the previous study, the only other data obtained 

Further 

At 18 dpa the particle composition as 
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Fig. 3.4.7. X-ray energy d i s p e r s i v e  s p e c t r a  of ( a )  a small p a r t i -  
c le  and t h e  surrounding matr ix and (b) t h e  nearby ma t r i x  a l o n e ,  i a  co ld  
worked PA-1 a l l o y  ion  i r r a d i a t e d  t o  15.6 dpa, 288 appm He, a t  650 C. 
Note t h e  presence of inc reased  N i ,  Mo, and S i  peaks from t h e  p a r t i c l e ,  
as well as t h e  T i  peak showing i t  was o r i g i n a l l y  T i c .  
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Fe 

I 
Fe 

F i g .  3.4.8.  As for Figure 3.4 .7 ,  except that now ion irradiat ion 
has been carried out t o  higher dose, 38.5 dpa and 587 appm He. 
spectrum from particle and matrix and ( b )  spectrum from the matrix 
alone. Irradiation temperature 65OOC. 

( a )  
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this specimen it was observed that the larger the particle, the larger 
was the Ti fraction. It was also noticed, however, that there appeared 
to be a much lower density of particles in this specimen. These results 

show that the particles initially present gradually change composition 
toward a Ni and Si rich phase. This might be achieved either by diffu- 

sional replacement of atoms o r  by nucleation of the (Ni,Si) phase on 
a Tic particle. Since the particle density does not remain constant, 

and because of the distribution of the (Ni,Si) particles at high doses 

in both the PA-1 and PCA alloys (e.g., see Figure 3.4.4), it would seem 

likely that the new phase preferentially nucleates on Tic particles, 

but can also form elsewhere, for example on voids, which are often asso- 

ciated with these particles. This would occur at the same time as the 

TIC particles are dissolving, which would account for the variations 

in particle densities. 

of recoil resolution. 
The dissolution probably proceeds by the process 

11 

The extent to which the effects seen under ion irradiation will 

occur during neutron irradiation is not known. Some evidence that simi- 

lar effects will indeed take place is illustrated in Figure 3.4.9, an 

energy dispersive X-ray spectrum taken from a particle after neutron 

irradiation to 6.2 dpa/210 appm He at 60OOC. 

produced by radioactive decay processes in the specimen, in fact the 

"hole count", has been overlaid on the recorded spectrum in addition 

to the two being shown separately. In addition to Ti, small Ni and 
Mo peaks can be seen. The contribution of matrix elements to the spec- 
trum is small since the particle was found in a very thin region. 

The intrinsic X-ray signal 

In addition to the disappearance of pre-existing Tic particles 
at high doses in ion irradiations, we believe that Tic is also precipi- 

tated out of solution during irradiation. 

field and dark field micrographs of a region of PA-) alloy, neutron 

irradiated in the as-annealed condition at 600°C to 8.5 dpa/360 appm 
He. The dark field utilizes a I2203 reflection attributable to the Tic 

crystal lattice. In the bright field micrograph clusters of very small 

cavities can be seen, as arrowed. As indicated by the dark field micro- 

graph, these clusters appear to be associated with Tic particles, as 

has been observed previously by other workers.' 

Figure 3.4.10 shows bright 

However, there exists 
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Fig. 3.4.9. Caption overpage 
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Fig. 3.4.9. Energy dispersive X-ray spectra obtained from a neu- 
tron igradiated PA-2 alloy sample irradiated to 6.2 dpa, 210 appm He, 
at 600 C. (a) shows the spectra from a particle near the edge. Super- 
imposed on this is the intrinsic X-ray emission from radioactive decay 
in the sample, shown alone in (b), the "hole" count. (c) shows the 
two spectra superimposed, clearly showing the Ti, Ni and Mo peaks origi- 
nating from the particle alone. 

in general in all specimens an evenly distributed, very high density 

of small cavities in addition to those clustered at particles, as an 
examination of Figures 3.4.1 through 3.4.5 shows. It is very difficult, 
using the dark field technique, to detect very small particles in signifi- 

cant numbers unless they possess coherence with the matrix, since other- 
wise only those particles that have the exactly favorable orientation 

will be seen, and then or dent intensity 

above background. Dark 1 indicate the 

presence of very small T1 I their exact 

size cannot be determined. 

als clearly show a diffuse ring pattern in addition to the strong matrix 

spot pattern. The ring radii correspond to a cubic lattice with lattice 

parameter 0.424 nm, which suggests that they arise from many small crys- 

tallites of TIC. The width of the rings suggests a size of about 1 nm 

Ulrrractlon patterns taKen of these materi- 
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Fig. 3.4.10. C l u s t e r s  of small cavities,  arrowed,  are s e e n  i n  

I n  ( b )  a da rk  f i e l d  micrograph is shown 
(a )  b r i g h t  f i e l d  micrograph of annea led  PA-1 neu t ron  irradiated t o  8.5 
dpa,  360 appm He a t  60OoC. 
of t he  same area t aken  wi th  a T I C  I2201 r e f l e c t i o n .  
p a r t i c l e s  ( b r i g h t  s p o t s )  are seen t o  be a s s o c i a t e d  w i t h  t h e  small c a v i t y  
c l u s t e r s .  

S t r o n g l y  d i f f r a c t i n g  
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Table 3.4.3. Quantitatige Analysis of Voids in PCA, PA-1 and PA-2 
at 500 C, 6.2 dpa, 210 appm He 

Average Size Density 

in nm loz1 m-3 
Swelling 
b v/v p ALLOY (diameter) X 

PCA, Ann. 6.0 f 0.3 3.6 f 0.9 0.05 

PA-1, Ann. 7.5 2 0.5 2.7 f 0.8 0.09 
PA-2, Ann. 8.6 f 1.0 1.0 f 0.3 0.05 

the as-annealed state to 6.2 dpa at 500 and 6OO0C, and on cold worked 
PA-3 alloy, ion irradiated to various dpa at 55OoC and 65OoC. At the 

lower temperature in each case, the cavity component of the microstruc- 

ture is quite similar to that seen in PA-1 or PCA alloy irradiated in 

the same state, under the same conditions. 
sity, average size and cavity volume fraction swelling for PA-2, PA-1 
and PCA alloy at 50OoC. 

large number of very tiny cavities presumed to be gas bubbles, because 

of our inability to confidently count them. 

toward a more narrow size distribution, but with a larger average size 

and lower density, in the PA-2 alloy. Under ion irradiation PA-1 and 

PA-3 alloys behave similarly at 55OoC. At very high doses (about 100 
dpa) a slight difference is observed, with PA-3 showing a lower cavity 
volume fraction swelling. 

Table 3.4.3 shows void den- 

The densities tabulated do not include the 

There is a slight trend 

At higher temperature both PA-2 and PA-3 alloys show heterogene- 
Although in some few areas a quite high void ous cavity populations. 

component is found, in much of the PA-3 samples ion irradiated at 65OoC 

the void component is almost completely suppressed, leaving just the 

small bubbles. Figure 3.4.12 illustrates this, and shows a typical 

area in PA-1 alloy for comparison. 
The particle distribution in PA-2 and PA-3 alloys is rather dif- 

ferent to that seen in PA-1 since, in both cases, much of the TIC is 

precipitated during extrusion as quite large particles. 

(100-200 nm) particles are also found in PA-1, but much less frequently. 
The density of smaller (-20 nm) TIC particles is thus not proportionately 

These larger 



163 

! r 
”-  

Fig. 3.4.12. Showing i n  (ab the cavity distr ibut ion obtained i n  
PA-3 a l l o y  ion irradiated a t  650 C t o  18 dpa, 290 appm He. 
t ies  are seen but almost no larger cavities are found, unlike the PA-l 
a l l o y ,  shown i n  ( b )  ion irradiated t o  higher dose, 33 dpa, a t  65OoC. 

Small cavi-  
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larger in PA-2 and PA-3 alloys, with two and three times the TIC content, 
than in PA-1 alloy. 

strongly, which could lead to some of the observed effects. Further 

work is in progress to quantify these suggestions. 

The density may also vary from area to area more 

3.4.4.6 Discussion 

Rapid solidification processing can give an alloy improved mechani- 
Irradia- cal properties compared to when it is conventionally prepared. 

tion can have these relative consequences: the response may be essen- 

tially unaltered by RS processing or the response may be qualitatively 
and quantitatively changed, in which case an improved, or a degraded, 
response may be obtained. 

cantly degraded, as compared to conventionally prepared material, will 

there be no advantage to RS processing. This does not appear to be 
the case with the prime candidate alloy, rapid solidification seeming 
not to affect the irradiation response to a significant degree, although 
there are certainly differences seen in the behavior of the PCA and 
PA-1 alloys. These alloys were not completely comparable before irra- 

diation, however, since the RS processed material contained a high den- 
sity of small TIC particles while the PCA alloy was irradiated in the 
as-solution-annealed condition. The following paragraphs outline the 

role of the Tic as we see it at present, and how this affects the rapid 
solidification approach to optimum alloy fabrication. 

It has previously been observed’ that TIC particles nucleate small 

Only when the irradiation response is signifi- 

cavities, presumed to be He gas bubbles, upon neutron irradiation. 

Our results, see Figure 3.4.10 for example, also provide for this. 
We do see, however, a very large number of small cavities that are not 

associated with observable Tic particles. 

that small Tic particles may be precipitated during irradiation. 

When TIC precipitates, it will normally do so on dislocations, as ob- 
served in annealing studies.8 

distribution observed is due in large part to the action of very many 

small TIC precipitates forming on dislocations and subsequently, or 
simultaneously, allowing a small He gas bubble to form. 
of this must be governed by the combined sink strengths of particle, 

Previous work has also shown 
12 

We suggest then that the bimodal cavity 

The dynamics 
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dislocation and gas bubble. 

and bubble grow, they change the total sink strength in such a way as 

to slow, and eventually prevent, further growth. The bimodal cavity 
distribution consists then firstly of a distribution of gas bubbles 

and secondly of a distribution of voids formed by the growth of bubbles 
left when their nucleating dislocation has moved away, by climb for 

example, and thus changed the sink strength in favor of vacancy absorp- 
tion. 

It is conceivable that as the particle 

The supply of Ti and C for Tic precipitation must be either the 
amount originally in solution, or that driven into solution by the irra- 
diation induced dissolution of larger Tic particles. 
that recoil resolution will occur, at a rate depending on the matrix 

concentrations of Ti and C. 

drives the constant dissolution of larger particles, since the amount 

in solution is kept very low. 

mediate size Tic particles observed here. 

Frost" has shown 

Thus constant precipitation on dislocations 

This explains the disappearance of inter- 

The microchemical changes can also be explained. In the process 

of dissolution the particle is also continually being 'reconstituted' 

by diffusion back into it. In this process it would seem likely that 
Mo could be used to replace some of the lost Ti and hence the Mo content 

of the particle will be enriched. 

take place since the particle is a vacancy sink, vacancies being struc- 

turally necessary in Tic growth. 

as a separate phase, nucleating on the Tic, then as the process continues 
the Tic particle, initially enriched with Mo, will gradually be replaced 

by the other Ni and Si rich phase (which contains no, or little, Mol, 
giving the results obtained. 

Diffusion of Ni and Si will a130 

If this Ni and Si precipitate out 

This schema explains our observations in PA-1 and PCA alloy. In 

the alloys with higher Tic content the same processes occur. 

the greater number of large (100-200 nm) Tic particles, and their varia- 

tion from area to area, means that it is difficult to directly establish 

the amount of 'available' Tic in any area. It is tempting to suggest 

that areas where the large void component of the size distribution is 

suppressed correspond to areas where there is a large amount of Tic 

in the form of small particles, a high number of gas bubbles and strongly 

However, 
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pinned o r  weakly biased (or both) dislocations. If this is the case 

then it suggests firstly that increasing the Tic content may be bene- 
ficial if it is evenly distributed, in very small particles or preferably 

in solution in a cold worked material, and secondly that RS processing 
may be valuable in producing a much improved irradiation response, 
since it enables such an alloy to be produced (which is not possible 

by conventional means). 

cles to nucleate the Ni and Si rich phase, however, the response at 

high dose will be much degraded due to the depletion of these elements 

and the consequent acceleration of swelling. 

If the Tic is present in large enough parti- 

3.4.5 Conclusions 

1.  Path A prime candidate alloy has been prepared using a standard 
method of rapid solidification processing, including consolidation by 

hot extrusion, in a first attempt at obtaining an improved irradiation 
response through RS technology. This initial run of alloy PA-1 shows 

quite similar, but not identical, neutron and dual ion irradiation re- 
sponse to that of the same material conventionally prepared using ingot 

techniques, in irradiation tests to low neutron doses ( - 1 0  dpa) but 
high dual ion doses ( - 1 0 0  dpa). The slight differences that exist 
are attributed to the differing preirradiation distributions of Tic 

in the materials. The results on these alloys, and on alloys containing 

increased amounts of Ti and C, strongly suggest ways in which the use 

of RS technology might be optimized to indeed give an improved irradia- 
tion response. 

2. A l l  the alloys examined characteristically contain a bimodal 

distribution of cavities, showing a high density of very small cavities 

thought to be gas bubbles, in addition to a larger cavity component, 

thought to be voids, using accepted terminology. The small bubbles 

are thought, without substantial evidence, to be associated with the 
formation of very small Tic particles on network dislocations. 

3 .  Microchemical changes have been observed in ion irradiated 
alloys, showing initial enrichment of Tic particles with molybdenum 

followed by a decrease in the titanium, and molybdenum content. At 

the same time, the elements Ni and Si become increasingly present at 
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the particle, eventually dominating. It is thought that the Tic dis- 

solves by recoil resolution, while nucleating another phase rich in 

nickel and silicon. It is this dissolution of Tic that is the source 

of material for precipitation on dislocations, which in turn helps drive 

the process of recoil resolution by depleting the matrix concentration. 

4. Our results suggest that Tic addition to austenitic stainless 

steel has both beneficial and deleterious effects on irradiation re- 

sponse. The benefical effects arise, in our interpretation, from Tic 

in solution or present as very small particles on dislocations. Larger 

Tic particles appear to act as nucleating agents for a phase rich in 
nickel and silicon. The removal of nickel from solution is deleterious, 
as swelling will increase markedly. Rapid solidification processing 
may prove essential in producing an alloy with as much Tic as possible, 
present either in solution or as extremely small particles. 
with PA-2 and PA-3 alloys with increased Tic content are promising, 
but have not yet come close to showing the full potential of the rapid 

solidification method. 
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3.5 SOME EFFECTS OF INCREASED HELIUM CONTENT ON VOID FORMATION AND SOLUTE 
SEGREGATION IN NEUTRON-IRRADIATED TYPE 316 STAINLESS STEEL - 
P. J. Maziasz (Oak Ridge National Laboratory) 

3.5.1 ADIP Tasks 

ADIP Tasks I.C.l, Microstructural Stability, and I.C.2, Microstructures 

and Swelling in Austenitic Alloys. 

3.5.2 Objective 
The objective of this work is to determine the effects of helium on 

swelling and microstructural evolution during irradiation. The results 

may serve to guide alloy development and, with complementary modeling 

tasks, to lead to a correlation of irradiation effects in fission and 

fusionlike facilities. 

3.5.3 Summary 

During EBR-I1 irradiation of solution-annealed (SA) and 20%-cold- 
worked type 316 stainless steel (CW), void formation and swelling are 

often coupled to radiation-induced solute segregation (RISS). A refined 
sink structure, including a high cavity concentration, results if helium 

is preinjected before EBR-I1 irradiation or produced during HFIR 

irradiation. This can suppress both the void swelling and the RISS. 

3.5.4 Progress and Status 

3.5.4.1 Introduction 

Fast breeder reactors (FBRs) were operating before the effects 
that dominate the studies of the radiation damage community today were 

discovered. The first Experimental Breeder Reactor (EBR-I) began opera- 
tion in 1951, the Dounreay Fast Reactor (DFR) in 1959, and EBR-I1 in 1964. 

The phenomenon of swelling due to void formation was not discovered until 

postirradiation examination by Cawthorne and Fulton’ in 1966 of austenitic 

stainless steel cladding from a fuel element used in the DFR. In complex 
engineering multicomponent alloys like austenitic stainless steels, phase 
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instability and solute redistribution are also very important effects. 

Radiation-induced solute segregation was anticipated in 1971 by Anthony2 

and then observed experimentally by Okamoto and Wiedersich in 1974.3 

Radiation-induced solute segregation has since been studied both theoreti- 

cally and experimentally by many investigators. &lo 
were pioneers in relating void swelling, precipitation behavior, and RISS 

Brager and Garner 

effects in austenitic stainless steel under neutron irradiation. 11, l2 They 
were also among the first to apply x-ray energy dispersive spectroscopy 

(EDS) together with conventional transmission electron microscopy 

(CTEM) 11-13 for irradiated materials. They have also undertaken an effort 
to explain many aspects of void swelling behavior in FBR irradiated steels 

in terms of microcompositional roles of the various solutes like carbon, 

nickel, and silicon. 13-15 

Unlike the FBR programs, the Magnetic Fusion Energy (MFE) materials 
development program does not have the actual irradiation environment 
presently available. Much has been written about the parameters that will 

make fusion irradiation damage different from FBR damage, particularly 
increased helium generation for the former. 16-'0 

reactors with highly enriched fuel, like the High Flux Isotope Reactor 

(HFIR), have both fast and thermal neutron populations near the fuel and 

are able to generate displacement damage and helium together in nickel- 

bearing alloys like austenitic stainless steels. Comparison of the same 

material irradiated in HFIR and EBR-I1 can be used to determine the 

response of physical and mechanical properties to changes in helium-to-dpa 

ratio and damage rate. 

Water-moderated fission 

This report presents the results of an investigation of the influence 
of helium generation rate on the microstructural and microcompositional 

evolution of CW and SA 316 irradiated in EBR-I1 and HFIR. The effects of 

preinjected helium in SA 316 irradiated in EBR-I1 are also presented. It 

includes a more complete and better characterized baseline of aged 316 
samples than previous work on the subject, particularly for interpreting 

compositional changes in precipitate phases. 11-15 Data are presented to 

support the idea that the primary coupling between RISS and precipitation 

is "microalloy" formation. A "microalloy" is used here to describe 
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compositional changes to small regions of austenite. The phases in these 

regions are similar in type and composition to those expected if one 

simply aged samples having the composition of the microalloy. Finally we 

show that both void swelling and RISS can be significantly reduced or 

suppressed if the total sink strength of the microstructure is increased 

and maintained above a minimum level. Helium, through the cavity 

microstructure, plays a critical role in the microstructural and microcom- 
positional evolutionary path that the material follows under 

irradiation. 20-27 

3.5.4.2 Experimental 

Results are presented on SA and CW 316 samples that were irradiated 

to a range of neutron fluences in several HFIR and EBR-I1 experiments at 

510 to 550'C (refs. 23, 28-30). Calculations and/or measurement details 

for helium and displacement damage have been reported. 27 To investigate 

special conditions, samples preinjected with 110 at. ppm He at about 20°C 
were irradiated side by side with uninjected SA 316 to neutron fluences 

producing 8.4 dpa in EBR-I1 at 500 to 625OC. To provide baseline phase 

stability data, pieces of the same heat of SA and CW 316 (DO heat) were 

thermally aged at 470 to 65OoC for 2770 to 10,000 h. Details have been 

reported previously for the preinjectedZ3 and the aged samples. 23, 25, 29 

Sufficient data are available now to assign nominal irradiation tempera- 

tures that are 50 to 75OC higher than the originally calculated irradia- 
tion temperatures. 29 

probably uncertain by t 2 5  to 50°C. 
The nominal HFIR irradiation temperatures are still 

Specimens were thinned for CTEM analysis by either a two-stage manual 
or Tenupole automatic electropolishing technique. Both JEM lOOC and 

l O O C X  electron microscopes were used for observation and analysis of 
specimens. A Hitachi 1-MV microscope was used for thick section 

examination, particularly in samples having very large voids after high- 

fluence EBR-I1 irradiation. The details of quantitative CTEM analysis, 

including diffraction analysis of precipitate phases, have been reported 
previously. 21 -259  2 7 3  "3 3 1  

electron microscopy (AEM), the details of specimen preparation, data 

analysis and choice of measurements (in-foil versus extracted precipitates; 

For x-ray EDS of quantitative analytical 
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compositional gradients versus simple phase compositional differences) can 

affect interpretation of results. In this work, we chose to emphasize 
accurate phase identification and composition as our desired observables, 

and thus extraction replicas were made on all samples. The replica tech- 

nique was designed to obtain matrix-free precipitates as well as an 

imprint of the surface microstructure. The samples were cleaned by 

electropolishing; then the samples were electrolytically etched for sur- 

face relief before depositing an electron-transparent amorphous carbon 
film. The samples were then etched again slowly at -10 to -3O'C to remove 

the films, which were then secured on beryllium grids. Analytical electron 

microscopy was performed on the JEM 100CX. modified and optimized for x- 

ray EDS by Bentley et al. 3 2  

positional information through the standardless analysis method used 

computer programs developed by Zaluzec. 33$ 34  

of calculation for the full range of atomic number (Z ) ,  absorption ( A ) ,  

and fluorescence (F) effects that can be encountered even if the "thin 

film" criterion is violated for any element in the multicomponent phase. 3 4  

Except for very small particles, where scanning transmission electron 

microscopy (STEM) was used, the minimum beam diameter in CTEM was used for 

most precipitate analysis to minimize contamination. 

Data reduction to obtain quantitative com- 

These programs are capable 

3.5.4.3 Results 

3.5.4.3.1 CW 316 Microstructural Evolution. The behavior baseline 
for precipitation in CW 316 under irradiation was found by thermally aging 

the same material over a range of conditions. Microstructures produced 

by aging at 560 and 600'C are shown in Fig. 3.5.1. Details of the 

microstructure for aged material are also summarized in Tables 3.5.1 and 
3.5.2. No precipitation was found after 4400 h at 47OOC. A small amount 

(-0.3 vol %) of fine (-3WO w in size) tau (M23C6) phase particles are 
found after aging 2770 h at 560°C; no observable additional changes 

occurred after 4400 h. Substantially more (-2.5-3 vol %) precipitation of 

coarser (5C-200 w in size) eta (M&) and Laves phase particles was found 

after 2770 h at 6OO0C, and these phases showed little change thereafter up 
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Fig. 3.5.1. Cold-Worked (20%) Qpe 316 Stainless Steel (DO Heat) 
Aged at (a) 56OoC and (b) 6OOOC for 2770 h. 
change significantly with further aging for 4400 h at 56OoC or 10,000 h at 
600°C (ref. 23). The precipitate phases present are (a) a small amount 
of tau and (b) a much larger amount of tau, eta (M6C), and Laves phases 
(ref. 23). 

These microstructures do not 

to 10,000 h. 

small amount of sigma phase after 10,000 h at 6OOOC. 

observed after aging for 4400 h. 

tribution of the same phases were observed after 10,000 h at 650'C.22*31 

More detail on these samples can be found elsewhere. 22, 233 31 

One minor change with increasing time was detection of a 

Sigma phase was not 

A large volume fraction and coarser dis- 

The main focus of this work is the connection between development of 
precipitate and cavity (void or bubble) components of the total micro- 

structure under irradiation and the possible influence of large differ- 
ences in helium generation rates. Material irradiated in EBR-I1 at 500'C 

(start) to 55OoC (finish) (525OC average) to 36 dpa and then reirradiated 

an additional 33 dpa at 510OC to achieve 69 dpa total was supplied to 

this author courtesy of H. R. Brager, HEDL. Microstructural development 

in CW 316 over a range of fluences at 500 to 525'C in EBR-I1 is compared 

with that developed in CW 316 on irradiation at 510 to 555OC in HFIR. 

substantial differences are found between the two reactors in cavity and 
Very 
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precipitate type, nature, and development. A summary of microstructural 

information after EBR-I1 irradiation is found in Tables 3.5.1 and 3.5.2. 

Low-fluence micrographs are shown in Fig. 3.5.2 and higher fluences in 

Fig. 3.5.3. 

ORNL-PHOTO 9190-81 
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Fig. 3.5.2. Cold-Worked (20%) Type 316 Stainless Steel (DO Heat) 
Irradiated at 500 to 550°C in EBR-I1 and HFIR to the Indicated Fluences. 
(a), (b), and (c) are lower magnifications to show precipitate and dislo- 
cation structure; (d), (e), and (f) are high-magnification, kinematical, 
underfocused micrographs of the same materials for maximum small cavity 
visibility. Helium contents are (a) 5, (b) 300, and (c) 500 at. ppm He. 
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Fig. 3.5.3. Cold-Worked (20%) Type 316 Stainless Steel (DO Heat) 
Irradiated at 510 to 535°C in EBR-I1 and HFIR to the Indicated Fluences. 
(a), (b), and (c) are lower magnifications to show void, precipitate, and 
dislocation structures; and (d)  and (e) are higher magnifications of (a) 
and (c), respectively, imaged to show cavity structures [note magnification 
difference between (d) and (e)]. 

In EBR-I1 irradiated samples, the cold-worked dislocation density 
recovered rapidly to 3 x 1Ol4 m/m3 at 8.4 dpa and then remained quite 
constant with increasing fluence up to 69 dpa. 
faulted bands formed between 8.4 and 36 dpa and persisted to 69 dpa. Only 

A substantial amount of 
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a few small e t a  (MgC) par t ic les  were found a f t e r  8.4 dpa, but substant ia l  

precipi ta t ion of e t a  and Laves phases (-2 vol X )  occured between 8.4 and 

36 dpa. Eta is the major portion in blocky par t ic les  dis t r ibuted both 

along faulted bands and in the matrix. The Laves par t ic les  found i n  the 

matrix occur as very long, thin  laths.  

were a lso found mixed with e t a  par t ic les .  The amount of precipi ta t ion is 

the same or s l i gh t ly  less a f t e r  69 dpa. The major changes occurring 

between 36 and 69 dpa were disappearance of tau, precipi ta t ion of medium 

t o  small blocky Laves and G-phase par t ic les ,  and a small amount of f ine  

y- (see Table 3.5.2). The Laves phase la ths  found a t  36 dpa appear to  

have dissolved a t  69 dpa. 

A few blocky tau (Mz3Cg) par t ic les  

No f ine bubbles were observed a t  8.4 dpa. However, many (-4-6 X 

1020 m-3) f ine (2-4 nm diam) bubblesz6 were observed a t  the intermediate 

fluence of 36 dpa, and these are  located along dislocations and at preci- 

p i t a t e  par t ic le  interfaces  [about 2 to  5 bubbles per par t ic le ;  see 
Fig. 3.5.3(d)]. No voids were found a t  8.4 dpa [Fig. 3.5.lCa)l; a f e w  

voids that  range in diameter from 20 t o  140 w (-7C-80 w av) are  nonuni- 

formly dis t r ibuted i n  the matrix between precipitate- laden (e ta )  faulted 

bands a f t e r  36 dpa. It is important t o  attempt to  dist inguish between 

cav i t ies  that  are  bubbles and those that  are voids, and a summary of some 

c r i t e r i a  used for making the d i s t inc t ion  is found in Table 3.5.3. 

though there are  fine bubbles at precipi ta te  interfaces,  most of the ini-  

t i a l  voids are - not attached to  the precipi ta te  par t ic les  present. 

higher density and more uniform dis t r ibut ion of voids, ranging in diameter 

from about 100 t o  300 w, was found a f t e r  69 dpa, and a t  t h i s  high fluence 

no fine bubbles were found among the voids. 

compared with 36 dpa is seen by comparing Figs. 3.5.3(a) and (b). The 

swelling a f t e r  69 dpa was reported30 t o  be 11%. 

69 dpa have a precipi ta te  par t ic le  attached, with many of the par t ic les  

considerably smaller than the voids. Very large voids [see Pig. 3.5.3(b)] 

were observed along the precipitate- laden faulted bands. Comparing low- 

and high-fluence microstructures, these precipi ta tes ,  which are inter-  

cepted by large (and presumably growing) voids, appear to  be dissolving. 

Even 

A 

A large increase in  swelling 

Most of the voids a f t e r  
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Table 3.5.3. Some of the  Fac to rs  that  Help t o  D i s t i n g u i s h  Between 
Bubbles and Voids i n  the Cavity Micros t ruc tu re  

~~~~~ 

Def in i t ions  

Cavity - any general  observable c o l l e c t i o n  of vacancies and gas atoms. 

0 Void - a  cav i ty  t h a t  is v i r t u a l l y  empty. 

0 

(helium i n  our case). 
Bubble - a cav i ty  t h a t  contains nea r ly  the  equil ibriuma amount of gas 

Dis t inguishing Features of Each Type of Cavityb 

Feature Bubble Void 

Size  ( a t  about 650°C or  Small, usual ly  3 t o  Large, usual ly  15 t o  
below) 30 w in diameter 500 w i n  diameter 

Size  d i s t r i b u t i o n  Very narrow Very broad 

Microst ructura l  loca t ion  P r e c i p i t a t e  in te r -  Matrix, p r e c i p i t a t e  
faces ,  d i s l o c a t i o n  i n t e r f a c e s  
l i n e s ,  matrix,  and 
a t  g r a i n  boundariesC 

Ratio of ca lcu la ted  gas -1 or more Much less than 1 
concentra t ion f o r  mater ia l  
from cavi ty  micros t ructure  
t o  t h a t  ca lcula ted  or 
measured from 
transmutations d 

= 2y/r is  the  condit ion fo r  mechanical equi l ibr ium,  where P = i n t e r n a l  
gas pressure,  y = surface  energy, and r = cav i ty  radius ,  a l l  i n  cons i s t en t  
un i t s .  

ambiguity r e s o r t  t o  p o s t i r r a d i a t i o n  annealing. Handling f o r  such an operat ion 
i s  a p a r t i c u l a r  problem fo r  the highly radioact ive  H F I R  s t a i n l e s s  s teel  
specimens. 

boundaries without s t a b i l i z i n g  gas; hence these a r e  the  most l i k e l y  c a v i t i e s  
t o  be bubbles of any found i n  the  microstructure.  For a d i s t r i b u t i o n  of 
equil ibrium bubbles i n  the  matrix and a t  g r a i n  boundaries, experience shows 
t h a t  the  l a r g e s t  bubbles are found at  the  boundary. These provide, then, an 
easy v i s u a l  reference point. Matrix c a v i t i e s  smaller than these are most 
probably bubbles; c a v i t i e s  much l a r g e r  are probably voids. 

s t a t e  and in tegra ted  over the  cav i ty  s i z e  d i s t r i b u t i o n  ( r e f .  27).  

bone should include considera t ion of a l l  of these and if there is s t i l l  

CAt l e a s t  t h e o r e t i c a l l y ,  without stress, c a v i t i e s  should not e x i s t  a t  

most cases the  gas content  is ca lcu la ted  with a nonideal equation of 



Very d i f f e r e n t  mic ros t ruc tu ra l  behavior was observed a f t e r  HFIR i r r a -  

d i a t i o n  of the  same s t e e l  compared with t h a t  descr ibed  above f o r  EBR-I1 

i r r a d i a t i o n .  Summaries of observa t ions  a r e  a l s o  found i n  Tables 3.5.1 and 

3.5.2. Compared with the  s lugg i sh  evo lu t ion  found i n  ERR- 11, cons iderable  

p r e c i p i t a t i o n  and a high concen t r a t ion  of f i n e  bubbles developed r ap id ly  

during H F I R  i r r a d i a t i o n  a t  525 t o  550°C ( r e f .  26).  Many f i n e  (2-5 w diam) 

bubbles can be seen i n  Fig. 3.5.2(e) a f t e r  6.9 dpa i n  HFIR. A t  t h i s  

f luence  tau  (and poss ib ly  some e t a )  phase p a r t i c l e s  (-0.7 vo l  %) a r e  pre- 

c i p i t a t e d  along f a u l t e d  bands i n  the  mat r ix  [Fig. 3.5.2(b)]. The bubbles 

coarsen t o  about 7 t o  8 nm diam a f t e r  10 dpa [Fig. 3.5.2(f) and 

Table 3.5.11, but t he  s i z e  d i s t r i b u t i o n  is very narrow, and s e v e r a l  TEM 

d i sks  taken from the  same specimen show the  mic ros t ruc tu re  t o  be s p a t i a l l y  

homogeneous. Also by 10 dpa cons iderable  amounts of coa r se r  e t a  and Laves 

p r e c i p i t a t e s  form i n  add i t ion  t o  the  previous smal le r  f r a c t i o n  of tau  

phase to  y i e l d  about 2.5 to  3 vol  % t o t a l  p r e c i p i t a t e  [Fig. 3.5.2(c) and 

Table 3.5.21. Many bubbles a r e  found a t  d i s l o c a t i o n s  and p r e c i p i t a t e  

i n t e r f a c e s .  

A t  16 dpa, cons iderable  refinement of the  c a v i t y  s t r u c t u r e  and 

a reduct ion  i n  the  amount of p r e c i p i t a t e  due t o  d i s s o l u t i o n  were 

observed. 26, 35 Mul t ip le  d i sks  were examined from the  16-dpa sample  t o  

confirm these  observat ions.  Apparently t h e  changes seen a t  16 dpa a r e  

complicated but t r a n s i e n t  e f f e c t s ,  because the  c a v i t y  s t r u c t u r e  

coarsened and an increased  amount (-4.5-5 vo l  %) of e t a ,  Laves, and t au  

phases were found a f t e r  HFIR i r r a d i a t i o n  t o  54 dpa. The evidence ( see  

Table 3.5.3) suppor ts  the  c a v i t i e s  s t i l l  being bubbles at  54 dpa as 

opposed t o  vo ids .26 ,27  

a concen t r a t ion  of about 7 x l o2 '  m-3. 

about 50 t o  70 times more dense than the  voids  found a f t e r  EBR-I1 

i r r a d i a t i o n .  Although coarse  p r e c i p i t a t e  p a r t i c l e s  of e t a  and Laves 

phases have bubbles at  t h e i r  i n t e r f a c e s ,  p r e c i p i t a t e- a s s i s t e d  void for-  

mation has not occurred. Swelling is t h e r e f o r e  only 1 t o  2% a f t e r  54 dpa 

i n  HFIR.  This  r e s u l t  toge ther  with the  lower f luence  HFIR data  shows 

t h a t  swel l ing  develops a t  a much slower r a t e  than t h e  swel l ing  i n  ERR-I1 

( s e e  Table 3.5.1). 

These bubbles a r e  about 17 nm i n  diameter and have 

They a r e  10 times smaller and 
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3.5.4.3.2 CW 316 Precipitate Compositional Information. There are 

several ways to monitor the microcompositional redistributions in irra- 

diated materials that occor as a consequence of RISS. The precipitate and 

matrix chemical changes are, of course, complementary in a conservative 

system. 31 A small amount of vanadium is produced from manganese transmuta- 

tion during HFIR irradiation of type 316 stainless steel. 36 

believe the vanadium has only a minor, if any, influence on cavity and 

precipitation behavior. ' '9  26 

been given previously. 24, 31 

However, we 

The bases for the phase identifications have 

Representative x-ray EDS spectra with the results of quantitative 

compositional analysis for each spectrum are shown f o r  eta, Laves, and tau 

phases in Figs. 3.5.4 through 3.5.6, respectively. The compositions of 

ORNL-PHOTO 9192-81 

Fig. 3.5.4. Representative X-ray EDS Spectra (Abscissa is in keV) 
with Quantitative Compositional Data for Eta (M&) Phase Formed in CW 316 
(DO heat) Either by Thermal Aging at 500 to 550°C or in the Reactor and to 
the Fluence Indicated. A l l  spectra were taken from extraction replicas 
and on Be grids except for the H F I R  54-dpa sample, which was on a Cu grid 
and hence has a Cu Ka peak next to Ni. Element peaks present are labeled. 
In these spectra Mn Ka are not labeled because they are obscured by Cr KB. 
Note the similarity between spectra. 
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ORNL-PHOTO 9193-81 

Fig. 3.5.5. Representa t ive  X-ray EDS Spect ra  and Compositional Data 
f o r  Laves Phase from the  Same Repl icas  Described i n  Fig. 3.5.4. (Thermally 
aged at  60OoC and EBR-I1 or HFIR i r r a d i a t e d  a t  5OC-55O0C, as  ind ica t ed . )  
Element peaks present  a r e  labeled.  Note N i  and Mo d i f f e r e n c e s  between 
spec t r a .  

t hese  phases are a l s o  given i n  Table 3.5.4. This s e c t i o n  will focus on 

t h e  d e t a i l s  t h a t  a r e  be l ieved  to  be important f o r  e s t a b l i s h i n g  the  l i n k s  

among p r e c i p i t a t e  formation,  RISS, and c a v i t y  development. The b a s e l i n e  

f o r  comparison i s  t he  thermal aging behavior of t hese  phases. 

A s  mentioned before ,  p r e c i p i t a t i o n  in CW 316 during thermal aging 

a t  560 t o  800°C i s  dominated by formation of e t a ,  Laves, and t au  phase 

p a r t i c l e s . 2 0 - 2 4 , 3 1  

and about 25% Mo and 7% S i  (Table 3.5.4 and Fig. 3.5.4). The e t a  phase i s  

cons iderably  deple ted  in i r o n  r e l a t i v e  t o  the  matr ix.  The Laves phase in 

aged material has t h e  h ighes t  molybdenum content  of the va r ious  phases 

(-40-45 wt %), is r i c h  in S i  a t  about 4.5 wt %, has about half the  Fe con- 

t e n t  (-25-30 wt %) (Table 3.5.4 and Fig. 3.5.5) and c l o s e  t o  t h e  same C r  

content  a s  the  mat r ix  (which is normally 16-18 wt %). The Ni content  i n  

t h e  Laves phase is low, a t  5 t o  6 wt %. Tau i s  morphological ly and 

c r y s t a l l o g r a p h i c a l l y  s i m i l a r  t o  e t a  phase and o f t e n  sha res  a common 

Eta phase con ta ins  nea r ly  30 wt % each of Cr and N i ,  
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ORNL-PHOTO 91 94-81 

Fig. 3 . 5 . 6 .  Representa t ive  X-ray EDS Spect ra  and Compositional Data 
f o r  Tau (M23C6) Phase and G Phase from the  Same Repl icas  Described in 
Fig. 3.5.4. (Thermally aged at 60OoC and EBR-I1 or H F I R  i r r a d i a t e d  at  
5OC-55O0C, a s  ind ica t ed ) .  Transmission e l e c t r o n  microscopy of r e p l i c a s  
a f t e r  (a) EBR-I1 i r r a d i a t i o n  a t  69 dpa and ( b )  HFIR i r r a d i a t i o n  at  54 dpa 
a r e  included with s p e c t r a  so t h a t  t he  reader  can a p p r e c i a t e  s i z e ,  scale, 
and r e l a t i v e  phase amounts. The G phase is r a d i a t i o n  induced in type 316 
s r a i n l e s s  s t e e l .  Note the  s i m i l a r i t y  among t h e  va r ious  t au  phase spectra 
and the  s t r i k i n g  d i f f e rence  in Si and N i  l e v e l s  between G and t au  phases. 

i n t e r f a c e .  However, t au  phase is c l e a r l y  d i f f e r e n t  in composition from 

e t a  phase.21-24,31 

low N i  (3-5 wt %) and very low or  no S i  (C-1 w t  %) (Table 3 . 5 . 4  and 

Fig. 3 . 5 . 6 ) .  

Tau is enr iched  i n  C r  t o  about 6 0  t o  70 wt X and has 

After  e i t h e r  EBR-I1 or HFIR i r r a d i a t i o n  at  500 t o  55OoC, t h e  e t a ,  

Laves, and t au  phases a r e  the  dominant phases, but t he  r e l a t i v e  amount of 

t a u  is much l e s s  than a f t e r  aging ( see  Table 3.5.2). Very minor amounts 
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of radiat ion- induced y- and G phasesz4 a r e  found a f t e r  EBR-I1  i r r a d i a t i o n  

a t  69 dpa, but n e i t h e r  of t hese  a r e  found a f t e r  H F I R  i r r a d i a t i o n  t o  

54 dpa. 

and e t a  phases produced by i r r a d i a t i o n  show almost no composi t ional  

changes r e l a t i v e  t o  these  phases produced by aging. However, Laves phase 

can show s u b s t a n t i a l  sys temat ic  v a r i a t i o n  of S i ,  Mo, and N i  l e v e l s ,  which 

w i l l  l a t e r  be shown t o  depend upon t h e  coupling t o  RISS. 

The va r ious  phases a r e  a l s o  c l e a r l y  d i s t ingu i shab le .  2 4 3  3 1  Tau 

Figure  3.5.4 is set up f o r  easy v i s u a l  comparison of HFIR and EBR-I1 

i r r a d i a t i o n  e f f e c t s  on the  composition of t h e  e t a  phase as f luence  

i n c r e a s e s ,  with the  thermally aged composition a s  a r e fe rence  point .  

Table 3.5.4 presen t s  the  compositions of the  phases f o r  sample-to-sample 

comparison f o r  var ious  exposure condi t ions .  In gene ra l ,  t h e r e  a r e  only 

small  sys temat ic  d i f f e r e n c e s  between t h e  s p e c t r a  and composition f o r  e t a  

produced by H F I R  i r r a d i a t i o n  a t  10 and 54 dpa and t h a t  found a f t e r  aging 

a t  600'C (which, i n  tu rn ,  i s  q u i t e  r e p r e s e n t a t i v e  of e t a  phase over i t s  

e n t i r e  range of observa t ion  a f t e r  thermal ag ing23 ,  "). The S i  and N i  

con ten t s  a r e  s l i g h t l y  lower, Fe content  about double, and C r  s l i g h t l y  

inc reased  a f t e r  H F I R  i r r a d i a t i o n  compared with aging. It is important t o  

no te  t h a t  t he  V content  i nc reases  during H F I R  i r r a d i a t i o n ,  c o n s i s t e n t  with 

t h e  repor ted  V product ion due t o  t ransmuta t ion  of Km i n  HFIR.36 E t a  phase 

w i l l  scavenge and g r e a t l y  concen t r a t e  even a minor amount of V present  or  

produced i n  the  matrix.  2z, 24, 3 1  

dependence on neutron f luence  a f t e r  H F I R  i r r a d i a t i o n .  The composition and 

EDS spectrum " f i n g e r p r i n t "  of the  e t a  phase a f t e r  EBR-I1  i r r a d i a t i o n  

(-9 dpa) is  s i m i l a r  to  the  composition of the  e t a  phase produced by 

thermal  aging and by H F I R  i r r a d i a t i o n .  The S i  and N i  con ten t s  a f t e r  

EBR-I1  i r r a d i a t i o n  a r e  almost i d e n t i c a l  t o  those  found a f t e r  aging;  Cr 

i s  s l i g h t l y  h igher  and Fe almost double. For EBR-11 i r r a d i a t i o n ,  l i t t l e  

o r  no V is found ( c o n s i s t e n t  with previous measurements a t  lower f luence3 ' )  

and the  Mo is reduced by almost a f a c t o r  of 2. 

The e t a  phase composition shows l i t t l e  

F igure  3.5.5 shows the  comparison of the  e lementa l  composition of 

Laves phase f o r  HFIR-  and EBR-I1 i r r a d i a t e d  m a t e r i a l s  and f o r  aged 

material. The compositions a r e  a l s o  found i n  Table 3.5.4. I r r a d i a t i o n  

appa ren t ly  can a f f e c t  the  Laves composition much more than it does the  e t a  
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(Fig. 3 . 5 . 4 )  and t au  (Fig. 3 . 5 . 6 )  phases. The HFIR i r r a d i a t i o n  does not 

s u b s t a n t i a l l y  a l t e r  t he  Si and Mn con ten t s  and only s l i g h t l y  i n c r e a s e s  C r  

and Fe con ten t s  r e l a t i v e  t o  thermal aging. Vanadium i s  de tec t ed  sporadi-  

c a l l y  and a t  lower con ten t s  in Laves phase than i n  e t a  phase a f t e r  HFIR 
i r r a d i a t i o n .  The l a r g e s t  changes a r e  a reduct ion  i n  Mo t o  28 t o  30 w t  % 

(from 4 M 5  w t  % found a f t e r  aging)  and a doubling of the  N i  content  t o  

approximately 12 w t  % a f t e r  HFIR i r r a d i a t i o n .  Su rp r i s ing ly  l i t t l e  va r i a-  

t i o n  is found with inc reas ing  f luence  from 10 t o  54 dpa i n  HFIR, and 

p a r t i c l e- t o- p a r t i c l e  v a r i a t i o n s  i n  composition are very small.  P r i o r  

work24*31 i n d i c a t e d  about 20 t o  25 at.  % N i  i n  Laves phase i n  the  HFIR  

sample  i r r a d i a t e d  t o  54 dpa. 

and only a few measurements were made. Poss ib ly  e t a  and Laves p a r t i c l e s  

were superimposed because a very good second r e p l i c a  was made t o  recheck 

t h a t  r e s u l t .  E t a  phase was found t o  be the  only n i cke l- r i ch  phase, and 

a l l  the  Laves p a r t i c l e s  were similar t o  the  composition shown i n  Fig. 3 . 5 . 5  

Fine t au  ( M 2 3 C 6 )  phase was not found previous ly  e i t h e r ,  but i ts  presence 

on t h e  new replica was c o n s i s t e n t  with t h e  low n i c k e l  content  of t h e  Laves 

phase. 

However, t he  i n i t i a l  r e p l i c a  was q u i t e  poor, 

In EBR-11-irradiated m a t e r i a l ,  Laves phase is c l e a r l y  d i s t i n g u i s h a b l e  

from the  o t h e r  phases by the  " f i n g e r p r i n t "  s p e c t r a  of Fig. 3 . 5 . 5 .  In 

a d d i t i o n ,  Laves phase has an i n t e r n a l  s t ack ing  f a u l t  s t r u c t u r e  and 

d i f f r a c t i o n  behavior t h a t  makes it e a s i l y  d i s t i n g u i s h a b l e  from the  o t h e r  

phases, even without x-ray EDS. 24, 31 

Laves phase w a s  c l e a r l y  i d e n t i f i e d  a t  36 and 69 dpa i n  EBR-11-irradiated 

ma te r i a l .  The amount of Laves is q u i t e  small  a t  36 dpa but is i nc reased  

s u b s t a n t i a l l y  by 69 dpa, and t h e r e  are a l s o  cons iderable  d i f f e r e n c e s  in 

composition a s  the  neutron f luence  i n c r e a s e s  ( see  Table 3 . 5 . 2 ) .  Afte r  

36 dpa i n  EBR-11, t h e  S i  content  is h ighe r ,  t h e  Ni content  nea r ly  t r i p l e ,  

t h e  C r  s l i g h t l y  g r e a t e r ,  and Fe s l i g h t l y  less than t h e  l e v e l s  of t hese  same 

elements i n  t h e  same phase produced by thermal aging ( s e e  Table 3 . 5 . 4 ) .  

Afte r  69 dpa t h e  Si content  is s t i l l  h igher  (11-12 w t  % compared t o  6 5 % ) .  

Mo reduced t o  about a t h i r d ,  and Ni almost seven times g r e a t e r  than  a f t e r  

thermal aging. After  t he  EBR-I1 i r r a d i a t i o n  C r  and Fe show only smal l  

reduct ions .  

In t h i s  s tudy (and previous  workz6), 



187 

D e t a i l s  i n  Table 3.5.2 show t h a t  i n  EBR-I1  a f t e r  36 dpa the  Laves 

p a r t i c l e s  i n  the  form of f i n e  l a t h s  c o n s t i t u t e  only a small volume f rac-  

t i o n  of the  p r e c i p i t a t i o n ,  with v i r t u a l l y  no void a s s o c i a t i o n .  Af t e r  

EBR-I1 i r r a d i a t i o n  t o  69 dpa, t he  Laves p a r t i c l e s  have a blocky morphology, 

which usua l ly  has a d i f f e r e n t  c r y s t a l  h a b i t  than  the  l a t h  morphology. 3 1  

The blocky Laves p a r t i c l e s  a r e  almost completely a s s o c i a t e d  with vo ids ,  

and the  volume f r a c t i o n  of Laves has moderately increased  from 36 t o  

69 dpa. These observa t ions  favor  i n t e r p r e t a t i o n  a s  d i s s o l u t i o n  and repre- 

c i p i t a t i o n  r a t h e r  than any type of i n f i l t r a t ion- exchange  mechanism. 13-15 

The f i n a l  po r t ion  of t h i s  s e c t i o n  dea l s  with t au  phase and the  radia-  

tion- induced G and y* phases. F igure  3.5.6 aga in  shows s p e c t r a  and com- 

p o s i t i o n a l  information f o r  t au  phase a f t e r  i r r a d i a t i o n ,  with the  thermal 

composition and EDS spectrum as a v i s u a l  r e fe rence  poin t .  Figure 3.5.6 

and Table 3.5.4 inc lude  an a n a l y s i s  of G phase, found a f t e r  EBR-I1 i r r a -  

d i a t i o n  a t  69 dpa. Transmission e l e c t r o n  microscopy of the  carbon ext rac-  

t i o n  r e p l i c a s  a f t e r  EBR-I1 i r r a d i a t i o n  t o  69 dpa [Fig. 3.5.6(a)] and a f t e r  

H F I R  i r r a d i a t i o n  t o  54 dpa [F ig .  3.5.6(b)] a r e  included so  t h a t  t he  reader  

can a p p r e c i a t e  the  s c a l e ,  amounts, and s p a t i a l  d i s t r i b u t i o n s  of the  phases 

i d e n t i f i e d  and the  very obvious d i f f e r e n c e  between the  EBR-I1  and H F I R  

i r r a d i a t i o n s .  Tau phase, i n  very small p o r t i o n s ,  is  observed a f t e r  

8.4 dpa ( r e f s .  26 and 31) and 36 dpa i n  EBR-11, but none i s  found a f t e r  

69 dpa. Only a very small f r a c t i o n  of y' was de tec t ed ,  p r imar i ly  by MoirS 

f r i n g e  imaging i n  b r i g h t  f i e l d  and the  combination of d i f f r a c t i o n  a n a l y s i s  

p l u s  dark- f ie ld  imaging with s u p e r l a t t i c e  r e f l e c t i o n s .  Many of the  small 

p a r t i c l e s  found between voids appear t o  be Laves and G-phase p a r t i c l e s  i n  

a d d i t i o n  t o  y'. The " f i n g e r p r i n t "  of t au  phase is  very d i s t i n c t  and 

c l e a r l y  s i m i l a r  t o  the  f i n g e r p r i n t s  of t he  thermal ly  produced phase and 

t h e  phase produced by HFIR i r r a d i a t i o n  a t  both f luences  and EBR-I1 i r r a -  

d i a t i o n  a t  36 dpa. Af ter  EBR-I1  i r r a d i a t i o n ,  t au  con ta ins  s l i g h t l y  more 

S i  and N i  but is  otherwise composi t iona l ly  i d e n t i c a l  t o  i t s  thermal 

coun te rpa r t .  Af ter  H F I R  i r r a d i a t i o n ,  t au  has a l i t t l e  more S i ,  s l i g h t l y  

more Ni, a no t i ceab le  amount of V, more Mo, and less Fe than  the  thermal 
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phase, and virtually no compositional fluence dependence (see Table 3.5.4). 
We do not observe much enrichment of Si and never observe Ni enrichment 
of tau phase relative to the matrix under any aging or irradiation 

c ~ n d i t i o n ~ ~ - ~ ~ ,  26, 31 in contrast to both early and recent work by Brager 

and Garner (and co-workers)11-15,30,37~3E on this Do heat and other heats 

of type 316 stainless steel. The G-phase spectrum and composition are 
included in Fig. 3.5.6 for comparison of an irradiation induced phase with 

a naturally Ni- and Si-poor phase like tau. The Si and Ni contents of 

G phase are the highest observed in any of the phases in Figs. 3.5.4 

through 3.5.6, and the Mn enrichment is unique to this phase in type 316 

stainless steel. 26, 38 

with any of the other phases, including y’ (ref. 26). One distinct corre- 

lation here is that tau phase is not observed where irradiation-induced 

phases are present and vice versa (Tables 3.5.2 and 3.5.4). 

Its distinctive “fingerprint” cannot be confused 

3.5.4.3.3 SA 316 Microstructural Evolution. We will not go into 

the microstructural or microchemical detail for the SA material that we 

did for the CW 316 because research is still in progress. There are, 

however, several interesting, easy comparisons that are important to 

further illustrate and help reinforce points made previously. Summaries 

of microstructural observations are given in Tables 3.5.5 and 3.5.6. 

Previous work shows that there are distinct precipitation differences 

between thermally aged SA and CW 316. 24, 31, 39, 4 0  

summarize microstructural observations for the aged SA 316 samples. 

Figure 3.5.7 shows the SA 316 nicrostructure that developed after aging 

f o r  10,000 h at 6OO0C [compare with CW 316 in Fig. 3.5.l(b)l. Tau is the 

only phase formed during the aging, and these coarse laths are fully 

developed after 2770 h and remain unchanged on further aging to 10,000 h. 
The microstructure is nearly identical after aging for 2770 and 4400 h 
at 560°C, and no precipitates are observed after 10,000 h at 500OC. 
Considerable precipitation of coarser tau and Laves develops after 

10,000 h at 6 5 O O C .  

Tables 3.5.5 and 3.5.6 
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ORNL-PHOTO 9198-81 

Fig. 3.5.7. Solution Annealed 5 p e  316 Stainless Steel (DO Heat) 
Aged at 60OoC for 10,000 h. The only precipitate formed I s  tau (M23Cg) 
phase in the swordlike lath morphology. 

Figure 3.5.8 shows microstructures developed at lower and higher 

fluences after EBR-I1 and HFIR irradiation of DO heat SA 316 at 500 to 
555OC. Tables 3.5.5 and 3.5.6 also contain microstructural descriptions 

for these samples. These illustrate, by intercomparison, microstructural 
differences that correlate with the large change in helium generation 

rate. They also illustrate the couplings between precipitate and cavity 

development and the importance of relative development rates among the 

various microstructural components. Figure 3.5.8(a) and (b) shows the 



1 

1 9  2 

r 

ORNL-PHOTO 919581 

C 

Fig. 3.5.8. So lu t ion  Annealed Type 316 S t a i n l e s s  S t e e l  (DO Heat) 
I r r a d i a t e d  in EBR-I1 a t  (a )  5OO0C and (b) 525OC and in HFIR at  ( c )  515 t o  
540'C and (d) 530 t o  555'C t o  the  Fluences Indica ted .  The helium genera- 
t i o n  r a t e  is about 100 t i m e s  g r e a t e r  in t h e  HFIR- irradiated samples. The 
sequence and amount of void development toge the r  with p r e c i p i t a t e  develop- 
ment are c l e a r l y  being a f f e c t e d  by d i f f e r e n c e s  in helium gene ra t ion  rate. 

slow and cont inuous development of an inc reas ing  number of voids  and 

p r e c i p i t a t e  particles (eta, Laves, p lus  small amounts of i r r a d i a t i o n-  

induced phases) with inc reas ing  f luence  i n  EBR-I1 ( s ee  Tables 3.5.5 and 

3.5.6). There a r e  very few re so lvab le  bubbles (see Table 3.5.5). 

Apparently,  as helium bubbles form they quickly  conver t  t o  voids. A few 

vo ids  are observed i n  the  mat r ix  after  36 dpa, but most of t he  l a r g e r  
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voids are attached to precipitate particles. 

shows that a moderately high concentration of bubbles and a significant 

amount of precipitates develop rapidly after 11 dpa in HFIR, and abundant 
void formation is observed both in the matrix and in association with 

precipitate particles after 42 dpa. After 11 dpa, a bimodal distribution 
of matrix cavities [see Table 3.5.5 and Fig. 3.5.8(c)] is observed. This 
bimodal development could be the early stage of matrix void formation. 

After 42 dpa, the largest voids are clearly those associated with 

various precipitate particles. 

in EBR-I1 than in HFIR at low fluence but is then accelerated in HFIR 
at higher fluence. 

to 5 X lo1’ K3 of voids that range from 20 to 100 mn in diameter 

(Table 3.5.5).27 

in HFIR due to about 1.5 x loz1 m-3 of voids that range from 20 to 120 mn 

in diameter (Table 3.5.5). 2J 

different in EBR-I1 and HFIR in Fig. 3.5.8. The direct role of increased 

helium generation is increased bubble nucleation. However, subsequent 

development of bubbles into voids, if they grow beyond their critical 

radius, l6 appears very complicated and related to development of other 

microstructural components as w e l l .  At least some coupling to RISS is 
obvious in comparing thermal with irradiated precipitation behavior. 

Finally, consider some helium-preinjected (110 at. ppm) samples of 
SA 316 irradiated side by side with uninjected material in EBR-I1 to 
8.4 dpa. 

system sink strength to precipitation formation through the various mecha- 

nisms of RISS. 

Figure 3.5.8(c) and (d) 

20 

Void swelling clearly develops earlier 

Swelling after 36 dpa in EBR-I1 is about 0.5%, due 

Swelling is 8 to 9%, by the same measure, after 42 dpa 

Clearly the microstructural evolution is 

Results from these samples help to make clear the coupling of 

Figure 3.5.9 shows the microstructure of the helium- 
-11. 

316 
ire 

of the preinjected sample at higher magnification. In the samples without 

preinjected counterpart of Fig. 3.5.8(a) after 8.4 dpa at 50OoC in EBR- 

No voids and some barely resolvable bubbles are observed, and matrix 
precipitation is not found (see Table 3.5.6). 

high concentration of prismatic loops that have developed from the finf 

black spot damage present after the 20°C helium preinjection. 

Figure 3.5.10 has the same comparison of uninjected and preinjected SA 

after 8.4 dpa at 625OC in EBR-11. Figure 3.5.11 shows the microstructi 

The only features are a 

! 



194 

ORN L-PHOTO 9196-81 

Pig. 3.5.9. Solution Annealed Type 316 Stainless Steel (DO Heat) 
Irradiated in EBR-I1 at 5 0 0 ° C  to 8.4 dpa after 110 at. ppm He Had Been 
Preinjected at 2OOC. 
able voids, bubbles. or precipitation. 

Prismatic loops are found with virtually no observ- 

ORNL-PHOTO 9199-81 

'i 

Fig. 3.5.10. Solution Annealed Type 316 Stainless Steel (DO Heat) 
Irradiated in EBR-I1 at 625'C to 8.4 dpa. 
110 at. ppm He preinjected at 2OOC. 
swelling completely suppressed. 

(a) Uninjected and (b) with 
Precipitation is increased but void 
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bubbles in the matrix, along dislocations and across precipitate inter- 

faces in the helium-preinjected sample. At 625'C, the comparison between 

uninjected and preinjected SA 316 irradiated in EBR-I1 parallels the 

microstructural and microcompositional evolutionary differences described 

in Sect. 3.5.4.3.1 between CW 316 irradiated in HFIR and irradiated in 

EBR-I1 at 500 to 55OOC. This agreement leads us to suspect that some more 

general underlying principles can reconcile these observations. 

3.5.4.3.4 Microstructural Data Correlation and Summary of the 

Effects of Helium. 

CW 316, EBR-11 and S I R .  The data show that altering the helium 

level or generation rate can affect development of both cavity and preci- 

pitate components of the microstructure. First we will deal with the 
cavity microstructure. 
the entire microstructure of CW 316 develops slowly and progressively at 
500 to 525OC. 
the early stages of void formation from 8.4 to 36 dpa. The bubbles 

convert16 to a coarser distribution of voids, in conjunction with further 

development of the precipitate structure as fluence increases (including 

some dissolution and redistribution). 

CW 316 at similar conditions in HFIR with its much higher helium 
generation rate, fine bubbles and precipitation develop much more rapidly 

than in EBR-I1 irradiation. In HFIR, the cavity microstructure continues 
to grow slowly, as a fairly uniform size distribution of bubbles, and 

resists development into coarse voids up to 54 dpa. 

At the low helium generation rate found in EBR-11, 

Fine bubble formation and significant precipitation precede 

During irradiation of the same 

- 

There are also important differences between precipitation in CW 316 

The behavior of aged CW 316 provides a irradiated in HFIR and in EBR-11. 
baseline for precipitation that helps us understand the nature of these 

differences. Much more eta and more Laves are found after irradiation in 
either reactor than after aging (see Table 3.5.2). 

during aging, a minor phase in HFIR, and very sparse in EBR-11. In 
EBR-11, irradiation encourages formation of the naturally Si- and/or Ni- 
rich thermal phases (only Si-rich in the case of Laves) and discourages 

Tau is a major phase 
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formation of phases poor in both elements. The G and Y' phases found 

after EBR-I1 irradiation are not normally found in aged SA o r  CW 316. 

When these phases are found after aging in other austenitic or 

Fe-Cr-Ni-Mo-Si alloys, they are also naturally Ni- and Si-rich. 249 '' 
The compositional fluence dependence varies from phase to phase 

during EBR-I1 irradiation. Eta phase remains compositionally unchanged 

over the entire fluence range. Tau phase, found over a smaller fluence 

range, also remains constant. Compositionally, Laves phase is more 

flexible in Ni concentrations than the other phases. It is found substan- 

tially enriched in Ni at the early stages of development in ERR-I1 at 36 

dpa, and it is found even richer in Ni at 69 dpa. The important point, 
however, is that Laves phase development with increasing fluence appears 

to involve both redistribution through dissolution and reprecipitation, 
as well as particle growth and coarsening. 

Precipitation i n  CW 316 irradiated in HFIR differs from that in 

EBR-11-irradiated material and falls closer in character to aged CW 316. 

Substantial amounts of eta and Laves develop in H F I R ,  but a fine disper- 

sion of Ni- and Si-poor tau (M23C6) particles is the minor phase. This 

is in contrast to the small particles of the irradiation-induced Ni- and 

Si-rich G and y' phases found in ERR-11. These fine tau-phase particles 

are the first precipitate phase to develop and are still present (and Ni- 

and Si-poor) after 54 dpa. The volume fraction of Laves phase is greater 

and it forms with much less Ni in HFIR than in EBR-11. It remains com- 
positionally unchanged and low in Ni over the entire fluence range, in 
contrast to the high Ni and continuously increasing enrichment observed 

in EBR-11. 

SA 316, EBR-11 and HFIR. Considering first SA 316 in EBR-I1 at 500 

to 525"C, void swelling and precipitation develop after 8.4 dpa, and the 

number of voids and the number of precipitate particles increase with 

increasing fluence up to 36 dpa. Both precipitate size and void size, 

however, are fairly constant over this fluence range, indicating that, 

once nucleated, each microstructural feature rapidly grows to a stable 

size. Compared with the CW 316 at the same conditions and low helium 
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generation rate in ERR-11, void formation and precipitation are greater 

in the SA 316 and very few fine bubbles are observed. At 36 dpa there 

is much more precipitate-assisted void growth in SA 316 than in CW 316. 

Precipitate formation in the ERR-11-irradiated SA 316 is greater than that 

in aged material and is dominated by eta (MgC) phase. Small amounts of 

irradiation-induced y' and/or FeZP-type phases are observed at 8.4 to 

36 dpa.'!' The only phase found in aged SA 316 is Ni- and Si-poor tau 

phase (M23C6) up to 6OO0C, so that the presence of these other phases 

under EBR-I1 irradiation indicates substantial RISS in conjunction with 

the void swelling. 

At the higher helium generation rate in HFIR, the precipitates and 

voids develop independently in SA 316, compared with the coupling we find 

in ERR-11. Precipitate development is rapid in H F I R ,  and after 11 dpa the 

particle size and number density at 510 to 550°C are nearly equivalent to 

those found after 36 dpa in EBR-11. The HFIR precipitation contains no 
irradiation-induced phases. Cavity nucleation is rapid in SA 316 in HFIR 

and consists of fine bubbles rather than the coarse voids found in EBR-11. 

However, the HFIR sample exhibits a distinct bimodal distribution shown 

in Fig. 3.5.8(c), which indicates the earliest stage of bubble-to-void 

conversion. These first voids forming in HFIR are in the matrix and not 

at eta particles (which are both coarse4' and Ni- and Si-rich") as in 

EBR-11. In contrast with the lower fluence comparison, void formation and 

swelling are considerably greater at higher fluence in HFIR than in EBR-I1 

[see Fig. 3.5 .8(b)  and (d)]. The swelling is greater because voids are 

about 50 times more numerous at the higher fluence in HFIR than in EBR-11. 

Both matrix and precipitate-assisted void formation contribute to the high 

swelling in HFIR. Cavity concentration is reduced with increasing fluence 

in HFIR because of void and bubble coalescence, in contrast to the 

increasing void plus bubble concentrations found in EBR-I1 with increasing 

f hence. 

SA 316, EBR-11, With and Without Preinjected Helium. The bubble con- 

centration in preinjected SA 316 irradiated at 625OC to 8.4 dpa is much 

higher than the void plus bubble concentrations in any of the uninjected 
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SA and CW 316 i r r a d i a t e d  i n  EBR-I1 or  HFIR. The p r e i n j e c t e d  SA 316 has 

sma l l e r  bubbles, which a r e  bare ly  r e so lvab le  and a r e  at  l e a s t  as numerous 

a s  those  found a t  625°C. In a d d i t i o n ,  t he  loops add s i g n i f i c a n t l y  t o  the  

t o t a l  s ink  dens i ty  at  5OOOC. P r e i n j e c t i o n  suppresses void swel l ing  

completely a t  both temperatures.  The p r e c i p i t a t e  results c o n t r a s t  because 

helium p r e i n j e c t i o n  co inc ides  with e l imina t ion  of p r e c i p i t a t i o n  a t  5OO0C 

but  cons iderable  inc rease  at  625OC. However, t he  high s i n k  s t r e n g t h  a l s o  

suppresses RISS; thus  p r e i n j e c t i o n ,  which i n c r e a s e s  the  s ink  s t r e n g t h ;  

w i l l  a l s o  suppress  RISS. In t h e  absence of RISS the  a l l o y  w i l l  behave 

j u s t  l i k e  a thermally aged a l l o y .  No thermal p r e c i p i t a t i o n  i s  found i n  

aged SA 316 a t  5OO0C, but s i g n i f i c a n t  p r e c i p i t a t i o n  is seen a t  625 t o  

65OoC ( r e f s .  31 ,  39,  and 40 ) .  The phases i d e n t i f i e d  thus  f a r  i n  the  

p r e i n j e c t e d  SA 316 i r r a d i a t e d  a t  625°C a r e  s i m i l a r  t o  those  found i n  aged 

ma te r i a l .  

3.5.4.4 Discussion 

3.5.4.4.1 Helium E f f e c t  on Void Formation. The condensat ion and 

c o r r e l a t i o n  of the  da ta  r evea l  s e v e r a l  genera l  p r i n c i p l e s  and i n s i g h t s  

about helium e f f e c t s  on void and p r e c i p i t a t e  development. This  da ta  f o r  

a commercial, complex a l l o y  l i k e  type 316 s t a i n l e s s  s t e e l  under neutron 

i r r a d i a t i o n  i n d i c a t e s  t h a t  helium i s  very important t o  the  nuc lea t ion  

s t a g e  of void formation. Void development appears  t o  be a two-step 

process  t h a t  involves i n i t i a l  helium bubble formation and subsequent 

conversion of the  bubbles t o  voids. The conversion depends, a t  least 

i n  p a r t ,  on l o c a t i o n  i n  the  mic ros t ruc tu re  - t h a t  is, a s s o c i a t i o n  with 

p r e c i p i t a t e s  - and e i t h e r  l o c a l  or  t o t a l  sink s t r u c t u r e  and s t rength .  

There has been a g r e a t  deal of d i scuss ion  over the  years  a s  t o  exac t ly  how 

voids  form. Cawthorne and Fulton envisioned bubble formation as a pre-  

r e q u i s i t e  t o  void formation i n  t h e i r  e a r l i e s t  work. This i s  a l s o  exac t ly  

t h e  sequence of events  envisioned i n  t h e o r e t i c a l  c r i t i c a l  r ad ius  arguments 

f o r  bubble-to-void conversion. 16, 2 0 ,  lr3 

by Kenik and Lee44 demonstrates t h a t  i n  complex 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  coarse  p r e c i p i t a t i o n  and RISS a lone  a r e  not s u f f i c i e n t  f o r  void 

formation. They f ind  t h a t  helium is e s s e n t i a l .  

Recent heavy-ion i r r a d i a t i o n  work 



Increased  helium l e v e l  or genera t ion  r a t e  u sua l ly  i n c r e a s e s  t h e  

helium bubble populat ion,  and these  bubbles i n  tu rn  a f f e c t  the  bubble-to- 

void conversion by t h e i r  c o n t r i b u t i o n  t o  the  t o t a l  s ink  s t r e n g t h  of t h e  

system. A t  the  extreme, i f  t he  c a v i t y  nuc lea t ion  r a t e  is  very high,  cavi-  

t ies (as  opposed to d i s l o c a t i o n s  and p r e c i p i t a t e s )  can become the  dominant 

s i n k s  i n  the  system. Dif ferences  i n  f i n e  bubble d i s t r i b u t i o n  c e r t a i n l y  

c o n t r i b u t e  to d i f f e r e n c e s  i n  void formation between SA and CW 316 i r r a -  

d i a t e d  i n  EBR-11. 

The combined da ta  f o r  H F I R  and EBR-I1  i r r a d i a t i o n  of SA and CW 316 

s t a i n l e s s  s t e e l  i n d i c a t e  a s ink  s t r e n g t h  at  which b i f u r c a t i o n  occurs  

i n  the  poss ib l e  evolu t ionary  paths f o r  the  c a v i t y  mic ros t ruc tu re  with 

inc reased  f luence .  I f  the s t a b l e  sink s t r e n g t h  i s  above t h i s  l e v e l ,  a 

low-swelling path of continued bubble growth is  followed, but i f  s ink  

s t r e n g t h  f a l l s  below t h i s  l e v e l  a high- swelling void growth pa th  i s  

pursued. Our data  i n d i c a t e  t h a t  t h i s  s ink  s t r e n g t h  is  a l e v e l  between 

t h e  s t r e n g t h  of s ink  s t r u c t u r e s  found i n  the  SA and CW 316 i r r a d i a t e d  i n  

HFIR. This same p r i n c i p l e  is seen i n  the  b e n e f i c i a l  e f f e c t s  t h a t  f i n e ,  

s t a b l e  d i spe r s ions  of t i t an ium carb ide  (MC) p a r t i c l e s  a f f o r d  t o  T i-  

modified 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 .  These particles r e f i n e  the  bubble 

mic ros t ruc tu re  and suppress  void formation i n  both E B R - I 1  and HFIR.  35,  " 9  46 

A recen t  review by Odette et a l .  2o of both ion  and r e a c t o r  swel l ing  

d a t a  f o r  type 316 s t a i n l e s s  s t e e l  a l s o  suppor ts  such b i f u r c a t i o n  of the  

m i c r o s t r u c t u r a l  evolu t ionary  path.  The f a c t  t h a t  the poin t  of divergence 

f a l l s  between the  s ink  s t r u c t u r e s  and c a v i t y  d e n s i t i e s  produced by i r r a -  

d i a t i o n  of SA and CW 316 i n  HFIR causes problems f o r  p r o j e c t i n g  t h e  

swel l ing  of CW 316 i n  a fus ion  environment from the  e x i s t i n g  EBR-I1 and 

H F I R  da ta  s e t s .  S t o l l e r  and Odet te47  c a l i b r a t e  t h e i r  model to f i t  t he  

HFIR and EBR-I1 data s e t s  f o r  CW 316 (DO hea t )  f o r  t he  appropr i a t e  He/dpa 

r a t i o s  and then s e t  the  He/dpa r a t i o  a t  t he  fus ion  l e v e l ,  which i s  between 

the  EBR-I1 and H F I R  r a t i o s .  They then f i n d  t h a t  fus ion  swel l ing  can f a l l  

between the  swell ing found i n  the  two r e a c t o r s  or can be g r e a t e r  than 

e i t h e r ,  depend on whether voids  develop or whether c a v i t i e s  a r e  con- 

s t r a i n e d  to grow as bubbles. The da ta  thus  f a r  does not a l low us t o  

determine which way GI4 316 w i l l  behave f o r  fus ion  but does he lp  t o  

understand why the  dilemma e x i s t s .  
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3.5.4.4.2 Helium E f f e c t s  on P r e c i p i t a t i o n .  The f a c t  t h a t  helium 

a l s o  a f f e c t s  p r e c i p i t a t i o n  i n  type 316 is puzzl ing because helium i s  

an  i n e r t  gas and i t s  atoms cannot enter d i r e c t l y  i n t o  t h e  s o l i d  s t a t e  

chemical r e a c t i o n s  respons ib le  f o r  p r e c i p i t a t i o n  the  way t h a t  o the r  s o l i d  

t ransmutants  or  a l l o y  s o l u t e s  can. W e  be l i eve  t h a t  helium a f f e c t s  preci-  

p i t a t i o n  through its e f f e c t  on inc reas ing  bubble nuc lea t ion ,  which i n  tu rn  

i n c r e a s e s  the  t o t a l  s ink  s t r e n g t h  of the  system. This increased  s i n k  

s t r e n g t h  decreases RISS and thereby changes p r e c i p i t a t i o n  under i r r a d i a-  

t i o n .  Although t h i s  p i c t u r e  is  complicated, a conclusion from our data  

i s  t h a t  development of a l l  t he  var ious  m i c r o s t r u c t u r a l  components is 

i n t i m a t e l y  coupled. Our data  also show b i f u r c a t i o n  with r e spec t  t o  micro- 

composi t ional  evolu t ion  a t  about the same l e v e l  of t o t a l  s ink  s t r e n g t h  

a s  t h a t  f o r  the  c a v i t y  component of t he  micros t ruc ture .  The presence of 

t au  (M23Cg) or  i r rad ia t ion- induced  phases l i k e  y’, G, and t h e  Fe2P-type 

phases and the  N i  l e v e l  of Laves phase a r e  good i n d i c a t o r s  a s  t o  whether 

o r  not RISS is  s u b s t a n t i a l  or  minimal. Throughout our da ta ,  RISS i s  low 

when void swel l ing  i s  suppressed and high when void swel l ing  ensues. 

The focus of the  r e s t  of our d i scuss ion  w i l l  be to  understand how 

RISS a f f e c t s  p r e c i p i t a t i o n  and why changes i n  s ink  s t r e n g t h ,  mi t iga t ed  

by helium, a f f e c t  both. La te r ,  we w i l l  compare both our da ta  and our 

i n t e r p r e t a t i o n s  with those of o t h e r s  i n  the  l i t e r a t u r e .  

Sunnnary of RISS Mechanisms. The e f f e c t s  of RISS have been exten-  

s i v e l y  s tud ied ,  both experimental ly and t h e o r e t i c a l l y ,  4-g f o r  s i m p l e  

a l l o y s  and more r ecen t ly  f o r  model s t a i n l e s s  steels. 6 ,  

sepa rab le  mechanisms c o n t r i b u t e  t o  the  o v e r a l l  e f f e c t s  of RISS. Under- 

s i z e d  atoms ( l i k e  S i  and N i  i n  t y p e  316 s t a i n l e s s  s t e e l )  can be a s s o c i a t e d  

with i n t e r s t i t i a l  atoms i n  the  dumbbell conf igu ra t ion ,  leading  to  t h e i r  

enrichment a t  s inks .  Inverse  Kirkendal l  e f f e c t s  lead  t o  enrichment of 

slowly d i f f u s i n g  atoms ( l i k e  Ni) and dep le t ion  of r ap id ly  d i f f u s i n g  atoms 

( l i k e  S i ,  Mo and C r ) 4 8 , 4 9  a t  de fec t  s i n k s  f o r  vacancy flow t o  s inks .  

Thus, N i  enrichment and C r  and Mo dep le t ion  a r e  expected a t  poin t  de fec t  

s i n k s ,  a s  confirmed experimental ly.  l o  

o r  dep le t e ,  but the  r e s u l t s  of Se th i  and Okamoto gene ra l ly  i n d i c a t e  

s u b s t a n t i a l  enrichment.1° 

trace r e s i d u a l s  i n  steel a r e  well-known a t  present .  

l o  Severa l  

From the  above, s i l i c o n  can e n r i c h  

No RISS e f f e c t s  f o r  C, V,  T i ,  Mn, and o the r  
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Severa l  f e a t u r e s  of RISS theory are important f o r  our cons ide ra t ion  

of i t s  e f f e c t  on p r e c i p i t a t i o n  and how it is a f f e c t e d  by helium. 

Radiation- induced s o l u t e  segregat ion  is  a r e s u l t  of poin t  de fec t  flows, 

so t h a t  gene ra l ly  some s i n k s  would be expected t o  be present  f o r  s i g n i f i -  

cant  s o l u t e  enrichment to  occur. The enrichment can be opposed through 

normal d i f f u s i o n .  The h ighes t  poss ib l e  l o c a l  s o l u t e  bui ldups a r e  usua l ly  

r equ i r ed  t o  produce i r rad ia t ion- induced  phases; lesser l e v e l s  enhance or 

modify thermally s t a b l e  phases. F i n a l l y ,  we must remember t h a t  long- range 

d i f f u s i o n '  of t he  appropr i a t e  poin t  d e f e c t s  are requi red  t o  ob ta in  sub- 

s t a n t i a l  s o l u t e  r e d i s t r i b u t i o n  on a s c a l e  t h a t  is m i c r o s t r u c t u r a l l y  r e l e-  

vant  ( t e n s  t o  hundreds of nanometers). Increased  bulk recombination 

prevents  long-range d i f f u s i o n  and thereby suppresses RISS e f f e c t s .  Point  

de fec t  a n n i h i l a t i o n  a t  h ighly  concent ra ted ,  small s i n k s ,  such as bubbles ,  

i s  analogous t o  bulk or  t r a p  recombination of d e f e c t s ,  so t h a t  very c l o s e  

spacing of the  s inks  w i l l  s i m i l a r l y  reduce the  bui ldup of s i g n i f i c a n t  RISS. 

Description of "Microalloying." There a r e  a v a r i e t y  of phases,  each 

wi th  a mul t i tude  of unique elemental  requirements  or  s o l u b i l i t y  l i m i t s ,  t o  

cons ide r  f o r  type 316. Radiation- induced s o l u t e  seg rega t ion  is not the  

only e f f e c t  t o  be considered f o r  p r e c i p i t a t e  formation. For t h i s  reason,  

we f e l t  it extremely important t o  cons ider  the  response of the  a l l o y  t o  

both i r r a d i a t i o n  and thermal aging. As made c l e a r  i n  t h e  review by 

Lee e t  a l . , 2 4  t h e  phases found i n  a p a r t i c u l a r  type 316 a l l o y  a f t e r  

i r r a d i a t i o n  a r e  not new but are the  p r e c i p i t a t e  phases p o s s i b l e  v i a  aging 

i n  o t h e r  reg ions  of t h a t  multicomponent phase diagram. The p r e c i p i t a t e  

phases i n  a p a r t i c u l a r  hea t  of type 316 under i r r a d i a t i o n  w i l l  be d i f-  

f e r e n t  from those produced v i a  aging of t h a t  p a r t i c u l a r  a l l o y  t o  the  

e x t e n t  t h a t  RISS causes small  reg ions  of the  material t o  depar t  from 

t h e i r  o r i g i n a l  composition. Another way t o  desc r ibe  t h i s  process  is  

"microal loying" as a r e s u l t  of R E S .  

aging experiments with a s i m i l a r  concept i n  mind. 

a l l o y s  f o r  aging t h a t  were intended t o  s imula te  t h e  composi t ional  changes 

due t o  RISS a t  s i n k s  i n  t h e i r  base a l l o y ,  FV 548. They added enough S i  t o  

exceed the  s o l u b i l i t y  l i m i t  f o r  t h a t  element upon aging at  650 t o  750°C 

and va r i ed  C content  by a f a c t o r  of 10 t o  go f a r  below and far above t h e  

Williams and Titchmarsh4' performed 

They prepared macro- 
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normal C concentration of that steel. In the low-C, high-Si alloy they 

produced G-phase and no carbides; and in the high-C, high-Si alloy they 

produced the tau (M23C6) (always Si-poor) and eta (M$) phases. Silicon- 

rich Laves phase was found in both alloys. Both G and eta phases produced 

i n  the aged alloys are very similar compositionally to those same phases 

produced in FV 548 under irradiation in DFR. That observation is similar 

to ours for eta and tau phases produced in HFIR or EBR-I1 and supports 
our model. 

In our model, RISS changes the composition of the "microalloy" until 
some solubility limit is exceeded. The precipitate phase formed will be 

compatible with the composition at that temperature of the "microalloy" 

rather than the bulk alloy. However, predicting the exact precipitate 

phase formed or even the particular "microalloy" formed is beyond our 

ability at present because one must consider more than just the effects of 

RISS. First, complex alloys, whether SA or CW, generally decompose during 

aging into several different phases, which often complement each other in 

terms of enrichment and depletion. Second, for the same general RISS 

effects, namely Si, Ni enrichment and Cr, Mo depletion, the specific 

"microalloy" formed depends upon the rate, order, and combination in which 

solutes are enriched or depleted. Third, the phases themselves, once 

nucleated, are also distinct thermodynamic entities, with their own well- 

defined elemental requirements or solubility limits. Their growth will 

depend on how w e l l  they match the combined effects of R E S .  

The most important concept of the "microalloy" model is  the connec- 
tion between these microalloys and sinks. Radiation-induced solute 

segregation will occur to the greatest extent around point defect sinks. 
From the previous discussion on R E S  effects, the sinks must be spaced 

sufficiently far apart to allow long-range diffusion for RISS. Solute 

changes can occur very rapidly and will be appreciable, even if equal num- 

bers of vacancies and interstitials recombine or annihilate without net 
growth of the sink. A very satisfying feature of the "microalloy" concept 

is that it allows for intimate spatial and temporal coupling of develop- 

ment of the various microstructural components, particularly voids and 

RISS-assisted or -induced precipitation, as we so often observe. 
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All a c t i v e  s inks  w i l l  experience RISS and hence microal loying adja-  

cent  t o  themselves. Small bubbles i n  t y p e  316 s t a i n l e s s  s t e e l  should 

develop some s o r t  of su r face  coa t ing ,  most probably enr iched  i n  N i  and S i .  

Mansur and Wolfer" env i s ion  t h i s  e f f e c t  t o  a i d  void formation. 

t h e  nucleus of any p r e c i p i t a t e  p a r t i c l e  w i l l  a l s o  begin t o  experience 

"microal loying"  adjacent  t o  i t s  i n t e r f a c e  a s  it begins t o  grow and a c t  a s  

a s ink  i t s e l f ,  p a r t i c u l a r l y  i f  it is not forming i n s i d e  t h e  "microalloy" 

of some o the r  s ink.  I n i t i a l l y ,  n u c l e i  of s e v e r a l  d i f f e r e n t  phases may 

occur i n  any uns t ab le  reg ion  of the  a l l o y ,  with only those n u c l e i  growing 

t o  s t a b l e  s i z e  whose s o l u t e  requirements a r e  compatible with the  "micro- 

al loying"  ( i n  gene ra l ,  enrichment of N i  and S i ,  and dep le t ion  of C r  and 

Mo). The type 316 a l l o y  i s  uns t ab le  under ag ing ,  and N i-  and Si-poor 

t a u  (M23Cg) phase i s  normally the  i n i t i a l  dominant p r e c i p i t a t e  phase. 

Tau phase p a r t i c l e s  may a l s o  at tempt t o  nuc lea t e  under i r r a d i a t i o n ,  but 

RISS w i l l  oppose f u r t h e r  development because they do not e a s i l y  d i s s o l v e  

t h e  excess S i  and N i .  Thermally induced phases (e.g., e t a  and Laves 

phases)  must balance t h e i r  i n t r i n s i c  s o l u t e  requirements  with the  enrich-  

ments and dep le t ions  of RISS. Eta i n  p a r t i c u l a r  r e q u i r e s  Si and N i ,  but 

i t  a l s o  i s  s u b s t a n t i a l l y  enr iched  i n  Mo and C r ,  which a r e  deple ted  by 

RISS. It is  obvious t h a t  thermal d i f f u s i o n  can supply Mo and Cr flows t o  

t h e  i n t e r f a c e ,  i n  response t o  chemical p o t e n t i a l  d i f f e r e n c e s  between pre- 

c i p i t a t e  and mat r ix ,  i n  s p i t e  of t he  e f f e c t s  of RISS. But it is  a l s o  

obvious t h a t  Mo has lower enrichment l e v e l s  i n  e t a  when RISS i s  high. A 

s i m i l a r  e f f e c t  is observed i n  Laves phase, with the  high N i  enrichment 

appa ren t ly  being t o l e r a t e d  r a t h e r  than required.  Apparently h igher  l e v e l s  

of RISS make poss ib l e  formation of t hese  phases t h a t  a r e  k i n e t i c a l l y  more 

s lugg i sh ,  and they form a t  temperatures  lower than they would under the r-  

mal aging. They a r e  o f t e n  forced t o  form p a r a s i t i c a l l y  coupled t o  o t h e r  

s i n k s  when RES is too high. The primary c o n s t i t u e n t s  of i r r a d i a t i o n-  

induced phases l i k e  G,  y', and the  Fe2P-type phases a r e  N i  and S i .  Thus 

they r equ i re  the  g r e a t e s t  degree of "microal loying" v i a  RISS and a r e  o f t e n  

completely a s soc ia t ed  with o t h e r  s inks .  

Fu r the r ,  
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Coupling of "Microalloying" t o  the  E f f ec t s  of Helium on Sink 

Strength. 
development through compatibility and "microalloying" effects, and the 

effects of changes in helium level, distribution, or continuous generation 

rate are easily incorporated. Increased helium level or generation rate 

will significantly increase bubble nucleation, which in turn will both 

increase cavity and total sink strength level and tremendously hinder or 
cut down long-range diffusion of point defects because of the very close 

sink spacing. If the sink strength only suppressed point defect concen- 

trations through mutual annihilation, swelling would be reduced, but RISS 

buildup would still continue. However, a high concentration of closely 

spaced sinks both increases sink strength and drastically cuts down the 

long-range diffusion t o  reduce both RISS and swelling by partitioning 

point defects and solute to many more sites. As the level of RISS and 
microalloying is reduced, the phase types, phase compositions, spatial 

arrangement, and kinetics of precipitation w i l l  progressively move from 

the severely irradiation affected toward the normal thermal aging behavior. 

This reasoning is quite consistent with our observations. The EBR-II- 

irradiated samples show the greatest effects of R I S S ,  the HFIR SA 316 

intermediate, and the H F I R  CW 316 and helium-preinjected EBR-11-irradiated 

SA 316 the least. At least in the type 316 alloy, the bifurcation in the 
microcompositional-microstructural evolutionary path with regard to stable 

critical sink strength and structure occurs between those produced in 

SA and CW 316 in HFIR. In our model of microstructural and microcom- 
positional evolution, void swelling and RISS-affected precipitation 

phenomena will most often be coupled. However, they are separable 
mechanisms and can uncouple and definitely can vary in order of occurrence. 

Further, the model allows for an effect of helium on both processes. 

We have developed a model for coupling RISS to precipitate 

Complrison of Data and Model o i t h  Those Found in  the  Literature. 
Controversy and differences exist between portions of the data and inter- 
pretations presented here and elsewhere20-21* 3 1 ,  3 5 ,  43-47,51,52 and the 

work of Brager and Garner1'-15, 3 0 ,  3 & 3 8  with regard to the effect of 

matrix microchemical changes on microstructural evolution and the effects 



of helium. Statements  on both s i d e s  of t he  cont roversy  can be found i n  

t h e  l i t e r a t u r e .  2 0 , 5 3  

low matr ix  l e v e l s  of S i ,  N i ,  or C is  r e spons ib l e  and necessary f o r  void 

development. The a t ta inment  of t hese  low l e v e l s  even tua l ly  r e s u l t s  i n  

mic ros t ruc tu re s  t h a t  a r e  independent of s t a r t i n g  mic ros t ruc tu re  or tem- 

pera tu re  and have the  same swel l ing  r a t e .  I f  helium plays any r o l e  a t  a l l  

i n  t h e i r  model, i t  is  a t r a n s i e n t  e f f e c t .  Their  model apparent ly  does not 

a l low f o r  e f f e c t s  of helium on s t eady- s ta t e  swel l ing  r a t e  or continued 

suppress ion  of void formation and RISS  effect^.^^,^^ 
d i f f e r e n c e s  i n  i n t e r p r e t a t i o n  a r e  complicated because they involve  both 

da ta  and mechanism d i f f e rences .  We will address  the  former and only com- 

ment on the  l a t t e r .  

Brager and GarnerS3 i n d i c a t e  t h a t  reaching c r i t i c a l  

The reasons f o r  the  

Aging r e s u l t s  f o r  SA and CW 316, both m i c r o s t r u c t u r a l  and compo- 

s i t i o n a l ,  a r e  c o n s i s t e n t  with previous results on a number of h e a t s  of 

t ype  316 s t a i n l e s s  s t e e l  and r e l a t e d  a u s t e n i t i c  a l l o y s .  39,  42,55-5 

major c o n t r i b u t i o n s  t h a t  t hese  and o the r  r ecen t  q u a n t i t a t i v e  AEM r e s u l t s  

have made is f ind ing  e t a  (M&) formed during thermal aging and measuring 

S i  con ten t s  of a l l  the  phases. 21-249 31, ‘O, “, 5 5 - 5 7  The major work i n  

t h i s  area p r i o r  t o  AEM was t h a t  of Weiss and S t i c k l e r , 3 9  and they d id  

not  f ind  e t a  (M,jC) in type 316 nor d id  they measure S i  i n  p r e c i p i t a t e  

phases or  matrix. Formation of e t a  phase (MgC) during aging i s  

important  t o  i r r a d i a t i o n  s t u d i e s  because this  is t h e  only phase t h a t  

i s  s u b s t a n t i a l l y  enriched i n  both S i  and N i  during aging. There a r e  

many morphological and c r y s t a l l o g r a p h i c a l  s i m i l a r i t i e s  between t au  

(M23Cg) and e t a  (MgC), and the  techniques f o r  d i s t i n g u i s h i n g  between 

them a r e  we l l  documented. 21, 24, 31, 38,  “9 5 5 , 5 1 ,  58 

is  not formed i n  every heat of type 316 but is  found i n  most.38 

formed Laves is  a l s o  found t o  be q u i t e  r i c h  i n  S i ,  and c h i  and sigma can 

c o n t a i n  S i  as well .  Tau (M23Cg) i s  found t o  be both Si- and Ni-poor, and 

t h e  only o t h e r  phase with s i m i l a r  S i  and N i  dep le t ion  c h a r a c t e r i s t i c s  is 

t i t an ium ca rb ide  (MC) i n  Ti -modif ied s t e e l s .  24, 25 

The 

Apparently e t a  (MgC) 

Thermally 

For a long t ime,  many i n v e s t i g a t o r s  d i d  not  adequately i d e n t i f y  pre- 

c i p i t a t e  phases i n  s t e e l  under i r r a d i a t i o n  because of l ack  of adequate AEM 

capabilities.2r~28,40,5g~60 Brager and G a r n e r l l  were t h e  f i r s t  t o  f i n d  
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t h a t  most of t he  p r e c i p i t a t e  p a r t i c l e s  produced under i r r a d i a t i o n  are 

s u b s t a n t i a l l y  N i-  and Si- rich. However, they, i d e n t i f i e d  the  phase a s  

"M23(C,Si)g" and did not u n t i l  r e c e n t l y  f i n d  e t a  (MgC). 3 0 , 3 8  Therefore,  

they  envisioned t au  t o  form i n i t i a l l y  N i-  and Si-poor and then t o  become 

N i-  and Si- r ich  progress ive ly  during the  i r r a d i a t i o n .  They a l s o  included 

Laves phase i n  t h i s  behavior p a t t e r n ,  and now with Mo dep le t ion  as w e l l ,  

termed t h i s  an " inf i l t ra t ion- exchange , ' '  t h a t  i s ,  i n t e r d i f f u s i o n  ac ross  the  

p r e c i p i t a t e  p a r t i c l e  i n t e r f a c e .  They cons ider  thermal ly  formed Laves t o  

be Si-poor, 3', 38 even though t h e i r  own measurements previous ly  l 2  showed 

t h e  same l e v e l  of S i  enrichment t h a t  we show. Our data  and t h a t  of 

would suggest some confusion i n  t h e i r  e a r l i e r  i d e n t i f i -  

c a t i o n s  of eta (MgC) and t au  (M23Cg) phases. These d e t a i l s  are, however, 

q u i t e  important t o  the  concepts of Brager and Garner 's p a r t i c u l a r  model 

desc r ib ing  the  e f f e c t s  of "microchemical" changes on void formation. 

According t o  t h e i r  model, a t  some poin t  a f t e r  or  during the  p r e c i p i t a t e  

m i c r o s t r u c t u r a l  development, dep le t ion  of N i ,  S i  and C t o  c r i t i c a l  low 

s o l u t e  l e v e l s  i n  t he  matr ix t r i g g e r s  void swel l ing  and launches t h e  

m a t e r i a l  i n t o  i t s  steady s t a t e  swel l ing  regime. l 2  

t h a t  t hese  dep le t ions  a r e  i n e v i t a b l e ,  t he  same f o r  a v a r i e t y  of i r r a d i a-  

t i o n  cond i t ions ,  l 1  and u l t ima te ly  unaf fec ted  by helium. 30,52,54  

model presented here,  by comparison, high swel l ing  and RISS a r e  not inevi-  

t a b l e  (a l though always poss ib l e )  and indeed a r e  sepa rab le  phenomena. 

Also, we e a s i l y  envis ion  helium a f f e c t i n g  both. 

Fu r the r ,  they i n d i c a t e  

In t he  

Our observa t ions  and those of Brager and Garner a r e  o f t e n  on d i f f e r-  

e n t  h e a t s  of type 316 but do coinc ide  i n  t h e  case  of the  0.4 316 (DO h e a t )  

i r r a d i a t e d  i n  EBR-I1 a t  36 and 69 dpa and descr ibed  here.  Our samples are 
p ieces  of the  same specimens they used and can t h e r e f o r e  be compared 

d i r e c t l y .  Our c a v i t y  mic ros t ruc tu re  measurements a r e  s i m i l a r  t o  t h e i r s ,  

bu t  we show somewhat h igher  concen t r a t ions  of f i n e  bubbles and l a r g e r  

voids  a t  36 dpa26,30  and show l a r g e r  voids  a t  69 dpa. 

c e r t a i n l y  due t o  the  use of t h e  1 MV e l e c t r o n  microscope f o r  th ick- sec t ion  

examination. Our d i s l o c a t i o n  da ta  a r e  similar. "9 30 The g r e a t e s t  

d i s p a r i t y  is i n  the  p r e c i p i t a t e  r e s u l t s .  A t  36 dpa, Brager and Garner 

do not f i n d  t au  (M23Cg) or Laves phase ,30  which we show i n  Figs. 3.5.5 

and 3.5.6. A t  69 dpa, they r e p o r t  coarse  G phase and small  p a r t i c l e s  

The l a t t e r  is most 
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of y-, whereas we f ind  a mixture of medium t o  small  Laves and G phase 

p a r t i c l e s  with only a small  amount of y*  a s  the  sma l l e s t  p a r t i c l e s  

( see  Table 3.5.2). 

two d i f f e r e n t  eta (MgC) phases, d i s t i ngu i shed  on the  b a s i s  of composition 

and c r y s t a l  h a b i t  ( a l s o  see r e f .  36). We show Laves a t  69 dpa 

(Fig.  3.5.5), f i n d  no t au  (M23C6),  and f i n d  only one type of e t a  phase 

(MbC) with one composition (Fig.  3.5.4). E ta  (M&) i s  capable of s e v e r a l  

d i f f e r e n t  o r i e n t a t i o n  r e l a t i o n s  f o r  t h e  same phase. ", 31,40 

They a l s o  f i n d  no Laves but f ind  t au  (M23C6) and 

Application of This Work t o  Future A l l o y  Development for Fusion. 
t h e  a u s t e n i t i c  s t a i n l e s s  steels, helium e f f e c t s  a r e  shown t o  be important 

i n  e s t ima t ing  m i c r o s t r u c t u r a l  and microcompositional evo lu t ion ,  which i n  

t u r n  govern swell ing.  Helium e f f e c t s  are an important  concern f o r  both 

swel l ing  and mechanical behavior of CW 316 ope ra t ing  a s  a fus ion  f i r s t  

wall .  Our r e s u l t s  i n d i c a t e  u n c e r t a i n  fus ion  swel l ing  behavior f o r  CW 316 
because of the  couplings of s ink  s t r e n g t h ,  RISS ,  and p r e c i p i t a t i o n  and the  

e f f e c t  of helium on c a v i t y  s i n k  s t r eng th .  Swell ing can d e f i n i t e l y  be high 

i f  voids develop but can be low i f  t he  s ink  s t r e n g t h  c o n s t r a i n s  bubble 

growth and suppresses RISS. However, CW 316 is a behavior r e fe rence  poin t  

f o r  judging the  improvements t o  be expected from advanced a u s t e n i t i c  

a l l o y s  being developed f o r  fus ion  a p p l i c a t i o n s .  Our understanding of 

helium e f f e c t s  i n  type 316 w i l l  a l s o  f a c t o r  i n t o  the  a l l o y  development 

s t r a t e g y  and confidence we can p lace  i n  the  advanced a l l o y s  f o r  fus ion  

a p p l i c a t i o n .  The c u r r e n t  Path A Prime Candidate Alloy (PCA) of the ADZP 

e f f o r t  is a 14 Cr-I6 Ni-2 M 0 4 . 2 5  w t  X Ti a u s t e n i t i c  s t a i n l e s s  s t e e l .  

F ine ly  d ispersed  t i t an ium ca rb ide  (MC) formation i n  Ti-modified 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  o f t e n  has the  b e n e f i c i a l  e f f e c t  of suppressing void 

swel l ing  during e i t h e r  EBR-I1  o r  H F I R  i r r a d i a t i o n .  23, 25, 35,45,52 

reasons f o r  t h i s  void suppress ion  involve  the  combined c o n t r i b u t i o n s  of 

d i r e c t  helium t rapping  by MC p a r t i c l e s  to  promote very f i n e  helium bubble 

d i s p e r s i o n s ,  of MC-dislocation pinning,  and of MC formation co inc id ing  

with reduced p r e c i p i t a t i o n  of coarse ,  undes i r ab le  phases. A l l  t hese  have 

been f ac to red  i n t o  the  philosophy and s t r a t e g i e s  of a l l o y  development i n  

t h e  PCA.61 The couplings of s ink  s t r e n g t h ,  RISS, p r e c i p i t a t i o n ,  and the  

For 

6 1  

The 
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e f f e c t  of helium through the  bubble component of t he  c a v i t y  s ink  s t r e n g t h  

would lend more confidence,  a t  t h i s  po in t ,  t o  use of a l l o y s  l i k e  PCA than 

CW 316 f o r  fusion.  It is c l e a r ,  however, t h a t  behavior f o r  fus ion  is  not 

c e r t a i n  at  t h i s  poin t  and t h a t  understanding helium e f f e c t s  is  important 

t o  both a l l o y  development and a l l o y  s e l e c t i o n  f o r  fusion.  

3.5.5 Conclusions 

From d i r e c t  T E M  and x-ray EDS a n a l y s i s ,  we observe the  fol lowing:  

1. In CW 316 i r r a d i a t e d  i n  EBR-I1 a t  500 t o  525OC. voids  develop 

slowly a t  f i r s t ,  convert ing from t i n y  helium bubbles previous ly  nuclea ted  

on matrix d i s l o c a t i o n s  and p r e c i p i t a t e  i n t e r f a c e s .  Voids develop more 

r a p i d l y  a t  h igher  f luence.  

2. P r e c i p i t a t i o n  i n  CW 316 during EBR-I1 i r r a d i a t i o n  a t  500 t o  525°C 

Compared with aged material as gene ra l ly  r e f l e c t s  a high degree of RISS. 

a base l ine ,  e t a  formation ( n a t u r a l l y  N i- ,  S i- r ich)  i s  increased ,  Laves 

( n a t u r a l l y  Ni-poor, S i- r ich)  i s  modified and i t s  formation increased ,  and 

t au  ( n a t u r a l l y  N i- ,  Si-poor) i s  q u i t e  re ta rded .  Af t e r  69 dpa, a s m a l l  

f r a c t i o n  of radiat ion- induced y' and G phases i s  found. 

3. I r r a d i a t i o n  i n  H F I R  of t he  same CW 316 a t  510 t o  550°C very 

r a p i d l y  produces a high dens i ty  of t i n y  bubbles and ex tens ive  p r e c i p i t a-  

t i o n ,  compared with EBR-I1 i r r a d i a t i o n .  The c a v i t i e s  a r e  s u f f i c i e n t l y  

dense t h a t  they remain bubbles and r e s i s t  conver t ing  t o  voids up t o  a t  

l e a s t  54 dpa. 

4. P r e c i p i t a t i o n  i n  CW 316 during HFIR i r r a d i a t i o n  r e f l e c t s  a much 

lower l e v e l  of RISS and corresponds more nea r ly  t o  thermal ly  induced pre- 

c i p i t a t i o n  than t h a t  produced during EBR-I1 i r r a d i a t i o n .  

f i n e  tau  (Ni-, Si-poor) p a r t i c l e s  a r e  found i n s t e a d  of t h e  r ad ia t ion-  

induced phases found a f t e r  EBR-I1  i r r a d i a t i o n .  

Af t e r  54 dpa, 

5. I r r a d i a t i o n  i n  H F I R  of SA 316 a t  525 t o  550°C i n i t i a l l y  produces 

a dense bubble s t r u c t u r e ,  which suppresses void formation r e l a t i v e  t o  

EBR-I1 i r r a d i a t i o n .  However, a t  h igher  f luence  t h i s  bubble concen t r a t ion  

i s  not s u f f i c i e n t  t o  suppress  void formation,  which i s  then a c c e l e r a t e d  

r e l a t i v e  t o  EBR-I1 i r r a d i a t i o n .  
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6. Helium p r e i n j e c t i o n  of SA 316 a t  20°C produces a high dens i ty  of 

bubbles,  which prevent void formation and d r a s t i c a l l y  reduce the  e f f e c t s  

of RISS on p r e c i p i t a t i o n  during EBR-I1  i r r a d i a t i o n  a t  500 t o  625"C, com- 

pared with i r r a d i a t e d  but unin jec ted  ma te r i a l .  

We i n t e r p r e t  these  observa t ions  t o  i n d i c a t e  the  fol lowing:  

7. The coupling between RISS and p r e c i p i t a t i o n  under i r r a d i a t i o n  

appears  t o  be "microalloy" formation near  poin t  de fec t  s inks .  The prec i-  

p i t a t i o n  under i r r a d i a t i o n  is then s i m i l a r  t o  simply aging these  "micro- 

a l l o y s , "  r a t h e r  than the  uniform bulk a l l o y ,  a t  or near  the  i r r a d i a t i o n  

temperature.  General ly RISS r e s u l t s  i n  enrichment of S i  and N i  and 

dep le t ion  of Mo and C r  a t  po in t  d e f l e c t  s inks .  The l e v e l  of RISS W i l l  

gene ra l ly  be ind ica t ed  by the  inc rease  i n  e t a  phase, t he  product ion of 

radiat ion- induced phases (y., G phase) ,  t he  modi f ica t ion  of Laves phase, 

and t h e  r e t a r d a t i o n  or  e l imina t ion  of t au  phase. 

8. In  gene ra l ,  increased  helium con ten t ,  e i t h e r  p r e i n j e c t e d  or  

through an increased  continuous gene ra t ion  r a t e ,  d i r e c t l y  inc reases  the  

nuc lea t ion  of f i n e  helium bubbles. Helium e f f e c t s  on o the r  microstruc-  

t u r a l  components a r e  then r e f l e c t e d  i n  the  l e v e l  of s ink  s t r e n g t h  achieved 

i n  the  c a v i t y  component of t he  micros t ruc ture .  I f  t h e  t o t a l  s ink  s t r e n g t h  

i s  high enough, void format€on can be suppressed together  with RISS being 

cons iderably  reduced. 
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3.6 APPLICATION OF QUANTITATIVE ELECTRON ENERGY LOSS SPECTROSCOPY TO 
ANALYSIS OF THE TITANIUM CARBIDE PHASE I N  AUSTENITIC STAINLESS 
STEELS - P. J. Maziasz (Oak Ridge Nat ional  Laboratory)  and 
N. J. Zaluzec (Argonne National  Laboratory) 

3.6.1 ADIP Task 

ADIP Task I.C. 1, Mfcros t ruc tura l  S t a b i l i t y .  

3.6.2 Objec t ive  

The o b j e c t i v e  of this work is t o  understand t h e  p r e c i p i t a t e  phase 

behavior i n  Path A a l loys .  This  information can be used t o  develop com- 

p o s i t i o n a l  v a r i a t i o n s  t o  opt imize i r r a d i a t i o n  s t a b i l i t y  of the  MC phase. 

3.6.3 Summary 

Q u a n t i t a t i v e  a n a l y t i c a l  e l e c t r o n  microscopy employing both x-ray 

energy d i s p e r s i v e  spectroscopy (XEDS) and e l e c t r o n  energy l o s s  spectroscopy 

(EELS) was used t o  determine the  carbon content  of ca rb ide  p a r t i c l e s  i n  

t h e  Path A PCA. 

be adequate t o  r e so lve  the  Mo Mand C K s h e l l  edges be fo re  q u a n t i t a t i v e  

measurement of carbon content  is poss ib le .  P r e c i p i t a t e  p a r t i c l e s  of d i f-  

f e r e n t  s i z e s  had d i f f e r e n t  metal- to-carbon r a t i o s ,  which could be r e l a t e d  

t o  their t i t an ium and molybdenum contents .  

These r e s u l t s  show t h a t  t he  experimental  techniques must 

3.6.4 Progress  and S t a t u s  

The i n t e n t  of t h i s  work is t o  s tudy the l i g h t  element ( C . N . 0 )  

con ten t s ,  p a r t i c u l a r l y  C, of i n d i v i d u a l  p a r t i c l e s  of t he  t i t an ium MC 

ca rb ide  phase. Ana ly t i ca l  e l e c t r o n  microscopy (AEM) s t u d i e s  can employ 

e i t h e r  EELS or  XEDS with ultra- thin-window d e t e c t o r s  t o  d e t e c t  these 

elements ,  but we w i l l  show t h a t  because MC con ta ins  s u b s t a n t i a l  molybdenum 

and carbon, t h e  former method is b e t t e r .  The a l l o y  s tud ied  is the PCA 

a u s t e n i t i c  s t a i n l e s s  steel. 

scoping t h e  r e s i s t a n c e  of t h i s  material t o  fus ion  i r r a d i a t i 0 n . l  

t o  this  a p p l i c a t i o n  is s t a b i l i t y  of t h e  MC phase, and composition is very 

important  t o  s t a b i l i t y .  However, such s t u d i e s  cannot be undertaken 

without  the advanced techniques and equipment development of EELS, and we 

w i l l  focus on the i n t e r f a c i n g  of t h e  la t ter  wi th  the  m e t a l l u r g i c a l  system 

s tud ied .  

The mic ros t ruc tu re  s tud ied  was designed f o r  

The key 
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The microstructure of MC in the PCA is shown in Fig. 3.6.1. The 

material was solution annealed for 15 min at llOO°C and aged for 8 h at 

8OOOC followed by 8 h at 9OO0C, all in vacuum. The heat treatment pro- 

duced two types of MC particles: coarse particles about 200 nm diam 

and a distribution of small particles less than 50 nm diam. Both EELS and 

XEDS were performed on clean, thin foils with a Philips 400 AEM, operated 
at 120 kV, at Argonne National Laboratory (ANL). The EELS spectrometer is 
a n/2 magnetic sector designed by Zaluzec. The MC particles near the foil 

edge were examined, and this microstructure allowed uses of larger than 
minimum probe size, about 30 to 50 w on average. For EELS measurements, 

incident beam convergence and scattering half-angles were 2 and 5.6 mrad, 

respectively, while energy resolution was set at 4 to 5 eV. The larger 
probe size, clean foils and vacuum system of the Philips 400 allowed EELS 

measurements without detectable carbon buildup through contamination. 
(The contamination was checked by measurements in the matrix adjacent to 
precipitates.) The EELS and XEDS spectra were recorded and stored on an 

ORTEC EEDII multichannel analyzer and analyzed with programs developed by 

YE-12426 

Fig. 3.6.1. Microstructure of Aged Path A PCA Showing Coarse- and 
Fine-Scale Distributions of Titanium-Rich MC Precipitate Particles. 
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Zaluzec. Recently calculated K and L cross sections from Egerton2r3 for 
Ti and C, respectively, were used to convert integral intensities into 

compositional information. Details of EELS spectra calibration and 

measurement considerations are the same as recently reported by 

Zaluzec et ale4 

NiO, BN, A12O3, and MnO indicate satisfactory results with K and L shell 
cross sections, and results are thus believed accurate to 220% of reported 
values. 5 

The EELS compositional measurements of standards of 

For analysis of the EELS spectra, the spectra for the M shell of pure 
Mo was obtained from a library file,6 aligned in energy with the MC EELS 
spectra, scaled down to fit the portion of Mo M shell edges visible under- 
neath the C K edge, and then stripped away. More detail on this technique 

can be found el~ewhere.~ The Ma spectrum is shown in Fig. 3.6.2. 

The XEDS and EELS spectra (after background stripping) are shown in 

Fig. 3.6.3 for the two different types of MC particles found. Both XEDS 

and EELS spectra show more Mo in smaller MC particles analyzed (a, b) than 

in larger particles (c, d). Relative metal atom concentrations, including 

ORNL-DWG 82-7819 

- 
€ 

ENERGY LOSS (eV) 

Fig. 3.6.2. 
Stripping the Molybdenum Signal from the Total EELS Spectra from 
Precipitate Particles. 

EELS Spectrum of the M Shell of Molybdenum Used for 
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metallic elements are 54.5 Ti-31 Mo-10 Cr-4 F A . 5  Ni (at. X )  for the 
small MC particles and 78 Ti-13 Mo-2.5 Cr-6 Fe- 0.5 Ni for the large 

MC particles. 

Quantitative analysis of the EELS spectra yielded a Ti-C atom ratio 

of 0.6 i 0.12 for the small MC particle and 1.1 t 0.2 for the large MC. 

Together with XEDS data to include the other metallic elements we obtain 

molybdenum-carbon ratios of 0.9 i 0.2 for the small particle with more 

molybdenum and 1.5 i 0.3 for the large particle with less molybdenum. 

Although preliminary, these results suggest that the large particle is 

nearly stoichiometric TIC, with the other elements being dissolved to 

yield carbon-deficient MC. Conversely, the small particles are deficient 
in titanium with respect to TIC but the other elements substitute to yield 

nearly stoichiometric MC. 

These results would not be possible without EELS techniques suf- 

ficiently advanced to resolve overlap between Mo M and C K shell edges. 
This consideration w i l l  be very important for  the carbon determination in 

the other phases in type 316 stainless steel because all contain substan- 

tial molybdenum. 

3.6.5 Future Work 
Future work will continue to examine the MC phase to confirm these 

results and then extend the investigation to the other phases in steel. 

This information combined with compositional information on the heavier 
elements in precipitate particles, will help guide compositional 

variations of PCA. 
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3.7 DYNAMIC POWDER COMPACTION OF RAPIDLY SOLIDIFIED PATH A ALLOY 
WITH INCREASED CARBON AND TITANIUM CONTENT - J. Megusar, D. 
Imeson, J. B. Vander Sande and N. J. Grant (Massachusetts Insti- 
tute of Technology) 

3.7.1 ADIP Task 
Task I.C.5, Microstructure and Swelling of Special and Innova- 

tive Materials 

3.7.2 Objective 
The objective of this study is to show the potential of the dy- 

namic powder compaction technique to consolidate rapidly solidified 

Path A alloys and to develop microstructures with improved irradiation 
performance in the fusion environment. Samples of rapidly solidified 

and dynamically compacted Path A alloy with increased carbon and ti- 
tanium content have been included in alloy development irradiation 

experiments. 

3.7.3 Summary 
Different techniques f o r  consolidation of rapidly solidified 

alloys which are available o r  are under study at the present time 

include conventional consolidation techniques (hot extrusion, HIP,...), 
high velocity consolidation of atomized partially solidified particu- 

lates and dynamic powder compaction (DPC). This report describes 
the results of dynamic compaction of Path A alloy with increased car- 
bon and titanium content. The microstructure of the as-compacted 

alloy is highly complex, evidencing an extreme degree of deformation. 
TEM revealed very high dislocation and twin density reflecting high 

hardness of the as-compacted alloy. Annealing studies revealed that 
recovery and recrystallization processes in dynamically compacted 

alloy are slower than in conventionally treated materials. High dis- 

location density appears to be an intrinsic property of the dynamic 

compaction process and it may be potentially useful in developing 

materials for irradiation performance. Other potential applications 

of dynamic compaction include preparation of graded materials and 

ceramic materials. 
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3.7.4 Progress  and S t a t u s  

3.7.4.1 In t roduc t ion  
3 Rapid s o l i d i f i c a t i o n  involves  cool ing  r a t e s  i n  t h e  o rde r  of 10 - 

7 10 K/sec and t h i s  a l lows  fo r  s t r u c t u r a l  and composi t ional  modif i-  

c a t i o n s  of  e x i s t i n g  a l l o y s  as well a s  f o r  t h e  development of new c l a s s e s  

of a l l o y s  - f o r  example, m e t a l l i c  g l a s s e s .  

are obta ined  by t h e  product ion of f i n e  powders, f o i l s ,  f l a k e s ,  r i bbons ,  

e t c . ,  s u c h  t h a t  one dimension is f i n e r  than  about  50 urn, and sometimes 

i n  t h e  near-micron-size range;  t h i s  is accomplished by gas  or water 

a tomiza t ion ,  roll quenching, s p l a t t i n g  a g a i n s t  high conduc t iv i ty  sub- 

s t r a t e s ,  and by melt sp inning  and melt e x t r a c t i o n .  Consol idat ion 

is t h e r e f o r e  an important  s t e p  i n  developing r a p i d l y  s o l i d i f i e d  a l l o y s  

f o r  a p p l i c a t i o n s  such a s  a l l o y  development f o r  improved i r r a d i a t i o n  

performance. D i f f e r e n t  conso l ida t ion  techniques  which are a v a i l a b l e  

o r  a r e  under s tudy  a t  t h e  p resen t  t i m e  i nc lude  convent ional  consol ida-  

t i o n  techniques  ( s u c h  a s  hot  e x t r u s i o n ,  ho t  isostatic p res s ing ,  e t c . ) ,  
high v e l o c i t y  conso l ida t ion  of atomized p a r t i a l l y  s o l i d i f i e d  p a r t i c u-  

l a t e s  and dynamic powder compaction. 

These high cool ing  r a t e s  

I n  high v e l o c i t y  conso l ida t ion  of atomized p a r t i a l l y  s o l i d i f i e d  

p a r t i c u l a t e s ,  t h e  molten a l l o y  is atomized a t  high v e l o c i t y  t o  produce 

f i n e  d r o p l e t s  i n  a narrow range of f i n e  s i z e s .  

m e t a l l i c  s u b s t r a t e  is provided and t h e  p a r t i a l l y  s o l i d i f i e d  d r o p l e t s  

a r e  impacted a t  h i g h  v e l o c i t y  first a g a i n s t  a metallic s u b s t r a t e ,  

and subsequently on p rev ious ly  depos i ted  l a y e r s  of  quenched a l l o y .  

Thicknesses of t h e  order of 5-10 mm can be depos i ted  by u s i n g  t h i s  

technique. Add i t iona l  thermomechanical t r ea tmen t s  may be  r equ i r ed  

with some a l l o y s  t o  ob ta in  f u l l y  dense m a t e r i a l  and t o  opt imize  t h e  

s t r u c t u r e  and p r o p e r t i e s .  T h i s  t echnique  a l lows  f o r  process ing  s h o r t -  

c u t s  bu t  t h e  secondary cool ing  r a t e s  ( i n  t h e  s o l i d  s t a t e )  w i l l  no t  

be a s  high as those  f o r  r a p i d l y  s o l i d i f i e d  f o i l s  o r  powders. 

A high conduc t iv i ty  

Dynamic powder compaction techniques  a r e  app l i ed  by t h e  c l o s e l y  

c o n t r o l l e d  passage of shock waves through t h e  p a r t i c u l a t e  m a t e r i a l s  

i n  powder, f o i l  o r  r ibbon form. The shock wave throws t h e  p a r t i c l e s  

s o  v i o l e n t l y  toge the r  t h a t  enough hea t  is genera ted  a t  t h e  s u r f a c e s  
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o f  each p a r t i c l e  t o  l e a d  t o  f i l m  melting whi le  t h e  p a r t i c l e  i n t e r i o r s  

remain c o o l ;  t h i s  l e a d s  t o  complete bonding and d e n s i f i c a t i o n .  D i f -  

ferent  dynamic powder compaction (shock wave compaction) t echn iques  

which are being developed i n c l u d e  e x p l o s i v e  compaction' and compaction 

under impact by p r o j e c t i l e s  launched by compressed a i r  . I n  t h i s  

r e p o r t ,  w e  are  p resen t ing  t h e  r e s u l t s  on t h e  dynamic powder compac- 

t i o n  of r a p i d l y  s o l i d i f i e d  Path  A a l l o y  wi th  inc reased  carbon and 

t i t a n i u m  con ten t .  Micros t ruc tu res  of t h e  as-compacted material have 

been examined and annea l ing  s t u d i e s  have been c a r r i e d  o u t  t o  show 

t h e  recovery and r e c r y s t a l l i z a t i o n  p rocesses  i n  h i g h l y  deformed mate- 

r ial .  Furthermore,  we are d i s c u s s i n g  t h e  a p p l i c a b i l i t y  o f  t h e  dynamic 

compaction p rocess  i n  developing materials f o r  improved i r r a d i a t i o n  

performance. 

2 

3.7.4.2 Experimental  Procedure 

P r i m e  Candidate Alloy (PCA) was provided by Oak Ridge National  

Laboratory.  It was remel ted ,  adding e x t r a  t i t a n i u m  and carbon t o  

t r i p l e  the normal amount o f  carbon and t i t a n i u m  (0.17 w t %  C and 0.92 w t %  

T i ) .  Rapid s o l i d i f i c a t i o n  was performed i n  a r o l l e r  quenching appara-  

t u s .  A f i n e  stream of  metal was r a p i d l y  s o l i d i f i e d  i n  c o n t a c t  wi th  

two coun te r- ro ta t ing  rolls. The f o i l s  obta ined were t y p i c a l l y  5-10 cm 

long,  1 cm wide and 80-160 lJm t h i c k .  The es t imated  coo l ing  rate was 

lo5 O C / s e c .  

Dynamic powaer compaction ( D P C )  w a s  performed a t  t h e  I n s t i t u t  

Cerac, Ecublens. A two-stage "high speed" gun was used which i s  capa- 

b l e  of approaching 8000 m/sec. 
wave which i s  produced by impact of t h e  p r o j e c t i l e  on t h e  powder. 

During t h e  passage o f  t h e  shock wave t h e  p r e s s u r e  rises extremely 

r a p i d l y ,  remains a t  t h i s  h igh value f o r  some time and later fa l l s  

as t h e  p r e s s u r e  release occurs .  C a l c u l a t i o n s  showed t h e  fol lowing 

r e l a t i o n  between t h e  shock speed,  p a r t i c l e  v e l o c i t y  and t h e  i n t e r n a l  

energy imparted t o  t h e  material: 
l o o s e  d e n s i t y  compacted t o  shock p r e s s u r e  o f  5 GPa, g ives  a shock 

v e l o c i t y  o f  1600 m/sec, p a r t i c l e  v e l o c i t y  o f  800 m/sec and i n t e r n a l  

energy change of 3 x 10 J/kg. T h i s  energy change corresponds t o  a 

Compaction is e f f e c t e d  by t h e  shock 

3 

s t e e l  powder o f  approximately 50% 

5 
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temperature rise of 600°K and if the energy is considered to be de- 
posited predominately at the powder particle surface, values for energy 

density and power density of 2 x 10 J/m and -2 x 10l1 W/m are 

deduced. 

processing. 

4 2  2 

This value corresponds to the upper end of the laser glazing 

Rapidly solidified foils were cut into pieces with a length to a 
thickness ratio less than 30 to 1 and were then compacted with the 
gun speed 1200 m/sec. The diameter of compacted material was 5 cm 
and the height was 1 cm. 

The microstructure of as-compacted material was examined by trans- 

mission electron microscopy. 

polishing in a 10% HClO in CH OH solution at -5OOC and 25 V. 
all specimens were thinned additionally by using ion milling. 

temperature interval of 650-1000°C. 
examination were prepared f o r  each annealing condition and Knoop micro- 

hardness measurements were made to determine the softening curve. 

The alloy samples were thinned by electro- 

Nearly 4 3 

Dynamically compacted material was annealed for 1/2 hr in the 

Specimens for microstructural 

3.7.4.3 Microstructure of Dynamically Compacted Path A Alloy 
The microstructure of the as-compacted alloy is highly complex, 

evidencing an extreme degree of deformation, so much so that it is 

difficult to analyze further. 
A banded substructure is seen together with an extremely high disloca- 
tion density. The bands seem to be formed of twins and dislocation 
conglomerates which additionally show internal microtwinning and a 

high dislocation density, reminiscent of martensitic microstructures. 
We have not been able as yet to clearly isolate these components in 

any sensible fashion. 

from such regions also evidence the high degree of deformation of the 

metal lattice, as shown in Figure 3.7.2. A proliferation of diffrac- 
tion spots arising from twinning, double diffraction, and sub-grain 

misorientations can be seen along with the fundamental lattice reflec- 

tions, themselves strongly streaked due to strain effects (disloca- 
tions) and stacking o r  twin faults. 

tions connected with the banded structures might lead to some significant 

A typical area is shown in Figure 3.7.1. 

Selected area diffraction patterns arising 

The organization of the disloca- 
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Fig. 3.7.2. Selected area diffraction pattern of the area shown 
in Fig. 3.7.1. The objective aperture is superimposed in the position 
used for the image in Fig. 3.7.1 (b). 

fraction of these dislocations having a common Burgers' vector. The 
degree of streaking of the diffraction spots will be dependent on the 

orientation of this common Burgers' vector with respect to the incident 

electron beam direction, causing variations from area to area as is 

indeed seen. 
The bonding region where two particles have been welded together 

is of particular interest. Due to the complexity of the microstruc- 

ture it is difficult to unambiguously identify the interparticle re- 

gions. In a study of an explosively compacted superalloy similar 

banded substructures to those reported here have been observed, which 

were attributed to the inner regions of particles. 

also seen in the interparticle melt region, identified by optical 

examination of the TEM specimen, which was characterized as microcrys- 
talline and which showed ring-like diffraction patterns. We see simi- 

lar areas, shown in Figure 3.7.3, in our alloy, but would suggest 
that ring-like diffraction patterns such as that shown in Figure 3.7.2 
might be due in some cases largely to deformation effects in just a 
few grains, as discussed above, rather than to the much larger number 

of grains that would be thought of as microcrystalline. 

4 .  

A structure was 

We do see, 
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however, some evidence for a degree of microcrystallinity in the inter- 

particle melt regions, which have been melted and re-solidified at 
an extremely high cooling rate. 

Lastly, we see no evidence in the micrographs of any precipi- 

tation in the material, although this would be difficult to distin- 

guish, except for a few particles at the regions thought to be inter- 

particle boundaries (see Figure 3.7.31, which could be oxide or debris 
from the original surfaces. 

of precipitation throughout the material in the diffraction patterns, 

although again the interpretation of the patterns is obscured by their 
complexity. 

Neither do we see any clear evidence 

3.7.4.4 Recovery and Recrystallization of Dynamically Compacted 
Path A Alloy 

The recrystallization curve for dynamically compacted material 
(Figure 3.7.4) was determined from measurements of Knoop hardness 
as a function of annealing temperature (1/2 hr anneal). 
compacted material shows extremely high hardness values (480) ; for 
comparison, rapidly solidified Path A alloy which was consolidated 
by hot extrusion and subsequently 60% cold worked has Knoop hardness 
of 320. Furthermore, hardness of dynamically compacted Path A alloy 
(see Figure 3.7.4) decreases gradually by annealing in the temperature 

range 650' to 1000°C; the hardness of the extruded and 60% cold worked 
Path A alloy on the other hand decreased abruptly in the temperature 
range 750' to 800°C and a 1/2 hr anneal at 85OoC resulted in a fully 

recrystallized structure. 

Examination of a sample annealed at 7OO0C for 1/2 hr, when some 

As dynamically 

5 

softening has taken place, reveals some recovery of the dislocation 

structure and precipitation on a fine scale, in an otherwise very 

similar looking microstructure to the as-compacted samples. No re- 

crystallization was detected. Again because of the complexity of 

the microstructure, it is difficult to describe or analyze its recovery, 
which is evidenced in images only as a slightly increased sense of 

familiarity! 

from most, but not all, areas, showing more normal-looking spot 

The recovery is more clearly seen in diffraction patterns 
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Annealing temperoture,C ( 1/2 h )  

Fig. 3.7.4. Softening curve for rapidly solidified and dynamically 
compacted Path A alloy. 
perature (1/2 hr anneal). 

Plot of hoop hardness versus annealing tem- 

patterns, primarily because of a reduced magnitude of the characteristic 
streaking seen in the as-compacted material which we believe arises 

from severe strain effects. That is, recovery is evidenced in a reduc- 

tion of the deformation induced strain, without appearing to greatly 

change the gross features of the microstructure. Figure 3.7.5 shows 

a micrograph and its associated diffraction pattern, illustrating 

these points. 

pattern which should not be confused with the ring-like patterns of 
Figure 3.7.2. In addition to the major reflections characteristic 
of a <110> orientation, 'polycrystalline' rings can be seen. These 

are modulated in intensity around the ring, with greatest intensity 
near to the matrix reflections. The modulated rings are interpreted 

as arising from many small coherent or semi-coherent particles of 
TIC, which is known to precipitate out of solution at about this 
annealed temperature, from previous studies of rapidly solidified 

and extruded Path A al10ys.~ 

many small regions of interference fringes, most clearly seen in the 

(2001 type bend contour crossing the image. 

ing 1.57 t 0.1 nm, are interpreted as Moir6 patterns arising from the 

However, a new feature has appeared in the diffraction 

The micrograph in Figure 3.7.5 shows 

These fringes, with spac- 
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FAg. 3.7.5. An area in dynamically compacted alloy annealed 
at 700 C for 30 min, shown at high magnification. The very high con- 
trast is an unfortunate consequence of the complex microstructure. 
A { Z O O }  bend contour crosses the picture, in which small areas showing 
fringe patterns can be seen. The diffraction pattern from this area 
is also shown. 
reflections and through the matrix {ill} reflections arises from Tic 
{ Z O O }  reflections. 
ring is from Tic { Z Z O )  reflections. 

The modulated ring passing just inside the matrix { Z O O }  

The inner ring is TIC I1111 and the outer clear 



233 

mismatch of 3 par !le and matrix lattices, with lattice p 

3.358 f 0.004 nm respectively, as measu 
_. . . . . .  

in microstructure, although the recc 
led. However, there were now observe 

... ,. . _  . 1 

arameters 

0.425 f 0.005 nm and 1 red from 

the diffraction pattern. The product or these lattice parameters 
should give the Moir; fringe spacing, which, within the error expectancy, 

it does. 

10 nm or less in size. 
The particles seem to be elliptical in shape and are generally 

After annealed at 75OoC for 1/2 hi, yIvaLI the material showed 

little apparent change wery proc- 

esses will have continc !d a few 

recrystallized grains, wicn consiaeraDie incragranuiar precipitates. 

This trend continued after annealing at 8OO0C for 1/2 hr, when now 

a larger fraction of the area observed was composed of recrystallized 

grains, the rest still showing the deformed microstruc- 

ture. This is illustrated in Figui ecrystallized grains, 

in both 750 C and 800 C annealed siuuyres, ~ I I U W ~ U  similar features, 
principally a high density of precipitate particles. 

is shown in Figure 3.7.7 in bright field and dark field conditions, 
using a precipitate reflection as shown in the diffraction pattern. 
The precipitate r nsis- 
tent with the par d 
and as has been observed in annealing studies of this alloy consolidated 
using hot extrusion. T rn to 
be coherent or semi-cot 
spherical and have sizes ge:nera~~y 111 ~ r l e  IU LU LU IUU rarlge, but perhaps 
the most striking feature is that they often form in linear arrays, 

0 0 

A typical region 

ox ima t ely 

pa- 

banded, highly 

re 3.7.6. The r 
___, _- ^I_ -..- 2 - 

'hey appear from the diffraction patte 

ierent with the matrix. They are appra 
.- _ _ _ _ _ _  ,,__ .t.. L L _  I n  L _  .-.n _ _  _^__^  

- 

as can be seen in Figure 3.7.7. This presumably reflects their fori 
tion in the banded structures prior to recrystallization. 

~ In brief, then, the annealing studies showed evidence of recovery 
and recrystallization seeming to proceed much as in conventional highly 

cold worked materials, but with these processes strongly retarded 

in their onset as the annealing temperature is increased in some areas 

of the material. This effect explains the gradual decrease in hardness 

shown in Figure 3.7.4, with the fraction of recrystallized to recovered 
but still highly deformed areas gradually increasing with annealing 

temperature. 
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Fhg. 3.7.6.  
a t  800 C for 30 min, showing the coexistence o f  the banded, highly 
deformed but recovered structure and recrystal l ized areas. 

An area in dynamically compacted a l l o y  annealed 
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3.7.h.5 A p p l i c a b i l i t y  of  Dynamic Compaction Technique i n  Developing 
Materials wi th  Improved I r r a d i a t i o n  Performance 

A s  shown i n  t h i s  r e p o r t ,  dynamic compaction of  Path  A a l l o y  

with increased  carbon and t i t an ium con t en t  r e s u l t e d  in a mic ros t ruc tu r e  

wi th  high d i s l o c a t i o n  and twin d e n s i t y  and i n  t h e  r e t e n t i o n  of carbon 

and t i t an ium i n  s o l i d  so lu t i on .  Extremely high hardness values 
are fur thermore i n d i c a t i v e  o f  h igh mechanical s t r e n g t h .  

t i o n  d e n s i t y  appears  t o  be an i n t r i n s i c  p roper ty  of  the dynamic 

compaction process  and it may be p o t e n t i a l l y  u s e f u l  i n  developing 

materials for i r r a d i a t i o n  performance, as i t  has been shown t h a t  

d i s l o c a t i o n s  are effective t r app ing  s i tes  f o r  helium.6 

known, however, t o  what e x t e n t  very high d i s l o c a t i o n  d e n s i t y  may 

have an effect on p r e c i p i t a t i o n  r e a c t i o n s  i n  stainless steel and 

on t h e  microchemical evo lu t i on  dur ing  neutron i r r a d i a t i o n .  

High d i s l oca-  

It is no t  

Annealing s t u d i e s  showed t h a t  recovery and r e c r y s t a l l i z a t i o n  

processes  are slower i n  dynamically compacted material than i n  conven- 

t i o n a l  mechanically t r e a t e d  material; t h i s  sugges t s  h igher  thermal  

s t a b i l i t y  o f  dynamically compacted materials. 
annealed and 20% CW a u s t e n i t i c  s tainless s teel  showed t h a t  equ i l i b r i um 

d i s l o c a t i o n  d e n s i t y  o b t a i n s  wi th  i n c r e a s i n g  f l u x  r e g a r d l e s s  o f  t h e  

i n i t i a l  state of  t h e  material.'l 
i n  dynamically compacted material a t  elevated s e r v i c e  temperature  

(pos s ib ly  by using d i s p e r s o i d s  such as ox ides  and carbides) is t h e r e f o r e  

a cha l leng ing  p o s s i b i l i t y .  

Comparison of  the 

Retent ion of  h igh  d i s l o c a t i o n  d e n s i t y  

Sur face  effects and corrcjsion problems may r e q u i r e  development 

o f  graded,  clad or coated first wall materials. Dynamic compaction 

a l lows  f o r  t h e  p r epa ra t i on  of  graded material, w i t h  t h e  advantage 

t h a t  bonded mixtures of  (normal ly)  chemical ly  or the rmal ly  incompat ible  

material are pos s ib l e ,  wi thout  formation of  b r i t t l e  intermetallic 
phases. For example, dynamic compaction has  formed s t r o n g  aluminum- 

steel  bonds wi thout  formation of  intermetallics. 2 

Ceramic materials are a l s o  p o t e n t i a l  e lectr ical  i n s u l a t o r s  

and first wall materials. I n  product ion of  ceramic materials, alterna- 
t i v e  d e n s i f i c a t i o n  methods, which produce bodies  of h igh  d e n s i t y  

whi le  avoiding t h e  l i m i t a t i o n s  imposed by a d d i t i v e s  or ho t  p r e s s ing  
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a re  being sought.  
1 such a technique ; m i c r o s t r u c t u r a l  examination o f  exp los ive ly  compacted 

A 1 N  showed similar features as observed i n  dynamically compacted metal- 

l i c  a l l o y s  and d i scussed  i n  t h i s  r e p o r t .  

I t  has  been shown t h a t  exp los ive  compaction i s  

3.7.5 Conclusions and Fu ture  Work 

Conso l ida t ion  is an important  s t e p  i n  developing r a p i d l y  s o l i d i -  

f i e d  m i c r o c r y s t a l l i n e  and amorphous a l l o y s  f o r  a p p l i c a t i o n s  such as 

a l l o y  development f o r  improved i r r a d i a t i o n  performance. Dynamic powder 

compaction (shock wave compaction) i s  one o f  t h e  c o n s o l i d a t i o n  tech-  

n iques  which are p r e s e n t l y  under s tudy.  

M i c r o s t r u c t u r a l  examination of as dynamically compacted Pa th  A 

a l l o y  wi th  inc reased  carbon and t i t a n i u m  c o n t e n t  showed a n  extreme 

l e v e l  of deformation i n c l u d i n g  very h igh  d i s l o c a t i o n  and t w i n  d e n s i t y .  

Recovery and r e c r y s t a l l i z a t i o n  p rocesses  seem t o  proceed much 

as i n  convent ional  h i g h l y  co ld  worked materials. Fu ture  work w i l l  

i n c l u d e  d e t a i l e d  s t u d i e s  o f  recovery p rocesses  i n  dynamically com- 

pacted materials. 
Neutron i r r a d i a t i o n  i s  c u r r e n t l y  i n  p rogress  t o  determine i r r a d i a -  

t i o n  response of  r a p i d l y  s o l i d i f i e d  and dynamically compacted Path  A 

a l l o y  w i t h  inc reased  carbon and t i t a n i u m  con ten t .  
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3.8 MECHANICAL PROPERTIES AND STRUCTURE OF Y203 DISPERSION STABILIZED, 
RAPIDLY SOLIDIFIED 316 TYPE STAINLESS STEEL - A. I. Ibrahim, J. 
Megusar and N. J. Grant (Massachusetts Institute of Technology) 

3.8.1 ADIP Task 

Tasks I.C.5 and I.B.16 and I.B.12, Microstructure and Swelling of 

Special and Innovative Materials, Tensile and Stress Rupture Properties. 

3.8.2 Objective 

The objective of this work was to prepare an oxide dispersion sta- 

bilized 316 austenitic stainless steel in order to study the effect of 
oxide dispersion on swelling resistance and mechanical behavior of 316 
austenitic stainless steels under neutron irradiation. 

dispersion stabilized 316 stainless steel have been included in alloy 
development irradiation experiments. 

Samples of oxide 

3.8.3 Summary 

An oxide dispersion stabilized 316 stainless steel has been prepared 

by mechanical alloying of a few 100 
flakes of 316 stainless steel prealloyed with 1 ut% aluminum. 
with 4 vol$ and 5 vol$ yttria additions have been prepared and they show 
significant improvements in microstructural stability. Austenitic stain- 

less steel containing 4 vol$ yttria showed very high room temperature 
YS and UTS, with sufficient ductility. 
as a function of different thermomechanical treatments is currently in 

progress. 

size yttria powders with attrited 

Alloys 

Stress rupture testing at 65OoC 

3.8.4 Progress and Status 

3.8.4.1 Introduction 

In a previous worklP2 an aluminum oxide dispersed 316 stainless 
steel has been developed; surface oxidation has been chosen as a pre- 
ferred method in order to minimize formation of less stable chromium 

oxides. For this purpose, an ultra low C+N stainless steel was alloyed 
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with 1 wt% A l ,  rapidly solidified to produce fine powders and attrited 

to approximately 0.5 pm thick flakes to provide for surface oxidation. 

SAM analysis revealed an approximately 100 A thick surface layer enriched 
in oxygen, aluminum and chromium similar to that determined for rapidly 

solidified powders. Internal oxidation of the attrited flakes has not 

been carried out in order to minimize formation of less stable chromium 

oxides and the attrited flakes were instead directly hot extruded. The 

oxide layer which formed on the surface of the flakes during the attri- 
tion process broke up during the extrusion process to form discrete oxide 

particles. TEM showed that oxide particles were uniformly distributed 

in the extruded material. Their size was about 1000-1500 and the 
interparticle spacing was 3000-5000 A. The composition of oxide parti- 

cles was obtained by STEM and most oxides were identified as A1 oxides, 

based on the energy dispersive X-ray spectrum, which showed a strong 

A 1  line and on the electron energy loss spectrum, showing an oxygen peak. 
Microstructural stability studies showed that aluminum oxide dispersion 

retarded recrystallization and that it effectively inhibited grain growth 

up to 115OOC (1 hr anneal); at 125OoC the grain size increased from 5 
to 10 pm. Mechanical testing showed that aluminum oxide dispersion 

improved room temperature tensile properties. 

0 

a 

This work showed that prealloying of 316 stainless steel with alumi- 

num results in preferential formation of aluminum oxide particles in 

the presence of high chromium content. 

the aluminum oxides show much higher thermal stability than the chromium 

oxides. 

it was considered too coarse to obtain optimum high temperature struc- 

tural and mechanical properties. As a continuation of this research, 
alternate techniques of preparing oxide dispersion stabilized austenitic 

stainless steel are being studied, such as mechanical alloying of fine 

refractory oxides with fine rapidly solidified powders. 
tempted to further increase structural and mechanical stability by reduc- 

ing the average oxide particle size and interparticle spacing and by 

increasing the volume fraction of oxide particles. This report describes 

the preparation of Y203 dispersion stabilized 316 stainless steel by 
using the mechanical alloying technique. It also includes preliminary 

This is an important result since 

However, the average oxide particle size exceeded 1000 ii and 

It has been at- 
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results on mechanical testing and microstructural examination of these 

alloys. 

3.8.4.2 Experimental Procedure 

The ultra low C+N 316 stainless steel was provided by Allegheny 
Ludlum Company and had the following chemical composition (in ut%): 
16.36 Ni; 16.76 Cr; 2.26 Mo; 1.25 Mn; 0.51 Si; 0.0027 C; 0.003 N; 0.0027 
S; bal. Fe. This alloy was remelted and modified by the addition of 

1 percent aluminum. 
velocity jets of nitrogen and argon to produce fine powders. 

Rapid solidification was performed by means of high 

Size fraction +53, -106 was comminuted in an attritor, using stain- 
less steel balls; 200 g lots of powders were attrited under isopropyl 

alcohol at 180 rpm for 72 hours to produce fine flakes. 
flakes were decanted and dried in air. 

The accumulated 

Flakes were mixed with yttria powder particles, in the amounts of 

4 and 5 vol% to prepare yttria dispersion stabilized 316 stainless steel 
Alloy I and Alloy 11, respectively. 
ble yttria powders was specified in the range of 200-400 ii. 
of stainless steel flakes and yttria powders was mechanically alloyed 

in a ball mill in an argon atmosphere. 
to assure a uniform distribution of yttria in the material. 
of 200 g was ball milled at a time. 
Alloy I and 48 hrs for Alloy 11. 
gassed by heating to about 45OoC under vacuum, and hot extruded at about 
1150°C at an area reduction ratio of 16:l. resulting in 1.27 cm diameter 

bars. 

The size of the commercially availa- 

A mixture 

This process has been chosen 

A charge 
The ball mill was run 72 hrs for 

Powders were then cold compacted, de- 

Rapidly solidified powders, flakes and mechanically alloyed powder 

particles were examined in SEM and TEM. The microstructure of the con- 

solidated material was examined in TEM;samples were thinned by electro- 

polishing in a 10% HC1O4-902CH OH solution at -56C and 25V. Nearly all 

specimens were thinned additionally by using ion milling. 

Microhardness testing was performed with a Tukon Tester with a 

3 

200 gm load. 
machine at a crosshead speed of 0.05 cm/min. 

done at 65OoC in air by using a lever load applicator system. 

Room temperature tensile tests were performed on an Instron 
Stress rupture tests were 

Specimens 
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were machined to ASTM specifications; the test bar had a gage diameter 

of 0.406 cm and gage length of 1.905 cm. 

The extruded materials were thermomechanically processed. Samples 

were isothermally annealed at various temperatures to study microsta- 

bility, hardness and tensile properties. Samples were cold worked, with 

intermediate annealing: the process involved pre-annealing at 12OO0C 

for 1 hr, followed by cold working in steps of 20% and 15% for Alloys 
I and 11, respectively, plus annealed at 85OoC, until cracks were ob- 
served in the samples. 

3.8.4.3 Microstructures 

The morphology of the rapidly solidified powder particles of 316 
stainless steel as-atomized is shown in Figure 3.8.1. 
are spherical and previous work 

is typically 1-3 pm suggesting a cooling rate of about lo4 'C/sec. 
Segregation could not be observed in the interdendrite spaces. 

The particles 
1 showed that the dendrite arm spacing 

Fig. 3.8.1. 
solidified powders of 316 stainless steel (with 1% Al). 
marker is 75 pm. 

SEM micrograph showing the morphology of rapidly 
Length of the 



243 

Fig. 3.8.2. SEM micrograph showing the morphology of the attrited 
flakes. 

Table 3.8.1. Average Flake Dimensions as a Function of Attrition Time 

Attrition Time Flake Thickness Flake Width 
hrs pm 

48 7.5 250 

72 1.5 250 

nesses of the flakes decreased with increasing attrition time as shown 

in Table 3.8.1. 
tion, has an average area-to-volume ratio of 1.35 compared to that of 

the original powder particles, which is about 7.5 x This should 

allow for most of the aluminum in the alloy to be oxidized. The flake 

thickness of 1.5 p m  which was obtained after 72 hrs of attrition was 
considered sufficiently small to allow for a uniform distribution of 

yttria particles in the material during the subsequent ball milling op- 
eration. 

The final flake size, produced after 72 hours of attrl- 
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The efficiency of mechanical alloying in uniformly distributing 

yttria powder particles was determined by varying ball milling time (24, 
48 and 72 hrs) and starting size and shape of stainless steel powders 
(as-atomized powders, 1.5 p m  thick flakes). Microstructural examination 

in SEM and TEM (carbon extraction replica technique) of ball milled 
powder particles which were prepared metallographically and etched in 

glycerol regia showed that 48 and 72 hr ball milling produced a uniform 
dispersion of yttria in stainless steel powders provided that yttria 
has been mixed with 1.5 pm thick stainless steel flakes. Mechanical 

alloying of as-atomized stainless steel powders did not produce, however, 

a uniform yttria dispersion after 48 and 72 hrs. 
Microstructural examination (SEM, TEM) of the extruded Alloy I which 

0 was annealed 1 hr at 1200 C showed more or less uniform distribution 
of oxide particles in the austenitic matrix. 

size was 413 A and estimated interparticle.spacing was 1000-2000 A. 
Particle size and interparticles spacing in Alloy I is considerably 
smaller than in previously developed aluminum oxide dispersion stabilized 

austenitic stainless steel. 

to identify the composition and structure of different oxides present: 

a) yttrium oxides which were added to stainless steel; b) aluminum oxides 
which formed from oxide surface film on the attrited flakes during ball 

milling and hot extrusion; and c) possibly smaller amounts of chromium 

oxides. and d2 respec- 
tively, were shown by SEM to be of the order of 12 and 0.85 pm, respec- 
tively. 

thus of the order of 16, and the grain size, d, defined as (dld2)', is 

of the order 3 pm. The GAR is greater than 3, the minimum required to 
produce substantial improvement in high temperature properties. 

The average oxide particle 
0 

Detailed STEM analysis has been planned 

The longitudinal and transverse grain sizes, d 1 

The grain aspect ratio, GAR, defined as the ratio dl/d2 is 

3 

3.8.4.4 Microstructural Stability and Response to TMT's 
Figure 3.8.3 shows stability curves for the as-extruded oxide dis- 

persion stabilized Alloys I and 11. 
plotted as a function of annealing temperature (1 hr anneal). 
of the as-extruded material remained unchanged after 1 hr anneal to 
llOO°C for Alloy I. 

Knoop hardness (200 g load) was 
Hardness 

1 Relative to the alumina dispersion stabilized alloy, 
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Fig. 3.8.3. Stability curves f o r  the as-extruded OD alloys I and 
11. Plots of Knoop hardness versus annealing temperature (1 hr anneal). 

the hardness is much higher, almost doubled. A similar stability curve 
plotted for Alloy 11, Figure 3.8.3, showed that the hardness can be 

increased further by increasing the amount of finely dispersed Y 0 2 3  
that the hardness remained unchanged to 115OOC. 

and 

However, the increase in hardness at this amount of oxide dispersion 

(5 vel% addition) would be detrimental to the ductility of the alloy. 
This was evident in room temperature working by swaging performed on 

Alloys I and 11. 
after 33% CW. 
alloys resulted in 60% CW f o r  Alloy I and only about 30% fo r  Alloy 11. 

Cold swaging plus intermediate annealing of OD alloys has the effect 
of rearranging dislocations into low single boundaries, thereby permit- 
ting further cold working before cracking.' This is evident in the in- 

crease of ability to cold work Alloy I from 40 to 60%; however, this 
is not true with Alloy I1 and this suggests the possibility of having 
exceeded the optimum content of oxide in 316 stainless steel. 

Alloy I cracked after 40% CW while Alloy I1 cracked 
Intermediate annealing (IA) at 85OoC performed on the 
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Table 3.8.2. Room Temperature Tensile Properties of OD Alloy I 

Yield Strength UTS Elongation 
ALLOY CONDITION (0.2% offset) 

MPa MPa % 
As extruded 930.0 1031.3 15.32 
As extruded + 1130°C anneal 965.3 1076.5 13.15 
As extruded + 123OoC anneal 885.5 1010.5 16.15 
As extruded + 133OoC anneal 628.5 868.1 20.78 

. 2200 
I 3 O 0  )&-I- I I 
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-l 
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Fig. 3.8.4. Room temperature tensile properties for OD alloy I. 

3.8.4.5 Room Temperature Tensile Properties 

The tension testing performed on Alloy I showed a substantial im- 
provement in the room temperature properties, as shown in Table 3.8.2. 
The yield strength increased from 379 MPa for the A1 0 
MPa for Alloy I; the UTS increased from 604 MPa for the A1203 OD alloy 
to 1031 MPa for Alloy I. Ductility is, however, lowered to 15.3% com- 

pared with 30.5% for the A1 0 OD alloy. 

OD alloy to 980 
2 3  

2 3  
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Figure 3.8.4 shows the effect of annealing for 1 hr at temperatures 

near the recrystallization point. An annealing condition of 1 hr at 
1130°C resulted in the highest strength and the lowest ductility, which 

decreased and increased, respectively, at higher temperatures. This 

suggests grain growth coupled with recrystallization since, according 
to the work of Scott and Spruielli on the effect of grain size on hard- 
ness and tensile properties for a 316 type stainless steel,5 the hardness, 
YS and UTS all decrease as the grain size increases. 
probably recrystallized at about 135OOC. 

cle/matrix interfaces and the voids elongate with increased working. 

These voids heal during high temperature annealing.6 

the higher strength of the alloy annealed at 1130°C before recrystal- 

lization. Detailed microstructural and fractography studies are cur- 

rently underway on Alloy I as a function of different thermomechanical 
treatments. 

The structure is 
Working opens voids at parti- 

This accounts for 

3.8.4.6 Stress-Rupture Tests at 65OoC 

Stress-rupture testing of Alloy I at 65OoC has been initiated. 
The stress-rupture time plot for the as-extruded material shows an ex- 

ponent of 12 and the extrapolation of the plot predicts that the alloy 
is capable of withstanding a load of 220 MPa (32 KSi) without failure 
up to 100 hrs, and a load of 180 MPa (26 KSi) without failure up to 1000 
hrs. 

of 12 but the strength is lower by about 20 MPa (2.9 KSi) which may be 
understood as a consequence of the reduction of dislocation density due 
t o  120OOC anneal as compared to the as-extruded material. 

The curve after 12OO0C, 1 hr anneal exhibits the same exponent 

Stress rupture testing of Alloy I ( 4  volk yttria) which is currently 
in progress includes the following thermomechanical treatments: a) 20- 

30% cold work (with an intermediate annealing at 85OoC after 10-158 CW) 
which is a reference condition for fusion materials research; b) anneal- 
ing at temperatures above 12OO0C to allow for recrystallization and grain 

growth; and c) directional recrystallization to increase the grain aspect 

ratio. 
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3.8.5 Conclusions and Future Work 
Based on this and previous works 1'2'7, mechanical alloying by attri- 

tion followed by ball milling is a powder metallurgy technique that can 

be used efficiently to generate an inert oxide dispersion in 316 stain- 

less steels. The thin flakes provide a large surface area to volume 

ratio t o  enhance surface oxidation of aluminum and generate fairly uni- 

form distribution of A1203 and Y203 oxides. 
welding of the consituents, dividing and uniformly distributing of oxide 

particles in the interior of each alloy particle. 

The milling involved cold 

Alloys with 4 vol% and 5 vol% yttria additions have been prepared 

and they show significant improvements in microstructural stability. 

Austenitic stainless steel containing 4 vol% yttria showed very 

Stress rupture tests at 65OoC on the 4 vol% yttria alloy in the 

as-extruded material showed favorable high temperature behavior. Future 
work will include detailed studies of the effect of different thermo- 
mechanical treatments on high temperature strength and ductility of oxide 
dispersion stabilized rapidly solidifed stainless steel. 

high room temperature YS and UTS, with sufficient ductility. 

Samples of oxide dispersion stabilized 316 stainless steel will 

be included in alloy development irradiation experiments. 
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3.9 MICROSTRUCTURES DEVELOPED I N  AUSTENITIC STAINLESS STEELS IRRADIATED 
I N  HFIR AT 55'C - P. J. Maziasz (Oak Ridge National  Laboratory) 

3.9.1 ADIP Tasks 

ADIP Tasks I . C . l ,  Mic ros t ruc tu ra l  S t a b i l i t y ,  and I . C . 2 ,  Microstruc-  

t u r e s  and Swelling i n  Aus ten i t i c  Alloys. 

3.9.2 Objec t ive  

The o b j e c t i v e  of t h i s  task  is t o  determine the  e f f e c t s  of d isp lace-  

ment damage and helium gene ra t ion  on m i c r o s t r u c t u r a l  development a t  lower 

water coolant  temperatures.  

3.9.3 Summary 

Samples of s o l u t i o n  annealed types 316 and 347 s t a i n l e s s  s t e e l  

(SA 316 and SA 347) and 20%-cold-worked type 316 s t a i n l e s s  s t e e l  (CW 316) 

have been i r r a d i a t e d  i n  the  High Flux Iso tope  Reactor (HFIR) at  55OC. No 

voids  or bubbles were de tec ted .  All samples contained a f i n e  "black spot"  

component of the  d i s l o c a t i o n  s t r u c t u r e .  Both SA 316 and SA 347 contained 

a high concen t r a t ion  of Frank i n t e r s t i t i a l  loops (14-30 nm diam) but no 

d i s l o c a t i o n  networks, whereas CW 316 shows network recovery with few 

Frank loops. 

3.9.4 Progress  and S t a t u s  

Ea r ly  work on fus ion  f i r s t - w a l l  l i f e t i m e  l i m i t a t i o n s  i n d i c a t e d  t h a t  

i r r a d i a t i o n  temperatures  should not exceed 550 t o  600"C, according t o  HFIR 

i r r a d i a t i o n  swel l ing  and d u c t i l i t y  da ta  f o r  type 316 s t a i n l e s s  s t e e l .  

Recent work by Wif f e n 2  has i nd ica t ed  minimal p r o p e r t i e s  degradat ion  a f t e r  

HFIR  i r r a d i a t i o n  of type 316 a t  55'C, and recent  des ign  s t u d i e s 3  have con- 

s i d e r e d  f i r s t  wall temperatures  near 300°C. However, very r ecen t  H F I R  

d a t a 4  i n d i c a t e  t h a t  a swel l ing  maximum may be present  between 55 and 

300'C i n  CW 316, i n d i c a t i n g  t h a t  t he  lower temperature m i c r o s t r u c t u r a l  and 

swel l ing  behavior of t hese  s t e e l s  i n  not well-known. Fas t  breeder  r e a c t o r  

i r r a d i a t i o n  produces da ta  on the  e f f e c t s  of displacement without much 

helium gene ra t ion  at  temperatures  above about 370°C. Light  water  r e a c t o r  
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irradiation produces helium with very little accompanying displacement 

damage at lower temperatures. 

of data at low temperature and HFIR's ability to produce helium and 
displacement damage at 55°C. 

The present study was motivated by the lack 

Transmission electron microscopy (TEM) of the as-irradiated micro- 

structures of both SA and CW 316 shows only dislocations, with no evidence 

of precipitation and no resolvable cavities. Irradiation parameters are 

given in Table 3.9.1. 

unirradiated and as-irradiated material is also given in Table 3.9.1. 

Solution-annealed type 316 stainless steel had a very low (<lo l 2  m/m 3, 

density of line dislocations randomly distributed prior to irradiation. 
High Flux Isotope Reactor irradiation at 55°C produced a high total dislo- 

cation concentration (1.6 X 10 lit m/m3) that consisted of a large concen- 
tration (3.6 X loz2 III-~) of about 14-nm-diam Frank interstitial loops. 

There is also fine black spot damage that appears to be loops, in the 

background, as indicated in Table 3.9.1. However, the vacancy or inter- 

stitial character of these has not yet been determined. They contribute 

little to the total equivalent line dislocation density. 

Quantitative dislocation information for both 

Table 3.9.1. Dislocation Information for Austenitic 
Stainless Steels Irradiated in H F I R  at 55°C 

Dislocation Loops Network Total 
Dislocation Average 

(nm) 

Dislocation Material, Displacement Helium 

concentration "lameter concentration concentration starting Damage Content 

( m - 3 )  (m/m ') (mlm 
Xicroafructure (dpa) (at. ppm) 

316, SA 0 0 10 1 Q-1012 0 10 1 Q-1 01 2 

1.6 x 1015 
7 . 3  290 <in10 1 4 a  3.6 X IOz2 

3 . i b  3 x 1022 

316, 20% Cd 0 0 3 5  x 1015 -0 3 5  x 1015 

1.5 x 1015 

3 4 7 ,  SA -0 -0 3 4  x 1013 0 M x i o L 3  

-5 x 1015 

10.8 520 5 x 1 0 1 ~  2 3 a  -1.0 x 1021 
3.5b 7.7 x 1022 

-1C -2500d < l o 1 0  - 305 - 5 x i n 2 2  
2 4 b  3 4  x 1022 

aF'Frank interstitial loops. 

bSmall defect clusters, tentatively identified as loops, but vacancy or interstitial nature not 

CCalculated, based on fast fluence of 1.1 x 

hlculated, based on thermal fluence of 7 x I O z 6  neutrone/m2 and 13 wt % Ni, a8 measured by 

yet determined. 

neutrons/m2 ( E  > 0.1 MeV). 

quantitatiYe x-ray Em. 
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Under the  same i r r a d i a t i o n  condi t ions  CW 316 develops q u i t e  d i f-  

f e r e n t l y  from SA 316. The CW 316 shows network d i s l o c a t i o n  recovery from 

about 3 t o  5 X 1015 m/m3  p r i o r  t o  i r r a d i a t i o n  to  about 5 X 1014 m/m3  a f t e r  

i r r a d i a t i o n .  The CW 316 shows a much lower concen t r a t ion  of Frank loops ,  

but about t h r e e  times more black spot  damage than the  SA 316. In CW 316, 

t h e  loop component c o n t r i b u t e s  about twice as much as t h e  network t o  t h e  

t o t a l  d i s l o c a t i o n  dens i ty  of 1.5 x 1015 m / m 3 ,  which is  the  same a s  the  

t o t a l  dens i ty  i n  the  SA 316. 

Examination of a segment of SA 347 tubing i r r a d i a t e d  i n  another  p a r t  

of HFIR at  about 55OC helps shed more l i g h t  on the  mechanisms involved and 

t h e  r o l e  of helium. The SA 347 saw s e r v i c e  f o r  f i v e  years  a s  a pneumatic 

tube  loca ted  i n  the  beryl l ium r e f l e c t o r  ou t s ide  the  core.  The neutron 

spectrum was p r imar i ly  thermal ,  with a small fast fract- ton.  The i r r a -  

d i a t i o n  produced approximately 1 dpa and 2500 a t .  ppm He. Transmission 

e l e c t r o n  microscopy of u n i r r a d i a t e d  and i r r a d i a t e d  po r t ions  of the tube 

is  shown i n  F ig .  3.9.1, and d i s l o c a t i o n  information is  included i n  

Table 3.9.1. There a r e  near ly  t e n  times as many d i s l o c a t i o n s  i n  the  net-  

work of the  u n i r r a d i a t e d  SA 347, probably due t o  a s t a b i l i z a t i o n  t rea tment  

t o  produce the  NbC p r e c i p i t a t e s  observed i n  Fig. 3 .9. l (a) .  I r r a d i a t i o n  i n  

HFIR  t o  only 1 dpa produces s e v e r a l  times more t o t a l  d i s l o c a t i o n  dens i ty  

than  SA 316 i r r a d i a t e d  t o  about 7 dpa. There a r e  more and l a r g e r  Frank 

i n t e r s t i t i a l  loops i n  the  SA 347, with e s s e n t i a l l y  the  same black spot  

damage as the SA 316. The SA 347 con ta ins  approximately e i g h t  t imes more 

helium than the  SA 316, generated cont inuous ly  i n  both samples  during the  

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

P o s t i r r a d i a t i o n  anneal ing of the  SA 347 f o r  1 h a t  65OoC developed a 

very high concen t r a t ion  ( 2  t o  3 X IOz3 m-3) of f i n e  ( 2  t o  3 nm diam) 

helium bubbles ,  shown i n  Fig. 3.9.2(a). These can e a s i l y  account €or a l l  

of the  helium i n  equi l ibr ium and would i n d i c a t e  t h a t  helium and vacancies  

were t rapped on a very f i n e  s c a l e  t o  nuc lea t e  such a high concen t r a t ion  of 

bubbles during anneal ing.  The loop s t r u c t u r e  i s  a l s o  anneal ing  t o  form 

some network i n  Fig. 3.9.2(b). A t  t hese  low tempera tures ,  t h e r e  a r e  

e s s e n t i a l l y  no equ i l ib r ium vacancies ,  and t h e r e  must be one vacancy sur- 

v iv ing  recombination f o r  every i n t e r s t i t i a l  t h a t  is incorpora ted  i n t o  a 



253 

s 
N 
0 

w > 

V 
K l  $2 

a 
mE5 

LL 
I 

m 

w 

v) :: 
c 

> 

E 

0 

a 
0 
c 

I - n 

E 
Y. - 

- 
1 
m 



254 

0 
w 



255 

Frank loop or that causes a line dislocation to climb. Helium atoms are 
also strongly bound to vacancies, and if they prevent some fraction of 

recombination, they could reasonably contribute to formation and develop- 
ment of dislocation sinks for the interstitials. 

3.9.5 Conclusions 

Although prior low-irradiation-temperature work showed only black 
spot damage from 90 to 300°C (ref. S ) ,  this study showed a more extensive 

development of dislocation microstructures. The amount of microstructural 

development and difference between CW 316 (network) and SA 316 (all loops) 

should be important for sorting out loop nucleation and growth mechanisms 
and may be important to the irradiation creep behavior at these tempera- 

tures. The work also points to the importance of helium to microstruc- 

tural (and hence properties) development, even at these low temperatures. 
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3.10 STATISTICAL ANALYSIS OF THE MFE-5 IN-PEACTOR FATIGUE CRACK GROWTH 

EXPERIMENT RESULTS - A. M. Ermi (Westinghouse Hanford Company) 

3.10.1 ADIP Task 

ADIP TaskI.B.1,"Fatigue Crack Growth in Austenitic Alloys" (Path A ) .  

3.10.2 Objectives 

An in-reactor fatigue crack propagation experiment was conducted in 

the ORR on the Path A Reference Alloy, 20% cold-worked 316 stainless steel. 

The effects of dynamic irradiation on crack growth behavior were evaluated 

by comparing the results with thoseof alaboratory thermal control test. 

3.10.3 Summary 

Results fromthe in-reactor fatigue crack propagation experiment and 

thermal control test have been quantitatively analyzed using statistical 
comparisons of the data. The analysis showed that at the 95% confidence 

limits, thein-reactor growth rates exceeds the thermal control by at most 

a factor of about two. However, the average growth rates in-reactor were 

less than that for the thermal controls, but statistically there were no 

significant differences between the crack growth rates from the two tests. 

3.10.4 Progress and Status 

3.10.4.1 Introduction 

Fatigue crack propagation (FCP) in the first wall of a magnetic fusion 

reactor may be a limiting quantity governing reactor lifetimes. Previous 

studies of irradiation effects on FCP have all been conducted out of 

reactor on materials pre-irradiated in the unstressed condition. The 

ORR-MFE-5 experiment was designed to investigate FCP during irradiation, 

where dynamic irradiation may effect crack growth characteristics. 

3.10.4.2 Test Background 

The WE-5 experiment was conducted in the ORR, being inserted in 

Nov. 1980, and scheduled to run for 200,000 cycles (approximately 6 

months). After nearly 60,000 cycles (2 months), a problem with the stress 

cycling system developed, apparently caused by a lengthening somewhere in 
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the specimen chain. This prompted removal of the experiment during the 

Feb. 1981 end-of-cycle shutdown. The initial concern when the test was 

terminated was whether there was any damage to the specimens due to an 

overload, thus invalidating the results. Post-test examination of all 

specimens discounted this possibility: 

(a) There were no measurable specimen elongations which could account 

for the apparent specimen chain lengthening; 

(b) there was no evidence of gross plastic deformation at the crack tips 

which its obvious in overloaded specimens. 

(c) scanning electron microscopy revealed no anomalies along the crack 

front of any specimens; and 

(d) the fact that crack growths were observed f o r  all specimens verifies 

that an overload did not occur, at least up until the final reactor 

startup when the problem suddenly developed and the test was halted. 

Post-test examination of the test hardware and design led to the 

conclusion that the most probable cause of the chain lengthening was a 

loosening of a specimen pin clamp, thus allowing the pin to slip partially 

out of a specimen support link. The only impact of early termination on 

the data was that very small crack extensions were available for analysis. 

The final MFE-5 test matrix is detailed in Table 3.10.1 while the results 

for both the in-reactor test and the thermal control test are listed in 

Tables 3.10.2 and 3.10.3 respectively. 

Table 3.10.1 MFE-5 EXPERIMENT TEST MATRIX 

Specimen: 
Material : 

Peak Temperature: 

Environment: 

Frequency/Waveform: 

Stress Intensity: 

Stress Ratio: 

React or : 

Fast Flux: 

Duration of Test: 

Miniature Center-Cracked Tension 

Path A 20% Cold-Worked 316 SS 

46OoC 

Sodium 

1 cyclelmin; triangular 

8 to 13 Mpa m 
min. load/max. load, R = 0.10 

ORR, Position C- 7 

3 x n/cm -s (E > 0.1 MeV) 

?i 60,000 cycles 

2 
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3.10.4.3 Statistical Analysis 

Both tests consisted of eight specimens which were precracked to 

different initial crack lengths, and cycled between fixed load limits. 
The crack lengths and loads chosen were based on previous testing in 

sodium, and were designed to give crack extensions from approximately 

1.Omm (0.040 in) to approximately 5.0 mm (0.200 in). However, due to 

(a) the shortened duration of the test and (b) the relatively lower 
crack growth rates than anticipated, the crack extensions for all 

sixteen specimens were very small, ranging from 0.01 nun to 0.29 mm. To 

overcome the problem associated with measurement errors of small crack 

extensions which can lead to large errors for an individual specimen, 

results from all eight specimens in each chain were combined to obtain 

accurate overall crack growth rates. A s  expected, considerable scatter 
in the crack growth plots are produced, much of which is attributed to 

the uncertainties in measuring (Figures 3.10.1 and 3.10.2). 
In order to establish a basis for comparing the two tests, a s l o p e  

of 2.5 was fixed for both curves, and the intercepts for the best fit 

determined. The slope was chosen to match that of the room temperature 
curve (nearly equivalent to the high temperature sodium curve) which was 

used as a basis for the design. It should be emphasized that the purpose 

of the slope selection was only to describe the data sets in a physically 

meaningful fashion so that additional comparisons fo the data sets could 

be made. It should be noted also that the choice of the particular slope 

does not significantly alter the conclusions. 

A plot of the 95% confidence intervals for the crack growth curves 

for both tests are included in Figures 3.10.1 and 3.10.2, and are compared 

in Figure 3.10.3. The t test was used to test the hypothesis that the 

equations were the same, and to determine by how much the in-reactor 

crack growth rate could exceed the thermal control test: 

(1) To test the hypothesis that the equations are the same at the 95% 
confidence limit, compute - - 

" 1  - " 2  
t =  

so ( l / n l  + 1/n2) 1 / 2  
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- - 
where u1 , u2 = in-reactor and thermal control test 

mean intercepts, 

S = pooled standard deviation and, 
0 

= sample sizes "1 3 "2 

Using the information from Table 3.10.4, t is computed as 0.740 which is 

less than 2.145 for 100 (1-a) = 95%. Therefore, the hypotheses is 
accepted, and there are no significant differences in the equations. 

Table 3.10.4 Statistical Parameters for the MFE-5 Testa 

Thermal 
In-Reactor Control 

- - - 
Mean Intercept, a :  r~1=-8.5944 a2=-8.4675 

Standard Deviation, s: s1  =0.3727 s2=0. 3102 

Sample Size, n: n1 =8 n2=8 

0 S 0 = 0.3429 Pooled Standard Deviation, s : 

ta/2, nli-nz-2: t0.25,14 = 2.145 

a Values are computed from log (da/dN) and log (AK) data. 

(2) To determine how much the in-reactor crack growth rate could exceed 

the thermal control rates use, 

where d is the amount thein-reactor rate could exceed the thermal 

control rate at the 100 (l-a)% confidence limit. 

Solving for d yields d = 0.2409, and converting from logarithmic to 
linear units, 10 = 1.74. The in-reactor crack growth rate is no more 

than a factor of 1.74 greater than the thermal control crack growth rate 

d 
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at the 95% confidence limit. This is within the normal scatter band for 

fatigue crack growth and is therefore considered insignificant. 

3.10.4.4 Conclusions and Recommendations 

Based on the above analysis, it is evident that there were no 

significant effects of dynamic irradiation for 20% cold-worked 316 

stainless steel at the test conditions investigated. Consequently, a 

second in-reactor test conducted under similar conditions is not 

warranted. This does not mean that in-reactor FCP testing need not be 

pursued further. The recornendation is that once materials have been 

narrowed down for a particular fusion reactor first wall application, 
and the operating conditions defined, additional in-reactor FCP testing 
should then be carriedoutto obtain the precise design data required for 

final material selection. In the meantime, irradiation effects on FCP 

for design studies and a l l o y  selection will be ascertained through the 

more economical postirradiation test techniques. 

3.10.5 Future Work 

This concludes the work on the MFE-5 in-reactor FCP test. There 
are no plans to conduct any follow-on tests at this time. 
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3.11 TENSILE PROPERTIES OF U.S.S.R. AUSTENITIC STAINLESS STEEL AFTER 
LOW-TEMPERATURE H I G H  FLUX ISOTOPE REACTOR IRRADIATION - R. L. Klueh 
and M. L. Grossbeck (Oak Ridge National  Laboratory) 

3.11.1 ADIP Task 

ADIP Task I.B.13, Tens i le  P rope r t i e s  of Aus ten i t i c  Alloys. 

3.11.2 Objec t ive  

The United S t a t e s  and the  U.S.S.R. have agreed t o  develop common phy- 

s i c a l  po in t s  of re ference  ( i n  m a t e r i a l s  and t e s t s )  t o  which i r r a d i a t i o n-  

e f f e c t s  research  and development s t u d i e s  may be r e l a t e d .  The f i r s t  s t e p  

of t h i s  agreement was the  exchange of a s tock  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 .  The o b j e c t i v e  of t h i s  t a sk  is t o  i r r a d i a t e  and t e s t  the  m a t e r i a l  

suppl ied  by the  U.S.S.R., and t o  compare the  r e s u l t s  with r e s u l t s  on 

s i m i l a r  U.S. ma te r i a l s .  

3.11.3 Summary 

Two t e n s i l e  specimens of the  U.S.S.R. low-nickel, high-manganese 

s t a i n l e s s  s t ee l  EP-838 were i r r a d i a t e d  i n  the  High Flux Iso tope  Reactor 

(HFIR) a t  about 55°C t o  produce about 5.2 dpa and 63 a t .  ppm H e .  The 

t e n s i l e  p r o p e r t i e s  a t  room temperature and 300°C of the  i r r a d i a t e d  and 

u n i r r a d i a t e d  20%-cold-worked s t e e l  were q u i t e  s i m i l a r  t o  the  p r o p e r t i e s  

of 20%-cold-worked type 316 s t a i n l e s s  s t e e l  (CW 316) t h a t  was s i m i l a r l y  

i r r a d i a t e d .  

3.11.4 Progress  and S t a t u s  

The HFIR-CTR-33 i r r a d i a t i o n  experiment was p r imar i ly  designed t o  

determine the  e f f e c t  of t ransmuta t ion  helium on the  t e n s i l e  p r o p e r t i e s  of 

f e r r i t i c  s t e e 1 s . l  

comparison. Two specimens of the  U.S.S.R. low-nickel,  high-manganese 

s t a i n l e s s  s t e e l  EP-838 obtained i n  the  U.S.-U.S.S.R. exchange agreement 

were a l s o  i r r a d i a t e d  and t e s t e d .  In  t h i s  r e p o r t  t h e  t e n s i l e  p r o p e r t i e s  of 

t h e  u n i r r a d i a t e d  and i r r a d i a t e d  20%-cold-worked EP-838 and s i m i l a r  proper- 

t ies  f o r  CW 316 w i l l  be presented.  

In  a d d i t i o n  t o  these  s t e e l s ,  CW 316 was included f o r  
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3.11.4.1 Al loys  I r r a d i a t e d  

The composi t ions  of t h e  EP-838 and CW 316 a r e  g iven  i n  Table 3.11.1; 

t h e  type  316 s t a i n l e s s  s t e e l  is  from the  f u s i o n  r e f e r e n c e  hea t  (X15893). 

There a r e  s e v e r a l  major composit ion d i f f e r e n c e s  between t h e  s t e e l s ,  most 

n o t a b l y ,  t h e  N i ,  Mn, C r ,  Mo, and Al. 

Specimens of both s t e e l s  were machined from 0.76-mm-thick s h e e t  t h a t  

was i n  t h e  20%-cold-worked cond i t ion .  Before t h e  EP-838 s h e e t  was r o l l e d  

t o  t h e  f i n a l  t h i c k n e s s ,  it was annealed 0.83 h a t  116OoC.* 

s t a i n l e s s  steel was annealed 1 h a t  105OOC p r i o r  t o  t h e  f i n a l  deformation.  

The type 316 

Table 3.11.1. Chemical Composition 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  

~ ~~~~~ 

Chemical Composition (wt %) 

U.S.S.R. Manganese Type 316 
S t a i n l e s s  S t e e l  S t a i n l e s s  S t e e l  

C r  
Mn 
N i  
Mo 
co 
cu 
s i  
Nb 
v 
Ta 
T i  
A1 
B 
Ce 
La 
Nd 
P r  
C 
S 
P 
Fe a 

11.6 
13.5 

4.2 
0.9 
0.003 
0.1 
0.42 

0.01 
0.01 

GO.018 
0.72 
0.001 
0.04 
0.007 
0.008 
0.001 
0.02 
0.02 
0.003 

68.4 

17.28 
1.70 

12.44 
2.10 
0.3 
0.3 
0.67 

<0.05 

<O .05 
<0.05 

0.0004 

0.061 
0.018 
0.037 

63.9 

%on is  approximate,  by balance.  
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3.11.4.2 Experimental Procedure 

Sheet t e n s i l e  specimens were of an SS-1 type ,  with a reduced gage 

s e c t i o n  20.3-mm long by 1.52- wide by 0.76- t h i c k  (Fig. 3.11.1). Two 

specimens of EP-838 and t e n  CW 316 specimens were i r r a d i a t e d 3  a t  H F I R  

coolant  temperature (about 55'C). Although the  maximum t o t a l  f luence  f o r  

HFIR-CTR-33 was 5 X l o z 6  neutrons/m2 and the  maximum f a s t  f luence  was 

1.3 X l oz6  neutrons/m2 0 0 . 1  M e V ) ,  t he  EP-838 specimens were a t  t he  ends 

of the  capsule  and received about 0.63 X l o z 6  neutrons/m2 0 0 . 1  MeV) 

( t h e  minimum value) .  Type 316 s t a i n l e s s  s t e e l  specimens were i r r a d i a t e d  

over  the  f u l l  range of f luence  va lues .3  

Af ter  immersion dens i ty  measurements, t he  specimens were t e n s i l e  

t e s t e d  a t  room temperature and 300°C. Tests were conducted i n  a vacuum 

chamber on a 44-kN capac i ty  I n s t r o n  un ive r sa l  t e s t i n g  machine a t  a s t r a i n  

r a t e  of 4.2 x 

ORNL~DWG 78-770154 

~~~~~ 12.06 - 20.32 

0.76 - 6.35 R 

~~+~~ ~ 3 6 . 1 7  -- 

1~ ~W 
2 

i 
w2 

I 

I I  

2.48 
i 

4.95 1.90 m m  D I A M ~ '  

W, = 1.52 mm 
W2 = 0.025 TO 0.038 m m  
GREATER THAN W, 

DIMENSIONS IN MILLIMETERS 

Fig. 3.11.1. The SS-1 Type Tens i l e  Specimen. 

3.11.4.3 Results 

There was no d e t e c t a b l e  change i n  the  dens i ty  of the  EP-838 or  t h e  

type 316 s t a i n l e s s  s t e e l  as a r e s u l t  of the  i r r a d i a t i o n .  
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Although the re  were some notable  d i f f e r e n c e s  i n  t h e  u n i r r a d i a t e d  

t e n s i l e  p r o p e r t i e s  of the  EP-838 and CW 316, the  i r r a d i a t e d  p r o p e r t i e s  

were q u i t e  s i m i l a r  (Table 3.11.2 and Figs. 3.11.2 through 3.11.4). The 

0.2%-yield s t r e n g t h  of the  u n i r r a d i a t e d  CW 316 a t  room temperature and 

30OoC was g r e a t e r  than t h a t  of t he  EP-838 (Fig.  3.11.2). There was l i t t l e  

d i f f e r e n c e  i n  the  u n i r r a d i a t e d  u l t i m a t e  t e n s i l e  s t r e n g t h  (Fig. 3.11.3). 

The room temperature uniform and t o t a l  e longa t ions  of EP-838 were con- 

s i d e r a b l y  g r e a t e r  than those f o r  the  CW 316; however, t h e r e  was l i t t l e  

d i f f e r e n c e  at  30OoC (Fig. 3.11.4). 

Table 3.11.2. Tens i le  P r o p e r t i e s  of Uni r rad ia ted  and I r r a d i a t e d a  
20%-Cold-Worked U. S.S.R. EP-838 and Type 316 S t a i n l e s s  S t e e l s  

Fluence, Displace- Relium Test Strength (MPa) Elongation ( 4 )  
>0.1 MeV ment Level Concentrationb Temperature 

(neutronslm') (dpa) (at. ppm) ('0 Yield Ultimate Uniform Total 

EP-8 38 

0 25 571 

0 300 460 
0.63 x IOz6 5.2 63 300 720 

0.63 X loz6 5.2 63 25 883 

Type 316 Stainless Stee l  (Heat X158931 

0 25 665 

1.3 x IOz6 9.5 416 25 892 
0 300 595 

1.1 x 1026 7.8 305 300 123 

0.63 x loz6 5.2 159 25 854 

751 21.9 25.9 
910 0.8 6.9 
594 2.1  5.0 
7 32 0.5 2.5 

143 11.1 14.9 
867 0.8 8.6 
905 0.8 7.1 
645 1.8 4.4 
131 0.6 3.3 

aIrradiation was in HFIR at about 55'C. 

bCalculated level of helium from transmutation of 58Ni and 'OB. 

A f t e r  i r r a d i a t i o n  t h e r e  w a s  very l i t t l e  d i f f e r e n c e  i n  t e n s i l e  

p r o p e r t i e s .  Both of the  EP-838 specimens were i r r a d i a t e d  t o  5.2 dpa 

(-63 a t .  ppm He). Two CW 316 specimens i r r a d i a t e d  t o  5.2 dpa 

(-159 a t .  ppm He) and 9.5 dpa (-416 a t .  ppm He) were t e s t e d  a t  room 

temperature.  Although the  specimen i r r a d i a t e d  t o  9.5 dpa was s l i g h t l y  

s t r o n g e r ,  t he  d i f f e r e n c e  was l e s s  than 5%, i n d i c a t i n g  t h a t  a s a t u r a t i o n  

l e v e l  of hardening is  probably being approached a t  t h i s  f luence.  The 

y i e l d  s t r e n g t h  and ultimate t e n s i l e  s t r e n g t h  f o r  EP-838 were almost 
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0RNL.DWG 82~7805 

0 0 EP-838 
A A  TYPE 316 STAINLESS STEEL .\ \ SYMBOLS 
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Fig. 3.11.4. The Uniform and Tota l  Elongat ion P l o t t e d  Against T e s t  
Temperature f o r  20%-Cold-Worked EP-838 and Type 316 S t a i n l e s s  S t e e l s  
Un i r r ad ia t ed  and Af ter  HFIR I r r a d i a t i o n  at about 50OC. 

i d e n t i c a l  t o  those f o r  the  CW 316 specimen i r r a d i a t e d  t o  9.5 dpa 

(Table 3.11.2; t he  values f o r  CW 316 shown i n  Figs. 3.11.2 through 3.11.4 

are f o r  the  specimen i r r a d i a t e d  to 5.2 dpa). A t  3OO0C, t h e r e  i s  essen- 

t i a l l y  no d i f f e r e n c e  in any of the  p r o p e r t i e s  f o r  the  EP-838 a t  5.2 dpa 

and the  CW 316 a t  7.8 dpa (Figs. 3.11.2 through 3.11.4). 

The l a r g e  inc rease  i n  s t r e n g t h  and decrease  i n  uniform and t o t a l  

e longa t ion  t h a t  r e s u l t  from i r r a d i a t i o n  of EP-838 a r e  e a s i l y  seen when the  

t e n s i l e  curves a r e  examined (Fig. 3.11.5). Likewise, t he  similar behavior 

of EP-838 and type 316 s t a i n l e s s  s t e e l  a t  room temperature [F ig .  3.11.6Ca)l 

and 300OC [Fig. 3.11.6(b)] i s  seen when the  t e n s i l e  curves f o r  t hese  two 

m a t e r i a l s  a r e  compared. Except f o r  the  l a r g e r  u n i r r a d i a t e d  d u c t i l i t y  of 

t h e  EP-838 at room temperature,  t h e r e  is  e s s e n t i a l l y  no d i f f e r e n c e  i n  the  

two steels. 
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ORNL-DWG 82.78C 
lo00 
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Fig. 3.11.5. Engineering Stress-Strain Curves at Room Temperature 
and 300'C for Unirradiated and HFIR-Irradiated 20%-Cold-Worked EP-838 
Steel. 

The low uniform elongation of these steels after irradiation seems to 

be characteristic of materials irradiated and tested at low temperatures. 

Similar decreases were noted for ferritic steels irradiated at the HFIR 

coolant temperature. In Fig. 3.11.7 the unirradiated and irradiated ten- 

sile curves for 9 Cr-1 MoVNb steel at room temperature and 300'C are 
shown, and the similarity in behavior to the austenitic steels is obvious. 

At room temperature the ferritic steels show a more rapid decrease in 

stress at strains above the ultimate tensile strength than do the austeni- 

tic steels, while the drop appears more rapid for the austenitic steels at 
300°C. Stress-strain curves with a low uniform elongation, followed by a 

rapid decrease in stress beyond the ultimate tensile stress, are indica- 

tive of a type of localized deformation that has been termed channel 

deformation. One difference between the ferritic and austenitic steels is 

that the uniform elongation for the ferritic steels at 300°C is greater 

than at room temperature,4 whereas the uniform elongation for the austeni- 
tic steels at 30OoC was below that at room temperature. 
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Fig. 3.11.6. Engineering S t r e s s- S t r a i n  Curves a t  ( a )  Room Temperature 
and (b)  300°C f o r  Unirradia ted and I r r a d i a t e d  20%-Cold-Worked EP-838 and 
Type 316 S t a i n l e s s  S tee l s .  
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Fig. 3.11.7. Engineering S t r e s s- St ra in  Curves at Room Temperature 
and 300°C f o r  Uni r rad ia ted  and I r r a d i a t e d  9 Cr-1 MoVNb Steel. 

Votinov e t  al.  compared the  e f f e c t  of i r r a d i a t i o n  on the  behavior of 

EP-838 and type 316 s t a i n l e s s  s t e e l  i n  the  solut ion- annealed condi t ion .  

Af t e r  i r r a d i a t i o n  t o  a f luence  of 2.5 x lo2' neutrons/m2 00 .1  M e V ) ,  

u n i r r a d i a t e d  and i r r a d i a t e d  specimens were t e n s i l e  t e s t e d  over the  range 

20 t o  75OOC. The au thor s  concluded, "The na tu re  of t h e  load- elongat ion 

curves and s i m i l a r  e longat ion  va lues ,  i n  the  o r i g i n a l  as well as t he  

i r r a d i a t e d  s t a t e s ,  are evidence of i d e n t i c a l  deformation and f r a c t u r e  

modes before  and a f t e r  i r r a d i a t i o n . "  This statement  a l s o  summarizes our 

obse rva t ions  on the  comparison of the  20%-cold-worked EP-838 and type 316 

s t a i n l e s s  steel. It should be kept  i n  mind, however, t h a t  t hese  conclu- 

s i o n s  fo l low from a very l i m i t e d  set of test condi t ions .  

3.11.5 References 

1. M. L. Grossbeck, V. K. Sikka, T. K. Roche, and R. L. Klueh, "Prepara- 

t i o n  of Nickel-Doped Ferr i t ic  Alloys f o r  H F I R  I r r a d i a t i o n  t o  Produce 

Helium," ADIP Quart. B o g .  R e p .  Dee. 31, 1979, WE/ER-0045/1, 

pp. 100-04. 



275 

2. T. K. Roche, "The Exchange of Austenitic Stainless Steels Under the 

U.S.-U.S.S.R. Fusion Reactor Materials Agreement," ADIP &ar t .  Frog. 

Rep. June 30, 1980, DOE/ER-0045/3, pp. 38-41. 

3. M. L. Grossbeck and J .  W. Woods, "An Irradiation Experiment to Scope 
the Tensile Properties of Ferritic Alloys - HFIR-CTR-33," ADIP Quart. 
Prog. Rep. June 30, 1980, DOE/ER-0045/3, pp. 3C-34. 

4. R. L. Klueh and J. M. Vitek, "Tensile Properties of Ferritic Steels 

After Low-Temperature HFIR Irradiation," ADIP Semiannu. -Frog. Rep. 
S e p t .  30, 1981, DOE/ER-0045/7, pp. 275-83. 

5. S. N. Votinov et al., "Effects of Neutron Irradiation on Mechanical 
Properties of EP-838 and 316 Steels," pp. 50-52 in f i z i k a  i Khimiya 
Obrabotki Mzteriatov, No. 1, 1981; ORNL-tr-4812 (1982). 





4 .  PATH B ALLOY DEVELOPMENT - HIGHER STRENGTH Fe-Ni-Cr ALLOYS 

No c o n t r i b u t i o n s .  

211 





5. PATH C ALLOY DEVELOPMENT - REACTIVE AND REFRACTORY ALLOYS 

279 





281 

5.1 MECHANICAL PROPERTY EVALUATIONS OF PATH C VANADIUM SCOPING ALLOYS - 
R. E .  Gold (Westinghouse E l e c t r i c  Corporat ion)  

5 .1 .1  ADIP Tasks 

I . B . 1 1 .  Stress-Rupture P r o p e r t i e s  of Reac t ive /Refrac tory  Metal 

A l l o y s  (Path C) 

Tens i l e  P r o p e r t i e s  o f  Reac t ive /Refrac tory  Metal Alloys 

(Path C) 

I.B.15 

5.1.2 Objec t ive  

The o b j e c t i v e  of  t h i s  program i s  t o  examine t h e  e f f e c t s  of c o n t r o l l e d  

l e v e l s  of nonmeta l l ic  (oxygen) contaminat ion on t h e  t e n s i l e  and stress- 

rup tu re  p r o p e r t i e s  of  t h e  u n i r r a d i a t e d  Path C vanadium-base Scoping Alloys 

[V-20Ti, V-l5Cr-5Ti, VANSTAR-71. 

5 .1 .3  Summary 

Nominal oxygen impuri ty l e v e l s  of 600 and 1200 wppm, above t h e  re- 

s i d u a l  content  of t h e  a l l o y s ,  have been in t roduced  by gas-metal r e a c t i o n  

i n t o  0.76 mm s h e e t  specimens of vanadium-base a l l o y s .  T e n s i l e  t e s t s  have 

been performed on each a l l o y  a t  RT, 500, and 700°C and t h e  r e s u l t s  com- 

pared t o  previous  t e s t s  on noncontaminated specimens. The oxygen con- 

taminat ion  a f f e c t e d  both s t r e n g t h  and f r a c t u r e  behavior ;  t h e s e  e f f e c t s  

va r i ed  for t h e  t h r e e  a l l o y s .  

5 .1.4 Progress  and S t a t u s  

The Path C vanadium-base Scoping Alloys which were prepared f o r  the  

ETM Research Mate r i a l s  Inventory ,  s i t e d  a t  t h e  Oak Ridge National  Lab- 

o r a t o r y ,  a r e  t h e  s u b j e c t  of t h i s  eva lua t ion .  These inc lude :  (composi- 

t i o n s  i n  weight pe rcen t )  

V-20Ti 
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V-15Cr-5Ti 

VANSTAR-7 (V-9Cr-3.3Fe-1.2Zr-O.054C) 

Efforts during the preceding fiscal year (PI 81) focused on estab- 
lishing the tensile and stress-rupture behavior for the unirradiated 

alloys. In addition, because nonmetallic impurities are known to have 

significant effects on the mechanical behavior of refractory metal alloys, 

a procedure was developed for introducing controlled levels of oxygen into 

mechanical property specimens. The results of these efforts were reported 
previously. Evaluations for the current fiscal year are focused on 

determination of the tensile and stress-rupture properties of intentionally 

contaminated specimens. 

1-2 

Specific tasks associated with the PI 82 efforts are: 

Task 1. Material Procurement 

Task 2. Initial Specimen Preparation and Heat Treatments 
Task 3. Contamination Exposures for Mechanical Test Specimens 

Task 4. Tensile Evaluations 

Task 5. CreepIStress-Rupture Testing 

Task 6 .  Chemical and Microstructural Characterizations 

Tasks 1 through 4 have been completed. Task 5 has been started and the 

Task 6 fractography has been performed on the tensile specimens. These 

efforts are summarized in the following subsections. 

5.1.4.1 Material Identification and Condition (Tasks 1 and 2) 

The analyzed chemical compositions for the three Path C vanadium 
Scoping Alloys are presented in Table 5.1.1.3 Prior to initiating any of 

the experimental work, all alloys were given a one hour heat treatment at 

temperatures determined previously to produce a fully recrystallized, 

equiaxed (grain size ~ 3 0  pm) microstructure. These temperatures are 1100, 

1200, and 1350'C for the V-20Ti, V-l5Cr-5Ti, and VANSTAR-7 alloys, re- 

spectively. 
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Table 5.1.1 

Chemical Analysis of Path C Vanadium Alloy Sheet 

ELEMENTAL ANALYSIS (w/o) 

ALLOY Ti Cr Fe Zr C 0 N 

V-20Ti 19.7 0.029 0.045 0.056 

V-15Cr-5Ti 15.3 5.0 0.017 0.023 0 . 0 5 2  

VANSTAR- 7 9.7 3.4 1.3 0.064 0.028 0.052 

An identical specimen design was utilized for both tensile and creep- 

rupture testing for this program. A sketch of this pin-loaded specimen 

was shown in a previous rep0rt.l 

5.1.4.2 Contamination Exposures for Mechanical Test Specimens (Task 3) 

An ultrahigh vacuum microbalance system was used to introduce con- 

trolled levels of non-metallic impurities into vanadium alloy specimens. 
This system, depicted schematically in a previous report ,' is constructed 

of stainless steel and quartz with copper gasket seals; it is completely 

bakeable with the exception of the microbalance. The UHV microbalance 

system was assembled previously for studies of gas-metal reactions between 

the refractory metals and their alloys and reactive gases such as oxygen 
and nitrogen. During the Fy 81 research period, the system was reassembled 

and used to perform preliminary "demonstration-of-capability" experiments 
on the vanadium-base alloys of interest to the present program. 

Following the same procedures used for the FY 81 experiments,' a total 

of eighteen (18) contamination runs were carried out; six specimens of 
each of the three Scoping Alloys were exposed. In order to minimize the 
total number of contamination exposures, the 0.76 mm thick sheet specimens 
were approximately 25 mm wide x 150 mm long. Each of these blanks was 

large enough to provide two mechanical test specimens. The test specimens 

machined from the top half of each blank were designated by the suffix-A, 
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whereas t h e  suffix-B was used f o r  the  specimens from t h e  lower h a l f .  A l l  

t e n s i l e  specimens were prepared from -A specimens whi le  c reep  specimens 

were machined from the  -B h a l v e s .  

used f o r  a l l  exposures.  

A r e a c t i o n  temperature  of 7 0 0 ° C  w a s  

The r e s u l t s  of t h e  oxygen exposures a re  summarized i n  Table 5 .1 .2 .  

Only nominal ( c a l c u l a t e d )  oxygen ga ins  are  i n d i c a t e d  s i n c e  post- exposure 

chemical ana lyses  have n o t  been completed. These a n a l y s e s  w i l l  be u s e f u l  

i n  i n t e r p r e t i n g  t h e  mechanical p roper ty  tes t  r e s u l t s .  Hardness measure- 

ments (Vickers ,  DPH, 10 kg load)  were made on a l l  test  specimens i n  o r d e r  

t o  roughly monitor t h e  un i fo rmi ty  of r e a c t i o n .  While some v a r i a t i o n  i s  

expected t o  occur over t h e  approximate 150 mm l e n g t h  of t h e  exposure 

blanks  no sys temat ic  v a r i a t i o n s  could be d e t e c t e d  from t h e  hardness  d a t a .  

5.1.4.3 T e n s i l e  Eva lua t ions  (Task 4) and Frac tograph ic  Examinations 
(Task 6 )  

Tens i le  tests  were conducted on s h e e t  specimens of each of t h e  t h r e e  

vanadium a l l o y s  a t  room temperature ,  500, and 700°C. For each a l l o y ,  a t  

each tes t  temperature ,  specimens which conta ined nominal oxygen l e v e l s  

of 600 wppm and 1200  wppm above t h a t  of t h e  s t a r t i n g  material  were eva l-  

uated.  

t e s t s ;  t e s t i n g  a t  500 and 700°C was performed i n  a vacuum environment,  

mainta ined below about 1 x 10-5 to r r  throughout t h e  tes ts .  The r e s u l t s  

of t h e s e  t e s t s ,  and a s s o c i a t e d  f rac tography ,  a r e  p resen ted  below f o r  each 

of t h e  t h r e e  a l l o y s .  

A c o n s t a n t  s t r a i n  ra te  of 3.3 x ~ O - ’ S - ~  w a s  used throughout a l l  

V-20Ti. The r e s u l t s  of t h e  t e n s i l e  tes ts  are p resen ted  i n  Table 

5 . 1 . 3 .  Included are r e s u l t s  a t  the  same test temperatures  f o r  noncon- 

taminated specimens ( f r o m  FY 81 tes t  r e s u l t s ,  Reference 1). The 

major e f f e c t  of t h e  a d d i t i o n a l  oxygen on t h e  s t r e n g t h  of t h i s  a l l o y  

w a s  seen  a t  50OoC and, f o r  t h e  1200 wppm specimen, a t  room tempera- 

t u r e .  E f f e c t s  on t h e  s t r e n g t h  a t  700°C were i n s i g n i f i c a n t .  The in-  

crease a t  500°C i s  a t  least p a r t i a l l y  due t o  dynamic s t r a i n  aging;  
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Table 5.1.2 Results of 700°C Oxygen Exposures with 
Vanadiiun-Base Scoping Alloys 

Mass Oxygen Pickup (wppm) 

(a) 
Specimen 

Alloy Ident. No. Initial(g) Gain(mg) Target Measured 

V-20Ti VT-82-1A,B 16.8161 10.10 600 601 

-2A,B 16.4905 19.90 1200 1207 

-3A,B 16.7047 10.10 600 605 

-4A,B 16.4.473 19.76 1200 1201 

-5A,B 16.9742 10.14 600 597 

-6A,B 17.0373 20.28 1200 1190 

V-15Cr-5Ti VCT-82-1A,B 18.7478 11.15 600 595 

-2A,B 18.7125 22.56 1200 1206 

-3A,B 18.5927 11.24 600 604 

-4A,B 18.6091 22.40 1200 1204 

-5A,B 16.0210 9.62 600 600 

-6A,B 18.7432 22 .00  1200 1174 

VANSTAR-7 VS-82-1A,B 19.1518 12.00 600 626 

-2A,B 18.5703 22.32 1200 1202 

-3A,B 18.9948 11.40 600 600 
- 4 A , B  19.2227 23.20 1200 1207 

-5A,B 19.2191 11.48 600 597 

-6A,B 18.5763 22.80 1200 1227 

(a) From microbalance recordings during exposures. 
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serrated yield was observed on the stress-strain curves of these 
specimens. 

Fracture of the noncontaminated material had been by ductile shear 

at all of these temperatures. However, despite reasonably high values 

of both uniform and total strain, the specimens which had been oxygen- 

exposed demonstrated a mixed failure mode consisting of a small amount 

of cleavage and intergranular separation; ductile shear was still the 
dominant mechanism, Figure 5.1.1. The fracture surfaces of the 50OoC 

and 700°C specimens exhibited only dimpled, ductile rupture, Figures 
5.1.2 and 5.1.3. 

V-15Cr-5Ti. 

for noncontaminated specimens are also provided for comparison. 

room temperature the yield strength was increased with little change 

in the ultimate tensile strength and a dramatic decrease was observed 
in the tensile elongation of the oxygen-contaminated specimens. 

over, these specimens failed at the maximum load point on the stress- 
strain curve so that uniform and total elongation values were iden- 

tical. 
inspection of the gage length of these specimens indicated very heavy 

transverse cracking had occurred; very little "uniform" strain is 

apparent, either along the gage section or at the fracture, Figure 
5.1.4. The fracture surface of the room temperature specimens d i s-  

played only transgranular cleavage and intergranular fracture with 

cleavage being the dominant process, Figure 5.1.5. 

The tensile test data are presented in Table 5.1.4; data 

At 

More- 

The uniform strain value is meaningless in any event since 

At 5OO0C, both the yield and ultimate tensile strengths were increased 
by the higher oxygen levels, the effects being slightly greater for 

the 1200 wppm specimen. The fracture mode appeared to vary across the 
width of the specimen. In general, it was by ductile shear near the 
center, with increasing evidence of intergranular and cleavage frac- 

ture near the surfaces, Figure 5.1.6. At 7OO0C, minor strengthening 

was observed with a corresponding decrease in tensile ductility. The 
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Figure 5.1.1 V-20Ti Tensile Tested at Room Temperature [ Nominal 
Additional Gxygen Content - 1200 wppm 3 

Figure 5.1.2 V-20Ti Tensile Tested at 5OO0C [ Nominal Additional 
Oxygen Content - 600 wppm ] 

Figure 5.1.3 V-20Ti Tensile Tested at 7OO0C [ Nominal Additional 
Oxygen Content - 600 wppm ] 
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0.2 mm 

Figure 5.1.4 V-15Cr-5Ti Tensile Tested at Room Temperature 
[Nominal Additional Oxygen Content - 1200 wppm] 
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Near Surface 

Figure 5.1.6 V-15Cr-5Ti Tensile Tested at 5OO0C [Nominal 
Additional Oxygen Content - 1200 wppm] 
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Figure 5.1.7 V-15Cr-5Ti Tensile Tested at 7OO0C [Nominal 
Additional Oxygen Content - 1200 wppm] 
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100 pm I 

400 pm I 
Figure 5.1.9 VANSTAR-7 Tensile Tested at Room Temperature 

[Nominal Additional Oxygen Content - 1200 wppm 
(top), 600 wppm (bottom) I 
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specimens revealed two distinctly different zones. At the top and 
bottom surfaces, cleavage dominated the fracture while the "tough" 

inner zone was characterized completely by ductile, dimpled rupture, 

Figures 5.1.10 and 5.1.11. 

Testing at 500°C produced results which were similar to those obtained 

at room temperature. Surface cracking along the gage section was much 

less uniform, however, and intergranular fracture became more common 

in the embrittled surface regions, Figure 5.1.12. At 700'C there was 

no evidence of any effect of the oxygen on either the strength or the 
fracture mode. The entire surface exhibited only dimpled rupture. 

5.1.4.4 Creep/Stress-Rupture Testing (Task 5 )  

A series of stress-rupture tests have been initiated to examine the 
effects of oxygen contamination on the time-dependent deformation of the 

vanadium alloys. These tests will be performed in ultra-high vacuum creep 
test stands and will be run using temperatures and stresses similar to 

those previously used (Reference 2) for noncontaminated specimens. 

5.1.5 Discussion of Results 

The effects of oxygen contamination on the tensile strength and frac- 

ture characteristics vary for the three vanadium-base alloys examined. 

For the V-20Ti alloy the only major strength change was observed at 500°C, 

where dynamic strain aging occurred. Although fracture was still domi- 

nantly by ductile shear, a small amount of cleavage and intergranular 

fracture occurred at room temperature. 

as it had been for noncontaminated specimens - by transgranular shear. 
Fracture at 500 and 700°C remained 

The V-15Cr-5Ti alloy responded to the oxygen increases with modest 

increases in the tensile strength but with noticeable changes in the frac- 

ture mode. 

transverse cracking and the fracture was completely due to cleavage and 

At room temperature the gage section displayed extensive 
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Figure 5.1.10 VANSTAR-7 Tensile Tested at Room Temperature 
[Nominal Additional Oxygen Content - 1200 wppm] 
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Figure 5.1.12 VANSTAR-7 Tensile Tested a t  5OO0C [Nominal 
Additional Oxygen Content - 1200 wppm] 
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intergranular separation. At 500 and 700°C the fracture behavior was 
characterized by mainly ductile shear except very near the surfaces where 

some intergranular separation occurred. This difference seems to reflect 

the fact that, while the surface layers are embrittled by the oxygen at 

all temperatures examined, at the higher temperatures the core region is 
tough enough to blunt the brittle cracking and permit shear deformation to 

become the dominant process. 

For VANSTAR-7 the brittle nature of the surface was amply demonstrated 

by the %lo0 pm deep cleavage cracking which was observed for room tempera- 

ture and 500'C tests. 

enough to completely arrest these cracks and permit the specimen to deform 

such that the final fracture was dominated by transgranular shear. 

7OO0C, only ductile shear-type fracture was observed. 

The inner volume of these specimens was tough 

At 

For virtually all specimens, the differences between specimens con- 

taining nominally 600 wppm and 1200 wppm oxygen were subtle. 
however, to interpret any differences must clearly await the results of 

oxygen analysis to establish the actual, rather than nominal, oxygen con- 

tents. 

Any attempt, 

Based on these limited results, the V-20Ti alloy appears to be the 

This may reflect the greater least sensitive to oxygen contamination. 

titanium content which may influence the homogeneity of oxygen distribu- 

tion. There seems to be little to choose from between the V-15Cr-5Ti and 

VANSTAR-7 alloys although the latter alloy exhibited better "toughness" 

at room temperature. 
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5.2 SWELLING IN NEUTRON IRRADIATED TITANIUM ALLOYS - D. T. Peterson 
(Westinghouse Hanford Company) 

5.2.1 ADIP Task 

Task Number I.C.4 - Microstructures and Swelling in Reactive/Refrac- 

tory Alloys (Path C ) .  

5.2.2 Objective 

The objective of this work is to characterize the swelling and 
microstructural response of titanium alloys during neutron irradiation. 

5.2.3 Summary 
Immersion density measurements have been performed on a series of 

titanium alloys irradiated in EBR-I1 t o  a fluence of 5 x 10” n/cm2 

(E >0.1 MeV) at 450 and 550°C. The materials irradiated were the near- 
alpha alloys Ti-6242s and Ti-5621S, the alpha-beta alloy Ti-64 and the 

beta alloy Ti-38644. 

the greater swelling being observed at 550°C. Preliminary microstructural 

examinations revealed the presence of voids in all alloys. 

found to be the most radiation resistant. Ti-6242s and Ti-5621s also 

displayed good radiation resistance, whereas considerable swelling was 

observed in Ti-64 at 550°C. 

Swelling was observed in all alloys with generally 

Ti-38644 was 

5.2.4 Progress and Status 

5.2.4.1 Introduction 

Titanium alloys have been proposed for fusion reactor structural 

material applications below 500°C. Titanium alloys are attractive candi- 
dates because of their high strength-to-weight ratio, good crack growth 

properties and thermal properties which lead t o  low thermal stresses. 

Unfortunately, very little is known about the effects of irradiation on 

the microstructure and mechanical properties of titanium alloys. 

1 

The first titanium alloy scoping study by the ADIP program examined 

the creep properties of four alloys.’ 

Ti-5621S, Ti-15333 and Ti-64. The specimens were irradiated in EBR-I1 

The alloys studied were Ti-6242s 
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at 450°C to a fluence of 4 x lo2’ n/cm2 (E >0.1 MeV). 

Ti-5621s were found to be the most creep resistant with creep rates com- 

parable to cold worked AIS1 316. 

Ti-6242s and 

A more comprehensive EBR-I1 experiment was subsequently designed to 

study the effects of higher fluence irradiation on the properties of 

titanium alloys. The alloys irradiated were the near-alpha alloys Ti-6242s 

and Ti-56215, the alpha-beta alloy Ti-64 and the beta alloy Ti-38644. The 

experiment included tensile, fatigue, crack growth, pressurized tube and 

swelling disk specimens. The specimens were irradiated at 395, 450 and 

550°C to fluences up to 5 x lo2’ n/cm2 (E >0.1 MeV).3 The present study 

reports the swelling and microstructural behavior of these alloys at 450 

and 550°C. 

5.2.4.2 Experimental Procedure 

Disk specimens for swelling and microstructural examinations were 

fabricated from 0.30 mm thick sheet stock provided by the McDonnell Douglas 

Astronautics Company. The compositions of the materials are listed in 

Table 5.2.1. Their heat treatments are listed in Table 5.2.2. 
The specimens were irradiated in three isothermal capsules in Rows 

2 and 4 of EBR-11. The 395°C capsule attained a fluence of 4.2 x l o z 2  

n/cm2 (E >0.1 MeV) while the 450 and 550°C capsules attained a fluence 

of 5.0 x 10” n/cm2 (E >0.1 MeV). More details of the irradiation are 

given in Reference 3. 

Prior t o  immersion density measurements the specimens were chemically 
polished at O°C in a solution of 65 percent nitric acid, 18 percent hydro- 

fluoric acid and 17 percent water. The density of the specimens were 
determined by hydrostatic weighing in air and an immersion liquid. The 

swelling was determined by comparing the densities of unirradiated con- 

trol specimens with the irradiated specimens. 

ing determination is t0.15 percent. 

The accuracy of the swell- 

Specimens for microstructual examination were initially chemically 

polished as described above. 

ed at 30V in a -40°C solution of 60 percent methyl alchol, 36 percent 
n-butyl alchol and 4 percent perchloric acid. 

Electropolishing to perforation was perform- 
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5.2.4.3 Results and Discussion 

Immersion density measurements were performed on the specimens irra- 

diated at 450 and 550°C. 

should be noted that the density results include contributions from both 

void swelling and precipitation reactions. 
examinations were performed on the specimens to determine whether the 

observed swelling was due to voids. The results of these examinations 

are summarized in Table 5.2.4. 

The results are presented in Table 5.2.3. It 

Preliminary microstructural 

Table 5.2.3. Immersion Density Results 

Swelling (AV/Vo, %) 

Alloy __ 550°C 450°C 
~ 

Ti-6242s 0.27 0.55 

Ti-5621s 0.66 0.36 

Ti-38644 0.50 1.50 

Ti-64 Duplex Anneal 3.52 -0.20 

Ti-64 Beta Anneal 4.85 0.56 

Ti-64 Mill Anneal 1.50 0.35 

Voids were observed in all the specimens examined. With the excep- 

tion of Ti-38644, the immersion density measurements are consistent with 

the void swelling observed. In Ti-38644 very few voids were observed. How- 

ever the transformation from the beta to alpha phase produces a decrease 
in density. The swelling observed by immersion density is attributed to 
the increased alpha precipitation observed following irradiation. 

The results of other irradiation experiments on titanium alloys are 
summarized in Table 5.2.5. As previous neutron irradiations attained very 

low fluences it is not surprising that voids were not observed. Only in 
ion irradiations have voids previously been observed in titanium alloys. 

To discuss the ion irradiation results it is necessary to account 

for the shift in swelling behavior due to differences in displacement 

rate. 
for every decade increase in displacement rate.15 

rate of dpalsec for EBR-11, temperature shifts of -1OO"C, -150°C 

This can be accomplished by shifting the temperature down by 40°C 
Using a displacement 
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and -150°C were calculated for the irradiations of Wilkes,” Erch14 and 

Jones. l 3  A s  Agarwall’ did not publish the displacement rate for their 

titanium irradiation a rate of 3 x 

the rate for their austenitic alloy irradiation reported in the same 

article. This resulted in a temperature shift of -140°C. Using these 

temperature shifts we find that in Erck’s study of Ti-14A1I4 voids were 

observed at approximately 520°C at 1.3 dpa with 0.6 percent swelling at 

15 dpa. No voids were observed at temperatures less than 450°C to 14 dpa. 

In Agarwal’s study of Ti-64” voids were observed in single ion irradia- 
ted specimens at approximately 520°C with 0.7 percent swelling at 25 dpa. 
No voids were observed at temperatures less than 400°C to 25 dpa. 

In Jones’ study of Ti-64 and Ti-70A13 no voids were observed for irradia- 

tion to 50 dpa at 460°C and below. Although the adjusted irradiation 
temperatures must be taken as only approximations these three studies 

form a consistent picture with voids only being observed above 500°C. 
This is consistent with the observation of peak swelling at 550°C in the 

present study. 

dpajsec was assumed based upon 

5.2.5 Future Work 

The microstructural examination of the specimens will be continued 

in depth. 

5.2.6 Conclusions 
The titanium alloys Ti-62425, Ti-5621S, Ti-38644 and Ti-64 have been 

irradiated to 5 x 10” n/cm2 (E >0.1 MeV) at 450 and 550°C. Swelling 

was observed in all alloys with generally greater swelling at 550°C. 

Although voids were observed in all alloys the swelling observed in Ti- 
38644 is attributed to alpha precipitation. 

the most radiation resistant. Ti-6242s and Ti-5621s also displayed good 

radiation resistance whereas considerable swelling w a s  observed in Ti-64 

at 550°C. The swelling in Ti-64 was also found to be sensitive to pre- 
irradiation heat treatment. 

Ti-36644 was found to be 
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6.1 MICROSTRUCTURES OF IRON-BASE LONG-RANGE-ORDERED ALLOYS BOMBARDED TO 
70 dpa WITH NICKEL IONS - D. N. Braski (Oak Ridge National Laboratory) 

6.1.1 ADIP Task 

ADIP Task I.C.5, Microstructure and Swelling in Special and Innovative 

Materials. 

6.1.2 Objective 

The objective of this research is to define the response of (Fe,Ni)3V 

long-range-ordered (LRO) alloys to ion irradiation. The overall goal is 
to determine the potential use of this alloy class as a structural 

material for fusion energy systems. 

6.1.3 Summary 

Disks of LRO-37-5 in the as-ordered and 20%-cold-worked conditions 
were bombarded with 4-MeV nickel ions  to 70 dpa at temperatures from 570 

to 680°C. Both conditions retained order €or bombardment below the 

critical ordering temperature of about 650"C, and cold work improved the 
swelling resistance, especially above T,. Both conditions showed better 

resistance to swelling than 20%-cold-worked type 316 stainless steel. 

6.1.4 Progress and Status 

A heat of the LRO alloy LRO-37 has been fabricated to serve as a 

l i n k  between research and commercial-size heats. This heat, LRO-37-5, 

has the nominal composition of LRO-37 (ref. 1) but was melted with less 

expensive ferrovanadium feedstock. The use of ferrovanadium increased the 

carbon content of the alloy from about 100 to 240 wt ppm. The purpose of 

this experiment was to determine if the cheaper alloy fabrication tech- 

nique would have any deleterious effects on the alloy's resistance to 

swelling. Previous experiments indicated that LRO-37 was relatively 

low-swelling.' 

resistance which might be gained by cold working the alloy. 

nique is known to be effective in increasing the swelling resistance of 

austenitic stainless steel. 

A second goal was to measure the amount of added swelling 
Such a tech- 
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The melting and fabrication of the alloy was by the same method as 

described previously. The composition and heat treatments for LRO-37-5 

and type 316 stainless steel are given in Table 6.1.1. The procedure for 

irradiating the disks was also described in ref. 2, except that the bom- 

bardment temperatures in this experiment were 570, 625, 650, and 680'C. 

As before, the dose was 70 dpa and the helium and deuterium ions were 

simultaneously injected at rates of 8 and 28 at. ppm/dpa, respectively. 
The TEM specimens were prepared in the same manner and the cavity size 

distributions were determined by the same method as described in ref. 2. 

Precipitate phases were electrolytically extracted from bulk specimens in 

a 10 vol % solution of HC1 in methanol with an applied dc voltage of 

1.5 V. 
lyzed by x-ray diffraction. 

The extracted phases were placed on silicon substrates and ana- 

Table 6.1.1. Alloy Composition and Heat Treatment 

Nominal Composition ( w t  X )  
Heat Treatment Alloy 

and Condition Pe Ni V T i  Cr no l4n C 

1110-37-5 38 40 22 0.4 0.024 Annealed 20 mi" at  1100.C. quenched 
As-ordered into  water, aged a t  650.C for 

5 .5  d, followed by 18 h at 600.C 
and 48 h a t  500.C. 

LRO-37-5 38 40 22 0.4 
20%-coldrorked 

0.024 Annealed 20 min at  1lOO.C. quenched 
into  water. aged a t  65O.C for 
5.5 d. followed by 18 h a t  6OO.C 
and 48 h a t  500.C plus cold 
worked 20%. 

neet DO 65 13 0.005 18 2.0 1.9 0.050 Solution annealed pluo c o l d  
wrked 20%. 316 s ta in le s s  steel 

20%-foldrorkcd 

tate phases. Titan: 

The unirradiated microstructures of LRO-37-5 in the as-ordered and 
cold-worked conditions are shown in Fig. 6.1.1. The as-ordered micro- 

structure [Fig. 6.l.l(a)l consists of an ordered matrix and three precipi- 
ric in shape and Lum nitridt 

were mostly dispersed throughour m e  matrix. ine UN particles appeared 

to contain about 20 w t  % V, as revealed by energy dispersive x-ray 
spectroscopy (EDS) in the electron microscope. 
out dislocations at their interfaces and the dislocations were usually 

The TIN particles punch 

3 (TIN) particles were geomet 
. -I. -.-., - -~.. 
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(a) YE-12375 

(b) 0.2 pm 

Fig. 6.1.1. Unirradiated Microstructure of (a) As-Ordered LRO-37-5 
Showing Large TIN and Smaller VC Particle, and (b) 20%-Cold-Worked 
LRO-37-5 Showing the Dislocation Structure Introduced by the Cold Work. 
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decorated with small VC particles. 

boundaries as shown in Fig. 6.1.1(a). 

etched-out particles on the grain boundary were TIN or VC particles. 

third phase was present as rounded or "kidney-shaped'' particles several 
times larger than the TIN particles. 

However, information from EDS analyses showed that the unknown phase was 

rich in titanium and contained smaller amounts of vanadium, nickel, and 

iron. 

but does not appear in Fig. 6.1.1(a). The unirradiated cold-worked 

LRO-37-5 microstructure [Fig. 6.1.1(b)] was the same as that just 

described, with the addition of a dense forest of dislocations that were 

introduced by the cold work. 

Small VC particles also line the grain 

It is not known whether the larger, 
The 

These could not be identified. 

The unknown phase was rather widely dispersed throughout the matrix 

The ion bombardment produced interstitial (Frank) loops, dislocations, 

and cavities in both conditions of the LRO alloy. All of the LRO alloy 

disks bombarded below Tc (-650OC) remained ordered. 

cavities yielded swelling curves for both LRO conditions and the 20%-cold- 

worked type 316 stainless steel standard (Fig. 6.1.2). The swelling 

Measurements of 

ORNL-DWG 82-12773 

0 -  
550 550 600 650 600 650 

BOMBARDMENT TEMPERATURE ( T I  

Fig. 6.1.2. The Temperature Dependence of Swelling in LRO-37-5 

Specimens bombarded with 4-MeV nickel ions to 70 dpa, with 
(As-Ordered and 20%-Cold-Worked) and 20%-Cold-Worked Type 316 Stainless 
Steel. 
simultaneous injection of 560 at. ppm He and 1960 at. ppm D. 
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behavior of the as-ordered LRO-37-5 alloy was similar to other iron-base 

LRO alloys investigated previously, i.e., the swelling was relatively low 

below the critical ordering temperature (T,) of about 65OoC, and increased 
markedly above this temperature. On the other hand, the 20%-cold-worked 

LRO-37-5 showed only a modest increase in swelling just above T, and 
swelling was significantly reduced at 680'C. Both conditions of the LRO 

alloy performed better than the cold-worked type 316 stainless steel below 

T,, but only the cold-worked LRO-37-5 was better at the highest irra- 
diation temperature. Figure 6.1.3 shows the cavities present in all three 
alloys after the bombardment to 70 dpa at 650'C. 
large size cavities (210 w diameter), which account for a greater por- 

tion of the total swelling value, were present in the two LRO alloys. 

However, the difference between the as-ordered LRO-37-5 and 20%-cold- 

worked type 316 stainless steel was not large. Figure 6.1.4 shows the 

microstructure of 20%-cold-worked LRO-37-5 after bombardment at 68OoC. A 

higher number density of small cavities and only a few medium-sized cavi- 

ties were observed. 

dislocations, forming a cavity network. No recovery of the dislocation 

structure was observed after the 3-h bombardment at 680OC. 

prior to irradiation apparently increased the resistance of the LRO alloy 
to swelling. 

Fewer of the medium to 

The cavities were located preferentially on the 

Cold working 

6.1.5 Conclusions and Future Work 

As-ordered and 20%-cold-worked LRO-37-5 were bombarded with 4 MeV 
nickel ions to 70 dpa at temperatures from 570 to 68OoC. The results of 

microstructural examination of the unirradiated and irradiated material 
showed that: 

1. The phases TIN, VC, and an unidentified Ti-rich phase exist in 

the ordered LRO-37-5. 

2. Both as-ordered and cold-worked LRO-37-5 remained ordered when 

irradiated below T,. 
3. Both alloy conditions showed less swelling below T, than 20%- 

cold-worked type 316 stainless steel bombarded under identical conditions. 
4. Cold working improved the resistance of the LRO-37-5 alloy to 

swelling, especially for bombardment temperatures above T,. 



319 

Y E-1 2376 

(a) YE-12377 

(b) YE-12378 

Fig. 6.1.3. Microstructure After Bombardment with 4-MeV Nickel Ions 
to 70 dpa at 65OoC for (a) &-Ordered LRO-37-5, (b) 20%-Cold-Worked 
LRO-37-5, and (c) 20%-Cold-Worked Type 316 Stainless Steel. 
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YE-12379 

Fig. 6.1.4. Microstructure of 20%-Cold-Worked LRO-37-5 After Bom- 
bardment at 68OoC with &MeV Nickel Ions to 70 dpa Plus 560 at. ppm He 
and 1960 at. ppm D. Small cavities can be seen located on the 
dislocations. 
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3. D. N. Braski, "The Effect of 4-MeV Nickel Ion Irradiation on the 

Microstructure of (Fe,Ni) 3V Long-Range-Ordered Alloys," ADIP @art. 
P r o g .  R e p .  Dec. 31, 1980, DOE/ER-0045/5, pp. 119-21. 
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weighing approximately 18 kg (40 lb) have been produced by two different 
melt practices - vacuum induction melting plus electron beam remelting 
using high purity materials (one ingot, LRO-37-HP), and vacuum induction 

melting plus electroslag remelting using commercial grade materials (rwo 

ingots, LRO-37-CG). The principal difference between the HP and CG 

ingots, other than melt practice, was the grade of vanadium melt stock. 

Very high purity vanadium was used for making the HP alloy, and more 
economical, but lower purity, ferrovanadium was used for the CG alloy. 
Melt stock for the other additions was the same for all ingots. A small 
amount of cerium was added to the ingots to improve their high-temperature 
properties. 

Results of chemical analyses by both the vendor and ORNL are shown in 
Tables 6.2.1 and 6.2.2. The results were from a sample cut from the bot- 
tom of the electron beam melted HP ingot, and samples from the vacuum 

Table 6.2.1. Chemical Analysis of 
Electron Beam Remelted Iron-Base 

Long-Range-Ordered Alloy, 
LRO-37-HP 

Composition ( w t  %)a 
Element 

Target Vendor ORNL 

A1 
C 
co 
Cr 
cu 
Fe 
Mg 
Mn 
Mo 
N 
Ni 
0 
P 
S 
si 
Ti 
V 
w 

<0.03 
<0.03 
<0.03 
<0.03 
<O .03 
Bal 
<0.03 
<0.03 
<0.03 
<0.02 
39.4 
<0.02 
<0.002 
<0.002 
<0.03 
0.43 
22.4 
<O .03 

0.02 
0.006 
0.02 
(0.1 
<0.01 
36.65 

(0.01 
<0.01 

38.78 

0.001 

0.013 

0.023 
0.005 
0.002 
0.05 
0.51 
23.51 
0.03 

0.0022 

37.18 

0.0172 

0.017 
38.51 

0.042 
0.48 
23.75 

~~~ ~ 

aSignificant figures are as 
listed on analysis reports, and do not 
imply accuracy limits. 
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\ 

(a) 

Y-184217 
*. 

. 

, 200~1rn , 
Fig. 6.2.1. Microstructure of Electron Beam Remelted Iron-Base 

Long-Range-Ordered Alloy, LRO-37-HP. 
modified aqua regia. (a) Little second phase precipitation. (b) Second 
phase precipitation. 

The sample has been etched with 
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Y-184221 

(a) 
* 

Y-184219 

r 

, 2 0 0 ~ ~ m  , 
Microstructure of Iron-Base Long-Range-Ordered Alloy, Fig. 6.2.2. 

LRO-37-CG. Etched with modified aqua regia. (a) Vacuum induction melted 
electrode. (b) Top of electroslag remelted ingot. (c) Bottom of 
electroslag remelted ingot. 
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precipitation. This can be seen by comparing Fig. 6.2.l(a) with 
Fig. 6.2.l(b). 

bottom of the electroslag remelted ingot of the CG alloy were all similar. 
Studies are underway to determine if the observed precipitates in the 

alloys can be redissolved by heat treatment. 

Microstructures (Fig. 6.2.2) of the electrode and top and 

Fabrication tests were also conducted on specimens from the HP and CG 
ingots. All could be hot rolled at l l O O ° C  for a total area reduction of 

approximately 75% and cold rolled for a total reduction of approximately 
50%, with no diffiiculty. 
with the planned fabrication schedule of hot forging followed by hot and 

cold rolling of the ingots. 

Thus, no problems are expected in proceeding 
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6.3 MICROSTRUCTURES OF IRON-BASE WNG-RANGE-ORDERED ALLOYS IRRADIATED 
TO 10 dpa IN HFIR - D. N. Braski (Oak Ridge National Laboratory) 

6.3.1 ADIP Task 

ADIP Task I.C.5, Microstructure and Swelling in Special and 
Innovative Materials. 

6.3.2 Objective 

The objective of this research is to define the response of (Fe,Ni)3V 
long-range-ordered (LRO) alloys to neutron irradiation. The overall goal 

is to determine the potential use of this alloy class as a structural 

material for fusion energy systems. 

6.3.3 Summary 

The LRO-16, -20, and -37 alloys were irradiated in HFIR at 300 to 
600OC to approximately 8.3 dpa and 1000 at. ppm He. A l l  three remained 
ordered, and interstitial loops, dislocation segments, and cavities formed 

in the microstructure. Cavities grew preferentially on {111) loops, and 

helium bubbles formed on grain boundaries at the higher temperatures. 

Swelling in LRO-20 and -37 was low; LRO-16 swelled more than annealed PCA. 

: material and st 
. .  - .. uently heat treate? .\ - .. . 

6.3.4 Progress and Status 

Preliminary results are presented showing the microstructural 

response of three LRO alloys to neutron irradiation in the temperature 
range of 300 to 6OO0C. 

Disks of each alloy (3 orm diameter X 0.25 man thick) were punched from 

sheet ibseq I to produce the fully ordered 

ine aisKs were irradiated in the experiment e 6.3.11. 

1 roduce nominal displacement 
and helium levels of 8.3 dpa and 1000 at. ppm, respectively. After 

n of concentrated 

d in a transmission 

condition (see .lam 

HFIR-CTR-32 at 300, 
~~ 

i00, 500, and 6OOOC to I 
. .  . ~ ..-. 

the disks were electropolished in a 12 vol % solutioi 

HzSOt, in methanol (-lO°C, 100 mA), they were examine, 

electron microscope (TEM). 

The LRO alloys remained ordered after irradiatL an ar aii rour 
temperatures. However, the superlattice reflections observed in electron 
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Table 6.3.1. Long-Range-Ordered Alloy Compositions and Heat Treatments 

Composition (wt X )  
Alloy 

Fe Ni V T i  
Heat Treatment 

LRO-16 46.0 31.0 23.0 10 min at  1170°C, water quenched, aged 
a t  64OoC f o r  4 d,  6OO0C f o r  12 d, 
and 50OoC f o r  6 d. 

LRO-20 37.6 39.5 22.9 15 min a t  12OOpC, water quenched, aged 
a t  65OoC f o r  4 d, 60OoC f o r  1 d, 
and 50OoC f o r  2 d. 

LRO-37 37.6 39.5 22.4 0.4 15 min a t  1200°C, water quenched, aged 
a t  650'C f o r  4 d, 600°C f o r  1 d, 
and 50OoC f o r  2 d. 

d i f f r a c t i o n  p a t t e r n s  were no t i ceab ly  weaker f o r  specimens i r r a d i a t e d  at  

3OOOC than f o r  u n i r r a d i a t e d ,  ordered ma te r i a l .  A technique of measuring 

t h e  degree of o rde r  i n  a TEM specimen by convergent beam e l e c t r o n  d i f f r a c-  

t i o n  (CBED) has been developed1 and it w i l l  be used t o  measure t h i s  

parameter i n  the  i r r a d i a t e d  specimens. The s i z e  of the ordered domains 

increased  with inc reas ing  i r r a d i a t i o n  temperature,  as was observed 

previous ly  i n  LRO-16 i r r a d i a t e d  i n  the ORR (ref. 2) and in  LRO-1 

(cobal t- base)  i r r a d i a t e d  with n i c k e l  ions.  Smal l  loops and d i s l o c a t i o n  

segments observed i n  the mic ros t ruc tu re  are shown i n  Fig. 6.3.1 f o r  LRO-16 

i r r a d i a t e d  at  300'C. The loops were i n t e r s t i t i a l  (Frank),  and t h e i r  s i z e  

inc reased  with inc reas ing  i r r a d i a t i o n  temperature.  The l a r g e r  loops were 

f a u l t e d  and d isp layed  f r i n g e  c o n t r a s t .  C a v i t i e s  were observed t o  grow 

p r e f e r e n t i a l l y  on these  f a u l t e d  loops as shown i n  Fig. 6.3.2 f o r  t h e  

LRO-20 specimen i r r a d i a t e d  at  60OOC. Since the  loops l i e  on { I l l }  p lanes ,  

rows of c a v i t i e s  were o f t e n  observed i n  d i r e c t i o n s  corresponding t o  these  

p lanes  i n  the  f o i l .  Such alignment is seen i n  Fig. 6.3.3, where c a v i t i e s  

along the (117) and (111) planes  are p a r a l l e l  t o  each o t h e r  when the 

e l e c t r o n  beam was o r i e n t e d  near  the [112] d i r e c t i o n  i n  the c r y s t a l .  

Small c a v i t i e s  were a l s o  found i n  the  g r a i n  boundaries  of a l l  t h r e e  

LRO a l l o y s  after  i r r a d i a t i o n  at  the  h igher  temperatures .  Occasional ly,  

r e l a t i v e l y  l a r g e  c a v i t i e s  were a l s o  found, as shown i n  Fig. 6.3.4 fof  





YE-12382 

Fig. 6.3.3. Alignment of Cavi t i e s  Which L ie  P r e f e r e n t i a l l y  on ( l l i )  
and (111) Planes in LRO-16 I r r a d i a t e d  in High Flux Iso tope  Reactor  t o  
about  8.3 dpa at  600°C. Beam d i r e c t i o n  is  nea r ly  p a r a l l e l  t o  [1121. 

YE-12383 

1 
0.1 prn - 

Fig. 6.3.4. R e l a t i v e l y  Large Cav i t i e s  (Presumed t o  Be Helium Bubbles) 
on High Angle Grain Boundary i n  LRO-16 I r r a d i a t e d  i n  High Flux I so tope  
Reactor  t o  Produce about 8.3 dpa and 1000 at.  ppm He  a t  600°C. 



LRO-20 i r r a d i a t e d  a t  600°C. These c a v i t i e s  a t  t he  g r a i n  boundaries a r e  

assumed t o  be helium bubbles. Our experience with DO-16 i r r a d i a t e d  i n  

t h e  ORR i n d i c a t e s  t h a t  t h i s  helium i n  the  g r a i n  boundaries w i l l  probably 

have a d e l e t e r i o u s  e f f e c t  on the  mechanical p r o p e r t i e s  of t he  a l l o y .  

Perhaps the  e f f e c t  can be measured i n  bend t e s t s  t h a t  w i l l  be conducted on 

d i s k s  of these  a l l o y s .  

Measurements of the  c a v i t i e s  have y ie lded  values of swel l ing ,  which 

a r e  p l o t t e d  i n  Fig .  6.3.5. Recent r e s u l t s  f o r  the  PCA s t a i n l e s s  s t e e l  in 

t h e  solut ion- annealed condi t ion  ( see  P. J. Maziasz and D. N. Braski ,  t h i s  

r e p o r t ) 4  a r e  a l s o  included f o r  purposes of comparison. The LRO-16 a l l o y ,  

which has a lower n i c k e l  content  and con ta ins  sigma phase, showed the  

h ighes t  swel l ing ,  followed by LRO-37 and -20. The LRO-37 a l l o y  has essen- 

t i a l l y  the  same composition a s  LRO-20 but a l s o  con ta ins  a small  t i t an ium 

add i t ion .  

t h e  a l l o y  t o  neutron i r r a d i a t i o n  f o r  the  cond i t ions  examined i n  t h i s  

experiment. 

The t i tan ium a d d i t i o n  did not markedly a l t e r  t he  response of 

2.5 
ORNL-DWG 82-42774 

1 I I 1 I 1 I I 1 

2 0  

0 5  

0 

300 400 500 600 
IRRADIATION TEMPERATURE ( T I  

Fig. 6.3.5. Swelling of LRO Alloys and PCA S t a i n l e s s  S t e e l  Produced 
by I r r a d i a t i o n  t o  8 . 3  dpa i n  H F I R .  
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The LRO-16 a l l o y  is l e s s  r e s i s t a n t  t o  swel l ing  than the  PCA s t a i n-  

l e s s  s t e e l  i n  the  solut ion- annealed cond i t ions ,  while LRO-20 and -37 were 

somewhat more r e s i s t a n t  a t  600°C. A t  5OO0C, the  swel l ing  i n  PCA, LRO-20, 

and -37 was about the  same. 

6.3.5 Conclusions and Future  Work 

The LRO a l l o y s ,  LRO-16, -20, and -37, were i r r a d i a t e d  i n  H F I R  t o  

produce about 8.3 dpa and 1000 a t .  ppm He a t  300 t o  600°C. It w a s  

concluded t h a t :  

1. The LRO a l l o y s  remained ordered a f t e r  t he  i r r a d i a t i o n .  

2. Ordered domain s i z e  increased  with inc reas ing  i r r a d i a t i o n  

temperature.  

3. Faul ted  i n t e r s t i t i a l  loops were produced by the  i r r a d i a t i o n  and 

t h e i r  s i z e  increased  with inc reas ing  i r r a d i a t i o n  temperature.  

4 .  Cavi t i e s  grew p r e f e r e n t i a l l y  along t h e  f a u l t e d  loops ,  which had 

{111> h a b i t  planes.  

5. C a v i t i e s ,  assumed to  be helium bubbles ,  were a l s o  found i n  the  

g r a i n  boundaries a f t e r  i r r a d i a t i o n  a t  the  h igher  temperatures.  

6. Both LRO-20 and -37 had somewhat b e t t e r  r e s i s t a n c e  t o  swel l ing  a t  

60OOC than solut ion- annealed PCA, while LRO-16 was less r e s i s t a n t .  

7. The small  t i t an ium a d d i t i o n  to  the  LRO-20 composition ( t h e  LRO-37 

a l l o y )  had l i t t l e  e f f e c t  on swell ing.  

Future  work w i l l  inc lude  de terminat ion  of degree of o rde r  and post-  

i r r a d i a t i o n  bend d u c t i l i t i e s  f o r  the  i r r a d i a t e d  LRO a l l o y s .  Microstruc-  

t u r a l  response, swe l l ing ,  and bend d u c t i l i t i e s  w i l l  a l s o  be determined f o r  

t h e  same a l l o y s  a f t e r  i r r a d i a t i o n  t o  approximately 20 dpa i n  HFIR. 
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7.1 POSTIRRADIATION NOTCH DUCTILITY AN0 FRACTURE TOUGHNESS BEHAVIOR 
OF A00 HEAT OF ALLOY HT-9 - J .  R. Hawthorne (Naval Research Labora- 
tory) 

7.1.1 AOIP Task 
The Department of Energy (DOE)/Office o f  Fusion Energy (OFE) has 

stated the need to investigate ferritic alloys under the AOIP program 
task. Ferritic Steels Development (Path E). 

7.1.2 Objectives 
Objectives of the present research task were to irradiate an Alloy 

HT-9 plate from the Fusion Ferritic Program reference heat at two temp- 
eratures, 93' and 28EoC, and to perform postirradiation notch ductility 
and dynamic fracture toughness tests to assess the relative magnitude 
of radiation embrittlement produced at the two exposure temperatures. 

7.1.3 Summary 

wall material in magnetic fusion reactors. One objective of the cur- 
rent studies is the assessment o f  material notch ductility and fracture 
toughness in the pre- and postirradiation conditions. 

Charpy-V (C,) and fatigue precracked Charpy-V (PCC,) specimens 
of a 1.7 cm thick plate from the HT-9 reference melt (AOD process) 
were irradiated at 93'and at 288OC to '7.8 x id' n/cm2 , E >  0.1 MeV, 
in a water-cooled test reactor. 
tion produced by the 93OC irradiation was more than three times that 
produced by the 288OC irradiation. The 93OC irradiation data showed 
the alloy to be unacceptable for 93OC service unless (only) elastic 
fracture resistance is acceptable. Good agreement was observed between 
Cv and PCC, determinations of radiation-induced embrittlement. 

Alloy HT-9 is being evaluated for potential application as a first 

The Cv transition temperature eleva- 

7.1.4 Progress and Status 

7.1.4.1 Introduction 
The ferritic stainless steel compositions, HT-9 and 9Cr-1Mo (Mod.), 
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are being assessed for possible first wall applications in magnetic 
fusion reactors by the Magnetic Fusion Materials Program and for duct 
applications in liquid metal fast breeder reactors by the CladdinglDuct 
Alloy Development Program of the Department of Energy. 
posed uses, fracture resistance properties before and after elevated 
temperature irradiation are being investigated. Specimen types include 
Cy specimens for notch ductility determinations, PCC, specimens for 
dynamic fracture toughness (KJ) determinations and compact tension 
(CT) specimens for static fracture toughness determinations. 

ation resistance of Alloy HT-9 plate material as a function of service 
temperature, using Cv and PCCv specimens irradiated in controlled temp- 
erature assemblies in the water cooled reactor at the State University 
of New York at Buffalo (UBR).  

Ferritic Program reference heat (Electralloy Corporation Heat No. 9067) 
representing AOD processing. Plate heat treatment is described in 
reference 1. Specimens were taken in the longitudinal (LT, strong) 
test orientation only. 
and 2.54 mn thick CT specimens (0.5T size except for thickness) were 
included in the irradiation assemblies also; plans for these specimens 
are indicated below. 

For these pro- 

Current studies are aimed at exploratory evaluation of the radi- 

The plate was produced from the Fusion 

Miniature PCCv specimens (half standard size) 

7.1.4.2 Material Irradiation 
The specimens were contained in two, individually controlled irradi- 

ation assemblies. The assemblies were irradiated in tandem in a fuel 
lattice position of the UBR. Temperatures were monitored continuously 
by means o f  thermocouples welded to the specimens (approximately 50 
percent specimen coverage). Neutron fluences were determined using 
iron neutron dosimeter wires placed within the specimen array and are 
reported here on the basis of a calculated neutron energy spectrum 
developed by the Hanford Engineering Development Laboratory under con- 
tract.’ The total time at temperature was 798 hours; the target neu- 
tron fluence (E> 0.1 MeV) was 8 x id9 n/cm2. 
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7.1.4.3 Postirradiation Results 
Postirradiation notch ductility determinations are illustrated 

in Fig. 
by the PCCv test method are shown in Fig. 7.1.2. The KJ values are 
based on energy absorbed to maximum load corrected for specimen and 
test machine compliance, and were developed using the J-integral assess- 
ment procedures. 
of stable (i.e., rising load) crack extension and thus may overestimate 
the actual KJ at crack “initiation”). 

7.1.1; postirradiation fracture toughness (KJ) determinations 

(Note: KJ based on maximum load implies an absence 

-50 0 XJ 
I I , 

ALLOY HT- 9 
IAOD PROCESS) 

im 

- 

I I t I  I +  I I I t I I I I I 
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A 530Fl2BBCl 
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Fig. 7.1.1. Notch Ductility of Allgy HT-9 Plat8 (AOD Reference 
Melt) Before and After Irradiation at 93 
Dosimeter Wires Included in the Irradiation Asseptly Shpwed Fluences 
(E.0.1 MeV) to be 7.3 x ld9n/cm2 and 8.1 x 10 n/cm , respectively. 

and at 288 C. Iron Neutron 
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Fig. 7.1.2. Dynamic Fracture Toughness (K  ) of Alloy HT-9 Plate 
(AOD Reference Melt) Debermined by bhe PCC TesG Method Before and 
After Irradiation at 93 and at 288 C. 
radiation C Test Behavior from Fig. 7.1.1. The PCC, and Cv Specimens 
were Commin);led in the Irradiation Units. 

Th8 Dashed Lines Indicate Postir- 

Several observations can be made from the results. Referring 
first to the Cv data (Fig. 7.1.1), the transition temperature eleva- 
tion (415  index) produced by the 93OC irradiation was more than three 
times that produced by t he  288OC irradiation. Accordingly, the radi- 
ation embrittlement resistance of Alloy HT-9 is quite exposure tempera- 
ture dependent in this range. Equally important, the 93OC irradiation 
raised the 415 transition temperature up to the irradiation temperature 
even though the fluence is low, compared to expected service fluences. 
This result indicates that the alloy i s  unacceptable for 93OC service 
unless the designer is willing to accept (only) elastic fracture resis- 
tance. In contrast to the 93OC irradiation data, the data for the 
288OC irradiation condition show a significant margin of toughness 
against further fluence accumulation. 
embrittlement buildup with increasing fluence has been observed in 

Because a trend of decreasing 
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other steels at fluences greater than ?i 2 to 3 x lo1$ n/cmZ , this 
toughness reserve suggests that a relatively high, total fluence accumu- 
lation may be possible before the transition temperature of the alloy 
closely approaches the 288OC irradiation temperature. 
288OC and the 93OC irradiation conditions, good upper shelf level reten- 
tion is indicated by the data. 

In general, the PCCv test results (Fig. 7.1.2) support the C, 
indications; that is, the postirradiation KJ 100 MPaJm temperatures 
differ by about the same amount as the postirradiation Cv 415 tempera- 
tures. Furthermore, the upsweep in KJ toughness occurs at about the 
same temperature as the upturn in Cv notch ductility. 
in KJ upper shelf toughness by the irradiations also were small. 
ingly, Cy performance can be taken as a good indicator of PCC, 
ance for this alloy for the irradiated condition. For the unirradiated 
condition, the limited KJ data presently available place the KJ transi- 
tion curve somewhat below the C, transition curve. Additional PCCv 
tests are now planned to verify this indication. PCCv versus C, tests 
of another HT-9 material (separate melt) suggest that the displacement 
to lower temperature may simply be a manifestation of biased data scatter. 

For both the 

The reductions 
Accord- 

perform- 

7.1.4.4 Postirradiation Evaluation of Miniature C,,and CT specimens 
Tests of the miniature Cv specimens from the 9:' and the 288OC 

irradiation assemblies are not to be conducted at NRL; rather, the 
plan called for the specimen tests to be made at a site (to be selected) 
with the necessary equipment installed or under construction. The 
irradiated specimens and a limited number of control specimens are 
available for immediate shipment. 

reporting period. Test temperatures will be chosen to bracket the 
brittle-to-ductile transition region suggested by PCCv and C, test 
results. J-R curves will be developed, test temperatures permitting. 
Test plans include examination of selected fracture surfaces by SEM; 
SEM examinations of C, fracture surfaces are currently underway. 

Tests of the CT specimens (static mode) are planned for the next 



34 1 

7.1.5 Conclusions 
The experimental results show that the radiation resistance of 

Alloy HT-9 plate is highly dependent on the choice of irradiation temp- 
erature (93' vs 288OC). Furthermore, the results indicate that the 
alloy is unacceptable for 93OC high fluence service except for cases 
where elastic fracture resistance levels are allowable. For 288OC 
service, the alloy does show considerable promise for applications 
having lifetime fluences well in excess of 8 x l O I 9  n/cm2 . 

tlernent in HT-9 indicate good agreement. 
Comparisons of C, and PCC, measures of radiation-induced embrit- 

7.1.6 References 
1. J. R. Hawthorne, "Preparation of Alloy HT-9 and Modified Alloy 

9Cr-1Mo Reference Plates for Unirradiated and Irradiated Condi- 
tion Fracture Resistance Studies," Alloy Development for Irradi- 
ation Performance, Quarterly Progress Report for the Period Ending 
31 Mar 1981, DOE/ER-0045/6, pp. 148-156. 

Private communication, E. P. Lippencott, et al, to J. R. Hawthorne, 
Naval Research Laboratory, Letter Report, "Buffalo Light Water 
Reactor Calculation," dated Nov. 15, 1977. 
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7.2 IMPACT TEST RESULTS FOR IRRADIATED FERRITIC L L O Y S  -W. L. Hu 
(Westinghouse Hanford Company) 

T o  be reported in the next semiannual report. 
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7.3 MICROSTRUCTURAL EXAMINATION OF HT-9 AND 9Cr-1Mo CONTAINED I N  THE 

AD-2 EXPERIMENT - D. S.  Gelles and L .  E .  Thomas (Westinghouse 

Hanford Company) 

7.3.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

c i t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  a l l o y s  under t h e  ADIP program 

t a sk ,  F e r r i t i c  S t e e l s  Development (Path E). The t a s k s  involved a r e  

akin t o  t a s k  number l . C . 2 ,  Microstructures  and Swelling i n  Aus ten i t i c  

A l l o y s  and t a sk  number 1 . C . 1 ,  Micros t ruc tura l  S t a b i l i t y .  

7 .3 .2  Objective 

The ob jec t ive  of t h i s  work i s  t o  provide guidance on the  applica-  

b i l i t y  of m a r t e n s i t i c  s t a i n l e s s  s t e e l s  f o r  fus ion  r e a c t o r  s t r u c t u r a l  

ma te r i a l s .  

7.3.3 Summary 

The micros t ruc tures  of HT-9 and modified 9Cr-lMo have been examined 

be fo re  and a f t e r  i r r a d i a t i o n  i n  EBR-I1  i n  t h e  AD-2 experiment t o  a 

f luence  of 2 . 5  x 10 

The p r e c i p i t a t e  s t r u c t u r e  of un i r r ad ia t ed  HT-9 c o n s i s t s  of M23Cg which 

forms a t  mar tens i te  l a t h  and p r i o r  a u s t e n i t e  g ra in  boundaries.  9Cr-lMo 

shows much l e s s  M23C6 a t  g ra in  boundaries,  but  conta ins  f inely- dispersed 

(Nb,V,Cr)C wi th in  gra ins .  

ex tens ive  a d d i t i o n a l  p r e c i p i t a t i o n ,  formation of a d i s l o c a t i o n  sub- 

s t r u c t u r e ,  and, i n  gCr-lMo, void formation. The irradiat ion- induced 

p r e c i p i t a t e  i n  HT-9 was i d e n t i f i e d  a s  G-phase, a n i c k e l  s i l i c i d e  with 

f c c  c r y s t a l  s t r u c t u r e  and l a t t i c e  parameter of 1 . 1 2  nm. Only very small  

add i t ions  of n i cke l  a r e  required i n  f e r r i t i c s  t o  promote t h e  formation 

of G-phase. 9Cr-lMo i r r a d i a t e d  a t  400°C formed rod-shaped C r 2 C .  Above 

45OoC, t h e  HT-9 formed a d d i t i o n a l  Mz3C6, whereas the  9Cr-lMo formed addi-  

t i o n a l  MC and a phosphide wi th  Fe ,  C r ,  and Mo. No voids  were observed 

above 450°C i n  t h e  9Cr-1Mo a l l o y .  

G-phase i n  HT-9 and C r  C i n  9Cr-1Mo dur ing  i r r a d i a t i o n  below 450°C i s  

22  n/cm2 (E>O.l MeV) a t  temperatures from 400 t o  55OOC. 

I r r a d i a t i o n  of both a l l o y s  a t  400°C causes 

The formation of f inely- dispersed 

2 
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b e l i e v e d  t o  c o n t r i b u t e  t o  observed i r r a d i a t i o n  h a r d e n i n g  and i n c r e a s e d  DBTT.  

7 . 3 . 4  P r o g r e s s  and S t a t u s  

7 .3 .4 .1  I n t r o d u c t i o n  

A major  p a r t  of t h e  P a t h  F, e f f o r t  t o  i d e n t i f y  t h e  a p p l i c a b i l i t y  of 

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

t h e  AD-2 exper iment  i n  EBR-11.  (1) 
22 9~ 

range  400 t o  55O0C and h a s  now reached a f l u e n c e  of 2 .5  x I O  n/cm 

f l u e n c e s  a r e  g iven  as E>0.1 MeV) o r  11 dpa. The p r e s e n t  e f f o r t  i s  

i n t e n d e d  t o  p r o v i d e  m i c r o s t r u c t u r a l  i n f o r m a t i o n  on two m a t e r i a l s  con- 

t a i n e d  i n  t h a t  exper iment :  "1-9 t h e  c a n d i d a t e  P a t h  E a l l o y  and modif ied  

9Cr-1Mo an a l te rna te  P a t h  E a l l o y .  The purpose  i s  t o  re la te  m i c r o s t r u c-  

t u r a l  changes  t o  b u l k  p r o p e r t i e s .  

Th i s  exper iment  c o v e r s  t h e  t e m p e r a t u r e  

( a l l  

7 . 3 . 4 . 2  Exper imenta l  P rocedure  

Spec imens  examined i n  t h i s  work w e r e  t r a n s m i s s i o n  e l e c t r o n  microscopy 

(TEM) d i s k s  i r r a d i a t e d  i n  t h e  AD-2 exper iment .  I r r a d i a t i o n  c o n d i t i o n s  

are g iven  i n  Tab le  1 and a l l o y  c h e m i s t r i e s  are p rov ided  i n  Table  2 .  

Specimen h e a t  t r e a t m e n t  c o n d i t i o n s  were HT-9: 40% CW + 1038"C/5min/a i r  

c o o l  (AC) + 76OoC/0.5 hr/AC and 9Cr-1Mo: 40% CW + 1038'C/1 hr/AC + 760°C/ 

1 hr/AC. These specimen c o n d i t i o n s  were s e l e c t e d  because  they  most 

c l o s e l y  matched t h e  h e a t  t r e a t m e n t  c o n d i t i o n s  f o r  mechanical  p r o p e r t i e s  

tes t  specimens which a r e  b e i n g  i r r a d i a t e d  i n  t h e  AI-2 exper iment .  

Both TEM f o i l s  and ca rbon  e x t r a c t i o n  r e p l i c a s  were p r e p a r e d  from 

each  specimen in o r d e r  t o  a l l o w  complete  p r e c i p i t a t e  i d e n t i f i c a t i o n  

d u r i n g  m i c r o s t r u c t u r a l  examina t ion .  The e x t r a c t i o n  t e c h n i q u e ,  known as 

a " carb ide"  e x t r a c t i o n  p rocedure ,  invo lved  e l e c t o l y t i c  e t c h i n g  in 10% 

HC1-90% methanol  ( o p e r a t i n g  c o n d i t i o n s :  1 s e c  a t  2 V )  fo l lowed by ca rbon  

c o a t i n g  and e l e c t r o l y t i c  s t r i p p i n g  of  t h e  ca rbon  f i l m .  Thin f o i l s  were 

p repared  u s i n g  a twin  j e t  e l e c t r o p o l i s h i n g  d e v i c e  which had been a l t e r e d  

f o r  remote  h a n d l i n g .  The e l e c t r o l y t e  w a s  5% p e r c h l o r i c  a c i d  - 95% b u t y l  

a l c o h o l  and o p e r a t i n g  c o n d i t o n s  were YOV, 250 t o  300 mA and moderate  

pump speed.  
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TABLE 1 

Mar tens i t ic  S t a i n l e s s  S t e e l  Specimen Conditions 
Examined Following I r r a d i a t i o n  i n  t h e  AD-2 Experiment 

I r r a d i a t i o n  
temperature f luence  ( E N . 1  MeV) 

Alloy Specimen I D  O C  x ii122n/cm2 

HT-9 29CK 400 2 .3  
2HCL 4 5 0  2 . 3  

2HCN 

ZHCJ  

9Cr-1Mo 2RCK 

2RCN 

2 R C J  

500  2 . 3  

5 5 0  2 . 5  

400 2 . 3  

500 2 . 3  

550 2 . 5  

TABLE 2 

Compositions of Mar t ens i t i c  St;.inless S t e e l s  

V W  N b C u  N P S _ _  m s i N i  C r E  - -  _ _  - -  - Alloy Heat No. 5 

" I - 9  91354 0 . 2 2  0.45 0 . 2 2  0 . 5 2  12.07 1 .01  0.38 0 . 5 1  0.05 0.005 .008 .003 

9Cr-1Mc 30182 0.087 0.37 0.17 0.10 8.45 0.89 0 . 2 3  ---- 0.08 0.03 0.05 .012 .003 

TEM examinations were performed on an a n a l y t i c a l l y  equipped JEOL 

l O O C X  microscope opera t ing  a t  l O O K V  in t ransmiss ion  mode, and r e p l i c a  

analyses were done on both t h e  JEOL 100CX and a HB-501 microscope 

opera t ing  i n  scanning t ransmission mode. The HB-501 was equipped with 

an u l t r a t h i n  window (U'IIJ) KEVEX d e t e c t o r  which provides a n a l y s i s  f o r  

elements wi th  atomic numbers as low a s  carbon whereas the JEOL l O O C X  was 

equipped wi th  a s tandard d e t e c t o r .  

X-ray (EDX) microanalysis ,  a r a t i o  method was used. In t h i s  method, t h e  

in t eg ra t ed  counts i n  one X-ray peak f o r  each element t o  be analyzed 

a r e  m u l t i p l i t e d  by experimental ly determined co r rec t ion  f a c t o r s  (K-factors) 

For q u a n t i t a t i v e  energy d i spe r s ive  
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and normal ized t o  y i e l d  c o n c e n t r a t i o n s  i n  we igh t  p e r c e n t .  A d i g i t a l  

f i l t e r  method p rov ided  t h e  peak i n t e g r a t i o n  above background, and 

c o r r e c t i o n  w a s  made f o r  o v e r l a p p i n g  Kn and KB X-ray peaks  f o r  elements 

hav ing  a d j a c e n t  a tomic  numbers. The e lements  r o u t i n e l y  ana lyzed  i n-  

c luded  A l ,  S i ,  T i ,  V ,  C r ,  Mn, Fe,  N i ,  Mo, Nb. (Carbon w a s  n o t  ana lyzed  

because  t h e  r e p l i c a s  were ca rbon  c o a t e d . )  For a few s p e c i a l  c a s e s ,  S 

and P were a l s o  a n a l y z e d .  V i s u a l  i n s p e c t i o n  of  t h e  X-ray s p e c t r a  

showed no e lements  o t h e r  than  t h o s e  a n a l y z e d .  No c o r r e c t i o n  w a s  made 

f o r  X-ray a b s o r p t i o n  o r  f l u o r e s c e n c e  i n  t h e  e x t r a c t e d  p a r t i c l e s  a l t h o u g h  

such e f f e c t s  would have a f f e c t e d  a n a l y s e s  of  some p a r t i c l e s  t h i c k e r  t h a n  

50-100 lim. 

7.3.5 R e s u l t s  

7 .3 .5 .1  HT-9 The p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  of HT-9 h a s  been 

d e s c r i b e d  p rev ious ly" ) and c o n s i s t s  o f  tempered l a t h  m a r t e n s i t e  w i t h  

a recovered  d i s l o c a t i o n  s t r u c t u r e  and M C p r e c i p i t a t e s  d e c o r a t i n g  

l a t h  and p r i o r  a u s t e n i t e  g r a i n  boundar ies .  
23 6 

Fo l lowins  i r r a d i a t i o n ,  t h e  HT-9 p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  

f e a t u r e s  were r e t a i n e d .  However, f u r t h e r  m i c r o s t r u c t u r e  changes  were 

r e a d i l y  i d e n t i f i e d .  Fol lowing i r r a d i a t i o n  a t  400°C t o  2 .3  x 1 0  n/cm , 
t h e  d i s l o c a t i o n  s t r u c t u r e  w a s  a l t e r e d  by t h e  fo rmat ion  of i r r a d i a t i o n  

induced d i s l o c a t i o n  l o o p s  and t a n g l e s .  P r e c i p i t a t i o n  of  M 

boundar ies  appeared  t o  be  more extensive (bu t  no a t t e m p t  w a s  made t o  

q u a n t i f y  t h e  d i f f e r e n c e ) .  A l s o ,  a h i g h  d e n s i t y  of  equiaxed p r e c i p i t a t e s  

on the o r d e r  of  8 nm i n  d i a m e t e r  had developed i n  t h e  matrix. 

22 2 

23'6 On 

22 2 
Fol lowing i r r a d i a t i o n  a t  450°C t o  2 . 3  x 1 0  n/cm , t h e  m i c r o s t r u c t u r e  

was q u i t e  d i f f e r e n t .  Examples of b o t h  i r r a d i a t i o n  induced d i s l o c a t i o n  

f o r m a t i o n  and f i n e  p r e c i p l t a t i o n i n t h e  m a t r i x  cou ld  be  found,  b u t  t h e  

d e n s i t i e s  were much lower .  In f a c t ,  t h e  p r e c i p i t a t e  w a s  on ly  p r e s e n t  

between v e r y  wide ly  spaced m a r t e n s i t e  l a t h  boundar ies  and no d i s l o c a t i o n  

l o o p s  were s e e n .  
22 2 

Fol lowing i r r a d i a t i o n  a t  500°C t o  2 .3  x 10 n/cm and f o l l o w i n g  
22 2 

i r r a d i a t i o n  a t  550°C t o  2 .5  x 1 0  n/cm t h e  m i c r o s t r u c t u r e s  looked much 

t h e  same. The M C p a r t i c l e s  a t  l a t h  and p r i o r  a u s t e n i t e  g r a i n  boundar ies  
23 6 
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had coarsened and a d d i t i o n a l  MZ3C6 formed wi th in  subgrains.  However, 

t h e  change i n  p r e c i p i t a t e  d i s t r i b u t i o n s  is not  expected t o  a l ter  bulk  

p r o p e r t i e s  s i g n i f i c a n t l y .  The d i s l o c a t i o n  s t r u c t u r e s  observed i n  the 

550°C specimen showed extremely w e l l  developed subgrain tilt boundaries 

t y p i c a l  of recovery. 

Examples of t h e s e  HT-9 mic ros t ruc tu res  from TEM a r e  provided i n  

Figures 1 and 2. 

un i r r ad ia t ed  s t r u c t u r e  ( a ) ,  t h e  s t r u c t u r e  fol lowing i r r a d i a t i o n  a t  400°C 

(b) ,  a t  450°C (c ) ,  and a t  55OoC (d) .  The micrographs were s e l e c t e d  t o  

show both  p r i o r  a u s t e n i t e  boundary and subgrain s t r u c t u r e s .  

provides comparison of t h e  i r r a d i a t e d  micros t ruc tures  a t  h igher  magni- 

f i c a t i o n .  

d i s l o c a t i o n  s t r u c t u r e s .  In Figure 2a, showing t h e  specimen i r r a d i a t e d  

at  4OO0C,  t h e  s m a l l  s p h e r i c a l  p r e c i p i t a t e s  a r e  imaged by s t r a i n  c o n t r a s t  

and appear as dark  f e a t u r e s ,  t h e  M C p a r t i c l e s  present  p r i o r  t o  

i r r a d i a t i o n  appear as elongated p a r t i c l e s  and examples of d i s l o c a t i o n  

loops can be  found. 

equiaxed p r e c i p i t a t e  p a r t i c l e s  i s  shown i n  Figure 2b and examples of t h e  

s t r u c t u r e s  developed a t  5OO0C and 55OoC are shown i n  Figures 2c and 2d. 

Figure 1 shows low magnif icat ion micrographs of t h e  

Figure 2 

The micrographs were se l ec t ed  t o  show both p r e c i p i t a t e  and 

23 6 

Following i r r a d i a t i o n  a t  450°C, a region  with t h e  

Ext rac t ion  r e p l i c a s  confirmed t h e s e  r e s u l t s .  Evidence f o r  t h e  

l a r g e  MZ3C6 p a r t i c l e s  and t h e  f i n e  equiaxed p a r t i c l e s  which formed a t  

400'C could be found. 

shown examples of t h e  r e p l i c a  from t h e  400'C i r r a d i a t i o n  condi t ion  

a) a t  l o w  magni f ica t ion  and b) a t  high magnif icat ion.  H o w e v e r ,  d i f f r a c t i o n  

p a t t e r n s  of areas which contained the f i n e  equiaxed p a r t i c l e s  showed very  

few d i f f r a c t i o n  spo t s  and EDX a n a l y s i s  of such areas gave no compositional 

information.  

p a r t i c l e s  i n  t h e  carbon coa t ing  and the p a r t i c l e s  themselves had disappear-  

ed. Figures 3c and d provide low magni f ica t ion  examples of the 500 and 

550°C i r r a d i a t i o n  condi t ion .  

away from mar t ens i t e  l a t h  and p r i o r  a u s t e n i t e  g ra in  boundaries.  

p a r t i c l e s  probably formed dur ing  i r r a d i a t i o n ,  as ind ica t ed  by t h e  l a r g e r  

s i z e s  observed i n  t h e  55OoC condit ion.  EDX a n a l y s i s  of the HT-9 extrac- 

t i o n  r e p l i c a s  only showed MZ3C6 with composition similar t o  t h e  MZ3C6 

Examples are given i n  Figure 3. Figures 3a and b 

The images i n  Figure  3b are t h e r e f o r e  c a s t i n g s  of the 

Both con ta in  a number of  p a r t i c l e s  i n  regions  

Such 
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Figure 1 - Low Magnification Micrographs of HT-9 
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formed pr ior  to  i r rad ia t ion  as is shown by the r e su l t s  given i n  

Table 3. Thus a l l  of the M C par t ic les ,  including those apparently 

formed i n  reactor had similar compositions. 
23 6 

TABLE 3 

Second-phase Compositions ( W t  %) i n  HT-9 

Specimens from the AD-2 Test 

HT-9 "Carbide" extraction repl ica  (only MZ3C6 extracted) 
no other elements 

Alloy Code/Conditions Si V C r  Fe Mo detected I 
2H unirradiated 

2HCK 4OO0C Irrad.  

2HCL 45OoC I r r a d .  

2HCW 500'C Irrad.  

2HCJ 550°C Irrad.  

0.8 1 .4  60.1 29.8 7.9 

1.0 1 . 4  59.9 32.0 5.7 

1.2 1.3 60.5 30.7 6.3 

0.8 1.0 67.8 22.4 8.0 

0.5 1 .6  71.1 20.0 6.8 

The phase which forms in HT-9 a t  4OO0C proved t o  be very d i f f i c u l t  

to  identify.  The pa r t i c l e s  were small. This resulted i n  weak electron 

d i f f rac t ion  information. 

between the pa r t i c l e s  and the f e r r i t e  m a t r i x .  

double d i f f rac t ion  and created fur ther  ambiguity i n  interpret ing 

d i f f rac t ion  patterns. 

p rec ip i ta te  and so no phase composition was available. Therefore, based 
on information obtained only from HT-9, it was not possible t o  ident i fy  

t h i s  phase. 

A strong or ientat ion relationship existed 

This resulted i n  strong 

Extraction techniques fa i led  t o  i so l a t e  the 

However, the  phase which was observed i n  HT-9 gave d i f f rac t ion  

AIS1 416 contained t h i s  phase patterns which had been seen before. 

following i r rad ia t ion  a t  425OC t o  5.1 x 10" and 15.8 x 10 

Also, an experimental a l loy known as E102 with composition (Fe-1.27Ni- 

2.79 Cr-l.76Mo-0.35S. -0.37Mn -0.15C) contained t h i s  phase following 

i r rad ia t ion  a t  425OC t o  9.8 x 10 n/Cm . 
l a rger  par t ic les  so that it was possible using EDX t o  obtain a composition 

determination for  pa r t i c l e s  on the edge of a th in  f o i l .  

found t o  be r i ch  i n  nickel,  iron,  s i l i con  and manganese with approximate 

22 2 n/cm . 

22 2 The E102 specimen contained 

The phase was 
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composition Ni-24.1 Fe-12.7 S i  -8.7 Mn -3.8 Mo-l.9Cr. 

t h e r e f o r e  h igh ly  enriched i n  n i c k e l ,  s i l i c o n  and manganese. The t en ta-  

t ive i d e n t i f i c a t i o n  of t h e  phase as Gphase ,  an f c c  phase wi th  l a t t i c e  

parameter 1.1198 nm of formula Ti6Ni16Si7 (o r  Mn6Ni16Si7) ( 4 ) ,  was found 

t o  be cons i s t en t  with e l e c t r o n  d i f f r a c t i o n  p a t t e r n s .  

i n  Figure 4 which shows e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  of HT-9 i r r a d i a t e d  

a t  40OoC t o  2.3 x 10  n/cm . 
(001) and (112) are shown and t h e  G-phase spot  p a t t e r n s  are indexed f o r  

each. 

Therefore, neutron i r r a d i a t i o n  r e s u l t s  i n  s t r o n g  p a r t i t i o n i n g  of G-phase 

forming elements in m a r t e n s i t i c  steels a t  low temperature. 

in HT-9, AIS1 416 and E102 because there is s u f f i c i e n t  n i c k e l  and s i l i c o n ,  

and t h e  amount p re sen t  i s  d i r e c t l y  p ropor t iona l  t o  t h e  amount of n i c k e l  

present .  The phase does not  form i n  modified 9Cr-1Mo because t h e  n i c k e l  

content  is purposeful ly l i m i t e d  i n  that  a l l o y .  

The phase was  

This i s  demonstrated 

22 2 
P a t t e r n s  f o r  f o i l  o r i e n t a t i o n s  of (011) 

The l a t t i c e  parameter measured from these  p a t t e r n s  is 1 . 1 2  nm. 

G-phase forms 

7.3.5.2 9CR-1Mo 

The p r e i r r a d i a t i o n  mic ros t ruc tu re  of modified 9Cr-1Mo w a s  similar i n  

several ways t o  t h a t  i n  HT-9. 

contained l a r g e  blocky M23C6 but  t h e  p a r t i c l e s  were smaller and less 

numerous i n  t h e  9Cr-1Mo. The d i s l o c a t i o n  s t r u c t u r e  w a s  recovered i n t o  

subgrain boundaries.  Unlike t h e  HT-9 however, 9Cr-1Mo contained a high 

dens i ty  of s m a l l ,  i n t r a g r a n u l a r  MC carb ides .  The metal content  of t h e  

MC p a r t i c l e s  included mainly Nb, V,  and C r ,  wi th  ind iv idua l  p a r t i c l e s  

varying widely i n  t h e  propor t ions  of t hese  elements 

Lath and p r i o r  a u s t e n i t e  gra in  boundaries 

( see  Table 4) .  

Following i r r a d i a t i o n ,  t h e  p r e i r r a d i a t i o n  mic ros t ruc tu ra l  f e a t u r e s  

were r e t a i n e d  b u t  several changes i n  micros t ruc ture  were found. 

specimen i r r a d i a t e d  t o  400'C developed a h igh  dens i ty  of i r r a d i a t i o n-  

induced d i s loca t ions .  Both d i s l o c a t i o n  loops and t ang les  were found. 

Also, f ace ted  voids  were formed a t  400°C. 

w a s  q u i t e  low and t h e  l a r g e s t  voids  w e r e  20 n m  i n  diameter.  

t h e  r e s u l t i n g  dens i ty  change was n e g l i g i b l e ,  a l though h igher  swel l ing  

may be a n t i c i p a t e d  a t  h igher  f luence.  In add i t ion ,  s m a l l  rod-shaped 

p r e c i p i t a t e s  formed dur ing  i r r a d i a t i o n  at  400' C. 

The 

The number dens i ty  of vo ids  

Therefore 

EDX a n a l y s i s  showed 
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. . . .  

Figure 4 - Dif f rac t ion  P a t t e r n s  of G-Phase i n  HT-9 I r r a d i a t e d  a t  

400'C. The Corresponding G p h a s e  P a t t e r n s  are Shown Indexed. 
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Figure 5 - Low Magnification Micrographs of Modified 9Cr-1Mo 
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400oC. 2.3~1022~ 
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Figure 6 - Microstructures of Modified 9Cr-1Mo at Higher Magnification 



subgrain boundary d i s l o c a t i o n  networks. 

Ext rac t ion  r e p l i c a  micrographs of 9Cr-lMo are given i n  Figure 7 
f o r  t h e  4OO0C,  500'C and 550OC condi t ions .  

of t h e  4OO0C condi t ion  shows t h e  t y p i c a l  h ighly  elongated morphology of 

t h e  C r  C s t r u c t u r e ,  and an example of t h e  C r 2 C  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n  is i n s e t .  

p a r t i c l e s  and a t y p i c a l  phosphide d i f f r a c t i o n  p a t t e r n  i s  i n s e t .  

phosphide p a r t i c l e s  i n  Figure 7d are t h e l a t h  shaped f e a t u r e s  whereas t h e  

MC p a r t i c l e s  are more equiaxed. 

given i n  Table 4. 

The high magnif icat ion example 

2 
Figure 7d provides an example of t h e  phosphide 

The 

Typical  compositions of t h e  phases are 

7.3.6 Discussion 

The p resen t  work f u r t h e r  demonstrates t h e  tendency of m a r t e n s i t i c  

High stainless steels t o  develop p r e c i p i t a t e s  during i r r a d i a t i o n  (4) .  

d e n s i t i e s  of small p r e c i p i t a t e  p a r t i c l e s  which form a t  400°C are 

apparent ly  r e spons ib le  f o r  observed i r r a d i a t i o n  hardening and DBTT 

inc reases  (5). 

f u r t h e r  understanding which could be used f o r  guidance on a l l o y  composi- 

t i o n  s p e c i f i c a t i o n s .  

4OO0C have been i d e n t i f i e d  as G-phase i n  HT-9 and C r 2 C  i n  9Cr-1Mo. 

Phase i d e n t i f i c a t i o n  t h e r e f o r e  provides important 

The phases which form fol lowing i r r a d i a t i o n  a t  

7.3.7 Consequences of GPhase  

G-phase p r e c i p i t a t e s  are be l ieved  t o  be respons ib le  f o r  the l a r g e  

s h i f t  i n  d u c t i l e  b r i t t l e  t r a n s i t i o n  temperature (DBTT) found i n  €IT-9 
22 2 fol lowing i r r a d i a t i o n  t o  1.1~10 n/cm a t  425"C(5). A similar conclusion 

w a s  reached i n  a thermal aging s tudy of a 12%Cr-4%Ni steel  (6) .  
s tudy hardening occurred wi th in  100 hours when aged a t  450°C and l e d  t o  

a concurrent  increase i n  DBTT. 

found t o  be f c c  wi th  l a t t i c e  parameter 1.115 nm and composition 

Ni-15.5Cr-13.3Si-lO.OFe-B.Mn and the re fo re  w a s  t h e  same a s  t h e  G-phase 

found i n  t h i s  work. 

I n  t h a t  

The p r e c i p i t a t i o n  hardening phase w a s  

It must t h e r e f o r e  be a n t i c i p a t e d  that a d d i t i o n s  of n i c k e l  and 

s i l i c o n  t o  m a r t e n s i t i c  s t a i n l e s s  s teel  w i l l  promote G p h a s e  formation 

(both  i n  and out- of- reactor) which w i l l  a l ter  mechanical p rope r t i e s .  
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Figure 7 - Extrac t ion  Replicas of Modified 9Cr-1Mo. Examples of 
D i f f r a c t i o n  P a t t e r n s  for C r 2 C  (b) and Phosphide (e) are I n s e t .  
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The experimental a l l o y s  designed t o  s tudy e f f e c t s  of helium genera t ion  

on mechanical p r o p e r t i e s  fol lowing i r r a d i a t i o n  i n  HFIR (7) can a l s o  be 

expected t o  develop G-phase. 

formation i s  l i k e l y  respons ib le  f o r  l a r g e  increases i n  pos t- i r r ad ia t ion  

t e n s i l e  d a t a  (8'9) and s t r eng th  inc reases  should not  be a t t r i b u t e d  only 

t o  displacement damage. 

P r e c i p i t a t i o n  s t rengthening  due t o  G p h a s e  

7.3.8 Ef fec t s  of P r e c i p i t a t i o n  

Although HT-9 and modified 9Cr-1Mo are both m a r t e n s i t i c  steels, 

a l l o y  chemis t r ies  are s u f f i c i e n t l y  d i f f e r e n t  so  t h a t  mic ros t ruc tu ra l  

response t o  i r r a d i a t i o n  i s  q u i t e  d i f f e r e n t .  

t o  purposefu l ly  l i m i t  n i c k e l  add i t ions  and employ vanadium and niobium 

add i t ions  t o  form MC carb ides  p r i o r  t o  i r r a d i a t i o n .  

n i c k e l  and carbon add i t ions  i n  order  t o  minimize d e l t a  f e r r i t e  formation, 

and i t s  main carb ide  formers are chromium and tungsten.  Thus, HT-9 

forms mainly M C whereasmodified 9Cr-1Mo forms MC carb ides .  When 23 6 
n i c k e l  and s i l i c o n  a r e  p resen t ,  G-phase w i l l  form. 

form, some o the r  phase probably w i l l ,  such as C r 2 C .  

t a t i o n  sequences can lead  t o  d i f f e r e n t  p rope r t i e s .  

appears t o  i n h i b i t  void swel l ing  i n  f e r r i t i c  steels. 

i n  AIS1 416 ( 4 ) ,  E102 and t h e  present work. 

f e r r i t i c  steels develop voids  but  few do so  a t  f luences  as low as 

2x10 n/cm . Modified 9Cr-1Mo t h e r e f o r e  appears  t o  possess  poor 

i r r a d i a t i o n  r e s i s t a n c e .  

regard t o  swel l ing  because t h e  f e r r i t i c  a l l o y  c l a s s  swells slowly even 

when voids  a r e  present . )  

hardening. The d a t a  of r e fe rences  8 and 9 show a s t ra ight forward  

c o r r e l a t i o n  of n i c k e l  content  and p o s t i r r a d i a t i o n  y i e l d  s t r eng th .  

Conversely, i f  n i c k e l  is not  present  i r r a d i a t i o n  hardening is reduced. 

S imi lar  c o r r e l a t i o n s  can be  expected f o r  DBTT behavior.  

l a t i o n s  can arise from t h e  tendency of r e l a t i v e l y  small add i t ions  of 

N i  and S i  t o  promote G p h a s e  formation i n  f e r r i t i c  s t e e l s .  

Modified 9Cr-lMo was designed 

HT-9 employs higher  

I f  G-phase does not  

D i f f e ren t  p rec ip i-  

G-phase formation 

Examples are found 

In comparison, most o t h e r  

22 2 

(This i s  not  expected t o  b e  a problem with 

G p h a s e  formation a l s o  con t r ibu te s  t o  r a d i a t i o n  

These corre-  
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7.3.9 Conclusions 

Specimens of HT-9 and modified 9Cr-1Mo have been examined following 

i r r a d i a t i o n  i n  EBR-I1 over t h e  temperature range 400 t o  550'C t o  

f luences  of 2.5 x 13 n/cm . The fol lowing is  found: 

1) 

22 2 

I r r a d i a t i o n  a t  400°C promotes ex tens ive  d i s l o c a t i o n  and 

p r e c i p i t a t e  development i n  both a l l o y s .  The dominant 

i r r a d i a t i o n  induced phase i n  HT-9 a t  400°C i s  G-phase, a 

n i c k e l  s i l i c i d e .  I n  9Cr-1Mo it i s  C r 2 C .  Voids had formed 

i n  YCr-1Mo. 

2) A t  higher  temperatures ,  mic ros t ruc tu ra l  changes were not  a s  

extensive.  Fur ther  carb ide  p r e c i p i t a t i o n  occurred and 

d i s l o c a t i o n  development was mostly of a recovery na ture .  

Phospide p r e c i p i t a t e s  were i d e n t i f i e d  i n  9Cr-1Mo a t  550'C. 

I r r a d i a t i o n  a t  temperatures of 450°C and below can be expected 

t o  have t h e  g r e a t e s t  e f f e c t  on p o s t i r r a d i a t i o n  mechanical 

p rope r t i e s .  

3) 

7.3.10 Future Work 

Specimens of HT-9 w i l l  be examined fol lowing i r r a d i a t i o n  i n  HFIR 

t o  lOdpa a t  300 and 400°C. 
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7.4 WE PROCUREMENT AND CHARACTERIZATION OF THE ELECTROSJAG REMELTED 

NATIONAZ. WSION PROGRAM HEAT OF 12Cr-1Mo STEEL - T. A. Lechtenberg 

(General Atomic Company) 

7.4.1 l L u F L h &  

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has  

s t a t e d  t h e  need f o r  t h i s  i n v e s t i g a t i o n  under t h e  D I P  program task. 

Fe r r i t i c  S t e e l s  Development. 

7.4.2. 

Previously it was repor ted  t h a t  a 30.000 lb heat  of a 12Cr-lMo 

steel melted t o  t h e  s p e c i f i c a t i o n s  of Sandvik HT-9 was procured by 

General Atomic Company f rm Elec t r a l loy  Corporation f o r  t h e  F e r r i t i c  

S t e e l  Program(l).  This hea t  of argon-oxygen decarburized (AOD) 12Cr-1Mo 

s t e e l  has. since. been e l e c t r o s l a g  remelted (ESR) by Universal Cyclops 

Corporation i n  P i t t sburg .  and converted t o  p l a t e  and bar  stock. This 

remelted hea t  (No.9607R2) was w i t h i n  t h e  chemical s p e c i f i c a t i o n  requi re-  

ment of HT-9. The remelted ingot  was homogenized a t  l l O O C  f o r  16  h r s  

p r i o r  t o  conversion t o  t h e  product forms. After conversion t o  p l a t e  and 

bar  stock. each form was given a s t r e s s  r e l i e f  a t  700C f o r  6 hrs .  Sub- 

sequent mechanical property a n a l y s i s  on t h e  0.625 i n  (1.58 an) p l a t e  has  

shown tha t  it m e e t s  t h e  s t r eng th  and t e n s i l e  e longat ion  spec i f i ca t ions .  
The UTS w a s  121 k s i  (835 MPa). the y i e l d  stress was 87.5 k s i  (604 MPa). 

and t h e  e longat ion  was 21%. The upper she l f  energy determined on stand-  

ard  Charpy impact specimens w a s  ,85 f t - l b s  (1155) a s  compared t o  t h e  

upper she l f  of t h e  AOD hea t  of 66 f t - l b s  (895). Micros t ruc tura l  examin- 

a t i o n  showed a uniform tempered m a r t e n s i t i c  s t r u c t u r e  wi th  a d e l t a  f e r -  

r i t e  content l e s s  than 1%. 

7.4.3. &meking and Conversion to P- 

The AOD ingo t s  were shipped t o  Universl  Cyclops i n  P i t t s b u r g  f o r  
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e l e c t r o s l a g  remelt ing.  The s l a g  contained CaF. CaO. and Al2O3. The 

cas t ings  were two 20 inch rounds. These were hot- topped (3% from tops 

and 1% from bottoms of t h e  cas t ings ) .  and slowly cooled i n  a lime p i t .  

The cas t ings  were t r a n s f e r r e d  t o  a soaking p i t  and homogenized a t  1200C 

f o r  16 hrs .  The cas t ings  were descaled and rough ground. 

One cas t ing  was shipped t o  Bridgeport.  PA where i t  was reheated 

t o  a r o l l i n g  temperature of 1050-1090C ( f i r s t  t o  650-750C for 30 

minutes. then brought t o  temperature) f o r  4 hours and bloomed t o  8 i n  x 

13 i n  x r o l l  length. cooled and cut  wi th  an abras ive  saw. These were 

then reheated by t h e  same process t o  1050-1090C and he ld  a s  before. then  

bloomed t o  4 i n  x 15 i n  x r o l l  length. and furnace cooled. The s l abs  

were annealed a t  1050-1090C a s  before with the  same preheat  cycle.  

These were furnace cooled. and cut  i n t o  mults  f o r  the  f i n a l  hot r o l l i n g .  

The mults  were reheated a s  before t o  1050-1090C and a l l  p l a t e s  were 

r o l l e d  i n  one pass t o  t h e i r  f i n a l  dimensions. excepting t h e  0.125 inch 

which was brought t o  0.635 inch. reheated t o  1050-1090C then f i n a l  

r o l l e d  t o  0.125 inch. The p l a t e s  were annealed f o r  2 hours a t  850C. 

cooled a t  5C/hr t o  700C. and then  he ld  f o r  6 hours. and a i r  cooled f o r  

s t r e s s  r e l i e f .  The p l a t e s  were then  inspected wi th  ultrasound. ground 

and deburred. 

The bar s tock  was shipped t o  t h e  T i t u s v i l l e  p l an t  and t r e a t e d  

s i m i l a r l y  t o  t h a t  converted t o  p l a t e .  The cas t ing  was heated t o  

1050-1090C i n  s t a g e s  of 650-750C and he ld  f o r  30 minutes then t o  t h e  

r o l l i n g  temperature of 1050-1090C. These were bloomed t o  a 4 inch b i l -  

l e t ,  cut  i n  t h i r d s .  reheated and r o l l e d  t o  t h e  2 and 3 inch bar. Some 

of t h e  2 inch bar  was reheated. then  bloomed t o  t h e  1 inch bar .  A11  

these  were cooled s l o w l y  a s  f o r  t h e  p la te .  then given t h e  s t r e s s  r e l i e f  

as f o r  t h e  p l a t e .  These were cut  t o  f i n a l  lengths  and c e n t e r l e s s  

ground. 

So, p l a t e  and bar  were i n  t h e  s t r e s s  r e l i eved  condition. and 

p r i o r  t o  t e s t i n g ,  r e q u i r e  a s tandard hea t  t reatment  of 1050C f o r  1 /2  
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hour, and 760 f o r  2-1/2 h r s  both followed by an a i r- coo l  f o r  a tempered 

mar t ens i t e  s t ruc tu re .  

7.4.4. 12Cr - I.MQ 

Chemical a n a l y s i s  was performed by In t e rna t iona l  Nickel on the  

ESR heat  of 12Cr-1Mo s t e e l  a f t e r  being rece ived  a t  General Atomic. The 

r e s u l t s  a r e  given i n  Table I along with t h e  AOD chemistry and o the r  

h e a t s  of HT-9 f o r  comparison. A l l  of t h e  elemental amounts were w i t h i n  

t h e  D I N  17175-79 spec i f i ca t ion ,  Werkstoff 1.4935. f o r  Sandvik HT-9. The 

chemistry a l s o  compared we l l  with t h e  s p e c i f i c a t i o n s  f o r  12Cr-1Mo dic-  

t a t e d  by the  Breeder program. The l e v e l s  of s eve ra l  embr i t t l i ng  spec ie  

were lower than  those va lues  found i n  t h e  AOD hea t  p r i o r  t o  remelting. 

and were s i g n i f i c a n t l y  lower than t h e  Breeder program s p e c i f i c a t i o n s  i n  

t i tan ium and sulphur.  The phosphorous content decreased from t h e  AOD 

hea t  t o  0.016 w t %  (Breeder spec i f i ed  a t  0.02 wt%). 

Material  f o r  t e n s i l e  and Charpy impact specimens were hea t  

t r e a t e d  a t  1050C f o r  30 minutes. and 760C f o r  2.5 hrs .  both followed by 

an a i r- cool  i n  t h e  0.625 inch p l a t e s  form. Specimens were machined. 

The t e n s i l e  p rope r t i e s  f o r  t h e  ESR heat  (9607R2) i n  Table I1 and com- 

pared t o  t h e  National Fusion AOD (9607) and Breeder ESR (91354) hea t s  of 

12Cr-1Mo. The UTS w a s  121.0 ks i .  t h e  y i e l d  s t r e s s  was 87.5 ks i .  and t h e  

t o t a l  t e n s i l e  e longat ion  was 21.0%. The UTS i s  a t  t h e  high end of t h e  

Sandvik spec i f i ca t ions .  being 110/122 ks i .  The y i e l d  s t r eng th  w a s  

g r e a t e r  than t h e  s p e c i f i c a t i o n  of 7 1  k s i  minimum. and similar t o  t h a t  

measured on t h e  breeder hea t  No. 91354 which w a s  88 ks i .  

Impact t r a n s i t i o n  curves were determined f o r  t h e  ESR hea t  i n  t h e  

long i tud ina l  (L-T) and t r ansve r se  (T-L) r o l l i n g  d i r ec t ions .  The da ta  i s  

compared i n  Figure 1 t o  t h e  AOD hea t  and t o  t h e  ESR Breeder hea t  (No. 

91354). A l l  t h e  ma te r i a l  was i n  t h e  s tandard hea t  t r e a t e d  condition. 

t h a t  i s  1050C f o r  1 /2  hr. followed by 2.5 h r s  a t  760C. both followed by 

a n  a i r- cool .  The upper she l f  energ ies  f o r  t h e  Fusion ESR hea t  a r e  85 
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A COMPARISON O F  IMPACT TOUGHNESS FROM ESR AN0 A 0 0  HEATS O F  HT-9 

BREEDER ESR HEAT1913541 

FUSION HEAT 19607R2)' 

A L L  MATERIAL I N  STANDARD HEAT 
TREATED CONDITION: 

1O5O0C, l i 2 H R .  ,AIR-COOL 
76OoC .2-1/2HR. ,AIR-COOL 
ON 0.5 IN.THICK BLANKS 
IN THE L-T ORlENTATtON 

'T-L ORIENTATION 

-50 0 50 100 150 

TESTTEMPERATURE ('C) 

Figure 1. A comparison of the Charpy Impact toughness values 
of the National Fusion heat of ESR 12Cr-1Mo and other 
heats. 
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f t - l b s  i n  t h e  L-T o r i e n t a t i o n  and 76 f t - l b s  i n  t h e  T-L o r i en ta t ion .  

This  compares favorably with t h e  Breeder program heat  of No. 91354 with 

an upper she l f  energy of approximately 90 f t - l b s ( 2 ) .  The breeder hea t  

of HT-9 may have a higher upper she l f  energy because i t ' s  i n  a bar  form. 

not  p l a t e  as f o r  t h e  ESR fus ion  product form tes ted .  heat.  A comparison 

of t h e  toughness of t h e  bar  form i s  being made. The f u s i o n  AOD hea t  of 

HT-9 has an upper she l f  of about 65 f t - l b s .  

7.4.5. 

The AOD i n g o t s  of HT-9 purchased i n  N80 f r a n  E lec t r a l loy  were 

e l e c t r o s l a g  remelted a t  Universal Cyclops and f a b r i c a t e d  i n t o  p l a t e  and 

bar  stock. The p l a t e s  s i z e s  were t h e  same a s  procured from t h e  AOD in-  

g o t s  previously. while  t h e  bar  was i n  1.0. 2.0 and 3.0 inch rounds. A 

comparison of the  ESR mate r i a l  with t h e  AOD and Breeder ESR heat  No. 

91354 shows favorable  proper t ies .  

7.4.6 References 

1. Lechtenberg. T.. e t  a l .  ADIP Q u a r t e r l y  f o r  t h e  period ending 31 

March 1980. DOE/ER-0045/2. pg. 109. 

2. Hawthorne. R.. ADIP Q u a r t e r l y  f o r  t h e  period ending 31 March 1981. 

pg. 155. 

3. Hawthorne. R.. ADIP Q u a r t e r l y  f o r  t h e  period ending 31 December 

1980. pg. 127. 
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7.5 THE WELDABILITY OF €IT-9: PREHEAT AND POSITION EFFECTS - 
T. A. Lechtenberg and W. Stack (General Atomic Company) 

To be reported in the next semiannual report. 
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7.6 THE TOUGHNESS OF SIMULATED HEAT-AFFECTED ZONE MICROSTRUCTURES 

I N  A 12Cr-lMo-0.3V MARTENSITIC STAINLESS STEEL - 
J. C .  L ippold  (Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  Livermore ,  C A )  

7.6.1 ADIP Task 

The Department of  Energy (DOE)/Office o f  Fus ion  Energy 

(OFE) h a s  s t a t e d  t h e  need f o r  t h e s e  d a t a  under  t h e  ADIP program 

t a s k ,  F e r r i t i c  S t e e l s  Development ( P a t h  E ) .  

7 .6 .2  O b j e c t i v e  

The w e l d  h e a t - a f f e c t e d  zone ( H A Z )  o f  HT9 e x h i b i t s  a 

v a r i e t y  of m i c r o s t r u c t u r e s  whose p r o p e r t i e s  may d i f f e r  c o n s i d e r a b l y  

from t h o s e  of bo th  t h e  f u s i o n  zone and quench-and- tempered b a s e  

metal. U n f o r t u n a t e l y ,  t h e  e v a l u a t i o n  o f  HAZ p r o p e r t i e s  is 

confounded by t h e  d i f f i c u l t y  of i d e n t i f y i n g  and ,  i n  t u r n ,  t e s t i n g  

a p a r t i c u l a r  m i c r o s t r u c t u r e .  The o b j e c t i v e  of t h i s  s t u d y  was t o  

s i m u l a t e  f o u r  p r e v i o u s l y  i d e n t i f i e d  H T 9  HAZ m i c r o s t r u c t u r e s  u s i n g  

t h e  G l e e b l e  and t o  de te rmine  t h e  n o t c h  toughness  of t h e  

i n d i v i d u a l  m i c r o s t r u c t u r e s  by means of Charpy V-notch tests.  

7.6.3 Summary 

The f o u r  d i s t i n c t  HAZ m i c r o s t r u c t u r e s  which were 

i d e n t i f i e d  i n  HT9 GTA welds  (Ref. 1 )  were s i m u l a t e d  i n  t h e  

G l e e b l e  i n  o r d e r  t o  produce  b u l k  m i c r o s t r u c t u r a l  Charpy V-notch 

samples  s u i t a b l e  f o r  e v a l u a t i o n  o f  n o t c h  toughness .  Samples bo th  

t ransverse and l o n g i t u d i n a l  t o  t h e  r o l l i n g  d i r e c t i o n  ( R . D . )  of 
AGD m e l t  p l a t e  s t o c k  were e v a l u a t e d .  Fo l lowing  t h e  G l e e b l e  

the rmal  t r e a t m e n t  t h e  samples  were g i v e n  a pos tweld  h e a t  

t r e a t m e n t  (PWHT) f o r  1 hour  a t  76G'C. Charpy tes ts  of t h e  

i n d i v i d u a l  m i c r o s t r u c t u r e s  were performed o v e r  t h e  t e m p e r a t u r e  

r ange  f r o m  -60 t o  200°C. 

o r i e n t e d  t r a n s v e r s e  t o  t h e  r o l l i n g  d i r e c t i o n  ( n o t c h  a l i g n e d  

p a r a l l e l  t o  R .D . )  f e l l  i n  a wide s c a t t e r b a n d  which enc losed  t h e  

base metal toughness  a t  l o w  t e m p e r a t u r e s  and was s l i g h t l y  less 

The toughness  v a l u e s  of samples  
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t h a n  t h e  base  m e t a l  v a l u e  on t h e  upper  s h e l f .  When samples  o r i e n t e d  

p a r a l l e l  t o  t h e  R.D.  ( n o t c h  t r a n s v e r s e  t o  R . D . )  were e v a l u a t e d  

t h e  toughness  o f  t h r e e  of t h e  m i c r o s t r u c t u r a l  r e g i o n s  was a g a i n  

e q u i v a l e n t  t o  t h a t  of t h e  b a s e  metal. The f o u r t h  r e g i o n ,  which 

c o n t a i n e d  a f i n e  p r i o r  a u s t e n i t e  g r a i n  s i z e  e x h i b i t e d  s u p e r i o r  

toughness  p r o p e r t i e s  w i t h  r e s p e c t  t o  bo th  t h e  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  t e m p e r a t u r e  (DBTT)  and t h e  upper  s h e l f  energy.  

7.6.4 P r o g r e s s  and S t a t u s  

Dur ing f u s i o n  welding o f  m a r t e n s i t i c  s t e e l s  v a r i e t y  of 

m i c r o s t r u c t u r e s  a r e  developed i n  t h e  HA2 a s  a consequence o f  t h e  

a u s t e n i t e - t o - m a r t e n s i t e  t r a n s f o r m a t i o n .  I n  an  e a r l i e r  r e p o r t ,  f o u r  

d i s t i n c t  m i c r o s t r u c t u r e s  were i d e n t i f i e d  and c h a r a c t e r i z e d  i n  t h e  

HAZ o f  GTA welds  i n  HT9 (Ref .  1 ) .  

and t h e i r  r e l a t i o n s h i p  t o  t h e  Fe-Cr-C pseudo- binary  d iagram a r e  

summarized i n  F i g .  1 .  S i n c e  a l a r g e  p o r t i o n  o f  t h e  HAZ e x h i b i t s  

untempered m a r t e n s i t e  i n  t h e  as- welded  c o n d i t i o n  a pos tweld  h e a t  

t r e a t m e n t  (PWHT)is r e q u i r e d  t o  o b t a i n  a d e q u a t e  mechanical  p r o p e r t i e s  

i n  t h e  weld r e g i o n .  From a s t r u c t u r a l  s t a n d p o i n t  i t  is p a r t i c u l a r l y  

i m p o r t a n t  t o  d e t e r m i n e  t h e  n o t c h  toughness  of t h e s e  m a t e r i a l s  o v e r  a 

r ange  o f  p o s s i b l e  r e a c t o r  o p e r a t i n g  t e m p e r a t u r e s .  U n f o r t u n a t e l y ,  

because  o f  t h e  m i c r o s t r u c t u r a l  g r a d i e n t  which i s  i n h e r e n t  i n  t h e  H A Z  

of most m a r t e n s i t i c  m a t e r i a l s  i t  i s  i m p o s s i b l e  t o  l o c a t e  a n o t c h  i n  

an  a c t u a l  w e l d  HAZ which w i l l  p ropaga te  a c r a c k  th rough  a un i fo rm 

m i c r o s t r u c t u r e .  A s  a r e s u l t ,  toughness  v a l u e s  may be a r t i f i c i a l l y  

h i g h  i f  t h e  c r a c k  i s  n o t  p r e c i s e l y  l o c a t e d  o r  p r o p a g a t e s  ou t  o f  a 

low toughness  m i c r o s t r u c t u r e  r e g i o n  i n t o  one which e x h i b i t s  h i g h e r  

toughness .  I n  o r d e r  t o  e l i m i n a t e  t h i s  ambigu i ty  t h e  G l e e b l e  ( a  

progammable thermo-mechanical  s i m u l a t o r )  has  been employed t o  

s i m u l a t e  t h e  m i c r o s t r u c t u r e  of t h e  f o u r  HT9 HAZ r e g i o n s  i n  bu lk  

samples  such t h a t  n o t c h  l o c a t i o n  is f a c i l i t a t e d  and c r a c k  

p r o p a g a t i o n  o c c u r s  w i t h i n  a uni form m i c r o s t r u c t u r a l  r e g i o n .  

The m i c r o s t r u c t u r e s  which d e v e l o p  
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F i g u r e  1 .  Schemat ic  i l l u s t r a t i o n  o f  t h e  f o u r  d i s t i n c t  micro-  
s t r u c t u r e s  produced i n  t h e  HAZ o f  HT9 f u s i o n  welds  
and t h e  r e l a t i o n s h i p  of t h e s e  s t r u c t u r e s  t o  t h e  
Fe-Cr-C pseudo- binary  e q u i l i b r i u m  phase  diagram. 

7.6.4.1 Exper imen ta l  Approach 

The compos i t ion  o f  t h e  N a t i o n a l  Fus ion  Heat  (AOD melt) used 

i n  t h i s  i n v e s t i g a t i o n  i s  l i s t e d  i n  Tab le  1 .  The m a t e r i a l  i n  t h e  

f o r m  o f  15 mm ( 5 / 8  i n . )  t h i c k  p l a t e  was a u s t e n i t i z e d  f o r  0.5 hour  

a t  1040 C ,  a i r  coo led  and t h e n  tempered a t  760 C f o r  1 hour .  

G l e e b l e  b l a n k s  1 1  x 1 1  x 100 mm were machined both  l o n g i t u d i n a l  and 

t r a n s v e r s e  t o  t h e  R.D. of t h e  p l a t e .  The b l a n k s  were t h e n  t h e r m a l l y  
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c y c l e d  i n  t h e  Gleeb le  t o  produce t h e  four d i s t i n c t  HAZ 

m i c r o s t r u c t u r e s .  The temperature- t ime h i s t o r y  of t h e  f o u r  c y c l e s  i s  

shown i n  F i g u r e  2 .  Fol lowing G l e e b l e  c y c l i n g  t h e  samples  were 

s u b j e c t e d  t o  a PWHT o f  760 C f o r  1 hour.  F i n a l l y ,  s t a n d a r d  Charpy 

V-notch samples  10 x 10 x 50 mm were machined from t h e  h e a t  t r e a t e d  

b lanks  w i t h  t h e  no tch  i n  t h e  s i m u l a t e d  HAZ r e g i o n  of t h e  sample. 

Table  1 

Chemical Composit ion(wt $) 

C r  N i  No W v S i  Mn C P 

12.14 0.53 0.64 0.50 0.24 0.25 0.63 0.15 .015 

l50C 

1200 

/-. u 
o, 900 
w 
IL 
3 
t- 
4 
IL 

600 
I 
w 
I- 

300 

0 

I I I I I 
GLEEBLE 

10 20 30 40 50 
T IME (sec) 

S 

.010 

F i g u r e  2. Gleeb le  the rmal  c y c l e s  used t o  s i m u l a t e  t h e  
HAZ m i c r o s t r u c t u r e s .  
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Charpy t e s t s  were performed over the temperature range 

from -60 t o  200°C. The small number of samples a v a i l a b l e  allowed 

only one or two tests t o  be performed a t  a p a r t i c u l a r  temperature 

f o r  each mic ros t ruc tu ra l  region. Following t e s t i n g  s e l e c t e d  

samples were meta l lographica l ly  mounted, pol i shed ,  and etched 

with Vilella 's reagent  t o  reveal mic ros t ruc tu ra l  f ea tu res .  

scanning e l e c t r o n  microscope (SEM) equipped with an energy 

d i s p e r s i v e  spectrometer  (EDS) was u t i l i z e d  t o  determine t h e  

f r a c t u r e  mode and t o  i d e n t i f y  p a r t i c l e s  loca ted  on t h e  f r a c t u r e  

sur face .  

The 

7.6.4.2 Simulated Micros t ruc tures  

The r e s u l t a n t  HAZ micros t ruc tures  following Gleeble 

cycl ing  and subsequent PWHT a r e  shown i n  Fig. 3. Although the  

PWHT has  e f f e c t i v e l y  homogenized the  d i s t i n c t i v e  f e a t u r e s  of the  

as-welded micros t ruc ture ,  s u b t l e  d i f f e rences  s t i l l  remain which 

may a f f e c t  the  p r o p e r t i e s  of t h e  mater ia l .  For in s t ance ,  t h e  

p r i o r  a u s t e n i t e  g r a i n  s i z e  of t h e  HAZ #3 s t r u c t u r e  is 

s i g n i f i c a n t l y  smaller than t h a t  of s t r u c t u r e s  1 ,  2 ,  and 4. The 

refinement i n  p r i o r  a u s t e n i t e  g r a i n  s i z e  is r e l a t e d  t o  t h e  

r e l a t i v e l y  low a u s t e n i t i z i n g  temperature which the  ma te r i a l  

experienced during t h e  Gleeble heat  treatment.  This  low 
temperature l i m i t s  the  growth of  newly formed a u s t e n i t e  g ra ins  

which nuc lea t e  upon hea t ing  above the upper c r i t i c a l  temperature 

( -  960T) .  Since both HAZ #1 and HAZ #2 a r e  heated t o  much 

h igher  temperatures (Figs. 1 and 2 )  a u s t e n i t e  g r a i n  growth is 

more s i g n i f i c a n t .  

Fig. 3 is rep resen ta t ive  of t h e  quench-and-tempered hea t  t reatment  

s i n c e  t h i s  s t r u c t u r e  is not  r e a s u t e n i t i z e d  dur ing  the  Gleeble 

cycle.  In genera l ,  t h e  micros t ruc ture  o f  a l l  f o u r  HAZ regions 

fol lowing PWHT c o n s i s t s  of untempered mar t ens i t e  and a l l o y  

carbides.  

The p r i o r  a u s t e n i t e  g r a i n  s i z e  of HAZ #4 i n  
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13 #4 

Figure 3. Gleeble simulated HAZ microstructures following 
a PWHT at 76OoC for 1 hour. 
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7.6.4.3 Charpy V-notch Test Resul t s  

The Charpy V-notch toughness measured i n  terms of energy 

absorbed ( f t - l b s )  versus  temperature i n  t h e  range from -60 t o  2OO0C 
(-76 t o  392OF) f o r  samples o r i en ted  t r ansve r se  t o  t h e  R.D. is 

presented i n  Figure 4. Base metal toughness va lues  f o r  AOD material 

i n  t h e  quench-and-tempered condi t ion  is superimposed over  t h e  HAZ 

da ta .  Note t h a t  t h e  toughness d a t a  f o r  a l l  f o u r  micros t ruc tures  

f a l l s  i n  a broad band which overlaps the  base metal curve a t  lower 

temperatures.  

l ies  s l i g h t l y  below t h a t  of the  base material. 

toughness behavior,  HAZ #3 values  f a l l  c o n s i s t e n t l y  i n  t h e  upper 

p a r t  of t h e  band while HAZ #2 data l i e  i n  t h e  lower p a r t  of t h e  

band. The DBTT f o r  both base metal and HAZ micros t ruc tures  a r e  

approximately t h e  same. 

The upper she l f  energy of t h e  HAZ micros t ruc tures  

Despite t h e  range of 

The Charpy toughness f o r  HAZ samples o r i en ted  p a r a l l e l  t o  

t h e  R.D. (notch t r ansve r se  t o  R.D.) is shown i n  Fig. 5. Again, t h e  

behavior of HAZ regions 1;2, and 4 a r e  confined wi th in  a band. The 

toughness of HAZ region #3, however, is s i g n i f i c a n t l y  g r e a t e r  than 

t h e  o t h e r  t h r e e  HAZ reg ions  and the  base metal. The DBTT of t h e  HA2 

#3 micros t ruc ture  is nea r ly  2OoC lower than t h e  o t h e r  s t r u c t u r e s  and 

t h e  upper she l f  energy has  increased by over  20 f t - l b s .  The 

dramatic inc rease  i n  notch toughness is a r e s u l t  of both t h e  

o r i e n t a t i o n  of the  sample r e l a t i v e  t o  t h e  R.D. and the r e f ined  p r i o r  
a u s t e n i t e  g r a i n  s i z e .  

- -  _"  

Inspec t ion  of t h e  f r a c t u r e d  Charpy san 

s i g n i f i c a n t  v a r i a t i o n  i n  f r a c t u r e  behavior  as 
tnmnnratiira. A nhotomanmocanh n f  DI snrins nf 

shown i n  Fig. 6a. Note t h a t  a t  low temperature 

t h e  f r a c t u r e  su r face  appears face ted  and t h e  sa 

la tera l  reduct ion (Poisson e f f e c t ) .  Above O°C 
_ _ _ ^  211 _ - >  I-__ 7.I .--. .... L..--II-~. 1 ~ ~ - - ~ - -  

7.6.4.4 MetallonraDhic Evaluat ion of CharDv Samples 

iples revealed a 
a func t ion  of test 

~3--r-- "_ - --__-- --' HAZ #2 samples is r- -- _ _ -  

s (-60, -20, and OOC) 

mples e x h i b i t  l i t t l e  
t h e  1 

uuro II U L ~ V U U  (iriu m e  r aze ra r  con6raczion increases .  'me I r a c m r e  

behavior of t h e  HAZ #3 samples similar (Fig. 6b) al though t h e  

h a c t u r e  appears  " . ~  " . 
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#)SNTELD HEATTREATMENT 
m ma*c/i n u l a  

MI 
a CYCLE# 
A C Y C L E M  
0 CYCLE# 

CYCLE# - -- BASE METAL 10 
~ 

I I I I I I I I 
-60 -30 0 30 60 90 120 150 190 210 

a)  TEMPERATURE I'C) 

Figure 4.  Toughness of s imulated HAZ micros t ruc tures  t e s t e d  
t r ansve r se  t o  the  r o l l i n g  d i r e c t i o n  of the  o r i g i n a l  
p l a t e .  
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Figure 6. Macrograph illustrating the effect of temperature 
on the toughness and fracture appearance of 
simulated HA2 microstructures, a) Cycle #2, 
b) Cycle #3. 
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i nd iv idua l  toughness values of samples t e s t e d  a t  t h e  same 

temperature a r e  s i g n i f i c a n t l y  higher .  Note t h a t  a l l  t h e  samples, 

except those t e s t e d  a t  2OODC, e x h i b i t  s u b s t a n t i a l  secondary cracking 

perpendicular  t o  t h e  d i r e c t i o n  of primary crack growth. 

behavior of HAZ #I and #4 samples was s i m i l a r  t o  t h a t  portrayed by 

HAZ #2 and #3 i n  Fig. 6. 

The 

The na tu re  of t h e  secondary cracks can be determined by 

examining metal lographic c ross  s e c t i o n s  near the  f r a c t u r e  

surface.  Typical  s e c t i o n s  f o r  HA2 regions  1 and 2 are shown i n  

Fig. 7. Note t h a t  the  secondary cracks appear t o  propagate along 

s t r i n g e r s  which run perpendicular  t o  t h e  main f r a c t u r e  plane. A t  

h igher  magnif icat ion i n  Fig. 8, it can be seen t h a t  secondary 

f r a c t u r e  is as soc ia t ed  with ferri te which was prevalent  along 

r o l l i n g  bands i n  t h e  AOD material. 

7.6.4.5 Frac tu re  Morphology 

The v a r i e t y  of f r a c t u r e  morphologies which a r e  observed i n  

t h e  temperature range from -60 t o  100°C can be i l l u s t r a t e d  by t h e  

f rac tographs  of HAZ #l samples i n  Fig. 9. 
absorbed approximately 10 f t- lbs .  o f  energy and exhib i ted  the  

i n t e r l a t h  cleavage f a i l u r e  mode shown i n  Fig. 9. In t h e  t r a n s i t i o n  

region (2OoC)  the  f r a c t u r e  e x h i b i t s  a mixed f a i l u r e  mode cons i s t ing  

o f  regions of  i n t e r l a t h  and d u c t i l e  rupture ,  A t  room temperature and 
above the f r a c t u r e  w a s  primari ly d impled  rup tu re  w i t h  average dimple 

spacings on t h e  order  of 2-3 microns or less. 

A t  -6OOC t h e  sample 

I n  genera l ,  t h e  f r a c t u r e  mode t r a n s i t i o n  i n  the  o ther  th ree  

HA2 regions  was analogous t o  t h e  behavior of HAZ #1, a l though t h e  

t r a n s i t i o n  t o  d u c t i l e  rupture  occurred a t  somewhat lower 

temperatures i n  HAZ reg ion  #3. 
t h e  HAZ #1 l o t  was r e l a t e d  t o  p a r t i a l  mel t ing  along f e r r i t e  

s t r i n g e r s  which occurred during t h e  Gleeble thermal cycle.  T h i s  

melt ing is manifested by t h e  f rac tographs  i n  Fig. 10. Note t h e  

l a r g e  amount of secondary cracking observed a t  low magnif icat ion 

(upper l e f t ) .  

Anomalous behavior  o f  samples from 

A t  h igher  magnif icat ion regions a s soc ia t ed  with t h e  
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Figure 7. Micros t ruc ture  near  the  f r a c t u r e  su r face  of 
Charpy samples, a )  Cycle # I ,  b) Cycle #2. 
Unetched region surrounding crack r ep resen t s  
Ni-plate used t o  p r o t e c t  f r a c t u r e  surface.  
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Figure 8. Frac ture  through f e r r i t e  s t r i n g e r  i n  HAZ 
Region #l Charpy sample. 
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f r a c t u r e  e x h i b i t  a d e n d r i t i c  morphology i n d i c a t i v e  of t h e  p a r t i a l  

melt ing which has occurred a t  these  s i t e s .  

melted and r e s o l i d i f i e d  regions revealed a s i g n i f i c a n t  i nc rease  i n  

chromium r e l a t i v e  t o  unmelted region. This  suggests  t h a t  t h e  

f e r r i t e  s t r i n g e r s  a r e  suscep t ib l e  t o  p r e f e r e n t i a l  mel t ing  i n  t h e  

region immediately ad jacent  t o  the  fus ion  l i n e .  I n  genera l ,  t h e  

incidence of gross p a r t i a l  melt ing along f e r r i t e  s r i n g e r s  i n  HAZ #1 

samples r e su l t ed  i n  a s i g n i f i c a n t  decrease i n  toughness. 

EDS a n a l y s i s  of t h e  

7.6.4.6 Discussion 

The r e s u l t s  of Charpy V-notch toughness tests of 

s imulated HAZ micros t ruc tures  i n  HT9 fus ion  welds i n d i c a t e  t h a t  

l i t t l e  or no degradat ion i n  p r o p e r t i e s  occurs i f  the  w e l d  is 

subjected t o  an appropr ia te  postweld hea t  treatment.  Despite t h e  

wide v a r i a t i o n  i n  micros t ruc ture  which e x i s t s  across  the HAZ, the  

PWHT e s s e n t i a l l y  homogenizes t h e  e n t i r e  s t r u c t u r e .  I n  

micros t ruc tures  where a f i n e  p r i o r  a u s t e n i t e  g r a i n  s i ze  is 

presen t ,  the  notch toughness is a c t u a l l y  h igher  than t h e  

quench-and-tempered base mater ia l .  

r e s u l t s  are t h a t  the  toughness of the  we ld  region can be expected 

t o  be comparable t o  t h a t  of t h e  base metal i n  a welded s t r u c t u r e  

if the  proper  PWHT is u t i l i z e d .  

The impl ica t ion  of these  

Secondary cracking on t h e  f r a c t u r e  su r face  of t h e  Charpy 

specimens was a consequence of the  severe  banding i n  t h e  AOD 

mater ia l .  

f e r r i t e  s t r i n g e r s  which form i n  the  r o l l i n g  bands can be 

el iminated by proper processing of the  base ma te r i a l .  The 

e l e c t r o s l a g  remelted (ESR) material which is more homogeneous 

w i l l  be evaluated i n  a s i m i l a r  manner i n  the  near  fu tu re .  

A drop i n  toughness a s soc ia t ed  with mel t ing  along the  
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7.6.5 Conclusions 

1 .  A postweld hea t  treatment of 760°C f o r  one hour homo- 

genizes the  heat- affected zone micros t ruc ture  and e q u i l i b r a t e s  

t h e  toughness r e l a t i v e  t o  the  quench-and-tempered base mater ia l .  

2. The refinement o f  t he  p r i o r  a u s t e n i t e  g ra in  s i z e  i n  

the  region of  the  HAZ heated j u s t  above the  upper c r i t i c a l  

temperature r e s u l t s  i n  an improvement i n  toughness r e l a t i v e  t o  

the  base mater ia l .  

3. Notch o r i e n t a t i o n  i n  r e l a t i o n  t o  the  r o l l i n g  

d i r e c t i o n  of the  p l a t e  had only a minor e f f e c t  on the  toughness 

of ind iv idua l  HAZ micros t ruc tures .  

4. F e r r i t e  s t r i n g e r s  i n  the  as- received AOD p l a t e  

promoted secondary cracking i n  the  Charpy samples. P r e f e r e n t i a l  

melt ing w a s  a l s o  observed along these  stringers when the  samples 

were heated t o  temperatures s l i g h t l y  below the  bulk so l idus .  

5. Samples t e s t e d  a t  temperatures below approximately 

-2OOC exhibi ted  an i n t e r l a t h  cleavage f a i l u r e  mode. 

t r a n s i t i o n  region f r a c t u r e  occurred by means of a 

c leavage/duct i le  dimple mixed mode. 

occurred completely by d u c t i l e  dimple rupture.  

I n  the  

Frac ture  on the  upper s h e l f  
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7.7 THE EFFECT OF POSTWELD HEAT TREATMENT ON THE TOUGHNESS OF 
THE HEAT-AFFECTED ZONE IN A 12Cr-lMo-O.3V STEEL (HT9) - 
J. C. Lippold (Sandia National Laboratories, Livermore, CA) 

7.7.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) 
cited the need for these data under the ADIP Task, Ferritic Alloy 
Development (Path E). 

7.7.2 Objective 
During the welding process, the fusion zone and portions of 

the heat-affected zone (HAZ) which are heated above approximately 
900 C transform to a brittle, untempered martensite upon cooling to 
room temperature. 
periods ranging from 0.5 to 2.5 hours are normally recommended in 
order to reduce the hardness and increase the toughness of the 
as-welded microstructure. Unfortunately, relatively high 

temperature PWHT's are difficult to perform on large sections, 
particularly in the field. 
determine if a less stringent PWHT could be employed which would 
both minimize fabrication problems and ensure adequate properties in 

the weld region. 

A postweld heat treatment (PWHT) at 76OoC for 

The purpose of this investigation was to 

7.7.3 Summary 
Samples both transverse and longitudinal to the rolling 

direction (R.D.) of the plate were subjected to thermal cycles in 
the Gleeble which simulated four distinct microstructures in the 

HAZ. Following the Gleeble heat treatment, the samples were 
tempered at either 76OoC o r  6OO0C for one hour and subsequently 

tested over a range of temperatures in the Charpy apparatus. 
test results revealed that the higher PWHT decreased the 
ductile-to-brittle transition temperature (DBTT) and increased the 
upper shelf energy of three of the microstructures. 

microstructure was relatively unaffected by the PWHT since the peak 

Charpy 
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Since the  peak temperature experienced by region #4 is not 

s u f f i c i e n t  t o  r e a u s t e n i t i z e  the  base metal micros t ruc ture  the  PWHT 

only se rves  t o  overtemper t h e  p r e e x i s t i n g  quench-and-tempered 

micros t ruc ture .  

7.7.4.3 F rac tu re  Mode Trans i t i on  

Photomacrographs of t h e  Charpy V-notch f r a c t u r e  su r faces  of 

samples t e s t e d  a t  -60 and O°C are shown i n  Fig. 3. 
t e s t e d  i n  t h e  t r ansve r se  o r i e n t a t i o n  and subjec ted  t o  a PWHT of 

e i t h e r  600 or 760'C. 

l a r g e  degree of face ted  cleavage f r a c t u r e .  Despite t h e  f r a c t u r e  

appearance, t h e  sample which s imulated t h e  HAZ reg ion  #3 
micros t ruc ture  showed s u r p r i s i n g  toughness (23 f t- l b s .  ) after  a PWHT 

a t  76OoC. 

f r a c t u r e  appearance accompanied an improvement i n  toughness f o r  
samples given t h e  76OoC PWHT. 

f r a c t u r e  su r faces  which were subjected t o  t h e  h igher  

temperature PWHT, i n  c o n t r a s t  t o  corresponding samples from regions  

1 ,  2 ,  and 3 which were hea t  t r e a t e d  a t  60OoC. The toughness va lues  

and f r a c t u r e  appearance shown i n  Fig. 3 i n d i c a t e  t h a t  a t  0°C t h e  HAZ 

o f  HT9 weldments would e x h i b i t  low toughness behavior ( b r i t t l e ,  

cleavage f a i l u r e )  a f t e r  a PWHT a t  60OoC. 

micros t ruc ture  is hea t  t r e a t e d  a t  76OoC t h e  notch toughness 

inc reases  dramat ica l ly  as f r a c t u r e  s h i f t s  t o  a more d u c t i l e  f a i l u r e  

mode. 

A l l  samples were 

A t  -6OOC a l l  t h e  f r a c t u r e  su r faces  e x h i b i t  a 

A s  t h e  test temperature was increased t o  0% a change i n  

Note t h e  f i b r o u s  appearance of t h e  

However, i f  the  same 

The e f f e c t  of PWHT on f a i l u r e  mode is i l l u s t r a t e d  by t h e  

f rac tographs  i n  Fig. 4. A t  25OC t h e  HAZ region #I micros t ruc ture  

e x h i b i t s  upper s h e l f  behavior when it is given a PWHT a t  76OoC as 
evidenced by both the d u c t i l e  dimple f r a c t u r e  mode i n  Fig. 4 and t h e  

r e l a t i v e l y  high toughness on t h e  energy absorbed versus  temperature 

curve i n  Fig. 2a. When t h e  same HAZ micros t ruc ture  is given a PWHT 

a t  6OO0C t h e  f a i l u r e  occurs by cleavage a long mar tens i te  l a t h  

boundaries (Fig. 4). The corresponding toughness is r e l a t i v e l y  low 

( -10 f t - l b s . )  and l ies on t h e  lower s h e l f  of  the  curve i n  Fig. 2a. 
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Figure 3. Macrograph of Charpy Samples Tested a t  -60 and 0 C.  
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cactographs of HAZ Cgcle #1 Samples Tested at 299, 
) 6OO0C PWHT, b) 760 C PWHT. 
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7.7.4.4 Discussion 

The weld thermal cyc le  i n  t h e  HAZ of  HT9 weldments produces 

a t  l e a s t  four d i s t i n c t  micros t ruc tures  whose p r o p e r t i e s  may d i f f e r  

considerably. The peak temperature experienced by t h e  

micros t ruc tures  i n  reg ions  1-3 is s u f f i c i e n t l y  high t o  r e a u s t e n i t i s e  

t h e  mar t ens i t i c  base metal s t r u c t u r e  and a t  l e a s t  p a r t i a l l y  

r e s o l u t i o n i a e  the  a l l o y  carbides.  Upon cooling below the  M 
S 

C) the  rever ted  a u s t e n i t e  transforms t o  mar tens i te ,  t h e  hardness of 

which is d i c t a t e d  by t h e  amount of carbon which is d isso lved  i n  t h e  

a u s t e n i t e  p r i o r  t o  transformation. The PWHT se rves  t o  temper t h e  

martensite by t h e  d i f fus ion  of carbon out  of the  s t r u c t u r e  and t h e  

subsequent p r e c i p i t a t i o n  of a l l o y  carb ides  along mar tens i te  l a t h  

boundaries and p r i o r  austeni te  g r a i n  boundaries. 

( -  240° 

The r e s u l t s  of previous s t u d i e s  (Ref. 1 and 3)  have revealed 

t h a t  t h e  tempering process i n  HT9 is r e l a t i v e l y  s lugg i sh  r equ i r ing  

extended times a t  e leva ted  temperatures t o  s o f t e n  t h e  mar tens i te .  

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  have shown t h a t  t h e  change i n  notch 

toughness more o r  l e s s  p a r a l l e l s  the  so f t en ing  reac t ion .  The 

tempering curve shown i n  Fig. 5 i l l u s t r a t e s  t h i s  point .  Note t h a t  

tempering f o r  1 hr .  a t  6OO0C r e s u l t s  i n  a s i g n i f i c a n t  drop i n  

hardness r e l a t i v e  t o  t h e  peak as-welded hardness but t h a t  tempering 

a t  760°C drops t h e  hardness t o  the  lower s h e l f  i n  t h e  righthand 

por t ion  of the  diagram. The a d d i t i o n a l  drop i n  hardness r e f l e c t s  

the  s u b s t a n t i a l  i nc rease  i n  toughness due t o  t h e  inc rease  i n  PWHT 

temperature from 600 t o  76OoC. 

Since the  peak temperature of t h e  HAZ #4 cycle  does not  

exceed t h e  lower c r i t i c a l  temperature t h e  micros t ruc ture  i n  t h i s  

region is not  hardened by formation of untempered martensi te .  

r e s u l t ,  t h e  PWHT does not  s e rve  t o  s o f t e n  t h e  ma te r i a l  but r a t h e r  

tends t o  overtemper the  p r e e x i s t i n g  base metal s t r u c t u r e .  I n  the  

absence of  untempered martensite t h e  d i f f e rence  i n  PWHT temperature 

is not  s i g n i f i c a n t  and thus  t h e  toughness data i n  t h i s  region can be 

p l o t t e d  i n  a band, as shown i n  Fig. 2d. 

A s  a 
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7.7.5 Conclusions 

1 .  Charpy V-notch resu l t s  from Gleeble-simulated HA2 

micros t ruc tures  revea l  t h a t  a postweld hea t  treatment (PWHT) a t  

600% f o r  1 h r .  r e s u l t s  i n  lower r e l a t i v e  notch toughness 

p rope r t i e s  than f o r  a PWHT a t  76OOC. 

2 .  The v a r i a t i o n  i n  t h e  PWHT was manifested by a 4O-5O0C 
i nc rease  i n  DBTT and a 20-40 f t - l b .  decrease i n  upper she l f  energy 

f o r  t h ree  d i s t i n c t  HAZ micros t ruc tures  which were r eaus t en i t i zed  

during the Gleeble thermal cycle.  

3. Lower she l f  f r a c t u r e  behavior was a s soc ia t ed  with a 

cleavage- type f a i l u r e  mode, pr imar i ly  along mar tens i te  l a t h  

boundaries. Upper she l f  f r a c t u r e  occurred pr imar i ly  by d u c t i l e  

rupture.  
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7.8 INTERPRETIVE REPORT ON THE WELDABILITY OF 12Cr-lMo-O.3V (HT9) 

MARTENSITIC STAINLESS STEEL, PART 2: SUITABILITY FOR FUSION 

REACTOR FIRST WALLS AND BLANKET STRUCTURES - J. C. Lippold 

(Sandia National  Laboratories ,  Livermore, CA) 

7.8.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) 

has c i t e d  the  need f o r  t h i s  information under t h e  ADIP Program Task, 

F e r r i t i c  Alloy Development (Path E). 

7.8.2 Object ive 

Candidate a l l o y s  f o r  fus ion  r e a c t o r  first wal l s  and blanket  

s t r u c t u r e s  must  meet s t r i n g e n t  performance c r i t e r i a  i n  order  t o  

su rv ive  the  aggress ive  environments during r e a c t o r  operat ion.  

However, the  "go o r  no go" i s s u e  of f a b r i c a b i l i t y  is perhaps o f  

g r e a t e r  importance because i t  may, a p r i o r i ,  preclude t h e  use of the 

a l l o y  i n  l a rge  engineering devices.  The ob jec t ive  of t h i s  review i s  

t o  a s ses s  the  s u i t a b i l i t y  of t h e  HT9 candidate  a l l o y  f o r  fus ion  

r e a c t o r  s e rv ice  from the s tandpoin t  of both we ldab i l i t y  and 

in- serv ice  performance. 

7.8.3 Summary 
1 

A previous r epor t  summarized t h e  r e s u l t s  of both commercial 

experience and ADIP-sponsored research concerned with the  
we ldab i l i t y  of t h e  HT9 candidate  a l loy .  The genera l  conclusion of 

t h i s  r epor t  was t h a t  HT9 e x h i b i t s  adequate we ldab i l i t y  and i s  

s u i t a b l e  from a f a b r i c a t i o n  s tandpoin t ;  however, t h e  quest ion o f  

in- serv ice  behavior and s u r v i v a b i l i t y  i n  an ope ra t ing  r e a c t o r  have 

not been addressed. To da te ,  the  da ta  t o  make such judgments a r e  

not  ava i l ab le .  Continuing research i n  the  a r e a s  of i r r a d i a t i o n  

damage, f a t i g u e  behavior,  hydrogen embri t t lement ,  and the  synergism 

among these  i s s u e s  and o the r s  must be pursued before the  s u i t a b i l i t y  

of HT9 weld micros t ruc tures  i n  fus ion  r e a c t o r  environments can be 

proper ly  assessed.  
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7.9 HYDROGEN EMBRITTLEMENT OF ESR PROCESSED 12Cr-1Mo STEEL - J. M. Hyzak 

and W. M. G a r r i s o n  (Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  Livermore ,  C A )  

7.9.1 ADIP Task 

The Department o f  Energy (DOE)  O f f i c e  of Fus ion  Energy (OFE) 

h a s  c i t e d  t h e  need f o r  t h e s e  d a t a  under  t h e  ADIP Program Task,  

F e r r i t i c  A l l o y  Development ( P a t h  E ) .  

7 .9.2 O b j e c t i v e  

The g o a l  of t h i s  s t u d y  is t o  e v a l u a t e  t h e  hydrogen 

c o m p a t i b i l i t y  o f  12Cr-1Mo f e r r i t i c / m a r t e n s i t i c  s t e e l  f o r  u s e  i n  

f i rst  w a l l  and b l a n k e t  s t r u c t u r e s .  T h i s  r e p o r t  summarizes d a t a  on 

t h e  e f f e c t  of  i n t e r n a l  hydrogen on t h e  room t e m p e r a t u r e  t e n s i l e  

p r o p e r t i e s  o f  ESR processed  12Cr-1Mo s t e e l .  

7.9.3 Summary 

T e n s i l e  t e s t s  were performed t o  d e t e r m i n e  t h e  e f f e c t  of 

hydrogen on t h e  d u c t i l i t y  o f  a quenched-and- tempered 12Cr-1Mo a l l o y  

from t h e  N a t i o n a l  Fus ion  Heat-ESR processed .  Specimens were 

c a t h o d i c a l l y  charged w i t h  hydrogen a t  0.003 A/cm2 and 0.006 A/cm2 

f o r  1 5  t o  150 minu tes .  I n  t h e  uncharged c o n d i t i o n ,  t h e  ESR 

specimens  f a i l e d  by i n t e r g r a n u l a r  r u p t u r e  w i t h  prominent  secondary  

c r a c k i n g  a l o n g  p r i o r  a u s t e n i t e  g r a i n  boundar i e s .  For  t h e  l e a s t  

s e v e r e  c a t h o d i c  charge (0.003 A / c m 2  - 15 m i n u t e s ) ,  t h e  t e n s i l e  

d u c t i l i t y  (R ) decreased  33% and t h e  degree  o f  secondary  c r a c k i n g  

i n c r e a s e d .  

f u r t h e r  and t h e  f r a c t u r e  mode changed t o  c l a s s i c a l  i n t e r g r a n u l a r  

f r a c t u r e .  These r e s u l t s  g e n e r a l l y  matched t h o s e  f o r  t h e  AOD 

p rocessed  12Cr-1Mo a l l o y  t h a t  had been t e s t e d  p r e v i o u s l y .  

A 
A t  0.007 A/cm2 f o r  150 minu tes ,  t h e  d u c t i l i t y  d e c r e a s e d  

1 

Auger a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  is  s e g r e g a t i o n  o f  

phosphorous and t h e  ca rb ide- forming  e l e m e n t s  C r ,  Mo, W t o  t h e  p r i o r  

a u s t e n i t e  g r a i n  boundar i e s .  I n  t h e  l i t e r a t u r e ,  phosphorous h a s  been 

shown t o  e m b r i t t l e  t h e s e  b o u n d a r i e s ,  e s p e c i a l l y  i n  t h e  p resence  of 
2-5 

hydrogen.  
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The combina t ion  of t e n s i l e  d a t a  on hydrogen charged ESR and 

AOD 12Cr-1Mo s t e e l  p r e s e n t  s e v e r a l  r e a s o n s  f o r  concern  r e g a r d i n g  t h e  

s u s c e p t i b i l i t y  o f  t h i s  a l l o y  t o  hydrogen e m b r i t t l e m e n t .  

r e s u l t s  on hydrogen charged Sandvik HT-9 a r e  a d d r e s s s e d  i n  terms of 

t h e s e  more r e c e n t  f i n d i n g s .  

Ear l ie r  
6 

7.9.4 P r o g r e s s  and S t a t u s  

7.9.4.1 Exper imen ta l  P rocedure  

T e n s i l e  t e s t s  were performed on hydrogen charged b a s e  m e t a l  

samples  from t h e  N a t i o n a l  Fus ion  Heat of 12Cr-1Mo s t e e l  which had 

been e l e c t r o s l a g  remel t ed  (ESR). 

quenched-and- tempered c o n d i t i o n .  The m a t e r i a l  was t a k e n  from p l a t e  

s t o c k  o f  t h e  ESR processed  a l l o y  t h a t  had been s u p p l i e d  and 

c h a r a c t e r i z e d  by G e n e r a l  Atomic Co. The p l a t e  s t o c k  w a s  

a u s t e n i t i z e d  a t  104OoC/30 min. and a i r  c o o l e d ,  t h e n  tempered a t  750'C 
f o r  1 h r .  fo l lowed  by a i r  c o o l i n g .  T e s t  specimens were machined 

a f t e r  h e a t  t r e a t m e n t .  T e n s i l e  b a r s  had a nominal  0.287 cm (0.113 i n . )  

gage  d i a m e t e r  and a 2.03 cm (0.80 in.) uniform s e c t i o n .  

t e n s i l e  a x i s  of each  specimen was p e r p e n d i c u l a r  t o  t h e  r o l l i n g  

d i r e c t i o n  o f  t h e  p l a t e .  

The specimens  were t e s t e d  i n  t h e  

The 

Test specimens  were c a t h o d i c a l l y  charged w i t h  hydrogen a t  
2 2 2 

c u r r e n t  d e n s i t i e s  o f  0.003 A/cm 

(O.O4A/in ) f o r  t i m e s  up t o  150 minu tes  ( T a b l e  I ) .  

done i n  a f o u r  p e r c e n t  s u l f u r i c  a c i d  s o l u t i o n  c o n t a i n i n g  5 m g / l i t e r  

o f  sodium a r s e n a t e .  Specimens were copper- p la ted  i n  a n  a c i d  copper  

b a t h  immedia te ly  a f t e r  c h a r g i n g  t o  r e t a i n  t h e  hydrogen,  and aged a t  

room t e m p e r a t u r e  f o r  24 h o u r s  b e f o r e  t e s t i n g  t o  a l l o w  d i s t r i b u t i o n  

of t h e  hydrogen.  

(0.02 i n . / m i n . )  e x t e n s i o n  rate. Fo l lowing  comple t ion  of t h e  t e s t s ,  

t h e  f r a c t u r e  s u r f a c e s  were examined by o p t i c a l  microscopy and SEM. 

(0.02 A/ in  ) and 0.006A/cm 
2 

Charging was 

A l l  t e n s i l e  tests  were conducted  a t  0.51 cm/min 

The f i r s t  two of s e v e r a l  p lanned Auger a n a l y s e s  were 

performed t o  i d e n t i f y  chemical  s e g r e g a t i o n  t h a t  may be r e s p o n s i b l e  

f o r  f r a c t u r e  a t  p r i o r  a u s t e n i t e  g r a i n  boundar i e s .  The material f o r  
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Auger a n a l y s i s  had t h e  same quenched-and-tempered h e a t  t r e a t m e n t  as 

d e s c r i b e d  above; however, t h e  specimens were t aken  from t h e  

p r e v i o u s l y  t e s t e d  argon-oxygen d e c a r b u r i z e d  (AOD) N a t i o n a l  Fus ion  
1 6 Heat and a p i e c e  of  HT- 9 Sandvik p i p e .  

c a t h o d i c a l l y  charged a t  0.006 A/cm f o r  24 h o u r s  t o  e n s u r e  b r i t t l e  

b e h a v i o r ,  copper- p la ted  t o  r e t a i n  t h e  hydrogen,  and f r a c t u r e d  

i n - s i t u  a t  10 t o r r .  

The specimens were 
2 

-9 

7.9.4.2 T e n s i l e  T e s t  R e s u l t s  - ESR Base Metal 

The r e s u l t s  of  t h e  12Cr-1Mo ESR t e n s i l e  tests are p r e s e n t e d  

i n  Tab le  I and are g r a p h i c a l l y  compared i n  F ig .  1 t o  t h e  p r e v i o u s l y  

p u b l i s h e d  r e s u l t s  on t h e  1Xr-1Mo 

m a t e r i a l  had a 0.2% y i e l d  s t r e n g t h  of  approx imate ly  718 MPa(l04 k s i )  

and a r e d u c t i o n  i n  area of  548. Hydrogen c h a r g i n g  a t  a l l  t h r e e  

l e v e l s  r e s u l t e d  i n  a l o s s  of  d u c t i l i t y ;  a t  0.003 A/cm f o r  15 
minutes ,  t h e  r e d u c t i o n  i n  area decreased  a maximum o f  33% from t h e  

uncharged c o n d i t i o n  whi le  f o r  t h e  most s e v e r e  charge  (0.006 A/cm2for 

150 m i n u t e s )  t h e  d u c t i l i t y  dec reased  o v e r  90% t o  a v a l u e  o f  

o n l y  4% Rn. 

AOD s tock . '  The uncharged ESR 

2 

Examinat ion of t h e  f r a c t u r e  surfaces of  t h e  uncharged ESR 

specimens r e v e a l e d  a cup-cone type  o f  f r a c t u r e  (F ig .  2 a )  wi th  a 

dimpled r u p t u r e  mic roscop ic  f r a c t u r e  mode. These a r e  t h e  same 

c h a r a c t e r i s t i c s  t h a t  were observed f o r  t h e  uncharged AOD t e n s i l e  

f r a c t u r e s .  There were a l s o  a l a r g e  number of  secondary  c r a c k s  

i n t e r s e c t i n g  t h e  f r a c t u r e  s u r f a c e  which appeared t o  f o l l o w  some type 

of  boundary ( F i g .  2b and c ) .  M e t a l l o g r a p h i c  c r o s s- s e c t i o n s  o f  t h e s e  

f r a c t u r e s  confirmed t h a t  t h e  secondary  c r a c k i n g  was a l o n g  p r i o r  

a u s t e n i t e  g r a i n  boundar ies  ( F i g .  2d) .  T h i s  t y p e  of  c r a c k i n g  w i l l  be 
7 

termed " i n t e r g r a n u l a r  r u p t u r e " ,  and is s i g n i f i c a n t l y  d i f f e r e n t  from 

t h e  c l a s s i c a l  f a c e t e d  i n t e r g r a n u l a r  f r a c t u r e .  The f r a c t u r e  

morphology changed w i t h  t h e  a d d i t i o n  of  hydrogen c h a r g i n g ,  as  shown 

i n  F ig .  3. F o r  t h e  least  s e v e r e  c a t h o d i c  charge  (0.003 A/crn2 - 15  

m i n u t e s ) ,  t h e  s h e a r  l i p  around t h e  p e r i m e t e r  o f  t h e  f r a c t u r e  s u r f a c e  

was reduced and t h e  amount of  secondary  c r a c k i n g  was s i g n i f i c a n t l y  

1 
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TABLE I 
T e n s i l e  P r o p e r t i e s  of 12Cr-1Mo S t e e l  - N a t i o n a l  Fusion Heat 

(ESR) Subjec t  t o  Cathodic  Charging 

Spec # Charging Cond.* 

2 Uncharged 
8 Uncharged 
5 0.003 A/cm -15 min. 
7 0.003 A/cm -15 min. 

4 0.003 A/cm -150 min. 
6 0.003 A/cm -150 min. 

1 0.006 A/cm -150 min. 
3 0.006 A/cm -150 rnin. 

Y i e l d  Ul t ima te  
S t r e n g t h  S t r e n g t h  Reduct ion 
MPa (ks i )** MPa ( k s i )  i n  Area (%)  

752.8 (109.2) 
714.9 (1@3.7)+ 
751.1 (108.8) 
726.6 (105.4) 

766.6 (111.2) 
725.9 (105.3) 

782.5 (113.5) 
717.0 (104.0) 

878.3 

934.8 
91 1.4 

820.4 
788.0 

858.7 
720.4 

879.7 
127.4) 53.6 .~ 

127.6) 54.8 
135.6) 35.9 
132.2) 49.7 

119.0)++ 9.4 
114.3)++ 17.3 

104.5)++ 124.5) 15.7 4.0 

* Current  d e n s i t y  and charg ing  t ime 

+ 0.2% y i e l d  s t r e n g t h  u s i n g  extensometer  on unp la ted  specimen 
0.2% approximated from load vs t ime ou tpu t  o f  p l a t e d  specimens 

++ f r a c t u r e  s t r e s s  

DUCTILITY VS CATHODIC CHARGING CONDITIONS 
70 

60 

60 

8 40 

- #! 30 

CT 
20 

a 

a 

10 

0 

8 \ 

%SR 
I I I I I I 1 -  

CHARGING LEVEL - (AMPS-MINKM~) 
~~ ~ WkYMB22 

F i g u r e  1. Reduct ion i n  Area (RA) v e r s u s  hydrogen c h a r g i n g  l eve l  ( c u r r e n t  
d e n s i t y  x t ime)  f o r  ESR and AOD p rocessed  12Cr-1Mo s t ee l .  



Figure  2. 12Cr-irio s L e e i  ( L ~ K J  uncnargea c e n s i l e  f r a c t u r e :  (a)  low 
magni f ica t ion  of f r a c t u r e  su r f ace ;  (b and c )  h igher  magni- 
f i c a t i o n  showing i n t e r g r a n u l a r  cha rac t e r  of secondary c racks ;  
(d) metal lographic c ross- sec t ion  showing secondary cracking 
along p r i o r  a u s t e n i t e  g r a i n  boundary. 
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increased.  The in t e rg ranu la r  cha rac te r  o f  the  secondary cracking 

was even more pronounced than f o r  the  uncharged specimens. A t  a 

charging l e v e l  o f  0.003 A/cm f o r  150 minutes, the  f r a c t u r e  changed 

t o  c l a s s i c a l  i n t e rg ranu la r  cracking which i n i t i a t e d  a t  o r  very near  

t h e  outer  sur face .  T h i s  i n t e r g r a n u l a r  morphology i s  t y p i c a l  of 

hydrogen embr i t t led  ~ p e c i m e n s . ~  

specimens exhib i ted  the  same c l a s s i c a l  i n t e r g r a n u l a r  f r a c t u r e  mode. 

2 

A t  0.006 A/cm2 f o r  150 minutes, the 

T h i s  t r a n s i t i o n  

hydrogen conten 

s t e e l .  
1 

7.9.4.3 Auger 

t o  c l a s s i c a l  i n t e r g r a n u l a r  f r a c t u r e  with 

was a l s o  observed f o r  the  AOD processed 

i a l y s i s  Resul ts  

ncreasing 

2Cr-1Mo 

Auger analyses were i n i t i a t e d  t o  i d e n t i f y  chemical 

segregat ion  t h a t  may be assoc ia ted  with e i t h e r  the i n t e r g r a n u l a r  

rupture  o r  c l a s s i c a l  hydrogen a s s i s t e d  i n t e r g r a n u l a r  f r a c t u r e .  The 

r e s u l t s  a r e  shown i n  Table I1 f o r  s e l ec t ed  elements. The analyses 

compare the concentrat ion of  a given element on an i n t e r g r a n u l a r  

f a c e t  ( p r i o r  a u s t e n i t e  g ra in  boundary) with the  concent ra t ion  of the  

same element on a d u c t i l e  f r a c t u r e  a rea  (ma t r ix ) .  

intended f o r  q u a l i t a t i v e  comparison r a t h e r  than q u a n t i t a t i v e  

eva lua t ion .  

The da ta  a r e  

The r e s u l t s  show t h a t  the  concent ra t ion  of the carbide 

forming elements ( C r ,  Mo, W) and phosphorous i s  s i g n i f i c a n t l y  

g r e a t e r  a t  the  p r i o r  a u s t e n i t e  g ra in  boundaries than i n  the  matrix. 

Segregat ion of these  elements t o  the  boundary is  balanced by a 

decrease i n  i r o n  concent ra t ion .  

7.9.4.4 Discussion 

The r e s u l t s  o f  these  t e n s i l e  t e s t s  show t h a t  t h e  ESR 

processed 12Cr-1Mo s t e e l  i n  the quenched-and-tempered condit ion is 

s u s c e p t i b l e  t o  hydrogen induced d u c t i l i t y  lo s ses  a t  cathodic 
2 

charging l e v e l s  of only 0.003 A/cm for 15 minutes. 

charging l e v e l s ,  the  d u c t i l i t y  l o s s  is g r e a t e r  and the  f r a c t u r e  mode 

changes from i n t e r g r a n u l a r  rupture  t o  c l a s s i c a l  i n t e r g r a n u l a r  

For  more severe  
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fracture. These results are qualitatively the same as for the 

12Cr-1Mo AOD processed material evaluated previously. Together, 

these findings present some concern as to the susceptibility of 

12Cr-1Mo steel to hydrogen embrittlement. 

It would be premature to make conclusive statements 

concerning the hydrogen compatibility of the 12Cr-1Mo steel as a 

first wall material based on the tensile tests results accumulated 

to date. It is clear that these experiments do not simulate the 

conditions of a first wall; indeed, many of the actual MFE machine 

operating parameters are still subject to speculation. However, 

these tensile test results do provide reasons to question the 

hydrogen compatibility of the alloy. Foremost among the reasons is 

that in the uncharged condition both ESR and AOD material exhibit an 
intergranular rupture type of tensile fracture. Large secondary 

cracks which follow prior austenite grain boundaries are prominent 

on the fracture surface. Although additional study is required to 

confirm the failure mechanism, it is believed to result from the 

preferential initiation of voids at coarse M13C6carbides which 

decorate the prior austenite boundaries. The fact that this alloy 

with a 75OOC temper exhibits a preference for grain bondary cracking 

in the uncharged condition correlates with the observed increased 

susceptibility to grain boundary embrittlement when charged with 

hydrogen. 
In addition, phosphorous segregation at the prior austenite 

boundaries may further sensitize these boundaries. Phosphorous 

segregation at grain boundaries has been shown to cause temper 

embrittlement 

embrittlement’ in many iron base alloys. Specifically, Lemble 

et al. concluded that phosphorous segregation was responsible 

for temper embrittlement in a low alloy 12Cr steel. These studies 

have also shown the tendency for chromium and phosphorous to 

co-segregate as they did in the Auger analyses reported here. 

Additional Auger tests are planned to determine if the high 

phosphorous concentration at the prior austenite boundaries in the 

and increased susceptibility to hydrogen 4,5  

3 _ _  
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p r e s e n t  a l l o y  is t i ed- up  w i t h  t h e  MZ3C6 c a r b i d e s  o r  o c c u r s  as a f r e e  

contaminant .  A t  p r e s e n t ,  however, t h e  h i g h  phosphorous c o n t e n t  at.  

t h e  p r i o r  a u s t e n i t e  boundar ies  p r o v i d e s  a n o t h e r  r e a s o n  f o r  concern  

r e g a r d i n g  t h e  hydrogen c o m p a t i b i l i t y  of t h e  a l l o y .  

The t e n s i l e  tests  r e s u l t s  have been p r e s e n t e d  and e v a l u a t e d  

i n  terms of  c a t h o d i c  c h a r g i n g  l e v e l s  ( c u r r e n t  d e n s i t y  x t i m e ) .  

Experiments are underway t o  de te rmine  a n  a v e r a g e  hydrogen 

c o n c e n t r a t i o n  f o r  each c h a r g i n g  c o n d i t i o n .  A new Leco hydrogen 

d e t e r m i n a t o r  h a s  r e c e n t l y  been i n s t a l l e d  a t  Sandia  and t h e  n e c e s s a r y  

tests a r e  p roceed ing .  Ear l ier  i n  t h i s  program, t h e  hydrogen 

c o n t e n t s  were e s t i m a t e d  u s i n g  a vacuum e x t r a c t i o n  method which is  

c o n s i d e r a b l y  less a c c u r a t e .  Based upon vacuum e x t r a c t i o n ,  t h e  

hydrogen l e v e l s  f o r  t h e  t h r e e  c a t h o d i c  c h a r g i n g  l e v e l s  were 

e s t i m a t e d  t o  range from 50-1500 appm. These v a l u e s  are 

s i g n i f i c a n t l y  g rea te r  than  t h e  maximum a n t i c i p a t e d  hydrogen 

c o n c e n t r a t i o n  i n  a f i r s t  w a l l  of  0.5 appm as p r e d i c t e d  by 

S t o l t z  e t  a l .  8 

T h i s  comparison h a s  l e d  some t o  d i s c o u n t  t h e  l o s s  of  

d u c t i l i t y  observed i n  t h e  p r e s e n t  t e n s i l e  tes t  r e s u l t s  a s  on ly  t h e  

p r o d u c t  o f  a gross o v e r t e s t .  T h i s ,  however, may n o t  be t h e  c a s e .  

The hydrogen c a l c u l a t i o n s  r e p o r t e d 8  were f o r  t e m p e r a t u r e s  of  200-765°C 

where hydrogen t r a p p i n g  can be d i s c o u n t e d  and t h e  c o n c e n t r a t i o n  is  

dependent  on ly  upon t h e  l a t t i c e  s o l u b i l i t y .  However, a t  room 

t e m p e r a t u r e  where t h e  c a t h o d i c  c h a r g i n g  exper iments  a r e  c a r r i e d  o u t ,  

t r a p p i n g  i s  o f  paramount importance  and can accoun t  f o r  t o t a l  

hydrogen c o n c e n t r a t i o n s  s e v e r a l  o r d e r s  of  magnitude above t h o s e  

p r e d i c t e d  by l a t t i c e  s o l u b i l i t y  c o n s i d e r a t i o n s  a l o n e .  A s  a r e s u l t  

of  t h e  c o n t r i b u t i o n  of t r a p p i n g ,  l a t t i c e  c o n c e n t r a t i o n s  o f  0.5 appm 

a t  room tempera tu re  ( a s  p r e d i c t e d  by S t o l t z  e t  a1 ) can be a t t a i n e d  

on ly  i n  t h e  p r e s e n c e  of  an  o v e r a l l  c o n c e n t r a t i o n  o r d e r s  of magnitude 

greater than  0.5 appm. It is d i f f i c u l t  t o  e s t i m a t e  t r a p  d e n s i t i e s  

i n  a complex a l l o y  l i k e  a m a r t e n s i t i c  s t e e l ,  e s p e c i a l l y  i n  t h e  

p r e s e n c e  of  r a d i a t i o n  damage and helium. T h e r e f o r e ,  c a l c u l a t i o n s  of  

t h e  a s s o c i a t e d  room tempera tu re  hydrogen c o n c e n t r a t i o n  f o r  a f i r s t  

9 
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wall  s t r u c t u r e  cannot  be made a t  p r e s e n t .  However, v a l u e s  of 

50-1000 appm may n o t  be a s  much an o v e r t e s t  a s  one might conclude 

from l a t t i c e  s o l u b i l i t y  c a l c u l a t i o n s  a l o n e .  

F i n a l l y ,  the hydrogen charged t e n s i l e  r e s u l t s  f o r  t h e  AOD 

and ESR processed  N a t i o n a l  Fus ion  Heat do n o t  a g r e e  w i t h  t h e  

o r i g i n a l  tes ts  performed on t h e  quenched-and- tempered Sandvik p i p e  

m a t e r i a l .  These e a r l i e r  tests had shown no r e d u c t i o n  i n  d u c t i l i t y  

o r  change i n  f r a c t u r e  mode a f t e r  c h a r g i n g  a t  0.006 A/crn2 f o r  150 

minu tes .  R e- t e s t i n g  of t h e  same m a t e r i a l  h a s  shown t h a t  t h e  

o r i g i n a l  r e s u l t s  were caused by t h e  e f f e c t s  of r e- hea t  t r e a t i n g  t h e  

specimens a f t e r  t h e y  had been machined. I n  more r e c e n t  tests on t h e  

same mater ia l  where specimens were machined from f u l l y  h e a t  t r e a t e d  

s t o c k ,  t h e  r e s u l t s  were s i m i l a r  t o  t h o s e  of t h e  ESR and AOD t e s t s .  

The fundamental  cause  of t h e  h i s to ry- dependen t  behav io r  of t h e  

Sandvik HT- 9 i s  no t  known u n e q u i v o c a l l y ,  b u t  t h o s e  t e s t s  were no t  

r e p r e s e n t a t i v e  of  t h e  behav io r  of c a t h o d i c a l l y  charged 12Cr-1Mo 

s tee l .  

6 

7.9.5 Conclus ions  

1 .  I n  t h e  uncharged c o n d i t i o n ,  ESR p rocessed  12CR-1Mo s t e e l  

t e n s i l e  specimens i n  t h e  quenched-and-tempered c o n d i t i o n  f a i l e d  by 

an i n t e r g r a n u l a r  r u p t u r e  f r a c t u r e  mode. Large secondary  c r a c k s  

i n t e r s e c t i n g  t h e  f r a c t u r e  s u r f a c e s  fo l lowed  p r i o r  a u s t e n i t e  g r a i n  

boundar ies  i n d i c a t i n g  a s e n s i t i z a t i o n  of t h e s e  boundar ies  even 

b e f o r e  hydrogen charg ing .  
1 

2 .  Cathodic  c h a r g i n g  a t  0.003 A/cmL f o r  15 minu tes  reduced 

the t e n s i l e  d u c t i l i t y  by 33% and i n c r e a s e d  the amount of secondary 
2 

c rack ing .  Charging a t  0.003 A/cm f o r  150 minu tes  f u r t h e r  reduced 

t h e  d u c t i l i t y  and caused a f r a c t u r e  mode change t o  c l a s s i c a l  

i n t e r g r a n u l a r  f r a c t u r e .  

3. Auger a n a l y s e s  of quenched-and- tempered 12Cr-1Mo s t e e l s  

showed s e g r e g a t i o n  of t h e  c a r b i d e  formers  ( C r ,  Mo, W) and 

phosphorous a t  t h e  p r i o r  a u s t e n i t e  g r a i n  boundar ies .  
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4. The t e n s i l e  r e s u l t s  on c a t h o d i c a l l y  charged 12Cr-1Mo ESR 

s t e e l  is q u a l i t a t i v e l y  t h e  same as observed p r e v i o u s l y  f o r  12Cr-1Mo 

AOD p r o c e s s e d  m a t e r i a l .  These r e s u l t s  p r e s e n t  some concern  as t o  

t h e  s u s c e p t i b i l i t y  of  t h i s  a l l o y  t o  hydrogen e m b r i t t l e m e n t .  
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7.10 TENSILE PROPERTIES OF F E R R I T I C  (MARTENSITIC) STEELS AFTER LOW- 
TEMPERATURE H F I R  IRRADIATION - R. L. Klueh and J. M. Vitek 
(Oak Ridge National Laboratory) 

7.10.1 ADIP Task 

ADIP Tasks a re  not defined f o r  Path E ,  F e r r i t i c  S t e e l s ,  i n  the  1978 

program plan. 

7.10.2 Object ive 

The goal of t h i s  p ro jec t  is t o  eva lua te  the  p rope r t i e s  of i r r a d i a t e d  

f e r r i t i c  s t e e l s .  I r r a d i a t i o n  a t  r eac to r  coolant temperature, near 55"C, 

i n  the High Flux Isotope Reactor (HFIR) i s  used t o  produce both displace-  

ment damage and transmutat ion helium a t  l e v e l s  re levant  t o  fusion r eac to r  

serv ice .  

7.10.3 Summary 

I n  add i t ion  t o  the  f e r r i t i c  s t e e l s  previously t e s t e d ,  experiment 

HFIR-CTR-33 a l s o  contained t e n s i l e  specimens of 20%-cold-worked type 316 

s t a i n l e s s  s t e e l  f o r  i r r a d i a t i o n  a t  about 55'C. The t e n s i l e  behavior of 

the  type 316 s t a i n l e s s  s t e e l  was determined at  room temperature and 300"C, 

and the  r e s u l t s  showed the  i r r a d i a t e d  p rope r t i e s  of the two c l a s s e s  of 

s t e e l s  t o  be q u i t e  s imi l a r .  

7.10.4 Progress and S ta tus  

The HFIR-CTR-33 i r r a d i a t i o n  experiment was designed t o  determine the  

e f f e c t  of t ransmutat ion helium on the  t e n s i l e  p rope r t i e s  of 12 Cr-1 MoVW 

and 9 Cr-1 MoVNb f e r r i t i c  (mar t ens i t i c )  s t e e l s .  Nickel was added t o  the  

base compositions t o  produce helium during H F I R  i r r a d i a t i o n .  Specimens of 

2 1/4 Cr-1 Mo s t e e l  (no n i cke l  added) i n  two hea t- t rea ted  condi t ions  were 

a l s o  i r r a d i a t e d .  These s t e e l s  have been t e s t e d  a t  room temperature and 

3OOOC; the  r e s u l t s  have been reported. 1 - 3  

In  add i t ion  t o  the f e r r i t i c  s t e e l s ,  HFIR-CTR-33 a l s o  contained 

seve ra l  20%-cold-worked type 316 s t a i n l e s s  s t e e l  (CW 316) t e n s i l e  

specimens. Because an extensive data  base on i r r a d i a t i o n  e f f e c t s  e x i s t s  

f o r  t h i s  a l l o y ,  it forms a basis f o r  comparison with o ther  a l loys .  This 
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repor t  presents  a comparison of the e f f e c t s  of i r r a d i a t i o n  on the  f e r r i t i c  

s t e e l s  with those on the  t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  and t e s t e d  

under s i m i l a r  condit ions.  

7.10.4.1 Alloys  I r r a d i a t e d  

De ta i l s  on the  chemical composition and t e n s i l e  behavior of the 

12 Cr-1 MoVW, 9 Cr-1  MoVNb, and 2 1/4 Cr-1 Mo steels were previously 

The chemical composition of the  type 316 s t a i n l e s s  s t e e l  

re ference  heat (X15893) i s  given i n  Table 7.10.1. P r i o r  t o  the  f i n a l  

20% cold work (by r o l l i n g ) ,  the  sheet was annealed fo r  1 h a t  1050°C. 

Table 7.10.1. Chemical Composition of 
Type 316 S t a i n l e s s  S t e e l  

Reference Heat X15893 

Element w t  % Element W t  

C r  17.28 

Mn 1.70 

N i  12.44 

Ma 2.10 

co 0.3 

cu 0.3 

s i  0.67 

Nb <0.05 

Ta <0.05 

T i  <0.05 

B 0.0004 

C 0.0613 

S 0.0179 

P 0.037 

7.10.4.2 Experimental Procedure 

Sheet t e n s i l e  specimens (SS-1 type) with a reduced gage sec t ion  

20.3 nun long by 1.52 m wide by 0.76 m th ick  were i r r a d i a t e d 4  near  55°C 

t o  a maximum t o t a l  f luence of 5 x l o z 6  neutrons/m*. Af ter  immersion den- 

s i t y  measurements, specimens were t e s t e d  a t  room temperature and 300'C i n  

a vacuum chamber a t  a s t r a i n  r a t e  of 4.2 X 

7.10.4.3 R e s u l t s  

A s  was t r u e  fo r  the  f e r r i t i c  s t e e l s ,  t h e r e  w a s  no de tec t ab le  dens i ty  

change i n  type 316 s t a i n l e s s  s t e e l  t h a t  could be a t t r i b u t e d  t o  the  

i r r a d i a t i o n .  
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Room temperature and 300°C t e n s i l e  t e s t s  were made on i r r a d i a t e d  and 

un i r r ad ia t ed  ( con t ro l )  specimens from the  CW 316. I r r a d i a t i o n  parameters,  

test condi t ions ,  and the  measured t e n s i l e  p rope r t i e s  a re  given i n  

Table 7.10.2. In  Figs.  7.10.1 through 7.10.3 the  CW 316 r e s u l t s  a r e  

compared with the  base compositions (without n i cke l  add i t ions )  for  

9 Cr-1  MoVNb, 12 Cr-1 MoVW, and 2 1/4 Cr -1  Mo s t e e l .  

Table 7.10.2. Tens i le  P rope r t i e s  of Unirradiated and I r r a d i a t e da  
Heat X15893 20%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  

Fluence, Displace- Helium Test Strength (MPa) Elongation ( % )  
>0.1 Nev ment Level Concentrationb Temperature 

(neutrons/m2) (dpa) (at. ppm) ( "0  Yield Ultimate Uniform Total 

0 25 665 743 11.1 14.9 

0.63 x l o z 6  5.2 159 25 854 867 0.8 8 . 5  

1 .3  x 9.5 416 25 892 905 0.8 7.7 

0 300 595 645 1.8 4 . 4  

1.1 x 1026 7.8 305 300 723 731 0.6 3.3 

'Irradiation was i n  HFIR at about 55-C. 

bCalculated level of helium from transmutation of 58Ni and ' ' 0 .  

The 9 C r  and 12 C r  s t e e l s  were i r r a d i a t e d  i n  t h e  normalized-and- 

tempered condi t ions ;  the  micros t ruc tures  were e n t i r e l y  tempered marten- 

s i t e  0 9 9 % ) .  The 2 1/4 C r - 1  Mo s t e e l  was i r r a d i a t e d  i n  two hea t- t rea ted  

condi t ions :  normalized and tempered, where a tempered b a i n i t e  microstruc-  

t u r e  was developed, and isothermally annealed, where the  micros t ruc ture  

developed was 75 to  80% polygonal f e r r i t e ,  the balance pr imar i ly  ba in i t e .  

The y i e l d  s t r eng th  of the un i r r ad ia t ed  CW 316 is g r e a t e r  than t h a t  

of the o ther  four ma te r i a l s  (Fig. 7.10.1); the u l t ima te  t ens i le  s t r eng th  

of the un i r r ad ia t ed  CW 316 exceeds a l l  but those fo r  the  12 Cr-1  MoVW 

s t e e l  (Fig. 7.10.2). I r r a d i a t i o n  produces a much l a r g e r  increase  i n  

s t r eng th  i n  the  f e r r i t i c  s t e e l s  than i n  the  CW 316. The h ighes t  s t r eng ths  

were observed fo r  the  normalized-and-tempered 2 1/4 C r l  Mo s t e e l  and the  

12 Cr-1 MoVW. The y i e l d  s t r eng th  and u l t ima te  t e n s i l e  s t r eng th  of the 
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Fig. 7.10.1. The 0.2% Yield 
Strength Plotted Against Test 
Temperature for 20%-Cold-Worked 
Type 316 Stainless Steel, 
12 Cr-1 M o V W ,  9 Cr-1 MoVNb, and 
2 1/4  Cr-1 M o  Steel Unirradiated 
and After HFIR Irradiation at 
about 55OC. 
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Fig. 7.10.2. The Ultimate 
Tensile Strength Plotted Against 
Test Temperature for 20%-Cold- 
Worked Type 316 Stainless Steel, 
12 Cr-1 M o V W ,  9 Cr-1 MoVNb, and 
2 1 /4  Cr-1 M o  Steel Unirradiated 
and After HFIR Irradiation at 
about 55OC. 
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i r r a d i a t e d  9 Cr-1 MoVNb a r e  s i m i l a r  t o  those of the  CW 316, while the  values 

f o r  the  i r r a d i a t e d ,  isothermally annealed 2 114 Cr-1 Mo s t e e l  are considera-  

bly below the  respec t ive  values fo r  the  s t a i n l e s s  s t e e l .  

To compare the  r e l a t i v e  hardening e f f e c t s ,  we have ca l cu la t ed  the  

r a t i o  of i r r a d i a t e d  t o  un i r r ad ia t ed  s t r eng th  p rope r t i e s ,  namely, 

R = Y i / Y u  and Ru = U i / U u  , Y 

where Yi and Y ,  are t h e  i r r a d i a t e d  and un i r r ad ia t ed  y i e l d  s t r eng ths  and 

Ui and Vu the  i r r a d i a t e d  and un i r r ad ia t ed  u l t ima te  t e n s i l e  s t r eng ths  
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(Table 7.10.3). Although it is  r i sky  t o  draw d e f i n i t i v e  conclusions from 

s i n g l e  va lues  f o r  each a l l o y ,  the  data  a t  both room temperature and 30OoC 

show the  r e l a t i v e  increase  i n  y i e l d  s t r eng th  CRY) due t o  i r r a d i a t i o n  i s  

g r e a t e r  fo r  the  f e r r i t i c  s t e e l s  than f o r  the  CW 316. Although the  

isothermally annealed 2 114 Cr-1  Mo s t e e l  has the  lowest y i e l d  s t r eng th ,  

i t  shows the  g r e a t e s t  r e l a t i v e  inc rease  a t  room temperature. There a r e  

only minor d i f f e rences  in  most of t h e  R, values;  t h e  only exceptions a r e  

t h e  room-temperature values f o r  the  2 114 Cr-1 Mo, which a r e  l a r g e r  than 

those fo r  t h e  high-chromium f e r r i t i c s  and t h e  CW 316. Note t h e  smaller  

R, f o r  the  isothermally annealed 2 114 Cr-1 Mo s t e e l  a t  300°C. 

Table 7.10.3. Re la t ive  Hardening of Several  Steels 
by I r r a d i a t i o n  a t  about 55°C i n  H F I R  

Re la t ive  Hardening at  Each 
Test  Temperature 

Alloy Room Temperature 300°C 

RY R, BY 8, 

CW 316 1.3 1.2 1.2 1.1 
9 Cr-1 MoVNb 1.6 1.3 1.5 1.2 
12 Cr-1 MoVW 1.8 1.3 1.6 1.3 
2 114 Cr-1 Mo (normalized and tempered) 1.8 1.6 1.6 1.3 
2 114 Cr-1 Mo ( i so thermal ly  annealed) 2.1 1.5 1.6 1.1 

In genera l ,  t he re  is l i t t l e  d i f f e rence  in d u c t i l i t y  between t h e  i r r a -  

d ia t ed  CW 316 and the f e r r i t i c  s t e e l s  (Fig. 7.10.3) ( t h e  only exception is  

t h e  isothermally annealed 2 114 Cr -1  Mo s t e e l ,  which will be discussed 

below). W e  previously pointed out t h e  low uniform e longat ion  f o r  the  

f e r r i t i c  s t e e l s  a f t e r  i r r a d i a t i o n  and concluded t h a t  t h i s  w a s  the  r e s u l t  

of the  i r r a d i a t i o n  and test condit ions.  1-3 

e longat ion  va lues  a r e  a l s o  noted f o r  t h e  type 316 s t a i n l e s s  s t e e l  

(Fig. 7.10.3). However, t he re  is  a d i f f e rence  i n  s t r e s s- s t r a i n  curves 

f o r  the  CW 316 and the  f e r r i t i c  s t e e l s ,  as seen by comparing t h e  CW 316 

curves (Fig. 7.10.4) and the  curves f o r  12 Cr-1 MoVW s t e e l  (Fig. 7.10.5). 

Once the  e a r l y  uniform elongat ion is reached, the  decrease i n  s t r eng th  is 

much more gradual  in  t h e  case of the  CW 316 than the f e r r i t i c  s t e e l .  A t  

Similar  q u i t e  low uniform 
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Fig. 7.10.4. Engineering Stress-Strain Curves at Room Temperature 
and 300°C for Unirradiated and HFIR-Irradiated 20%-Cold-Worked Type 316 
Stainless Steel. Irradiation was in H F I R  at about 55OC. 
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Fig. 7.10.5. Engineering Stress-Strain Curves at Room Temperature 
and 3OO0C for 12 Cr-1 MoVW Unirradiated and After Irradiation in HFIR at 
about 55OC. 
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3OO0C, the  t o t a l  e longat ions a r e  s i m i l a r  fo r  both mater ia l s .  Thus, the  

d i f f e rence  i n  shape w i l l  probably be of minor consequence. Both types of 

curves may be i n d i c a t i v e  of channel deformation. 

The s t r e s s- s t r a i n  curves of the type observed fo r  the  f e r r i t i c  s t e e l s  

( i . e . ,  low uniform elongat ion followed by a rapid decrease i n  s t r e s s  

beyond the u l t ima te  t e n s i l e  s t r eng th )  have been found i n  t h e  bcc r e f r ac-  

to ry  metals molybdenum, tantalum, and niobium and t h e i r  a l loys .  The 

decreased uniform elongat ion has been a t t r i b u t e d  t o  the  highly loca l i zed  

form of deformation termed channel deformation, because of i t s  microscopic 

appearance [d is loca t ion- free  channels a re  observed by t ransmission 

e l e c t r o n  microscopy (TEM)]. Fish e t  a l .  observed channel deformation i n  

t h 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  type 30.4 a f t e r  it was i r r a d i a t e d  a t  4OO0C 

t o  very high neutron f luences i n  EBR-I7 (up to  10.7 X l o z 6  neutronsfm', 

E > 0.1 MeV). For 370°C t e n s i l e  t e s t s ,  scanning e l e c t r o n  microscopy (SEM) 

examination of the  f r a c t u r e  sur faces  revealed t h a t  duct i le- type  f a i l u r e  

occurred a f t e r  exposure t o  a low f luence,  but as  the f luence increased,  

s l i p  was progressively confined t o  very narrow bands of planes. A t  the  

h ighes t  f luences,  it was found t h a t  "shear on the  a c t i v e  s l i p  planes has 

become so extensive t h a t  the  c r y s t a l s  have l i t e r a l l y  s l ipped  apart ."  13 

Wiffen and Maziasz i r r a d i a t e d  CW 316 i n  HFIR a t  55OC t o  somewhat 

s i m i l a r  dpa values t o  those achieved i n  the  present  experiment. Tens i le  

tests over the  range 35 t o  70OoC produced r e s u l t s  t h a t  were i n  genera l  

agreement with those reported here. Very low uniform elongat ions 

(0.24.6%) were found between 35 and 300°C; between 300 and 6OO0C, the re  

was a s i g n i f i c a n t  improvement t o  2.2 t o  6.8% uniform elongat ion.  

There is a s i g n i f i c a n t  improvement i n  d u c t i l i t y  (both i n  uniform and 

t o t a l  e longat ion)  a t  300°C f o r  the  isothermally annealed 2 114 Cr-1  Mo 

s t e e l  over t h a t  of a l l  o ther  s t e e l s  t e s t e d ,  including the  CW 316 

(Fig. 7.10.3). The isothermally annealed steel had uniform and t o t a l  

e longat ions of 6.7 and 10.1%, r e spec t ive ly ,  compared with less than 1 and 

l e s s  than 4% fo r  9 Cr-1 MoVNb s t e e l ,  normalized-and-tempered 2 114 C r l  Mo 

s t e e l ,  and CW 316 and 1.8 and 5.1% f o r  12 C r - 1  MoVW stee l .1-3  

fe rence  may be an important c lue  t o  the  e f f e c t  of micros t ruc ture  on the  

i r r a d i a t i o n  behavior of these mater ia l s .  The i so thermal ly  annealed s t e e l  

This d i f-  
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was pr imar i ly  polygonal f e r r i t e ,  while the other  f e r r i t i c  s t e e l s  were 

e i t h e r  tempered b a i n i t e  OK tempered martensi te .  More information will be 

requi red  before t h i s  observat ion can be f u l l y  understood. It is  a l s o  

i n t e r e s t i n g  t o  note t h a t  the CW 316 w a s  the only s t e e l  f o r  which the  

uniform and t o t a l  e longat ion a t  300°C was less than it was a t  room t e m-  

pera tu re  (Fig. 7.10.3). Higher elongat ion a t  30OoC was noted f o r  

12 Cr-1 MoVW s t e e l '  and 2 1 /4  Cr-1 Mo s t e e l ,  

9 C r - 1  MoVNb s t e e l  were e s s e n t i a l l y  the same a t  the  two temperatures.  

and the  values fo r  the  

I n  the  t e n s i l e  s tud ie s  reported f o r  t h e  9 Cr-1 MoVNb and 12 Cr-1 MoVW 

s t e e l s ,  data  were obtained fo r  s t e e l s  t o  which n i cke l  had been added. ' 9  

When these  s t e e l s  contained 2% N i ,  they were considerably s t ronger  than 

t h e  a l l o y s  without nickel .  For the  nickel- containing s t e e l s ,  t h e  Ry and 

Ru values were s i m i l a r  t o  those without n icke l ,  i nd ica t ing  s i m i l a r  re la-  

t i v e  amounts of i r r a d i a t i o n  hardening. Although the  s t r e n g t h  of these  

nickel-doped s t e e l s  was considerably above t h a t  fo r  the  s t a i n l e s s  

s t e e l  - both before and a f t e r  i r r a d i a t i o n  - t h e  uniform and t o t a l  

e longat ion  values were s i m i l a r  t o  those of the s t e e l s  without n i cke l  and 

thus  compared favorably with the CW 316. In  f a c t ,  a t  30OoC, the  uniform 

and t o t a l  e longat ion  of these  s t ronger  s t e e l s  were comparable t o  those 

f o r  CW 316. 
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7.11 HELIUM EMBRITTLEMENT TESTS ON FERRITIC STEELS - R. L. Klueh and 
J. M. Vitek (Oak Ridge National Laboratory) 

7.11.1 ADIP Task 

ADIP Tasks a re  not defined fo r  Path E ,  F e r r i t i c  S t e e l s ,  i n  the 1978 

program plan. 

7.11.2 Object ive 

The goal of t h i s  p ro jec t  i s  to  eva lua te  the  p rope r t i e s  of i r r a d i a t e d  

f e r r i t i c  s t e e l s .  I r r a d i a t i o n  i n  the  High Flux Isotope Reactor (HFIR) is  

used t o  produce both displacement damage and transmutat ion helium a t  

l e v e l s  re levant  t o  fusion r eac to r  serv ice .  

7.11.3 Summary 

Tens i le  tests a t  70OoC on nickel-doped 9 Cr-1 MoVNb and 12 Cr-1 MoVW 

steels t h a t  w e r e  i r r a d i a t e d  a t  55OC in HFIR t o  produce up t o  about 

50 a t .  ppm H e  i nd ica t ed  t h a t  t he re  was no helium embritt lement.  These 

r e s u l t s  con t r a s t  with l i t e r a t u r e  data  showing t h a t  very small amounts of 

helium can cause a l a rge  decrease i n  d u c t i l i t y  fo r  many a l l o y s  when t e s t e d  

under equivalent  condit ions.  

7.11.4 Progress and S ta tus  

The HFIR-CTR-33 experiment was p r i m a r i l y  designed t o  determine the  

e f f e c t  of t ransmutat ion helium produced during i r r a d i a t i o n  a t  about 55OC 

on the  t e n s i l e  p rope r t i e s  of 12 Cr-1 MoVW and 9 Cr-1  MoVNb f e r r i t i c  

(mar t ens i t i c )  s t e e l s .  Nickel was added t o  the  base composition t o  produce 

helium during H F I R  i r r a d i a t i o n .  ' 
behavior of the nickel-doped s t e e l s  a f t e r  i r r a d i a t i o n .  ', 
e f f e c t s  were detec ted  i n  t e n s i l e  tests at room temperature and 300°C. In 

t h i s  repor t  we w i l l  present  data  for  t e n s i l e  t e s t s  a t  7OO0C,  where small 

amounts of helium a re  known t o  a f f e c t  the d u c t i l i t y  of s eve ra l  a l loys .  

We previously repor ted  on the  t e n s i l e  

No helium 

7.11.4.1 Alloys I r r a d i a t e d  and Tested 

The fou r  hea ts  of 12 Cr-1  MoVW and t h r e e  of 9 Cr-1 MoVNb were pre- 

pared by combustion Engineering by e l e c t r o s l a g  remelting. Heats of 
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12 Cr-1 MoVW with 0.5, 1 ,  and 2% N i  and 9 Cr-1  MoVNb with 0.1 and 2% N i  

were prepared. Also, fo r  each s t e e l  a heat was prepared with 2% N i  but 

with a d d i t i o n a l  chromium, molybdenum, and tungsten t h a t  was added t o  

"adjus t"  the  chromium equivalent  t o  a value s i m i l a r  t o  the base s t e e l s  

with no nickel  addi t ions .  (These a l l o y s  w i l l  be r e fe r r ed  t o  a s  ad jus ted  

s t e e l s . )  De ta i l s  on the  net  chromium equivalent  c a l c u l a t i o n s  were pre- 

vious ly  given.'-3 

i n  Table 7.11.1. 

The chemical composition of the  seven hea t s  a r e  given 

A l l  seven a l l o y s  were prepared i n  25-kg hea t s ,  and a sample  of each 

was r o l l e d  i n t o  3.2- p l a t e .  This p l a t e  was f u r t h e r  r o l l e d  i n t o  0.76-mm 

sheet  fo r  specimen fab r i ca t ion .  

A l l  of the  s t e e l s  were t e s t e d  i n  the  normalized and tempered con- 

D e t a i l s  on these heat  t reatments  were previously given. ',' d i t i o n .  

normalized and tempered, a l l  but the  ad jus ted  a l l o y s  were e s s e n t i a l l y  100% 

tempered martensi te .  The adjus ted  a l l o y s  contained 15 t o  20% &-ferrite. 

As 

In add i t ion  t o  the  f e r r i t i c  s t e e l s ,  the  HFIR-CTR-33 capsule a l s o  con- 

ta ined  some 20%-cold-worked type 316 s t a i n l e s s  s teel  (CW 316) specimens, 

which were t e s t e d  fo r  comparison. De ta i l s  on t h i s  ma te r i a l ,  taken from 

t h e  fus ion  reference heat  (X15893), were given i n  another  s e c t i o n  of this  

repor t .  4 

7.11.4.2 Experimental Procedure 

Sheet t e n s i l e  specimens i n  t h i s  experiment were of an SS-1 type with 

a reduced gage sec t ion  20.3 mm long by 1.52 mm wide by 0.76 mm 

The maximum t o t a l  f luence fo r  HFIR-CTR-33 was 5 X l o z 6  neutrons/m2 and the  

maximum f a s t  f luence 1.3 X l o z 6  neutrons/m* 0 0 . 1  M e V ) . 5  

specimens being discussed i n  t h i s  repor t  received less than t h e  maximum, 

s ince  they were near the  end of the  capsule.  Tes ts  were conducted i n  a 

vacuum chamber on a 44-kN-capacity Ins t ron  un ive r sa l  t e s t i n g  machine a t  a 

s t r a i n  r a t e  of 4.2 x 10-5/s. 

However, the  

7.11.4.3 Resul t s  

Tests at  700°C were made on the  12 Cr -1  MoVW s t e e l  with 0.5, 1, and 

2% N i  and 9 Cr-1 MoVNb with 0.1 and 2% N i .  The two nickel- adjusted s t e e l s  
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were a l s o  t e s t ed .  Unirradiated con t ro l  specimens were t e s t e d  f o r  each 

s t e e l ,  along with an i r r a d i a t e d  and un i r r ad ia t ed  specimen of CW 316. The 

i r r a d i a t i o n  parameters, t e s t  condi t ions ,  and measured t e n s i l e  p rope r t i e s  

a r e  given i n  Table 7.11.2. 

Table 7.11.2. Tensi le  Proper t ies  at 70OoC of Unirradiated and I r r a d i a t e d  
Chromium-Molybdenum S t e e l s  and 20%-Cold-Worked Type 316 S t a i n l e s s  S tee l .  

I r r a d i a t e d  samples were a l l  i r r a d i a t e d  i n  H F I R  at  about 55OC 

Fluence Displace- Helium Strength ( m a )  Elongation (%) 
>0.1 MeV ment Level Concentration 

(neutrons/mz) ( dpa ) (a t .  ppm) Yield Ultimate Uniform Total 

0 
0.63 x loz6 

0 
0.89 x 1026 

0 
0.89 x 1026 

0 
0.63 X loz6 

0 
0.63 X loz6 

0 
0.89 x 1026 

0 
0.63 x loz6 

0 
0.89 x 1026 

1 2  Cr-1 MOW 

110 142 3.1 
5 . 2  13 103 123 2.2 

12 Cr-1 MOW-1 N i  

93 121 2.5 
6.4 28 95 105 1.2 

1 2  Cr-1 MOW-2 N i  

139 163 2.1 
6.5 49 128 140 1.9 

12  Cr-1 MOW-2 N i  ( a d j u s t e d )  

181 212 1.7 
5.1 36 123 153 1.3 

9 Cr-1 MoVNb 

105 131 2.5 
5.1 8 

9 Cr-1 MoVNb-2 Ni 

148 171 1.8 
6.4 47 119 131 1.2 

9 Cr-1 MoVNb-2 N i  I ad jus ted )  

181 192 0.6 
5 . 2  36 194 203 0.6 
2Pb-Cold-Worked Q p e  316 S t a i n l e s s  Steel 

368 400 1.5 
6.6 234 330 34 1 0.3 

19.6 
20.5  

19.0 
22.9 

34a 
25.5 

17.3 
21.0 

16.8 
>lob 

19.1 
29.8 

14.4 
11.5 

8.5 
0.3 

qrosshead  stopped during t e s t .  Therefore, t h i s  value is probably too 

boata for  t h i s  t e s t  was accidently not recorded; an attempt was made to  

large by several percent. 

estimate the elongation by f i t t i n g  the fractured sample together and measuring 
the length ( i n  a hot c e l l ) .  



The helium concent ra t ions  i n  the  9 Cr-1 MoVNb and 12 Cr-1 MoVW s t e e l s  

ranged from about 8 and 13 a t .  ppm He (no n icke l  add i t ions )  t o  about 47 

and 49 a t .  ppm He (2% N i  add i t ions ) ,  respec t ive ly .  The two 2% Ni-adjusted 

s t e e l  specimens contained about 36 a t .  ppm He. I n  almost a l l  cases the 

y i e l d  s t r eng th  and the  u l t imate  t e n s i l e  s t r eng th  of the i r r a d i a t e d  speci-  

mens were l e s s  than fo r  the  un i r r ad ia t ed  condit ion.  The only exceptions 

were the  y i e l d  s t r eng th  of 12 Cr-1 MoVW-1 N i  and the  y i e l d  s t r eng th  and 

u l t ima te  t e n s i l e  s t r eng th  of the  9 Cr-1 MoVNb-2 N i  (ad jus ted)  s t e e l .  For 

these  exceptions,  t he re  was l i t t l e  d i f f e rence  i n  the  i r r a d i a t e d  and 

un i r r ad ia t ed  values. The CW 316 (234 a t .  ppm He) a l s o  had a lower y i e l d  

s t r eng th  and lower u l t imate  t e n s i l e  s t r eng th  a f t e r  i r r a d i a t i o n .  

The d u c t i l i t y  of the f e r r i t i c  s t e e l s  a t  70OoC was only s l i g h t l y  

a f f e c t e d  by i r r a d i a t i o n .  There was no apparent decrease i n  t o t a l  elonga- 

t i o n  of e i t h e r  the  9 C r  or 12 C r  s t e e l s  with up to  47 a t .  ppm He. In  

f a c t ,  for  most of the t e s t s ,  the t o t a l  e longat ion increased. A s l i g h t  

decrease i n  uniform elongat ion was noted f o r  most of the t e s t s .  However, 

even a f t e r  the  decrease, the  uniform elongat ion was genera l ly  g rea t e r  than 

1%. These minor changes i n  d u c t i l i t y  fo r  the  mar t ens i t i c  s t e e l s  a r e  t o  be 

cont ras ted  with the  l a rge  change f o r  the CW 316, where both the  uniform 

and t o t a l  e longat ions were only 0.3% a f t e r  i r r a d i a t i o n .  

Kramer et a l .  used cyclo t ron  bombardment t o  i n j e c t  a l a rge  number 

of a l l o y s  with a - p a r t i c l e s  t o  helium concent ra t ions  of 15 t o  40 a t .  ppm. 

I n j e c t i o n  temperatures were maintained below 150°C. Aus ten i t i c  s t a i n l e s s  

s t e e l s  ( inc luding  t y p e  316) i n  a so lu t ion  annealed plus aged condi t ion  

were i n j e c t e d ,  as  were two f e r r i t i c  (nontransformable) s t a i n l e s s  s t e e l s  

( types  405 and 430, which contained 15-16% Cr). Only the  uniform and 

t o t a l  e longat ions  a t  700°C were reported. 6 

For the  type 316 s t a i n l e s s  s t e e l  i n j e c t e d  with 40 a t .  ppm H e ,  both 

t h e  uniform and t o t a l  e longat ions decreased by more than 50%, the uniform 

from 22 t o  13% and the  t o t a l  from 46 t o  15%. Decreases i n  d u c t i l i t y  of 

varying amounts were a l s o  noted fo r  the 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  

type 304, 304L, 316L, and 316H t h a t  were i n j e c t e d  with 15 t o  31 a t .  ppm He. 

The f e r r i t i c  s t a i n l e s s  s t e e l s  i n j ec t ed  with 40 a t .  ppm H e  showed the  

unusual behavior of a s l i g h t  increase  i n  uniform elongat ion while the  
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total elongation decreased. 

tion was less than that for the austenitic stainless steels. The uniform 
elongation of the type 405 stainless steel increased from 4 to 6% and that 

of the 430 steel from 8 to 10%; elongation the type 405 decreased from 52 

to 33% and that for the type 430 from 89 to 48%. From a comparison of 

these results with those of the present experiments, it is evident that 

the 9 Cr and 12 Cr martensitic steels exhibited a different behavior from 

that of the solution-annealed stainless steels and the ferritic stainless 

steels. 

The proportionate decrease in total elonga- 

Because of the much larger amount of helium in the CW 316 irradiated 
in this experiment, it is not possible to draw firm conclusions from a 

comparison of the helium effects on the two types of alloys. Nevertheless, 

it appears that the effect of helium on the 9 Cr and 12 Cr martensitic 
steels is much less than for the CW 316. This also agrees with previous 

results'l on the cold-worked material, where it was found that even for a 

low helium-to-dpa ratio, the total elongation decreased rapidly above 
650°C. 
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7.12 RECONSTITUTION OF THE AD-2 FERRITICS EXPERIMENT - A.M. Ermi 
(Westinghouse Hanford Company) 

7.12.1 ADIP Task 
ADIP Program Task: Ferritic Steels Development (Path E) 

7.12.2 Objectives 

The objective of the AD-2 experiment is to provide baseline, high 

fluence data at several temperatures for the ferritic alloys HT-9 and 

9Cr-1Mo. Developmental 2 1/4 Cr-1Mo is also being scoped in this exper- 

iment. The AD-2 experiment is designed to yield data concerning the 

irradiation effects on the mechanical properties of these alloys with 

emphasis on their fatigue, fracture toughness and weld properties. 

Characterization of the irradiation effects on the microstructure of 

these alloys will also be performed. 

7.12.3 Summary 

Six uninstrumented B-7c capsules were removed from the EBR-I1 after 

undergoing irradiation during Cycles 109-113. Several specimens were 

removed and distributed for interim examination, while the remaining 

specimens were re-encapsulated into four new B-7c capsules. In addition, 

some unirradiated specimens were included in the new capsules. Irradiation 

continued with Cycle 118 and will end after Cycle 123. 

7.12.4 Progress and Status 
7.12.4.1 Introduction 

The AD-2 experiment has been designed to provide mechanical proper- 

ties data on selected ferritic alloys for application in fusion reactor 

first walls and blankets. Of particular concern are the irradiation 

effects on the fracture and weld properties of the materials. Alloy 

selection and irradiation temperatures have been specified by the Alloy 

Development for Near Term Applications Working Group. This i s  the second 

report on the AD-2 experiment, which documents the events since the first 

report including specimen discharge after cycle 113 and the AD-2 recon- 

stitution test matrix. 
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7.12.4.2 First Specimen Discharge 

Details regarding the specimen preparation, heat treatments, test 

matrix and capsule loading have been previously reported. (I) 
B-7c capsules were inserted into the EBR-I1 in August, 1980 for Cycle 
109, and were removed in June, 1981 after Cycle 113. Specimens in the 

peak flux position accumulated a fluence of 13 dpa. 

The six 

Specimens to be examined from this first discharge were distributed 

as follows: ORNL received all tensile, Grodzinski fatigue and fatigue 

initiation specimens; HEDL received all Charpy, fracture toughness and 

fatigue crack growth specimens; and the TEM disk specimens were distribu- 

ted to various participants in the ADIP and DAFS programs. 

7.12.4.3 Reconstitution Text Matrix 

Specimens irradiated in Cycles 109-113 but not examined were 

combined with new samples to form the AD-2 resonstitution (AD-2 RECON) 

test matrix. The same four test temperatures were used (390, 450,  500 

and 55OoC), although only four rather than six B-7c capsules were 

utilized. 

is detailed in Table 7.12.1. The material code refers to the first 

digit(s) used to identify specific specimens. 

The complete AD-2 test matrix encompassing both irradiations 

Specimens added to the matrix but not initially irradiated include: 

(1) nickel-doped HT-9 (XAA-Series) and 9Cr-1Mo (=-Series) tensile and 

Charpy; (2) HT-9 (Heat Treatment #l), 9Cr-1Mo (30176) and 9Cr-1Mo (Weld) 

Charpy; and (3) a few Path D long-range-ordered (LRO) tensile. Alloy 

compositions for all of the alloys are listed in Table 7.12.2, while 

the heat treatments are summarized in Table 7.12.3. Materials from TEM 

disk packets are not included in these tables, but are detailed else- 

where in this semi-annual report. ( 2 )  

7.12.4.4 Specimen Loading 

The specimens were loaded into the four B-7c capsules, one 

weeper (390OC) and three designed to maintain temperatures of 450, 500 

and 55OoC. The specific level loadings for the four capsules are given 

in Tables 7.12.4 through 7.12.7. The fracture toughness specimens were 
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TABLE 7.12.3 HEAT TREATMENTS FOR THE AD-2 TEST MATERIALS~ 

MATERIAL HEAT 
DESIGNATION I HEAT TREATMENT 

HT-9(#1) 

HT-9 ( # 2 )  

HT-9(#3) 

HT-9( 64) 

HT-9(W) 
HT-9( HAZ ) 
HT-9 (HIHAZ ) 
HT-9 
HT-9 + 1 N i  

HT-9 t 2 N i  

HT-9 t 2 N i  
Ad jus ted 

9Cr-1Mo 

9Cr-1Mo 

9Cr-1 Mo ( W ) 

9Cr-1Mo 

9Cr-1Mo-2Ni 

9Cr-1Mo-2Ni 
Ad jus ted 

2 114 Cr-1Mo 

LRO-160 

LRO-42 

91 353 
91 354 

91353 
91354 

91 354 

91353 
91 354 

91 353 

XAA-3587 
XAA-3588 

XAA-3589 

XAA-3592 

30182 

301 76 

301 76 
30182 

XA-3590 

XA-3591 

XA-3593 

38649 
- 

- 

1038"C/10 minb/AC + 760"C/30 min/AC 

1038"C/30 m i n / A C  + 760"C/2.5 hr/AC 

M i l l  Annealed' 

M i l l  Annealedc+ 1O5O0C/30 min/AC t 780°C/2.5 hr/AC 

Post-Weld Treatment:  780DC/l hr/AC 

1050"C/30 minlAC + 780"C/2.5 hr/AC 
105OoC/30 min/AC + 780"C/2.5 hr/AC 

1050"C/30 min/AC t 700"C/5 hr/AC 

1050"C/30 min/AC + 7OO0C/8 hr lAC 

1038°C/l hr/AC + 760°C/1 hr/AC 

1038"C/30 min/AC + 76OoC/30 m i n / A C  

Post-Weld Treatment:  780"C/1 hr/AC 

1040"C/30 minlAC + 760°C/1 hr/AC 

104OPC/30 min/AC t 760"C/5 hr/AC 

1050"C/30 min/AC + 700"C/8 hr/AC 

900"C/30 min/AC t 700pC/1 hr/AC 

105O"C/lO min/WQ t 700"C/7 hr/AC 
t 650°C/24 hr/AC + 600"C/67 hr/AC 

1100"C/15 min/WQ + 600"C/30.5 hr/AC 
+ 540°C/21 hr/AC 

a A l l  m a t e r i a l s  from TEN D isk  Packets n o t  inc luded.  

For  m a t e r i a l  t h i ckness  < 0.100 inches, t h e  10 min i s  reduced t o  4 min. 

M i l l  annealed c o n d i t i o n :  The ba r  s tock  was h o t  worked a f t e r  soak ing a t  1149'C 
f o r  a minimum o f  one hour,  t hen  750"C/1 hr/AC. 
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4 F I  
1 TED 

13 FT 

4 c  
13 CG 
16 T 

24 CG 
8 T  
1 TED 

12 c 
5 T  
4 0  

12 c 
10 T 
2 0  

12 c 
5 T  
1 TED 

TABLE 7.12.4 SPECIMEN LOADING ARRANGEMENT FOR 
CAPSULE B-317a AT 390'C 

BASKET DISTANCE FROM 
LEVEL LENGTH MID-PLANE SPECIFIC ALLOY LOADING a 

# (mml (mm) 
~ __ 

1 49.5 159 2 F I  
2 F I  

4 FT 
2 FT 
1 FT 
6 FT 

2 50.8 109 

3 55.7 56 

4 c  
4 T  
4 T  
4 1  
4 T  
6 CG 
3 CG 
4 CG 

4 c  
8 C  
5 T  
4 D  

5 49.5 -53 

2 0  

5 T  

HT-9 (#4)  
9 Cr-1Mo (30182) 

HT-9 (#3)  
HT-9 (#4)  
HT-9 ( W )  
HT-9 (W/HAZ) 

HT-9 (#3)  
HT-9 (3587) 
HT-9, 1 N i  
HT-9, 2 N i  
HT-9, 2 N i  Adj. 
2 1/4 Cr-1Mo (38649) 
HT-9 (HAZ) 
9 Cr-1Mo ( W )  

HT-9 (#1)  
9 Cr-1Mo (30182) 
HT-9 ( W )  
9 Cr-1Mo (3590) 
9 Cr-1Mo-2Ni 

9 Cr-1Mo (30182) 
9 Cr-1Mo (30176) 
HT-9 ( # 1 )  
D i s k  Packets 

9 Cr-1Mo ( W )  
HT-9 ( # 1 )  
HT-9 (#1)  
2 1 / 4  Cr-1Mo (38649) 
LRO-42 
D isk  Packets 

HT-9 (3587) 
HT-9, 2 N i  
HT-9 ( # 1 )  
9 Cr-1Mo (30182) 

a See Table 7.12.1 f o r  specimen name a b b r e v i a t i o n s ;  see Tab le  7.12.3 f o r  
s p e c i f i c  thermomechanical treatments. 
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TABLE 7.12.5 SPECIMEN LOADING ARRANGEMENT FOR CAPSULE 
B-318a AT 45OoC 

6 C  
1 TED 

7 F? 
2 c  

4 c  
2 GF 

19 T 

16 CG 
8 T  
1 TED 

8 C  
5 T  
2 0  

8 C  
4 T  
2 0  

8 C  
2 T  
1 TED 

LEVEL 
# - 

1 

2 

3 

4 

5 

6 

7 

BASKET DISTANCE FROM 
LENGTH MID-PLANE SPECIFIC ALLOY LOADING a 
(m) (mm) - 

49.5 159 6 C HT-9 (#1)  

50.8 109 

55.7 56 

55.7 0 

49.5 -53 

7 FT HT-9 (W/HAZ) 
2 C HT-9 ( e l l  

4 C HT-9 ( # 3 )  
2 GF HT-9 (#1 )  
3 T HT-9 ( # 2 )  
4 T HT-9 (3587) 
4 T HT-9, 1Ni 
4 T HT-9, 2Ni 
4 T 9 Cr-1Mo-2Ni Adj. 

7 CG HT-9 (#1)  
3 CG HT-9 ( # 2 )  
3 CG 9 Cr-1Mo (30182) 
3 CG 2 1/4 Cr-1Mo (38649) 
4 T 9 Cr-1Mo (3590) 
4 T 9 Cr-1Mo-2Ni 

8 C 9 Cr-1Mo (30176) 
5 T HT-9 (#11 
2 D D isk  Packets 

8 C 9 Cr-1Mo (W) 
2 T 2 1/4 Cr-1Mo (38649) 
2 T LRO-42 
2 D D isk  Packets 

49.5 -1 02 

55.7 -1 55 
5 C 9 Cr-1Mo (3590) 
3 C 9 Cr-1Mo-2Ni 
2 T 9 Cr-1Mo (30182) 

See Table 7.12.1 f o r  specimen name abbrev ia t ions ;  see Table 7.12.3 f o r  
s p e c i f i c  thennomechanical treatments. 

a 
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TABLE 7.12.6 

3 F I  
1 TED 

13 FT 

6 C  
7 CG 

20 CG 
3 T  
1 TED 

a c  
5 T  
4 0  

8 C  
8 T  
2 0  

6 C  
5 T  
1 FI 
1 TED 

LEVEL 
# - 

1 

2 

3 

4 

5 

6 

7 

SPECIMEN LOADING ARRANGEMENT FOR CAPSULE 
B-319a AT 5OO0C 

BASKET DISTANCE FROM 
LENGTH MID-PLANE 
(mml (mm) __ 

49.5 159 

50.8 109 

55.7 56 

55.7 0 

49.5 -53 

49.5 -1 02 

55.7 -1 55 

S P E C I F I C  ALLOY LOADING a 

2 F I  
1 F I  

4 FT 
2 FT 
1 FT 
6 FT 

4 c  
z c  
3 CG 
4 CG 

9 CG 
6 CG 
5 CG 
1 T  
1 T  
1 T  

4 c  
4 c  
5 T  
4 0  

8 C  
5 T  
3 T  
2 0  

3 c  
3 c  
5 T  
1 F I  

HT-9 (#3)  
HT-9 (#4) 
HT-9 (W) 
HT-9 (W/HAZ) 

HT-9 (#1)  
9 Cr-1Mo (30182) 
HT-9 (W) 
HT-9 (3587) 
HT-9, 2Ni 
9 Cr-1Mo-2Ni 

9 Cr-1Mo (30182) 
9 Cr-1Mo (30176) 
HT-9 ( # I )  
D isk  Packets 

9 Cr-1Mo (W) 
HT-9 ( # 1 )  
2 1/4  Cr-1Mo (38649) 
D isk  Packets 

HT-9, 1 N i  
HT-9, 2 N i  
9 Cr-1Mo (30182) 
9 Cr-1Mo (30182) 

See Tab le  7.12.1 f o r  specimen name a b b r e v i a t i o n s ;  see Tab le  7.12,3 
s p e c i f i c  thennomechanical treatments, 

f o r  a 
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TABLE 7.12.7 SPECIMEN LOADING ARRANGEMENT FOR 

6 c  7 CG I 

a c  
8 T  
2 0  

6 C  
5 T  
1 FI  
1 TED 

LEVEL 
ii 

CAPSULE B-321a AT 550°C 

BASKET DISTANCE FROM 
LENGTH MID-PLANE 

(mm) (mm) __ 

49.5 159 

50.8 109 

55.7 56  

55.7 0 

49.5 -53 

49.5 -102 

55.7 -1 55 

SPECIFIC ALLOY LOADING a 

2 F I  
1 FI 

4 FT 
2 FT 
1 FT 
6 FT 

4 c  
2 c  
3 CG 
4 CG 

9 CG 
6 CG 
5 CG 
1 T  
1 T  
1 T  

4 c  
4 c  
5 T  
4 0  

a c  
5 T  
3 T  
2 0  

3 c  
3 c  
5 T  
1 F I  

HT-9 (#3)  
HT-9 ( # 4 )  
HT-9 (W) 
HT-9 (W/HAZ) 

HT-9 ( # 3 )  
9 Cr-1Mo (30176)  
HT-9 (HAZ) 
9 Cr-1Mo ( W )  

HT-9 (#1 )  

HT-9 f W )  
9 Cr-1Mo (30182)  

9 Cr-1Mo (30182)  
9 Cr-1Mo (30176)  
HT-9 ( # 1 )  
D i s k  P a c k e t s  

9 Cr-1Mo (W) 
HT-9 ( # 1 )  
2 1 / 4  Cr-1Mo (38649) 
D i s k  P a c k e t s  

HT-9, 1 N i  
HT-9, 2 N i  
9 Cr-1Mo (30182)  
9 Cr-1Mo (30182) 

a See T a b l e  7.12.1 f o r  specimen name a b b r e v i a t i o n s ;  see T a b l e  7.12.3 f o r  
s p e c i f i c  t hennomechanical  t r e a t m e n t s  
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once again stacked vertically within the levels with spacers separating 

each specimen. 

7.12.5 Future Work 

Irradiation of specimens reconstituted in the AD-2 experiment 

began during EBR-I1 Cycle 118 in February 1982. 
continue through Cycle 123, making specimens available in February 1983. 

Specimens irradiated in both parts of the AD-2 experiment will accumulate 

?r 30 dpa. 

Irradiation will 

7.12.6 References 

1. R.J. Puigh and N.F. Panayotou, "Specimen Preparation and Loading 
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ADIP Progress Report ER-0045/8, March 1982. 
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7.13 FRACTOGRAPHIC EXAMINATION OF COMPACT TENSION SPECIMENS OF UNIRRA- 

DIATED HT-9 AND MODIFIED 9Cr-1Mo WELDS - D. S. Gelles, F. H. Huang 
and N. F. Panayotou (Westinghouse Hanford Company) 

7.13.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

cited the need to investigate ferritic alloys under the ADIP program task. 

Ferritic Steels Development (Path E). The tasks involved are akin to 

Task Number 1.B.13, Tensile Properties of Austenitic Alloys, and Task 

Number 1.C.2, Microstructure and Swelling in Austenitic Alloys 

7.13.2 Objective 

The objective of this effort is to provide baseline (preirradiation) 

fractographic data for comparison with irradiated specimens to be examined 

at a later date. 

7.13.3 Summary 

Miniature compact tension specimens of HT-9 and modified 9Cr-1Mo 

weld metal and HT-9 HAZ material have been tested and examined by scanning 

electron microscopy in order to provide baseline data for comparison with 

irradiated specimens, to provide understanding of the fracture process in 

these materials, and to assess the usefulness of crack opening displace- 

ment measurements based on fractographic analysis. For specimens tested 

at 205"C, crack propagation is found to be due to microvoid coalescence. 

7.13.4 Progress and Status 

7.13.4.1 Introduction 

Procedures have been developed at Hanford Engineering Development 

Laboratory (HEDL) to allow fractographic examination of irradiated minia- 

ture compact tension specimens. Fractographic examination of such speci- 

mens can be expected to provide both improved understanding of the 

fracture toughness limits of the ferritic alloy class and understanding 

of the effects of microstructure on the fracture process. Furthermore, 

it appears possible to provide at least qualitative information on crack 
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opening displacement (COD) based on fractographic analysis which should 

be directly relatable to fracture toughness. 

Therefore, the purpose of the present effort is twofold. 1) To 

provide baseline data on unirradiated HT-9 and modified 9Cr-1Mo miniature 

compact tension weld specimens, for future comparison with irradiated 

specimens, and 2) to present the concept of COD measurement based on 

fractographic analysis. 

7 . 1 3 . 4 . 2  Theoretical Basis for COD Measurements 

In the course of this effort, it has become apparent that quantita- 
tive stereographic analysis of fractographic information might provide 

measurements of the crack opening displacement for each specimen examined. 

Such COD measurements can provide an effective fracture criterion. Mea- 

surements of COD have been widely used in the U.K. and elsewhere as a 
tool to assess for example the significance of weld defects.’” 

basis for the approach i s  as follows. Given a sharp crack in a plastic 

material, under stress the material will plastically deform at the crack 

tip until a local stress, u , is reached at which point crack propagation 
will ensue. In Fig. 7 . 1 3 . 1 ,  this sequence of events is depicted (I-IV) 
and comparison is made with the fracture toughness (J-R) curve for such 

a sequence using the same Aa calibration for crack extension. A measure 

of that critical local stress can be obtained by measurement of the crack 

opening displacement, 6c. 

detectable size, it can be shown that if the stress in a component of 
interest results in a crack opening displacement in excess of 6 fracture 

will occur. An effective fracture criterion based on COD then requires 

that the material be free of flaws of that detectable size and that 

stresses always be below u . 

The 

C 

Therefore, for a given internal crack of 

C’ 

C 
Wells3 has proposed the following relationship between critical 

crack extension force ( G  ) and critical COD (6 ) involving the yield 

strength (a ) 
C C 

Y 

G = n a  6 ( 1 )  
C Y C  

where n is a plastic stress intensity factor which can be expected to 
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I 

A2 /I 
1 1  I 

Fig. 7.13.1. Schematic diagram of the sequence of events which 
occur at a sharp crack tip in comparison with behavior on a corresponding 
J- R  curve. 

vary between 1 for plane stress and 2 for plane strain conditions. Com- 

parison between J and COD therefore provides the relationship 
IC 

= m a  6 
Jlc Y C  

where again m varies between 1 and 2. 

Several efforts t o  demonstrate the applicability of equations (1) 

and (2) have been This has required development of procedures 

for measuring the critical crack opening displacement, 6 , and several 
procedures have now been identified. In general, COD measurements either 
involve direct measurement, external measurement of the notch mouth 

C 

4-7 
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opening,” 6--8 replication techniques (wherein a casting is made in mid 

test using for example rubber compounds injected into the crack), 

Moirg m e a s ~ r e m e n t s l ~ ’ ~ ~  or stereoscopic measurement of the fracture sur- 

face.l4.I5 

tions (1) and (2) but the exact value or dependences of the plastic stress 

intensity factor (n or m) are not well understood. Of further note is 

work by Mills which concludes that m should be a function of the strain 

hardening coefficient; m equals 1 for low strain hardening alloys but 2 

for high strain hardening, low strength materials (with strain hardening 

exponent > 0.2). 

9-11 

The results of these studies support the validity of equa- 

7.13.4.3 Experimental Procedure 

Specimens were selected for examination to include all three weld 

conditions being investigated in Path E experiments: HT-9 weld metal, 
HT-9 heat affected zone (HAZ) metal and modified 9Cr-1Mo weld metal. All 

specimens had been tested at 205°C which corresponds to the minimum in 

the J 

the specimen selected for examination was the specimen tested to the 

highest Aa prior to heat tinting and subsequent deformation to failure 
at room temperature, 

versus temperature behavior for base meta1.l’~‘’ In each case, 
IC 

Fractograpic examinations were performed on a scanning electron micro- 

scope model JSM-35C operating at 25KV. 

to be optimum for stereoscopic examination, and quantitative analysis 

employed a minicomputer coupled parallax measurement system designed by 
L. E. Thomas at HEDL. 

Specimen tilts of 8” were found 

Both halves of each specimen condition were analyzed in order both 

to obtain a better understanding of crack propagation behavior and to 

reduce uncertainties in COD measurement by avoiding the necessity for 

the assumption that crack initiation had occurred in the center of the 

stretch zone region. 

of the fatigue crack surface as shown in Fig. 7.13.1 so that 6c is 

defined by the sum of the parameters A I  and A2. 

COD measurements were referenced to the termination 
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HT-9 

7.13.4.4 Results 

9Cr-1Mo 1 

7.13.4.4.1 Fracture toughness measurements. It is not the intent 

of the present report to fully describe the fracture toughness measure- 

ments on HT-9 and modified 9Cr-1Mo weld specimens. That will be done in 

a subsequent report. 

compared with results obtained previously on base metal specimens. 

Fig. 7.13.2a provides comparison of J measurements as a function of 

Rather the results are presented graphically and 
1 7 , 1 8  

IC 

l w  t 

i 2w at 

i 
BASE 
METAL 

4" 

(3) 

I I I 

' O L i w  OO 1w zw 300 400 500 " i L ' l w  OO 1w zw 3w 400 5w 

TEMPERATURE I'CI TEMPERATURE (%I 

Fig. 7.13.2. Results of Jlc as a function of temperature for 
unirradiated HT-9 (a) and 9Cr-1Mo (b) based on miniature compact tension 
specimens. 

test temperature for HT-9 base metal, weld metal and HA2 metal and Fig. 

7.13.2b provides similar comparison for modified 9Cr-1Mo base metal and 

weld metal. 

modified 9Cr-1Mo are not very different from those of the base metal. 

The temperature dependence is altered but the magnitude of Jlc is not 

significantly affected. Perhaps most surprisingly, the HT-9 weld metal 

and HAZ specimen were found to be significantly tougher than the base 

Fracture toughness values of weld specimens of HT-9 and 
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metal at 205'C. 
of martensitic stainless steels as measured by miniature compact tension 

tests is not significantly reduced due to welding providing that the welds 

are subsequently tempered. 

These results therefore demonstrate that the toughness 

7.13.4.4.2 Fractography. The fracture surfaces of miniature com- 

pact tension specimens display three general features. The region which 
was formed during fatigue precracking is generally flat and contains 

many river pattern steps which define the direction of crack propagation. 
The limits of this region define an arc or thumbnail shape which identi- 

fies the position of the crack prior to toughness testing. Adjacent to 
this region is a triangular region which is fairly flat and locates the 

material through which the crack propagates during J-R testing. That 

this i s  the area of greatest interest is demonstrated by heat tinting 

the freshly cracked region following J- R testing and prior to complete 

failure. The third region includes the remainder of the fracture surface; 

it is generally steeply sloped (at an angle of 45O to 60' to the fatigue 

surface) and often defines a trough on the fracture surface running from 

the triangular region to the ligament which last joins the specimen. 

From the above description, it is possible to understand why a miniature 

compact tension specimen may successfully provide Jlc data despite the 

tendency for plane stress controlled fracture. Test data is only obtained 

during the early stages of crack propagation, and early propagation occurs 
in the center of the specimen well away from the specimen surfaces. 
Furthermore, because planar symmetry exists along the center plane of 

the specimen parallel to the flat specimen surfaces, plane strain must 
theoretically occur precisely at the center of the crack tip. 

Therefore, fractographic analysis is centered on the triangular 
region bordering the fatigue precracked surface. This triangular region 
is shown in part (a) of Figs. 7.13.3, 7.13.4 and 7.13.5 for €IT-9 HAZ and 
weld metal and modified 9Cr-1Mo weld metal respectively. 

figures provide four views of each specimen condition and is arranged to 

show in three dimensions the edge of the fatigue surface and the adjacent 

triangular region for both fracture surfaces. 

scope) one should see a central line separating the two halves of the 

Each of these 

In stereo, (using a stereo- 
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Fig. 7.13.3. Fractographs of an HT-9 HAZ minia ture  compact tens ion  
specimen t e s t e d  a t  205°C displayed a s  s t e r e o  p a i r s  t o  show both ha lves  
of t h e  f r a c t u r e  su r face  a t  (a) X36 and (b) X200. 
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Fig.  7 . 1 3 . 5 .  Fractographs of a 9Cr-1Mo w e l d  metal miniature compact 
tension specimen tested a t  205°C displayed as  stereo pairs  to show both 
halves of the fracture surface a t  (a) X36 and (b) X200. 
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fatigue surface with the fracture surface to the right of that line 
exactly matching the fracture surface to the left. 
the right in each of these series also contains a dashed line which 
records the extent of the heat tinted region. 
the viewer should be able to envision the path which the crack took as 
the specimen was pulled apart (as if the fracture surface were folded 
open at the central line). 

The micrograph to 

For each of these figures 

From parts (a) of Figs. 7.13.3, 7.13.4 and 7.13.5 the following 
observations can be made. 
the HT-9 specimens but the 9Cr-1Mo specimen contains a large bump in the 
fatigue surface and the remainder of the fatigue surface contains large 
undulations. 
triangular region in all cases is difficult to see at X36 magnification 
and is on the order of 1 mm in width on the micrographs. The fracture 
surfaces created during the J-R test are very different from the fatigue 
surfaces. The features are more equiaxed and in many cases evidence for 
dimple rupture (cup-shaped features) can be seen. However, in every case, 
the larger undulations match up on both halves of the fatigue surface 
(one half containing a protrusion and the other containing a depression). 
Therefore, the cracks must be following weaknesses in the microstructure 
and the fracture process is very microstructure sensitive. 
observations are of particular note. First, both weld metal fracture 
surfaces appear to contain two structure morphologies whereas the HA2 

is more uniform. The best example of the two morphologies is shown in 
Fig. 7.13.5, the 9Cr-1Mo specimen, where a central rib extends from the 
fatigue surface bump, 
that on adjacent regions. 
phase microstructure in the weld metal specimens. Second, these adjacent 
regions in the 9Cr-1Mo specimen appear to be quite planar, and further 

coment about these features will be forthcoming. 

The fatigue surfaces are relatively flat for 

The stretch zone separating the fatigue surface from the 

Two further 

The texture of that rib appears much finer than 
This appears to be a demonstration of a two 

Parts (b) of Figs, 7.13.3, 7.13.4 and 7.13.5 provide the same infor- 

mation using the same format at higher magnification. However, only the 
central portion of the triangular region immediately adjacent to the 
fatigue surface is shown. In each case, the stretch zone can be seen at 

higher magnification and is defined by the relatively featureless region 
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adjacent to the fatigue zone. The stretch regions contain steeply inclined 
surfaces and many examples of cracks or tears in the stretch zones can 

be identified. Adjacent to the stretch zone, are regions containing 

examples of dimple rupture. The modified 9Cr-1Mo specimen contains a 

finer distribution of smaller cups but good examples of matching cups 
can be found in the opposite halves of the HT-9 fracture surfaces as well. 

From Figs. 7.13.3, 7.13.4 and 7.13.5, it is possible to demonstrate 

that the sequence of events depicted in Fig. 7.13.1 has occurred in each 

of the miniature compact tension specimens. However, crack propagation 

occurs by formation and coalescence of cavities ahead of the crack tip. 

Often, coalescence requires large shear strains because the cavities do 

not form in a planar array ahead of the crack tip. Also, stretch zone 
formation is not precisely as shown in Fig. 7.13.1 because significant 

amounts of tearing occur during stretch zone formation, and often these 

tears provide a preferred path for further stretch zone formation. 
(Several good examples can be found in Fig. 7.13.3b.) 

Higher magnification fractographs confirm that crack propagation 

occurs by nucleation and coalescence of cavities. Examples shown in 
Fig. 7.13.6 are: a) HT-9 HAZ, b) HT-9 weld metal and c) and d) modified 
9Cr-1Mo weld metal at low and high magnification. Examples of particles 

which provided nucleation sites can be identified for each material. 

particle sizes range from 200 nm to 1500 nm. 

large M C 
for crack propagation. 

The 

This indicates that the 

particles formed during tempering provide the nucleation sites 
23 6 

Several regions in the modified 9Cr-1Mo weld metal fracture surface 

contained planar arrays of well defined cavities. 

planar arrays appears to be martensite lath boundaries. This can be 

demonstrated by metallographic sections of the modified 9Cr-1Mo weld 

metal shown in Fig. 7.13.7a and b. Delta ferrite is not a significant 

component of the structure whereas well defined straight lath martensite 

boundaries are present as a result of the large prior austenite grain 

size in the weld metal. Fig. 7.13.7~ is provided to demonstrate this 

point more clearly. Fig. 7.13.7~ shows a stereo pair of the 9CrrlMo 

weld metal fracture surface after it has been partially masked, polished 

and etched with Vlllela's etch. 

The origin of these 

In stereo, one should see a region in 
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Fig. 7.13.6. Higher magnitication tractograpns snowlng ample 
rupture due to microvoid coalescence. 
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i 

i 

Fig. 7.13.7. Microstructure of the 9Cr-1Mo weld metal showing large 
martensite needles using optical metallography (a) and (b) and showing 
the relationship between martensite lath configuration and fracture sur- 
face topology as a stereo pair (e). 
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the upper part of the micrographs which shows the original fracture surface 

containing a planar array of well defined cavities. At the lower left of 
the micrographs, a different morphology exists consisting of a rough sur- 

face comprised of larger cavities. The region at the lower right has been 

polished and etched to show the martensite laths. The stereo pair was 

taken so the features on the polished surface are horizontal in the stereo 

model and the fracture surface is steeply inclined. By comparison of the 

etched martensite lath configurations with the fracture surface, it can 

be shown that the planar arrays of cavities correspond to martensite laths 

parallel to the fracture surface whereas the rough surface corresponds to 

martensite laths normal to the fracture surface. Therefore, the nucleation 

sites for crack propagation are again identified as M,,C6 particles which 

developed at martensite lath boundaries. 

7.13.4.4.3 COD Measurement. The concept of COD measurement from 

fractographic information has been examined for each of the micrograph 

series shown in Figs. 7.13.3, 7.13.4 and 7.13.5. Parallax measurements 

were made only at points on the fracture surface where opposing locations 
on the two matching surfaces could be unambiguously identified and these 

were referenced to the fatigue surface. Measurement locations were 

between 0.1 and 0.2 mm from the fatigue surface and therefore based on 

J- R curve information for the base these COD measurements 

should be overestimates of 6 . (COD measurement was not possible based 

on stretch zone height15 because the stretch zone was so poorly defined.) 
COD was then determined using the standard relationship 

C 

AH 
ZM sin ( e / z )  t =  (3 )  

where t is the steroscopically measured height, AH is the parallax, M is 

the fractograph magnification and '8 is the tilt angle. 

The COD measurements obtained were as follows: HT-9 HAZ specimen 
TA70, 0.093 t 0.030 mm (standard deviation); HT-9 weld metal specimen 

T761, 0.084 t 0.019 mm; and 9Cr-1Mo weld metal specimen T301, 0.052 

t 0.008 mm. 19,20 Based on an estimate for yield strength at 205OC of 500 MPa 
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and using equation (2) values for m are found to be 1 . 7 ,  1.9 and 2 . 7  

respectively. Such values for m do not appear unreasonable. However, 

the area-to-area variations are unacceptably large and therefore, this 

technique cannot be recommended to provide engineering data. However, 

such measurements do provide improved understanding of the fracture 

process. For example, in the case of the 9Cr-1Mo specimen where two frac- 

ture surface structures could be identified, COD measurement on the two 

structures in adjacent areas give very similar results. These COD measure- 

ments thereEore demonstrate that the two morphologies have similar tough- 

ness and so toughness is controlled by coalescence of cavities and not by 

nucleation events. 

7.13.4.5 Discussion 

The results of this effort provide two topics for discussion 1) effects 

of microstructure on crack propagation and 2 )  applicability of COD measure- 
ments from €ractographic analysis. 

7 . 1 3 . 4 . 5 . 1  Effects of microstructure on crack propagation. A s  is 

often the case, this study of miniature compact tension specimens of 

martensitic alloys tested at 205°C has shown that crack propagation occurs 

primarily by nucleation, growth and coalescence of cavities ahead of 

the propagating crack. Cavity nucleation is associated with precipitate 

particles in a size range typical of M,,C, and therefore it is proposed 

that carbide precipitates provide cavity nucleation sites. However, 

cracks can extend by two other related mechanisms. The crack initially 

extends by stretching in much the same manner as cavities grow: local 

plastic deformation increases the surface area of the crack probably 

by a surface step nucleation process associated with dislocation genera- 

tion or annihilation at the surface. A l s o ,  tearing can occur during the 

stretching process, Tearing is probably the result of local plastic 

instability below the critical stress a and may be a consequence of 

microstructural inhomogeneities. Therefore, we find that microstructure 

plays a strong role in determining the path of the crack. 

C 

However, the microstructure does not necessarily control the tough- 

ness of the material. Unless, the microstructure provides a weak path 



for crack propagation (such as a continuous grain boundary precipitate) 

there will probably be sufficient plastic stretching and cavity growth 

so that the stresses required for crack propagation are in fact a measure 

of the strength of the matrix and no t  the precipitate. Therefore, one 

must be cautious when interpreting fractographic information in order to 

explain toughness response. 

7.13.4.5.2 Applicability of COD measurements. On the other hand, 

COD measurements based on fractographic analysis can be expected to 

provide a direct measure of specimen toughness. The COD measurements 

made in this study do provide a qualitative estimate of toughness in the 

martensitic steels studied (based on the nominal value of m of 2). Also, 

the technique provides the unique opportunity to assess the difference 

in toughness between different components in a complex microstructure. 

However, the technique has definite drawbacks. Large area-to-area 

variations are found. This is believed to be a real effect arising from 

non-uniform crack propagation which becomes masked during the bulk measure- 

ment. Such an effect provides an explanation for the curvature found in 

J-R curves. A second problem is to precisely determine the end of the 
stretch zone. The stretch zone is not well defined when tearing occurs, 

Yet the end of the stretch zone must be precise1.y defined to obtain criti- 

cal COD measurements. (It can be suggested that Provenzano, et. 

have overestimated m because they have misunderstood the consequences 

of tearing in the stretch zone and have therefore underestimated COD.) 
Because the scatter i s  so large for COD measurements based on fractographic 

analysis, it is not recommended that this technique be used to provide 

engineering data. However, the technique does provide a unique investi- 

gative tool for fracture toughness. Consequences of microstructure on 

toughness can be studied and it may be possible to study the effect of 

stress state on toughness by making COD measurements across the complete 

width of a specimen. 

7.13.5 Conclusions 

Fractographic examinations of compact tension specimens of HT-9 HA2 

metal and weld metal and modified 9Cr-1Mo weld metal tested at 205°C have 

demonstrated: 
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1) Crack propagation is a result of microvoid formation at carbide 

particles and microvoid coalescence ahead of the propagating crack, 

2) COD measurements based on stereoscopic fractographic analysis 

can provide a qualitive tool for fracture toughness determination. How- 

ever, the primary use for the technique is expected to be in relating 

effects of microstructure on toughness, for which the technique is uniquely 

suited. 

7.13.6 Future Work 

Fractographic examination on Path E alloys will shift to miniature 

Charpy specimens irradiated in the AD-I1 test. 
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7.14 POSTIRRADIATION NOTCH DUCTILITY OF THE WELD HEAT AFFECTED ZONE 

(HAZ) OF ALLOY HT-9 PLATE (AOD HEAT) - J .  R. Hawthorne (Naval  

Research L a b o r a t o r y )  and J.  C. L i p p o l d  (Sandia  N a t i o n a l  Labora-  

t o r i e s ,  L i v e r m o r e ) .  

7.14.1 A D I P  Task 

The Department o f  Energy (DOE) /Of f i ce  o f  F u s i o n  Energy (OFE) 
has s t a t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  a l l o y s  under t h e  A D I P  p r o -  

gram task .  F e r r i t i c  S t e e l  Development (Pa th  E).  

7.14.2 O b j e c t i v e s  

d i a t e  s i m u l a t e d  we ld  h e a t  a f f e c t e d  zone (HAZ) specimens o f  A l l o y  HT- 

9 p l a t e  (Fus ion  F e r r i t i c  Program r e f e r e n c e  h e a t )  f o r  assessment o f  

288OC r a d i a t i o n  e m b r i t t l e m e n t  s e n s i t i v i t y  as a f u n c t i o n  o f  l o c a t i o n  
i n  t h e  HAZ and 288OC r a d i a t i o n  e m b r i t t l e m e n t  s e n s i t i v i t y  o f  t h e  HAZ 

r e l a t i v e  t o  p a r e n t  m a t e r i a l .  

O b j e c t i v e s  o f  t h e  p r e s e n t  r e s e a r c h  t a s k  were t o  p repare  and i r r a -  

7.14.3 Summary 

A l l o y  HT-9 i s  b e i n g  e v a l u a t e d  f o r  p o t e n t i a l  a p p l i c a t i o n  as a 

f i r s t  w a l l  m a t e r i a l  i n  magnet ic  f u s i o n  r e a c t o r s .  The s i z e  and complex-  

i t y  o f  p r o j e c t e d  components may n e c e s s i t a t e  t h e  use o f  w e l d i n g  f o r  

component f a b r i c a t i o n ;  a c c o r d i n g l y ,  s t u d i e s  o f  A l l o y  HT-9 r a d i a t i o n  
r e s i s t a n c e  c a p a b i l i t i e s  a re  i n c l u d i n g  assessments o f  we ld  d e p o s i t s  

and weld  HAZ m a t e r i a l s .  The p r e s e n t  i n v e s t i g a t i o n  r e p r e s e n t s  a j o i n t  
e f f o r t  by t h e  Naval Research L a b o r a t o r y  (NRL) and t h e  Sandia N a t i o n a l  

L a b o r a t o r i e s  a t  L i ve rmore  (SNLL). 

HAZ and specimens o f  t h e  p a r e n t  p l a t e  m a t e r i a l  were i r r a d i a t e d  a t  288OC 

t o  % 8  x l d 9 n / c m 2  , E >  0.1 MeV. The HAZ specimens were t h e r m a l l y  

c y c l e d  on a G l e e b l e  apparatus ;  i n d i v i d u a l  the rma l  c y c l e s  p r o v i d e d  peak 

tempera tu res  of 1380, 1152, 974 o r  828OC. 

t i l i t y  d e t e r m i n a t i o n s  r e v e a l e d  t h e  HAZ t o  have e s s e n t i a l l y  u n i f o r m  

r a d i a t i o n  e m b r i t t l e m e n t  s e n s i t i v i t y  across i t s  w id th .  I n  a d d i t i o n ,  

Charpy-V (C,) specimens s i m u l a t i n g  f o u r  p o s i t i o n s  across a we ld  

P o s t i r r a d i a t i o n  n o t c h  duc- 
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t h e  d a t a  showed t h e  r a d i a t i o n  r e s i s t a n c e  l e v e l  o f  t h e  HAZ t o  be compar- 

a b l e  t o  t h a t  o f  t h e  p a r e n t  p l a t e .  

f o r  t h e  288OC s e r v i c e  c o n d i t i o n ,  t h e  f r a c t u r e  r e s i s t a n c e  o f  i r r a d i a t e d  

HT-9 weldments w i l l  n o t  be governed p r i m a r i l y  by  t h e  weld  HAZ. 

The r e s u l t s  i n  t u r n  suggest  t h a t ,  

7.14.4 Progress and S t a t u s  

7.14.4.1 I n t r o d u c t i o n  

The f e r r i t i c  s t a i n l e s s  s t e e l  compos i t ion ,  A l l o y  HT-9, i s  b e i n g  

assessed f o r  p o s s i b l e  f i r s t  w a l l  a p p l i c a t i o n s  i n  magnet ic  f u s i o n  reac-  

t o r s  b y  t h e  Magnet ic  Fus ion  M a t e r i a l s  Program o f  t h e  Department o f  

Energy. 

b i l i t i e s  o f  t h e  a l l o y  b e f o r e  and a f t e r  e l e v a t e d  tempera tu re  i r r a d i a -  

t i o n .  I n i t i a l  e v a l u a t i o n s  o f  t h e  a l l o y  i n  r o d  p r o d u c t  f o r m  r e v e a l e d  
a promise f o r  h i g h  temperature ,  h i g h  f l u e n c e  a p p l i c a t i o n s .  The s t u d i e s  

have s i n c e  been extended t o  i n c l u d e  p l a t e  and weldment p r o d u c t s  and 
lower  i r r a d i a t i o n  temperatures  and t y p i c a l l y  a r e  e v a l u a t i n g  f r a c t u r e  

r e s i s t a n c e  by  means o f  n o t c h  d u c t i l i t y ,  dynamic f r a c t u r e  toughness 

and s t a t i c  f r a c t u r e  toughness d e t e r m i n a t i o n s .  
T h i s  s t u d y  b u i l d s  on r e c e n t  i n v e s t i g a t i o n s  o f  p l a t e  performance 

i n  u n i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n s  (see  Repor t  S e c t i o n  7.1 above) 

and HAZ performance i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  (see  Repor t  S e c t i o n  
7.6 above) by  NRL and SNLL. 

p o t e n t i a l  f o r  v a r i a b l e  r a d i a t i o n  e m b r i t t l e m e n t  s e n s i t i v i t y  t h r o u g h  
t h e  t h i c k n e s s  o f  a weld  HAZ t o  i d e n t i f y  t h a t  p o s i t i o n  w i t h i n  t h e  HAZ 

h a v i n g  t h e  p o o r e s t  n o t c h  d u c t i l i t y  and, f i n a l l y ,  t o  de te rm ine  whether 

t h e  weld  HAZ o r  t h e  p a r e n t  (base)  m a t e r i a l  would be t h e  weakest l i n k ,  
i n  terms of p o s t i r r a d i a t i o n  f r a c t u r e  r e s i s t a n c e ,  i n  s e r v i c e .  

mens r e p r e s e n t i n g  b o t h  s i m u l a t e d  we ld  HAZ m a t e r i a l s  and base p l a t e  

m a t e r i a l  f o r  d e t e r m i n a t i o n s  o f  r e l a t i v e  p o s t i r r a d i a t i o n  performance. 
The i r r a d i a t i o n  tempera tu re  o f  288OC was chosen on t h e  b a s i s  o f  d i s c u s-  
s i o n s  w i t h  t h e  sponsor. 

The i n v e s t i g a t i o n s  a re  e x p l o r i n g  t h e  f r a c t u r e  r e s i s t a n c e  capa- 

C u r r e n t  o b j e c t i v e s  were t o  e x p l o r e  t h e  

The exper imen ta l  approach i n v o l v e d  t h e  i r r a d i a t i o n  o f  Cv s p e c i -  
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The material stock for this study was a 1.7 cm thick plate from 
the Alloy HT-9 reference heat (Electralloy No. 9067) prepared by the 
AOD process. 
and longitudinal (LT-strong) orientations; emphasis was given to the 
TL orientation. The HAZ specimens were thermally cycled using a Gleeble 
apparatus and procedures described by Lippold (see Section 7.6 above). 
Four thermal cycles were selected for study: Cycle no. 1 gave a peak 
temperature of 138OoC, Cycle no. 2 gave a peak temperature of 1152OC, 
Cycle no. 3 gave a peak temperature of 974OC, and Cycle no. 4 gave 
a peak temperature of 828OC. All HAZ specimens received a heat treat- 
ment of 760°C for 2 hours after welding simulation. 
of the parent plate consisted of 1O4O0C for 0.5 hours with air cooling 
followed by temper at 760°C for 2 hours. 
perpendicular to the parent plate surface. 

The specimens were taken in the transverse (TL-weak) 

The heat treatment 

Specimen notches were cut 

7.14.4.3 Material Irradiation 
The materials were irradiated at 288OC for 742 hours in a fuel 

lattice position of the water cooled reactor at the State University 
of New York at Buffalo (UBR). The HAZ and plate specimens were com- 
mingled in the irradiation assembly to permit direct comparisons. 
Specimen temperatures during irradiation were monitored continuously 
by means of thermocouples welded to the specimens. 
eter wires were placed within the specimen array for neutron fluence 
determinations but have not yet been analyzed. From the dosimetry of 
the preceding experiment, a fluence (E’0.1 MeV) of 8 x 10’’ n/cm2 is 
estimated. 

Iron neutron dosim- 

7.14.4.4 Results 
Results of pre- and postirradiation tests of the simulated HAZ 

materials are shown in Fig. 7.14.1 (SNLL determinations) and Fig. 7.14.2 
(NRL determinations), respectively. 
from the data are enumerated. 

Observations which can be made 
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(1) 

(2) 

Postirradiation transition temperatures typically are below 
25OC; upper shelf energy levels are above 605. 

essentially overlap; likewise, data for the postirradiation condition 
of Cycles 1, 2, and 4 form a common data scatterband. 

for Cycles 1, 2, and 4 for both the unirradiated and the irradiated 
condition; the magnitude of the displacements, however, are about the 
same. Accordingly, the radiation sensitivity o f  the Cycle 1 material 
appears to be comparable to that exhibited by Cycles 1, 2, and 4. 

The LT test orientation has a somewhat higher postirradia- 
tion upper shelf energy level than the TL test orientation; however, 
transition temperatures (415 index) are nearly the same. 

(5) 
TL orientations) can be attributed to its refined prior austenite grain 
size. 

Figure 7.14.3 illustrates the postirradiation results for the 

Data for preirradiation condition of Cycles 1, 2, and 4 

(3) The data trend for Cycle 3 is displaced to the left of that 

(4) 

The superior notch ductility of Cycle 3 material (LT and 

plate specimens included in the present irradiation experiment (UBR- 
37) and for the specimens (LT 0rientation)included in a prior irradia- 
tion experiment (UBR-35) receiving approximately the same fluence. 
Transition temperature elevations and upper shelf reductions for the 
two orientations are about equal. Note that the LT orientation heat 
treatment: 1O5O0C for 0.5 hours, air cooling, and 78OoC for 2.5 hours, 
differs somewhat from the TL orientation heat treatment. The results 
of Figs. 
have similar radiation embrittlement sensitivities at 288OC and, more 
importantly, that weldment properties will not be governed primarily 
by the HAZ. 

7.14.2 and 7.14.3 suggest that the HAZ and the base plate 

7.14.5 Conclusions 
Two conclusions were drawn from this Alloy HT-9 investigation. 

First, the variation in radiation embrittlement sensitivity through 
the thickness of a weld HAZ is small or negligible for 288OC service 
conditions. Equally important, the weld HAZ does not offer inferior 
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Fig. 7.14.3. Pre- and Postirradiation Notch Ductility of Parent 
Plate Material Used for the Simulated Weld Heat Affected Zone Mate- 
rials. The Irradiation Experiment UBR-35 (LT Orientation) refers t o  
Another Study, see Section 7.1 above. 

postirradiation notch ductility compared to its parent plate for the 
fluence condition studied. Confirmation of these conclusions for the 
high fluence case will be beneficial to future design applications. 

7.14.6 References 
1. J. R. Hawthorne and F. A. Smidt, Jr., "Evaluation of Fracture 

Resistance of Ferritic Stainless Steels for First Wall and Blanket 
Applications," J. Nucl. Matls. 103 & 104:883-886 (1981). 

2. F. A. Smidt, Jr., J. R. Hawthorne, and V. Provenzano, "Fracture 
Resistance of HT-9 After Irradiation at Elevated Temperature." 
pp. 269-284 in Effects of Radiation on Materials, Tenth Confer- 
ence, ASTM STP 725, D .  Kramer, H. R. Brager, and J ,  s. Perrin, 
Eds., American Society for Testing and Materials, 981. 
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck 
(Oak Ridge National Laboratory) 

There are a large number of planned, in-progress, or completed reac- 

tor irradiation experiments that support the D I P  program. Table 8.1.1 

presents a summary of the parameters that describe experiments that have 

been completed. Experiments that have been removed from the reactor only 

recently, are currently undergoing irradiation, or are planned for future 

irradiation are included in the schedule bar charts of Table 8.1.2. 

Experiments are now under way in the Oak Ridge Research Reactor (ORR) 

and the High Flux Isotope Reactor (HFIR), which are mixed spectrum reac- 

tors, and in the Experimental Breeder Reactor (EBR-II), which is a fast 

reactor. 

During the reporting period experiments HFIR-MFE-RB1 and -RB2, the 
first program experiments to be irradiated in reflector positions of the 

HFIR, were installed. Although the flux is lower at this position than 

in the flux-trap region of the reactor, additional space permits larger 

spceimens to be irradiated. In addition, HFIR-CTR-34 and -35, the first 

elevated-temperature irradiation experiments for determination of impact 

properties of Path E alloys, were installed in the HFIR in peripheral 
target positions (PTP). The last of the series of transmission electron 

microscopy (TEM) disk irradiation experiments, HFIR-CTR-30, completed its 
irradition in the HFIR. 
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8.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - F. W. Wiffen,  
T. K. Roche (Oak Ridge N a t i o n a l  L a b o r a t o r y ) ,  J. W. Davis (McDonnell 
Douglas Company), and T. A. Lechtenberg (General  Atomic Company) 

8.2.1 A D I P  Tasks 

ADIP Task I . D . l ,  Materials S t o c k p i l e  f o r  WE Programs. 

8.2.2 O b j e c t i v e  

Oak Ridge Na t iona l  Labora to ry  m a i n t a i n s  a c e n t r a l  i n v e n t o r y  of 

r e s e a r c h  materials t o  p rov ide  a common supp ly  of m a t e r i a l s  f o r  the 

Fusion Reac to r  Materials Program. This w i l l  minimize un in tended  material  

v a r i a t i o n s  and p rov ide  f o r  economy i n  procurement and f o r  c e n t r a l i z e d  

r e c o r d  keeping.  I n i t i a l l y  t h i s  i n v e n t o r y  i s  t o  focus  on materials r e l a t e d  

t o  f i r s t - w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  r e s e a r c h ,  but  

v a r i o u s  specia l  purpose  m a t e r i a l s  may be added i n  the f u t u r e .  

The use  of materials from t h i s  i n v e n t o r y  f o r  research t h a t  is coor-  

d i n a t e d  wi th  or o t h e r w i s e  r e l a t e d  t e c h n i c a l l y  t o  t h e  Fusion Reactor  

M a t e r i a l s  Program of DOE is encouraged.  

8.2.3 Materials Reques t s  and Release 

Materials r e q u e s t s  s h a l l  be d i r e c t e d  t o  the Fusion Program Research 

Materials I n v e n t o r y  a t  ORNL ( A t t e n t i o n :  F. W. Wiffen).  Materials w i l l  be 

r e l e a s e d  d i r e c t l y  i f :  

( a )  The m a t e r i a l  is t o  be used f o r  programs funded by the O f f i c e  of 

Fusion Energy,  w i t h  g o a l s  c o n s i s t e n t  w i t h  the approved Materials Program 

P l a n s  of t h e  Materials and R a d i a t i o n  E f f e c t s  Branch. 

( b )  The r e q u e s t e d  amount of m a t e r i a l  i s  a v a i l a b l e ,  wi thou t  compro- 

mis ing  o t h e r  i n t e n d e d  u s e s .  

Materials r e q u e s t s  that  do not s a t i s f y  bo th  ( a )  and ( b )  w i l l  be 

d i s c u s s e d  w i t h  the s t a f f  of t h e  Materials and R a d i a t i o n  E f f e c t s  Branch, 

O f f i c e  of Fusion Energy,  f o r  agreement on a c t i o n .  

8.2.4 Records 

Chemistry and materials p r e p a r a t i o n  r e c o r d s  are main ta ined  f o r  a l l  

i n v e n t o r y  m a t e r i a l .  A l l  materials s u p p l i e d  t o  program u s e r s  w i l l  be 

accompanied by summary c h a r a c t e r i z a t i o n  in fo rmat ion .  
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8.2.5 Summary of  Cur ren t  I n v e n t o r y  and Material Movement During P e r i o d  
October  1, 1981 t o  March 31, 1982 

A 15 Mg h e a t  of 12 Cr-1 MoVW f e r r i t i c  s tee l  (HT9) was procured by 

Genera l  Atomic Company from the E l e c t r a l l o y  Corpora t ion .  It w a s  me l t ed  by 

the argon-oxygen d e c a r b u r i z a t i o n  method (AOD). The d e s c r i p t i o n  of the 

c o n v e r s i o n  was r e p o r t e d  i n  a p r e v i o u s  ADIP q u a r t e r l y . '  Half  of t h e  h e a t  

w a s  r emel ted  by the e l e c t r o s l a g  r e m e l t i n g  p r o c e s s  (ESR) and conver ted  t o  

f i n a l  product  f o r m  by U n i v e r s a l  Cyclops. The convers ion  and chemical  

a n a l y s e s  a r e  d i s c u s s e d  i n  Sect .  7.4 of t h i s  p r o g r e s s  r e p o r t .  

A condensed,  q u a l i t a t i v e  d e s c r i p t i o n  of the c o n t e n t  of materials i n  

t h e  Fusion Program Research Materials I n v e n t o r y  is g i v e n  i n  Table  8.2.1. 

Th i s  t a b l e  i n d i c a t e s  t h e  nominal d iamete r  of rod or t h i c k n e s s  of s h e e t  f o r  

p roduc t  forms of each a l l o y  and a l s o  i n d i c a t e s  by weight t h e  amount of 

each a l l o y  i n  l a r g e r  s i z e s  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o t h e r  

p roduc t  forms as needed by t h e  program. Tab le  8.2.2 l i s t s  materials 

r e c e i v e d  i n t o  the i n v e n t o r y  d u r i n g  t h i s  r e p o r t i n g  pe r iod .  Tab le  8.2.3 

g i v e s  t h e  materials d i s t r i b u t e d  from t h e  inven to ry .  

Al loy composi t ions  and more d e t a i l  on t h e  a l l o y s  and t h e i r  procure-  

ment a n d / o r  f a b r i c a t i o n  are g iven  i n  earlier ADIP q u a r t e r l y  p r o g r e s s  

r e p o r t s .  

8.2.6 Refe rence  

1. T. A. Lechtenberg,  R. D. S tevenson,  S. N. Rosenwasser,  B. E. Thurgood, 

and L. D. Thompson, "Procurement of N a t i o n a l  12 C r  Heat and E v a l u a t i o n  

of Welding Procedures  f o r  I r r a d i a t i o n  Specimens," A D P  Quart. Prog.  

Rep.  March 31, 1980, DOE/ER-0045/2, pp. 109-31. 
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Table 8.2.1. Summary S ta tus  of Mater ia l s  Available in 
t h e  Fusion Program Research Mater ia l s  Inventory 

Product Form 

Thin-Wall 

Wall Thickness 

Sheet 

(m) 

Ingot  or Rod Alloy 
Bar,Q Tubing. Diameter Thickness  

Weight (mm) 
( k g )  (m) 

P n t h  A Alloys 
Type 316 S S  900 16 and 7.2 
Pa th  A PCAb 490 12 
USSR - Cr-fin S t e e l '  - 10.5 
N o w m e  30d 

PE-16 

8-2 
8-3 
8-4 
8-6 

n- 1 

Ti-64 

Ti-6242s 

Ti-562 1 S 
Ti-38644 
N b I X  Zr 

N b 5 %  M-l% Zr 

-20% Ti 

V--15% Cr-5% Ti 

VANSTAR-7 

- 18.5 

Path  B A l l o y e  

140 16 and 7.1 
180 
I80 
180 

- 
- 
- 

1 no 
180 

- 
- 

P a t h  C Alloys 
. 

- 63 

- 6.3 

- 6.3 

- 6.3 

6.3 - 

13 and 7.9 

2.6 
13 

10 

13 and 1.6 

2.5 and 

6.3, 3.2, 
and 0.76 

2.5 and 0.16 
0.76 and 0.25 

0.76 

2.5, 1.5, 
and 0.76 

2.5, 1.5. 
and 0.76 

2.5, 1.5, 
and 0.76 

2 .5 ,  1.5. 
and 0.76 

2.5. 1.5, 
end 0.76 

P a t h  D A l l o p  - Wo Material in Invextory 
P a t h  E AZloys 

HT9= (ADD f u s i o n  h e a t )  3400 - 28.5. 15.8, 

HT9 (AODlESR 
fueion h e a t )  

9.5, and 3.1 

end 75 9.5. and 3.1 
- 25, 50, 28.5, 15.8, 

HT9 . 
HT9 + 1% Ni - 
HT9 + 2% N i  
HT9 + 2% N i  - 

T-9f modi f ied  - 
T-9 modi f ied  + 2% N i  ~ 

T-9 modi f ied  + 2X Ni - 
2 114 Cr-1 HO - 

- 
+ C r  a d j u s t e d  

+ Cr a d J u s t e d  

- 4.5 and 18 
4.5 and 18 
4.5 and 18 
4.5 and I8  

- 
. 
- 
- 4.5 and 18 
. 4.5 and 18 

4.5 and 18 - 
- 9 

%eater t h a n  25 mn, minimum dimension. 

%'rime Candidate  Alloy.  

%d and s h e e t  of a USSR stainless steel s u p p l i e d  under  t h e  U.S.-USSR 

dNONHAGNE 30 is an a w t e n i t i c  s t e e l  wl th  base cornpoet t ion Fe-14Z &- 

Fusion Reactor H a t e r i a l a  Exchange Program. 

2% Ni-2% Cr. It was s u p p l i e d  t o  t h e  i n v e n t o r y  by t h e  J a p a n e s e  Atomic Energy 
Research I n s t i t u t e .  

'Alloy 12 Cr-1 MOVW, w l t h  compos i t ion  equivalent to Sandvik alloy HT9. 

fT-9 is t h e  a l l o y  9 Cr-1 MoVNb. 

@Material is th ick- wal l  p i p e ,  r e r o l l e d  as n e c e s s a r y  t o  produce sheet 
or rod.  
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Table 8.2.3. Fusion Program Research Materials  Inventory, 
Disbursements 10-1-81 t o  3-31-82 

Alloy 
Quant i ty  Prodact  Dimensions a 

(m) (mZ) Form (mm) 
Heat s e n t  

t o  

P a t h  A A t t o y s  - Austenitic Sta in less  Steete  

Type 316 s t a i n l e s s  steel  X-15893 P l a t e  
r e f e r ence  hea t  

Rod 

Path A-PCA K-280 Sheet 

Sheet 

Rod 

Rod 

Rod 

Sheet 

Tubing 

0a I- 

0a F 

12.7 

13.7 

0.41 

0.76 

4.19 

6 .9  

1.81 

0.51 

4.57 OD x 
0.254 w a l l  

102 

102 

0.186 

2.9 

0.043 

0.73 

1.57 

13.2 

2. I 

0.12 

2 . 3  

1.83 

0. I 5  

+I5 Cr--5 T i  

12 cr-1 Hovw 

Path C Atloye ~ Reactive m d  Refraetopy  A t l o y e  

834-6 Sheet 0.01 0.033 

AOD, 9607 Sheet  28.5 0.30 

P a t h  E A t t o y s  - Ferritic S t e e l s  

Sheet 28.5 0.28 

Sheet  28.5 0.25 

Sheet 15.8 0.73 

Sheet  15.8 0.04 

Sheet 15.8 0.30 

Sheet  15.8 0.05 

Sheet 15.8 0.07 

Sheet  9.5 0.32 

Sheet  9.5 0.67 

Sheet  9.5 3.2 

12 Cr-1  MOW AODIESR- Sheet  28.5 1.0 
9607R 

3587 
12 Cr-1 MoVW ESR-XAA- Sheet 0.76 0.0064 

2 114 Cr-1  Mo 72768 Sheet  0.76 0.013 

B a t t e l l e  Pacific 

Metals  processing croup ,  
Northwest Labora to r i e s  

OWL 

O W L  

ORNL 

OWL 

Rad ia t i on  E f f e c t s  Group, 

Rad ia t i on  E f f e c t s  Group ,  

Radia t ion  E f f e c t s  Group, 

Rad ia t i on  E f f e c t s  Group, 

Radiar ion  E f f e c t s  Group. 
nRNL 

ORNL 

Madison 
U"iYec'sity of Wisconsin, 

HEUL 

Metals  Process ing  Group. 

E666 Idaho. Inc. 
ORNL 

Westinghouse 

Mechanical P r o p e r t i e s  
Group, ORNL 

Sandia Livermore 
Labora tory  

B a t t e l l e  P a c i f i c  
Northwest L a b o r a t o r i e s  

Sandia Livermore 
Labora tory  

Argonne Na t iona l  
Labora tory  

B a t t e l l e  Pacific 
Northwest L a b o r a t o r i e s  

Mechanical P r o p e r t i e s  
Group, ORNL 

Naval Research 
Labora tory  

Rad ia t i on  E f f e c t s  Group, 
O W L  

Mechanical P r o p e r t i e s  
c roup,  ORNL 

Sandia Livermore 
Labora tory  

Sandia Livermore 
Labora tory  

Madison 

Madison 

u n i v e r s i t y  of Wisconsin, 

Unive r s i t y  of Wisconsin. 

%Characteristic dimension - t h i cknes s  f o r  p l a t e  and s h e e t .  d iameter  f o r  rod and tubing .  



9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES 

481 



482 

9.1 CORROSION OF AUSTENITIC, FERRITIC, AND LONG-RANGE-ORDERED ALLOYS IN 
FLOWING LITHIUM - P. F. Tortorelli, J. H. DeVan, and C. T. Liu - 
(Oak Ridge National Laboratory) 

9.1.1 ADIP Task 
ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility 

Analyses. 

9.1.2 Objective 

The purpose of this task is to evaluate the corrosion resistance of 

candidate first-wall materials to flowing lithium in the presence of a 

temperature gradient. Corrosion rates (in both dissolution and 
deposition) are measured as functions of time, temperature, additions to 

the lithium, and flow conditions. These measurements are combined with 

chemical and metallographic examinations of specimen surfaces to establish 

the mechanisms and rate-controlling processes for dissolution and deposi- 
tion reactions. 

9.1.3 Summary 

Results from lithium thermal-convection loop (TCL) tests of type 316 

stainless steel, Sandvik HT9, and a long-range-ordered (LRO) alloy com- 
posed of Fe-31.8 Ni-22.5 V-0.4 Ti (wt %) are reported. Type 316 stainless 
steel and HT9 had similar steady-state dissolution rates at 500'C. 

LRO alloy was rapidly corroded in type 316 stainless steel TCLs. However, 

results from isothermal tests in lithium showed that dissimilar-metal 

transfer probably made a very significant contribution to the overall LRO 

alloy corrosion rate measured in the above experiments. 

The 

9.1.4 Progress and Status 

We have continued our mass transfer studies in flowing lithium using 

previously described' TCLs with accessible specimens. 

designed so that lithium samples can be taken and corrosion coupons can be 

withdrawn and inserted without interrupting the lithium flow. In the pre- 
ceding progress report,2 dissolution rate data from one such loop of 

type 316 stainless steel was reported as a function of the maximum loop 

These loops are 
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temperature, TmX. 

t i o n  of time a t  600’C and then Tmax was var ied  while a cons tant  tem- 

pera tu re  d i f f e r e n t i a l  of 150°C was maintained across  the  loop. The 

s teady- sta te  d i s so lu t ion  r a t e  a t  each temperature, R,, was obtained from 

t h e  s lope of the  l e a s t  squares f i t  l i n e  on a weight l o s s  versus exposure 

time p l o t .  

reported fo r  maximum temperatures of 500, 550, and 600°C. Since then,  we 

have operated the  loop a t  a Tmax of 500°C f o r  an a d d i t i o n a l  3500 h i n  

order  t o  obta in  a b e t t e r  value f o r  the  s teady- sta te  d i s s o l u t i o n  r a t e  a t  

t h a t  temperature ( see  Fig. 9.1.1). The new data r e su l t ed  i n  a lower 

The d i s so lu t ion  r a t e  was f irst  e s t ab l i shed  a s  a func- 

In  the  preceding progress  r e p o r t , 2  such d i s s o l u t i o n  r a t e s  were 
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Fig .  9.1.1. Weight Loss Versus Exposure Time f o r  Type 316 S t a i n l e s s  
Steel  a t  Various Maximum Loop Temperatures. 

d i s s o l u t i o n  r a t e  (0.4 mg/m’-h) than repor ted  previously’ but does not 

s i g n i f i c a n t l y  a f f e c t  the  apparent a c t i v a t i o n  energy ( see  ref. 2) .  The 

s teady- sta te  d i s so lu t ion  r a t e s  measured i n  t h i s  TCL f o r  type 316 s t a i n l e s s  

s t e e l  a r e  the re fo re  

500 0.4 
550 3.6 
600 13.6 
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After  opera t ing  a t  a Tux of 50OoC, we then increased the  maximum tem- 

pe ra tu re  t o  600'C and, as  shown i n  Fig. 9.1.1, observed a r e tu rn  t o  a 

cor ros ion  r a t e  t h a t  is approximately the  same as  t h a t  measured e a r l i e r .  

We have recent ly  s t a r t e d  operat ion of a li thium- type 316 s t a i n l e s s  

s t e e l  loop i n  which path A PCA specimens with d i f f e r e n t  thermomechanical 

t rea tments  a r e  being exposed. In  add i t ion  t o  y i e ld ing  information on the  

d i s s o l u t i o n  r a t e  of PCA r e l a t i v e  to  t h a t  of s tandard type 316 s t a i n l e s s  

s t e e l ,  t h i s  s e r i e s  of experiments w i l l  allow an i n i t i a l  determination of 

the  e f f e c t s  of micros t ruc ture  on corrosion 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  

by l i thium. 

During the  period s ince  the  preceding progress  r e p o r t , 2  a li thium- 

Sandvik HT9 TCL of the  type described above began opera t ion  with a Tmax of 

500°C and a AT of 1 5 O O C .  The weight l o s s  versus exposure time data  fo r  

the  HT9 specimen at  500°C are shown in  Fig. 9.1.2. Note t h a t  the d isso lu-  

t i o n  r a t e  r ap id ly  decreased and t h a t  an approximate d i s s o l u t i o n  r a t e  can 

be got ten  f r o m  the  s lope of the  l e a s t  squares f i t  l i n e  between 1000 and 

5060 h. 

which i s  the  same value as  t h a t  measured f o r  type 316 s t a i n l e s s  s t e e l  a t  

This rate  fo r  HT9 in  thermally convective l i t h ium i s  0.4 mg/m2.h, 
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Fig. 9.1.2. Weight Loss Versus Exposure Time fo r  HT9 Exposed t o  
Flowing Lithium at  500°C. 



500°C ( s e e  above). This is  not unexpected, however, s ince  a t  steady s t a t e  

t h e  su r face  compositions of exposed type 316 s t a i n l e s s  s t e e l  and HT9 

probably do not d i f f e r  grea t ly .  I n i t i a l l y ,  the  type 316 s t a i n l e s s  s t e e l  

i s  p r e f e r e n t i a l l y  depleted of n icke l  and a f e r r i t i c  sur face  is  formed.3 

Its chromium concentrat ion is  a l s o  reduced so t h a t ,  when a s teady- sta te  

condi t ion  i s  reached, the  sur face  compositions of the  type 316 s t a i n l e s s  

s t e e l  and HT9 would be s imi lar .  This does not necessa r i ly  mean t h a t  the  

s teady- sta te  d i s so lu t ion  r a t e s  of the  two a l l o y s  should be exac t ly  the  

same because of poss ib le  so l id- sta te- di f fus ion  e f f e c t s ,  bu t ,  a s  shown 

here ,  they do not d i f f e r  s i g n i f i c a n t l y  a t  500OC. Because of the  low 

weight l o s ses  a t  500"C, we w i l l  continue to opera te  the  HT9 TCL a t  

Tmax = 500°C i n  order  to obta in  a s t a t i s t i c a l l y  b e t t e r  d i s so lu t ion  r a t e .  

We then plan t o  r a i s e  Tmax i n  order  to (1) compare d i s s o l u t i o n  r a t e s  of 

type 316 s t a i n l e s s  s t e e l  and HT9 at higher  temperatures and (2) u l t ima te ly  

ob ta in  an a c t i v a t i o n  energy fo r  HT9 d i s s o l u t i o n  by flowing l i thium. 

I n  preceding progress we presented r e s u l t s  from experi-  

ments conducted to asses s  the  corrosion r e s i s t a n c e  of an Fe-3.18 Ni- 

22.5 W . 4  T i  (wt %) LR0-35 a l l o y  to flowing l i th ium.  Because of a lack 

of s u f f i c i e n t  LR0 ma te r i a l ,  the  t e s t s  a r e  being conducted i n  t y p e  316 

s t a i n l e s s  s t e e l  TCLs of the kind described above. The use of the  s t a in-  

less  steel loop ma te r i a l  imposes a severe chemical gradient  between t h e  

LRO specimens and the  loop wall ,  e s p e c i a l l y  considering t h a t  su r faces  of 

t h e  loops'  hot legs  have been p r e f e r e n t i a l l y  leached of n i cke l  from p r io r  

exposures t o  l i thium. Such an arrangement provides a worse case fo r  the  

d i s s o l u t i o n  of the LRO a l l o y  i n  flowing l i th ium.  The LRO-35 coupons were 

placed i n  the  two h o t t e s t  pos i t i ons  (600 and 570'C) of two type 316 s t a in-  

less steel TCLs. 

We had previously repor ted2 t h a t  the  LRO specimens corroded very 

r ap id ly  when exposed t o  flowing l i th ium a t  600'C i n  type 316 s t a i n l e s s  

steel TCLs. The r e s u l t i n g  LRO su r faces  were depleted i n  n i cke l  and 

correspondingly enriched i n  i r o n  and vanadium. Corrosion r a t e s  of the  

LRO were much g r e a t e r  than those of type 316 s t a i n l e s s  steel previously 

exposed i n  these  loops. We continued t o  expose the  LRO coupons a f t e r  

5000 h i n  one of the two loops, and the  updated 600'C data fo r  t h i s  TCL 
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are shown i n  Fig. 9.1.3. Note that  t h e  d i s s o l u t i o n  rate ( t h e  s l o p e  of 

t h e  weight l o s s  v e r s u s  t i m e  cu rve)  markedly dec reased  a f t e r  about  4000 h 

such t h a t  two s t r a i g h t  l i n e s  of d i f f e r e n t  s l o p e s  can c l o s e l y  approximate  

t h e  d a t a .  I f  t h i s  is done, one can a s c r i b e  a d i f f e r e n t  d i s s o l u t i o n  r a t e  

t o  each time i n t e r v a l  from the r e s p e c t i v e  s l o p e s .  These r a t e s  are 

135 mg/m2-h f o r  500 h < t < 4000 h and 50 mg/m2.h f o r  4000 h < t < 8000 h ,  

where t i s  the exposure  t i m e .  These rates are much h i g h e r  than  t h a t  f o r  

t h e  s t e a d y- s t a t e  d i s s o l u t i o n  of type  316 s t a i n l e s s  s tee l  i n  t h e r m a l l y  

c o n v e c t i v e  l i t h i u m  (-14 mg/m2.h, see above).  

A f t e r  7500 h of exposure ,  m e t a l l o g r a p h i c  examina t ion  of p o l i s h e d  

c r o s s  s e c t i o n s  r e v e a l e d  a corros ion- induced m i c r o s t r u c t u r e  similar t o  t h a t  

observed a f t e r  2500 h (ref. 2 )  (see Fig.  9.1.4). However, t h e  dep ths  of 

t h e  cor roded  l a y e r s  are c o r r e s p o n d i n g l y  g r e a t e r  f o r  t h e  longer  exposures .  

600 . 
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Fig.  9.1.3. Weight Loss Versus Exposure T i m e  f o r  LRO-35 Exposed t o  
Flowing Li th ium a t  60OoC i n  a Type 316 S t a i n l e s s  S t e e l  Thermal-Convection 
Loop. 



487 

~ ~ ~.. 

Y-183864 Y-  183865 

: ... ,,, 

, 200pm , , 40pm , 

Y-183867 Y-183868 

, 2 M ) p  , , 40pm , 

Fig. 9.1.4. Polished Cross Sections of LRO-35 Exposed to Flowing 
Lithium for  7500 h at (a) 6OOOC and (b) 57OOC. 
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We have not ye t  analyzed these  l aye r s ,  but we may assume t h a t ,  a s  found 

e a r l i e r , 2  they are almost t o t a l l y  depleted of nickel .  

exp la in  the  break in the  weight loss versus exposure time curve shown i n  

Fig. 9.1.3. While we a r e  not sure  about the  reason fo r  such behavior, it 

probably is  r e l a t e d  t o  a reduct ion i n  the  n i cke l  a v a i l a b l e  f o r  the deple- 

t i o n  process s ince  much of the  s t a r t i n g  ma te r i a l  has been consumed and a 

similar break i n  the  curve occurred when the  570°C LRO specimen reached 

about the  same t o t a l  weight loss  (-600 g/m2) a t  about 5500 h (see 

Fig. 9.1.5). It is a l s o  i n t e r e s t i n g  t o  note t h a t  the  LRO specimens in t h e  

o t h e r  TCL did not l o s e  more than about 430 g/m2 before t h e i r  exposures 

were terminated, and their d i s s o l u t i o n  rates t h e r e f o r e  d id  not  show any 

changes with t i m e .  It thus appears t h a t  the  onset of a reduced corros ion  

rate can be co r re l a t ed  with a d e f i n i t e  amount of ma te r i a l  (n i cke l )  removed. 

This may help  

A s  mentioned above, t h e  pos i t ioning  of LRO-35 coupons i n  the f e r r i t i c  

hot  l eg  of a type 316 s t a i n l e s s  s t e e l  TCL imposes a severe chemical 
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Fig. 9.1.5. Weight Loss Versus Exposure Time f o r  LRO-35 Exposed t o  
Flowing Lithium a t  570'C in a 5 p e  316 S t a i n l e s s  S t e e l  Thermal-Convection 
LOOP. 
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gradient and therefore should represent a worse case for dissolution of 

the LRO alloy. In order to qualitatively determine the magnitude of the 

contribution from dissimilar-metal transfer, we conducted capsule tests in 

which LRO alloys were exposed to lithium in capsules of the same LRO alloy 

and 9 Cr-1 Mo steel. In this way, weight changes could be measured under 

isothermal conditions both in the presence and absence of a chemical gra- 

dient similar to that existing in the TCL experiments. The results are 

listed in Table 9.1.1 and show that, while minimal weight losses were 
measured when the capsule and specimen materials were of the same com- 

position, significant weight losses of LRO alloy occurred when the capsule 

material was 9 Cr-1 Mo steel. Although the specimens have not yet been 

metallographically examined or analyzed for concentration gradients, we 

can assume that most of the weight loss  can be attributed to nickel 

transfer and that part of the dissolution weight l o s s  may be offset by 

transfer of chromium in the opposite direction. We can thus conclude from 

the present results that dissimilar metal transfer of nickel makes a 

significant contribution to the large weight losses of LRO-35 reported 

above for the TCL experiments. 

Table 9.1.1. Weight Losses of LRO Specimens 
Exposed to Static Lithium in Capsules of 
Similar and Dissimilar Compositions 

Exposure Weight Specimen Capsule 
Materiala Material Temperature Lossb 

("C) (g/m2) 

LRO-35 LRO-35 650 0.1c 
LRO-35 9 Cr-1 Mo 600 14.1 
LRO-37 LRO-37 600 0.6 
LRO-37 9 Cr-1 Mo 600 18.0 

aLR0-35: Fe31.6 Ni-22.5 V 4 . 4  T i  (wt %). 
LRO-37: Fe-39.5 Ni-22.4 W . 4  Ti (wt X ) .  

bAverage of two specimens unless otherwise 

CAverage of three specimens. 

noted. 
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9.1.5 Conclusions 

1. Initial data from a lithium-HT9 TCL experiment indicated that HT9 

and type 316 stainless steel had similar, low steady-state dissolution 

rates at 500°C (<0.5 mg/m2.h). 

2.  An Fe-31.8 Ni-22.5 W . 4  Ti ( w t  X )  LRO-35 alloy was rapidly 
corroded when placed in type 316 stainless steel TCLs. Exposure to the 
flowing lithium in these loops resulted in severe depletion of nickel from 

LRO-35. Measurements from capsule tests showed that dissimilar-metal 
transfer of the nickel from the LRO coupons to the loop wall probably made 

a very significant contribution to the overall corrosion rate. Rates in 
an all-LRO system should therefore be less than those measured in the 

present tests. 
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9.2 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 
0. K. Chopra, D. L. Smith, and W. E. Ruther (Argonne National 
Laboratory) 

9.2.1 ADIP Task 

ADIP tasks are not defined in the 1978 program plan. 

9.2.2 Objective 

The objective of this program is to investigate the influence of 

chemical environment on the compatibility, corrosion, and mechanical 

properties of structural alloys under conditions of interest for fusion 

reactors. Test environments to be investigated include lithium, lead- 

lithium, helium, and water. Emphasis will be placed on the combined 

effect of stress and chemical environment on corrosion and mechanical 

behavior of materials. Initial investigations are focused on the 

influence of flowing lithium and lead-lithium environments on compati- 

bility and mechanical properties of structural materials. 

9.2.3 Summary 

Compatibility tests were conducted with several candidate 

structural materials to study the corrosion behavior in flowing lithium, 

and fatigue tests were performed with HT-9 alloy specimens that were 

preexposed to lithium. 
ferritic steels is an order of magnitude lower than for the austenitic 

stainless steel. The corrosion rate for cold-worked Type 316 stainless 

steel is a factor of 3 greater than that for the annealed steel. Preex- 

posure (1100 h) of the HT-9 alloy to low-nitrogen lithium has no effect 

on fatigue life. Preliminary scoping studies indicate that V-15Cr and 

V-15Cr-5Ti alloys are highly corrosion resistant in 523 K (250°C) 

deoxygenated water. 

The results indicate that the corrosion rate of 
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9.2.4 Progress and Status 

9.2.4.1 Lithium Environment 

The effects of a flowing lithium environment on the corrosion 

behavior and low-cycle fatigue properties of ferritic and austenitic 

steels are being investigated. Tests are conducted in a forced- 

circulation lithium loop equipped with a cold-trap purification system 

to control the concentration of nonmetallic elements, e.g., N, C ,  and 

H. The cold-trap temperature is maintained at 498 K (225OC). Hot 

trapping with Ti or Zr foils (or use of dissolved getters) was used to 

reduce the nitrogen level to -50 wppm in lithium, which is considerably 

below that attainable by cold trapping. Data obtained from constant- 

stress compatibility tests and continuous-cycle fatigue tests in lithium 

at 755 K (482OC) were presented in earlier 

indicate that for applied stresses below the yield stress of the mate- 
rial, the corrosion behavior of the HT-9 alloy and Type 304 stainless 

steel is independent of stress. The fatigue properties of these 

materials are strongly influenced by the concentration of nitrogen in 

lithium. For example, the fatigue life of the HT-9 alloy in lithium 

containing 100-200 ppm nitrogen is a factor of 2 to 10 greater, 

depending on the value of total strain range, than in lithium with 1000- 

1500 ppm nitrogen. Furthermore, the fatigue life of the HT-9 alloy in 

low-nitrogen lithium is independent of strain rate. During the current 

reporting period, compatibility tests were conducted with several 

candidate structural materials to study the corrosion behavior in 

flowing lithium, and fatigue tests were performed with HT-9 alloy 

specimens preexposed for 4.0 Ms (1100 h) in lithium at 755 K. 

The results 

Flat corrosion coupons that were -72 x 13 mm in size and 0.2 to 

0.5 mm thick were exposed to lithium for 4.7 and 10.8 Ms (1300 and 

3000 h) at 755 K. The ferritic steels (i.e., HT-9 alloy and Fe-9Cr-lMo 

steel) were in the normalized and tempered condition while Types 304 and 

316 stainless steel were solution annealed. A 20% cold-worked Type 316 

stainless steel specimen was also exposed. During exposure, the 
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concentration of nitrogen in lithium was maintained at 50-100 ppm. 
corrosion behavior was evaluated from measurements of weight loss and 
depth of internal corrosive penetration. The results are given in Table 
9.2.1. The dissolution rate (expressed as weight loss per unit area of 
the specimen) for the ferritic steels is an order of magnitude lower 
than that for the austenitic stainless steels and the rate for the cold- 
worked Type 316 stainless steel is a factor of 3 greater than for the 
annealed material. The depth of internal corrosive penetration also 
shows the same behavior. The weight loss for all alloys shows a linear 
dependence with time, i.e., the dissolution rates after 4.7 and 10.8 Ms 
are approximately the same. 
steel, the dissolution rates are a factor of -6 greater than those 
observed in static lithium or thermal convection loops with small 
temperature gradients (i.e., AT - - 150 K).3*4 
in lithium loops with large temperature gradients because of greater 
mass transfer and deposition of metal elements. 

The 

For the HT-9 alloy and Type 316 stainless 

Such behavior is expected 

Table 9.2.1. Dissolution Rate and Depth of Internal Penetration for 
Alloys Exposed at 755 K to Flowing Lithium Containing 
50-100 ppm Nitrogen 

.. Maximum Penetra- 
Dissolution Rate, mglrn'sh tion, urn, after 

Alloy 4.68 Ms (1300 h) 10.8 Ms (3000 h) 10.8 Ms (3000 h) 

HT-9 0.23 
Fe-9Cr-lMo 0.25 
304L SS 2.41 
316 SS 5.13 
316 CW 18.39 

0.45 
0.33 
1.50 
5.40 - 

3 
4 
30 
60 - 

Micrographs of the surface of the specimens exposed to lithium 
for 4.7 and 10.8 Ms are shown in Figs. 9.2.1 and 9.2.2, respectively. 
For all alloys, the surfaces have a pebbled or granular structure. The 
size of the grains is larger after a 10.8-Ms exposure than for a 4.7-Ms 

exposure to lithium. In addition, the austenitic stainless steels, 
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TYPE 316 SS TYPE 316 CW 

TYPE 304 SS HT-9 ALLOY 

Fig.  9 . 2 . 1 .  Micrographs of the Surfaces of the Corrosion Coupons Exposed 
to Lithium for  4.7 M s  (1300 h) a t  755 K. 
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Fig. 9.2.3. Micrographs and Concentration Profiles for Major Elements 
Across the Corrosion Layer of Type 316 Stainless Steel and 
HT-9 Alloy Exposed to Lithium for 10.8 M s  (3000 h) at 755 K. 
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Fig. 9.2.4. Effect of Strain Fate and Lithium Exposure on the Fatigue 
Life of HT-9 Alloy Tested at 482'C in Lithium Containing 
50-200 ppm Nitrogen. 

the lithium-exposed specimens are shown in Fig. 9.2.5. The surface has 

an etched and granular appearance; however, internal corrosive penetra- 

tion is not observed in the specimens. 

9.2.4.2 Water Environment 

A preliminary scoping experiment was conducted to evaluate the 
corrosion resistance of two vanadium alloys (V-15Cr-5Ti and V-15Cr) to 

high-temperature (-523 K) water. Sheet specimens of the two vanadium 
alloys were electropolished, rinsed, and weighed before testing in a 

refreshed autoclave. 

nitrogen. The water was characterized as follows: dissolved oxygen was 

The water was degassed and pressurized with 

I refreshment flow was 

!r at 

'm 

:he specimens (5.5 cm- in 

aLZa, OUumLA-rY LL. I_yLL ,.-.-. LvIIc --yu~ure examination revealed 

ature was maintained 

excursion to 551 K 
.- - 9 

0.04 p p ,  specific conductance was 0.9 who. and 

0.15 mills for the 8-52 autoclave. The test tempe 

523 K for the 0.31-Ms (85.3-h) test (a short-ter 

occurred early in the test). Weight gains for t 

. m a \  a . . m m . r l r a d  i n  'P-hla 0 3 7~ Dn-C-avnne  



498 

a 
j 

I 

Fig. 9.2.5. Micrographs of the Surface and Cross Section of Lithium- 
exposed Fatigue Specimen of HT-9 Alloy. 

Table 9.2.2. Corrosion Weight Gains of Vanadium Alloy Specimens 

Material Specimen Weight Gain, g AW/cm2, ug/cm2 

V-15Cr c-1 4 x 10-6 0.7 
c-2 5 x 10-6 0.9 

V-15Cr-5Ti T-2 1.31 10-4 23.0 
T-2 1.30 10-4 23 .O 

no observable change in appearance. The V-15Cr alloy exhibited better 

corrosion resistance than the V-15Cr-5Ti alloy; however, both alloys 

appear to be highly corrosion resistant in 523 K deoxygenated water. 
For comparison, the corrosion rates for austenitic stainless steels in 

high-purity water are of the order of 6 pg/cm 2 under similar conditions. 

9.2.5 Conclusions 

The corrosion rate of ferritic steels in cold-trapped and flowing 

lithium at 755 K is a factor of -10 lower than for the austenitic 
stainless steels, and the rate for cold-worked Type 316 stainless steel 
is a factor of 3 greater than for the annealed material. The higher 
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corrosion rates for austenitic stainless steels are primarily due to 

selective dissolution of nickel from the steel. For both ferritic and 

austenitic steels, the corrosion rates in cold-trapped lithium are a 

factor of -6 greater than that in static lithium or circulating lithium 

loops with small AT. 

Preexposure of the HT-9 alloy to low-nitrogen lithium has no 
effect on the fatigue life. Although the surfaces of the lithium- 

exposed specimens have an etched appearance, preexposure of the HT-9 

alloy to low-nitrogen lithium does not cause internal corrosive attack. 

Preliminary scoping tests indicate that V-15Cr and V-15Cr-5Ti 

exhibit excellent corrosion resistance in 523 K deoxygenated water. 
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9.3 CORROSION OF AUSTENITIC AND FERRITIC STEELS IN STATIC Pk-17 at. % Li - 
P. F. Tortorelli and J. H. DeVan (Oak Ridge National Laboratory) 

9.3.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and Netallurgical Compatibility 

Analyses. 

9.3.2 Objective 

The purpose of this program is to determine the chemical compati- 

bility of fusion reactor candidate material with possible coolants and 

tritium breeding materials. Specimens are exposed to static lithium and 

lithium-lead melts to identify the kinetics and mechanisms that govern 

corrosion. Other program objectives include (1) to determine the effects 

of N, C, H, and 0 on apparent solubilities of metals in lithium and 

lithium-lead; (2) to determine the carbon and nitrogen partitioning coef- 
ficients between alloys and these melts; ( 3 )  to determine the effects of 

soluble (Ca, Al) and solid (Y, Zr, Ti) active metal additions on corrosion 

by lithium; and (4) to determine the tendencies f o r  mass transfer between 

dissimilar metals. 

9.3.3 Summary 

Specimens of type 316 stainless steel and Sandvik HT9 were exposed to 
static, molten Pb-17 at. % Li. Weight losses of these alloys exposed to 

Pb-17 at. % Li were much greater than those measured in static, pure 

lithium. Decreased weight losses at longer exposure times were thought to 

be a result of possible corrosion product formation on the specimen sur- 

faces due to impurities in the melt. 

9.3.4 Progress and Status 

Molten lead-lithium provides one possible alternative to molten 

lithium f o r  tritium breeding in fusion reactors.' 

studying the compatibility of candidate structural alloys with molten 

lead-lithium by exposing tensile specimens of type 316 stainless steel 

and Sandvik HT9 to the low-melting-point (235OC) eutectic composition of 
Pb-17 at. % Li. The experimental conditions were similar to those used 

We are therefore 
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for pure lithium static tests,' and the specific procedures for 

Pb-17 at. % Li were fully described in the preceding progress report. 

Following exposure of tensile specimens in capsules of similar composition 
containing Pb-17 at. % Li, the specimens were cleaned by immersion in 

liquid mercury and/or pure lithium followed by a water rinse. Use of 

lithium for this purpose was found to be more efficient and did not affect 

the specimens at temperatures near the melting point of lithium. The 
cleaning procedure was repeated until specimen weights became constant, 

which then indicated that most of the residual lead had been removed. The 
lead used in the present experiments was as-received high purity (99.99%) 

metal while the lithium was previously purified by cold trapping and 

gettering. Post-test melting point analysis of the lead-lithium extracted 

from selected capsules indicated that the composition of these samples was 

indeed Pb17 at. % Li. 

3 

In the preceding progress report, specimen weight changes were 

reported for type 316 stainless steel and Sandvik HT9 [Fe-11.3 Cr-1 Mo 

(wt %)]  exposed to static Pb.17 at. % Li at 300 to 500'C for 1000, 3000, 
and 5000 h and 1000 and 3000 h, respectively. More recent results have 

now been gotten for HT9 exposed at 300, 400, and 500°C for 5000 h and for 
type 316 stainless steel at 600 and 700°C for 1000, 3000, and 5000 h. 

These new data are listed in Tables 9.3.1 and 9.3.2, which also contain 

Table 9.3.1. Weight Losses of Type 316 
Stainless Steel Exposed to 

Static Pb17 at. % Li 

Exposure Weight Lossa (g/m2) 
Temperature 
("0 1000 h 3000 h 5000 h 

300 0.4 0.4 1.0 
400 0.9 1.2 3.2 

500 7.6 14.6 12.2 

600 12.1 25.9 13.0 

700 6.0 12.0 5.5 

aAverage of measurements from two 
specimens. 
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Table 9.3.2. Weight Losses of HT9a 
Exposed t o  S t a t i c  Pb-17 a t .  % L i  

Exposure Weight Lossb (g/m2) 
Temperature 

("C) 1000 h 3000 h 5000 h 

300 2.3 6.6 6.0 

400 3.2 5.6 5.0 

500 6.5 7.6 7.6 

qormal ized  and tempered. 

bAverage of measurements from two 
specimens. 

the  previously r epor t ed 3 results.  

g r e a t e r  than those measured f o r  specimens exposed i n  argon under otherwise 

i d e n t i c a l  condit ions.  However, the  room temperature t e n s i l e  p rope r t i e s  of 

the  specimens exposed t o  Pb-17 a t .  % L i  were not s i g n i f i c a n t l y  d i f f e r e n t  

r e l a t i v e  t o  the argon-exposed con t ro l  specimens. 

A l l  of these  weight changes a r e  much 

Considerat ion of the  data  i n  Table 9.3.1 revea ls  t h a t  t he re  i s  a con- 

s i s t e n t  decrease i n  the  t o t a l  weight loss of type 316 s t a i n l e s s  s t e e l  

between 3000 and 5000 h a t  500, 600, and 70OoC (see Figs. 9.3.1-9.3.3). 

Addi t ional ly ,  the  weight l o s ses  a t  70OoC were smaller  than those a t  600°C. 

These observat ions i n d i c a t e  a change i n  cor ros ion  mechanism a t  longer  

times and/or higher  temperatures. 

mens a t  500, 600, and 700OC were f i r s t  negat ive,  then became p o s i t i v e  

between 3000 and 5000 h, it appears tha t  some corros ion  product formation 

on the  specimen occurred a t  a r a t e  g r e a t e r  than t h a t  f o r  d isso lu t ion .  

While we would not expect oxidat ion of the  s t e e l  with the  i n i t i a l  l i th ium 

a c t i v i t y  of the  Pb-17 a t .  % L i  m e l t ,  such a process could occur a t  longer 

t imes and higher  temperatures i f  (1)  the  oxygen concent ra t ion  of the  m e l t  

was s u f f i c i e n t l y  high t o  decrease the  l i th ium a c t i v i t y  s u b s t a n t i a l l y  and 

oxid ize  the  corroded s t e e l  sur face  or (2)  t h e  melt composition changed i n  

some o ther  way ( a t  l e a s t  l o c a l l y )  during the  t e s t .  

f i lms  have been shown t o  i n h i b i t  d i s so lu t ion  of s t e e l . 4  

another  impurity may be involved i n  corrosion product formation a t  the  

Since the  weight changes of the  speci-  

In pure lead ,  oxide 

Al t e rna t ive ly ,  
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Fig. 9 . 3 . 3 .  Weight Change Versus Exposure Time f o r  Type 316 Stain-  
l e s s  S t e e l  Exposed t o  S t a t i c  Lithium and P b 1 7  a t .  % Li at  700°C. 

specimen surface.  We a r e  cu r ren t ly  using x-ray d i f f r a c t i o n  t o  determine 

i f  such l aye r s  e x i s t  and, i f  so, t h e i r  composition. Metallographic 

examination of pol ished cross  sec t ions  did not revea l  much evidence of 

such l aye r s  (Fig. 9 . 3 . 4 ) ,  but they may be too t h i n  t o  d e f i n i t i v e l y  iden- 

t i f y  i n  t h a t  manner. An a l t e r n a t i v e  explanat ion for the  increas ing  speci-  

men weights a t  longer times and higher  temperatures may be an i n a b i l i t y  

t o  remove a l l  the  lead  t h a t  has penetrated these  p a r t i c u l a r  specimens. 

However, comparison of the  micros t ruc tures  of the  d i f f e r e n t  specimens 

d id  not revea l  any evidence of such r e s idua l  lead or extended a t t a c k  a t  

longer  times or a t  700°C (Fig. 9 . 3 . 4 ) .  We a r e  continuing our  work i n  t h i s  

a rea  i n  order  t o  b e t t e r  understand and cha rac te r i ze  t h e  cor ros ion  i n  

Pb-17 a t .  % L i .  In add i t ion  t o  the x-ray d i f f r a c t i o n  a n a l y s i s ,  d e t a i l e d  
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Fig. 9.3.4. Polished and Etched Cross Sections of Type 316 Stainless 
Steel Exposed to Pb-17 at. % Li for 5000 h at (a) 600'C. (b )  7OOOC. 
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chemical analyses of the lead-lithium and the surface regions of selected 

specimens and similar type 316 stainless steel capsule tests with pure 

lead are being undertaken. 

It was reported previously3 that lead alloyed with 17 at. % Li was 

more aggressive toward type 316 stainless steel and HT9 than pure lithium. 

The present data are consistent with this finding. Weight changes in 

pure, static lithium and in static Pb-17 at. % Li are plotted versus expo- 

sure time at 500, 600, and 700'C in Figs. 9.3.1 through 9.3.3, respec- 

tively. In each case (type 316 stainless steel at 500, 600, and 700°C and 

HT9 at 5OO0C), the corrosion of the specimens exposed to Pb-17 at. % Li 

was much greater than the negligible corrosion of the specimens exposed to 

pure lithium. However, the influence of impurities in the lead-lithium 

melt is not definitely known at this time and, as mentioned above, further 

work is being done to understand their role. 

9.3 .5  Conclusions 

1. Weight losses of type 316 stainless steel and HT9 exposed to 
static Pb17 at. % Li were much greater than those measured in static pure 

lithium. 

2. Decreased weight losses at longer exposure times were observed 

f o r  type 316 stainless steel exposed at 500, 600, and 700°C. This 

behavior is thought to be caused by possible corrosion product formation 

on the specimen surfaces due to impurities in the melt. 
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9.4 COMPATIBILITY STUDIES OF STRUCTURAL ALLOYS WITH SOLID BREEDER 
MATERIALS - 0. K. Chopra and D. L. Smith (Argonne National Laboratory) 

9.4.1 D I P  Task 

ADIP tasks are not defined in the 1978 program plan. 

9.4.2 Objective 

The objective of this task is to evaluate the compatibility of 

candidate solid breeder materials with structural alloys. The 

interactions between breeder materials and alloys are investigated as a 

function of temperature, time, and environmental parameters (i.e., 

sealed systems or flowing helium environment with different moisture 

content). Reaction rates are determined by measuring the thickness of 

corrosion scales and the depth of internal penetration. These measure- 

ments, coupled with metallographic evaluation of the alloy surfaces, are 

used to establish the mechanisms and rate-controlling processes for the 

corrosion reactions. 

LiA102, Li2Si03, Li2Ti03, and Li2Zr03. 

Breeder materials to be investigated include Li20, 

9.4.3 Summary 

The compatibility of solid Li20, LiA102, and Li2Si03 breeder 

materials with Type 316 stainless steel and HT-9 alloy has been 

investigated at 773 K (500°C). The results show that for Li20, the 

alloy-ceramic interactions at 773 K are similar to that observed at 
973 K (700°C). 
and a thick outer scale that consists of the ceramic material embedded 

with iron-rich corrosion products. 

Li2Si03 show no measurable interaction. 

has been initiated at 823 K (55OOC) in a flowing helium environment 
containing controlled amounts of moisture and hydrogen. 

Both steels show a uniform layer of internal penetration 

Specimens exposed with LiA102 or 

A compatibility test with Li20 



508 

9.4.4 Progress and Status 

A comparative evaluation of the reactivity of the HT-9 alloy and 

Type 316 stainless steel with solid Li20, LiA102, Li2Si03 at 973 K 

(700°C) was presented in an earlier report.' 

specimens packed with the ceramic material were sealed under vacuum, 

enclosed in a quartz tube, and annealed for 3.6 and 7.2 Ms (1000 and 

2000 h). The results indicate that Li20 is the most reactive of the 

three breeding materials. Reactivity of the HT-9 alloy is comparable to 

that of Type 316 stainless steel. Specimens exposed with Li20 developed 

a thick reaction scale that consisted of internal corrosive penetration 

and an outer adherent layer of ceramic material embedded with reaction 
products. Two reaction products, Li5Fe04 and LiCr02, were detected in 

the reaction scales on the HT-9 and Type 316 stainless steel speci- 
mens. 

observed at the alloy-ceramic interface. The results showed that the 
thickness of the reaction scale was the same after 3.6 or 7.2 Ms. 

For these tests, tube 

Li5Fe04 was predominant in the outer scale whereas LiCr02 was 

During the current reporting period, compatibility tests were 

conducted at 773 K (5OOOC) using the capsule-test specimens. After 

annealing for 3.6 and 7.2 Ms, the various specimens were sectioned and 

examined metallographically to determine the thickness of the reaction 

scale and distribution of the constituents in the scale. 

powder in both HT-9 and Type 316 stainless steel capsules was firm and 

compacted, whereas LiA102 and Li2Si03 retained a loose and powdery 

appearance after the test. Furthermore, specimens exposed with Li20 had 

an adherent and brownish layer of reaction scale; consequently, the 

thickness of the specimens after the test was greater than the initial 

thickness. 

The Li20 

The total thickness of the reaction scale was obtained from the 

difference between the sound metal remaining (i.e., the unreacted 

material) and the specimen thickness after the test. The depth of 

internal penetration was determined from the difference between the 

initial thickness of the specimen and the sound metal remaining. The 
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average values of total scale thickness and depth of internal penetra- 

tion for the HT-9 alloy and Type 316 stainless steel exposed with Li20 

at 773 K for 3.6 and 7.2 Ms are given in Table 9.4.1. Data from the 

test at 973 K are included for comparison. The results at 773 K are 
similar to those observed at 973 K, i.e., the specimens show some 

internal penetration and an outer reaction scale. The values of total 

scale thickness and penetration are the same after 3.6 and 7.2 Ms. 

Also, the reactivity of the HT-9 ferritic steel is not significantly 

different from that of Type 316 stainless steel. For both steels, 

values of the total scale thickness and internal penetration at 773 K, 

respectively, are a factor of -3 and 4 lower than those at 973 K. 

Micrographs and concentration profiles for the major constituents 

across the reaction scale on Type 316 stainless steel and the HT-9 alloy 

exposed with Li20 for 7.2 M s  are shown in Figs. 9.4.la and b, respec- 

tively. The black region in the micrographs is the ceramic material. 

Table 9.4.1. Average Values of Total Scale Thickness and Penetration 
for Alloys Exposed with Li20 at 773 and 973 K 

HT-9 Alloy Type 316 SS 
Total Total 

Temp. , Scale, Penetration, Scale, Penetration, 
K Time, M s  (h) urn pm 

773 3.6 (1000) 29 9 19 5 
7.2 (2000)  19 5 16 4 

973 3.6 (1000) 74 26 51 16 
7.2 (1000) 63 20 59 18 

Both steels show an -4-pnrthick uniform layer of internal penetration 

and an -12-pm-thick outer layer of reaction scale that consists of 

ceramic material embedded with iron-rich reaction products. Chromium is 

not observed in the outer reaction scale. For Type 316 stainless steel, 

enrichment of chromium is observed at the interface between internal 
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Fig. 9.4.1. Micrographs and Concentration Profiles f o r  Major Constitu- 
ents of Type 316 Stainless Steel and IIT-9 Alloy Exposed 
to Liz0 for 7.2 Ms at 773 K. 
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penetration and the matrix, whereas for the HT-9 alloy, the ceramic- 

steel interface shows chromium enrichment. Similar behavior is observed 

for the specimens exposed for 3.6 M s .  

The corrosion behavior of Type 316 stainless steel exposed with 

LizO at 773 K is simiilar to that observed at 973 K. 

interaction between the HT-9 alloy and L i 2 0  is different at 773 and 

973 K. A very selective attack is observed at 973 K, i.e., specimens 

show a network of chromium-rich oxide separated by regions of -98% iron 

matrix. At 773 K, the specimens exhibit a uniform attack. 

However, the 

A very weak interaction was observed for the capsules exposed 

The alloy specimens showed with LiA102 or Li2Si03 breeder material. 

some reaction products at the surfaces, but no measurable internal 

corrosive attack. X-ray diffraction analyses of the specimens are in 

progress to identify the various reaction products. 

A significant result from the capsule-compatibility tests is that 

the thickness of the reaction scale is the same after 3.6 and 7.2 Ms. 

This behavior suggests that the interactions between alloy and ceramic 

stop after a short time. It is probable that in a closed system, such 

as sealed capsules, the chemical activity of the reactive species 
decreases with time. A better understanding of the nature of the 

corrosive interactions can be gained by conducting compatibility tests 

in an open system, i.e., a flowing helium environment with controlled 

partial pressure of oxygen. 

Figure 9.4.2 shows a schematic of the compatibility test facility 

to study the alloy-ceramic interactions in a flowing helium environ- 

ment. 

each consisting of three specimen exposure tubes located inside a 

furnace. 

9.4.3. 

H20, and H2. 

monitoring the flow of individual gas mixtures. The gases enter the 

specimen exposure tube at the back via an inlet tube that extends to the 

front of the exposure chamber to preheat the gases. The gases flow past 

The facility consists of two separate corrosion retort systems, 

A schematic of the specimen exposure tube is shown in Fig. 

The gas environment is provided by premixed gas mixtures of He, 

The exact composition of the environment is established by 
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SOLID BREEDER CORROSION RETORT SYSTEMS 

Gases to speciman 
exoosure tubes 

Flow meters with mete 

I' 
Fig. 9 . 4 . 2 .  Schematic of the Compatibility Test Facility to Study Alloy- 

Ceramic Interactions in a Flowing Gas Environment. 

Fig. 9 . 4 . 3 .  Schematic of the Specimen Exposure Tube. 
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the specimen bundle and exit at the back. The alloy specimens, 

10 x 10 x 0.4 mm in size, are sandwiched between two 10 x 10 x 1.5 mm 
specimens of the ceramic material and mounted in a specimen holder such 

that the surface of the ceramic specimens is exposed to the flowing gas 

environment. The alloy-ceramic couples are assembled inside a glove box 

and transferred to the furnace in a specimen transfer tube fitted with a 

vacuum-tight gate valve. The specimen exposure tubes are evacuated and 

flushed with pure helium before introducing the specimens into the 

furnace. 

A compatibility test with Li20 has been initiated at 823 K in 
flowing helium containing -90 ppm H20 and -1 ppm H2. 

specimens include 20% cold-worked Type 316 stainless steel, HT-9 alloy, 

Fe-9Cr-1Mo steel, and pure nickel. The alloy-ceramic couples will be 

exposed for 1.8, 3.6, and 7.2 Ms (500, 1000, and 2000 h). This test is 

being conducted as part of the cooperative US/Japanese exchange with 

Dr. Kurasawa of the Japan Atomic Energy Research Institute. 

The alloy 

9.4.5 Conclusions 

Data from the capsule compatibility tests indicate that the 

interactions at 773 K between Type 316 stainless steel or HT-9 alloy and 

Li20 are similar to those observed at 973 K. 

the reaction scale and internal penetration is lower at 773 K than at 

973 K. At 773 K, both steels show an -4-um-thick uniform layer of pene- 
tration and an -12-pm-thick outer reaction scale. The thickness of the 
reaction scale is the same after 3.6 and 7.2 Ms. Specimens exposed with 

LiA102 or Li2Si03 show no measurable interactions. A compatibility test 

with Li20 has been initiated at 823 K in a flowing helium environment 

containing 4 0  ppm H20 and -1 ppm H2. 

However, the thickness of 

9.4.6 References 
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