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FOREWORD 

T h i s  r e p o r t  i s  t h e  t w e n t i e t h  i n  a s e r i e s  of Techn ica l  Progress Repor ts  on "Alloy Development fo r  
Irradiation Performance" ( A D I P ) ,  wh ich  i s  one element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  
suppo r t  o f  t h e  Magnet ic  Fus ion  Energy Program of t h e  U.S. Department o f  Energy. Other e lements of t h e  
M a t e r i a l s  Program a r e  

. Damage Analysis and Fimdarnental Studies (DAFSi 

. Plasma-Materials Interaction (MI1 
Special-Fwpose Materials (SFMi 

High Heat Flux ComponeHts 

The f i r s t  seven r e p o r t s  i n  t h i s  s e r i e s  a re  numbered nOE/ET.nflSR/l th rough 7, Th i s  r e p o r t  i s  t h e  
t h i r t e e n t h  i n  a new numbering sequence t h a t  heg ins  w i t h  DOE/ER-flfl45/1. 

The ADIP program element i s  a n a t i o n a l  e f f o r t  composed of  c o n t r i b u t i o n s  from a number of Na t i ona l  
L a b o r a t o r i e s  and o t h e 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 was o rgan i zed  
by t h e  M a t e r i a l s  and Rad ia t i on  E f f e c t s  Rranch, O f f i c e  o f  Fus ion  Enerqy, DOE, and a Task Group on Alloy 
Development for Irradiation Performance, which  now opera tes  under t h e  ausp ices  o f  t h e  Reactor  Techno log ies  
Branch. The purpose o f  t h i s  s e r i e s  of r e p o r t s  i s  t o  p r o v i d e  a wo rk i ng  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  
t h e  use o f  t h e  program p a r t i c i p a n t s ,  f o r  t h e  f us i on  energy program i n  qent ' ra l ,  and f o r  t h e  Department of 
Energy. 

Th i s  r e p o r t  i s  o rgan ized a l ong  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 P lan  of t h e  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 f o l l o w e d  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 h e  work o f  a 
g i v e n  l a b o r a t o r y  may appear th roughout  t h e  r e p o r t .  Chapters 1, 7 ,  8, and 9 r ev i ew  a c t i v i t i e s  on a n a l y s i s  
and e v a l u a t i o n ,  t e s t  methods development, s t a t u s  o f  i r r a d i a t i o n  exper iments,  and c o r r o s i o n  t e s t i n g  and 
hydrogen permeat ion  s t ud i es ,  r e s p e c t i v e l y .  These a c t i v i t i e s  r e l a t e  t o  each of t h e  a l l o y  development paths.  
Chapters 3, 4 ,  5, 6, and 7 p resent  t h e  ongoing work on each a l l o y  development path.  The Tab le  of Contents 
i s  annota ted  f o r  t h e  convenience of t h e  reader.  

Th i s  r e p o r t  has been compi led and e d i t e d  under t h e  guidance o f  t h e  Chairman of t h e  Task Group on A l l o y  
Development for Irradiation Performance. A. F. Rowc l i f fe ,  Oak Ridge Na t i ona l  Labora tory ,  and h i s  e f f o r t s  and 
t hose  of t h e  s u p p o r t i n g  s t a f f  of ORNL and t h e  many persons who made t e c h n i c a l  Con t r i b l J t i ons  a re  g r a t e f u l l y  
acknowledged. T. C. Reuther,  Reactor  Technoloqies Rranch, i s  t h e  nepartment of Energy Counterpar t  t o  t h e  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  ADIP Proqram w i t h i n  M lE .  

G. M. Haas, Chief  
Reactor  Technologies Rranch 
O f f i c e  o f  Fusion Fnergy 
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During t he  pas t  si3: months t he  havdboak e f f o r t  has .hen  d i r ec t ed  towards developing data  

For t h i s  period t he  e f f o r t  has heen t o  maivtain a continuous f low of  data shee t s  

1.1 M a t e r i a l s  Handbook for Fusion Energy Systems (McDonnell Douglas A s t r o n a u t i c s  

s h e e t s .  
i n t o  t he  handbook. 
t o r ing  of t h e  processing of new data shee ts  i n  var ious  s tages  of preparation.  

Frogress has been made towards the  achievement of t h i s  goal by t he  moni- 

1.2 L i f e t i m e  Ana l ys i s :  Thermal ly  D r i ven  Fa t i gue  Crack Growth i n  an HT-9 F i r s t  Wall  
( G A  Techno log ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fracture mechanics ca l cu ln t i ons  are used t o  p red i c t  crack growth behavior i n  ari “7-9 
f i r s t  imll. 

2. TEST MATRICES, EXPERIMENT DESCRIPTIONS, AND METHODS DEVELOPMEh!T . . . . . . . . . . . . . . . . .  
2.1 Neutron Source C h a r a c t e r i z a t i o n  f o r  M a t e r i a l s  Experiments (Argonne Na t i ona l  Laho ra to r y )  . . .  

Dosimetry measurements and ca l cu la t i ons  have been completed f o r  t he  CTR 33-45 and T I  
i r r a d i a t i o n s  in HFIR. 
t h e  PrP posi t iori .  

(Oak Ridge Na t i ona l  Laho ra to r y )  . . . . . . . . . . . .  ,, . . . . . . . . . . . . . . . . . .  
being scaled t o  agree w i th  experimental da ta .  
y i e l d s  176.2 a t .  ppm He (no t  including 2.0 a t .  ppm H E  from 
s t a i n l e s s  s t e e l  i r i  ORR-MFE-4A and 133.0 a t .  ppm He and 9.13 dpa i n  ORR-MFF-4B. 

Neutron f l u x  and damage r a t e s  are q u i t e  s im i la r  to preuious r e s u l t s  i n  

2.2 Neut ron ic8  C a l c u l a t i o n s  i n  Support  o f  t h e  ORR-MFE-4A and -4R Spec t r a l  T a i l o r i n g  Exper iments 

The calcu la ted  ,fluences from the  ongoing three-dimensional neutronic6 ca l cu la t i ons  are 
As of September 30, 1984, t k i s  treatment  

and 11.90 dpa fo r  t y p e  316 

2.3 Opera t ion  o f  t h e  ORR Spec t ra l  T a i l o r i n g  Exper iments (ORR-MFE-4A and ORR-MFE-40) 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The specimens contained i n  
The specimens contained i n  the. ORR-MFE-4A experiment have operated for an equivalent  o f  

986 d a t  30 M4 reac tor  power, with temperatures o f  400 and 33O0C. 
t h e  ORR-MFF-4R experiment have operated f o r  an equivalent  of 787 d a t  30 W reactoP power, 
idith temperatures of 500 and 6 f l O O C .  

2.4 FFTF Fusion I r r a d i a t i o n s  - FFTF Cycles 4-6 (Westinghouse Hanford Company) . . . . . . . . . .  
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2 1  

specimens Were prepared and loaded i n t o  t h ree  in-core can i s t e r s  of t he  Materials  Open 
T e s t  Assembly ( M O T A )  f o r  irradiation d u r i n g  FFTF cycle 4 l rJanuary-Apri t  1 9 8 4 ) .  I r rad ia t i ons  
sere conducted a t  4 0 7 V  I 6 1 1  dpai ,  518OC il4-1~5 dpai and 595OC (14-16 dpa ) .  A l l oy s  empha- 
s i z ed  i n  t h i s  i - i t i a l  i r rad ia t i on  were t h e  m t h  E f e r r i t i c  a l l o y s  HT-9 and 9 Cr- I  Mo, and t h e  
m t h  C vanadium a l l o y s .  

d i a t i o n  during FFTF cyc l e s  5-6 (June 1984-June 19851. New specimens were a l s o  inc luded ,  and 
add i t i ona l  i r rad ia t i on  volume both in-core and below-core ms ava i lab l e  f o r  an expanded t e s t  
matr ix .  I r r a d i a t i o n s  are cur ren t l y  underway during c y c l e s  5-fi a t  3 6 S 0 C  (below-core: 
d p a i ,  a t  425 ,  520 and COOoC ( a l l  25-28 dpaJ and 5oO0C (6-14 dpa ) .  
a c t i v a t i o n  a l l o y s  m s  given f o r  t h i s  i r rad ia t i on .  
during cyc l e s  e 6  w i l l  accumulate approximately 4.5 ,&a. 

These specimens Were e i t h e r  discharged or r e in se r t ed  i n t o  new MOTA hardware f o r  i r ~ a -  

4-7 
Addit ional  emphasis on low 

Specimens i n  t he  peak ,flux p o s i t i o n s  

2.5 Test  M a t r i c e s  f o r  I r r a d i a t i o n  of Path A Prime Candidate and Developmental A l l o y s  i n  FFTF 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

An i n i t i a l  s e t  of transmission e l ec t ron  microscopy ITEM)  d i s k  specimens was assembled 
f o r  i r r a d i n t i o n  a t  approximately 420,  520,  arid f i00oC t o  f l uences  of approximately IS, 4 5 ,  and 
7 5  dpn. 
pe ra tu re s ,  and additional, specimens Idere then reloaded t o  achieve f luences  well  beyond 100 
dpa. 
p o s i t i o n  a t  approximately 600°C. 
d e t a i l e d  specimen loadings are descr ibed .  

Some TEM specimens idere dificharqed a t  approximitely 9.5 t o  15. f i  dpa a t  a l l  t e m-  

Tens i l e  specimens idere a l ~ o  included i n  t he  reload fop i r rad ia t i on  i~ an ahove-core 
The general p a l s  of ;:he experiments are out l ined  and 

V 



2.6 R e i r r a d i a t i o n  i Q  FFTF of S w e l l i n g - s e s i s t a n t  Path A A l l o y s  P r e v i o u s l y  I r r a d i a t e d  i n  HFI? 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

Disks of EA (in several pretreatment c o n d i t i o n s )  and several  heats  of cold-worked !CW) 
t ype  316 and DP t ype  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  have been i r rad ia ted  i n  HFIR a t  300, 504, 
and 600T t o  f l u e n c e s  producing about IO t o  44 ?pa arid 4.50 t o  3600 a t .  ppm He. 
are beiwg re i r rad ia ted  i n  t h e  *'<aterials Open Tes t  Assembly ( W T A )  i n  FFTF a t  500 and 6!?Oo,C, 
t oge ther  (side by side) wi th  previously  uvirradiated d i s k s  of e z a c t l y  t h e  same m a t e r i a l s ,  t o  
greater  than 100 dpa. These samples, many of which have e i t h e r  very f i n e  helium c l u s  
helium bubble d i s t r i b u t i o n s  after HFIR i r r o d i a t i o a ,  are intended t o  t e a t  t h e  poss ib i l  
magnitude of a helium-induced extens ion  of t h e  i n i t i a l  low-swelling t r a n s i e n t  regime r e : i t i u e  
t o  t h e  void srdel l ing behavior normally feud d ~ r i w g  F W F  i r r a d i a t i o n .  .Further, t hese  aanples 
w i l l  reveal  t h e  microstrueturat  s t a b i l i t y  or evo lu t ion  d i f f e r e n c e s  t h a t  c o r r e l a t e  w i t h  such 

These samptes 

hel ium effects. 

2.1 An Assessment o f  He l ium E f f ec t s  on S w e l l i n g  by R e i r r a d i a t i o n  i n  FFTF o f  Path A A l l o y s  
P r e v i o u s l y  I r r a d i a t e d  i n  HFIR (flak Ridge Na t i ona l  Labo ra to r y  and Westinghouse Hanford 
Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

Specimens of  t h e  Fath A EA and of Y - l 3 t  3i6 have been i r rad ia ted  in H.PTR a t  4 9 9  t~ 
600°C t o  f l u e n c e s  producirlg approximately I 0  t o  44 dpa and 500 t o  3600 a t .  ~ p m  .He, i? hnth 
t h e  so lu t ion  anmzaled and 20 t o  2.5% cold-worked cond i t ions .  The c a v i t y  melliwj a r i  t o t a l  
microstructural  evo lu t ion  of m s t  samples have beev observed z ~ i a  transmiss ion e l ec t ron  
microscopy on i d e n t i c a l  d i s k s  i rradiated s ide  by s ide  i n  jl??J?, and immersion d e n s i t i e s  have 
a l s o  been measured pr ior  t o  i n s e r t i o n  i n t o  FFTF/!OTA iVcrterials Open T e s t  Assembly of t h e  
Fast Flux T e s t  F a c i l i t y ) .  
! c y c l e s  5 and 61, s ide  by side wi th  d i s k s  of the  same mater ial  idhich were not previously  
i r rad ia ted  i n  HFIR. 
30 and 60 dpa. 

M i n i a t u r e  T e n s i l e  Tes t  Specimens f o r  Fusion Reactor  I r r a d i a t i o n  S tud ies  (Oak Ridge Na t i ona l  
Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 

used to determine i r rad ia ted  t e n s i l e  proper t i e s  f o r  a l l o y  development .for fusion reac tors .  
The t e n s i l e  proper t i e s  of t y p e  316 s t a i n l e s s  s t e e l  were determined wi th  t h e s e  d i f f e r e n t  
specimens, and t h e  r e s u l t s  Were compared. 
there  were diffeferences t h a t  led  t o  recononendations on which specimens are pre fer red .  

These d i s k s  are curren t l y  being i r rad ia ted  i n  t h e  F F T F / W T A  

These specimens have been div ided i l i to  two subse t s  f o r  d ischarges  a f t e r  

2.8 

Three m i n i n t u r e  sheet- type t e n s i l e  specimens and a miniature  rod- type specimen are  being 

Qeasonably pod agreement ijns observed. Yowevep, 

2.9 The Il.S./Japan C o l l a b o r a t i v e  T e s t i n g  Program i n  HFIR and O R R :  Specimen M a t r i c e s  f o r  HFIR 
I r r a d i a t i o n  (Oak Ridge Na t i ona l  Labora to ry  and Japan Atomic Energy Research I n s t i t u t e )  . . .  6 1  

The e i g h t  capsules  which c o n s t i t u t e  phase I of  t h e  U.S./Japan co l labora t ion  on HFIR 
i r r a d i a t i o n s  haw been inser t ed  i n  HFIR on schedule.  

2.10 Vanadium A l l o y  I r r a d i a t i o n  Test  M a t r i x  i n  FFTF (Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . .  6 3  

Vanadium specimens of PISCr-STi, VANSTAR-7, F 3 T i - I S i ,  and F 2 0 T i  are  being i r rad ia ted  
i n  t h e  FFTF-MOTA experiment.  
microscopy ITEM) d i s k s  were preimplanted With 3He t o  levels  up t o  480 a t .  ppm us ing  t h e  
t r i t i u m  t r ick  and encapsulated i n  TZM capsules containing 'Li. 
i r rad ia ted  t o  damage l e v e l s  up to 165 dpa wi th  i r r a d i a t i o n  temperatures of 420, 520 ,  and 
600OC. 
c y c l e  and had to be replaced.  

I r r a d i a t i o n  Exper iments f o r  t h e  U.S./Japan C o i l a b o r a t i v e  T e s t i n g  Program i n  HFIR and ORR 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6fi 

The assembly of a l l  e i g h t  capsules ,  HFIR JP-1 through JP-fl ,  has been completed, and they  

Miniature sheet  t e n s i l e  specimens and transmiss ion e l e c t r o n  

The specimens w i l l  be 

A l l  of t h e  capsules a t  fi0OoC underwent a temperature excurs ion during t h e i r  i n i t i a l  

2.11 

are  now being i r rad ia ted .  
ORR capsules  for 60°C and ZOO°C >MFE6-J were completed and t h e  capsule was i n ser t ed  i n  t h e  
ORR. Earformanee was s a t i s f a c t o r y  i n  a l l  r e s p e c t s .  

The par t s  f a b r i c a t i o n  assembly and f l o w  t e s t i n g  of t h e  pro to type  

v i  



3. PATH A ALLOY DEVELOPMENT - A U S T E N I T I C  STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . .  68 

3.1 

3.2 

3.3 

The Development of A u s t e n i t i c  S tee l s  f o r  Fast I n d u c e d- R a d i o a c t i v i t y  Decay 
(Oak Ridge Na t i ona l  Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  69 

A program was s ta r t ed  t o  deuelop a u s t e n i t i c  s t e e l s  .fm f u s i o n  r eac to r s  i n  which t h e  

A f t e r  var ious  heat t rea tments ,  op t i ca l  
induced r a d i o a c t i v i t y  decays t o  low b3Vel,s i n  a r easonabk  t ime .  
Fe-Cr-Mn-C a l l o y s  were melted,  c a s t ,  and r o l l e d .  
microscopy s t u d i e s  and magnetic measurements were used t o  a s se s s  t he  micros truc tural  con- 
s t i t u e n t s  present .  

S w e l l i n g  Behavior  o f  T i tan ium - M o d i f i e d  A l l o y s  i n  EBR-I1 (Hanford Eng ineer ing  

Ten small bu t ton  heats  of 

Development Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 

I t  appears t h a t  t i t an ium add i t i ons  t o  s t a i n l e s s  steels covering a wide compositional 
range around t h e  s p e c i f i c a t i o n s  of AIS1 316 r e s u l t  a l y  i n  an increased de lay  period be fore  
neutron-induced void swel l ing  proceeds. Once swel l ing  i s  i n i t i a t e d  t h e  pos t- t rans i en t  beha- 
v i o r  of both annealed and cold-worked t i tanium-modif ied steels is q u i t e  cons i s t en t  w i th  t h a t  
of AISI 316,  approaching a r e l a t i v e l y  temperature- independent swel l ing  r a t e  of -1% per dpa. 

S w e l l i n g  o f  Fe-Cr-Mn Ternary A l l o y s  i n  FFTF (Hanford  Eng inee r i ng  Development Labo ra to ry )  . . 81 

The swel l ing  of e i g h t  simple Fe-Mn binary and Fe-Cr-Mn ternary  a l l o y s  has been measured 

The swel l ing  of t he se  a l l o y s  dmreases  w i th  manganese but  e x h i b i t s  
by an h e r s i o n  d e n s i t y  technigue a f t e r  i r rad ia t i on  a t  -:j20°C t o  3.2 x 

E > 0.1 MeV, or -15 dpa. 
a dependence a manganese content  t h a t  i s  weaker than t h a t  of n i cke l  i n  Fe-Cr-Ni a l l o y s .  The 
dependence a chromium w even weaker, i n  sharp contras t  to t h e  behavior observed i n  Fe-Cr-Ni 
a l l o y s .  

n/crn2, 

The addi t ion  of o ther  so lu t e s  a l s o  decreases t he  swel l ing .  

4. PATH B ALLOY DEVELOPMENT- HIGHER STRENGTH Fe-Ni-Cr ALLOYS . . . . . . . . . . . . . . . . . . . .  83 

5. PATH C ALLOY DEVELOPMENT - REACTIVE AND REFRACTORY ALLOYS . . . . . . . . . . . . . . . . . . . . .  84 

(Argonne Na t i ona l  Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  85 
5.1 So lu te  Segregat ion  and Void Format ion i n  I o n - I r r a d i a t e d  Vanadium-Base A l l o y s  

The mdia t ion- induced  segregation of so lu t e  atoms i i z  t h e  V-150-STi  a l l o y s  Was de t e r-  
mined a f t e r  e i t h e r  s ingle-  dual- ,  or  helium implantat ion fol lowed by s ingle- ion  i r rad ia t i on  
a t  72SDC t o  m d i a t i o n  damage l e v e l s  mng ing  f rom 103 t o  169 dpa. Also,  t h e  e f f e c t  o f  i r ra-  
d i a t i o n  temperature I60D-75O0CI on t h e  microstructure i n  t h e  V - 1 5 C r - 5 T i  a l l o y  was determined 
a f t e r  s ingle- ion  i r rad ia t i on  t o  200 and 300 dpa. 
s i ng l e-  and dual- ion i r m d i a t e d  a l l o y  showed t h a t  t he  simultaneous production o f  i r rad ia t i on  
damage and depos i t ion  of helium re su l t ed  i n  enhanced dep l e t i on  of C r  so lu t e  and enrichment of 
T i ,  C and S so lu t e  i n  t he  near- surface l ayer s  of i r rad ia t ed  specimens. The observations of 
t h e  irradiation-damaged micros truc tures  i n  V-15 C r - S T i  specimens showed an absence of voids 
f o r  i r rad ia t i ons  of t he  a l l o y  a t  fiOD-75O0C t o  200 dpa an3 a t  725OC t o  300 dpa. 
e f f e c t  a t h e  microstructure of t he se  i r rad ia t i ons  was t o  induce t h e  formation of a high 
d e n s i t y  of d i s c- l i k e  p r e c i p i t a t e s  i n  t h e  v i c i n i t y  of grain boundaries and i n t r i n s i c  p rec ip i-  
t a t e s  and on t he  d i s loca t ion  etructuz-e. 

The so lu t e  segregation r e s u l t s  f o r  t h e  

The p r inc ip l e  

5.2 R a d i a t i o n  E f fec t s  i n  Vanadium A l l o y s  i n  Fusion Reactor Environments 
(Argonne Na t i ona l  Labo ra to ry  and U n i v e r s i t y  o f  M i s s o u r i ,  R o l l a )  . . . . . . . . . . . . . . .  

Void and d i s l o c a t i o n  s ink  s t r eng ths  along wi th  t he  net  b ias  

The rmximum r a t e  i s  predic ted  to  be 

9 1  

The m e t l i n g  bshavior of neutron i rradia ted  vanadium has been modelled t o  e s t a b l i s h  t he  
t h e o r e t i c a l  l imi t s  f o r  swel l ing .  
f a c t o r s  f o r  vacancies and i n t e r s t i t i a l 8  have been ca lcu la ted .  
bined t o  p r e d i c t  t h e  mximum steady s t a t e  swel l ing  m t e .  
about O.Z%/dpa which is c lose  t o  t h e  value ca lcu la ted  f o r  f e r r i t i c  s t e e l s  and about a f a c t o r  
o f  seven lower than f o r  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 .  Th i s  value i s  a l s o  cons i s t en t  w i th  t he  
l i m i t e d  i r rad ia t i on  data f o r  vanadium. 

The E f f e c t  of Helium on t h e  T e n s i l e  P r o p e r t i e s  of Several  Vanadium A l l o y s  
(Oak Ridge Na t i ona l  Labo ra to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95 

These f a c t o r s  have been com- 

5.3 

Specimens of t h ree  vanadium a l l o y s  were implanted w i th  d i f f e r e n t  l e v e l s  of 3He using t h e  
t r i t i u m  t r i c k  and subsequently  t e n s i l e  t e s t e d  a t  e levated  temperatures.  
P3T i - IS i  specimens were embri t t led  by 3He a t  a l e v e l  o?" 150 a t .  ppm whi le  t h e  VANSTAR-7 
specimens were not .  The embrit t lement  appeared t o  be caused by ex t ens i ve  3He bubble networks 
and pos s ib l y  p r e c i p i t a t e  p a r t i c l e s  on t he  grain boundaries; hopefu l ly  t h e  bubble d i s t r i b u t i o n  

The F I S C r S T i  and 
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can he changed ( f o r  b e t t e r  ,s imulat ion)  by altering parnmetar.9 o,f t h e  tritium t r i c k .  
r e s u l t s  of the  i w e s t i p t i o n  a l s o  show t h a t  t he  embrittlement resistance of‘ vanadium ?:toys 
can be improved by adjustmenr o,f t h e i r  composition and/or microstructure.  

?e 

5.4 Tens i l e  P r o p e r t i e s  of He l i um- In j ec ted  V-15Cr-5Ti A f t e r  I r r a d i a t i o n  i n  EBR-11 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 

.Miniature specimens of ‘ r 1 5 C r S T i  were prepared i n  t he  amea led  condi t ion  and g ~ i t h  10, 
2 0 ,  and 307” cold work. The annealed specimens Were cyc lo tron  i n j ec t ed  wi th  helium m d  irra- 
diated in sodium i n  EBR-II. 
helium i n j e c t e d .  The specimens were i r r a d i a t e d  a t  400, ,525, 625, orid 700°C and rece ived  n 
f l u e m ~  of 4 .1  to 5.5 x 1026 neutrons/m2 i r  > 0.1 , v eV/ .  
n i f i c a v t  embrit t lewent  as n. r e s u l t  of t he  neutrm i r rad ia t i on  b u t  n much smaller c h a n ~ s ,  
mostly a t  400°c, resultiy from helium i n j e c t i o n .  

The cold-worked specimens were i r rad ia t ed  i n  EBR-I1  but  not 

 ensile t e s t i n g  reuealed verg xi?- 

6. INNflVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104 

7. PRTH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  IO5 

7.1 Charpy Impact Test  Resu l t s  of F e r r i t i c  R l l o y s  a t  a Fluence o f  6 x IO2* n/cm2 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106 

Charpy inpact  t es t s  un specimens i n  t h e  Ad- 2 r e c o n s t i t u t i o n  ezperiment m r e  completel’. 
O m  hundred and t e n  specimens m d e  gf UT-9 base metnl. 8 C r - 1  Uo base metal and 9 C r - I  
weldment at various heat treatment condi t ions  Were tested in temperature range f rom - 7 3 0 ~  t o  
250OC. 
reached 6 x 

a l l o y s  at high j3uence was obtained.  
on t he  i rradia ted  9 Cr-1 Mo weldment are ava i lab l e .  

metal i r radia ted  at 390°C awl 4 5 P C  as the  f luewe  was raised to fi x lo2* .i/cm2. 
i r r a d i a t i o n  temperatures,  howeiier, the  s h i f t  i.1 t r a m i t i o n  temperatiire is less  conclusive. 
F u r t h e ?  redziction in LEG m a  observed a t  h i g h e r  f 7 u m c e  fo r  all. t h e  i r rnd ia t ion  tempsr i tures .  
There i s  no apparent f l u e n c e  effect foor 9 Cr-1 ‘do base metal n t  a l l  t he  irradiation t m -  
peratures  s t ud i ed .  

shous a higher t r a n s i t i o n  temperature (+6OoC) and a higher U S E  (+loo%) a s  compared to the 
9 C r - I  Mo base metal f o r  t h e  snme i r r a d i a t i o n  conditions. 

S i g n i f i c a n t  Gnprovement of both DBTT and IISF 017 HT-9 base metcl specimens fabricated 
.from normalized and tempered p l a t e  s tock was observed over  t h e  UT-9 base metal specimeqs 
f abr i ca t ed  from mill-annealed bar s tock .  

390OC. 
sa turated  a t  6 x lo2’ n/cm2. 
hand, is 91OC f o r  t h e  mltiment and 45OC f o r  base ,metal both i m o d i o t e d  a t  s9O0C. 

Ef fec t  of N i c k e l  Content  on t h e  Aging and I r r a d i a t i o n  Response of Impact P r o p e r t i e s  of 
9 Cr-1 MoVNb and 12 Cr- l  MoVW i n  t h e  Absence of I n t e r n a l  Hel ium E f f e c t s  
( O a k  Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1211 

The specimens were i r radia ted  from 3.9OoC t o  5S f loC  and t he  f luence  of the  specimens 
n/cm2. This  i s  t h e  first time t h a t  the t m i n s i t i o n  behavior of ferritic 

This  is a l s o  the  first time t h a t  comprehensive resz l t s  

The t e s t  resul ts  shoiJ a small additional s h i f t  i n  t r a n s i t i o n  temperature f o r  HT-5 base 
A t  h i j h a r  

Contrary t o  the prev ious  f i n d i n g  on HT-9 base metal nnd weldment, t he  9 C r - 1  MO weldment 

Overall, t he  h ighes t  DBTT encomted f o r  UT-9 a l l o y s  i s  1 4 l o C  fo r  specimens i rradia ted  a t  
The e f f e c t  on t r a n s i t i o n  temperature due t o  addi t ional  w u t r o n  exposure appear; to he 

The  h ighes t  DBTT encouyted for 9 C r- I  .Ilo a l l o y s ,  on t he  o t h e r  

7.2  

Impact t e s t k g  irus completed on aged and E B R- I I  i r rad ia t ed  9 Cr-l,%V,Vb and 12 ??-I ‘YoVW 
O w l y  l i m i t e d  property c h a n p s  s t e e l s ,  each w i t h  arid imitkotut small addi t ions  of n i c k e l .  

r e s u l t e d  f r o m  a g i r g  or i r r a d i a t i v g  t o  I ?  ?pa i n  t h e  tempera iure range of 450OC to 5 5 3 T .  
I r rad ia t i on  of the  12 C r - 1  nloVW a t  39OoC w i t h  an? 8,iithoiit ‘7 cki.1 produced s e ~ e r e  degradation 
of inpact p roper t i e s .  
subsequent radiation-induced channes were s im i la r  regardless  of n i c k e l  content. 

Yicke l  addi t ions  a f f ec t ed  t h e  unirradiated material  p roper t i e s ,  but 

7.3 E f f e c t s  o f  I r r a d i a t i o n  on Low A c t i v a t i o n  F e r r i t i c  A l l o y s  (Hanford Eng inee r i ng  nevelopment 
L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1?R 

rl series of  low ac t i va t i on  f e r r i t i c  a l l o y s  has heen designed,  . fabricated,  i m a d i o t e d  i n  
MOTA 16, and t e s t e d  and ezamined fo l lowing  i r rad ia t i on .  
to 2 1 / 4  Cr-1  Mo wi th  uanadiim suhs t i t u t ed  ,for molybdenum, n l l o y s  s im i la r  t o  9 C r - 1  ‘4.0 w i t h  
t u - p t e n  and/or vanadium subs t i t u t ed  f o r  molybdenum and all.oys s im i la r  to iiT-9 with tl(?gsten 
and/or vanadium subs t i t u t ed  f o r  molyhdenum. 
a l l o y s  can be success/Atly produced in t he  f e r r i t i c  a l l o y  c las s .  
l op  excess ive  i r rad ia t i on  harderiivg due to p r e c i p i t n t i o n  fo l lowing  irradiation a t  4 2 0 o C  an? 
t h e  2 1 / 4  Cr-V and 9 Cr-V/w a l l o y s  deeueloped excess ive  softeqiy due t o  p r e c i p i t a t e  roar- 
seniqg and d is locnt io*  recovery followi?g i r m d i a t i o r i  a t  5 8 5 ° C .  

The ser ies  consis ts  of a l l o y s  s i m i l w  

‘%e r e s u l t s  demonstrate t h a t  low a c t i v a t i o n  
The 2 1 / 4  Cr-V a l l o ~ s  &,>e- 

In comparison, the  12 9 - P I - V  

v i i i  



a l l o y  appears t o  have excelleet proper t i e s ;  Q' p r e c i p i t a t i o n  a t  420OC in- reactor d id  not 
s i g n i f i c a n t l y  increase s t rength  and reasonable s t r eng th  m s  maintained a f t e r  i r rad ia t i on  u t  
585°C probably i n  part due t o  i n t e r m e t a l l i c  p r e c i p i t a t e  d,svetopment. 

7.4 The Development o f  F e r r i t i c  S t e e l s  f o r  Fas t  I nduced- Rad ioac t i v i t y  necay 
(Oak Ridge Na t i ona l  Labo ra to r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 

Tempering s tud i e s  were conducted on e igh t  heats  of normalized chromium-tungsten s t e e l  
t h a t  contained var ia t i ons  in t he  composition of chromium, tungs ten ,  vanadium, and tantalum. 
iiardness measurements aqd op t i ca l  nietallographic observat ions  were used t o  determine a l l o g i n y  
e f f e c t s  on tempering r e s i s t ance  between fi.50 t o  780OC. The r e s u l t s  were compared t o  r e s u l t s  
f o r  analogous chromium-molybdenum s t e e l s .  

7.5 Rapid S o l i d i f i c a t i o n  of Candidate F e r r i t i c  S tee l s  (Mas8ac:husetts I n s t i t u t e  o f  Technology 
and I n d u s t r i a l  M a t e r i a l s  Technology) . . . . . . . . .  ,, . . . . . . . . . . . . . . . . . .  147 

process and 2 1/4 C r- I  Yo s t e e l  ms prepared bg t he  u l t r a s o n i c  gas atomization I U S G A )  pro- 
c e s s .  
segregation.  
w i l l  be compared wi th  those  f o r  conventionally  processed a l l o y s .  

HT-9 and 9 Cr- 1  Mo steel.5 were rapid ly  s o l i d i f i e d  b;i t he  l i q u i d  dyiynamic compaction ( L D C I  

The consoZidation was performed i n  t he  f e r r i t i c  temperature mnge  i n  order t o  minimize 
The aZZo?#s w i l l  he t e s t e d  a t  ORNL using I/:i CVV t e s t  specimens and t he  resu l t s  

7.6 Po isson 's  R a t i o  Measurements 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  
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  152 

Poisson's m t i o  meaSitrements using an u l t ra son i c  te,?hnique over t he  temperature mnge  
room temperature t o  600OC ape reported fo r  UT-9. As much as a 0.1 var ia t i on  is found a6 a 
r e s u l t  of specimen or i en ta t i on .  
concluded t h a t  such var ia t i ons  are common and ape not due t u  o r i en ta t i on  e f f e c t s .  Further 
measurements w i l l  be needed before n design equation f o r  t h e  MHFE'S con be generated. 

Yowever, brised on comparisons from the  l i t e r a t u r e ,  it i s  

7.7 E f f ec t s  of I r r a d i a t i o n  on t h e  F rac tu re  Toughness o f  HT-9 (Westinghouse Hanford Company) . . .  15h 

Compact t ens ion  specimens of IiT-9 i r radia ted  a t  ,390, 450 and 50OoC were t e s t e d  a t  .90, 
205 and 450OC. 
n i f i c a n t  e f f e c t s  on t he  f r a c t u r e  toughness of "7-9. 
s u b s t a n t i a l l y  w i th  increasing i r rad ia t i on  temperature.  
205OC where a toughness trough ms observed f o r  unirradia ted  HT-9 remained unchanged after 
i r r a d i a t i o n  t o  a f l uence  of 5 . 5  x 

Tes t  r e s ~ ~ l t s  showed t h a t  both t e s t  and i r r a d i a t i o n  temperatures have i n s ig-  
Houever, t he  tear ing  modulus increases 

In add i t i on ,  the  toughness of i T - 9  a t  

??/em2. 

7.8 M i c r o s t r u c t u r a l  Examinat ion o f  Several Commercial A l l o y s  Neutron I r r a d i a t e d  t o  100 DPA 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  161 

Microstructural  examination of f e r r i t i c  and aus ten: t ic  c o m m c i a l  a l l o y s  neutron 
i r rad ia t ed  t o  -100 dpa confirms t ha t  f e r r i t i c  a l l o y s  am! very low m e l l i n y  but  p r e c i p i t a t e  
development can be very complex. Aus t en i t i o  a l l o y s  con he very high swell ing but  no c l e a r l y  
de f ined  micros truc tural  d i f f e r e n c e s  could he found between two a l l o y s  of s im i la r  composition 
hut very  different s w e t l i - z g  response OF between a l l o y s  (of very d i f f e r e n t  composition but wi th  
s h i t a r  swelling. Dif ferences  ore ascribed t o  differences in the onset of swelling. 

8. COPPER AND I T S  ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  170 

8.1 Response o f  Se lec ted  High S t reng th  High C o n d u c t i v i t y  Copper A l l o y s  t o  S imula ted  
Fus ion  I r r a d i a t i o n  and Temperature Cond i t i ons  (Westinghouse REP Center  and U n i v e r s i t y  o f  
P i t t s b u r g h  and Mcnonnell  Douglas Company] . . . . . . . . . . . . . . . . . . . . . . . . . .  171 

Microstructural  channes are reported for a s o l i d  s o l u t i o n  cold uork strengthened a l l o y  
I A ! 4 Z I R C I ,  a p r e c i p i t a t i o n  strengthened alloy ( B e r y l l i u m  Copper) and i~ dispers ion  hardened 
a l l o y  ( A I - f i O l  a f t e r  dual ion i r rad ia t i on  a t  ,fluenee8 t o  -5 dpa a t  45f1°C and 50OoC. 
AtVZIRC and AI-60 a l l o y s  are f rom the  same heats  being examined b!i LANL in a E B R- 1 1  neutron 
i r r a d i a t i o n  program. Void .welZiqg a t  a l e v e l  of - 1-5% per dpa is observed i n  se lec ted  areas 
of t he  AMZIRC a l l o y  t h a t  have experienced t e x t u r e  dependent recovery by d i s l o c a t i o n  annih i la-  
t i o n  and rearrangement. 
observed i n  t he  IVESCO supplied hery l l ium copper a l l o y .  
s t a b l e  and t h e  m i s f i t  s t r a i n s  a t  the  i n t e r f a c e s  hetweer! t h e  A 1 2 0 3  p a r t i c l e s  a d  t he  Cu rmtrix 
a re  r e ta ined .  
( p e l  iminarg I a l l o ! ~  ,modif icat ions f o r  f u t u r e  neutron i r rad ia t i on  ezperiments .  

T h e  

Coarsening of t he  G.P. zones nnd accelerated p r e c i p i t a t e  growth are 
The mechanically a l loyed  A I - 6 0  iS 

These r e s u l t s  are used t o  extend a proposed t e s t  matrkc and t o  suggest  
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8.2 E f fec ts  of Neutron I r r a d i a t i o n  a t  450°C and 16 dpa on t h e  P r o p e r t i e s  o f  Var ious  Commercial 
Copper A l l o y s  (Hanford Eng ineer ing  Development Labo ra to r y )  . . . . . . . . . . . . . . . . .  

High-purity copper and e i g h t  copper a l l o y s  were i rradia ted  t o  -16 dpa a t  -45D°C in t he  
MOTA experiment i n  FFTF.  These a l l o y s  were a l s o  examined a f t e r  aging a t  4 0 P C  f o r  1000 
hours. The mdia t ion- induced  changes i n  t h e  e l e c t r i c a l  conduc t iu i t y ,  t e n s i l e  p roper t i e s  and 
d e n s i t y  were measured and compared t o  those o f  t he  aged mater ia ls .  The changes i n  conduc- 
t i v i t y  mn be e i t h e r  p o s i t i v e  or  negat ive  depending on the  a l l o y .  
t i e s  of mst, but  not a l l ,  of t h e  a l l o y s  seem t o  be pr imar i ly  dependent on thermal e f f e c t s  
ra ther  than t h e  e f f e c t  of atomic displacements.  
s i t y  varying from 0.66% d e n s i f i c a t i o n  t o  16.6% swel l ing .  
and impl ies  a swel l ing  m t e  of a t  l e a s t  1%/dpa. 

Changes i n  t e n s i l e  proper- 

-Dadintion a t  4SO0C induced changes i n  den- 
The l a t t e r  occurred i n  Cu-0.13. Ag 
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1.1 MATERIALS HANDBOOK FOR F U S I O N  ENERGY SYSTEMS - J .  W .  Davis (McDonnell Douglas A s t r o n a u t i c s  
Company - S t .  L o u i s  D i v i s i o n )  

1.1.1 A D I P  Task 

Task Number i . A . l  - D e f i n e  m a t e r i a l  p r o p e r t y  requ i rements  and make s t r u c t u r a l  l i f e  p r e d i c t i o n s .  

1.1.2 O b j e c t i v e  

To p r o v i d e  a c o n s i s t e n t  and a u t h o r i t a t i v e  source of  m a t e r i a l  p r o p e r t y  da ta  f o r  use by t h e  f u s i o n  com 
mun i t y  i n  concept e v a l u a t i o n ,  des ign,  sa fe t y  a n a l y s i s ,  and performancelverification s t u d i e s  o f  va r i ous  
f u s i o n  energy systems. 
base where i n s u f f i c i e n t  i n f o r m a t i o n  o r  vo ids  e x i s t .  

A secondary o b j e c t i v e  i s  t h e  e a r l y  i d e n t i f i c a t i o n  of  areas i n  t h e  m a t e r i a l s  data 

1.1.3 Summary 

Dur ing  t h e  p a s t  s i x  months t h e  handbook e f f o r t  has been d i r e c t e d  towards deve lop ing  data  sheets.  
t h i s  p e r i o d  t h e  e f f o r t  has been t o  m a i n t a i n  a con t i nuous  f low o f  da ta  sheets  i n t o  t h e  handbook. Progress  
has been made towards t h e  achievement of t h i s  goal  by t h e  m o n i t o r i n g  of t h e  p rocess ing  o f  new da ta  sheets 
i n  v a r i o u s  stages o f  p r e p a r a t i o n .  

1.1.4 Progress and S ta tus  

handbook. O f  t hese  128 data  pages, 26 d a t a  sheets on 23 Cr-6Ni-9Mn, HT-9 and 316 s t e e l s ,  l i t h i u m  and f i b e r -  
q l a s s  epoxy have been approved and a r e  a w a i t i n g  p u b l i c a t i o n .  
sheets,  p repared by  N. J .  Simon of N a t i o n a l  Bureau o f  Standards,  p r o v i d e  genera l  and mechanical  p r o p e r t y  
i n f o r m a t i o n  on compos i t i on  and t e n s i l e  s t r e n g t h .  The HT-9 data  sheets,  p repared by D. S .  G e l l e s  o f  
Westinghouse Hanford  Company, p r o v i d e  i n f o r m a t i o n  on t h e  e f f e c t  of  tempera ture  on Young's Modulus and Shear 
Modulus, as w e l l  as p h y s i c a l  p r o p e r t y  i n f o r m a t i o n  on thermal  d i f f u s i v i t y ,  thermal e m i s s i v i t y  ( i n  vacuum and 
s t a b l y  a x i d i z e d )  and thermal  c o n d u c t i v i t y .  The 316 s t a i n l e s s  s t e e l  da ta  sheets,  p repared by N .  J .  Simon o f  
N a t i o n a l  Bureau of  Standards,  p r o v i d e  i n f o r m a t i o n  on impact energy,  f a t i g u e  l i f e ,  f a t i g u e  crack  growth ,  
s p e c i f i c  hea t ,  thermal  c o n d u c t i v i t y ,  thermal  expansion,  e l e c t r i c a l  r e s i s t i v i t y  and f r a c t u r e  toughness a t  
c r yogen i c  tempera tures .  The f i b e r g l a s s  epoxy data  sheets,  p repared by C .  E .  Klabunde of  Oak Ridge N a t i o n a l  
Labo ra to ry ,  a r e  r e v i s i o n s  t o  da ta  sheets  c u r r e n t l y  i n  t h e  handbook on t h e  e f f e c t  o f  i r r a d i a t i o n  on r e s i s -  
t i v i t y  and we igh t  l o s s .  

For  

C u r r e n t l y  t h e r e  a r e  128 da ta  pages i n  v a r i o u s  stages o f  rev iew  p r i o r  t o  t h e i r  i n c o r p o r a t i o n  i n t o  t h e  

The 2 1  Cr-6Ni-9Mn s t a i n l e s s  s t e e l  da ta  

T h i r t y - n i n e  data  sheets on l i t h i u m ,  HT-9, 316 s t a i n l e s s  s t e e l  have been through t h e  rev iew  c y c l e .  
T h i r t y - f o u r  were r e t u r n e d  t o  t h e  au tho rs  d u r i n g  t h e  p r e v i o u s  r e p o r t i n g  p e r i o d  t o  have t h e  r e v i e w e r s '  com- 
ments i nco rpo ra ted .  The l i t h i u m  data  sheets,  p repared by W .  F. Brehm of  Westinghouse Hanford Company, p ro-  
v i d e  thermal ,  mechan ica l ,  and e l e c t r i c a l  p r o p e r t y  i n f o r m a t i o n  as a f u n c t i o n  o f  tempera ture .  The HT-9 data  
sheets prepared by D. 8 .  G e l l e s  of  Westinghouse Hanford Company p r o v i d e  i n f o r m a t i o n  on i r r a d i a t i o n  induced 
s t r e s s - f r e e  s w e l l i n g .  The 316 s t a i n l e s s  s t e e l  da ta  sheets ,  p repared by N. J .  Simon o f  NBS, p r o v i d e  rnech- 
a n i c a l  p r o p e r t y  i n f o r m a t i o n  on f r a c t u r e  toughness, u l t i m a t e  t e n s i l e  s t r e n g t h ,  t e n s i l e  y i e l d ,  t e n s i l e  e lon-  
g a t i o n ,  t e n s i l e  r e d u c t i o n  o f  a rea and eng inee r i ng  s t r e s s - s t r a i n ,  and thermal p r o p e r t y  i n f o r m a t i o n  on s p e c i -  
f i c  hea t ,  thermal  c o n d u c t i v i t y  and thermal expansion,  as w e l l  a s  i r r a d i a t i o n  induced v o i d  s w e l l i n g  ( s t r e s s -  
f r e e  and s t r e s s - a f f e c t e d )  and p r e c i p i t a t e - r e l a t e d  d e n s i f i c a t i o n .  F i v e  data  sheets ,  i n  r e v i s i o n  a t  MDC, 
p r o v i d e  e l e c t r i c a l ,  mechanical  and thermal p r o p e r t y  data  on l i t h i u m .  These data  sheets  a r e  s t i l l  i n  the 
hands o f  t h e  a u t h o r s .  

T h i r t y - s e v e n  data  sheets on l i t h i u m  compounds ( L i 2 0  and L i  Zr06) ,  21Cr-6Ni-9Mn, HT-9, 316 s t a i n l e s s  
s t e e l  and MRCOR have been submi t t ed  f o r  i n c l u s i o n  i n t o  t h e  hand jook.  The l i t h i u m  o x i d e  da ta  sheet,  p re-  
pared a t  McDonnell Douglas, p r o v i d e s  thermal c o n d u c t i v i t y  i n fo rma t ion .  The l i t h i u m  o c t a z i r c o n a t e  data  
sheet,  p rep8red by G. W .  Ho l l enbe rg  o f  Westinghouse Hanford Company, p r o v i d e s  i n f o r m a t i o n  on t h e o r e t i c a l  
d e n s i t y  vs L i  enr ichment .  The 2iCr-6Ni-9Mn data  sheets,  prepared by N. J .  Simon o f  NBS, p r o v i d e  mechani- 
c a l ,  thermal  and e l e c t r i c a l  p r o p e r t y  i n f o r m a t i o n  a t  c r yogen i c  tempera tures .  The 316 s t a i n l e s s  s t e e l  da ta  
sheets ,  p repared by Bob Simons, M. L. Hami l t on ,  J .  8 .  P i n t l e r ,  and D .  K .  G u t i e r r e z  o f  Westinghouse Hanford  
Company, p r o v i d e  mechanical  and thermal  p r o p e r t y  i n f o r m a t i o n  a t  e l e v a t e d  tempera tures .  The MACOR Glass- 
Ceramic data  sheets ,  p repared by F. W .  C l i n a r d  of  LANL, p r o v i d e  mechanical  and thermal p r o p e r t y  i n f o r m a t i o n  
and e f f e c t  of  i r r a d i a t i o n  on s t r e n g t h  and d e n s i t y .  

The HT-9 data  sheets ,  p repared by J .  6. W a t t i e r  of  GA, p r o v i d e  i n f o r m a t i o n  on mechanical  p r o p e r t i e s  vs 
temoerature .  

Twenty- s ix  data  sheets on HT-9 and 316 s t a i n l e s s  s t e e l  were w i thdrawn by t h e  a u t h o r s '  o r g a n i z a t i o n ,  
Westinghouse Hanford  Company. 
a u t h o r s .  

The pages a r e  a p a r t  of  t h e  Breeder program and were n o t  c l e a r e d  by t h e  

Data sheets planned w i l l  cove r  s t r u c t u r a l  m a t e r i a l s  (vanadium a l l o y s  and copper a l l o y s ) ,  superconduc- 
t i n g  magnet case m a t e r i a l s ,  ceramic e l e c t r i c a l  i n s u l a t o r s  (MACOR, a lumina)  and neu t ron  m u l t i p l i e r s l b r - e d e r s  
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( b e r y l l i u m  and l i t h i u m  l e a d ) .  
r e l a t e d  i s s u e s  such as i r r a d i a t i o n  c reep and i t s  t r e a t m e n t  i n  s t r u c t u r a l  des ign,  s w e l l i n g ,  and magnet ic 
e f f e c t s  when magnet ic m a t e r i a l s  a r e  used (e.g.  f e r r i t i c  s t e e l s ) .  

d i r e c t i n g  o u r  e f f o r t s  towards i n c l u s i o n  of m a t e r i a l s  t h a t  a r e  cand ida tes  f o r  t h e  n e x t  g e n e r a t i o n  r e a c t o r s .  
Towards t h a t  end e f f o r t s  a r e  c u r r e n t l y  underway t o  c o n v e r t  t h e  m a t e r i a l s  i n f o r m a t i o n  genera ted on t h e  TFCX 
p r o j e c t  by ORNL i n t o  da ta  pages. 

1.1.5 Conc lus ions  

I n  a d d i t i o n ,  e f f o r t  i s  underway t o  deve lop d a t a  sheets  on s p e c i f i c  des ign 

I n  o u r  c o n t i n u i n g  e f f o r t  t o  make t h e  handbook more u s e f u l  t m 3  t h e  f u s i o n  energy community, we a r e  

T h i s  i s  a c o o p e r a t i v e  e f f o r t  between ORNL and MOAC. 

There i s  c u r r e n t l y  a l a r g e  back log  o f  data  sheets a w a i t i n g  p u b l i c a t i o n  and e f f o r t s  w i l l  be d i r e c t e d  
towards r e l i e v i n g  t h i s  s i t u a t i o n .  
resea rche rs  and as a r e s u l t  a number o f  new data  pages a r e  i n  t h e  process  o f  b e i n g  prepared o r  have been 
rece i ved .  

The handbook con t i nues  t o  have t h e  good suppo r t  o f  a number o f  
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1.2 LIFETIME ANALYSIS: THERMALLY DRIVEN FATIGUE CRACK GROWTH IN AN HT-9 
T. A, Lechtenberg I G A  Technologies) 

1.2.1 Mti?Iask 

The Department of Energy, O f f I c e  o f  Fus lon  Energy, has c l t e d  t h e  nee 
under t h e  ADlP Program Task, F e r r l t l c  S tee l  Development (Pa th  E). 

1.2.2 flk&dJM 

IRST WALL - C. F. Oahms and 

t o  l n v e s t l g a t e  f e r r i t i c  a l l o y s  

To develop a f r a c t u r e  management method w l t h  whlch I l f e t l m e  c a l c u l a t l o n s  can be per formed t o  c o n f i r m  
t h e  e n g l n e e r l n g  f e a s i b l l l t y  o f  us l ng  HT-9 as a f l r s t - w a l l  and b r e e d i n g  b l a n k e t  s t r u c t u r a l  m a t e r l a l .  

1.2.3 Sunmay 

1.2.4 Pmgmsi? and Sdiu 

1.2.4.1 lntroductlon 

Body- centered c u b l c  (BCC) a l l o y s  such as f e r r l t l c  s t e e l s  and vanadlum base a l l o y s  e x h l b l t  d u c t l l e - t o -  
b r l t t l e  t r a n s l t l o n  c h a r a c t e r l s t l c s .  I n  d e s i g n l n g  w l t h  such m a t e r i a l s ,  It 1s necessary t o  develop c r l t e r l a  
and des lgn  p rocedures  t o  assure  t h a t  canponents made from t h e s e  a l l o y s  w l l l  n o t  s u f f e r  f a s t  o r  b r i t t l e  
f r a c t u r e .  methodology f o r  f u s l o n  f l r s t  w a l l / b r e e d -  
I n g  b l a n k e t s  lFW/B). a d e f l n l t l o n  of t h e  c r l t l c a l  mater la l ' s  parameters is r e q u l r e d  i n  conJunc t lon  w i t h  a 
s u l t a b l e  s t r e s s  a n a l y s l s  o f  s p e c l f l c  c o n f i g u r a t i o n s .  Then, t h e  a c c e p t a b l e  b e g l n n l n g - o f - l i f e  (BOL) f law 
5128s and shapes can be c a l c u l a t e d  for v a r l o u s  I l f e t l r n e s .  The r e s u l t s  fran these  s t u d l e s  can g u i d e  t h e  
manufactur lng,  q u a l i t y  assurance, i n spec t i on ,  and a l l o w a b l e  o p e r a t l n g  c o n d l t l o n s  of t h e  component. T h l s  
c o n t r l b u t l o n  r e p o r t s  d a t a  on a I l f e t l m e  a n a l y s l s  code us l ng  HT-9 as a s t r u c t u r a l  m a t e r l T l  and r e l y l n g  on 
des lgn  g u l d e l l n e s  and c o n f l g u r a t l o n s  frm t h e  B l a n k e t  Caopar lson S e I e c t I o n  Study (BCSS). 

Inc rease  I n  t h e  d u c t l l e - b r i t t l e  t r a n s l t i o n  tempera tu re  IDBTT) t h a t  r e s u l t s  fran I r r a d i a t i o n .  I n  o r d e r  t o  
f u l l y  demonstrate t h e  p o t e n t i a l  o$ BCC m a t e r l a l s  such as HT-9, a computer a n a l y s l s  t e c h n l q u e  based on t h e  
U n l v e r s l t y  of  Wlsconsin WISECRACK code has been developed I n  wh lch  c r a c k  growth 1s s t u d l e d  i n  a FW/B 
des lgn  genera ted  by t h e  BCSS. Mechanlcal p r o p e r t y  data, m o d l f l e d  f o r  n e u t r o n  a f f e c t s  (such as changes I n  
s t r e n g t h ,  DBTT temperature,  upper and lower s h e l f  f r a c t u r e  toughness, and f a t l g u e  c r a c k  g rowth  r a t e s )  a r e  
I n c o r p o r a t e d  Into t h e  code whlch p e r m l t s  c a l c u l a t i o n s  of I l f e t l m e s  for v a r l o u s  load  c y c l e  types.  

1.2.4.2 

I n  o r d e r  t o  develop an e f f e c t l v e  f r a c t u r e  management 

An I m p o r t a n t  Issue I n vo l ved  I n  us l ng  (BCC) m a t e r l a l s  I n  a h i g h  energy n e u t r o n  env l ronment  Is t h e  

U L o a d l n a s  
Design g u l d e l l n e s  a r e  s p e c l f l e d  I n  t h e  BCSS f o r  bo th  tokamak and mlrror c o n f l g u r a t l o n s .  The maln 

d i f f e r e n c e  between t h e  two c o n f l g u r a t l o n s  fran an a n a l y s l s  s t a n d p o i n t  I s  t h a t  t h e  tokamak s u r f a c e  w a l l  
l oad lng  1s approx lmate ly  20 t l m e s  g r e a t e r  than  t h a t  for t h e  m l r r o r .  The load lngs  used f o r  t h l s  a n a l y s l s  
a r e  for t h e  tokamak des lgn  on ly .  T a b l e  1.2.1 d e s c r l b e s  t h e  l oad lngs  whlch were used t o  per fo rm t h e  t h e r-  
mal, s t r ess ,  and f r a c t u r e  ana lyses  of a tokamak f l r s t - w a l l  d e s l g n l .  

Tab le  1.2.1 Deslgn load g u l d e l l n e s  

Neutron Wall Loadlng = 5 W / d  
Sur face  Wal l  Load lng  = 1 MW/d 
l r r a d l a t l o n  Rate = 100 dpa/2 y r  I I f e  
Wall  E r o s l o n  Rate = 2 mm/2 r I I f e  
Tokamak Burn  Cyc le  = 1 x 10 1 sec ON, 30 sec OFF 

A t y p l c a l  BCSS lobe  t y p e  c o n f l g u r a t l o n  was used f o r  t h l s  a n a l y s i s .  Other  c o n f l g u r a t l o n s  a r e  a l s o  
be lng  s t u d l e d  I n  t h e  BCSS and s l m l l a r  r e s u l t s  would be a n t l c l p a t e d  for t h e s e  c o n f i g u r a t i o n s .  

The plasma s l d e  of  t h e  w a l l  I s  smooth and t h e  coo lan t- breeder  s l d e  1s a f l n n e d  o r  r l b b e d  c o n f i g u r a -  
t l o n .  T h l s  I s  seen In  F lg .  1.2.1. The c o o l a n t  1s h e l l u m  and t h e  b r e e d l n g  m a t e r l a l  1s L120. On t h e  
plasma s l d e  t h e  w a l l  I s  a l l o w e d  t o  erode 0.1 an per  year  due t o  p lasma/wal I  I n t e r a c t l o n ,  so a t  t h e  end o f  
I I f e  IEOL), the t h l c k n e s s  of t h e  f l r s t  w a l l  a t  t h e  mlnimum s e c t l o n  I s  0.15 cm. However, a b e g l n n i n g  of 
I I f e  (BOL) geometry must a l s o  be shown t o  be adequate because t h e r e  may be areas of t h e  f l r s t - w a l l h l a n k e t  
which do n o t  erode, y e t  w i l l  see a v e r y  h Igh  h e a t  and n e u t r o n  f lux .  

-Analvsls 
E a r l l e r  c a l c u l a t l o n s  show t h a t  o n l y  f laws  w i t h  an aspec t  r a t i o  of a / t  = 1/2 p ropaga te  t o  leak- through 

The BOL shows t h e  f a s t e s t  c r a c k  g rowth  r a t e s  I n  t h e  " r e l a x e d  stress s t a t e "  due t o  I n  less than  two years. 
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END PLATE 

'A 0.1 CM 

COOLANT 

Flg. 1.2.1 Hel lum c m l e d  b l a n k e t  module v l t h  d e t a l l s  

t h e  l a r g e  AT  thermal  s t r a i n s .  The " r e l a x e d  s t r e s s  s t a t e "  I s  t h e  boundlng case for which a l  I t h e r m a l l y  
Induced (secondary s t r e s s e s )  r e l a x  t o  zero. in  t h i s  case, a f t e r  a p e r i o d  of t lme t h e  s t r e s s e s  i n  t h e  
"burn on" p a r t  o f  t h e  c y c l e  w 1 1 I  s lmp ly  change t o  t h o s e  caused by t h e  p r e s s u r e  ( r l m a r y ) .  I n  o r d e r  t o  

de te rmlne  how f a s t  c reep  r e l a x a t i o n  would change t h e  s t r e s s e s  t o  some l n t e r m e d l a t e  s t r e s s  d l s t r l b u t l o n  
between t h e  ext reme load  cases p r e v l o u s l y  analyzed. 
s t r e s s  s ta te" ,  and a l a r g e r  canponent I l f e t i m e  es t imate .  

understand t h i s  f u r t h e r ,  a t ime- dependent s t r e s s  a n a l y s l s  was c a l c u l a t e d  by TEPC P o n  t h e  BOL g e a e t r y  t o  

T h l s  would g l v e  s lower  c r a c k  g rowth  t h a n  t h e  " r e l a x e d  

F i g u r e  1.2.2(a) shows the boundary c o n d i t i o n s  assumed f o r  t h e  s t r e s s  a n a l y s l s  models. The f i r s t  w a l l  
I s  a l lowed t o  expand f r e e l y  i n  t h e  z - d l r e c t l o n  by expanslon J o l n t s  between t h e  module end p l a t e s  and t h e  
f i r s t  wa l l .  I n  t h e  c r o s s  s e c t i o n a l  p l a n e  (r,el, normal t o  t h e  r e a c t o r  t o r o i d a l  d i r e c t l o n ,  t h e  l obe  I s  
a t t a c h e d  t o  t h e  d l s t r l b u t l o n  d u c t i n g  and I s  n o t  a t r u e  c l r c u l a r  c y l i n d e r .  However, t h e  use o f  an axlsym- 
m e t r l c  model has been shown t o  be c o n s e r v a t i v e  i n  c a l c u l a t l n g  d e t a l l e d  f l r s t  wal I s t r e s s e d .  

The p r l m a r y  p r e s s u r e  s t r e s s  caused by t h e  50 atn' c o o l a n t  p r e s s u r e  i s  superlmposed on t h e  secondary 
thermal  s t r e s s e s  r e s u l t l n g  In  t h e  t o t a l  e l a s t i c  t h e t a  ( 8 )  s t r e s s  d l s t r i b u t l o n  shown i n  F l g .  1.2.2fb) .  The 
therma l  s t r a i n s  a r e  induced o n l y  d u r l n g  a "burn on" cyc le ,  b u t  t h e  c o o l a n t  p ressure  s t a y s  c o n s t a n t  d u r i n g  
a l l  load c o n d l t l o n s .  The end p l a t e  s t r u c t u r e  (F lg .  1.2.1) I s  assumed t o  s u p p o r t  t h e  p ressure  loads i n  t h e  
Z - d l r e c t l o n  and t h e r e f o r e ,  o n l y  thermal  s t r e s s e s  a r e  exper lenced  by t h e  f l r s t - w a l  I I n  t h i s  d l r e c t i o n  CFIg. 
1.2.2(c)]. 
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F ig .  1.2.2 Boundary c o n d i t i o n s  and e l a s t i c  s t r e s s  d i s t r l b u t i o n s  d u r i n g  'on '  load  cyc l e .  

I r r a d l a t l o n- I n d u c e d  s w e l l i n g  r a t e  i s  t h o u g h t  t o  be a f u n c t i o n  of temperature,  f l u x  and n e u t r o n  
energy. For  HT-9, t h e  s w e l l i n g  r a t e  Is v e r y  low and c o n s t a n t  d u r l n g  t h e  l n c u b a t l o n  p e r i o d  (up t o  100 dpa l  
I n  t h e  tempera tu re  range  b e l n g  cons ldered  and t h e n  Inc reases  t o  abou t  0.06%/dpa above 100 dpa. For  such a 
t h i n  s t r u c t u r e ,  t h e  f l u x  and swel I Ing  a r e  assumed u n i f o r m  th rough  t h e  wal I t h i c k n e s s .  I f  l r r a d l a t l o n -  
induced s w e l l i n g  v a r i e s  s l g n l f i c a n t l y  w i t h  temperature, t h e r e  w 1 1 1  be loads induced because of t h e  I n t e r -  
a c t i o n  between d l f f e r e n t  zones of m a t e r i a l .  ve ry  s i m l l a r  t o  therma l  expansion s t r e s s e s .  I n  t h e  
2 - d l r e c t l o n ,  any u n i f o r m  l r r a d l a t l o n  Induced expansion o c c u r l n g  I n  t h e  f i r s t  w a i l  is assumed t o  b absorbed 
by t h e  expanslon J o l n t .  I n  t h e  r-8 plane, t h e  c o o l a n t  d u c t l n g  I n  t h e  back of t h e  canponent may n o t  swe l l  
a t  t h e  same r a t e  as t h e  f l r s t  w a l l .  As a r e s u l t ,  a bendlng moment would be Induced i n  t h e  f l r s t  1.11 
p r o d u c l n g  t e n s l l e  loads  on t h e  plasma s lde .  The magnitude of t h e s e  loads depends on t h e  d l f f e r e n c e  
between t h e  s w e l l i n g  r a t e  and i r r a d l a t i o n / t h e r m a l  c r e e p  r a t e .  The r e s u l t i n g  e q u l l l b r i u m  s t a t e  would 
p r o b a b l y  produce s l i g h t l y  l a r g e r  s t r e s s e s  t h a n  c a l c u l a t e d  i n  t h i s  ana l ys i s .  T h i s  phenomenon c l e a r l y  
w a r r a n t s  f u r t h e r  s tudy  t o  de te rmine  i t s  Impact on f r a c t u r e  managment. 

I t  must be no ted  t h a t  t h l s  s m w t h  w a l l  des ign  meets a l l  t h e  d e s l g n  a l l o w a b l e  c r l t e r l a  excep t  t h a t  t h e  
BOL model has a peak tempera tu re  of 649OC which exceeds t h e  s t r u c t u r a l  m a t e r i a l  tempera tu re  I i m l t l  of 
550OC by 100%. More r e c e n t  das lgns  for t h e  BCSS u t l l i z e  a " grooved"  concep t  f o r  t h e  f l r s t  w a l l  i n  which 
t h e  m a t e r i a l  a t  tempera tu res  above 55OOC does n o t  exper lence  therma l  s t r ess .  The m a t e r i a l  I s  grooved t o  a 
depth co r respond ing  t o  t h e  amount o f  wa l l  t h a t  may be eroded d u r i n g  t h e  module I I f e .  T h i s  t e c h n i q u e  I s  
used as necessary f o r  a l l  c a n d l d a t e  m a t e r l a l s .  For  s l m p l l c l t y ,  t h e  groove was n o t  i n c l uded  I n  t h l s  
anal  y s l s .  

l r r a d l a t l o n n n d l h e r m n L m  

l r r a d l a t l o n  c reep  d a t a  is a v a l l a b l e  for some f e r r l t l c  a i l o y s 5 * 6 ,  b u t  o n l y  a t  modest f l u e n c e  l e v e l s  
(<30 dpa). 
t l o n  of t h e  form: 

I f  t h e  creep behav io r  I s  assumed t h e  same a t  h i g h e r  f luences,  t h e n  t h e  da ta  suggests  an equa- 

61 = B C @ U "  

where Bc I s  a c o n s t a n t  which I s  a l l o y  and tempera tu re  dependent, 1s t h e  
e q u i v a l e n t  o r  VOn Mlses s t ress ,  and n I s  t h e  s t r e s s  exponent. For  HT-9, t h e  f o l l o w i n g  v a l u e s  were used: 

@ i s  t h e  f l u x  or dose r a t e ,  u 

Bc = (686.-1.84T+1.25T21 x I r 2 9  for T2737.1W 
Bc = 8.67 x 
n = 1.5 

u i n  u n l t s  o f  MPa 
c i n  u n i t s  of 

f o r  TC737.10K 
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and f o r  a tokamak r e a c t o r ,  t h e  assumed f l u x  was: 

= 1.14 x 1019 
cm h r  

7 The e q u a t i o n  used for thermal  creep i s :  

where T and u a r e  i n  u n i t s  of OK and k s i  r e s p e c t i v e l y .  uo i s  cons ldered  a f r i c t i o n  s t r e s s  whlch i s  
temperature- dependent and i s  d e f l n e d  as: 

uo = a T t C 
a = -0.218 
c = 198. 

T h l s  f o r m u l a t i o n  for thermal  creep i s  adequate for t h e  temperatuire range of 500OC-6OO0C and s t r e s s  l e v e l s  
r a n g l n g  fran 12.5-50 k s l .  
a c t u a l l y  occurs.  

E x t r a p o l a t i o n  t o  650OC Is q u e s t i o n a b l e  and may g i v e  a s lower  c reep  r a t e  than  

The two d l f f e r e n t  t y p e s  of creep a r e  superlmposed t o  r e s u l t  i n  t o t a l  creep.  T h i s  seems t o  be a 
reasonab le  assumptlon when canpared t o  t h e  a v a l l a b l e  data. The therma l  c reep  tends  t o  be predominant  a t  
h l g h e r  tempera tu res  and l r r a d l a t i o n  induced c reep  can s t i l i  occur  below t h e  thermal  c reep  reg ime (<500°C). 

.EbxiwQAnrtlvsis 

The canpu te r  code "WISECRACK"Z was used t o  p e r f o r m  t h e  f r a c t u r e  a n a i y s l s  of t h e  t h i n  w a i l  s e c t i o n  
us l ng  t h e  s t r e s s  d l s t r l b u t i o n s  summarlzed above. 
proposed by Spe I de I 

The code u t l I l ; ! e s  a m o d l f l e d  Forman equat ion,  o r i g i n a l l y  

where 

and where 

A =  l / ( l - R )  

K = Kmax - Kmln 
KO = t h r e s h h o l d  s t r e s s  I n t e n s i t y  
K l c  = p l a n e- s t r a i n  f r a c t u r e  toughness 

K = Kmax - Kmln 
KO = t h r e s h h o l d  s t r e s s  I n t e n s i t y  
K l c  = p l a n e- s t r a i n  f r a c t u r e  toughness 

E = 7.3 x 10-5 
m = 1.0 
n = 1.65 

a r e  c o n s t a n t s  c a l c u l a t e d  fran t e s t  da ta  for HT-9 a t  25% and 600OC9. 
presen ted  i n  F l g .  1.2.3. 

The v a l u e s  of 100 and 9 MPa fi r e s p e c t l v e i y  were used for t h e  f r a c t u r e  toughness, K lc ,  and t h e  
t h r e s h o l d  s t r e s s  i n t e n s i t y  f ac to r ,  KO. A K l c  of 100 MPa 6 Is v a l  I d  for u n i r r a d l a t e d  m a t e r l a l  on ly .  It 
1s e s t i m a t e d  t h a t  l r r a d i a t l o n  w 1 1 1  cause t h e  f r a c t u r e  toughness t o  decrease t o  a " lower  s h e l f "  v a l u e  of 
a p p r o x l m a t e l y  60 MPa fhi. The t l m e  r e q u i r e d  for t h e  toughness t o  decrease occurs  q u i c k l y  ( C l y r l  and 
depends on t h e  n e u t r o n  f l u e n c e  and damage. A c c o r d i n g l y  it was c o n s e r v a t l v e l y  assumed t h a t  K l c  remalned 
c o n s t a n t  a t  a v a l u e  of 60 MPa fi frm t h e  b e g l n n l n g  o f  I I f e .  The e f f e c t  of a lower K l c  v a l u e  can be 
i n c o r p o r a t e d  I n t o  t h e  fa t igue- crack  growth e q u a t i o n  e i t h e r  by s h i f t i n g  t h e  whole c u r v e  t o  t h e  l e f t  (chang- 
I n g  K l c  I n  t h e  above e q u a t i o n )  or s lmp ly  d e f l n l n g  a c u t o f f  p o l n t  for t h e  u n i r r a d i a t e d  c u r v e  as shown 
schemat ica l  l y  i n  F l g u r e  1.2.4. 

The r e s u l t l n g  da/dN behav lo r  Is 

F a t l g u e  c r a c k  growth r a t e s  o f  I r r a d i a t e d  HT-9 t e s t e d  a t  tempera tu res  frm 390-600% I n  h e l l u m  show 
t h a t  no apparen t  change i n  da/dN v s . A K  occurs  I n  t h e  lower range of t h e  c r a c k  g rowth  r a t e  curve. Sane 
d a t a  even i n d i c a t e  t h a t  da/dN decreases i n  t h l s  r eg l on .  It was t h e r e f o r e  assumed t h a t  t h e  da/dN c u r v e s  
for u n l r r a d i a t e d  HT-9 a t  tempera tu res  of i n t e r e s t  were v a l i d  and p r o b a b l y  c o n s e r v a t l v e .  
r a t e s  were assumed t o  be l i m i t e d  by a decrease i n  toughness and t h l s  was e s t l m a t e d  t o  be 60 MPa VK. 

The h i g h e r  g rowth  



R 

10-6 

1 
HT-9 

- 
--- REF. 9 

. .  

1 10 102 

A K (MPaJin) 

Fig .  1.2.3 F a t l g u e  c r a c k  g r a t h  cu rve  for HT-9 p l o t t e d  fran a m o d l f l e d  Forman e q u a t l o n  us i ng  da ta  a t  
25% and 600°C (dashed I l nes )  t o  c a l c u l a t e  cons tan ts .  
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F ig .  1.2.4 F a t i g u e  c r a c k  growth r a t e  c u r v e  used i n  t h l s  s t u d y  I n c o r p o r a t i n g  t h e  l o v e r - s h e l f  K I C  
v a l u e  of 6 0  MPa fi and i r r a d l a t i o n  e f f e c t s  on Stage I I  Fffi r a t e .  

1.2.4.3 k s d b  

W E s a l J i s  

The steady s t a t e  s t r e s s  d l s t r l b u t i o n  exper lenced  by t h e  f i r s t - w a l l  d u r l n g  t h e  plasma 'on '  s t a t e ,  
a f t e r  s t r e s s  r e l a x a t l o n  due t o  creep Is t h e  p r i m a r y  p r e s s u r e  s t r ess .  
t h e  f a s t e s t  c r a c k  growth r a t e s  p r e v i o u s l y  analyzed and r e p o r t e d .  However, t h l s  s t r e s s  s t a t e  Is n o t  
reached u n t l l  a f t e r  a s l g n l f l c a n t  amount of t l m e  ( c a l c u l a t e d  t o  be "35 y r ) .  A t  f i r s t ,  t h e r e  I s  an 
l n l t l a l  shakedown where t h e  o u t e r  s k i n  o f  t h e  f i r s t - w a l l  on t h e  plasma s l d e  r e l a x e s  v e r y  q u l c k l y  (<25 h r s )  
due t o  t h e  therma l  creep a t  650OC. Then, a s teady  r a t e  of r e l a x a t i o n  occurs, due t o  l r r a d l a t l o n  c reep  
t a k i n g  p l a c e  t h r o u g h o u t  t h e  f l r s t - w a l l ,  u n t i l  t h e  " r e l a x e d  s t r e s s  s t a t e "  I s  reached. T h l s  changlng s t r e s s  
c o n d l t l o n  leads t o  a s lower  c r a c k  growth r a t e  I n  t h e  f l r s t  few r o n t h s  o f  I I f e  because of  t h e  l n t e r m e d l a t e  
s t r e s s  d l s t r l b u t l o n s  b e l n g  cyc led .  The s t r e s s  r e l a x a t i o n  o c c u r l n g  I n  t h e  8 - d l r e c t l o n  (most c r i t i c a l )  I s  
s h a n  I n  F ig .  1.2.5. The r e l a x i n g  d l s t r l b u t l o n s  a r e  shown w l t h  t h e l r  co r respond lng  "of f"  l oad  v a l u e s  ( T 
= 0) i n  F l g .  1.2.6. 

T h l s  I s  t h e  c o n d l t l o n  whlch produced 
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F lg .  1.2.5 0- s t r e s s  r e l a x a t l o n  th rough  t h e  t h l n  s e c t l o n  of wal I. S t r e s s  I n  u n l t s  of MPa. 
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F lg .  1.2.6 0- s t r e s s  th rough  t h e  wal I a t  t-25 h r s  and t=Z000 h r s  w l t h  t h e l r  c o r r e s p o n d i n g  o f f  load  
c y c l e .  S t r e s s  I n  u n l t s  of MPa. 
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The f r a c t u r e  a n a l y s i s  f o r  a BOL geane t ry  has shown t h a t  sane r e t a r d a t i o n  o f  t h e  c r a c k  g r a t h  occurs  
If t h e  f l aw  Is assumed a t  t h e  b e g l n n i n g  of  l i f e .  T h i s  i s  because of  t h e  s t r e s s  r e l a x a t l o n  o c c u r l n g  I n  t h e  
f i r s t  s i x  months of  o p e r a t i o n  p roduc ing  l ess  severe  s t r e s s  d l s t r i b u t l o n s  than  t h e  c m p l e t e i y  r e l a x e d  case. 
I n  a d d i t i o n  t o  t h e  changing s t resses ,  us i ng  t h e  da/dN vs AK u n l r r a d l a t e d  c u r v e  w l t h  a K I C  c u t o f f  o f  60  
MPa 6 ha5 a l s o  reduced t h e  p r e d i c t e d  c r a c k  g r a t h  r a t e .  C a l c u l a t l o n s  which i n c l u d e  t h e  e f f e c t  o f  bo th  
changing s t r e s s e s  and lower c r a c k  g r a t h  r a t e s  now I n d i c a t e d  t h a t  a c r a c k  of dep th  equal t o  h a l f  t h e  w a l l  
t h l c k n e s s  ( a / t  = 1/21 and hav ing  a wlde aspec t  r a t i o  fa/c  = 0.2) w i l l  p ropagate t o  leak- through i n  about  
1.6 years. T h l s  i s  a f l a w  t h a t  on t h e  s u r f a c e  would be severa l  m i i l l m e t e r s  l ong  and c o u l d  be d e t e c t e d  by 
s tandard  NDE techniques.  i f  a l ess  severe f law I s  assumed, then  leak- th rough  w i l l  n o t  occur  w l t h i n  t h e  
des ign  I i f e  o f  2 years. 

Never i n  t h e  a n a l y s i s  does Kmax exceed K l c .  i n  f a c t ,  even a s t r e s s  d i s t r i b u t i o n  e q u i v a l e n t  t o  t h e  
y i e l d  s t r e s s  w 1 1 I  n o t  g l v e  a K which exceeds K l c  = 60 MPa fi. 
has a c o n s t r a i n t  c o n d l t l o n  whlch approaches p lane- s t ress .  T h i s  t y p e  o f  c o n d l t l o n  does n o t  produce ex- 
t r e m e l y  h i g h  K- values. 

1.2.4.4 lWdu&ns 

T h l s  I s  due t o  t h e  t h i n  w a l l  g e w e t r y  which 

Crack p r o p a g a t i o n  does n o t  seem a I i k e i y  mode of f a l i u r e  f o r  a f i r s t - w a l l  w l t h  a two year  des ign  
l i f e .  The o n l y  r e a l  t h r e a t  1s a s u r f a c e  f law l o c a t e d  on t h e  plasma s l d e  o r l e n t e d  such t h a t  It i s  ln -  
f l uenced  by t h e  @-s t ress .  And even then, t h i s  l a r g e  f law f>5mm on su r f ace )  would e a s i l y  be detected.  An 
e a r i l e r  c a l c u l a t i o n  showed a much s h o r t e r  l i f e  for t h e  same f law, b u t  t h i s  was due t o  t h e  bounding l oad  
c o n d i t i o n s  assumed and c o n s e r v a t i v e l y  us l ng  t h e  a v a l i a b l e  c r a c k  g rowth  behav io r  data.  A more s o p h i s t i -  
c a t e d  tlme-dependent s t r e s s  a n a l y s i s  shows t h a t  t h e  s t r e s s  d l s t r i b u t l o n  d u r i n g  t h e  f i r s t  s i x  months p ro-  
duces l i t t l e  o r  no c rack  growth for any g l v e n  f law.  F u r t h e r  r e v i w  of c r a c k  growth data suggests  t h a t  t h e  
p r i o r  a n a i y s l s  was a l s o  tm c o n s e r v a t i v e  f o r  c r a c k  growth r a t e s  i n  I r r a d i a t e d  m a t e r i a l .  The a n a l y s i s  
p resen ted  i n  t h i s  r e p o r t  uses a s l i g h t l y  lower g rowth  r a t e  b u t  m a l n t a i n s  a r e i a t l v e l y  low f r a c t u r e  tough-  
ness. The g r e a t e s t  K- value c a l c u l a t e d  I n  t h e  a n a l y s i s  was 50 MPa VE which i s  l e s s  t h a n  ( b u t  c l o s e  t o )  t h e  
assumed K i c  = 60 MPa @i. 
p r o p a g a t i o n  t o  leak- th rough  wIII  Dccur; t h e r e  w l i i  be no c a t a s t r o p h i c  b r i t t l e  f a i l u r e .  

Creep c r a c k  g rowth  wa5 assumed negi  l g l b l e  s i n c e  t h e  h i g h  tempera tu re  reg lon ,  where creep e x i s t s ,  i s  
i n  t h e  o u t e r  h a l f  of t h e  w a l l  (plasma s i de1  and o n l y  smal l  t e n s i l e  loads a r e  exper ienced.  Therefore,  no 
c r a c k  g r a t h  i s  expected for such low s t r e s s e s  (and smal l  creep zones) .  L i t t l e  i s  known about  t h e  in-  
f l u e n c e  o f  i r r a d i a t i o n  Induced c reep  on c rack  growth. B u t  i f  it behaves s l m i l a r l l y  t o  therma l  creep,  t h e  
low s t r e s s  c o n d l t l o n  would cause no c rack  growth. 

1.2.4.5 .W.we k r k  

Th i s  minimum v a l u e  f o r  K l c  i s  c o n s e r v a t i v e  and t h e r e f o r e ,  o n l y  f a l i u r e  due t o  

The e f f e c t s  of changes I n  m a t e r i a l s  parameters w I I I  be I n v e s t l g a t e d .  T h l s  i n c l u d e s  changes i n  tough-  
ness and f a t l g u e  c r a c k  growth r a tes .  T h i s  i n f o r m a t i o n  w i l l  be used t o  de te rmine  q u a l i t y  c o n t r o l  r e q u l r e -  
ments for n o n- d e s t r u c t i v e  e v a l u a t i o n .  
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2.1 NEUTRON SOURCE CHARACTERIZATION FOR MATERIALS EXPERIMENTS - 
L .  R. Greenwood (Argonne N a t i o n a l  Labo ra to ry )  

2.1.1 ADIPJDAFS Tasks 

A D I P  - Task I.A.2 - De f i ne  Tes t  M a t r i c e s  and Procedures 
DAFS - Task I I . A . l  - F i s s i o n  Reactor  Dos imet ry  

2.1.2 O b j e c t i v e  

To c h a r a c t e r i z e  neut ron i r r a d i a t i o n  f a c i l i t i e s  i n  te rms o f  n e u t r o n  f l u x ,  spec t ra ,  and damage parameters 
(dpa, gas p roduc t i on ,  t r ansmuta t i on )  and t o  measure these exposure parameters d u r i n g  fus ion  m a t e r i a l s  
i r r a d i a t i o n s .  

2.1.3 Summary 

Dosimet ry  measurements and c a l c u l a t i o n s  have been completed f o r  t h e  CTR 39-45 and T 1  i r r a d i a t i o n s  i n  
HFIR. Neutron f l u x  and damage r a t e s  a r e  q u i t e  s i m i l a r  t o  p r e v i o u s  r e s u l t s  i n  t h e  PTP p o s i t i o n .  

2.1.4 Progress  and S ta tus  

The s t a t u s  o f  a l l  o t h e r  exper iments i s  summarized i n  Tab le  2.1.1. 

Table 2.1.1. S ta tus  o f  Dos imet ry  Exper iments 

F a c i l  i ty lExpe r imen t  Status/Comrnents 
- __ 
- 

ORR - MFE 1 Completed 12/79 
- MFE 2 Completed 06/81 - MFE 4A1 #Completed 12/81 
- MFE 4A2 ICompl e t e d  11 /82 - MFE 48 Completed 04/84 
- TRC 07 Completed 07/80 - TRIO-Test Completed 07/82 - T R I O- 1  Completed 12/83 - H f  Tes t  Completed 03/84 
- JP T e s t  Samples Sent 06/84 
- CTR 32 Completed 04/82 - CTR 31, 34, 35 Completed 04/83 - T2,  R K 1  Completed 09/83 - T1, CTR 39 Completed 01/84 - CTR 40-45 Completed 09/84 - 30, 36, 46 Samples Received 11/84 
- RK2, T3 Samples Received 11/84 - CTR 47-52 I r r a d i a t i o n s  i n  Progress  
- JP 1-8 I r r a d i a t i o n s  i n  Progress  

m e g a  West - Spec t ra l  Ana l ys i s  Completed 10/80 - HEDLl Completed 05/81 - HEDL2 Samples Sent 05/83 
- LANL 1 Completed 08/84 

EKR I 1  - X287 Completed 09/81 
IPNS - Spec t ra l  A n a l y s i s  Completed 01/82 - LANLl ( H u r l e y )  Completed 06/82 

- Hur ley  Completed 02/83 
- Coltman Completed 08/R3 

HFIR 
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2.1.4.1 The T1 and CTR 39 Exper iments i n  HFIR - 

Measurements and c a l c u l a t i o n s  have been completed f o r  t h e  T 1  and CTR 39 i r r a d i a t i n s  i n  t h e  H igh F l u x  
i s o t o p e s  Reactor  (HFIR) a t  Oak Ridge N a t i o n a l  Labo ra to ry .  
s t e e l s  and c o n s i s t e d  o f  t e n s i l e  and f a t i g u e  specimens. The i r r a d i a t i o n  h i s t o r i e s  a re ,  as f o l l o w s :  

Both  exper iments  were designed t o  s tudy  f e r r i t i c  

Exper iment Reactor  P o s i t i o n  Dates Exposure, MWD 
____- _____ ____ 

CTR 39 PTP 6/82 - 10/82 13,004 
T I  Target  2/81 - 8/82 32,272 

Dosimeters were l o c a t e d  a t  two h e i g h t s  i n  T I  and t h r e e  h e i g h t s  i n  t h e  CTR 39 subassembly. 
con ta ined  N i ,  Cu, Co-A1, Mn-Cu, Nb, T i ,  Fe, and 2 r  dos imeter  w i r e s  w h i l e  t he  CTR 39 capsu les  c o n t a i n e d  o n l y  
Fe, T i ,  Mn-Cu, and Co-A1 dos imeters .  

The T I  capsu les  

The measured a c t i v a t i o n  r a t e s  a r e  l i s t e d  i n  Table 2.1.2. When t h e  p r e s e n t  va lues  were compared t o  
r e v i o u s  va lues1  measured i n  s i m i l a r  l o c a t i o n s  i n  HFIR, i t  was apparent  t h a t  t he  54Fe(n,p)54Mn and 

g5Mn(n,Zn)54Mn r e a c t i o n  r a t e s  showed much more s c a t t e r  (15-20%) than expected.  T h i s  can be e a s i l y  e x p l a i n e d  
by t h e  u n c e r t a i n t y  i n  t h e  burnup c o r r e c t i o n s  f o r  54Mn s ince  the  thermal c ross  s e c t i o n  i s  n o t  w e l l  known. 

Table 2.1.2. A c t i v i t y  Rates Measured i n  HFIR-TI, CTR 39 
(Va lues  normal ized t o  100 MW; c o r r e c t e d  f o r  burnup) 

React ion  A c t i v i t y  Rate, atomlatom-s 

T 1  Exper iment :  He ight ,  an: 7.22 16.95 

CTR 39 Exoer iment :  

2.26 

5.58 

1.59 

.. 

_. 

._ 

2.00 

2.10 
7.54 
7.36 
2.14 

1.82 
6.03 
4.36 
6.36 
1.35 
2.99 

10.89 19.78 

1.84 1.30 
6.57 4.57 
6.55 4.68 
1.95 1.42 

___ __ 

ENDF/B-IV2 l i s t e d  t h e  54Mn thermal  c ross  s e c t i o n  as < lob .  The newly re l eased  ENDF/B-V3 va lue  i s  038b. 
I f  we compare r e a c t i o n  r a t e s  measured i n  s i m i l a r  p o s i t i o n s  o v e r  v a r i o u s  exposure t imes (6000 - 30000 MWD), 
t hen  b o t h  r e a c t i o n s  show reasonab ly  good agreement I5-10%) u s i n g  a 54Mn thermal c ross  s e c t i o n  o f  about  l o b .  
Consequent ly,  we have adopted t h i s  v a l u e  f o r  t h e  p resen t  da ta .  U n f o r t u n a t e l y ,  t h i s  means t h a t  a l l  p r e v i o u s  
54Feln,p)  and 55Mnln,2n) r a t e s  shou ld  be rev i sed :  however, t h e  c o r r e c t i o n s ,  which sca le  w i t h  t he  exposure, 
a r e  l e s s  than 10% i n  a l l  cases.  S ince these r e a c t i o n s  a r e  n o t  t h e  o n l y  ones used t o  de termine f luences and 
damage parameters,  these d a t a  shou ld  have changes o f  l e s s  than 5 % .  Data f r o m  f u t u r e  i r r a d i a t i o n s  i n  HFIR 
w i l l  h e l p  us t o  f u r t h e r  r e f i n e  o u r  es t ima te  o f  t h e  54Mn thermal c ross  s e c t i o n  and a l l  da ta  w i l l  be r e v i s e d  
as necessary.  

i n  Tab le  2.1.3. 
r a t e s  a t  any p o i n t  i n  t h e  subassembly. 
and t h e  h e l i u m  and dpa r a t e s  a r e  l i s t e d  s e p a r a t e l y  i n  Table 2.1.4. 
measurements and c a l c u l a t i o n s  was presented a t  t he  Albuquerque meet ing.4 

The p r e s e n t  g r a d i e n t  da ta  i s  w e l l - d e s c r i b e d  by a q u a d r a t i c  po lynomia l  and t h e  c o e f f i c i e n t s  a r e  l i s t e d  

O f  course,  h e l i u m  p r o d u c t i o n  i n  n i c k e l  i s  n o t  so e a s i l y  de termined 
Us ing  t h i s  f u n c t i o n  and t h e  midp lane va lues ,  use rs  can r e a d i l y  de termine f l uence  o r  damage 

A more complete d e s c r i p t i o n  of  he l i um 
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Table  2.1.3. Neutron Fluence and Damage Parameters f o r  HFIR-T1, CTR 39 
Values a r e  l i s t e d  a t  midp lane;  g r a d i e n t s  a r e  desc r i bed  

by f = a ( l  t bz t cz2) where b = 1.95 x 10-4, c = -9.75 x 10-4 

71 CTR39 -_ Neutron Fluence, x 1022 n / c d  __ 
Tota l  14.74 5.92 
Thermal lc .5 eV)a 1.00 2.47 
Fas t  ( > . l l  MeV) 2i.37 1.54 

T 1  CTR 39 

DPA He, appm __ __ ._ 
~ l e m e n t  OPA He, appm 

A1 43.85 19.41 M.23 9.86 
T i  27.84 13.37 112.88 6.58 
V 31.25 0.67 :L4.41 0.33 
C r  27.37 4.49 12.71 2.26 
Mn b 30. RO 3.93 14.01 2.00 . .  
Fe 24.12 7.89 11.25 4.02 

Fas t  26.23 104.68 12.10 53.32 
N i C  159Ni  30.82 17476. 8.23 4668. 

Cob 32.42 3.89 14.22 1.98 

1 Tota l  57.05 17581. 20.33 4721. 
rlt 23.67 7.05 10.97 3.58 -- 
Nb 23.35 1.44 10.86 0.74 

_- 8.08 _. Mo 17.47 
316 SSd 28.94 2291. 12.66 617. 

aThe 2200 m/s thermal f l u x  i s  equal t o  0.866 t imes  t h e  va lue  
l i s t e d .  

bThermal s e l f - s h i e l d i n g  must be cons ide red  f o r  ( n , y )  damage. 
CSee Tab le  2.1.4 f o r  N i  g r a d i e n t s .  
d316 SS: Fe(0.645).  Ni(0.131, Cr(0.181, Mn(0.0191, Mo(0.026). 

Table 2.1.4. He l ium and OPA Grad ien ts  f o r  N i c k e l  i n  HFIR-T2, RB1  
Hel ium va lues i n c l u d e  59Ni and f a s t  r e a c t i o n s  

DPA va lues i n c l u d e  e x t r a  thermal e f f e c t  (He/567) 
Grad ien ts  a re  v e r y  n e a r l y  symmetric about  midp lane 

CTR 39 
- 

T 1  

He iah t .  cm He. aonm DPA He, appm OPA 

0 17,581 57.1 4,721 20.3 
17,429 56.6 4,666 20.1 3 

6 16,932 55.0 4,487 19.5 
9 16.105 52.4 4,192 18.5 

12 14.915 48.8 3,781 17 .O 
15 13;372 44.0 3,268 15.2 
18 11,439 38.1 2,660 13.0 
21 9,113 31 .O 1,984 10.4 
24 6,437 22.9 1,284 7.6 

2.1.4.2 The CTR 40-45 Exper iments i n  HFIR 

Dos imet ry  measurements and damage c a l c u l a t i o n s  have been completed f o r  s i x  i r r a d i a t i o n s  l a b e l e d  
CTR 40-45 i n  t h e  p e r i p h e r a l  t a r g e t  p o s i t i o n  (PTP) o f  HFIR. The exposure h i s t o r i e s  a r e ,  as f o l l o w s :  

Exper iment Dates Exposure, MWO 

40 7/18/82 t o  12/12/82 13,172 
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Table 2.1.6. Neutron Fluence and Damage Parameters f o r  HFIR-PIP 
Values a re  l i s t e d  a t  midplane; g r a d i e n t s  a re  descr ibed by 

f = ai l+bz+cz21 where b = 1.95 x 10-4 and c = -9.75 x 10-4 

Energy CTR40141 CTR42l43 CTR44J45 
Neutron Fluence, x 1022 n/cm2: 

Tota l  5.87 9.45 4.72 
Thermal (<.5 ev)a  2.45 3.94 1.98 
0.5 eV - 0.1 MeV 1.89 3.04 1.52 
>.I MeV 1.53 2.46 1.23 

DPA He DPA ne DPA ne 

A1 
T i  
V 
C r  
Mnb 
Fe 
cob 

Fast  
N i C  59Ni 

Tota l  
cu 
Nb 
Mo 
316 ssd 

20.2 9.86 32.3 15.7 16.1 7.87 
12.8 
14.4 
12 .7  
14.0 
11.2 
14.2 
12.1 
8.0 

20.1 
10.9 

- 

6.58 
0.33 
2.27 
2.00 
4.02 
1.98 

53.33 
4532 
4585 
__ 

3.58 

20.5 
23.0 
20.3 
22.4 
17.9 
22.7 
19.3 
15.5 

17.5 

- a 

10.5 
0.53 
3.61 
3.18 
6.41 
3.15 

84.9 
8789 

a.LL 
__ 

5.72 

10.3 
11.5 
10.1 
11.2 

9.0 
11.3 
9.6 
5.7 

15.3 
8.7 

- 

5.25 
0.26 
1.81 
1.59 
3.21 
1.58 

42.53 
3253 
3296 
__ 

2.86 
10.8 0.73 17.3 1.17 8.7 0.59 
8.1 _ _  12.9 __  6.4 _-  

12.6 599.0 20.5 i i5a.o 10.0 431 .O 
-~ 

aThe thermal f l uence  i s  equal t o  1.15 t imes the 2200 i J s  va lue 
bThermal se l  f - s h i e l d i n g  may lower  damage r a t e s  
CSee Table 2.1.7 f o r  n i c k e l  g r a d i e n t s  
d316 5 s :  Fe(0.645), N i (0 .13) .  Cr(0.18). Mn(0.019), Mo(0.026) 

Table 2.1.7. N icke l  Helium and DPA Grad ients  f o r  HFIR 
iHe(appm) and DPA i nc lude  thermal and f a s t  e f f e c t s )  _- ___ 

CTR40-41 CTR42-43 CTR44-45 

Height ,  cm He DPA He DPA He OPA 

12 
15 
18 
21 
24 

2.1.5 Conclusions 

4585 
4532 
4357 
4070 

20.1 

16.6 
15.0 

7.5 

8874 
8782 
8483 
7989 
7290 
6402 
5321 
4077 
2731 

34.8 3296 

13.2 850 

15.3 
15.1 
14.7 

11.4 
9.7 
7.8 
5.8 

The p resen t  r e s u l t s  a re  q u i t e  s i m i l a r  t o  those measured p r e v i o u s l y  in HFIR. Dosimeters have been 
rece ived  from the  CTR 30, 36, 46, T3, and RB2 exper iments and a n a l y s i s  i s  now i n  progress.  
have been prepared and sent  to ORNL f o r  f u r t h e r  i r r a d i a t i o n s  i n  HFIR.  

New dosimeters 
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2.2 NEUTRONICS CALCULATIONS I N  SUPPORT OF THE ORR-MFE-4A AND -46 SPECTRAL TAILORING EXPERIMENTS - 
R .  A. L i l l i e  (Oak Ridge Na t i ona l  Labo ra to ry )  

2.2.1 A D I P  Task 

A D I P  Task 1.A.2, Def ine Test  M a t r i c e s  and Test Procedures. 

2.2.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  p r o v i d e  t h e  n e u t r o n i c  des ign f o r  m a t e r i a l s  i r r a d i a t i o n  exper iments  i n  
t h e  Oak Ridge Research Reactor  (ORR). Spec t ra 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  r e q u i r e d  
t o  p r o v i d e  t h e  d e s i r e d  d isp lacement  and he l i um p r o d u c t i o n  r a t e s  i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

2.2.3 Summary 

The c a l c u l a t e d  f luences from t h e  ongoing th ree- d imens iona l  n e u t r o n i c s  c a l c u l a t i o n s  a re  be ing  sca led  t o  
agree w i t h  exper imenta l  data. As of SeDtember 30. 1984. t h i s  t r ea tmen t  v i e l d s  176.2 a t .  o m  He ( n o t  
i n c l u d i n g  2.0 'at .  ppm He from "9) and i1.90 dpa f o r  t y p e  316 s t a i n l e s s  i t e e l  i n  GRR-MFE-4A and 
133.0 a t .  ppm He and 9.13 dpa i n  ORR-MFE-48. 

2.2.4 Progress  and S ta tus  

The o p e r a t i n g  and c u r r e n t  c a l c u l a t e d  da ta  based on t h e  f luence s c a l i n g  f a c t o r s '  a re  summarized i n  
Tab le  2.2.1 f o r  t h e  ORR-MFE-4A and -45 exper iments.  

The r e a l - t i m e  p r o j e c t i o n s  o f  t h e  
he1 ium- to- d isp lacement  r a t i o s  based on 
c u r r e n t  c a l c u l a t e d  data  as  o f  September 30, 
1984, a re  presented i n  Figs.  2.2.1 and 
2.2.2 f o r  t h e  ORR-MFE-4A and -48 e x p e r i -  
ments, r e s p e c t i v e l y .  The p r o j e c t e d  dates 
were ob ta ined  assuming an ORR du ty  f a c t o r  
of 0.86. As noted, t h e  s o l i d  aluminum ORR-MFE-4A ORR-NFE-4B 
co rep ieces  were i n s e r t e d  i n  t h e  ORR-MFE-4A 
exper iment  on December 7, 1982, and i n  t h e  Power (MWh) 709,920 566,640 

The 1.0-rnm-thick hafnium corep iece was Thermal f luence (neut rons /m2)  1.38 x IOz6 1.15 x IOz6 
i n s e r t e d  i n  t h e  ORR-MFE-4A exper iment on T o t a l  f l u e n c g  (neutrons/rn') 4.99 x loz6 3.85 x 
May 1, 1984. The t a r g e t  da te  f o r  i n s e r t i o n  

p r o j e c t e d  f o r  December 20, 1984. 

p r o j e c t e d  he l ium- to- d isp lacement  r a t i o s  and 
those  p r e v i o u s l y  repo r ted '  occur  a f t e r  t h e  
i n s e r t i o n  of t h e  1.0-mm hafnium coreDieces.  

Tab le  2.2.1 Opera t i ng  and c a l c u l a t e d  d a t a  f o r  
exper iments  ORR-MFE-4A and -46 

as o f  September 30, 1984 

ORR-MFE-45 exper iment on August 5, 1983. Equ i va len t  f u l l - p o w e r  days' 986 7a7 

He a t .  ppm) 1.76.2 133.0 
i n  t h e  ORR-MFE-48 exper iment i s  c u r r e n t l y  dpa 11.90 9.13 b 

The o n l y  changes between t h e  c u r r e n t  ' Fu l l  power f o r  GRR i s  30 MW. 
'Helium and dpa va lues a re  f a r  t y p e  316 s t a i n l e s s  

s t e e l .  

F ig .  2.2.1. Cur rent  and p r o j e c t e d  he l ium Fig. 2.2.2. Cur rent  and p r o j e c t e d  he l i um 
and d isp lacement  damage l e v e l s  i n  t h e  ORR-MFE-4A 
exper iment.  exper iment.  

and d isp lacement  damage l e v e l s  i n  t h e  ORR-MFE-49 
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These changes r e s u l t  because o f  t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  f l u x  changes due t o  t h e  i n s e r t i o n  o f  
t h e  Hf and t h e  m a s u r e d  changes2 ob ta ined  f rom t h e  dos ime t r y  measurements made d u r i n g  February  1984. 
1.0-mm-thick hafnium sleeve, n e u t r o n i c s  c a l c u l a t i o n s  p r e d i c t e d  a r e d u c t i o n  o f  57% i n  t h e  thermal f l u x  and 
28% i n  t h e  d isp lacements  p e r  atom (dpa) and he l i um p roduc t i on .  
20%, r e s p e c t i v e l y .  Thus, t h e  c u r r e n t  ha fn ium co rep iece  i s  no t  per fo rming a t  t h e  l e v e l  p r e d i c t e d  by t h e  
n e u t r o n i c s  c a l c u l a t i o n s .  

i nc reased  two- s tep h e l i u m  p r o d u c t i o n  w i l l  n o t  g r e a t l y  a f f e c t  e i t h e r  experiment. I n  t h e  MFE-4A specimens, 
t h e  he l ium- to- d isp lacement  r a t i o  was approx imate ly  9.5% above t h e  f i r s t  w a l l  r a t i o  when t h e  hafnium core-  
p i e c e  was i n s e r t e d  a t  10.4 dpa. A t  15 dpa, t h i s  r a t i o  w i l l  be o n l y  8.3% above t h e  f i r s t  w a l l  r a t i o .  A f t e r  
1 5  dpa, t h e  he l ium- to- d isp lacement  r a t i o  w i l l  s l o w l y  c reep up away from t h e  f i r s t  w a l l  r a t i o .  I n  t h e  MFE-4B 
specimens, a s i m i l a r  e f f e c t  w i l l  t a k e  p l a c e  w i t h  t h e  r a t i o  be ing app rox ima te l y  6% above t h e  f i r s t - w a l l  r a t i o  
a t  15 dpa. However, a t  o r  near 15 dpa, b o t h  hafn ium s leeves w i l l  have t o  be rep laced  because of burnup. 

The reason t h a t  t h e  hafnium co rep iece  i s  no t  pe r fo rm ing  as w e l l  as p r e d i c t e d  by t h e  n e u t r o n i c s  c a l c u l a -  
t i o n s  i s  most l i k e l y  due t o  the s i z e  o f  t h e  hafnium sleeves.  I n  t h e  o r i g i n a l  p lan,  hafnium s leeves 
ex tend ing  beyond t h e  a c t i v e  f u e l  reg ion ,  i.e., g r e a t e r  t h a n  24 in .  long, were analyzed u s i n g  one-dimensional  
t r a n s p o r t  methods. 
and t h e  s leeve  i n tended  f o r  use i n  t h e  MFE-48 co rep iece  a re  o n l y  12- in .  long,  i.e., j u s t  l o n g  enough t o  
s h i e l d  t h e  exper imenta l  reg ion .  T h i s  l e n g t h  e l i m i n a t e s  thermal neut rons  e n t e r i n g  t h e  specimen r e g i o n  from 
t h e  s i d e  b u t  does n o t h i n g  t o  s top  thermal neut rons  e n t e r i n g  f rom t h e  t o p  o r  bottom. However, t o  be c e r t a i n  
t h a t  t h e  l e n g t h  i s  t h e  cause o f  t h e  l o s s  o f  thermal  f l u x  r e d u c t i o n ,  a two-dimensional  t r a n s p o r t  model wh ich  
can t a k e  i n t o  account t h e  f i n i t e  l eng ths  o f  t h e  s leeves i s  b e i n g  const ruc ted.  
model f o r  bo th  t h e  o r i g i n a l  f u l l - l e n g t h  s leeve and t h e  i n- use  12- in.  s leeve shou ld  be a v a i l a b l e  i n  t h e  nex t  
few months. These da ta  shou ld  a l l o w  t h e  s e l e c t i o n  o f  a p rope r  t h i c k n e s s  f o r  t h e  s h o r t e r  s leeves which w i l l  
be needed a t  15 dpa. 

2.2.5 F u t u r e  Work 

For  a 

The dos ime t r y  measurements y i e l d e d  40% and 

A t  t h e  p resen t  t ime,  i.e., u n t i l  15 dpa i s  reached, t h e  l o s s  o f  thermal  f l u x  r e d u c t i o n  and subsequent 

Because o f  hafnium a v a i l a b i l i t y  and cos t ,  the, s leeve employed i n  t h e  MFE-4A co rep iece  

Data genera ted u s i n g  t h i s  

The th ree- d imens iona l  n e u t r o n i c s  c a l c u l a t i o n s  t h a t  mon i to r  t h e  r a d i a t i o n  environment i n  t h e  ORR-MFE-4A 
and -48 exper iments w i l l  c o n t i n u e  w i t h  each ORR cyc le .  
ob ta ined  f rom these c a l c u l a t i o n s  w i l l  be updated as new exper imenta l  da ta  become a v a i l a b l e .  
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7.3 OPERATION OF THE ORR SPCCTRAL TAILORING EXPERIMENTS (ORR-MFE-4A AND ORR-MFE-40) - J. A. C o n l i n  and 
I .  T. Dudley (Oak R idge Na t i ona l  Labo ra to r y )  

2.3.1 ADIP Task 

A D I P  Task I.A.2, D e f i n e  Tes t  " la t r i ces  and Tes t  Procedures. 

2.3.2 O b j e c t i v e s  

Exper i inents ORR-MFE-4A and -48, 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 tee l ,  use neu t ron  s p e c t r a l  
t a i l o r i n g  t o  ach ieve  t h e  same he l ium- to- d isp lacement- per- a tom (Heidpa) r a t i o  as p r e d i c t e d  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  se rv ice .  Exper iment ORR-MFE-4A c o n t a i n s  ma in l y  t y p e  316 s t a i n l e s s  s t e e l  and Path  A Pr ime 
Cand ida te  A l l o y  (PCA) a t  i r r a d i a t i o n  tempera tures  of 330 t o  400°C. Exper iment ORR-MFE-4E c o n t a i n s  s i m i l a r  
m a t e r i a l s  a t  i r r a d i a t i o n  tempera tures  of 500 and 600°C. 

2.3.3 Summary 

The specimens con ta i ned  i n  t h e  ORR-MFE-4A exper iment have opera ted  f o r  an e q u i v a l e n t  of 986 d a t  30 MW 
r e a c t o r  power, w i t h  tempera tures  o f  400 and 330°C. 
have opera ted  f o r  an e q u i v a l e n t  of 787 d a t  30 MW r e a c t o r  power, w i t h  tempera tures  of 500 and K(10"C. 

2.3.4 Progress and S ta tus  

The d e t a i l s  o f  t h e  Oak Ridge Research Reactor  ( O R R )  Spec t r a l  T a i l o r i n g  Exper iments have been desc r i bed  
p r e v i o u s l y .  'e8 

The ha fn ium s l eeve  f o r  neu t ron  s p e c t r a l  t a i l o r i n g  of t h e  ORR-MFE-4A exper iment was i n s t a l l e d  on 
A p r i l  26, 1984. Displacement damage l e v e l  of t h e  specimens i n  t h e  capsu le  was approx imate ly  10 dpa a t  t h a t  
t ime.  The ha fn ium s leeve  was made from a sheet  o f  ha fn ium 1.04 m (0.041 i n . )  t h i c k  which was r o l l e d  i n t o  a 
c y l i n d r i c a l  shape 50.8 m (2.0 in.)  d iameter  by 311.2 m (12.25 i n . )  l o n g  and seam welded. The s l eeve  was 
f i t t e d  i n t o  an aluminum co rep iece  assembly hav ing  t h e  e x t e r n a l  shape of an ORR f u e l  element. The ORR-IIFE-4A 
exper iment was removed from t h e  ORR c o r e  p o s i t i o n  E-3 and t h e  s p e c i a l  s o l i d  aluminum co rep iece  was rep laced  
w i t h  t h e  co rep iece  c o n t a i n i n g  t h e  hafnium sleeve. 

Measurements r e p o r t e d  p rev i ous l y '  i n d i c a t e  a r e d u c t i o n  of l e s s  t h a n  10% i n  t h e  gamma heat  r a t e  c o u l d  be 
expec ted  due t o  t h e  ha fn ium s l eeve  i n s t a l l a t i o n .  F o l l o w i n g  t h e  ha fn ium s l eeve  i n s t a l l a t i o n ,  t h e  range of 
t empe ra t c re  c o n t r o l  o f  t h e  capsu le  p roved t o  be  s u f f i c i e n t  t o  m a i n t a i n  t h e  s p e c i f i e d  t e s t  tempera ture  w i t h  
t h e  reduced gamma heat ing.  The exper iment o p e r a t i o n  has s i n c e  been r o u t i n e .  

t h e  ORR-MFE-4A exper iment specimens have accumulated an e q u i v a l e n t  of 986 d a t  3 0  MW r e a c t o r  power w i t h  
specimen tempera tures  o f  400 and 330°C. 

The ORR-MFE-40 exper iment con t i nues  t o  operate.  The o p e r a t i o n  has been r o u t i n e  dur ing t h i s  p e r i o d  
excep t  f o r  t h e  f a i l u r e  of thermocouple TE-1. 
d u r i n g  a r e a c t o r  s t a r t u p .  

near  t h e  end o f  Deceinber 1984. A t  t h a t  t i m e  a hafnium s l eeve  s i m i l a r  t o  t h e  ane used i n  t h e  OP,R-:',FC-4A 
exper iment  w i l l  be  i n s t a l l e d  f o r  neu t ron  s p e c t r a l  t a i l o r i n g  purposes. 

a t  30 MW r e a c t o r  power w i t h  tempera tures  o f  500 and 600°C. 

7.3.5 References 

The specimens con ta i ned  i n  t h e  ORR-MFE-45 exper iment 

The exper iment was t hen  r e i n s t a l l e d .  

D u r i n g  t h i s  r e p o r t i n g  pe r i od ,  t h e r e  have been no thermocouple f a i l u r e s .  Through September 30, 1984, 

F a i l u r e  o f  t h a t  thermocouple occu r red  on September 3 ,  1984 
We have s i n c e  used TE-2 as a r e f e r e n c e  f o r  tempera ture  c o n t r o l  purposes. 

The specimens con ta i ned  i n  t h i s  exper iment a r e  expected t o  reach  a d isp lacement  damage l e v e l  of 10 dpa 

Through September 30, 1984, t h e  ORR-MFE-4B exper i inent  specimens have accumulated an e q u i v a l e n t  o f  787 d 
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ORR-MFE-4A and ORR-MFE-45," pp.  24-75 i n  ADIP Semiannu. Frog. Rep. Mar. 31, 1981, DOE/ER-0045/12, ij.8. nnE, 
O f f i c e  of Fusion Energy. 

O f f i c e  of Fusion Energy. \ 
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F FUSION IRRADIATIONS - FFTF CYCLES 4-6 - A. M. E r m i  (West inghouse Hanford Company) 

I I P  Task 

P Task I.A.2, D e f i n e  Tes t  M a t r i c e s  and T e s t  Procedures 

' j e c t i v e s  

o b j e c t i v e  o f  t h e  FFTF Fus ion  I r r a d i a t i o n s  i s  t o  p r o v i d e  h i g h  f l uence  d a t a  ( > l o 0  dpa) a t  s e v e r a l  
The expe r imen t  i s  des igned t o  i n v e s -  u res  f o r  a l l o y s  o f  i n t e r e s t  t o  t h e  ADIP and DAFS programs. 

he e f f e c t s  o f  r a d i a t i o n  on t e n s i l e  p r o p e r t i e s ,  f r a c t u r e  toughness, f a t i g u e  crack  growth, creep, 
behav io r  and m i c r o s t r u c t u r e .  

linin 

cimens were prepared and loaded i n t o  t h r e e  i n - c o r e  c a n i s t e r s  o f  t h e  M a t e r i a l s  Open T e s t  Assembly 
o r  i r r a d i a t i o n  d u r i n g  FFTF c y c l e  4 ( Janua ry- Apr i l  1984). 
a), 518OC (14-16 dpa) and 595OC (14-16 dpa). A l l o y s  emphasized i n  t h i s  i n i t i a l  i r r a d i a t i o n  were 

E f e r r i t i c  a l l o y s  HT-9 and 9Cr-lMo, and t h e  Path  C vanadium a l l o y s .  
se  specimens were e i t h e r  d ischarged o r  r e i n s e r t e d  i n t o  new MOTA hardware  f o r  i r r a d i a t i o n  d u r i n g  
l e s  5-6 (June 1984-June 1985). New specimens were  a l s o  i nc luded,  and a d d i t i o n a l  i r r a d i a t i o n  
lo th  i n - c o r e  and be low- core  was a v a i l a b l e  f o r  an expanded t e s t  m a t r i x .  

d u r i n g  c y c l e s  5-6 a t  365OC (below- core:  4-7 dpa), a t  425, 520 and 6OO0C ( a l l  25-28 dpa) and 
-14 dpa). A d d i t i o n a l  emphasis on low a c t i v a t i o n  a l l o y s  was g i v e n  f o r  t h i s  i r r a d i a t i o n .  Speci-  
t h e  peak f l u x  p o s i t i o n s  d u r i n g  c y c l e s  4-6 w i l l  accumula te  a p p r o x i m a t e l y  45 dpa. 

r o g r e s s  and S t a t u s  

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

I r r a d i a t i o n s  were conducted a t  407OC 

I r r a d i a t i o n s  a r e  c u r r e n t l y  

e f f e c t s  o f  neu t ron  i r r a d i a t i o n  on t h e  mechanical  p r o p e r t i e s  and behav io r  o f  f u s i o n  r e a c t o r  
e a l l o y s  need t o  be c h a r a c t e r i z e d  over  t h e  range o f  damage l e v e l s  expected i n  a f u s i o n  r e a c t o r  
lent. 

eve r  exper iment  des igns  and a l l o y  p r e p a r a t i o n s  and t a k i n g  advantage of i n h e r e n t  f a c i l i t y  charac- 
5 .  manv o f  t h e  i m o o r t a n t  damaae oarameters  (such as h e l i u m  l e v e l .  d i so lacemen ts  o e r  atom (doal 

I n  t h e  absences o f  a d e v i c e  wh i ch  can s i m u l a t e  t h a t  environment,  expe r imen te rs  must  r e l y  on 
i r r a d i a t i o n  f a c i l i t i e s  t o  o b t a i n  i r r a d i a t i o n  e f f e c t s  i n f o r m a t i o n  on f u s i o n  r e a c t o r  a l l o y s .  By 

I .  I 

smutac ion  p roduc ts )  can be i & e s t i g a t e d .  
il r e c e n t l y ,  i r r a d i a t i o n s  i n  suppo r t  o f  t h e  ADIP program have been c a r r i e d  o u t  a lmos t  e x c l u s i v e l y  
wo mixed- soectrum r e a c t o r s  a t  ORNL. t h e  H iah  F l u x  I s o t o o e  Reactor  lHFIRl and t h e  Oak Ridae 

Reactor  (ORR), and i n  t h e  fas t- spect rum r e a c t o r  a t  ANL-'West, t h e  f x p e r i m e n t a l  Breeder  RGactor I 1  
T h i s  r e p o r t  w i l l  d e s c r i b e  t h e  ongoing i r r a d i a t i o n s  wh ich  a r e  c u r r e n t l y  b e i n g  conducted a t  WHC 

:ast F l u x  T e s t  F a c i l i t y  (FFTF). 

J e s c r i p t i o n  o f  T e s t  V e h i c l e  and F a c i l i t y  

FFTF i 5  a 400 M W t ,  sodium-cooled, low- pressure ,  h igh tempera ture ,  f a s t  neu t ron  f l u x  r e a c t o r  
IS designed s p e c i f i c a l l y  f o r  i r r a d i a t i o n  t e s t i n g  o f  f u e l s  and m a t e r i a l s  f o r  l i q u i d  m e t a l  f a s t  
reac to rs .  The a c t i v e  co re  i s  91.4 cm (36 in.) i n  l e n g t h  and c o n t a i n s  p o s i t i o n s  f o r  up t o  e i g h t  
e n t l y  i n s t r u m e n t e d  assembl ies.  The r e a c t o r  vesse l  i n l e t  t empera tu re  i s  36OoC, and t h e  o u t l e t  
u r e  i s  525OC. 
M a t e r i a l s  Open Tes t  Assembly (MOTA) i s  a h i g h l y  i n s t r u m e n t e d  assembly wh ich  has t h e  c a p a b i l i t y  

o r  and c o n t r o l  t empera tu res  of specimen c a n i s t e r s  d u r i n g  i r r a d i a t i o n .  The MOTA t e s t  t r a i n ,  wh ich  
t h e  l o w e r  p o r t i o n  of t h e  12.2 m (40 f t . )  assembly, c o n t a i n s  30 i n - c o r e  specimen c a n i s t e r s  and 

e r  be low- co re  c a n i s t e r  ( e q u i v a l e n t  i n  specimen volume t o  7 i n - c o r e  c a n i s t e r s ) .  
i s  29 cm (7.5 in.) long, 3.36 cm (1.325 in.) in d iame te r  and c o n t a i n s  app rox ima te l y  80 cc o f  

I volume. The MOTA t e s t  t r a i n  and d e t a i l s  of a t e m p e r a t u r e- c o n t r o l l e d  c a n i s t e r  a r e  i l l u s t r a t e d  i n  
r.4.1. 
i c a l l y ,  80% of t h e  i n - c o r e  c a n i s t e r s  a r e  t e m p e r a t u r e - c o n t r o l l e d ,  u s i n g  a m i x t u r e  o f  argon and 
o va ry  t h e  t h e r m a l  c o n d u c t i v i t y  across  an annulus. These c a n i s t e r s  a r e  opera ted a t  a v a r i e t y  o f  
ures,  depending on t h e  annulus s ize ,  l o c a t i o n  i n  t h e  core, and t h e  mass load ing.  The c u r r e n t  
o p e r a t i o n  i s  485 t o  75OoC, w i th  a c o n t r o l  band o f  +5OC. 
be law- care  c a n i s t e r  and t h e  r e m a i n i n g  20% of t h e  i n - c o r e  c a n i s t e r s  a r e  '"weepers" and o p e r a t e  
above t h e  c o o l a n t  ambient  t empera tu re  (365OC below-core,  and 435OC a t  t h e  t o p  o f  t h e  c o r e  i n  

{ e l  5). 
FFTF f u e l  c y c l e  i s  n o m i n a l l y  100 f u l l  power days w i t h  about a 2-month shutdown between cyc les .  

he  shutdown, specimens f r o m  MOTA a r e  removed (and measured as i s  t h e  case f o r  c reep tubes)  and 
ed i n t o  new MOTA hardware  w i t h  new specimens. 
' f o r  con t i nued  i r r a d i a t i o n  i n  t h e  nex t  cyc le .  A l though specimens f r o m  MOTA were removed a f t e r  

A summary d e s c r i p t i o n  o f  t h e  FFTF i s  g i v e n  i n  Reference 1. 

Each i n - c o r e  

T h i s  hardware  i s  t h e n  p laced  i n t o  a new MOTA 





FFTF c y c l e  4 a f t e r  undergo ing  i r r a d i a t i o n  f o r  o n l y  one cyc le ,  f u ' t u r e  p l a n s  a r e  t o  remove M O T A  a f t e r  every 
t w o  c y c l e s  o r  once p e r  year. 
t i o n s  a r e  g i v e n  i n  T a b l e  2.4.1. 

2.4.4.3 

The f l u x  and f l u e n c e  va lues  wh i ch  can be expected i n  t y p i c a l  MOTA i r r a d i a -  

M a t e r i a l s  P rocess inq  and Specimen P r e p a r a t i o n  

Th i s  s e c t i o n  desc r i bes  t h e  m a t e r i a l s  and f i n a l  p rocess ing  t r e a t m e n t s  used f o r  specimens i n c l u d e d  i n  
t h e  FFTF c y c l e  4 and c y c l e s  5-6 i r r a d i a t i o n s ,  e x c l u d i n g  TEM discs.  (The l a r g e  numbers o f  d i s c s  makes i t  
i n a p p r o p r i a t e  t o  d e t a i l  every m a t e r i a l - t r e a t m e n t  comb ina t i on  i n  t h i s  r epo r t s .  
s u p p l y i n g  TEM d i s c s  a r e  r e s p o n s i b l e  f o r  r e p o r t i n g  on t h e i r  own !specimens.) 

mechan ica l  p r o p e r t i e s  specimens. 
t h e  gCr-IMo, 2-114Cr-IMo, vanadium a l l o y s  and a u s t e n i t i c  a l l o y s  were  s u p p l i e d  by ORNL. 
t h e  l ow  a c t i v a t i o n  and Mn s t a b i l i z e d  a l l o y s  a r e  i n c l u d e d  i n  T a b l e  2.4.4. 

l i s t s  t h e  specimens and p r i n c i p a l  d imens ions  a l ong  w i t h  t h e  i n s t i t u t i o n  wh ich  s u p p l i e d  t h a t  t y p e  o f  
specimen. 

The f i n a l  t he rma l - mechan i ca l - t r ea tmen ts  and i d e n t i f i c a t i o n  codes f o r  t h e  specimens ( e x c l u d i n g  TEM 
d i s c s )  a r e  o u t l i n e d  i n  Tab les  2.4.7 th rough 2.4.10. F i n a l  ASTM g r a i n  s i z e  and DPH hardness va lues  a r e  
a l s o  i n c l u d e d  when a v a i l a b l e .  

Specimen p r e p a r a t i o n  f o r  Vanadium a l l o y s  

exper iment.  
p r o p e r t i e s  and m i c r o s t r u c t u r e ,  a t echn ique  was used a t  ORNL t o  dope t h e  specimens w i t h  h e l i u m  b e f o r e  
i r r a d i a t i n g  them i n  t h e  FFTF. 

I n d i v i d u a l  expe r imen te rs  

Tab les  2.4.2 th rough 2.4.5 l i s t  t h e  chemica l  compos i t i ons  o f  t h e  m a t e r i a l s  used t o  f a b r i c a t e  t h e  
The HT-9 and H i- 9  welded plats? were s u p p l i e d  by G. A. Technologies,  and 

The sources o f  

A v a r i e t y  o f  specimen t ypes  and geome t r i es  were i n c l u d e d  i n  t h e  i n i t i a l  i r r a d i a t i o n s .  Tab le  2.4.6 

The vanadium a l l o y s  p o r t i o n  o f  t h e  exper iment  r e q u i r e d  s p e c i a l  p r e p a r a t i o n  d u r i n g  a l l  phases o f  t h e  
S ince  i t  was of i n t e r e s t  t o  i n v e s t i g a t e  t h e  e f f e c t s  of b o t h  dpa and h e l i u m  on t h e  t e n s i l e  

o f  t h e  m o d i f i e d  t r i t i u m  t r i c k  used t o  accomp l i sh  t h i s  have been D e t a i l  
p r e v i o u s l y  r e p o r t e d  by B rask i ,  e t  a l .  3 

A p r i m e  concern when i r r a d i a t i n g  t h e  vanadium a l l o y s  was t h e  p o s s i b i l i t y  of c o n t a m i n a t i o n  of t h e  
specimens by i m p u r i t i e s  (namely carbon, oxygen and n i t r o g e n )  f rom t h e  su r round ing  hardware  and env i r on-  
ment d u r i n g  t h e  i r r a d i a t i o n .  To m i n i m i z e  t h i s  con tam ina t i on ,  i t :  was dec ided t h a t :  (1) t h e  specimens 
shou ld  be separa ted  f r o m  t h e  f l o w i n g  r e a c t o r  sodium, a source of i n f i n i t e  amounts o f  oxygen and n i t r ogen ,  
and (2 )  t h e  s e p a r a t i n g  medium must n o t  i t s e l f  be a source of i m p u r i t i e s ,  such as carbon i n  a s t a i n l e s s  
s t e e l .  S ince  any subcapsule d e s i g n  wou ld  a l s o  have t o  be f i l l e d  w i t h  a l i q u i d  me ta l  f o r  t h e r m a l  bonding, 
t h e  f i n a l  c o n s t r a i n t  was t h a t  t h e  subcapsule m a t e r i a l  had t o  be c o m p a t i b l e  w i t h  t h e  v a n a d i u m l l i q u i d  m e t a l  
system and a l s o  w i t h s t a n d  t h e  f l o w i n g  r e a c t o r  sodium. 

L i t h i u m  was s e l e c t e d  over  sodium as t h e  t h e r m a l  bond ing  medium as a r e s u l t  o f  i n t e r e s t  i n  i t  as a 
c o o l a n t l b r e e d e r  i n  some f u s i o n  dev i ce  designs,  and a l s o  because o f  i t s  h i g h e r  a f f i n i t y  f o r  oxygen com- 
pared  t o  vanadium. 
ium, w i t h  m i n i m a l  c a r  on a v a i l a b l e  f o r  mass t r a n s f e r  t t h e  vanadium. 

p r o h i b i t i v e  b u i l d - u p  of p ressu re  d u r i n g  i r r a d i a t i o n  f r o m  h e l i u m  fo rma t ' on  and a l s o  r e s u l t  i n  an unaccept-  

sh ipments  t o t a l i n g  1500 gms), w i t h  f i n a l  p u r i f i c a t i o n  done a t  Westinghouse Hanford  Company (WHC) u s i n g  
t h e  f o l l o w i n g  procedure:  

TZM was s e l e c t e d  as t h e  subcapsule m a t e r i a l ,  be i ng  c o m p a t i b l e  w i t h  sodium and l i t h -  

En r i ched  99.99% L i  had t o  be used s i n c e  t h e  7.5% Li p resen t  i n  n a t u r a l  l i t h i u m  wou ld  r e s u l t  i n  a P .  8 .  
a b l e  l e v e l  o f  a c t i v i t y  due t o  t h e  f o r m a t i o n  of t r i t i u m .  The en r i ched  3 .  L i  was s u p p l i e d  by ORNL ( t w o  

Work ing  i n  an argon atmosphere g l ove  box, m e l t  t h e  d r y  i n g o t  (200- 500 gms) i n  a s t a i n l e s s  s t e e l  
beaker, and hea t  t o  2OO0C. 

Skim o f f  t h e  5-10 gms o f  d ross  t h a t  r i s e s  t o  t h e  t o p  (due t o  sur face  t e n s i o n  and non- wet t ing ,  n o t  
l o w e r  d e n s i t y ) .  

T rans fer  t h e  l i t h i u m  t o  a c l osed  304 SS vesse l  t h rough  a 50 m i c r o n  f i l t e r  by vacuum. 
l i t h i u m  tempera tu re  a t  210 : 2OoC t o  m i n i m i z e  i m p u r i t y  s o l u b i l i t y  d u r i n g  t h e  f i l t r a t i o n .  

Heat t h e  l i t h i u m  t o  75O-80O0C f o r  24 hours  w i t h  t i t a n i u m  f o i l  (2  cm2 su r f ace lgm o f  l i t h i u m ) .  

Cool t o  350°C and w i t h d r a w  a f i l t e r e d  (5 m i c ron )  l i t h i u m  sample f o r  ana l ys i s .  

If t h e  n i t r o g e n  c o n t e n t  i s  s t i l l  above t h e  s p e c i f i c a t i o n  (100 ppm), add t h e  amount of a luminum m e t a l  
r e q u i r e d  t o  p r e c i p i t a t e  t h e  r e m a i n i n g  n i t r o g e n  as aluminum n i t r i d e  (AlN). 

Ho ld  t h e  t empera tu re  a t  2 5 O o C  f o r  seve ra l  hours, t h e n  resarnple and ana lyze  t o  c o n f i r m  t h a t  t h e  
n i t r o g e n  i s  w i t h i n  s p e c i f i c a t i o n .  

Wi thdraw t h e  p u r i f i e d  l i t h i u m  th rough a 5 m i c r o n  f i l t e r  i n t o  1.9 cm (0.75 in.) 0.0. tubes  a t  a 
t empera tu re  as c l o s e  t o  t h e  f r e e z i n g  p o i n t  as p r a c t i c a l  t o  . f u r t h e r  m i n i m i z e  d i s s o l v e d  i m p u r i t i e s  o f  
a l l  k inds .  

Keep t h e  
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The l i t h i u m  was t h e n  ex t ruded th rough a 0.76 cm (0.300 in.) h o l e  i n  each of t h e  tubes  i n  p r e p a r a t i o n  
f o r  l o a d i n g  t h e  T Z M  subcapsules w i t h  t h e  vanadium specimens and t h e  l i t h i u m .  

ence 3. The l i t h i u m  was t hen  c u t  t o  leng th ,  weighed and i n s e r t e d  i n t o  t h e  subcapsule a l ong  w i t h  t h e  
Vanadium 25-3 t e n s i l e  specimens and TEM d iscs .  A f t e r  m e l t i n g  t h e  l i t h i u m ,  t h e  subcapsules were l o o s e l y  
capped and t r a n s f  
vacuum o f  5 x lO-'mm. A f t e r  w e l d i n g  and n o n d e s t r u c t i v e  check ing  f o r  c racks  and leaks ,  t h e  subcapsules 
were ready t o  be loaded i n t o  t h e  MOTA hardware  a l ong  w i t h  t h e  o t h e r  f u s i o n  a l l o y  specimens. 

I n  a d d i t i o n ,  Vanadium t e n s i l e  and TEM specimens f o r  t h e r m a l  ag i ng  s t u d i e s  were a l s o  p repared u s i n g  
t h e  same procedures. These t h e r m a l  ag i ng  t e s t s  a r e  be ing  conducted a t  ORNL w i t h  t h e  i n t e n t i o n  o f  sepa- 
r a t i n g  t h e  e f f ec t s  of  i r r a d i a t i o n  from o t h e r  f a c t o r s  wh ich  may c o n t r i b u t e  t o  changes i n  m a t e r i a l  behav- 
i o r .  Some subcapsules were a l s o  f i l l e d  w i t h  o n l y  l i t h i u m  t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  e n c a p s u l a t i o n  
procedure  on l i t h i u m  p u r i t y .  The l i t h i u m  ana lyses  be fore  e n c a p s u l a t i o n  o f  specimens f o r  t h e  FFTF i r r a -  
d i a t i o n s  and t h e r m a l  a g i n g  s t u d i e s  a r e  g i v e n  i n  Tab le  2.4.11. 

2.4.4.4 FFTF I r r a d i a t i o n s  

Before specimen l oad ing ,  t h e  TZM subcapsules were g i v e n  t h e  p re- we ld  t r e a t m e n t  o u t l i n e d  i n  Refer-  

r e d  ( s t i l l  under argon) t o  an e l e c t r o n  beam welder.  Weld ing  was pe r f o rmed  under a 

Specimens i r r a d i a t e d  i n  t h e  i n i t i a l  t w o  i r r a d i a t i o n s  (MOTA-1B i n  FFTF c y c l e  4, and MOTA-1C i n  c y c l e s  
5 - 6 )  a r e  d e t a i l e d  i n  t h e  t e s t  m a t r i x  appear ing  as Tab le  2.4.12. A d d i t i o n a l  i n f o r m a t i o n  r e l e v a n t  t o  t h e  
t w o  i r r a d i a t i o n s  f o l l o w s .  

FFTF c y c l e  4 i r r a d i a t i o n  

Specimens were loaded i n t o  MOTA baskets  d u r i n g  t h e  r e c o n s t i t u t i o n  o f  MOTA-1A i n  November, 1983. The 
s p e c i f i c  baske t  l o a d i n g  d e t a i l s  a r e  beyond t h e  scope of t h i s  r e p o r t  b u t  a r e  s u p p l i e d  t o  t h e  expe r imen te rs  
upon d i scha rge  of specimens. The basket  assembl ies  were i n s e r t e d  i n t o  t h r e e  i n - c o r e  c a n i s t e r s  o f  M O T A-  
1B: c a n i s t e r  1E ( d e s i g n a t i n g  MOTA l e v e l  1, c a n i s t e r  p o s i t i o n  E), c a n i s t e r  2C and c a n i s t e r  28. 

D u r i n g  c y c l e  4 ,  t h e  t i m e -  
averaged t empera tu re  c a l c u l a t e d  f rom thermocoup le  da ta  was 407OC. 
t r a n s f e r r e d  t o  MOTA l e v e l  2 f o r  subsequent i r r a d i a t i o n s  wh ich  shou ld  ope ra te  c l o s e r  t o  420OC.) 

t i v e l y .  D u r i n g  c y c l e  4, c a n i s t e r  2 C  opera ted  a t  51B°C, w h i l e  c a n i s t e r  28 r a n  a t  595OC. 
a b r i e f ,  inadequate  v e n t i n g  of  gas f rom a f a i l e d  p r e s s u r i z e d  tube, c a n i s t e r  28 became gas- b lanketed  and 
exper ienced a 22OoC t empera tu re  e x c u r s i o n  t o  82OoC wh ich  l a s t e d  f o r  s i x  minutes.  
t empera tu re  was severe  enough t o  compromise t h e  r e s u l t s  f r o m  most o f  t h e  specimens and p l a c e  a c l o u d  o f  
u n c e r t a i n t y  over  t h e  r e m a i n i n g  data,  a l l  specimens f rom t h i s  c a n i s t e r  were removed and rep laced.  

FFTF c y c l e  4 commenced i n  January,  1984, and t e r m i n a t e d  i n  A p r i l ,  1984, a c h i e v i n g  109.5 e f f e c t i v e -  
f u l l - power- days  (EFPD). Approx imate  f l uence  l e v e l s  accumulated d u r i n g  c y c l e  4 can be ob ta i ned  f r o m  t h e  
"1 cyc l e "  columns i n  Tab le  2.4.1 f o r  t h e  a p p r o p r i a t e  MOTA l e v e l .  S p e c i f i c  f l u e n c e  i n f o r m a t i o n  f o r  each 
specimen was s u p p l i e d  t o  t h e  expe r imen te rs  upon d i scha rge  and d e l i v e r y  o f  specimens. 

FFTF c y c l e s  5- 6  i r r a d i a t i o n  

C a n i s t e r  1E was a weeper w i t h  a nomina l  o p e r a t i n g  t empera tu re  o f  420OC. 

C a n i s t e r s  2C and 28 were t empera tu re  c o n t r o l l e d  c a n i s t e r s  s e t  t o  ope ra te  a t  520 and 600% respec-  

(Specimens f r o m  t h i s  c a n i s t e r  were 

However, due t o  

S ince  t h i s  ove r -  

Specimens i r r a d i a t e d  d u r i n g  c y c l e  4 were e i t h e r  d i scha rged  f o r  exam ina t i on  o r  loaded i n t o  new MOTA 
baskets  d u r i n g  t h e  r e c o n s t i t u t i o n  of MOTA-1B i n  May, 1984. 
ser ted.)  New specimens were a l s o  loaded i n t o  t h e  baskets  a t  t h i s  t ime.  The baske t  assembl ies  were 
i n s e r t e d  i n t o  f o u r  i n - c o r e  c a n i s t e r s  of  MOTA-1C ( c a n i s t e r s  ZA, 28, 2 C  and 5D)  and i n t o  f i v e  of t h e  be low-  
c o r e  c a n i s t e r  p o s i t i o n s  ( B C- A ,  B ,  C, 0 and 0).  

t empe ra tu re  c o n t r o l l e d  c a n i s t e r s  s e t  t o  ope ra te  a t  520,  600 and 6OO0C r e s p e c t i v e l y .  
c a n i s t e r  i s  a weeper w i t h  a nomina l  o p e r a t i n g  t empera tu re  of 365OC. 

Specimens remained i n  MOTA-1C f o r  con t i nued  i r r a d i a t i o n  d u r i n g  c y c l e  6 wh ich  i s  schedu led  t o  r u n  f r o m  
December, 1984, t o  March, 1985. 
t h e  " 2  cyc le ' '  columns i n  Tab le  2.4.1 f o r  t h e  a p p r o p r i a t e  MOTA l e v e l .  

2.4.5 F u t u r e  Work 

(P ressu r i zed  tubes  were measured r e i n -  

C a n i s t e r  2C i s  a weeper w i t h  a nomina l  o p e r a t i n g  t empera tu re  o f  42OoC. 

FFTF c y c l e  5 commenced i n  June, 1984, and was t e r m i n a t e d  i n  November, 1984, a f t e r  122.7 EFPO. 

C a n i s t e r s  2A, 28 and 5D a r e  
The be low- core  

The expected f l u e n c e  accumu la t i on  d u r i n g  c y c l e s  5-6 can be o b t a i n e d  f r o m  

Tab le  2.4.13 summarizes t h e  pas t ,  p resen t  and f u t u r e  f u s i o n  i r r a d i a t i o n s  i n  t h e  FFTF. 

2.4.6 R e f e r e n c e s  

1. C. P. Cabe l l ,  "A Summary D e s c r i p t i o n  of t h e  Fas t  F l u x  T e s t  F a c i l i t y " ,  HEDL-400, West inghouse 
Hanford Company, R ich land,  WA, December 1980. 

2. D. N. B r a s k i  and 0. W. Ramey, "He l ium Doping of a Vanadium A l l o y s  by a Mod i f i ed  T r i t i u m  T r i c k " ,  
PO. 72-74 i n  A l l o y  Development f o r  I r r a d i a t i o n  Performance Semiannual Progress  Repor t  March 31, 1984, 
DOElER-0045/12, Oak Ridge N a t i o n a l  Labora tory ,  Oak Ridge, TN, J u l y  1984. 

3. M e t a l s  Handbook, 8 t h  E d i t i o n ,  Vo1. 6 - Weld ing  and Braz ing ,  p. 294. 
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2.5 TEST MATRICES FOR IRRADIATION OF PATH A PRIME CANDInATE AN0 DEVELOPMENTAL ALLOYS I N  FFTF - 
P. J. Maziasz (Oak Ridge Na t i ona l  Labo ra to r y )  

2.5.1 ADIP Tasks 

ADIP Task I.A.2, De f i ne  Tes t  M a t r i c e s  and T e s t  Procedures. 

2.5.2 O b j e c t i v e s  

Candidate A l l o y  (PCA) a t  h i g h  f l u e n c e  ( > l o 0  dpa) r e l a t i v e  t o  20%-.cold-worked t y p e  316 a f t e r  s i de- by- s ide  
i r r a d i a t i o n  i n  t h e  Fas t  F l u x  Tes t  F a c i l i t y  (FFTF), as w e l l  as t o  eva lua te  t h e  improvements ach ieved by add i -  
t i o n a l  m ino r  compos i t i ona l  v a r i a t i o n s  o f  t h e  PCA. Fu r t he r ,  these  i r r a d i a t i o n s  a l s o  serve  as a l ow  he l i um  
base l i n e  a g a i n s t  wh ich  t o  gage more a c c u r a t e l y  t h e  e f f e c t s  o f  h i g h e r  he l i um  gene ra t i on  f o r  s i m i l a r  i r r a -  
d i a t i o n  o f  e x a c t l y  t h e  same a l l o y s  i n  t h e  H igh  F l u x  I s o t o p e  React.or (HFIR). 

2.5.3 Summary 

These i r r a d i a t i o n s  a r e  g e n e r a l l y  i n t ended  t o  e v a l u a t e  t h e  vciid s w e l l i n g  r e s i s t a n c e  o f  t h e  Pa th  A Pr ime 

An i n i t i a l  s e t  o f  t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM) d i r , k  specimens was assembled f o r  i r r a d i a t i o n  a t  
app rox ima te l y  420, 520, and 600°C t o  f l uences  o f  app rox ima te l y  15, 45, and 75 dpa. Some TEM specimens were 
d i scha rged  a t  app rox ima te l y  9.5 t o  15.6 dpa a t  a l l  tempera tures ,  and a d d i t i o n a l  specimens were t h e n  re l oaded  
t o  ach ieve  f l u e n c e s  w e l l  beyond 100 dpa. T e n s i l e  specimens were a l s o  i n c l u d e d  i n  t h e  r e l o a d  f o r  i r r a d i a t i o n  
i n  an above-core p o s i t i o n  a t  approx imate ly  600°C. 
d e t a i l e d  specimen l o a d i n g s  a r e  descr ibed.  

2.5.4 Progress and S ta tus  

2.5.4.1 General D e s c r i p t i o n  and Progress 

M a t e r i a l s  Program i n  about  mid-1983. 

a t t a i n e d  r a p i d l y  ( app rox ima te l y  30 dpa l yea r )  w i t h  enough i r r a d i a t . i o n  space f o r  many TEM d i s k s  t o  be i r r a -  
d i a t e d  s i d e  by s ide ,  (2) a low he l i um  gene ra t i on  base l i n e  was needed t o  gage t h e  e f f e c t s  of he l i um  f o r  
f u s i o n  a l l o y s ,  p a r t i c u l a r l y  t h e  PCA, wh ich  had been i r r a d i a t e d  a t  t h e  same tempera ture  i n  HFIK and i n  t h e  
Oak Ridge Research Reactor  (ORR) .  A l l o y  heat  t r ea tmen t  and i d e n t . i f i c a t i o n  codes a r e  g i v e n  i n  Tab le  2.5.1 and 
t h e i r  compos i t ions  a r e  l i s t e d  i n  Tab le  2.5.2. The f i r s t  l o a d i n g  ( c y c l e  4) i n c l u d e d  t h r e e  i d e n t i c a l  tubes  o f  
TEM d i s k s  a t  each i r r a d i a t i o n  tempera ture  o f  nom ina l l y  420, 520, and 600°C f o r  d ischarges  a f t e r  app rox ima te l y  
15 ,  45, and 75  dpa. These tubes  i n c l u d e d  a l l  o f  t h e  PCA thermal- mechan ica l  p re t r ea tmen t  v a r i a n t s  t o  a l l o w  
compar ison w i t h  ORR-MFE-4(A and B ) l  and HFIR-CTR-30 t h rough  -32 ( r e f .  2 )  i r r a d i a t i o n s .  The i n i t i a l  e x p e r i -  
ment i n c l u d e d  seve ra l  hea ts  o f  t ype  316 s t a i n l e s s  s t e e l  (N- lo t ,  [IO-heat and heat  X15893) t o  se r ve  as a base 
l i n e  a g a i n s t  wh ich  t o  measure improvement i n  t h e  s w e l l i n g  r e s i s t a n c e  of t h e  PCA. The Russian,  high-manganese 
s t e e l  (hea t  EP-838) was a l s o  i n c l u d e d  because o f  i t s  r e l evance  t o  ou r  program t o  deve lop  s t e e l s  w i t h  l ow  
a c t i v a t i o n  c h a r a c t e r i s t i c s .  F i n a l l y ,  compos i t i ona l  v a r i a n t s  o f  t h e  PCA ( a l l o y s  1 th rough 18 and 00) were 
a l s o  i nc l uded ;  these  have minor  v a r i a t i o n s  and coinbinat ions of T i ,  Nb, V, 6 ,  P ,  and C, i n t ended  t o  va r y  o r  
improve t h e  s t a b i l i t y  o f  t h e  MC phase, which i s  t h e  b a s i s  f o r  t h e  i r r a d i a t i o n  r e s i s t a n c e  o f  t h i s  c l a s s  o f  
a l l o y s  f o r  f ~ s i o n . ~  
Tab le  2.5.3. 

Upon Complet ion of c y c l e  4, severa l  tubes  of d i s k s  were disc.harged f rom t h e  MOTA; t ube  KE, a t  420"C, 
r ece i ved  6 t o  10.5 dpa, w h i l e  tubes  KK (52O'C) and KN, KO, KP (6110°C) r ece i ved  13.6 t o  15.6 dpa (see 
Tab le  2.5.3 and re f .  4). The tubes  a t  approx imate ly  600°C a l l  e r ,per ienced a fi-min excu rs i on  t o  app rox ima te l y  
820OC. Since t h i s  p robab l y  i n v a l i d a t e s  t h e  exper iment ,  these  tubes  were r ep laced  upon re load ing .  

i n  l e v e l s  1 and 2; t hese  a r e  expected t o  accumulate 26 t o  30 dpa d u r i n g  c y c l e s  5 and 6. Two more TEM d i s k  
packets  and 30 t e n s i l e  specimens were a l s o  i n c l u d e d  i n  a c a n i s t e r  a t  6fln'C i n  l e v e l  5, wh ich  shou ld  accumu- 
l a t e  app rox ima te l y  14 dpa d u r i n g  c y c l e s  5 and 6 (see Table 2.5.3). A t  l e v e l s  1 and 2, new TEM d i s k  tubes  
K E O l  (42OoC), KK01-03 (520°C) and KN01-03 (600'C) i n c l u d e d  a second s e t  o f  PCA compos i t i ona l  v a r i a n t s  
(PCAs-19 t h rough  -22) and severa l  b reeder  program 09- type a l l o y s ,  a l l  25% c o l d  worked. 
a d i r e c t  replacement f o r  t h e  overheated KO (600'C) tube ,  which was t o  accumulate approx imate ly  45 dpa; t h e  
new t ube  a l s o  con ta i ned  seve ra l  20%-cold-worked d i s k s  o f  t h e  Path A Fe-Cr-Mn-C a l l o y s  [MO, M1,  M2, and M6 
(see Tables 2.5.1 and 2 . 5 . 3 ) 1 ,  which a r e  t h e  base a l l o y s  f o r  mansianese s tab i l i zed- low a c t i v a t i o n  a u s t e n i t i c  
s t a i n l e s s  s t e e l s  be i ng  developed a t  ORNL.' 
ma te l y  15 dpa da ta  i n t ended  from t h e  overheated KN t ube  a t  6 0 0 T  ( s e e  Tab le  2.5.3). I n  a d d i t i o n ,  t h i s  t ube  
con ta i ned  a l l o y s  expected t o  be h i g h  s w e l l i n g  (SA t y p e  316s and F'7 a l l o y s )  i n  o rde r  t o  p r o v i d e  a t h r e e -  
r e a c t o r  comparison (FFTF, O R R ,  and HFIR) t o  more a c c u r a t e l y  gage t h e  e f f e c t  o f  v a r i a b l e  he l i um  gene ra t i on  
r a t e  on v o i d  s w e l l i n g  and m i c r o s t r u c t u r a l  development. F i n a l l y ,  t hese  tubes  con ta i ned  b o t h  so lu t i on- annea led  
and cold-worked samples of t h e  Fe-Cr-Mn-C low a c t i v a t i o n  a l l o y s ,  t o  de termine  t h e  e f f e c t i v e n e s s  o f  c o l d  
wo rk i ng  on v o i d  s w e l l i n g  r e s i s t a n c e  i n  these  new a l l o y s .  

The general  gclals of t h e  exper iments  a r e  o u t l i n e d  and 

I r r a d i a t i o n  space i n  t h e  M a t e r i a l s  Open Tes t  F a c i l i t y  (NOTA) o f  t h e  FFTF became a v a i l a b l e  t o  t h e  Fus ion  

There were severa l  reasons f o r  t a k i n g  advantage o f  t h i s  i r r a d i a t i o n  f a c i l i t y :  ( 1 )  h i g h  f l u e n c e  c o u l d  be 

The d i s t r i b u t i o n  of these  d i s k s  a t  v a r i o u s  tempera tures  and f l uences  i s  i n c l u d e d  i n  

A d d i t i o n a l  TEM d i s k  tubes  were re loaded i n t o  t h e  MOTA f o r  i r r a d i a t i o n  t o g e t h e r  w i t h  t h e  remain ing  tubes  

Tube KN04 (600°C) was 

A t  l e v e l  5, tubes  KNTI5 and KNOh t o g e t h e r  r ep l aced  t h e  a p p r o x i -  
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ED-#" 

EH-# 
EC-# 
E[-# 

E F- #  

EL- # 

EG-# 

0-# 

AJ-# 

AL-# 

Fe Cr Ni Mo Mn 51 T i  Nb V C N P CO C "  

PCA- 5 A 1  
A 1  

PCA-6 A1 
PCA-7 A 1  

A 1  
PCA-8 A 1  

A 1  
PCA-9 A 1  

A1 
PCA-10 A 1  
PCA- 11 A 1  
PCA-12 A 1  
PCA-13 A 1  
PCA-19 A 1  
PCA- 20 A 1  
PCA- 21 A 1  
PCA-22 A 1  
PCA-00 A 1  

b d l  14.0 
b a l  16.0 
b a l  14.3 
ha1 14.0 
ha1 14.4 
b a l  14." 
b a l  14.0 
ba l  13.9 
b a l  13.R 
b d l  13.R 
"1 13.8 
b a l  13.8 
b a l  13.8 
D81 15.9 
b a l  15.8 
b a l  17.6 
ha1 14.0 
ha1 13.8 
b a l  13.R 
Oal 15.8 
b a l  13.8 

16.7 7 . 3  l .R 
i6.n 2 . 5  2.1 
1 5 . ~  2 .5  2.n 
16.0 2 . 5  2.1 
l5.P 1 .5  2.1 
16.0 2.6 2.1 
16." 2.4 1.9 

Ih.O 2 . 5  2." 
11.9 z . 5  l .v 
16." 2 .5  1.g 
15 .q  2.4 1.9 
11.9 z .5  1.9 
1 6 . 1  2 . 5  1.9 
16.0 2.5 1.9 
16.1 2 . 5  1.9 
16." 2.46 2." 
11.9 7 . 4 4 7 . 1  
16.1 2 . 5  7.1 
15.8 2 . 4 4 3 . 4  
11.9 7 . 4  7 .5  

16.n 2 . 7  2 . 1  

0.4 0 . 2 4  
m o l  0.11 

n . 4  0.13 
0.01 a n i  

n . 4  a n i  
0.1 I " . " ,  

n.4 n.23 
<o.m 0.17 

0.4 0.25 
n.4 0.3 
0 . 4  0.3 
0 . 6  a . n i  

0 . 4  0 . 1  
0 . 4  0.21 

0 . ~ 4  0.28 
o . ~  n . 2 ~  

n.6 n.78 

n.4  0.5 
0.8 0.27 

0.8 0.24 

" . d  n.71 

_____ 

a n i  
a n i  
m o l  

m o l  

r n . m  
m o l  

n.02 
n.5 

<"."I 

<".OI 

0.01 
0.5 
0.02 
0.03 

0.02 

3.1 

n.n2 

0.s 

n.5 
n.5 

~ 

n.ni 
n . w  
0.005 
n . m 3  
n .nnnz  
"."on2 
".""a "."", 
0 . ~ 5  
n.nn2 
0 . n ~  
".""a 
".""2 
o.nn2 
n.002 
0 . m  

o.nn7 
0.001 

n.nns 
0.006 
n.nna 

Tab le  2.5.1. A l l o y  c h e m i s t r i e s  f o r  s t e e l s  i n c l u d e d  i n  FFTF/MOTA (we igh t  pe rcen t )  

Allay  
d e s i g n a t i o n  

PCA ( I - Z R O )  
PCA-1 
PCA- 3 
P C A - 4  
PC4-5 
O C A - ,  

P C A - 6  
PCir.8 
P C A - 9  
PCh-10 
PCU-11 
P C A - I 2  
O C A - 1 3  
P C L l 6  
PCA-I7 
P C A ~ I R  
PCA-0" 
P C A - 1 9  
PCA-2" 
P C A - 7 1  
PCb.72 

b a i  16.5 13.s 7 . 5  1.6 0 . 6  n .n i  0.0116 n.ni3 ".""OR 0.006 
h.1 17.3 12.4 2.1 1 .7  n . 7  o.n8 n.n5 0.m n.31 n.0014 q.nI5 
b a i  1n.o 13.0 2.6 1.9 L R  n.05 o.05 0.05 o . n i  n.nna n.non5 0.016 
ha1 17.0 1 6 . 7  2.5 0.03 n.1 o.n2 " .""5  n.03 0.02 

".I 
n.nr 
n.1 
n . 7  

n A p p r a i i m a t e l y  1% A I .  

Tab le  2.5.2. A l l o y  des igna t i ons ,  thermal-mechanical  t r ea tmen ts ,  and i d e n t i f i c a t i o n  
codes f o r  a u s t e n i t i c  s t e e l  f o r  FFTF/MOTA 

A 1  1 o y  
I d e n t i f i -  
c a t i o n  
number 

AllOy Thermal-mechanical  l d e n t i f i -  

number t r e a t m e n t  
Thermal-mechanical  

t r e a t m e n t  

PCA 

DO-heat 316 

N - l o t  316 
X-heat 316 
E P- 8 3 8  ( R u s -  
s i a n  s t e e l )  
P 7  

PCA- 1 

PCA-3 

P C A- 4  

S o l u t i o n  annealed a t  
1100°C  f o r  30 m i n  ( A l )  

A1 t r e a t m e n t  + 10% CW ( A 2 )  
A 1  t r e a t m e n t  + 25% CW ( A 3 )  
A 1  t r e a t m e n t  + 8 h a t  

A 1  t r e a t m e n t  + 8 h a t  
800Y + 8 h a t  900°C (81) 

800°C + 25% cw + 2 h 
a t  75OoC(02 )  

A 1  t r e a t m e n t  + 8 h a t  
8 0 0 * C  + 25% CW (83) 

A1 t r e a t m e n t  + 25% CW 
+ 2 h a t  750°C ( C )  

A 1  t r e a t m e n t  + 10% CW + 
2 h a t  750°C + 10% CW 

S o l u t i o n  annea led  a t  
1050°C  f o r  1 h(A0)  

A0 t r e a t m e n t  + 20% CW 

AO t r e a t m e n t  + 20% cw AG-# 
A0 t r e a t m e n t  + 20% CW AC-# 
A 0  t r e a t m e n t  + 20% CW EP-# 

A 0  t r e a t m e n t  AK-# 
A 0  t r e a t m e n t  + 20% CW AF - #  

A 1  t r e a t m e n t  + 25% CW FC-# 
A 1  t r e a t m e n t  FD-# 
A 1  t r e a t m e n t  + 25% CW FG-# 
A 1  t r e a t m e n t  FH-# 
A 1  t r e a t m e n t  + 25% CW F J- #  
A 1  t r e a t m e n t  FK- # 

"Numbers f r o m  0 t o  99. 

t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  
t r e a t m e n t  

+ 25% cw 
+ 25% Cw 
+ 25% CW 

+ 25% CW 

+ 25% CW 

+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% CW 
+ 25% cw 

FL-# 
FM-# 
FN-1 
FQ-# 
FR-# 
F S- #  
I T - #  
F V - #  
FW-# 
FH-# 
F Y- #  
F I - #  
HA-# 
HT-# 
HY-# 
HW-# 
HX- # 
HH-# 

MO A0 t r e a t m e n t  M A - #  
A0 t r e a t m e n t  + 20% CW ME-# 

M I  A 0  t r e a t m e n t  MC-# 
A0 t r e a t m e n t  + 20% CW M D - 1  

M2 A 0  t r e a t m e n t  ME-# 
A 0  t r e a t m e n t  + 20% CW MF-# 

M6 A 0  t r e a t m e n t  MG-# 
A 0  t w d t r n e n t  + 20% CW MU-# 

09-699 A 1  t r e a t m e n t  + 25% CW GF-# 
09-697 A 1  t r e a t m e n t  + 25% CW GH-# 
0 9 - A 7  A 1  t r e a t m e n t  + 25% CW EA-# 



* 2 2  

3 1 1  

* * Z Z ?  

1 1 1  

2 2 * 2 

2 * 
z I 
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The t e n s i l e  specimens i n c l u d e d  i n  l e v e l  5 a t  600°C a r e  
i n t ended  t o  p r o v i d e  a r e l a t i v e  comparison o f  mechanical  
behav io r  f o r  seve ra l  PCA compos i t i ona l  and m i c r o s t r u c t u r a l  
v a r i a n t s  i r r a d i a t e d  i n  FFTF, as w e l l  as f luence-dependent 
behav io r  f o r  PCA-A3 and -83 (Tab le  2.5.4). I n  a d d i t i o n ,  
2O%-CW 316 was i n c l u d e d  t o  p r o v i d e  a re fe rence base l i n e  f o r  
t h e  t i t a n i u m- m o d i f i e d  advanced a l l o y s .  Furthermore,  t h e  
t y p e  316 and PCA (K-280) a l l o y s  i r r a d i a t e d  i n  FFTF w i l l  
p r o v i d e  a low he l i um  gene ra t i on  r a t e  base l i n e  a g a i n s t  wh ich  
t o  eva lua te  t h e  e f f e c t s  o f  he l i um  embr i t t l emen t  on s i m i l a r  
specimens i r r a d i a t e d  a t  t h e  h i g h e r  gene ra t i on  r a t e s  found i n  
O R R  (MFE-4, A and 8 ) '  and HFIR (CTRs-42 and -43 and JPs-6 
t h rough  The comparison between PCAs-A3 and -83 i n  
severa l  r e a c t o r  environments shou ld  a l s o  h e l p  e l u c i d a t e  t h e  
mechanism o f  he l i um  embr i t t l emen t  r e s i s t a n c e  t h a t  i s  
suggested t o  h inge  upon t h e  development o f  medium-coarse 
d i s t r i b u t i o n s  of g r a i n  boundary MC p r i o r  t o  i r r a d i a t i o n  and 
i t s  s t a b i  1 i t y  d u r i n g  i r r a d i a t i o n . 6  

F i n a l l y ,  tubes  KK02, KK03 (bo th  a t  520°C) and KN02, 
KNfl3. (bo th  a t  6OO"CI i n  l e v e l s  1 and 2 a l s o  c o n t a i n  TEM 

Tab le  2.5.4. D i s t r i b u t i o n  of t e n s i l e  
specimens i n  t h e  FFTF/MDTA 

exper iments  a t  60fl°C 
( l e v e l  5 )  

Number o f  specimens 
A l l oy fp re t r ea tmen t  

c o n d i t i o n  s s - 1  Sub-mi n i  

PCA K'280 /A3 
PCA [K:2801/B3 
PCA-13 /A3 
PCA-l9/A3 
PCA-20fA3 

8 2 
6 2 
2 
2 
2 

d i s k s  p r e v i o u s l y  i r r a d i a t e d  i n  HFIR. 
he l i um  l e v e l ,  d i s t r i b u t i o n ,  andfor  g rown- in  m i c r o s t r u c t u r e  from p r i o r  HFIR i r r a d i a t i o n s  on v o i d  development 
d u r i n g  subsequent h i g h  f luence i r r a d i a t i o n  i n  FFTF. 

These a r e  p a r t  of a un ique i r r a d i a t i o n  exper iment t o  t e s t  e f f ec t s  of 

These a r e  desc r i bed  i n  more d e t a i l  elsewhere.' 
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2.6 REIRRADIATION I N  FFTF OF SWELLING-RESISTANT PATH A ALLOYS PREVIOUSLY IRRADIATED I N  HFIR - 
P .  J. Maziasz (Oak Ridge Na t i ona l  Labo ra to r y )  

2.6.1 ADIP Tasks 

A D I P  Task I.A.2, Def ine Tes t  Ma t r i ces  and Tes t  Procedures, I . C . l ,  M i c r o s t r u c t u r a l  S t a b i l i t y ,  and I.C.2, 
M i c r o s t r u c t u r e  and S w e l l i n g  i n  A u s t e n i t i c  S t a i n l e s s  Steels.  

2.6.2 O b j e c t i v e s  

The o b j e c t i v e  i s  t o  t e s t  t h e  hypo thes i s  t h a t  h i g h  c o n c e n t r a t i o n s  of he l i um  can ex tend t h e  v o i d  s w e l l i n g  
r e s i s t a n c e  of cold-work advanced t i t a n i u m- m o d i f i e d  Path A a l l o y s  ( l i k e  D9 o r  PCA t y p e  a l l o y s )  by p r o l o n g i n g  
t h e  i n i t i a l  l o w- s w e l l i n g  t r a n s i e n t .  I f  t h e  e f f e c t  e x i s t s ,  it i s  f u r t h e r  ou r  o b j e c t i v e  t o  q u a n t i f y  t h e  add i -  
t i o n a l  de l ay  of a c c e l e r a t e d  v o i d  s w e l l i n g  and t o  c o r r e l a t e  i t  w i t h  m i c r o s t r u c t u r a l / m i c r o c o m p o s i t i o n a l  evo lu-  
t i o n .  

2.6.3 Summary - 
Disks o f  PCA ( i n  seve ra l  p re t r ea tmen t  c o n d i t i o n s )  and severa l  hea t s  o f  cold-worked (CW) t y p e  316 and D9 

t y p e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  have been i r r a d i a t e d  i n  HFIR a t  300, 500, and 600°C t o  f l uences  p roduc ing  
about  10 t o  44 dpa and 450 t o  3600 a t .  ppm He. These samples a r e  be ing  r e i r r a d i a t e d  i n  t h e  M a t e r i a l s  Open 
Tes t  Assembly (MOTA) i n  FFTF a t  500 and 600"C, t o g e t h e r  ( s i d e  by s i d e )  w i t h  p r e v i o u s l y  u n i r r a d i a t e d  d i s k s  of 
e x a c t l y  t h e  same m a t e r i a l s ,  t o  g r e a t e r  t h a n  100 dpa. These samples, many o f  which have e i t h e r  ve r y  f i n e  
h e l i u m  c l u s t e r  o r  h e l i u m  bubb le  d i s t r i b u t i o n s  a f t e r  HFIR i r r a d i a t i o n ,  a r e  i n t ended  t o  t e s t  t h e  p o s s i b i l i t y  
and magnitude o f  a he l ium- induced ex tens ion  o f  t h e  i n i t i a l  l o w- s w e l l i n g  t r a n s i e n t  regime r e l a t i v e  t o  t h e  
v o i d  s w e l l i n g  behav io r  no rma l l y  found d u r i n g  FFTF i r r a d i a t i o n .  F u r t h e r ,  t hese  samples w i l l  r e v e a l  t h e  
m i c r o s t r u c t u r a l  s t a b i l i t y  o r  e v o l u t i o n  d i f f e r e n c e s  t h a t  c o r r e l a t e  w i t h  such h e l i u m  e f f e c t s .  

2.6.4 Progress and Sta tus  

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

An i n i t i a l l y  complex sequen t i a l  HFIRJFFTF i r r a d i a t i o n  scheme was planned i n  19R2 t o  r ough l y  s i m u l a t e  
t h e  f us i on  he l i um ldpa  r a t i o  i n  l a r g e  s t eps  by a l t e r n a t e l y  i r r a d i a t i n g  i n  one r e a c t o r  and t h e n  t h e  other. '  
Th is  exper iment ,  however, was postponed. I n  1981-4, con t rove rsy  and two a l t e r n a t i v e  i n t e r p r e t a t i o n s  deve- 
l o p e d  f o r  t h e  e f f e c t s  o f  he l i um  on s w e l l i n g  f o r  t h e  DO-heat of  t y p e  316 i r r a d i a t e d  i n  EBR-I1 and HFIR; i t  
c o u l d  n o t  be comp le te l y  r eso l ved  from t h e  l i m i t e d  da ta  available. '- '  However, t h e  s i t u a t i o n  was p a r t i a l l y  
r e s o l v e d  when i t  was suggested t h a t  he l i um  e f f ec t s  occu r red  i n  t h e  l ow- swe l l i ng  t r a n s i e n t  regime, p o s s i b l y  
w i t h o u t  a f f e c t i n g  t h e  h i g h- s w e l l i n g  r a t e  observed when vo i ds  e v e n t u a l l y  do d e ~ e l o p . ~ , ~  
exper iments  i n v o l v i n g  r e i r r a d i a t i o n  i n  FFTFIMOTA o f  specimens p r e v i o u s l y  i r r a d i a t e d  i n  HFIR i s  concerned 
w i t h  t h e  e f f e c t s  of he l i um  on t h e  l o w- s w e l l i n g  t r a n s i e n t  regime. 

Bo th  exper imenta l  and t h e o r e t i c a l  s t u d i e s  suggest t h a t  he l i um  can e i t h e r  has ten  o r  de l ay  t h e  onset  o f  
t h e  a c c e l e r a t e d  v o i d  s w e l l i n g  regime, depending on t h e  degree of i nc reased  e a r l y  bubble n u c l e a t i o n  t h a t  
h e l i u m  induces,  and whether o r  n o t  t h i s  a f f ec t s  development of t h e  o t h e r  m i c r o s t r u c t u r a l   component^.',^,^-^^ 
The emphasis of these  HFIRIFFTF i r r a d i a t i o n  exper iments i s  t o  t e s t  f o r  t h e  p o s s i b i l i t y  of he l ium- de layed 
v o i d  s w e l l i n g  and t h e n  t o  de termine  t h e  d u r a t i o n  o f  any he l i um  e x t e n s i o n  o f  t h e  l ow- swe l l i ng  t r a n s i e n t  
regime. Fu r t he r ,  i t  i s  suggested t h a t  t h e  m i c r o s t r u c t u r a l  reasons f o r  an extended l o w- s w e l l i n g  t r a n s i e n t  
i n c l u d e :  (1) he l i um  i n d u c i n g  ve r y  h i g h  concen t ra t i ons  of f i n e  bubb les  e a r l y  i n  t h e  i r r a d i a t i o n ,  wh ich  t h e n  
become t h e  dominant po in t - de fec t  s i n k s  t o  v i r t u a l l y  e l i m i n a t e  t h e  n e t  b i a s  and make t h e  c r i t i c a l  r a d i u s  f o r  
conve rs i on  o f  bubbles t o  vo ids  n e a r l y  i n f i n i t e ,  and ( 2 )  t h e  same concen t ra ted  d i s p e r s i o n  o f  f i n e  bubble-  
s i n k s  caus ing  s u f f i c i e n t  d i l u t i o n  of  r ad ia t i on- induced  s o l u t e  seg reqa t i on  t o  p rec l ude  i r r a d i a t i o n - i n d u c e d  
phases and a l l o w  enhanced thermal  p r e c i p i t a t i o n  i ns tead .  F i n a l l y ,  i t  has been suqgested t h a t  cold-worked 
t i t a n i u m- m o d i f i e d  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  amp l i f y  t hese  r e i n f o r c i n g  e f f e c t s  r e l a t i v e  t o  t y p e  316; t h e  
a m p l i f i c a t i o n  i s  due t o  f i n e  MC p r e c i p i t a t e s  t r a p p i n g  f i n e  bubb les  and s t a b i l i z i n g  them a g a i n s t  t h e  
coalescence coa rsen ing  wh ich  e v e n t u a l l y  a l l o w s  vo i ds  t o  form.' Therefore,  i t  i s  a l s o  i n t ended  t h a t  t h e s e  
HFIRIFFTF exper iments t e s t  these  mechanisms as w e l l .  

Th is  p o r t i o n  of t h e  

2.6.4.2 Exper imenta l  Tes t  M a t r i c e s  and D e s c r i p t i o n  

Composi t ions of t h e  a l l o y s  i n c l u d e d  i n  t h i s  exper iment a r e  g i ven  i n  Table 2.6.1, w h i l e  t h e i r  t he rma l -  
mechanical  t r ea tmen ts  and specimen i d e n t i f i c a t i o n  codes a r e  l i s t e d  i n  Tab le  2.6.2. A l i s t i n g  o f  t h e  p r e -  
v i o u s  HFIR i r r a d i a t i o n  c o n d i t i o n s  and t h e i r  c u r r e n t  l o c a t i o n s  i n  t h e  FFTFIMOTA i s  g i ven  i n  Tab le  2.6.3. 
F i n a l l y ,  measurements and/or es t ima tes  of t h e  m i c r o s t r u c t u r a l  development ob ta i ned  d u r i n g  HFIR i r r a d i a t i o n  
p r i o r  t o  t h e  FFTF/MOTA i r r a d i a t i o n s  a r e  g i ven  i n  Table 2.6.4. The d i s k s  l i s t e d  f o r  tubes  KK02, KK03, KN02, 
and KN03 were i n c l u d e d  w i t h  a l a r g e r  number of p r e v i o u s l y  u n i r r a d i a t e d  d i sks ,  as descr ibed  elsewhere.'2 

The PCA a l l o y  i n  t h e  so lu t i on- annea led  ( A I )  and 25%-cold-worked (A3) c o n d i t i o n s ,  l a b e l e d  ED and EC, 
r e s p e c t i v e l y ,  and t h e  EO%-cold-worked ( C W )  N- l o t  31fi samples were i r r a d i a t e d  a t  300°C t o  v a r i o u s  f l uences  i n  
HFIR-CTRs-30 t h rough  - 3 2  ( ref .  13). The PCA-A3 ( E C )  specimens i r r a d i a t e d  t o  about  44 dpa a t  600°C were a l s o  



Table 2.6.1. A l l o y  c h e m i s t r i e s  f o r  s t e e l s  i r r a d i a t e d  f i r s t  i n  H F I R  and then  i n  FFTF/MOTA 

Height  p e r c e n t  

Fe Cr N i  no Mn S i  T i  Nb '4 C N P co C" B 5 
A l l o y  

desi g n a t i o n  

PCA (K280)  
PCA-I 
PCA-2 
PCA-3 
PCA-4 
PCA-5 
PCA-6 
PCA-7 
PCA-8 
PCA-9 

b i l l  
b a l  
b a l  
b a l  
b a l  
ba 1 
b a l  
b a l  
b a l  
b a l  

14.0 
14.0 
14.0 
14.3 
14.0 
14.4 
14.0 
14.0 
13.9 
13.8 

16.2 
16.0 
16.0 
15.8 
16.0 
15.9 
16.0 
16.0 
16.0 
16.0 

2.3 
2.5 
1.4 
2.5 
2.5 
1.5 
2.4 
2.4 
2.7 
2.5 

1.8 
2.1 
2.0 
2.0 
2.1 
2.1 
1.9 
2.6 
2.1 
2.0 

0.4 
(0.01 
(0.01 

0.4 
0.07 
0.11 
0.4 
0.4 

<0.01 
0.4 

0.24 
0.13 
0.14 
0.13 

(0.01 
(0.01 

0.23 
(0.01 

0.17 
0.25 

3 1 6 ( N - l o t )  b a l  16.5 13.5 2.5 1.6 0.5 
316 (DO- heat)  b a l  18.0 13.0 2.6 1.9 0.8 0.05 

0.12 
0.11 
0.11 
0.26 
0.26 
0.01 

<0.01 
0.14 

<0.01 

09 A9 b a l  16.3 13.1 2.5 2.0 0.8 0.1 (0.01 
0 9  F b a l  14.3 14.3 2.22 2.1 1.0 0.3 
09 c1 b a l  13.5 15.5 1.3 2.0 1.0 0.2 
09 699-6 b a l  14.2 15.2 2.0 2.1 0.5 0.01 0.02 

Tab le  2.6.2. A l l o y  des igna t i ons ,  thermal-mechanical  
t r ea tmen ts ,  and i d e n t i f i c a t i o n  codes f o r  

a u s t e n i t i c  s t e e l  i r r a d i a t e d  i n  HFIR 
and t h e n  i n  FFTF/MOTA 

Thermal-mechanical I d e n t i f i -  
t r ea tmen t  c a t i o n  A1 1 oy 

PCA (K-280) 

PCA (K-280) 

P C A  (K-280) 

N-Lot 316 

DO-heat 316 

P C A - 1  
PCA-2 
PCA-3 
PCA-4 
PCA- 5 
PCA-6 
PCA-7 
PCA-8 
PCA-9 

D9-F 
09-5699-6 

S o l u t i o n  annealed a t  1100°C 
f o r  30 min ( A l )  

A1 t r ea tmen t  t 25% CW (A3) 

A 1  t r ea tmen t  t 8 h a t  800°C 
+ 8 h a t  900°C (83) 

S o l u t i o n  annealed a t  
1050°C f o r  1 h (AO) 

AO t r ea tmen t  t 20% CW 

A0 t r e a t m e n t  t 20% CW 

A 1  t r ea tmen t  + 25% CW 
A 1  t r ea tmen t  + 25% CW 
A 1  t r ea tmen t  t 25% CW 
A 1  t r ea tmen t  t 25% CW 
A 1  t r ea tmen t  + 25% CW 
A 1  t r ea tmen t  t 25% CW 
A I  t r ea tmen t  t 25% CW 
A 1  t r ea tmen t  t 25% CW 
A I  t r ea tmen t  + 25% CW 

A1 t rea tmen t  t 25% CW 
A 1  t r ea tmen t  + 25% CW 
A 1  t r ea tmen t  + 25% CW 
A 1  t r ea tmen t  + 25% CW 

ED-#" 

EL-#, 
EK- # 
EL-# 

AD-# 

AL-# 

FC-# 
FE-# 
FG-# 
FJ-# 
FL-# 
FN-# 
FQ-# 
FS-# 
FV-# 

GA-# 
GC-# 
GEL# 
GG-# 

<0.01 
<0.01 
(0.01 
(0.01 
(0.01 
<0.01 
(0.01 
(0.01 
(0.01 

0.05 
0.04 
0.053 
0.056 
0.051 
0.048 
0.083 
0.057 
0.081 
0.013 

0.01 
0.003 
0.004 
0.005 
0.063 
0.002 
0.004 
0.002 
0.001 
0.005 

0.01 
<0.001 

0.001 
<0.001 

0.001 
0.001 
<0.001 
0.001 

<0.001 
0.03 

(0.01 
(0.01 
(0.01 
(0.01 
(0.01 
(0.01 
(0.01 
(0.01 
(0.01 

0.05 0.006 0.013 
0.05 0.05 0.01 0.004 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
(0.001 
<0.001 

0.003 
0.008 
0.007 
0.007 
0.007 

0.007 
0.001 
0.008 
0.007 

0.007 

0.0008 0.006 
0.0005 0.016 

(0.01 0.04 0.05 0.036 0.004 o.oo05 0.016 

0.02 0.03 0.004 0.005 0.02 0.02 a m i  0.001 

0.05 0.002 
0.04 0.013 

Tab le  2.6.3. D i s t r i b u t i o n  of p r e v i o u s l y  
i r r a d i a t e d  HFIR specimens be ing  

r e i r r a d i a t e d  i n  FFTFIMOTA 

aNumbers f rom 0 t o  99. 
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Table 2.6.4. Observeda o r  es t imated  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  f a r  H F I R  i r r a d i a t e d  a u s t e n i t i c  
s t a i n l e s s  s t e e l  specimens p r i o r  t o  i r r a d i a t i o n  i n  FFTFIMOTA 

Mic ros t ruc tu re  
HFlR i r r a d i a t i o n  condi t ions 

P C A I A l  

P C A I A 3  

316 (N- lo t ) /  
20% cw 

PCA/B3 

PcA-0. -1. -2. 
- 3 ,  -4, -5, 
-6. -R. and 
-9 and D9r/ 
A3 

PCA-7/A3 

ED-R 

En 

EO-60 

EC-70 

E C  

EC 

E C  

A0 

AD 

A D  

300 

300 

300 

300 

tino 

600 

500 

300 

300 

son 

500 

600 

, 
damage; no netwwk 

-22 -1600 Not observed 

“44 -3600 Bubbler (2 ) 2  x IO2’ (0.1 S im i la r  t o  above p lus  None detected 

-44 -3600 Bubbler S im i la r  t o  above S imi la r  t o  above, a None detected 

-22 -1750 Bubbler 4.3 5.3 x i n 2 2  0.2- Network p lus  a feu Many pBtcheP of f i n e  HC 

a l i t t l e  network 

l i t t l e  mre network 

bimodal’ 9 1 x 1 O Z 1  0.25 la rge  Frank loops pa r t i  c l  er 

Simi la r  t o  above -44 -3600 Bubbles, 4.3 2.7 x IOz2 Simi la r  t o  above 
bimodal 11.7 R.6 = IOzo -0‘25 

-22 -1150 Not Observed 

-22 -1400 Not observed 

-44 -3nm Bubbler 2.3 1.6 x 2oZ3 0.11 S imi la r  t o  ED and E C  None detected 

-22 -1475 Bubbler, 4 3.7 x IOz2 Many Frank loops Some medium-fine MC 

a t  ~ O O T  

voids i n  1.7 x 1021 n.z5 (medium-sized) p l u s  p lus  kc p l u s  coamer  
network M6c a t  f a u l t e d  bands 

and i n  the  same mat r i x  

Expected t o  be s i m i l a r  t o  PCA-A3 (EC) i r r a d i a t e d  a t  the  same LOnditlOns 

Expected t o  be somewhat I i m i l a P  t o  PCAIA3 (EC) a t  500 and 6OO‘C 

-22 -1400 Bubbles -H 0 . 7 7  * -0.1-0.3 Lou concentrat ion of  Medium-coarse d i r t r i -  
inz2 n e t w r k :  no l o o p s  bu t ion  o f  M S C ,  Laves,  

-22 -1400 Bubbler -22 ) 3  x l o z o  - 0 . 1 - 0 . 3  Lou concentrat ion of  S im i la r  phases but more 

and M21Cg 

networks: no loops c o a ~ i e l y  d i s t r i b u t e d  

Expected t o  f a l l  somewhere between the  
behavior extremes of DO and N- lot  heats 
o f  type 316 s ta in less  I t e e l  

%terrnined from TEH examination af an i d e n t i c a l  d isk i r r a d i a t e d  s ide by r i d e  With or a t  s i m i l a r  condi t ions t o  the  a c t u a l  d i r t  i nser ted  i n t o  

bNumberr and observations in te rpo la ted  from the  same I t e e l  i r r a d i a t e d  I n  HFlR over the  fluence range 7 t o  61  dpa from 425 t o  650’C. as 

FFTF/MOTA. 

reported i n  t h e  fo l low ing :  P. J. Haziarz, pp. 2-6 i n  A D I P  Wunrt. R o g .  Rap. Morch 3 1 ,  1981, 00E/ER-O045/6: pp. 5-7 i n  ADIP  Soniknn.  Prow. R e p .  
S e p .  30 ,  1881, DOElER-0045/7; J. Nuel. Note=. 1086109, 3 5 H 4  (1982). 
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o b t a i n e d  from these  exper iments.  
CTRs-42 and -43 ( re f .  14). M i c r o s t r u c t u r a l  da ta  i n c l u d e d  i n  Tab le  2.6.4 f o r  P C A- A 1  and -A3 and f o r  CW N- lo t  
316 have been g e n e r a l l y  d e s ~ r i b e d , l ~ - ~ '  b u t  no t  r e p o r t e d  i n  d e t a i  1 p rev i ous l y .  
of CW DO-heat 316 a f t e r  HFIR i r r a d i a t i o n  a t  500 and 600'C t o  about 22 dpa i s  es t imated ,  based upon i n t e r -  
p o l a t i o n  between da ta  from p rev i ous  HFIR i r r a d i a t i o n s  of t h a t  s t e e l  c o v e r i n g  a w ide  range of c o n d i t i o n s  (see 
Tab le  2.6.4 f o r  r e fe rences ) .  M i c r o s t r u c t u r a l  development was n o t  measured f o r  t h e  PCA developmental  com- 
p o s i t i o n a l  v a r i a n t s  (PCAs 0 t h rough  9) o r  t h e  D9 t y p e  a l l o y s ,  b u t  based on t h e i r  compos i t ions ,  t h e y  shou ld  
be  r ough l y  s i m i l a r  t o  t h e  PCA-A3 a l l o y ,  c o n s i s t i n g  of f i n e  d i s t r i b u t i o n s  of MC p a r t i c l e s  and he l i um  
bubbles.  

The p r ima ry  o b j e c t i v e  of these  exper iments i s  t o  measure d i f f e rences  i n  macroscopic v o i d  s w e l l i n g  de- 
velopment between samples p recond i t i oned  w i t h  f i n e  he l i um  c l u s t e r  and/or  bubble d i s t r i b u t i o n s  v i a  p r i o r  HFIR 
i r r a d i a t i o n ,  and samples i r r a d i a t e d  s o l e l y  i n  FFTF. Th i s  e f f e c t  shou ld  be man i f es t  by PCA-A3 specimens 
i r r a d i a t e d  i n  b o t h  r e a c t o r s  a t  t h e  same tempera tures  r e l a t i v e  t o  t h e i r  c o n t r o l  samples i r r a d i a t e d  i n  FFTF a t  
500 and 6 0 0 T .  
t i o n s  of hel ium, e q u i v a l e n t  t o  c o l d  c y c l o t r o n  p r e - i n j e c t i o n s ;  these  may r e v e a l  whether o r  n o t  l o n g e r  low-  
s w e l l i n g  t r a n s i e n t s  con t i nue  t o  c o r r e l a t e  w i t h  even f i n e r  i n i t i a l  he l i um  d i s t r i b u t i o n s .  
were i n c l u d e d  t o  e v a l u a t e  t h e  range of heat- to- heat  v a r i a t i o n s  t o  be expected i n  CW advanced t i t a n i u m -  
m o d i f i e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o r  e i t h e r  t h e  s t r a i g h t  FFTF v o i d  s w e l l i n g  behav io r  o r  t h e  he l i um  
extended l o w- s w e l l i n g  t r a n s i e n t s .  
( t o g e t h e r  w i t h  PCA-7), w i t h  and w i t h o u t  HFIR p r e i r r a d i a t i o n ,  t o  gage t h e  r e l a t i v e  improvement o f f e r e d  by t h e  
P C A  and D9 t y p e  a l l o y s ,  f o r  e i t h e r  normal o r  he l ium- induced v o i d  s w e l l i n g  r e s i s t a n c e  i n  FFTF. 
compos i t i ona l  v a r i a n t s  (mod i f ied  s p e c i f i c a l l y  f o r  improved MC s t a b i l i t y )  o f  t h e  PCA a r e  i n c l u d e d  t o  e v a l u a t e  
t h e  p o t e n t i a l  of f u r t h e r  improvement i n  s w e l l i n g  r e s i s t a n c e  th rough a l l o y  development. 

A l l  o t h e r  d i s k s  were i r r a d i a t e d  a t  500 and 600'C t o  about  22 dpa i n  HFIR- 

M i c r o s t r u c t u r a l  development 

PCA-A1 and -A3 i r r a d i a t e d  i n  HFIR a t  300°C t o  v a r y i n g  f luences  c o n t a i n  even f i n e r  d i s t r i b u -  

The D9 t y p e  a l l o y s  

Cold-worked samples of DO and N- lo t  hea ts  o f  t y p e  316 were a l s o  i n c l u d e d  

F i n a l l y ,  t h e  

2.6.4.3 Cu r ren t  S ta tus  

A l l  specimens a r e  c u r r e n t l y  be i ng  i r r a d i a t e d  i n  c y c l e s  5 and 6 of FFTF i n  l e v e l s  1 and 2 o f  t h e  MOTA 
Cu r ren t  p l ans  a r e  t o  con t i nue  i r r a d i a t i o n  t o  a t  l e a s t  60 dpa before beg inn ing  a l t e r n a t e  (500 and 600°C). 

d i scha rges  of  one of t h e  two i d e n t i c a l  t u b e s  a t  each tempera ture ,  f o l l owed  by immersion d e n s i t y  measurement 
and t h e n  con t i nued  FFTF i r r a d i a t i o n  of  t hose  d i s k s  wh ich  do n o t  show a p p r e c i a b l e  swe l l i ng .  
e l e c t r o n  mic roscopy  (TEM) i s  p lanned o n l y  on a s e l e c t  group of specimens, e i t h e r  a f t e r  s i g n i f i c a n t  s w e l l i n g  
deve lops  i n  t h e  100 t o  150 dpa f luence range, o r  i f  he l i um  ex tends  t h e  l o w- s w e l l i n g  t r a n s i e n t  regime beyond 
150 t o  200 dpa. 
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2.7 AN ASSESSMENT OF HELIUM EFFECTS ON SWELLING BY REIRRADIATION I N  FFTF OF PATH A ALLOYS PREVIOUSLY 
IRRADIATED I N  HFIR - P. J. Maziasz (Oak Ridge Na t i ona l  Labo ra to r y ) ,  F. A. Garner and H. R. Brager 
(Westinghouse Hanford  Company) 

2.7.1 ADIP Tasks 

ADIP Task I.A.2, De f i ne  Test  Ma t r i ces  and Test  Procedures, I .C .1 ,  M i c r o s t r u c t u r a l  S t a b i l i t y ,  and I.C.2, 
M i c r o s t r u c t u r e  and S w e l l i n g  i n  A u s t e n i t i c  S t a i n l e s s  S tee l .  

2.7.2 O b j e c t i v e s  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  de termine  whether o r  n o t  l a r g e  amounts of  he l ium,  i n t r o d u c e d  v i a  
p r i o r  High F l u x  I so tope  Reactor  (HFIR) i r r a d i a t i o n ,  a l t e r  t h e  v o i d  s w e l l i n g  behav io r  no rma l l y  found d u r i n g  
Fas t  F l u x  Tes t  F a c i l i t y  (FFTF) i r r a d i a t i o n .  

2.7.3 Summary 

Specimens o f  t h e  Path A PCA and o f  N- l o t  316 have been i r r a d i a t e d  i n  HFIP a t  400 t o  6Ofl'C t o  f luences  
p roduc ing  app rox ima te l y  10 t o  44 dpa and 500 t o  3600 a t .  ppm He, i n  b o t h  t h e  s o l u t i o n  annealed and 20 t o  25% 
cold-worked c o n d i t i o n s .  The c a v i t y  s w e l l i n g  and t o t a l  m i c r o s t r u c t u r a l  e v o l u t i o n  of most samples have been 
observed v i a  t r a n s m i s s i o n  e l e c t r o n  microscopy on i d e n t i c a l  d i s k s  i r r a d i a t e d  s i d e  by s i d e  i n  HFIR, and immer- 
s i o n  d e n s i t i e s  have a l s o  been measured p r i o r  t o  i n s e r t i o n  i n t o  FFTFIMOTA ( M a t e r i a l s  Open Tes t  Assembly of 
t h e  Fast  F l u x  Tes t  F a c i l i t y ) .  These d i s k s  a r e  c u r r e n t l y  be i ng  i r r a d i a t e d  i n  t h e  FFTFIMOTA ( cyc l es  5 and 6 ) ,  
s i d e  by s i d e  w i t h  d i s k s  o f  t h e  same m a t e r i a l  wh ich  were n o t  p r e v i o u s l y  i r r a d i a t e d  i n  HFIR. These specimens 
have been d i v i d e d  i n t o  two subsets f o r  d ischarges  a f t e r  30 and 60 dpa. 

2.7.4 Progress and Sta tus  

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

Several  i n t e r p r e t a t i o n s  have been advanced f o r  whether o r  n o t  h e l i u m  a f f e c t s  v o i d  s w e l l i n g ,  from a 
l i m i t e d  b u t  un ique s e t  o f  da ta  on t h e  DO heat  o f  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  EBR-I1 and i n  HFIR, 
as s t a t e d  Aside from these  data,  t h e r e  i s  g rowing  ev idence t h a t  Fe-Ni-Cr a u s t e n i t i c  a l l o y s  
e v e n t u a l l y  deve lop  vo i ds  and t h e n  s w e l l  a t  a t y p i c a l  r a t e  o f  app rox ima te l y  I%/dpa i n  t h e  p o s t t r a n s i e n t  
regime;3 however, t h e r e  i s  a l s o  a g rowing  body o f  ev idence t h a t  severa l  e f f e c t s  o f  he l i um  a r e  most s t r o n g l y  
m a n i f e s t  i n  t h e  t r a n s i e n t  regime, e i t h e r  a c c e l e r a t i n g  o r  d e l a y i n g  t h e  onset  o f  v o i d  ~ w e l l i n g . ~  
suggest  t h a t  when he l i um  bubb le  n u c l e a t i o n  i s  on a s u f f i c i e n t l y  f i n e  sca le ,  t h e  n e t  b i a s  i s  lowered and 
r a d i a t i o n - i n d u c e d  s o l u t e  seg rega t i on  i s  suppressed; under t hese  c i rcumstances  v o i d  development i s  retarded. '  
It i s  t h e r e f o r e  t h e  i n t e n t  o f  these  exper iments t o  t e s t  seve ra l  ques t i ons  r e l a t e d  t o  t hese  e f f e c t s .  

These da ta  

2.7.4.2 Exper imenta l  D e s c r i p t i o n  

Ac tua l  specimen i d e n t i f i c a t i o n  codes and p rev i ous  HFIR i r r a d i a t i o n  c o n d i t i o n s  f o r  t h e  v a r i o u s  
t r a n s m i s s i o n  e l e c t r o n  microscope d i s k s  i n s e r t e d  i n t o  t h e  FFTFIMOTA exper iment a r e  q i ven  i n  Tab le  2.7.1. 
A l s o  i n c l u d e d  a r e  t h e  m i c r o s t r u c t u r a l  obse rva t i ons  made on d u p l i c a t e  d i s k s  i r r a d i a t e d  s i d e  by s i d e  w i t h  
t hose  i n  HFIR. The SA N- lo t  316 (AGs) samples i r r a d i a t e d  i n  HFIR a t  500 and 600°C t o  22 dpa and t h e  
CW N- l o t  316 samples (AD-53, -56) i r r a d i a t e d  a t  600°C t o  22 dpa were ob ta i ned  f rom HFIR-CTRs-42 and -43. 
A l l  o t h e r  specimens were i r r a d i a t e d  i n  HFIR-CTR-30 th rough -32. 

Severa l  samples were i n t ended  t o  answer t h e  q u e s t i o n  o f  whether o r  n o t  he l i um  has any e f f e c t  on 
s w e l l i n g  a t  400'C. Th is  q u e s t i o n  i s  i m p o r t a n t  because many f u s i o n  r e a c t o r  des igns  a r e  c u r r e n t l y  emphasiz ing 
l o w e r  f i r s t  w a l l  o p e r a t i n g  temperatures.  Th is  i n v o l v e s  con t i nued  i r r a d i a t i o n  i n  FFTFIMOTA a t  400°C of SA 
and 25% CW PCA and 20% CW N- lo t  316 p r e v i o u s l y  i r r a d i a t e d  t o  10 t o  44 dpa a t  400°C i n  HFIR, and t h e i r  com- 
p a r i s o n  r e l a t i v e  t o  c o n t r o l  samples o f  t h e  same m a t e r i a l s  i r r a d i a t e d  s i d e  by s i d e  i n  FFTF w i t h o u t  p r i o r  HFIR 
i r r a d i a t i o n .  F u r t h e r ,  i f  s w e l l i n g  d i f f e r e n c e s  a r i s e  between t h e  v a r i o u s  HFIR p r e i r r a d i a t e d  specimens, t hese  
may c o r r e l a t e  w i t h  bubb le  o r  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  d i f f e r e n c e s ,  as i n d i c a t e d  i n  Tab le  2.7.1, t o  
suggest  r e s p o n s i b l e  mechanisms. Data f rom specimens i r r a d i a t e d  a t  400°C are  un ique t o  t h i s  p o r t i o n  of  t h e  
o v e r a l l  sequen t i a l  HFIRIFFTF i r r a d i a t i o n  exper iment.  * 

Two o t h e r  ques t i ons  t h a t  may be answered by samples i r r a d i a t e d  a t  500 and 600°C are :  (1) I s  t h e  v o i d  
f o rma t i on  and s w e l l i n g  observed i n  HFIR a c t u a l l y  a c c e l e r a t e d  (shor tened l o w- s w e l l i n g  t r a n s i e n t  regime) r e l a -  
t i v e  t o  FFTF i r r a d i a t e d  m a t e r i a l ?  (2 )  Once v o i d  s w e l l i n g  begins,  does i t  con t i nue  unh indered t o  a t t a i n  t h e  
l%/dpa r a t e  independent o f  m i c r o s t r u c t u a l  d i f f e rences  o r  he l i um  gene ra t i on  r a t e ?  Samples of SA PCA and 
20% CW N- lo t  316 a r e  i n c l u d e d  which have e i t h e r  s i g n i f i c a n t  l e v e l s  o f  v o i d  s w e l l i n g  a f t e r  HFIR i r r a d i a t i o n  
a t  500 and 6 0 0 T  (En-01, ED-72, AD-20, and An-) o r  m i c r o s t r u c t u r e s  wh ich  a r e  approach ing  t h e  onset  of r a p i d  
v o i d  s w e l l i n g .  I n  genera l ,  such m i c r o s t r u c t u r e s  a r e  c h a r a c t e r i z e d  by Frank loops  p l u s  network and i r r a -  
d i a t i o n  induced G and y' phases o r  i r r a d i a t i o n - e n h a n c e d  M,C (ED- 15,  An-19, -34, and -20). I r r a d i a t i o n  o f  
t hese  samples i s  con t i nued  a t  about  t h e  same tempera tures  i n  FFTFIMOTA, aga in  s i d e  by s i d e  w i t h  c o n t r o l  
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samples of exactly the same material but without prior HFIR irradiation. 
several important void swelling behavior and mechanism questions for fusion with regard to helium effects 
in the transient or posttransient regimes. 
specimens of 25%-CW PCA and related alloys designed to test the possibility of helium extended transient 
regimes in FFTF at 500 and 600°C (ref. 2). 

These samples should answer 

Further, these samples complement similarly HFIR irradiated 

2.7.4.3 Current Status 
These specimens have been divided into two groups and are currently being irradiated in cycles 5 and 6 

of FFTF. 
the other group at 60 dpa (ref. 1). 

Discharge and examinations are planned after discharges of one group of specimens at 30 dpa and 
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2.8 MINIATURE TENSILE TEST SPECIMENS FOR FUSION REACTOR IRRADIATION STUOIES - 
R. L. Klueh (Oak Ridge Nat iona l  Laboratory)  

2.8.1 A O I P  Tasks 

ADIP  Task I.A.2, De f ine  t e s t  ma t r i ces  and procedures. 

2.8.2 Ob jec t i ves  

Space l i m i t a t i o n s  i n  nuc lea r  r e a c t o r s  have r e s u l t e d  i n  t h e  development of several  m i n i a t u r e  t e n s i l e  
t e s t  specimens f o r  use i n  determin ing t h e  e f fec t  o f  i r r a d i a t i o n  on t e n s i l e  p roper t i es .  The o b j e c t i v e  o f  
t h i s  s tudy was t h e  comparison of t e n s i l e  p r o p e r t i e s  obta ined from f o u r  d i f f e r e n t  comnonly used m i n i a t u r e  
t e n s i l e  specimens machined from t h e  same heat o f  ma te r ia l .  

2.8.3 Sumnary 

Three m i n i a t u r e  sheet- type t e n s i l e  specimens and a m i n i a t u r e  rod- type  specimen a re  be ing used t o  de te r-  
mine 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  f o r  a l l o y  development f o r  f u s i o n  reactors .  
t y p e  316 s t a i n l e s s  s t e e l  were determined w i t h  these d i f f e r e n t  specimens, and t h e  r e s u l t s  were compared. 
Reasonably good agreement was observed. However, t h e r e  were d i f f e r e n c e s  t h a t  l e d  t o  recommendations on 
which specimens a re  pre fer red.  

2.8.4 Progress and Sta tus  

The t e n s i l e  p r o p e r t i e s  o f  

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

Because o f  space l i m i t a t i o n s  i n  m s t  nuc lea r  r e a c t o r s  used f o r  i r r a d i a t i n g  m a t e r i a l s  f o r  m c h a n i c a l  
p r o p e r t i e s  t e s t i n g ,  m i n i a t u r e  m c h a n i c a l  Pr0Pert.y t e s t  swcimens a re  i r r a d i a t e d .  Most o f  t h e  t e n s i l e  soec i -  
mens i r r a d i a t e d  i n  t h e  U n i t e d  Sta tes  Fusion Reactor M a t e r i a l s  Program have been o f  t h e  SS-1 design, which 
was developed i n  the  Fast  Breeder Reactor Program 
f o r  i r r a d i a t i o n s  i n  t h e  Experimental Breeder 
Reactor- I1  (EBR-11). The SS-1 i s  a sheet specimen 
w i t h  an o v e r a l l  l e n g t h  o f  44.5 mn and a reduced 
gage s e c t i o n  20.3-m long  by 1.52-mm wide by 
0.76-mm t h i c k  (Fig. 2.8.1) 

A r o d - t e n s i l e  specimen was developed f o r  
e levated- temperature  i r r a d i a t i o n s  i n  t h e  High-Flux 
I so tope  Reactor (HFIR) (F ig .  2.8.2). The gage 
s e c t i o n  i s  18.3-mm long  and 2.03-mm i n  diameter. 
The spurs shown on t h e  end o f  t h e  specimen 
(Fig. 2.8.2) have two purposes: they are  used t o  
secure t h e  specimens i n  t h e  i r r a d i a t i o n  capsule 
and are  r e q u i r e d  t o  ensure a un i fo rm temperature 
d i s t r i b u t i o n  across t h e  gage and shoulders d u r i n g  

t -44 45 J 

REF 
4.,4 

1 BOmm O I A M I  i r r a d i a t i o n .  
To f u r t h e r  reduce t h e  space occupied by an 

i n d i v i d u a l  specimen, an SS-2 sheet specimen was 
developed (Fig. 2.8.3). Th is  specimen i s  punched GREATER THAN w, 

f rom 0.25-mm-thick sheet and has an o v e r a l l  l e n g t h  OlMENIlONS IN MILLIMETERS 

WI = 1 5 2  mm 
w2 = 0.025 TO 0 038 m m  

of 31.8 mn w i t h  a gage s e c t i o n  12.7-mm long  by 
1.02-mm wide. To date, few data have been Fig.  2.8.1. The m i n i a t u r e  SS-1 sheet t e n s i l e  
r e p o r t e d  on t h i s  specimen. 

The Fast F lux  Test F a c i l i t y  (FFTF) has 
r e c e n t l y  come i n t o  use f o r  m a t e r i a l s  t e s t i n g  f o r  
f u s i o n  r e a c t o r  app l i ca t i ons .  
t i o n  of a v a i l a b l e  space r e q u i r e s  t h a t  t he  specimen l e n g t h  be r e s t r i c t e d  t o  25.4 mn. 
l o n g  v a r i a t i o n  of t h e  SS-1 sheet specimen was designed. 
f rom 0.76-mm-thick sheet; t h e  reduced s e c t i o n  l e n g t h  i s  7.02 mn, and t h e  w i d t h  i s  1.52 mn (Fig. 2.8.4). 

(RTNS-11) and f o r  f u t u r e  use i n  t h e  f u s i o n  m a t e r i a l s  i r r a d i a t i o n  t e s t  (FMIT) f a c i l i t y . '  
of these specimens were chemica l l y  m i l l e d  f rom 0.76-mm-diam wire. 
of 0.21 t o  0.30 mn and a " p l a s t i c  gage leng th"  o f  2.0 t o  4.0 mn (ref. 1). When t h e  room- temperature proper-  
t i e s  o f  cold-worked t ype  316 s t a i n l e s s  s t e e l ,  determined us ing  these small specimens, were compared t o  pre-  
v ious  r e s u l t s  obta ined us ing  l a r g e r  specimens, reasonable agreement was obtained.' 
conducted us ing  l a r g e r  specimens t o  compare f o r  p o s s i b l e  sys temat ic  d i f f e r e n c e s  between specimens. 

years,  t o  da te  no comprehensive exper imental  comparison us ing  t h e  d i f f e r e n t  specimens on s i m i l a r  m a t e r i a l  
has been made. 
f o u r  d i f f e r e n t  m i n i a t u r e  specimens descr ibed above. 
s t e e l  i n  two d i f f e r e n t  c o n d i t i o n s  a t  t h r e e  t e s t  temperatures. 

spec i men. 

I n  t h e  Modular Open Test  Assembly (MOTA) i n  use i n  FFTF, t h e  maximum u t i l i z a -  
Therefore,  a 25.4-mm- 

Th is  specimen, designated SS-3, i s  a l so  machined 

S t i l l  sma l le r  r o d  specimens have been developed f o r  i r r a d i a t i o n  i n  t h e  r o t a t i n g  t a r g e t  neut ron source 
The gage sec t i ons  

The reduced s e c t i o n  had a minimum d iameter  

However, no t e s t s  were 

Al though t h e  va r ious  m i n i a t u r e  specimens discussed above have been developed and used over t h e  past  

Such a comparison w i l l  be discussed here. T e n s i l e  p r o p e r t i e s  have been determined u s i n g  t h e  
Tests were made on a s i n g l e  heat o f  t ype  316 s t a i n l e s s  
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2.8.4.2 Exper imenta l  Procedure 

The o b j e c t i v e  o f  t h i s  s tudy  was t h e  comparison of 
t h e  t e n s i l e  p r o p e r t i e s  ob ta ined  f rom f o u r  d i f f e r e n t  
t e n s i l e  specimens machined from t h e  same heat of ma- 
t e r i a l .  The f o u r  specimen types t e s t e d  were t h e  S S - l  
(F ig .  2.8.1), SS-2 (Fig.  2.8.3), SS-3 (F ig .  2.8.4), 
and t h e  m i n i a t u r e  r o d - t e n s i l e  (F ig .  2.8.2). 

The t y p e  316 s t a i n l e s s  s t e e l  t e s t  m t e r i a l  was  
taken from heat  X15893 (magnet ic f us ion  energy 
r e f e r e n c e  heat) .  Tests  were made on t h e  s t e e l  i n  t h e  
20%-cold-worked c o n d i t i o n  and t h e  so lu t i on- annea led  
c o n d i t i o n .  The SS-1  and SS- 3 specimens were machined 
f rom 0.76-mm-thick sheet,  t h e  SS-2 specimens from 
0.25-mm-thick sheet. P r i o r  t o  t h e  f i n a l  20% r e d u c t i o n  
by r o l l i n g ,  t h e  sheet was annealed 1 h a t  1050°C. 
M i n i a t u r e  r o d - t e n s i l e  specimens were machined f rom 
4.2-mm-diam rod, which was a l s o  annealed 1 h a t  1050°C 
p r i o r  t o  t h e  f i n a l  r e d u c t i o n  i n  area by swaging; t h e  
r o d  used f o r  these t e s t s  con ta ined  -23% c o l d  work. 
The so lu t i on- annea led  specimens were ob ta ined  by 
annea l i ng  t h e  cold-worked r o d  o r  sheet specimens 1 h 
a t  1O5O0C. 

v a r i e d  somewhat acco rd ing  t o  t h e  p roduc t  form f rom 
which t h e  specimens were obta ined.  
s i z e  numbers were es t ima ted  as f o l l o w s :  g r a i n  s i z e  
No. 4 f o r  t h e  0.16-mm sheet (SS-1 and SS-3 specimens), 
g r a i n  s i z e  No. 3 f o r  t h e  0.25-mm sheet (SS-2 spec i-  
mens), and g r a i n  s i r e  No. 5 f o r  t h e  2.03-mm-diam r o d  
( r o d - t e n s i l e  specimens). 

The g r a i n  s i z e  o f  t h e  so lu t i on- annea led  s t e e l s  

These ASTM g r a i n  

ORNL-DWG 78-710313 

I 
t.27 - 23.2--4 

t-4.25 

W,= 1.02 WIDTH 

Wp=FROM 0.005 TO 0.043 

DIMENSIONS IN MILLIMETERS 

GREATER THAN W, 

Fig.  2.8.3. The m i n i a t u r e  SS-2 s h e e t - t e n s i l e  
ipecimen. 

L 2 . 0  (0.0001 - OIMENSIONS IN INCHES 
(0.000i 

Fig. 2.8.2. The m i n i a t u r e  r o d - t e n s i l e  specimen. 

Fig. 2.8.4 
specimen. 

w,-  I 52 m m  
w 2 - o . o I s  TO 0 .03B m m  
CI1EATTTR T H A N  w< 

DIMENSIONS IN MILLIMETERS 

The m i n i a t u r e  55-3 s h e e t - t e n s i l e  
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A l l  f o u r  t ypes  o f  specimens were t e s t e d  i n  bo th  t h e  so lu t i on- annea led  and cold-worked c o n d i t i o n .  Three 
o f  each t y p e  o f  specimen i n  each c o n d i t i o n  were t e s t e d  a t  room tempera ture ,  300, and 600°C. T e n s i l e  t e s t s  
were conducted i n  a vacuum chamber on a 120-kV-capaci ty I n s t r o n  c losed- loop,  s e r v o h y d r a u l i c  m a t e r i a l s  t e s t  
machine u s i n g  a crosshead speed o f  0.0085 m / s ,  which r e s u l t e d  i n  s l i g h t l y  d i f f e r e n t  nominal s t r a i n  r a t e s  
f o r  t h e  d i f f e r e n t  specimens because of t h e  d i f f e r e n t  gage lengths .  However, t h i s  s l i g h t  d i f f e r e n c e  i n  
s t r a i n  r a t e  was not  expected t o  have a s i g n i f i c a n t  e f f e c t  on t h e  t e n s i l e  p r o p e r t i e s .  

2.8.4.3 R e s u l t s  and D i scuss ion  

The t e n s i l e  r e s u l t s  f o r  t h e  va r i ous  specimens are  g i v e n  i n  Tables 2.8.1 th rough 2.8.4. I n  F igs .  2.8.5 
t h rough  2.8.8 t h e  0.2% y i e l d  s t r e s s  ( Y S ) ,  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS),  un i fo rm e longa t i on ,  and t o t a l  
e l a n g a t i o n  a re  p l o t t e d  as a f u n c t i o n  of temperature.  
men a t  a g i ven  tempera ture) ,  t h e  mean va lue  i s  p l o t t e d .  
d e v i a t i o n  a re  a l s o  shown f o r  each mean va lue  o f  t h e  t h r e e  t e n s i l e  t e s t s  a t  t h e  g i ven  t e s t  c o n d i t i o n s .  

depend on t h e  p r o p e r t y  be ing  measured. 
t y p e  i s  t h e  much h i g h e r  YS and UTS of t h e  r o d - t e n s i l e  specimens f o r  t h e  cold-worked m a t e r i a l .  
f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h e  r e d u c t i o n  o f  area f o r  t h e  r o d  was -23%. compared t o  -20% f o r  t h e  sheet 

For  each s e t  of t h r e e  t e s t s  (on a g i v e n  t y p e  o f  spec i -  

Specimen s i z e  o r  t y p e  appears t o  g i v e  r i s e  t o  seve ra l  marked d i f f e r e n c e s ,  and t h e  d i f f e r e n c e  appears t o  

Bars t h a t  des igna te  p l u s  o r  minus one s tanda rd  

One d i f f e r e n c e  t h a t  i s  no t  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  specimen 
One reason 

Tab le  2.8.1. T e n s i l e  p r o p e r t i e s  o f  t y p e  316 Tab le  2.8.2. T e n s i l e  p r o p e r t i e s  o f  t y p e  316 
s t a i n l e s s  s t e e l  w i t h  SS- 1  t e s t  specimens s t a i n l e s s  s t e e l  w i t h  SS- 2 t e s t  specimens 

Test S t r e n g t h  (MPa) E l o n g a t i o n  (%) 

Y i e l d  U l t i m a t e  Un i f o rm  T o t a l  

Test S t r e n g t h  (MPa) E l o n g a t i o n  (%) tempera- 
t u r e  

tempera- 

Y i e l d  U l t i m a t e  Un i f o rm  T o t a l  
("C) ("C) 

S o l u t i o n  annealed S o l u t i o n  annealed 

23 230 590 56  62 23 207 577 55 57 
23 264 590 53 58 23 198 569 48 49 
23 215 578 52 57 23 224 569 54 56 

300 134 479 34 38 300 138 465 33 34 
300 146 479 33 37 300 141 477 34 36 
300 134 467 34 37 300 152 481 32 34 
600 88 441 36 39 600 95 440 35 37 
600 88 448 35 38 600 103 431 27 29 
600 96 460 37 39 600 86 388 33 35 

20%-Cold-worked 20%-Cold-worked 

23 
23 
23 

300 
300 

600 

135 
748 
733 
646 
646 
627 
536 
539 
5 5 1  

803 
817 
802 
684 
684 
684 
619 
627 
634 

10.1 
12.0 
12.4 

1.6 
2.9 
2.4 
4.6 
4.8 
4.0 

16 
17 
20 

4.0 
5.3 
4.8 
6.5 
6.9 
6.0 

23 
23 
23 

300 
300 
300 
600 
600 
600 

733 
74 1 
724 
655 
595 
621 
534 
543 
526 

819 
827 
827 
707 
681 
638 
595 
638 
603 

9.8 
6.8 
7.8 
1.0 
1.9 
1.6 
1.6 
2.8 
2.5 

16.0 
10.0 
10.6 

2.0 
3.2 
2.8 
2.4 
2.9 
3.3 



Table 2.8.3. T e n s i l e  p r o p e r t i e s  o f  t y p e  316 
s t a i n l e s s  s t e e l  w i t h  58-3 t e s t  specimens 

Table 2.8.4. T e n s i l e  p r o p e r t i e s  o f  t y p e  316 
s t a i n l e s s  s t e e l  w i t h  r o d - t e n s i l e  specimens 

~ ~~~ 

Test  S t r e n g t h  (MPa) E l o n g a t i o n  (%)  

( " C )  Y i e l d  U l t i m a t e  Un i fo rm T o t a l  
tempera tu re  

Test S t r e n g t h  (MPa) E l o n g a t i o n  (%) 

( " C )  Y i e l d  U l t i m a t e  Uni form T o t a l  
tempera tu re  

S o l u t i o n  annealed 

23 230 605 6 3  74 
23 237 613 67 74 
23 222 602 68 80 

300 168 505 37 45 
300 165 498 41 53 
300 167 49 5 44 54 
600 103 464 44 49 
600 122 476 44 49 
600 103 476 46 51 

20%-cold-worked 

23 766 816 14.0 24.3 
23 755 816 14.6 23.3 
23 761 818 14.6 25.0 

300 682 712 4.0 13.0 
300 680 706 3.3 11.7 
300 669 696 3.0 10.0 
600 563 6 3 9  5.0 9.7 
6 0 0  579 640 4.7 9.0 
600 585 650 4.7 9.3 

0 (00 100 300 400 500 600 700 
TEMPL'hTYRL iVCi 

Fig .  2.8.5. The 0.2% y i e l d  s t r e s s  f o r  
annealed and co ld-worked t y p e  316 s t a i n l e s s  s t e e l  
as a f u n c t i o n  o f  tempera tu re  f o r  f o u r  m i n i a t u r e  
t e n s i l e  specimens. The mean va lue  o f  t h r e e  t e s t s  
f o r  each specimen i s  shown; t h e  e r r o r  bars i n d i c a t e  
5 1  s tandard  d e v i a t i o n .  

S o l u t i o n  annealed 

23 239 632 49 56 
23 230 621 51 59 
23 236 623 50 57 

300 165 509 31 38 
300 167 512 30 38 
300 150 501 30 38 
600 111 504 33 40 
600 113 506 34 38 
600 84 464 31 36 

20%-cold-worked 

23 850 882 11.6 20.4 
23 849 873 9.8 18.7 
23 855 873 8.0 14.8 

300 767 774 1.7 7.4 
300 762 766 1.0 6.5 
300 760 771 1.3 6.4 
6 0 0  650 712 4.6 9.5 
600 647 701 4.0 6.0 
600 652 695 3.8 7.4 

011*1-010 e.-,: 
I I I I I 

SPECIMENS . 55-1 . 5s-z . 55-3 
ROO-TENSILF 

I t  I STO. DEY 

i 

i F 
i' I COLD WORKED 

1 I I I 1 I 
0 (00 2 0 0  300 400 500 600 

TEMPERbWRE I'CI 

F ig .  2.8.6. The u l t i m a t e  t e n s i l e  s t r e n g t h  f o r  
annealed and co ld-worked t y p e  316 s t a i n l e s s  s t e e l  
as a f u n c t i o n  o f  temperature f o r  f o u r  m i n i a t u r e  
t e n s i l e  specimens. The mean va lue  of t h r e e  t e s t s  
f o r  each t y p e  o f  specimen i s  shown; t h e  e r r o r  bars 
i n d i c a t e  21  s tandard  d e v i a t i o n .  
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0 R " L - m  M-,3969 
80, I I I I I I I 

60 7 0 1 i  
SPECIMENS . ss-l 
a 55-2 . 55-3 + ROO-TENSILE 
12 I STD. OEV. 

COLD WORKED 

r. 
' 0  100 200 300 400 500 600 700 

TEMPERbTURE IT1 

Fig.  2.8.7. The u n i f o r m  e l o n g a t i o n  f o r  
annealed and cold-worked t y p e  316 s t a i n l e s s  s t e e l  
as a f u n c t i o n  o f  tempera ture  f o r  f o u r  m i n i a t u r e  
t e n s i l e  specimens. The mean va lue  of t h r e e  t e s t s  
f o r  each t y p e  of specimen i s  shown; t h e  e r r o r  bars  
i n d i c a t e  i1 s tanda rd  d e v i a t i o n .  
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SPECIMENS . ss-1 . ss-2 

ROD-TENSILE 
I ? 1 STD OEV. 

SOLUTION ANNEALED -1 
COLD WORKED -I 

Fig.  2.8.8. The t o t a l  e l o n g a t i o n  f o r  annealed 
and cold-worked t y p e  316 s t a i n l e s s  s t e e l  as a func-  
t i o n  o f  tempera ture  f o r  f ou r  m i n i a t u r e  t e n s i l e  spec- 
imens. The mean va lue  o f  t h r e e  t e s t s  f o r  each t v o e  
of specimen i s  shown; t h e  e r r o r  ba rs  i n d i c a t e  i l  
s tandard  dev ia t i on .  

m a t e r i a l .  However, p a r t  of t h i s  l a r g e  d i f f e r e n c e  i n  t h e  s t r e n g t h  o f  t h e  r o d  and sheet may a r i s e  because t h e  
r e d u c t i o n s  by r o l l i n g  and swaging a r e  no t  d i r e c t l y  e q u i v a l e n t ,  a l t hough  such equ i va lence  i s  g e n e r a l l y  
assumed. 

I n  a d d i t i o n  t o  t h e  i nc reased  s t r e n g t h  o f  t h e  r o d  specimens i n  t h e  cold-worked c o n d i t i o n ,  t h e  UTS o f  t h e  
r o d  specimens was a l s o  somewhat s t r o n g e r  a f t e r  t h e  s o l u t i o n  anneal. 
h i g h e s t  YS and UTS of t h e  sheet specimens i n  b o t h  t h e  so lu t i on- annea led  and cold-worked c o n d i t i o n .  
was r e l a t i v e l y  l i t t l e  d i f f e r e n c e  between t h e  s t r e n g t h s  o f  t h e  SS-1 and SS-2 specimens. 

E m p i r i c a l  equa t i ons  have been developed t o  p r e d i c t  t h e  YS and UTS of so lu t i on- annea led  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 2  Both  YS and UTS were found t o  depend on chemical  composi t ion.  
depend on t h e  g r a i n  s i z e  t h rough  t h e  H a l l - P e t c h  r e l a t i o n s h i p  w i th  s t r e n g t h  p r o p o r t i o n a l  t o  d-'I2, where d i s  
t h e  g r a i n  diameter.  
t h e  t w i n  spacing. S ince  o n l y  a s i n g l e  compos i t i on  was tes ted ,  t h e  o n l y  e f f ec t  o f  m i c r o s t r u c t u r e  on t h e  d i f -  
f e r e n t  specimens shou ld  i n v o l v e  g r a i n  s i z e  and t w i n  spacing. 

However, 
if t h e  g r a i n  s i z e  determines t h e  d i f f e r e n c e  i n  y i e l d  s t r e s s ,  t h e  SS-1 and SS-3 specimens shou ld  have s i m i l a r  
values,  and t h e  r o d - t e n s i l e  specimens shou ld  have t h e  h i g h e s t  value. 
observed. 
t h e  va lues f o r  t h e  SS-3 a r e  always g r e a t e r  t h a n  those  of t h e  SS-1 specimens, even though t h e y  have t h e  same 
t w i n  spacinq. A l thouqh w a i n  s i z e  o r  twin soac inq  shou ld  have no e f f e c t  on t h e  s t r e n a t h  of t h e  co ld- worked 

The SS-3 specimens g e n e r a l l y  had t h e  
There 

The YS was a l s o  found t o  

No g r a i n  s i z e  e f f ec t  was noted f o r  t h e  UTS; i ns tead ,  i t  v a r i e d  w i t h  t - l f 2 ,  where t i s  

As s t a t e d  above, t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  t h e  YS va lues o f  t h e  so lu t i on- annea led  s tee l s .  

No such sys tema t i c  d i f f e rence  i s  
A l t hough  t h e  UTS va lues f o r  t h e  so lu t i on- annea led  r o d - t e n s i l e  specimens i s  a lways t h e  l a r g e s t ,  

m a t e r i a l ,  t h e  r e s u l t s - i n r i i c a t e  t h a t  bo th  the '  YS and UTS f o r  t h e  SS-3 specimens are, w i t h  one except ion ,  
g r e a t e r  t h a n  f o r  t h e  SS-1 and SS-2 specimens. 

No e x p l a n a t i o n  i s  a v a i l a b l e  f o r  what appears t o  be a s s t e m a t i c a l l y  l a r g e r  s t r e n g t h  ob ta ined  u s i n g  t h e  
SS-3 specimen t h a n  ob ta ined  w i t h  t h e  SS-1 specimen f o r  s i m i y a r  t e s t  c o n d i t i o n s .  For a l l  t h e  t e s t  c o n d i t i o n s  
used, t h e  g r e a t e s t  d i f f e r e n c e  between t h e  mean va lues f o r  SS-1 and SS-3 specimens was -17% f o r  t h e  YS a t  
300 and 600'C f o r  t h e  so lu t i on- annea led  m a t e r i a l .  D i f f e r e n c e s  of  ( 5 %  were ob ta ined  f o r  t h e  YS va lues o f  t h e  
cold-worked sheet and t h e  UTS va lues f o r  t h e  so lu t i on- annea led  and t h e  cold-worked sheet. 

D u c t i l i t y  i s  desc r i bed  by D i e t e r  as "a q u a l i t a t i v e ,  s u b j e c t i v e  p r o p e r t y  o f  a  ater rial."^ Measurements 
o f t e n  show cons ide rab le  v a r i a t i o n  even f o r  one t y p e  of specimen, i n c l u d i n g  l a r g e  specimens. 
l i t t l e  d i f f e r e n c e  i s  noted f o r  t h e  un i fo rm and t o t a l  e l o n g a t i o n  of  t h e  f o u r  t ypes  of specimens f o r  t h e  c o l d -  
worked c o n d i t i o n ,  a l t hough  t h e  t o t a l  e l o n g a t i o n s  f o r  t h e  SS-3 specimens were s l i g h t l y  g r e a t e r  t han  t o t a l  
e l o n g a t i o n  va lues ob ta ined  from t h e  o t h e r  t h r e e  specimens (F igs .  2.8.7 and 2.R.8). 
annealed m a t e r i a l ,  t h e  un i fo rm and t o t a l  e l o n g a t i o n  va lues of t h e  SS-3 specimens were c o n s i d e r a b l y  h i g h e r  
t h a n  for  t h e  SS-1, SS-2, and r o d - t e n s i l e  specimens, wh ich  had s i m i l a r  values. 
w i l l  depend on t h e  specimen geometry, t h e  u n i f o r m  e l o n g a t i o n  shou ld  

S u r p r i s i n g l y  

For t h e  s o l u t i o n -  

A l though t h e  t o t a l  e l o n g a t i o n  
Thus, t h e  o b s e r v a t i o n  o f  t h e  



g r e a t e r  un i f o rm  e l o n g a t i o n  of t h e  SS-3 specimens i n  t h e  so lu t i on- annea led  c o n d i t i o n  i s  unexpected. (The 
SS-3 specimens a l s o  have t h e  h i g h e s t  u n i f o r m  e l o n g a t i o n  i n  t h e  cold-worked c o n d i t i o n ,  b u t  t h e  d i f f e rence  
w i t h  t h e  o t h e r  specimens i s  rmch l e s s  than  f o r  t h e  so lu t i on- annea led  c o n d i t i o n . )  

When t h e  t e s t e d  55-3 specimens were examined, i t  was found t h a t  de fo rma t i on  i n  t h e  so lu t i on- annea led  
specimens was n o t  con f i ned  t o  t h e  reduced sect ion .  
s e c t i o n  [Fig. 2.8.9(a)]. 
t i a l l y  a l l  t h e  deformat ion  i s  con f i ned  t o  t h e  reduced s e c t i o n  [Fig. 2.8.9(b)l. In e f f e c t ,  t h e r e f o r e ,  t h e  
so lu t i on- annea led  specimen has a l a r g e r  gage l e n g t h  t h a n  t h a t  used t o  c a l c u l a t e  t h e  u n i f o r m  and t o t a l  
e l o n g a t i o n  f o r  S S - 3  specimens. A s i m i l a r  o b s e r v a t i o n  a p p l i e s  f o r  t h e  SS-1 specimen. However, because t h e  
l e n g t h  of t h e  reduced s e c t i o n  of t h e  S S - 3  (7.6-mm gage l e n g t h )  i s  about 38% o f  t h e  SS-1 (20.3-mn gage 
l e n g t h ) ,  t h e  e f f e c t  on t h e  un i fo rm e l o n g a t i o n  determined w i t h  t h e  S S- 3  i s  c o n s i d e r a b l y  a f f ec ted .  
specimens a l s o  showed a s i m i l a r  e f f e c t . )  

Ins tead,  de fo rma t i on  occu r red  up i n t o  t h e  shou lde r  
T h i s  i s  i n  c o n t r a s t  t o  what occurs f o r  t h e  cold-worked SS-3 specimen where essen- 

(The SS-2 

Y-197034 Y-197035 

. 
t 

Fig. 2.8.9. A mic rograph of (a) so lu t i on- annea led  and ( b )  cold-worked 55-3 t e n s i l e  specimens t e s t e d  a t  
room temperature.  Note t h e  deformat ion  beyond t h e  reduced s e c t i o n  i n  t h e  so lu t i on- annea led  specimen. 

The reason f o r  t h e  observed behav io r  i n v o l v e s  t h e  deformat ion  behav io r  of t h e  s o f t  annealed m a t e r i a l  
r e l a t i v e  t o  t h e  s t r o n g e r  cold-worked m a t e r i a l .  The so lu t i on- annea led  m a t e r i a l  i n  t h e  reduced s e c t i o n  work 
hardens u n t i l  t h e  s t r e n g t h  of t h i s  p o r t i o n  o f  t h e  specimen exceeds t h e  y i e l d  s t r e s s  i n  t h e  s e c t i o n  of t h e  
specimen where t h e  reduced s e c t i o n  goes i n t o  t h e  shou lde r  sec t i on ,  d e s p i t e  t h e  l a r g e r  c r o s s- s e c t i o n a l  a rea 
of  t h e  l a t t e r  p o r t i o n  o f  t h e  specimen. A s i m i l a r  e f f e c t  does n o t  occu r  i n  t h e  cold-worked :?ecimens because 
t h e  s t a i n l e s s  s t e e l  under t hese  c o n d i t i o n s  does no t  have t h e  work- harden ing c a p a b i l i t y  t h a t  i t  does i n  t h e  
so lu t i on- annea led  c o n d i t i o n .  It shou ld  be noted, however, t h a t  even i n  t h e  cold-worked c o n d i t i o n  t h e  S S- 3  
specimens have a l a r g e r  u n i f o r m  e l o n g a t i o n  than  t h e  55-1 specimens (Fig. 2.8.7). 

T o t a l  e l onga t i on ,  ef can be w r i t t e n  as3 

Lf - Lo a 
ef=-= e, + - ,  

LO LO 

Lf - Lo a 
ef=-= e, + - ,  

LO LO 

where Lf and Lo a r e  o r i g i n a l  and f i n a l  l eng ths ,  r e s p e c t i v e l y ,  e,  i s  t h e  u n i f o r m  e longa t i on ,  and a i s  t h e  
l o c a l  neck ing  ex tens ion.  
equa t i on  i n d i c a t e s  t h a t  t h e  s h o r t e r  t h e  gage l e n g t h ,  t h e  g r e a t e r  t h e  t o t a l  e l ~ n g a t i o n . ~  
because of t h e  s i m i l a r  c r o s s - s e c t i o n a l  areas, Barba 's  law i m p l i e s  t h a t  t h e  t o t a l  e l o n g a t i o n s  f o r  t h e  SS-1 
and SS-3 specimens shou ld  be t h e  same i f  measured over t h e  same c e n t e r  gage l e n g t h 3  ( t h e  l a r g e s t  gage l e n g t h  
p o s s i b l e  would be 7.2 mn, t h e  l e n g t h  of t h e  SS-3 reduced s e c t i o n ) .  
marks on i r r a d i a t e d  specimens p resen ts  cons ide rab le  d i f f i c u l t y ,  even if t h e  f r a c t u r e d  specimens c o u l d  be 
p r o p e r l y  f i t t e d  t o g e t h e r ,  a process t h a t  i s  ex t reme ly  d i f f i c u l t  w i t h  t hese  smal l  c ross  sec t i ons .  

For a f i x e d  c r o s s- s e c t i o n a l  a rea such as f o r  t h e  SS-1  and S S - 3  specimens, t h e  
On t h e  o t h e r  hand, 

Un fo r tuna te l y ,  t h e  measurement o f  gage 
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Another method t o  compare d u c t i l i t i e s  would be t h e  use of r e d u c t i o n  of area v a l i e s .  However, f o r  such 
smal l  specimens t h i s  a l s o  presents  cons ide rab le  d i f f i c u l t y  - even when u n i r r a d i a t e d .  Reduct ion  o f  area 
measurements were made f o r  t h e  SS-1 and SS-3 specimens t e s t e d  i n  t h i s  study. 
ob ta ined,  i n d i c a t i n g  t h a t  de fo rma t i on  i n  t h e  two specimens i s  s i m i l a r .  

specimens w i l l  p rove d i f f i c u l t ,  a l t hough  s i m i l a r  va lues were determined on t h e  55-1, 55-2, and r o d - t e n s i l e  
specimens. The e longa t i ons  o f  t h e  t h r e e  shee t- t ype  specimens w i l l  be ove res t ima ted  because o f  de format ion  
beyond t h e  reduced s e c t i o n ,  which has been assumed t o  be t h e  gage length .  
w i l l  depend on t h e  f l o w  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l  b e i n g  t e s t e d ,  and t h e  e r r o r  i n t r o d u c e d  i n t o  t h e  
c a l c u l a t e d  e l o n g a t i o n  va lues w i l l  i nc rease  as t h e  reduced s e c t i o n  i s  decreased. 

The r e p r o d u c i b i l i t y  o f  t h e  s t r e n g t h  and d u c t i l i t y  va lues f o r  a g i ven  t y p e  of m i n i a t u r e  specimen i s  
i n d i c a t e d  by t h e  s tandard  d e v i a t i o n  as shown i n  Figs. 2.8.5 t o  2.8.8. No p a r t i c u l a r  specimen always has t h e  
l a r g e s t  s tandard  d e v i a t i o n  f o r  a g i ven  se t  o f  t e s t  cond i t i ons .  To f u r t h e r  eva lua te  t h e  r e p r o d u c i b i l i t y ,  a 
poo led  s tandard  d e v i a t i o n  was c a l c u l a t e d  f o r  t h e  so lu t i on- annea led  and cold-worked m a t e r i a l  s e p a r a t e l y  and 
t h e n  combined f o r  a l l  specimens o f  a g i ven  t ype ,  r e g a r d l e s s  of t h e  m a t e r i a l ' s  c o n d i t i o n .  

Reasonable agreement was 

These r e s u l t s  i n d i c a t e  t h a t  t h e  comparison o f  t o t a l  e l o n g a t i o n s  determined on t h e  d i f f e r e n t  types of 

The amount o f  excess deformat ion  

The poo led s tandard  d e v i a t i o n  was c a l c u l a t e d  as f o l l o w s :  

E n i - 1  
i= 1 

where n i  i s  t h e  number o f  specimens w i t h  a s tandard  d e v i a t i o n  Si. 
Si i s  t h e  va lue  shown i n  Figs.  2.8.5 t o  2.8.8; n = 3 ( t h r e e  t e s t  tempera tures)  f o r  t h e  cold-worked o r  
so lu t i on- annea led  m a t e r i a l  when t r e a t e d  s e p a r a t e l y  and n = 6 when t h e y  a re  combined. Acco rd ing  t o  C h ~ i , ~  
" Th is  q u a n t i t y  i s  a s o r t  o f  average s tandard  d e v i a t i o n "  o f  a l l  t h e  Si values. T h i s  c a l c u l a t i o n  o f  S p  
assumes t h a t  t h e  s tanda rd  d e v i a t i o n  f o r  a g i ven  t y p e  o f  specimen does no t  depend on temperature.  I t  a l s o  
assumes t h a t  e r r o r s  i n t r o d u c e d  by tempera ture  v a r i a t i o n s  d u r i n g  t e s t ,  by t e s t  machine, etc., a re  t h e  same 
f o r  each t y p e  o f  specimen. Under these assumptions, t h e  d i f f e r e n c e  i n  S va lues i s  i n d i c a t i v e  o f  t h e  p re-  
c i s i o n  ob ta ined  f o r  a g i ven  specimen. The S p  was c a l c u l a t e d  s e p a r a t e l y  f o r  t h e  so lu t i on- annea led  and c o l d -  
worked c o n d i t i o n s  because o f  t h e  cons ide rab le  d i f f e r e n c e  i n  t h e  magni tude o f  t h e  p r o p e r t i e s  f o r  these 
d i f f e r e n t  cond i t i ons .  

t o t a l  e l onga t i ons .  I f  t h e  so lu t i on- annea led  and cold-worked m a t e r i a l  i s  cons idered sepa ra te l y ,  i t  i s  seen 
t h a t  t h e  SS-2 specimens g e n e r a l l y  had t h e  l a r g e s t  S p  f o r  a l l  f o u r  p r o p e r t i e s .  However, t h e y  were no t  always 
t h e  l a r g e s t ,  and i n  some cases where t h i s  va lue  was t h e  l a r g e s t ,  it d i d  n o t  d i f f e r  s u b s t a n t i a l l y  f rom t h e  S p  
f o r  t h e  o t h e r  specimens. 
parameters. 
punched f rom sheet m a t e r i a l ,  we would have expected t h e  p r o p e r t i e s  determined f rom these specimens t o  be t h e  
l e a s t  rep roduc ib le .  The smal l  and g e n e r a l l y  comparable v a r i a t i o n  f o r  a l l  t h e  specimen t ypes  i s  encouraging.  

For  t h e  present  c a l c u l a t i o n ,  n i  = 3 and 

Tab le  2.8.5 g i v e s  t h e  c a l c u l a t e d  va lues o f  S p  f o r  YS and UTS; Table 2.8.6 g i ves  S p  f o r  t h e  u n i f o r m  and 

Fo r  t h e  combined data,  t h e  S p  f o r  t h e  SS-2 specimens was l a r g e s t  f o r  a l l  f o u r  
Cons ide r i ng  t h e  s i z e  o f  t h e  SS-2 specimen (0.25-mm-thick) and t h e  f a c t  t h a t  t h e  specimens were 

Tab le  2.8.5. Pooled s tandard  d e v i a t i o n  (MPa) 
f o r  s t r e n g t h  parameters 

Y i e l d  S t m i  I l l t i m a t e  t e n s i l e  s t r e n g t h  

Rod 8s-1 SS-2 88-3 te:z:le 88-1 88-2 88-3 tenSile 

Solut ion-annealed s tee l  

15.3 10.0 7.9 11.0 8.1 17.1 6.1 14.7 

Cold-worked s tee l  

9.1 18.8 8.8 3.4 6.5 24.4 7 . 1  6.4 

Combined 

12.6 15.1 8.4 8.1 7.4 21.0 5.9 11.3 

Table  2.8.6. Poo led s tandard  d e v i a t i o n  (%) 
d u c t i l i t y  parameters 

U n i f o r m  e l o n g a t i o n  T o t a l  e l onga t i on  

S S - 1  S S - 2  88-3 tenrile 55.1 8 8 - 2  88-3 tenr,le Rod Rod 

Solut ion-annealed s tee l  

1.39 3.28 2.64 1.10 1.63 3.5R 3.54 1.44 

Cold-worked s t e e l  

11.83 0.96 0.39 1.09 1.31 1.96 1 .04  2.0 

Combined 

1.14 2.42 1.89 1.09 1.48 2.R9 2.61 1.74 

*Accura te  c r o s s - s e c t i o n a l  areas a re  d i f f i c u l t  t o  o b t a i n  f o r  n o n c i r c u l a r  c ross  sec t i ons ,  even f o r  l a r g e  
specimens, and acco rd ing  t o  ASTM Spec. E-139 " r e d u c t i o n  o f  area i s  r e p o r t e d  o n l y  f o r  specimens of c i r c u l a r  
c r o s s  sec t i on . "  
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A l though t h e  r e s u l t s  o f  t h e  present  t e s t s  a re  encouraging,  t h e r e  a re  some areas o f  concern. One such 
concern  i s  t h e  a p p a r e n t l y  h i g h e r  s t r e n g t h  values determined w i t h  SS-3 specimens compared w i t h  t h e  S S - 1  spec- 
imens, e s p e c i a l l y  t h e  YS f o r  t h e  cold-worked m a t e r i a l  and t h e  UTS f o r  t h e  cold-worked and t h e  annealed 
m a t e r i a l .  
caused by an unde f i ned  gage l e n g t h  over  which t h e  e l o n g a t i o n  va lues were determined. 
e l o n g a t i o n  f o r  t h e  d i f f e r e n t  specimen types were expected. However, p a r t  o f  t h a t  d i f f e rence  i n v o l v e s  t h e  
undef ined gage l e n g t h ,  which thus  i n t roduces  f u r t h e r  u n c e r t a i n t y .  These r e s u l t s  i n d i c a t e  t h a t  c a u t i o n  must 
be e x e r c i s e d  when p r o p e r t i e s  a re  compared. 

For  scop ing- t ype  s t u d i e s  t o  determine i r r a d i a t i o n  e f f e c t s  on t e n s i l e  behav ior ,  which i s  p r e s e n t l y  t h e  
b a s i c  use o f  t hese  specimens, any of t h e  specimens appears t o  be adequate. However, t h e  SS-1 and rod -  
t e n s i l e  specimens a re  p r e f e r a b l e ,  p r i i n a r i l y  because o f  t h e i r  l o n g e r  gage lengths .  Be fo re  any a t tempts  a re  
made t o  use these  specimens t o  determine des ign data,  s t u d i e s  shou ld  be conducted t o  r e s o l v e  t h e  d iscrepan-  
c i e s ,  e s p e c i a l l y  t hose  between t h e  SS-3 and SS- 1  specimens. S tud ies  might  be made on specimens w i t h  g r i d s  
e tched on t h e  sur faces.  
w e l l  as h e l p  d e l i n e a t e  t h e  gage l eng th .  For  completeness, such t e s t s  should be made w i t h  m a t e r i a l s  of d i f -  
f e r e n t  s t r e n g t h  and d u c t i l i t y ,  t hus  making i t  p o s s i b l e  t o  s tudy t h e  v a r i a t i o n  o f  gage l e n g t h  m r e  c l o s e l y .  
I f ,  as  i n d i c a t e d  by t h e  present  t e s t s ,  t h e  gage l e n g t h s  approach t h e  l e n g t h  o f  t h e  reduced s e c t i o n  as t h e  
s t r e n g t h  increases,  Eq. (1 )  i n d i c a t e s  t h a t  f o r  a s t rong ,  b r i t t l e  m a t e r i a l ,  t o t a l  e l o n g a t i o n  determined on 
SS-I and SS-3 specimens would be t h e  same, and very  near t h e  u n i f o r m  e longa t i on .  

2.8.5 Summary and Conc lus ions  

mens t h a t  have been developed f o r  t e s t i n g  i r r a d i a t e d  m a t e r i a l s .  
annealed and 20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  a t  room tempera ture ,  300, and 600°C. The types o f  
specimens t e s t e d  were: Two sheet specimens machined f rom 0.76-mm-thick sheet,  one w i t h  a 20.3-mm-long 
reduced s e c t i o n  (SS-1  specimen) and one w i t h  a 7.6-mm-long reduced s e c t i o n  (SS-3 specimen), bo th  reduced 
s e c t i o n s  1.52-mm wide. A sheet specimen punched f rom 0.25-mm-thick sheet w i t h  a reduced s e c t i o n  12.7-mm 
l o n g  by 1.02-mm wide (SS-2 specimen), and a r o d - t e n s i l e  specimen w i t h  a reduced s e c t i o n  o f  2.03-mm-diam by 
18.3-mm long. 

The t e n s i l e  p r o p e r t i e s  determined w i t h  t h e  d i f f e r e n t  specimens were i n  reasonab le  agreement when d i f -  
ferences i n  g r a i n  s i z e ,  c o l d  work, and gage l e n g t h  were taken i n t o  account. V a r i a t i o n  i n  YS and UT5 f o r  a 
g i ven  specimen, as measured by s tandard  d e v i a t i o n ,  was u s u a l l y  w e l l  below 10%. The l a r g e s t  s tanda rd  
d e v i a t i o n s  were observed f o r  t h e  SS-2 specimen, w i t h  l i t t l e  d i f f e r e n c e  f o r  t h e  o t h e r  t h r e e  t ypes  o f  spec i -  
mens. Good r e p r o d u c i b i l i t y  of un i fo rm and t o t a l  e l o n g a t i o n  was a l s o  obta ined,  w i t h  t h e  v a r i a b i l i t y  of t h e  
SS-2 specimen o n l y  s l i g h t l y  g r e a t e r  t han  f o r  t h e  o t h e r  specimens. 

Severa l  problems i n  t h e  use o f  t h e  m i n i a t u r e  specimens were observed. I n  p a r t i c u l a r ,  t h e  SS- 3 specimen 
gave h i g h e r  YS and UTS va lues t h a n  t h e  o t h e r  specimens under c e r t a i n  c o n d i t i o n s .  
pected,  e s p e c i a l l y  t h e  d i f f e rence  w i t h  t h e  S S - 1  specimens, which were machined f rom t h e  same sheet as t h e  
SS- 3  specimens and d i f f e r e d  o n l y  i n  gage l eng th .  A l though d i f f e r e n c e s  i n  t h e  t o t a l  e l o n g a t i o n  determined 
w i t h  t hese  specimens were expected, t h e  SS-3 specimen a l s o  e x h i b i t e d  h i g h e r  u n i f o r m  e longa t i ons .  
d i s c r e p a n c i e s  between specimens i n d i c a t e  t h a t  c a u t i o n  needs t o  be e x e r c i s e d  i n  des ign ing  and u s i n g  m i n i a t u r e  
specimens. The r e s u l t s  i n d i c a t e  t h a t  t h e  SS- 1  and r o d - t e n s i l e  specimens shou ld  be used whenever poss ib le .  

2.8.6 References 

A l so  o f  concern a re  t h e  d i f f e r e n c e s  noted f o r  u n i f o r m  e l o n g a t i o n  values,  wh ich  a re  a p p a r e n t l y  
D i f f e r e n c e s  i n  t o t a l  

Such t e s t s  would h e l p  determine t h e  n a t u r e  o f  t h e  de fo rma t i on  a long  t h e  specimen as 

T e n s i l e  t e s t s  were made t o  compare t h e  p r o p e r t i e s  ob ta ined  w i t h  f o u r  d i f f e r e n t  m i n i a t u r e  t e n s i l e  spec i -  
Comparisons were made by t e s t i n g  s o l u t i o n -  

T h i s  d i f f e r e n c e  was unex- 

These 

1. N. F. Panayotou, R. J. Puigh, and E. K. Opperman, " M i n i a t u r e  Specimen T e n s i l e  Data f o r  H igh Energy 
Neut ron Source Exper iments,"  J .  Nucl. Mater. 103&104, 152F226 (1981). 

2. 

3. G. E. D i e t e r ,  p. 347 i n  Mechanical Metallurgy,  McGraw H i l l ,  Inc., New York, 1976. 
4. S. C. Choi, p. 133 i n  In troductory  Applied S t a t i s t i c s  in Science ,  P r e n t i c e - H a l l ,  Inc., Englewood 

F. B. P i c k e r i n g ,  p. 231 i n  Physical  Metallurgy and t h e  Design of S t e e l s ,  A p p l i e d  Science P u b l i s h e r s  
Ltd., London, 1978. 

C l i f f s ,  N.J., 1978. 



f i l  

2.9 THE U.S./JAPAN COLLABORATIVE TESTING PROGRAM I N  HFIR AND ORR: SPECIMEN MATRICES FOR HFIR I R R A D I A T I O N  - 
A. F. R o w c l i f f e ,  M. L. Grossbeck (Oak Ridge Na t i ona l  Labo ra to ry ) ,  M. Tanaka, and 
S. J i tsukawa (Japan Atomic Energy Research I n s t i t u t e )  

2.9.1 A D I P  Tasks 

A D I P  Task I.A.2, Def ine Test  M a t r i c e s  and Test  Procedures. 

2.9.2 O b j e c t i v e s  

The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  t h e  behav io r  and measure t h e  p r o p e r t i e s  of Japanese and 
U.S. s t r u c t u r a l  a l l o y s  a f t e r  i r r a d i a t i o n  i n  t h e  mixed- spectrum f i s s i o n  r e a c t o r s  Oak Ridge Research Reactor  
(ORR)  and H igh F l u x  I s o t o p e  Reactor  (HFIR). 

2.9.3 Summary 

The e i g h t  capsu les  which c o n s t i t u t e  phase I of t h e  U.S./Japan c o l l a b o r a t i o n  on HFIR i r r a d i a t i o n s  have 
been i n s e r t e d  i n  HFIR on schedule. 

2.9.4 Progress and S ta tus  

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

The U.S./Japan c o l l a b o r a t i v e  agreement c a l l s  f o r  e i g h t  HFIR capsu les  t o  be b u i l t  i n  FY 1984 w i t h  space 
The o b j e c t i v e s  o f  t h e  exper iments and d e t a i l s  o f  t h e  specimen e q u a l l y  shared between t h e  two p a r t i c i p a n t s .  

l o a d i n g  i n  t h e  f i r s t  few capsules were desc r i bed  i n  t h e  p rev ious  semiannual r e p o r t . '  
desc r i bes  t h e  specimen l o a d i n g  i n  t h e  o t h e r  four  capsules.  

2.9.4.2 Specimen D i s t r i b u t i o n  i n  HFIR Capsules 

compos i t ions  o f  t h e  a l l o y s  and t h e  d i s t r i b u t i o n  of specimens i n  capsu les  JP1 t h rough  JP4. 
o f  specimens i n  capsu les  JP5 through JP8 i s  shown below i n  Tables 2.9.1 th rough 2.9.4. 
c o n d i t i o n s  r e f e r r e d  t o  were f u l l y  desc r i bed  i n  t h e  p rev ious  r e p o r t .  

Capsules JP1, JP2, and JP7 c o n t a i n  d i s k s  s u p p l i e d  by t h e  DAFS program (H. R. Brager,  HEDL). 
venience,  t hese  a re  l i s t e d  s e p a r a t e l y  i n  Table 2.9.5 and t h e  compos i t ions  o f  these a l l o y s  a re  shown i n  
Tab le  2.9.6. 

The p resen t  r e p o r t  
A l l  e i g h t  capsu les  a r e  c u r r e n t l y  i n - r e a c t o r .  

The genera l  o b j e c t i v e s  of t h e  HFIR exper iments were desc r i bed  i n  t h e  p rev ious  r e p o r t '  t o g e t h e r  w i t h  t h e  
The d i s t r i b u t i o n  

The heat t r ea tmen t  

For con- 

2.9.4.3 Cu r ren t  S ta tus  

A l l  e i g h t  capsu les  were i n s e r t e d  i n  HFIR on schedule. 

2.9.4.4 Reference 

1. A. F. R o w c l i f f e ,  M. L. Grossbeck, and S. J i tsukawa,  "The U.S./Japan C o l l a b o r a t i v e  T e s t i n g  Program 
i n  HFIR and ORR," pp. 3 W 3  i n  ADIP Semiannu. Proy. R e p .  March 3 1 ,  1984,  0 0 E / E R - 0 0 4 5 / 1 2 .  U.S. DOE, O f f i c e  o f  
Fus ion  Energy. 

Tab le  2.9.1. Load ing l i s t  f o r  capsu le  HFIR-JP-5 
(50 +a)  

Tab le  2.9.2. Load ing l i s t  f o r  capsu le  HFIR-JP-6 
(30 +a)  

L e v e l  Specimen Temperature A l l o y  C o n d i t i o n  I d e n t i t y  
t V O e  ( " C l  _ .  . .  

1 T e n s i l e  300 PCA A3 EC34 
2 T e n s i l e  400 PCA A3 EC31 
3 T e n s i l e  500 PCA A3 EC37 
4 F a t i o u e  430 PCA A3 EC153 
5 F a t i g u e  430 Ref. 316 20% CW AA27 
6 TEM 400 a 'I a 

F a t i g u e  430 
F a t i g u e  430 

"100 d i s k s  sha red  between U.S. and Japan. F a r  compos i-  
t i o n s  see p r e v i o u s  semiannua l  r e p o r t ,  OOE/ER-0045/12, p. 38. 

Specimen Temperature A l l o y  C o n d i t i o n  I d e n t i t y  Level t v o e  f " C 1  .. . .  
1 T e n s i l e  600 PCA 83 EL74 
7 TFM mn (I a 0 ... i i g n ' s i l e  500 Ref. 316 70% CW AA42 
4 F a t i g u e  430 PCA A3 EC156 
5 F a t i g u e  430 PCA A3 E t 1 6 1  
6 TEM 600 b b b 
1 F a t i g u e  430 JPCA PCZ FE17 
8 F a t i g u e  430 JPCA PCZ F E U  
9 T e n s i l e  500 JPCA PC2 TElO 

10 T e n s i l e  400 JPCA PC2 T E l l  
11 T e n s i l e  300 JPCA PCZ TEIZ 

a l O O  d i s k s  f a r  U.S.  program f o r  subsequent  i r r a d i a t i o n  

b l O O  d i s k s  sha red  between U.S. and Japan. 

in, FFTF. 

F o r  compos i-  
t i o n s  see p r e v i o u s  semiannua l  r e p o r t ,  OOE/ER-0045/12, p. 38. 
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Tab le  2.9.3. Load in  l i s t  f o r  capsu le  HFIR-JP-7 Tab le  2.9.4. Load in  l i s t  f o r  capsu le  HFIR-JP-8 
?30 +a) 750 dpa) 

L e v e l  Temperature A l l a y  C o n d i t i o n  I d e n t i t y  
t y p e  ("C) A l l o y  C o n d i t i o n  I d e n t i t y  

Specimen Tempera ture  
t v n p  1-r )  

1 T e n s i l e  600 PCA 83 EL26 
2 T e n s i l e  600 PCA 83 EL35 
3 T e n s i l e  500 PCA 83 EL25 
4 F a t i g u e  430 PCA A3 Et163 

6 TEM 500 n LI iI 
7 T e n s i l e  600 JPCA PC2 TE21 
8 T e n s i l e  500 JPCA PC2 TE22 
9 T e n s i l e  430 JPCA PS2 TB12 

10 T e n s i l e  400 JPCA PC2 TE23 
11 T e n s i l e  300 JPCA PCZ TE24 

F o r  composi-  
t i o n s  see previous semiannual  r e p o r t ,  DOEiER-0045/12, p. 38. 

5 F a t i g u e  430 Ref. 316 20% cw ,4453 

'100 d i s k s  shared between U.S. and Japan. 

Tab le  2.9.5. DAFS program TEM d i s k s  

D i r k  i d e n t i t y  
A l l o y  

d e s i g n a t i o n  JP1 JP2 JP7 
30 dpa a t  300°C 50 dpa a t  300'C 30 dpa a t  500'C 

AMCR 
AE37 
CE37 
R77 
A5 
R l l l  
A6 1 
R l O O  
R103 
R106 
Rl07 
R92 
R94 
RZ7 
316 

H7EU 
BHEV 
BFEU 
FREU 
KPE6 
P9E1 
LHEZ 
NMEZ 
P E E 1  
PREZ 
PXEX 
EAEU 
EKEU 
AVEU 
EIEU 

H7EX 
BHEU 
BFEX 
FREX 
KPE5 
P9EZ 
LHE5 
NME5 
PEE5 
PRES 
PXE5 
EAEX 
EKEX 
AVEX 
E I E X  

H7EV 
BHEX 
BFEY ~~ 

FREI 
KPE4 
P9E4 
LHE4 
NME4 
PEE4 
PRE7 
PXEl 
EAEV 
EKEV 
AVEV 
E l E V  

1 T e n s i l e  600 PCA A3 EC36 
2 T e n s i l e  600 PCA 83 EL29 
3 T e n s i l e  500 PCA E3 E t 3 1  
4 F a t i g u e  550 Ref. 316 20% CU AA54 
5 F a t i g u e  550 PCA B2 EF5 
6 TEM 500 a 
7 T e n s i l e  600 JPCA PCZ TE16 
8 T e n s i l e  600 JPCA PCZ TE17 
9 T e n s i l e  500 .IPCA PC7 T F l R  

a 0 

.. ~ ~~~ ~~ ~~ 

1 0  T e n s i l e  400 JPCA PCZ TE19 
11 T e n s i l e  300 JPCA PC2 TEZO 

a l O O  d i r k s  shared between U.S. and Japan. F o r  composi- 
t i o n s  see p r e v i o u s  semiannual  r e p o r t ,  DOE/ER-0045/12, p. 38, 
and T a b l e  2.7.6, t h i s  r e p o r t .  

Tab le  2.9.6. Composi t ions o f  DAFS program a l l o y s a  

A l l o y  Concentrat ion.  ut % 
d e s i g n a t i o n  

N s i  Fe N i  C r  Mn C 

AMCR Bal 0.5 18.0 18.0 0.1 0.4 0.6 
AE37 Bal 35.0 7.5 -- .. ._ .. 
CE37 Bal 35.0 7.5 -- .. _ _  .. 
n77 
A5 
R l l l  
A61 
R l O O  
R103 
~ 1 0 6  
n i 0 7  
R92 
R94 
R 2 7  
316 

0.5 
14.0 
14.0 
14.0 
18.0 
18.0 
18.0 
18.0 
40.0 
40.0 
40.0 
14.0 

2.0 
16.0 
10.0 
16.0 
16.0 
10.0 
10.0 
10.0 

7.5 
7.5 
7.5 

17.0 

30.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
1.7 

0.40 
0.04 
0.04 
0.04 
0.04 

0.15 
.. 
.. 
.. 
.. 

0.04 - -  
0.04 -- 
0.04 -- 
0.08 - -  
0.02 --  
0.08 -- 
0.05 -- 

0.4 
1.5 
1.5 
0.8 
1.5 
1.5 
0.8 
1.5 
0.1 
0.1 
0.1 
" ~ f  _._ ~~~~ 

'A11 water id19 i n  ZO%-cold-worked c o n d i t i o n  except RE37 which 
i s  s o l u t i o n  annealed l,? h a t  1030'C. 



63 

2.10 VANADIUM ALLOY IRRADIATION TEST MATRIX I N  FFTF - D. N. B r a s k i  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

2.10.1 A D I P  Tasks 

A D I P  Task I.B.15, T e n s i l e  P r o p e r t i e s  of Reac t i ve  R e f r a c t o r y  A l l o y s .  

2.10.2 O b j e c t i v e  

The goal of t h i s  exper iment  i s  t o  determine t h e  e f f e c t  o f  neu t ron  i r r a d i a t i o n  on t h e  t e n s i l e  p r o p e r t i e s  
and m i c r o s t r u c t u r e  ( i n c l u d i n g  s w e l l i n g  b e h a v i o r )  o f  vanadium a l l o y s .  

2.10.3 Summary 

Vanadium specimens o f  W l S C r S T i ,  VANSTAR-7, W3Ti- IS i ,  and W 2 0 T i  a r e  be ing i r r a d i a t e d  i n  t h e  
FFTF-MOTA experiment.  
were p re imp lan ted  w i t h  3He t o  l e v e l s  up t o  480 a t .  ppm u s i n g  t h e  t r i t i u m  t r i c k  and encapsulated i n  TZM cap- 
s u l e s  c o n t a i n i n g  7 L i .  
temperatures o f  420, 5 2 0 ,  and 600°C. A l l  o f  t h e  capsules a t  600°C underwent a tempera tu re  e x c u r s i o n  d u r i n g  
t h e i r  i n i t i a l  c y c l e  and had t o  be replaced. 

2.10.4 Progress and S t a t u s  

M i n i a t u r e  sheet t e n s i l e  specimens and 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  

The specimens w i l l  be i r r a d i a t e d  t o  damage l e v e l s  up t o  165 dpa w i t h  i r r a d i a t i o n  

The A D I P  program s t a r t e d  i r r a d i a t i o n  t e s t s  i n  FFTF-MOTA u s i n g  t h r e e  vanadium a l l o y s  t h a t  were a l r e a d y  
i n  t h e  p r o g r a m _ s t o c k p i l e :  V - l 5 C r 5 T i ,  VANSTAR-7, and W20Ti .  A f o u r t h  a l l o y ,  W3T i - lS i ,  was s u p p l i e d  by 
t h e  I n s t i t u t  f u r  M a t e r i a l  und Fes tko rper fo rschung  11, a t  Kar l s ruhe ,  West Germany. The compos i t i on  and f i n a l  
annea l ing  t r e a t m e n t s  f o r  these  a l l o y s  a r e  l i s t e d  i n  Table 2.10.1. Two types  of specimens a r e  used i n  t h e  
exper iment :  SS-3-type sheet  t e n s i l e  specimens (F ig .  2.10.1) and 3-mm-diam by 0.25-mm-thick d i s k s .  A l l  of 
t h e  specimens excep t  those  made f rom W3Ti-1Si were f a b r i c a t e d  p r i o r  t o  t h e  f i n a l  anneal.  
specimens were f a b r i c a t e d  i n  t h e  annealed c o n d i t i o n .  T e n s i l e  specimens and d i s k s  of a l l  t h e  a l l o y s  excep t  
W20T i  were p r e i m p l a n t e d  w i t h  3He u s i n g  t h e  t r i t i u m  t r i c k . l  
c o n t a i n i n g  ? L i  u s i n g  t h e  techn ique  desc r ibed  i n  re f .  2. 
f e r e n t  damage l e v e l s  a t  t h r e e  d i f f e r e n t  temperatures,  as shown i n  Table 2.10.2. 
specimens were encapsulated t o  p r o v i d e  t h e r m a l l y  aged c o n t r o l s  and a r e  l i s t e d  i n  t h e  same t a b l e .  
c y c l e  4 of t h e  FFTF o p e r a t i o n ,  a l l  o f  t h e  capsules a t  600'C underwent a tempera tu re  e x c u r s i o n  and had t o  be 
r e p l a c e d  d u r i n g  t h e  shutdown p e r i o d  f o l l o w i n g  t h a t  cyc le .  
i r r a d i a t e d  a t  420 and 520"C, r e s p e c t i v e l y ,  were removed f o r  t e s t i n g  and e v a l u a t i o n .  The specimen d i s t r i b u -  
t i o n  i n  t h e  600°C replacement capsules was s i m i l a r  t o  t h a t  used t o  r e p l a c e  V405 and V505, and i s  l i s t e d  i n  
Tab le  2.10.3. The h e l i u m  l e v e l  i n  t h i s  replacement s e r i e s  o f  specimens was -80 at .  ppm. Capsules con- 
t a i n i n g  specimens f o r  thermal  ag ing  were a l s o  prepared f o r  t h i s  f i r s t  r e c o n s t i t u t i o n  and t h e i r  d i s t r i b u t i o n  
i s  a l s o  shown i n  Table 2.10.3. 
f rom FFTF i n  t h e  s p r i n g  o f  1985. 

The P3Ti -1Si  

The specimens were encapsu la ted  i n  TZM capsules 
The specimens a r e  b e i n g  i r r a d i a t e d  t o  severa l  d i f -  

A number o f  a d d i t i o n a l  
Dur ing  

A t  t h e  same t ime ,  two capsules (V405 and V505) 

The capsules w i t h  specimens a c c r u i n g  -45 dpa a r e  scheduled t o  be removed 

Table 2.10.1. Vanadium a l l o y  d a t a  

F i n a l  hea t  
t r e a t m e n t  

Composi t ion,  w t  % 

C r  T i  Fe Zr S i  C 0 N 

Heat 
number A1 1 oy 

I C 1 5 C r S T i "  CAM-834-3 14.5 6.2 0.032 0.031 0.046 1 h a t  i 2 0 n o c  

VANSTAR-7a CAM-837-7 9.7 3.4 1.3 0.064 0.028 0.052 1 h a t  1350°C 

P3Ti--1Sib 11153 3.4 0.04 1.28 0.045 o . m i  0.026 I h a t  1O5O0C 

V-20Ti CAM-832 20.3 0.020 0.039 0.044 1 h a t  i i n o O c  

aSource: Westinghouse E l e c t r i c  Corporat ion.  

bsource:  KFK, Kar l s ruhe ,  West Germany (o r .  n. K a l e t t a ) .  

2.10.5 References 

1. 0. N. B r a s k i  and D. W. Ramey, "Hel ium Doping of a Vanadium A l l o y  by a M o d i f i e d  T r i t i u m  Tr i ck , "  

2. A. E r m i ,  Sect. 2.4, t h i s  r e p o r t .  
pp. 7 F 7 4  i n  A D I P  Semiannu. Frog. R e p .  March 31, 1984, DOE/ER-D045/12, U.S. DOE, O f f i c e  o f  Fus ion Energy. 
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4.95 
2.46 

L 
! I Fig. 2.10.1. The SS-3 sheet t e n s i l e  specimen. 

! W. I 

Table 7.10.2. Vanadium a l l o y  t e s t  m a t r i x  - FFTF(M0TA) 

Number 
TEM 

I r r a d i a t i o n /  Nominal Nominal 

temperature l e v e l  l e v e l  t e n s i l e  disks 
ag ing  damage he1 i urn 55-3 

("C) (dpa) (at .  ppm) specimens 

MOTA 

W l 5 C r S T i  4m,52n,6nna 15,45,105,165 n 15 
14 12 
80 1R 

300 18 

VANSTAR-7 420,570,60OU 15,45,105,165 0 12 
7 n 

F 3 T i - I S i  420,57n,6noa 15,45,105,165 0 12 

40 15 
150 15 

75 0 

74 
24 
74 
24 

74 
24 
24 
24 

24 
24 

135 15 24 
480 3 24 

F 2 0 T i  420,520,600~ 15,45,105,165 n n 60 

AGED CONTROL SPECIMENS 

F 1 5 C r 5 T i  420,570.600 n n 18 0 
80 17 

300 12 
n 
0 

VANSTAR-7 470,520,600 0 n 18 n 
40 6 n 

F3Ti -1Si  470,570,600 n n 6 n 
480 6 n 

150 6 0 

135 f i  0 

WC20Ti 4~11,5m,60n o n 0 77 

u600°C capsules were rep laced a f t e r  c y c l e  4 - specimen d i s t r i b u t i o n  
s i m i l a r  t o  Table 2.10.3. 
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Table 2.10.3. Vanadium a l l o y  t e s t  m a t r i x  - FFTF(M0TA) 
f i r s t  r e c o n s t i t u t i o n  

Number 
TEM 

I r r a d i a t i o n /  Nominal Nominal Number 

A'1oy Temperature Level Level Tens i le  Oisks 
Aging Damage He1 i urn ss-3 

("C) (dpa) (a t .  ppm) Specimens 

W 1 5 C r 5 T i  

VANSTAR-7 

V-3Ti-ISi 

W2nTi  

W 1 5 C r 5 T i  

VANSTAR-7 

V-3Ti-ISi 

W20Ti 

MOTA 

4 z n , ~ z n , ~ o n  30 n 

AGED CONTROL SPECIMENS 

420,520,600 n 0 
8n  

3 
6 

3 
6 

3 
6 

n 

3 
6 

3 
fi 

n 
6 

0 

3 
6 

3 
6 

3 
6 

6 

3 
6 

3 
6 

6 
6 

6 
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2.11 IRRADIATION EXPERIMENTS FOR THE U.S./JAPAN COLLABORATIVE TESTING PROGRAM I N  HFIR AND ORR - 
J. A. C o n l i n  and J. W. Woods (Oak Ridge Na t i ona l  L a b o r a t o r y )  

2.11.1 A D I P  Tasks 

ADIP Task I.A.2. D e f i n e  T e s t  M a t r i c e s  and T e s t  Procedures. 

2.11.2 O b j e c t i v e s  

The exper iments  i n  t h e  U.S./Ja an c o l l a b o r a t i v e  t e s t i n g  program f o r  H igh F l u x  I so tope  Reactor  (HFIR) 
and Oak Ridge Research Reactor  (ORR! 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  cand ida te  a l l o y s  f o r  use as 
f i r s t - w a l l  and b l a n k e t  s t r u c t u r a l  m a t e r i a l s  i n  f u s i o n  reactors .  They w i l l  be i r r a d i a t e d  wi th  mixed-spectrum 
neut rons  and w i t h  s p e c t r a l  t a i l o r i n g  t o  achieve he l ium- to- d isp lacement- per- atom (He/dpa) r a t i o s  p r e d i c t e d  
f o r  f u s i o n  r e a c t o r  se rv i ce .  

2.11.3 Sumnary 

i r r a d i a t e d .  The p a r t s  f a b r i c a t i o n  assembly and f l ow  t e s t i n g  o f  t h e  p r o t o t y p e  ORR capsu les  f o r  60'C and 
200°C MFE6-J were completed and t h e  capsu le  was i n s e r t e d  i n  t h e  ORR. 
respects .  

2.11.4 Progress and S ta tus  

2.11.4.1 I r r a d i a t i o n  Exper iments f o r  t h e  HFIR 

f a t i g u e ,  and m i c r o s t r u c t u r a l  p r o p e r t i e s  of a u s t e n i t i c  s t a i n l e s s  s tee l s .  The capsu les  occupy p e r i p h e r a l  
p o s i t i o n s  i n  t h e  HFIR t a r g e t  i s l a n d .  
per iod .  
JP-6 were i n s e r t e d  i n  t h e  HFIR d u r i n g  t h i s  r e p o r t i n g  per iod .  Capsules JP-7 and JP-8 a r e  scheduled f o r  
i n s e r t i o n  i n  t h e  HFIR d u r i n g  t h e  f i r s t  week o f  October. 

2.11.4.2 I r r a d i a t i o n  Exper iments f o r  t h e  ORR 

The U.S./Japan c o l l a b o r a t i v e  i r r a d i a t i o n  program i n  t h e  ORR c o n s i s t s  o f  two s p e c t r a l  t a i l o r e d  capsu les  
t o  i r r a d i a t e  m a t e r i a l s  specimens a t  60, 200, 300 and 4OOOC. The 300 and 400°C i r r a d i a t i o n s  w i l l  be c a r r i e d  
o u t  i n  an i r r a d i a t i o n  capsu le  (ORR-MFE-7J) s i m i l a r  i n  des ign t o  t h a t  o f  t h e  ORR-MFE-4A i r r a d i a t i o n  capsule.  
The o n l y  s i g n i f i c a n t  d i f f e r e n c e  i s  i n  t h e  l e n g t h  o f  t h e  specimen t e s t  reg ion ,  which i s  t o  be i nc reased  t o  
24 cm (9.5 i n . )  f rom 15.2 cm (6  in.) t o  accomoda te  t h e  l a r g e r  specimen complement. 

p a r t s  have been f a b r i c a t e d  - t h e  rema in ing  p a r t s  and t h e  capsu le  assembly w i l l  be completed i n  t h e  f i r s t  
h a l f  o f  FY 1985, and i r r a d i a t i o n  w i l l  beg in  i n  March 1985. 

65 capsu le  i s  shown i n  Fig. 2.11.1. A p r o t o t y p e  of t h i s  new des ign was r e c e n t l y  i r r a d i a t e d  t o  v e r i f y  t h e  
thermal  des ign  o f  t h i s  new t y p e  o f  capsule. 
assembly, f l o w  and checkout t e s t s  f o r  t h e  p r o t o t y p e  MFE6-J capsu le  were completed, and t h e  exper iment  was 
i n s t a l l e d  and opera ted i n  t h e  ORR. 
i n s e r t e d  i n  t h e  ORR on September 5. 

The assembly o f  a l l  e i g h t  capsules,  H F I R  JP-1 th rough  JP-8, has been completed, and t h e y  a r e  now b e i n g  

Performance was s a t i s f a c t o r y  i n  a l l  

The HFIR-JP exper iments  c o n s i s t  of e i g h t  i r r a d i a t i o n  capsu les  designed t o  e v a l u a t e  t h e  t e n s i l e ,  

Two capsules,  JP-1 and JP-2, were completed d u r i n g  t h e  l a s t  r e p o r t i n g  
The o t h e r  s i x  were assembled d u r i n g  t h e  p e r i o d  March th rough  September 1984. Capsules JP-3 th rough  

Wi th  t h e  excep t i on  o f  t h e  specimen ho lde rs ,  t h e  des ign m d i f i c a t i o n s  were completed i n  July 1984. 

The 60 th rough  200°C capsu le  des igna ted  ORR MFE6-J was desc r i bed  p rev ious l y . '  A schemat ic of t h e  

Some 

D u r i n g  t h e  p e r i o d  March th rough  September 1984, t h e  f a b r i c a t i o n  

The capsu le  checkout was completed on September 3, and t h e  capsu le  was 
The r e a c t o r  was a t  30 MW by September 6. 

011111 " l C B 7  El" 

WATER CODL&NT 
D C S P E C l M E N  "DLDLR 

Fig .  2.11.1. Oak Ridge Research Reactor  s p e c t r a l  t a i l o r i n g  capsu le  f o r  i r r a d i a t i o n  a t  60 and 200°C. 
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The p r imar  The p r o t o t y p e  capsu le  
con ta ined  a f u l y  complement o f  dumny specimens w i t h  thermocouples a t t ached  t o  two of t h e  t e n s i l e  specimens. 
D u r i n g  r e a c t o r  ope ra t i on ,  i t  was p o s s i b l e  t o  m a i n t a i n  specimen tempera tures  t o  w i t h i n  t2"C f o r  extended 
p e r i o d s  o f  t ime. 
p o i n t  between 140 and 305°C. 
able. Compared w i t h  t h e  midplane, t h e  h o l d e r  was 10°C lower  a t  t h e  t o p  and 30°C l ower  a t  t h e  bottom. These 
d i f f e r e n c e s  w i l l  be reduced i n  t h e  ac tua l  i r r a d i a t i o n  capsu le  by minor  des ign changes t o  reduce heat  l osses  
a t  t h e  ends. 
con f i rmed  d u r i n g  o p e r a t i o n  i n  t h e  ORR. 

purpose o f  t h e  p r o t o t y p e  capsu le  was t o  v e r i f y  t h e  thermal design. 

By v a r y i n g  t h e  m i x t u r e  o f  gases i n  t h e  gas gap, tempera tures  c o u l d  be c o n t r o l l e d  a t  any 
The a x i a l  tempera ture  range i n  t h e  specimen h o l d e r  a l s o  proved t o  be accept-  

It i s  concluded t h a t  t h e  des ign performance o f  t h e  6O/20O0C capsu le  has been s a t i s f a c t o r i l y  

2.11.5 References 

1. J. A. C o n l i n  and I. T. Dudley, "Opera t ion  o f  t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments ORR-MFE-4A and 
ORR-MFE-43," pp. 21-22 i n  ADIP Semiannu. h o g .  Rep. Mar. 3 1 ,  1984, DOE/ER-0045/12, U.S. DOE, O f f i c e  o f  
Fus ion  Energy. 
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3.1 THE DEVELOPMENT OF AUSTENITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY - R. L. Klueh 
and P. J .  Maziasz (Oak Ridge Na t i ona l  Labo ra to r y )  

3.1.1 ADIP Tasks 

ADIP Tasks I.A.5, Perform F a b r i c a t i o n  Ana l ys i s ,  and I . C . l ,  M i c r o s t r u c t u r a l  S t a b i l i t y .  

3.1.2 O b j e c t i v e s  

Du r i ng  t h e  o p e r a t i o n  of a f u s i o n  r e a c t o r ,  t h e  s t r u c t u r a l  m a t e r i a l  of t h e  f i r s t  w a l l  and b l a n k e t  
s t r u c t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  f rom a c t i v a t i o n  by t h e  f us i on  neut rons .  n i sposa l  of  t h i s  m a t e r i a l  
a f t e r  t h e  s e r v i c e  l i f e t i m e  w i l l  be a d i f f i c u l t  r a d i o a c t i v e  waste management problem. One way t o  m in im i ze  
t h e  d i sposa l  p rob lem i s  t o  use s t r u c t u r a l  m a t e r i a l s  i n  wh ich  r a d i o a c t i v e  i so topes  induced by i r r a d i a t i o n  
decay q u i c k l y  t o  l e v e l s  t h a t  a l l o w  s i m p l i f i e d  d i sposa l  techn iques .  
deve lop ing  such 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 .  

We a r e  assess ing  t h e  f e a s i b i l i t y  o f  

3.1.3 Summary 

A program was s t a r t e d  t o  develop a u s t e n i t i c  s t e e l s  f o r  f u s i o n  r e a c t o r s  i n  which t h e  induced 
r a d i o a c t i v i t y  decays t o  low l e v e l s  i n  a reasonab le  t ime. Ten smal l  b u t t o n  heats  of Fe-Cr-Mn-C a l l o y s  
were me l ted ,  cas t ,  and r o l l e d .  A f t e r  v a r i o u s  hea t  t rea tments ,  o p t i c a l  m ic roscopy  s t u d i e s  and magnet ic  
measurements were used t o  assess t h e  m i c r o s t r u c t u r a l  c o n s t i t u e n t s  p resent .  

3.1.4 Progress and S ta tus  

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

Du r i ng  t h e  o p e r a t i o n  of a f u s i o n  r e a c t o r ,  t h e  v a r i o u s  elements o f  t h e  a l l o y s  t h a t  a r e  proposed f o r  t h e  
f i r s t  w a l l  and b l a n k e t  s t r u c t u r e  undergo t r a n s m u t a t i o n  r e a c t i o n s  when i r r a d i a t e d  by h igh- energy  neutrons.  
A f t e r  t h e  s e r v i c e  l i f e t i m e  o f  t h e  r eac to r ,  these  r a d i o a c t i v e  components must he p r o p e r l y  d isposed of. The 
comp lex i t y  o f  t h i s  waste d i sposa l  p rocedure  depends on t h e  t i m e  r e q u i r e d  f o r  t h e  induced r a d i o a c t i v i t y  t o  
decay t o  l e v e l s  t ha t  no l o n g e r  pose a t h r e a t  t o  peop le  and t h e  environment.  The more r a p i d  t h e  decay, t h e  
s i m p l e r  i s  t h e  d i sposa l  task.  

We have proposed an a l loy- deve lopment  program f o r  f a s t  i n d u c e d - r a d i o a c t i v i t y  decay (FIRD) ve r s i ons  of 
p resen t  f i r s t - w a l l  and b l a n k e t  s t r u c t u r a l  cand ida te  a l l oys . '  
proposed as a replacement f o r  n i c k e l ,  a l though i t  was recogn ized '  t h a t  t h i s  may be d i f f i c u l t ,  because 
manganese i s  n o t  as s t r o n g  an a u s t e n i t e  s t a b i l i z e r  as n i c k e l .  Hence, i t  i s  no t  p o s s i b l e  t o  s imp l y  r ep l ace  
n i c k e l  w i t h  equal amounts of manganese. It was proposed t h a t  an e f f o r t  be made t o  de termine  s t a b l e  
Fe-Cr-Mn-C compos i t ions  t h a t  a re  a u s t e n i t i c  and t h a t  c o u l d  t h e n  he f u r t h e r  a l l o y e d  t o  o b t a i n  t h e  s t r m g t h  
and i r r a d i a t i o n - r e s i s t a n t  p r o p e r t i e s  r e q u i r e d  f o r  a f u s i o n  r e a c t o r  s t r u c t u r a l  m a t e r i a l . '  

As a s t a r t  i n  de te rm in i ng  a base compos i t ion ,  fiO0-g b u t t o n  hea t s  w i t h  a im compos i t ions  g iven  i n  
Tab le  3.1.1 were produced.2 
d iagram fF iq .  3.1.1). For t h e  Schae f f l e r  diagram, t h e  n i c k e l  and chromium e q u i v a l e n t s  were c a l c u l a t e d  

For t h e  a u s t e n i t i c  a l l o y s ,  manganese was 

These were p i c k e d  on t h e  bas i s  of  a v a i l a b l e  phase diagrams and t h e  Schaef f le r  

acco rd i ng  t o :  

Tab le  3.1.1. A i m  compos i t ions  o f  
b u t t o n  hea t s  me l t ed  f o r  f a s t  

i n d u c e d - r a d i a c t i v i t y  decay 
(F IR@) a l loy- deve lopment  

program 

Chemical compos i t ion ,  w t  ga 

C r  Mn C 
A l l o y  

PCMA-0 15 15  0.1 
-1 15 15 0.05 
- 2  15 2n 0.1 
- 3  IO 1 5  0.1 
- 4  10 20 0.1 
- 5  15 15 n. 2 
- 6 15 20 n. 2 
- 7  15 20 0.4 
- R  20 20 0.2 
-9 20 20 0.4 

aBalance i r o n .  

N i  Equiv = ( N i )  + ( C o )  + n.s(Mn) + n.3(Cu) + 75(N) + 3 f l ( C )  (1) 

C r  Equiv = ( C r )  + 2 ( S i )  + 1.5(Mo) + 5 ( V )  t 5.5(Al)  ( 2 )  
+ 1.75 (Nb) + 1.5 ( T i )  + 0.75 ( W )  

where t h e  c o n c e n t r a t i o n  o f  t h e  r e s p e c t i v e  e lements g i ven  i n  
paren theses  i s  t o  be i n  we igh t  percent .  There has been con- 
s i d e r a b l e  d i s c u s s i o n  on t h e  va lue  t o  be assigned t o  t h e  m u l t i -  
p l y i n g  f a c t o r  f o r  manganese f o r  t h e  S c h a e f f l e r  diagram, and 
v a r i o u s  va lues  bes ides  t h e  G.S o f  Eq. (1) have been p r ~ p o s e d . ~ - ~  
The r e s u l t s  o f  t h e  i n i t i a l  m i c r o s t r u c t u r a l  s t u d i e s  shou ld  y i e l d  
i n f o r m a t i o n  on t h e  e f f e c t  o f  manganese as an a u s t e n i t e  s t a b i l i z e r .  

3.1.4.2 Exper imenta l  Procedure 

Ten 600-9 b u t t o n  hea t s  were m e l t e d  and c a s t  w i t h  goal  
cornposi t ions g i ven  i n  Tab le  3.1.1. The a c t u a l  compos i t ions ,  
e s p e c i a l l y  f o r  t h e  manganese, were o f t e n  d i f f e r e n t  f r om  t h e  a im 
compos i t ion ,  as seen i n  Table 3.1.2. Manganese and i n  some cases 
carbon were l o s t  d u r i n g  t h e  m e l t i n g  process.  

The a l l o y s  were c a s t  i n t o  a r e c t a n g u l a r  c ross  s e c t i o n  o f  
12.7 m by 25.4 mm by 152 m. These i n g o t s  were c o l d  r o l l e d  
30 t o  504. and t h e n  homogenized 74 h a t  1775'C. (Severa l  of  t h e  
s t e e l s  were much more d i f f i c u l t  t o  c o l d  work t han  normal n i c k e l -  
s t a b i l i z e d  s t a i n l e s s  s t e e l s ,  such as t y p e  31h.) Pieces of each 
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O W L - D W G  8 4 - 8 2 ~ ~ ~  heat  of t h e  homogenized m a t e r i a l  were t h e n  annealed 
f o r  1 h a t  1150°C and o t h e r  p ieces  annealed f o r  R h 
a t  1050°C. A p i e c e  o f  each cold-worked a l l o y  w a s  
annealed 168 h a t  800°C. A f t e r  each o f  these  hea t  
t r e a t m e n t s ,  magnet ic  measurements were made w i t h  a 
" F e r r i t e s c o p e"  t o  o b t a i n  a q u a l i t a t i v e  measure of  t h e  
fe r romagne t i c  p r o p e r t i e s  o f  each a l l o y .  Specimens 

r o l l e d  ( w i t h  i n t e r m e d i a t e  homogenizat ion t r e a t m e n t s )  
t o  0.76- and 0.25-mm-thick sheet.  The PCMA-3 heat  
cracked e x t e n s i v e l y  when r o l l e d .  O i f f i c u l t i e s  w i t h  
r o l l i n g  were a l s o  exper ienced w i t h  PCMA-5. Trans-  
m i s s i o n  e l e t r o n  microscopy (TEM) d i s k s  from s e l e c t e d  
hea ts  were o b t a i n e d  f rom t h e  0.25-mm-thick sheet and 
were i n s e r t e d  i n  t h e  MOTA f o r  i r r a d i a t i o n  a t  600°C i n  

o 5 10 ( 5  20 E 30 35 40 FFTF c y c l e s  5 and 6. The 0.76-mm sheet  i s  b e i n g  used 
CHROMIUM EUUlVDiLENi  i w 1  % f o r  sDecimens t o  t e s t  c o m o a t i b i l i t v  i n  l i t h i u m  and i n  

I ,dUSTENlTE, 

- 
Y I C X E L  were a l s o  examined by o p t i c a l  microscopy.  

E C "  "ALEWT 15 - - A l l  of t h e  hea ts  except  PCMA-3 were f u r t h e r  
, X , % ,  

5 -  

water .  T e n s i l e  t e s t s  w i l i  a l s o  b L o b t a i n e d  f rom t h e  
F ig .  3.1.1. Schae f f l e r  d iagram w i t h  p o i n t s  0.76-mm sheet. 

i n d i c a t e d  f o r  exper imen ta l  Fe-Cr-Mn-C b u t t o n  
h e a t s  b e i n g  s tud ied .  The M d e s i g n a t i o n s  r e f e r  3.1.4.3 R e s u l t s  and D iscuss ion  
t o  t h e  PCMA numbers ass igned t o  t h e  a l l o y s  i n  
Tab le  3.1.1. M i c r o s t r u c t u r e s  were examined by o p t i c a l  m ic ros -  

copy a f t e r  t h e  homogenizat ion t r e a t m e n t  o f  24 h a t  
1275"C, a f t e r  t h e  so lu t ion- annea l  t r e a t m e n t s  o f  1 h 

a t  1150°C and 8 h a t  1050"C, and a f t e r  t h e  168 h ag ing  t r e a t m e n t  a t  800°C. 
chemical composi t ions,  magnet ic  measurements, t h e  phase diagrams, and t h e  S c h a e f f l e r  diagram, t h e  m ic ro-  
s t r u c t u r a l  c o n s t i t u e n t s  were t e n t a t i v e l y  i d e n t i f i e d  (Table 3.1.3). For a complete and a c c u r a t e  i d e n t i f i c a -  
t i o n  of phases, a d e t a i l e d  TEM study would be requ i red .  L i m i t e d  TEM s t u d i e s  w i l l  he conducted, b u t  f o r  t h e  
p r e s e n t  e v a l u a t i o n s  t h a t  a r e  concerned w i t h  d e l i n e a t i n g  a s u i t a b l e  a u s t e n i t i c  base composi t ion,  t h e  more 
q u a l i t a t i v e  equa t ions  d e s c r i b e d  here  w i l l  s u f f i c e .  

Based on these  observa t ions ,  t h e  

Tab le  3.1.2. Chemical compos i t i ons  o f  b u t t o n  hea ts  m e l t e d  f o r  f a s t  
i n d u c e d - r a d i o a c t i v i t y  decay (FIRO) a l loy- development  program 

* ic. Chemical (wt %) 
A1 1 oy 

c s i  N i  C r  Mo v Cb cu N 

PCMA-0 

-1 

- 2  

- 3  

- 4  

- 5  

- 6 

-7 

-8 

-9 

0. 069 

0.014 

0.056 

0.089 

n.093 

0. 18 

0.1R 

0. 3x 

n. 13 

0. 26 

13.4 0.04 0.01 15.0 0.01 0.01 

14.2 0.02 0.01 14.8 0.01 0.01 

17.1 0.04 0.01 15.2 0.01 (0.01 

13.9 0.07 0.01 10.0 0.01 (0.01 

18.9 0.02 0.01 9.9 a n i  a n i  

13.9 0.02 0.01 15.3 0.01 (0.01 

14.3 0.02 0.01 16.0 0.01 a n i  

19.1 0.02 0.01 14.8 n.nl a n i  

17.7 0.02 <o.r)i 20.1 0.01 (0.01 

17.6 0.03 0.01 20.2 0.01 a n i  

a n i  

a n i  

a n i  

to.ni 

a . 0 1  

tn.01 

<0.01 

a n i  

a n i  

(0.01 

n.n3 n.001 

0.03 0.001 

0 . m  0.001 

0.03 0.002 

0.02 o.nw 

0.04 n.002 

0.03 0 . n ~  

0.05 0.005 

0.n3 0.003 

0.03 0.006 

aBalance i r o n .  
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Table 3.1.3. T e n t a t i v e  i d e n t i f i c a t i o n  o f  m ic ro-  
s t r u c t u r a l  c o n s t i t u e n t s  of Fe-Mn-Cr-C s t e e l s  

Phases 

1275"C/24 h 1150"C/1 h 1O5O0C/8 h 
A l l o y  

PCMA-0 y + 6  r + 6  ~ + 6  
-1 y + 6  y + b  Y + 6  
- 2  y + 6  Y t b  ~ + 6  
- 3  y + M  Y + M  y + M  
- 4  Y + M  v + M  y + M  
- 5 Y t 6 t P  y + 6 t P  y t 6 t P  

- 7  Y Y Y +  P 

-9 Y t 6 t P  y t 6 t P  Y t 6 t P  

-6 y t 6 t P  y + 6 + P  y t 6 t P  

-8 y + 6 t P  y + b + P  y t 6 t P  

y = a u s t e n i t e  M = m a r t e n s i t e  
6 = 6 - f e r r i t e  P = p r e c i p i t a t e  

As an example o f  t h e  m i c r o s t r u c t u r e s  obta ined,  
Figs.  3.1.2 t h rough  3.1.6 show t h e  m i c r o s t r u c t u r e s  
a f t e r  t h e  1 h a t  1150°C s o l u t i o n  anneal. Except 
f o r  t h e  r e l a t i v e  amount of a g i ven  phase o r  c o n s t i -  
t u e n t  present ,  t h e  m i c r o s t r u c t u r e s  a f t e r  24 h a t  
1275'C and R h a t  1050°C were g e n e r a l l y  s i m i l a r  t o  
t hose  observed a f t e r  1 h a t  1150'C (Tab le  3.1.3). 
M i c r o s t r u c t u r e s  of t h e  cold-worked s t e e l s  anneaied 
168 h a t  800°C were c o n s i d e r a b l y  d i f f e r e n t ,  p r i -  
m a r i l y  i n  t h e  l a r g e  amount o f  p r e c i p i t a t e  t h a t  
formed a t  t h e  l ower  temperature.  Because o f  t h e  
comp l i ca ted  p r e c i p i t a t e  s t r u c t u r e  o f  t h e  aged c o l d-  
worked s t e e l s ,  no phases a re  g i ven  i n  Tab le  3.1.3. 
However, f o r  t h e  o t h e r  hea t  t r ea tmen ts ,  6 - f e r r i t e  
(6 ) ,  a u s t e n i t e  ( Y ) ,  and m a r t e n s i t e  (M) a r e  i d e n-  
t i f i e d  as c o n s t i t u e n t s  (Tab le  3.1.3). No p r e c i p i -  
t a t e  phases a r e  i d e n t i f i e d  i n  Tab le  3.1.3 beyond 
s t a t i n g  t h a t  a p r e c i p i t a t e  (P) was observed, 
meaning t h a t  l a r g e  amounts of a p r e c i p i t a t e  phase 
( o r  phases) were obvious. P o s s i b l e  p r e c i p i t a t e  
phases i n c l u d e  ca rb ides ,  Laves phase, sigma phase, 
and c h i  phase. 

Fig. 3.1.2. M i c r o s t r u c t u r e  
of  ( a )  F ~ 1 5 C r l 5 M r r O . l C  (PCMA-0), 
( b )  Fe-15Cr15Mrr0.05C (PCMA-I), and 
( c ) F ~ l 5 C r 2 0 M r r O . l C  IPCMA-2) s t e e l s  
s o l u t i o n  annealed 1 h ' a t  ll5O0C. 

Fig. 3.1.2. M i c r o s t r u c t u r e  of (a) F r 1 5 C r l S M r r O . l C  (PCMA-O), ( b )  Fr15Cr15MrrO.05C ( P C M A - l ) ,  and 
( c )Fe l5CrZOMr rO . lC  (PCMA-2) s t e e l s  s o l u t i o n  annealed 1 h a t  1150°C. 
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Fig.  3.1.3. M i c r o s t r u c t u r e  of ( a )  FE-lOCrl5Mlr0.1C (PCMA-3) and ( b )  Fe-lllCr2flMrrO.lC (PCMA-4) S t e e l s  
s o l u t i o n  annealed 1 h a t  1150°C. 

-4 
z 

200 pm 

Fig.  3.1.4. M i c r o s t r u c t u r e  of ( a )  F e l 5 C r l S M r d . Z C  (PCMA-5) and ( b )  Fe-ZOCr(1.2C (PCMA-6) s t e e l s  
s o l u t i o n  annealed 1 h a t  1150'C. 

Fig.  3.1.5. M icros t ruc ture  o f  F€-15CrZOMfd.4C (PCMA-7) 
s t e e l  s o l u t i o n  annealed 1 h a t  115OOC. 

200 prn 
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200 m 

Fig.  3.1.6. M i c r o s t r u c t u r e  of (a) Fe-ZOCr20Mlr0.2C (PCMA-8) and ( b )  Fe-ZOCr20Mn-0.4C (PCMA-9) s t e e l s  
s o l u t i o n  annealed 1 h a t  1150'C. 

The magnet ic measurements a r e  q u a l i t a t i v e  and meant t o  i n d i c a t e  t h e  presence of magnet ic  c o n s t i t u e n t s  
( 6 - f e r r i t e  o r  a ' m a r t e n s i t e )  i n  t h e  m i c r o s t r u c t u r e .  
Tab le  3.1.4. The F e r r i t e s c o p e  i s  r o u t i n e l y  used t o  m a g n e t i c a l l y  de termine t h e  amount of 6 - f e r r i t e  p resen t  
i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  we ld  me ta l s  where a u s t e n i t e  and f e r r i t e  a r e  t h e  p r imary  c o n s t i t u e n t s  present .  
A " f e r r i t e  number" i s  determined. T h i s  number i s  app rox ima te l y  equal  t o  t h e  pe rcen t  o f  6 - f e r r i t e  i n  t h e  
a u s t e n i t i c  we ld  meta l  f o r  low f e r r i t e  contents .  
i n  Table 3.1.4 i n d i c a t e s  t h a t  t h e  maximum read ing  was obtained. These f e r r i t e  numbers a r e  used he re  t o  
i n d i c a t e  t h e  amount o f  magnet ic c o n s t i t u e n t  present.  I n f o r m a t i o n  on t h e  i d e n t i f i c a t i o n  o f  t h e  magnet ic 
c o n s t i t u e n t  w i l l  be ob ta ined  by meta l lography.  

Resu l t s  f rom t h e  F e r r i t e s c o p e  measurements a r e  g i ven  i n  

A maximum F e r r i t e s c o p e  read ing  of 30 i s  poss ib le ,  and a 30' 

Table 3.1.4. F e r r i t e  numbera as a measurement of t h e  
e x t e n t  o f  fe r romagnet ism 

F e r r i t e  numberb 

Cold  1275'C/24 h 1150°C/1 h 1050°C/8 h 800°C/168 h 
worked 

PCMA-0 30+ 30' 30' 30' 0.5 

8: 9 -1 30' 30' 30' 30' 
30' - 2  30t 23.0 30' 

- 3  30' 2.8 4.0 
- 4  11.0 0.2 0.2 2.0 0.2 

3.5 

- 5  30' 1.5 5.8 3.6 0.5 
-6 5.5 0.7 6.3 8.5 0.2 
- 7  0.5 0 0 0 n. 2 
- 8  30' 30' 30' 30' 0.2 
-9 6.0 2.4 19.0 12.0 0 

aMeasurements made w i t h  a Fe r r i t escope .  

bMaximum number measured w i t h  a F e r r i t e s c o p e  i s  30. 

The f i r s t  t h r e e  a l l o y s  (PCMA-0 t o  -2) which were high-chromium, low- carbon a l l o y s  were b a s i c a l l y  d u p l e x  
s t r u c t u r e s  o f  a u s t e n i t e  and 6 - f e r r i t e  (Fig. 3.1.2). The o n l y  d i f f e r e n c e  f o r  t h e  homogenized and s o l u t i o n -  
annealed s t e e l s  appeared t o  be a somewhat f i n e r  6 - f e r r i t e  s t r u c t u r e ,  t h e  l ower  t h e  hea t - t rea tmen t  tem- 
pe ra tu re .  
homogenized c o n d i t i o n  r e l a t i v e  t o  t h e  so lu t i on- annea led  c o n d i t i o n ,  sugges t i ng  t h a t  t h e  h i g h e r  tempera ture  
produced l e s s  6 - f e r r i t e .  High magnet ic read ings  were ob ta ined  f o r  a l l  t h e  cold-worked a l l o y s ,  as m igh t  be 

The magnet ic measurements on these  s t e e l s  gave a s l i g h t l y  l ower  read ing  f o r  t h e  PCMA-2 i n  t h e  
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expected. 
t u r e ,  t h e  r o l l i n g  can produce magnet ic m a r t e n s i t e  from t h e  aus ten i t e .  The l a r g e  decrease i n  t h e  magnet ic  
r e a d i n g  from PCMA-0 th rough  -2 (as w e l l  as t h e  o t h e r  seven a l l o y s )  a f t e r  168 h a t  800°C was a t t r i b u t e d  t o  
t h e  t r a n s f o r m a t i o n  of t h e  f e r r i t e  t o  nonmagnetic carb ides ,  a u s t e n i t e ,  and i n t e r m e t a l l i c  phases. 

m a r t e n s i t e  and a u s t e n i t e  (Fig.  3.1.3). From these  m i c r o s t r u c t u r e s ,  i t  was n o t  p o s s i b l e  t o  e s t i m a t e  t h e  
r e l a t i v e  amounts o f  t h e  two c o n s t i t u e n t s ,  a l t hough  i t  appeared t h a t  s u b s t a n t i a l  amounts o f  m a r t e n s i t e  were 
present.  However, t h e  magnet ic measurements i n d i c a t e d  t h a t  o n l y  a smal l  amount o f  a magnet ic c o n s t i t u e n t  
was p resen t  a f t e r  annea l ing ,  bu t  more magnet ic m a t e r i a l  was p resen t  a f t e r  c o l d  working. T h i s  was 
i n t e r p r e t e d  t o  mean t h a t  t h e  m a r t e n s i t e  observed i n  t h e  homogenized and so lu t i on- annea led  c o n d i t i o n s  was 
nonmagnetic E m a r t e n s i t e  (hcp)  which can t rans fo rm t o  magnet ic a '-martensi te ( b c t )  when deformed. The low 
f e r r i t e  number a f t e r  t h e  R O O T  ag ing  t rea tmen t  was aga in  a t t r i b u t e d  t o  t h e  f o r m a t i o n  of nonmagnetic phases. 

The remain ing a l l o y s  con ta ined  medium (-0.2%) 
o r  h i g h  (-0.4%) carbon contents .  A l though carbon i s  an a u s t e n i t e  s t a b i l i z e r ,  o n l y  one of t h e  h ighe r- ca rbon  
a l l o y s  (PCMA-7) was e s s e n t i a l l y  100% a u s t e n i t e  i n  t h e  homogenized c o n d i t i o n  (Fig. 3.1.5). T h i s  a l l o y  con- 
t a i n e d  a h igh- carbon and high-manganese content .  
and medium-carbon l e v e l s ,  were bo th  dup lex  s t r u c t u r e s  (Fig.  3.1.4) w i t h  smal l  amounts of what appeared t o  be 
6 - f e r r i t e  and p o s s i b l y  a d d i t i o n a l  p r e c i p i t a t e s  a t  t h e  6 - f e r r i t e l a u s t e n i t e  boundar ies.  
p i t a t e  appeared t o  i n c r e a s e  as t h e  hea t - t rea tmen t  tempera ture  decreased. The PCMA-8 and -9 s t e e l s  were bo th  
high-chromium, high-manganese a l l o y s ,  t h e  f i r s t  w i t h  medium carbon, t h e  o t h e r  w i t h  h i g h  carbon. 
m i c r o s t r u c t u r e s  were observed, w i t h  i n d i c a t i o n s  t h a t  p r e c i p i t a t e s  were p resen t  on t h e  6 - f e r r i t e - a u s t e n i t e  
boundar ies  (Fig.  3.1.6); t h e  amount of p r e c i p i t a t e  appeared t o  i n c r e a s e  w i t h  i n c r e a s i n g  carbon con ten t  and 
dec reas ing  annea l i ng  temperature.  
amounts o f  p r e c i p i t a t e  on g r a i n  boundar ies  and s l i p  bands. P r e c i p i t a t i o n  was g e n e r a l l y  accompanied by a 
l o s s  o f  ferromagnet ism (Tab le  3.1.4). 

Because t h e  aim compos i t i on  f o r  t h e  a l l o y s  d i d  no t  always c o i n c i d e  w i t h  t h e  a c t u a l  composi t ion,  t h e  
p o i n t s  f o r  t h e  a l l o y s  shown i n  t h e  Schae f f l e r  d iagram (Fig.  3.1.1) must be ad jus ted.  Th i s  compos i t i ona l  

Al though c o l d  wo rk ing  w i l l  no t  change t h e  amount o f  & f e r r i t e  p resen t  i n  t h e  homogenized s t r u c -  

The PCMA-3 and -4 a l l o y s ,  which a r e  low-chromium, low-carbon s t e e l s ,  had m i c r o s t r u c t u r e s  i n d i c a t i v e  of 

The PCMA-0 through -4 s t e e l s  con ta ined  0.1% C o r  less .  

The PCMA-5 and -6 s t e e l s ,  which con ta ined  high-chromium 

The amount of p r e c i -  

Duplex 

A f t e r  168 h a t  R O O O C ,  t h e  a l l o y s  PCMA-5 t h rough  -9 con ta ined  l a r g e  

d i c r r e n a n r v  i n v o l v e d  ma in l v  t h e  a u 5 t e n i t e  c t a b i l i z e r s  manaanese and carbon. which bo th  f e l l  below ooal  ~ ~~ ~ . ,~ ~~~ ~ ~~ 

. . .~~ ~~ .~~~ ~~ ~ . . . . . ...._I . . . . . . . . . . .. 
~ 

l e v e l s  (Table 3.1.2). Thus n i c k e l  e q u i v a l e n t s  must be read jus ted ,  l o w e r i n g  a l l  p o i n t s  f o r  t h e  t e n  a l l o y s  
shown i n  Fig.  3.1.1. T h i s  downward t r a n s l a t i o n  o f  t h e  p o i n t s  changes somewhat t h e  m i c r o s t r u c t u r e s  p r e d i c t e d  
from t h e  diagram. These changes a re  summarized i n  Table 3.1.5, where t h e y  a re  compared w i t h  t h e  phases t h a t  
were observed. ( P r e c i p i t a t e s  are no t  g i ven  i n  Tab le  3.1.5, s i nce  t h e y  a r e  no t  accounted fo r  on the 

Schae f fe r  diagram. 
The most n o t a b l e  d i f f e r e n c e s  between t h e  

observed and p r e d i c t e d  phases i n v o l v e  PCMA-0, 
S c h a e f f l e r  d iagram and those  observed -1, -2, -5, -6, and -9, where t h e  major  

p r e d i c t e d  c o n s t i t u e n t s  were e i t h e r  Y o r  
y + M and where t h e  obse rva t i ons  i n d i c a t e d  
t h a t  t h e  ma jo r  phase p resen t  were 6 and y. 

A1 1 oy Observed' Thus, t h e  Schae f f l e r  d iagram boundar ies  
A i m  compos i t i on  Ac tua l  compos i t i on  (F ig .  3.1.1) need t o  be a l t e r e d  f o r  h i g h-  

PCMA-0 ~ + 6  ~ + 6  y + 6  m u l t i p l y i n g  f a c t o r  f o r  manganese needs t o  

Tab le  3.1.5. Phases and c o n s t i t u e n t s  p r e d i c t e d  by 

P r e d i c t e d  

manganese a l l o y s .  A l t e r n a t i v e l y ,  t h e  

-1 Y + M  Y + M  ~ + 6  be changed. T h i s  l a t t e r  approach has been 
-2 Y Y + M  ~ + b  suggested by seve ra l  i nves t i ga to rs , "6  who 
- 3  Y + M  M M + Y ( ? )  have a l s o  proposed va lues o t h e r  t h a n  t h e  0.5 
- 4  Y + M  Y + M  Y + M  used i n  Eq. (1). We a r e  i n v e s t i g a t i n g  wh ich  
- 5 Y Y + M  ~ + 6  o f  t hese  a l t e r n a t i v e s  i s  best .  
- 6 Y Y ~ + 6  Regardless of t h e  bes t  approach t o  
- 7 Y Y Y e x p l a i n  t h e  d iscrepancy w i t h  t h e  Schae f f l e r  
-8 Y ~ + 6  ~ + 6  diagram, t h e  i n v e s t i g a t i o n  of t hese  t e n  
- 9 Y Y y + 6  b u t t o n  hea ts  has p r o v i d e d  i n s i g h t  i n t o  

p o s s i b l e  a u s t e n i t i c - b a s e  compos i t ions .  We 
y = a u s t e n i t e  M = m a r t e n s i t e  a r e  o b t a i n i n g  f i v e  a d d i t i o n a l  b u t t o n  hea ts  
6 = 6 - f e r r i t e  P = p r e c i p i t a t e  t o  v e r i f y  t hese  obse rva t i ons ,  a f t e r  which 
'Observed p r e c i p i t a t e s  a re  no t  g i ven  s i n c e  they  a r e  we w i l l  de termine a f i n a l  base compos i t i on  

(or compos i t i ons )  f o r  f u r t h e r  a l l o y i n g .  The 
compos i t i ons  o f  t h e  f i v e  new heats  w i l l  v a r y  
i n  chromium between 10 and 16%, manganese 

between 15 and 20%, and carbon between 0.1 and 0.2%. Observat ions  made on these  s t e e l s  w i l l  a l s o  h e l p  p r o -  
v i d e  a b e t t e r  unde rs tand ing  o f  t h e  r o l e  o f  manganese as an a u s t e n i t e  s t a b i l i z e r .  
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3.2 SWELLING B E H A V I O R  OF TITANIUM - M O D I F I E D  ALLOYS I N  E B R - I 1  - F. A. Garner, H. R .  B rager  and R .  J .  Puigh 
(Hanford Eng inee r i ng  Development Labo ra to r y )  

3.2.1 A O I P  Tasks 

A O I P  Task 1.C.2. M i c r o s t r u c t u r e  and S w e l l i n g  o f  A u s t e n i t i c  A l l o y s .  

3.2.? O b j e c t i v e  

i h e  o b j e c t  of  t h i s  e f f o r t  i s  t o  de termine t h e  impact  on s w e l l i n g  of s o l u t e  m o d i f i c a t i o n  of  P I S 1  316 
a1 l o y s .  

3.2.3 Summary 

s p e c i f i c a t i o n s  of  A I S I  316 r e s u l t  o n l y  i n  an increased d e l a y  p e r i o d  b e f o r e  neut ron- induced v o i d  s w e l l i n g  
proceeds. 
t i t a n i u m- m o d i f i e d  s t e e l s  i s  q u i t e  c o n s i s t e n t  w i t h  t h a t  o f  A I S I  316, approach ing  a r e l a t i v e l y  temDera ture-  
independent s w e l l i n g  r a t e  o f  %1% p e r  dpa. 

3.2.4 Proqress  and S ta tus  

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

I t  appears t h a t  t i t a n i u m  a d d i t i o n s  t o  s t a i n l e s s  s t e e l s  c o v e r i n g  a wide compos i t i ona l  range around t h e  

Once s w e l l i n g  i s  i n i t i a t e d  t h e  p o s t - t r a n s i e n t  behav io r  of b o t h  annealed and cold-worked 

The q u e s t i o n  i s  o f t e n  r a i s e d  whether t h e  m o d i f l c a t i o n  of a u s t e n i t i c  s t e e l s  b y  s o l u t e  a d d i t i o n s  can 
f o r e s t a l l  t h e  i n e v i t a b i l i t y  o f  r e a c h i n q  t h e  %l%/dpa s w e l l i n g  r a t e  e x h i h i t e d  b y  p u r e  Fe-Ni-Cr t e r n a r y  
a l l o y s  and v a r i o u s  300 s e r i e s  s t a i n l e s s  s t e e l s . ' - '  
t i t a n i u m  a d d i t i o n s  t e n d  t o  suppress s w e l l i n g  o f  a u s t e n i t i c  a l l o y s ,  i t  has n o t  been shown whether t h e  
b e n e f i t  o f  add ing  t i t a n i u m  and o t h e r  e lements r e s u l t s  i n  a permanent r e d u c t i o n  i n  t h e  maximum s w e l l i n g  
r a t e  o r  j u s t  a d e l a y  i n  t h e  onse t  of  s w e l l i n g .  
p l a n t  i t  was s t a t e d  t h a t  t h e  assumed s w e l l i n g  of t h e  t i t a n i u m- m o d i f i e d  a l l o y  des igna ted  PCA (Pr ime Candi-  
d a t e  A l l o y  f o r  t h e  f u s i o n  Path A a l l o y  s e r i e s )  was one- ten th  t h a t  of A I S I  316.' 
t i o n  i m p l i e s  t h a t  s o l u t e  a d d i t i o n s ,  p a r t i c u l a r l y  o f  t i t a n i u m ,  suppress t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e  
r a t h e r  t h a n  j u s t  ex tend t h e  i n c u b a t i o n  pe r i od .  

The most r e l e v a n t  f i s s i o n  r e a c t o r  d a t a  i s  t h a t  d e r i v e d  from i r r a d i a t i o n s  o f  PCA and 316+Ti i n  t h e  h i g h  
Heldpa env i ronment  of  HFIR,s ,6  b u t  t hese  d a t a  a re  t o o  sparce  t o  de te rm ine  whether t h e  i n h e r e n t  p o s t -  
t r a n s i e n t  s w e l l i n g  r a t e  o f  a u s t e n i t i c s  (%l%/dpa)  can be m o d i f i e d  b y  t i t a n i u m  and o t h e r  e lements.  If one 
i gno res  t h e  p o s s i b l y  s y n e r g i s t i c  e f f e c t s  o f  t h e  h e l i u m  and s o l u t e s ,  however, t h e r e  a r e  r e l e v a n t  d a t a  f rom 
t h e  U.5 b reede r  r e a c t o r  program t h a t  can be used t o  address t h i s  ques t i on .  
compara t ive  i r r a d i a t i o n s  o f  A I S 1  316 i n  HFIR and EBR-I1 t h a t  t h e  d i f f e r e n c e  i n  he l i um ldpa  l e v e l s  i n  t h e s e  
two r e a c t o r s  does n o t  s u b s t a n t i a l l y  a f f e c t  t h e  s w e l l i n g  behav io r  of A I S I  316.',' 

The f i r s t  s e t  w i l l  b e  used t o  e s t a b l i s h  t h e  r e l a t i v e  
behav io r  o f  T i - m o d i f i e d  316 and unmodi f ied 316, and a l s o  t o  de termine t h e  i n f l u e n c e  of  co ld- work  on t h i s  
r e l a t i o n s h i p .  
e f f e c t  o f  more e x t e n s i v e  compos i t i ona l  v a r i a t i o n s .  

3.2.4.2 S w e l l i n g  o f  LS-1 

A l though i t  i s  known from numerous s t u d i e s  t h a t  

I n  a r e c e n t  des ign  s t u d y  on t h e  S t a r f i r e  Tokamak f u s i o n  

T h i s  o p t i m i s t i c  assump- 

I t  has e a r l i e r  been shown from 

Two s e t s  o f  E B R - I 1  d a t a  w i l l  be cons idered.  

Us inq  t h e  i n s i g h t  ga ined from t h i s  a n a l y s i s  a second d a t a  s e t  w i l l  b e  ana lyzed f o r  t h e  

The a l l o y  LS-1 was developed a t  Oak Ridge N a t i o n a l  Labo ra to r y  and i s  one o f  t h e  e a r l i e s t  t i t a n i u m -  
mod i f i ed  a l l o y s  i r r a d i a t e d  i n  t h e  U.S. Breeder Program. Conseouent ly t h i s  a l l o y  has one of  t h e  h i g h e s t  
l e v e l s  o f  r e a c t o r  exposure. 
a d d i t i o n  t o  t h e  t i t a n i u m ,  t h i s  a l l o y  has about  t w i c e  t h e  normal s i l i c o n  l e v e l  used i n  A I S 1  316 i n  t h e  U.S.  
Breeder Program. 

F i g .  3 .2 . la  shows a compar ison o f  t h e  s w e l l i n g  behav io r  o f  20% co ld- worked LS-1 w i t h  t h e  tempera ture-  
independent behav io r  o f  20% cold-worked N- l o t  A I S I  316. 
e x h i b i t  t h e  t empera tu re  s e n s i t i v i t y  of  i n c u b a t i o n  observed i n  many h e a t s  o f  A I S 1  316.' 
used as a s tanda rd  " t emp la te "  c u r v e  w i t h  wh ich  t o  compare t h e  development o f  s w e l l i n g  i n  o t h e r  a l l o y s .  
Note t h a t  f o r  s w e l l i n g  l e v e l s  >5% t h e  LS-1 cu rves  t end  t o  D a r a l l e l  t h e  N - l o t  cu rve .  
behav io r  o f  LS-1 appears t o  be q u i t e  s e n s i t i v e  t o  tempera ture  however. 
i n  o t h e r  hea t s  o f  A I S I  316' and i s  t h e r e f o r e  n o t  e n t i r e l y  a consequence of  t i t a n i u m  a d d i t i o n .  

F i q .  3.2.lb shows t h a t  t h e  annealed c o n d i t i o n  o f  LS-1 a t  51OoC i s  a l s o  s w e l l i n g  a t  a r a t e  comparable 
t o  t h a t  o f  N - l o t  b u t  w i t h  a s h o r t e r  t r a n s i e n t  pe r i od .  
i n d i c a t e  t h a t  t h e  N- l o t  s t e e l  a t  comparable vo idage l e v e l s  s w e l l s  a t  t h e  same average r a t e  as t h a t  d e t e r -  
mined f o r  LS-1 a t  510°C. F i g .  3 . 2 . 1 ~  shows t h a t  annealed LS-1 a t  o t h e r  i r r a d i a t i o n  tempera tures  a l s o  
approaches a s t e a d y- s t a t e  s w e l l i n g  r a t e  comparable t o  t h a t  of  t h e  N- l o t  s t e e l .  It t h e r e f o r e  appears t h a t  
t h e  compos i t i ona l  d i f f e rences  between LS-1 and A I S I  31fi o n l y  a f f e c t  t h e  d u r a t i o n  of  t h e  t r a n s i e n t  reg ime 
o f  s w e l l i n g ,  wh ich  i s  a l s o  s e n s i t i v e  t o  t h e  s t a r t i n g  thermal-mechanical  s t a t e  of  t h e  a l l o y .  I n  a d d i t i o n  
t h e  p o s t - t r a n s i e n t  s w e l l i n g  r a t e  o f  T i - m o d i f i e d  a l l o y s  a l s o  appears t o  b e  r e l a t i v e l y  i n s e n s i t i v e  t o  i r r a d i -  
a t i o n  t empera tu re  o v e r  a v e r y  b road tempera ture  range.  

I t s  compos i t i on  i n  w t . %  i s  Fe-13Ni-16Cr-1.8Mo-l.OMn-0.9Si-O.1OTi-O.05C. I n  

N- l o t  c o n t a i n s  v e r y  l i t t l e  t i t a n i u m  and does n o t  
It i s  t h e r e f o r e  

The t r a n s i e n t  
Th i s  s e n s i t i v i t y  has been observed 

Note t h a t  t h e  d o t t e d  l i n e s  drawn i n  F i g .  3.2.lb 
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Fig. 3.2.l(a) Comparsion of the swelling behavior in E B Q - I 1  of N-Lot AIS1 316 and LS-1 at various 
temperatures. Both alloys are in the 70% cold-worked condition. (b) Comparison of annealed and cold- 
worked LS-1 swelling behavior at 510OC. 
as would be obtained for N-lot at comparable swelling levels. 
temperatures. 

Note that linear extrapolation of LS-1 data qives the same result 
( c )  Swelling of annealed LS-1 at other 

The similarity of post-transient behavior in annealed and cold-worked alloys thus suggests the 
validity of using data on annealed steels to forecast the influence of solute additions on the swelling of 
cold-worked alloys. 
of titanium and other elements. 

3.2.4.3 Swelling of a Series of Titanium-Modified Alloys 

This approach will be used in the following section to study the synergistic effects 

In another experiment covered in more depth elsewhere,'," the general effect of titanium on 
swelling can be assessed in synergism with that of other compositional changes. 
involved the irradiation i n  E B R - I 1  o f  a large number of compositionally-modified 316-base alloys in both 
the cold-worked and annealed conditions. Density change data are available for these alloys to exposure 
levels as large as 2.15 x loz2 n/cm* ( E  > 0.1 MeV) or 2.75 dpa. 

In general, the predominant effect of titanium additions to both cold-worked and annealed alloys is 
to extend the duration of the transient regime, but there are occasional exceptions. 
density change data at 540OC for nine series of annealed alloys, each with a different base composition and 
each having variations in titanium. Note that with few exceptions the addition of titanium results only 
in a shift of the swelling curve to higher fluence. 
other solutes a similar conclusion can be drawn, namely that solute additions to AISI 316 affect primarily 
the duration of the transient regime. 
phosphorous and silicon."," 
than extended, however. 
rate and approach the l%/dpa rate intrinsic to the austenitic Fe-Ni-Cr system. 

current swelling level. 
even though the transient regime is in general somewhat longer at 425'C for this alloy series, as shown in 
Fig. 3.2.5. The tendency of the swellinq rate in an alloy series to depend only on the swelling level has 
also been observed in other studies.'" 

The MV-I11 experiment 

Fig. 3.2.2 shows 

If these data are replotted to show the influence of 

Other studies reach the same conclusion for elements such as 
For some combinations of solutes the transient regime is shortened rather 

As shown in Fig. 3.2.3 the swelling curves continuously accelerate in swelling 

Fig. 3.2.4 shows the tendency of the swelling rate in this alloy system to be related only to the 
Note also in Fig. 3.1.4 that the swelling behavior at 425°C mirrors that at 540"C, 

3.2.5 Oi scussi on 

It is important to recognize that the results of this and other studies signal the inevitablity of 
eventually reaching swelling rates of %l%/dpa in austenitic alloys, whether modified by cold-working, o r  
by addition o f  titanium or other elements. Based on comparisons of swelling of AISI  316 in EBR-11 and 
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F i g .  3.2.2. I n f l u e n c e  of  t i t a n i u m  on s w e l l i n g  o f  v a r i o u s  compos i t i ona l l y- mod i f i ed  316- type a l l o y s  i n  
t h e  annealed c o n d i t i o n  a t  540°C. 
Note t h a t  pe rcen t  d e n s i t y  change b o l o o  i s  p l o t t e d  i n  these curves  i n s t e a d  o f  s w e l l i n g .  

A l l o y  d e s i g n a t i o n s  and compos i t ions  a r e  shown f o r  each a l l o y  s e r i e s .  

HFIR'.' t h e r e  appears t o  be l i t t l e  chance t h a t  such behav io r  w i l l  be mod i f i ed  b y  l a r g e  h e l i u m  l e v e l s  
o r  o t h e r  f a c t o r s  r e l e v a n t  t o  f u s i o n  r e a c t o r s .  
environments t h e r e f o r e  shou ld  n o t  be d i r e c t e d  toward  m o d i f i c a t i o n  of  t h e  s w e l l i n g  r a t e  b u t  toward  t h e  
maximum e x t e n s i o n  o f  t h e  t r a n s i e n t  d u r a t i o n .  

3.2.6 Fu tu re  Work 

A l l o y  development e f f o r t s  on a u s t e n i t i c  a l l o y s  f o r  f u s i o n  

T h i s  e f f o r t  w i l l  c o n t i n u e  t o  i d e n t i f y  t h e  synerqisms i n v o l v e d  i n  t h e  i n t e r a c t i o n s  o f  v a r i o u s  s o l u t e s .  

3.2.7 References 
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Neut ron  I r r a d i a t i o n , "  Symp. on Ef fec ts  of  R a d i a t i o n  on M a t e r i a l s ,  ASTM STP R70 (1984), F. A. Garner and J .  
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Fig. 3.2.3. Swelling A V / V o  o f  various annealed titanium-modified 316 alloys at 54OoC i n  EBR-11. 

Fig. 3.2.4 Average swellinq rate observed i n  annealed Ti-modified steels at 425 and 540"C, showing 
similar approach to a swelling rate o f  l%/dpa. 
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3.3 SWELLING OF Fe-Cr-Mn TERNARY ALLOYS I N  FFTF - H. R .  Brager  and F. A. Garner (Hanford Eng inee r i ng  
Development Labo ra to ry )  

3.3.1 A D I P  Task 

A O I P  Task 1.C.7 M i c r o s t r u c t u r e  and S w e l l i n g  i n  A u s t e n i t i c  A l l o y s .  

3.3.2 O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  de termine t hose  f a c t o r s  wh ich  c o n t r o l  t h e  s w e l l i n g  of  a l l o y  syStemS 
which have t h e  p o t e n t i a l  f o r  reduced a c t i v a t i o n .  

3.3.2 Summary 

The s w e l l i n g  o f  e i g h t  s imp le  Fe-Mn b i n a r y  and Fe-Cr-Mn t e r n a r y  a l l o y s  has been measured hy an 
immersion d e n s i t y  t echn ique  a f t e r  i r r a d i a t i o n  a t  %520°C t o  3.2 x l o 2 '  n/cm', E > 0.1 MeV, o r  n15 dpa. 
The s w e l l i n g  o f  t hese  a l l o y s  decreases w i t h  manganese b u t  e x h i b i t s  a dependence on manganese c o n t e n t  t h a t  
i s  weaker t han  t h a t  o f  n i c k e l  i n  Fe-Cr-Ni a l l o y s .  The dependence on chromium i s  even weaker, i n  sharp  
c o n t r a s t  t o  t h e  behav io r  observed i n  Fe-Cr-Ni a l l o y s .  
swe l l  i n g .  

3.3.4 Progress  and S t a t u s  

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

The a d d i t i o n  o f  o t h e r  s o l u t e s  a l s o  decreases t h e  

I n  an e a r l i e r  r e p o r t  i t  was noted t h a t  a s e r i e s  o f  a u s t e n i t i c  a l l o y s  based on manganese s u b s t i t u t i o n  
f o r  n i c k e l  was i n c l u d e d  i n  t h e  MOTA-1B exper iment  f o r  i r r a d i a t i o n  i n  FFTF.' 
f r om t h e  r e a c t o r  and t h e  measurement o f  d e n s i t y  changes i s  i n  p rog ress .  
a v a i l a b l e  f o r  i r r a d i a t i o n s  a t  400, 570 and 600°C on manqanese s t a b i l i z e d  commercial a l l o y s ,  developmental  
a l l o y s  and s i m p l e  b i n a r y  and t e r n a r y  a l l o y s ,  o n l y  d a t a  on t h e  l a t t e r  i r r a d i a t e d  a t  520'C a re  c o m p l e t e l y  
a v a i l a b l e  a t  t h i s  t ime .  
3.2 x l f f z  n/cm* ( E  > 0.1 MeV) o r  ~ 1 5  dpa. 

MOTA-1B has been d i scha rqed  
Whi le  d a t a  w i l l  e v e n t u a l l y  be 

The specimens were s tanda rd  TEM microscopy d i s k s  wh ich  were i r r a d i a t e d  t o  

3.3.4.2 Results 

F i g .  3.3.1 shows t h e  d e n s i t y  changes measured i n  t h e  b i n a r y  and t e r n a r y  a l l o y s .  
comparison w i t h  Fe-Cr-Ni t e r n a r y  a l l o y s  i r r a d i a t e d  i n  t h e  AA-VI1 exper iment  i n  E B R - I I . ?  The i r r a d i a t i o n  
c o n d i t i o n s  d e p i c t e d  i n  F i g .  3.3.2 f o r  Fe-Cr-Ni a l l o y s  b r a c k e t  t h e  Fe-Cr-Mn data,  b o t h  i n  i r r a d i a t i o n  
tempera ture  and n e u t r o n  exposure l e v e l .  

a d d i t i o n s  t o  Fe-Cr-Mn a l l o y s  l e a d  t o  s u b s t a n t i a l  decreases i n  s w e l l i n g .  
v e r i f y  t h a t  phase changes and/or  o r d e r i n g  has occured.  

3.3.5 Discuss ion  

F ig .  3.3.2 shows a 

Tab le  3.3.1 l i s t s  some l i m i t e d  s w e l l i n g  d a t a  on some s o l u t e - m o d i f i e d  a l l o y s  and shows t h a t  s o l u t e  
The n e q a t i v e  s w e l l i n g  va lues  

Whi le  s w e l l i n g  decreases w i t h  manganese content ,  i t  does so a t  a much l e s s e r  r a t e  t han  would occur  if 
t h e  a l l o y s  were s t a b i l i z e d  w i t h  n i c k e l .  
s w e l l i n g  on chromium l e v e l ,  i n  sharp c o n t r a s t  t o  t h e  behav io r  o f  Fe-Cr-Ni a l l o y s .  
manganese l e v e l  on  s w e l l i n g  i s  s i m i l a r  t o  t h e  reduced e f f ec t i veness  o f  manganese r e l a t i v e  t o  n i c k e l  i n  
p romot ing  t h e  s t a b i l i t y  o f  t h e  a u s t e n i t e  phase. 

The MOTA i r r a d i a t i o n  tempera ture  o f  520°C l i e s  between t h e  510 and 538°C i r r a d i a t i o n  tempera tures  of  
t h e  A A - V I 1  exper iment  i n  EBR-11. It was i n  t h e  range 510-538°C t h a t  Fe-Cr-Ni a l l o y s  w i t h  low n i c k e l  
l e v e l s  depar ted  f r o m  t h e i r  temperature- independent behav io r  and began t o  deve lop  l o n g e r  t r a n s i e n t  regimes 
o f  s w e l l i n g .  
s w e l l i n g  behav io r  developed b y  t h e  Fe-Cr-Ni a l l o y s  below 510°C. 
t r a n s i e n t  s w e l l i n g  r a t e  of  t h e  Fe-Cr-Mn system i s  a l s o  %l%/dpa. 

3.3.6 F u t u r e  Work 

Even more i m p o r t a n t l y ,  t h e r e  i s  v e r y  l i t t l e  dependence of  
The l e s s e r  impact  of 

The maximum s w e l l i n q  of  n5% i n  t h e  Fe-Cr-Mn a l l o y s  a t  15 dpa i s  q u i t e  c o n s i s t e n t  w i t h  t h e  
These d a t a  suggest  t h a t  t h e  p o s t -  

D e n s i t y  change measurements w i l l  c o n t i n u e  on t h e  o t h e r  a l l o y s  i r r a d i a t e d  a t  520°C and on a l l o y s  
i r r a d i a t e d  a t  %420 and %62O"C. E l e c t r o n  mic roscopy examinat ion  w i l l  a l s o  be i n i t i a t e d .  
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F i g .  3.3.1. S w e l l i n g  observed i n  Fe-Cr-Mn F i g .  3 . 3 . 2 .  Comparison o f  s w e l l i n g  o f  Fe-Cr-Ni 
a l l o y s  i r r a d i a t e d  i n  FFTF t o  3.2 x IOz2 n/cm2 
( E  > 0 .1 MeV) a t  *52OoC. 

a l l o y s  i n  E B R - I 1  and Fe-Cr-Mn a l l o y s  i n  FFTF under  
comparable i r r a d i a t i o n  c o n d i t i o n s .  

Tab le  3.3.1. Composi t ion and s w e l l i n g  o f  Phase I V  s o l u t e - m o d i f i e d  Fe-Cr-Mn A l l o y s  ( % )  

Mn C r  C N V P  B A 1  W N i  S i  S w e l l i n g  [ % )  

R76 (20% CW) 30 2.0 0.60 0.05 - n.os n.nos - - n.5 0.4 +O.97 

R17 (SA) 30 2.0 0.40 0.15 1.0 0.0s 0.005 - 1.0 0.5 0.4 -0.14 

R77 (SAA) 30 2.0 0.40 0.15 1.0 0.n5 0.005 - 1.0 0.5 0.4 -0.12 

R83 (SA) 1 5  5.0 0.60 0.05 - 0.05 0.005 - 0.5 1.0 -0.06 

S A  = S o l u t i o n  annealed, SAA = S A  and aged, CW = c o l d  worked 

3.3.7 References 
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Q u a r t e r l y  Progress  Report  DOE/ER-0046/16, February  1984, p. 38. 
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5.1. SOLUTE SEGREGATION AND VOID FORMATION I N  ION- IRRADIATED VANADIUM-BASE ALLOYS - 6. A. Loomis and 
D. L. Smith (Argonne Nat iona l  Labora to ry )  

5.1.1 ADIP Task 

A D I P  Task I . A . l .  De f ine  M a t e r i a l  P roper ty  Requirements and Make S t r u c t u r a l  L i f e  P r e d i c t i o n s .  

5.1.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  p r o v i d e  guidance on t h e  a p p l i c a b i l i t y  o f  vanadium-base a l l o y s  f o r  
s t r u c t u r a l  components i n  a fus ion  r e a c t o r .  

5.1.3 Summary 

s i n g l e -  dual- , o r  h e l i u m  i m p l a n t a t i o n  f o l l o w e d  by s i n g l e - i o n  i r r a d i a t i o n  a t  725OC t o  r a d i a t i o n  damage l e v e l s  
rang ing  f rom 103 t o  169 dpa. 
i n  t h e  V-15Cr-5Ti a l l o y  was determined a f t e r  s i n g l e - i o n  i r r a d i a t i o n  t o  200 and 300 dpa. The s o l u t e  
segrega t ion  r e s u l t s  f o r  t h e  s i n g l e -  and dua l- ion  i r r a d i a t e d  a l l o y  showed t h a t  t h e  s imul taneous p r o d u c t i o n  of 
i r r a d i a t i o n  damage and d e p o s i t i o n  o f  he l ium r e s u l t e d  i n  enhanced d e p l e t i o n  o f  C r  s o l u t e  and enr ichment  of 
T i ,  C and S s o l u t e  i n  t h e  near- sur face  l a y e r s  of i r r a d i a t e d  specimens. The observa t ions  of t h e  i r r a d i a t i o n -  
damaged m i c r o s t r u c t u r e s  i n  V-15Cr-5Ti specimens showed an absence o f  vo ids f o r  i r r a d i a t i o n s  of t h e  a l l o y  a t  
60O-75O0C t o  200 dpa and a t  725OC t o  300 dpa. 
i r r a d i a t i o n s  was t o  induce t h e  fo rmat ion  o f  a h igh  d e n s i t y  o f  d i s c - l i k e  p r e c i p i t a t e s  i n  t h e  v i c i n i t y  of 
g r a i n  boundaries and i n t r i n s i c  p r e c i p i t a t e s  and on t h e  d i s l o c a t i o n  s t r u c t u r e .  

5.1.4 Progress and S ta tus  

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

The r a d i a t i o n- i n d u c e d  segrega t ion  o f  s o l u t e  atoms i n  t h e  V-15Cr-5Ti a l l o y  was determined a f t e r  e i t h e r  

A lso,  t h e  e f f e c t  of i r r a d i a t i o n  temperature (60O-75O0C) on t h e  m i c r o s t r u c t u r e  

The p r i n c i p l e  e f f e c t  on t h e  m i c r o s t r u c t u r e  of these 

The V-15Cr-5Ti a l l o y  i s  considered t o  be a cand ida te  a l l o y  f o r  s t r u c t u r a l  components i n  a magnetic 
fus ion  r e a c t o r  (MFR). The s imul taneous p r o d u c t i o n  o f  atomic d isp lacement  damage and d e p o s i t i o n  of he l ium 
atoms w i t h i n  t h e  a l l o y  d u r i n g  t h e  r e a c t o r  l i f e t i m e  can be expected t o  have a s i g n i f i c a n t  i n f l u e n c e  on t h e  
r a d i a t i o n- i n d u c e d  segrega t ion  (RIS) and thermal- induced segrega t ion  (T IS)  o f  s o l u t e  atoms i n  t h e  a l l o y .  The 
R I S  and T I S  o f  t h e  s o l u t e  atoms w i l l  determine t h e  e v o l u t i o n  o f  t h e  m i c r o s t r u c t u r e  i n  t h e  i r r a d i a t e d  
a l l o y .  Therefore,  t h e  RIS and T I S  of s o l u t e  atoms w i l l  have s i g n i f i c a n t  concomitant  e f f e c t s  on t h e  
dimensional s t a b i l i t y  ( s w e l l i n g ) ,  m c h a n i c a l  p r o p e r t i e s ,  and c o r r o s i o n  r e s i s t a n c e  of t h e  i r r a d i a t e d  a l l o y .  

Observat ions o f  t h e  m i c r o s t r u c t u r e  i n  t h e  V-15Cr-5Ti a l l o y  a f t e r  neu t ron  or  i o n  i r r a d i a t i o n  have shown 
a remarkable absence o f  vo ids or h e l i u m - f i l l e d  ca i i e s  and t h e  presence o f  i r r a d i a t i o n - i n d u c e d  p r e c i p i t a t e s  
which might  be a t t r i b u t e d  t o  R I S  o f  s o l u t e  atoms. I n  t h i s  r e p o r t ,  exper imenta l  r e s u l t s  a r e  presented on 
t h e  RIS of  s o l u t e  atoms i n  t h e  V-15Cr-5Ti a l l o y  a f t e r  e i t h e r  s i n g l e -  dual- ,  o r  h e l i u m  i m p l a n t a t i o n  fo l lowed 
by s i n g l e - i o n  i r r a d i a t i o n  t o  i r r a d i a t i o n  damage l e v e l s  rang ing  f rom 103 t o  169 dpa. A lso,  exper imenta l  
r e s u l t s  are presented on t h e  temperature dependence o f  m i c r o s t r u c t u r a l  chan es t h a t  occurred i n  t h e  
V-15Cr-5Ti a l l o y  on s i n g l e - i o n  i r r a d i a t i o n  a t  temperatures rang ing  f rom 600 C t o  75OoC and t o  r a d i a t i o n  
damage l e v e l s  of 200 dpa or  300 dpa. 

5.1.4.2 M a t e r i a l s  and Procedure 

% 

The V-15Cr-5Ti a l l o y  was s u p p l i e d  i n  t h e  form o f  0.81-mm t h i c k  sheet (me l t  number 834-6) from t h e  
Fus ion  Program Research M a t e r i a l s  Inven to ry  a t  Oak Ridge Nat iona l  Labora to ry .  The chemical a n a l y s i s  of t h i s  
m a t e r i a l  i s  presented i n  Table 5.1.1. The as- received sheet was re uced i n  t h i c k n e s s  t o  0.25 mn and 
annealed a t  l l O O ° C  f o r  two hours i n  a system evacuated t o  6.7 x l o J  Pa. 

Table 5.1.1. Chemical a n a l y s i s  o f  t h e  V-150-5T i  a l l o y  

Element 

C r  T i  

C 
0 
N 
S 

Concen t ra t ion  (a /o )  

14.1 
6.6 
0.14 
0.10 
0.18 

4 . 0 3  

Specimens of t h e  a l l o y ,  each w i  a d iameter  o f  3.05 mm, were mounted i n  a t u n  t e n  h o l d e r  f o r  e i t  e r  9 Sing le - iOn  i r r a d i a t i o n  w i t h  4.0-MeV %it' i o n s ,  d u a l - i o n  i r r a d i a t i o n  w i t h  3.0-MeV "Ni" and 0.25-MeV He' 



Rh 

i o n s  o r  h e l i u m  i m p l a n t a t i o n  u s i n g  0.50-MeV 4He+ i o n s  f o l l o w e d  by i r r a d i a t i o n  w i t h  4.0-MeV 58Ni t t  i o n s .  The 
i r r a d i a t i o n s  o f  t h e  sp cimens a t  600, 675, 725 and 750% were conducted i n  a c r y o g e n i c a l l y  pumped chamber 
evacuated t o  1.3 x 10- Pa. The chamber was connected by c r y o g e n i c a l l y  pumped, ion-beam t r a n s p o r t  tubes  t o  
t h e  2-MeV tandem and 0.25-MeV i o n  a c c e l e r a t o r s  a t  Argonne N a t i o n a l  Labora to ry .  The i r r a d i a t i o n  t mperatures 

F o l l o w i n g  i r r a d i a t i o n ,  t h e  dependence on depth i n  t h e  i r rad ia t ion- damaged  l a y e r  (-1500-nm t h i c k n e s s )  of t h e  
R I S  and T I S  o f  s o l u t e  atoms was determined by use o f  t h e  Auger E l e c t r o n  Spectroscopy (AES) t e c h n i q u e  i n  
combinat ion w i t h  s p u t t e r - i o n  e r o s i o n  o f  t h e  specimen su r face .  AES analyses a t  room tempera tu re  were 
per formed u s i n g  a p r imary  e l e c t r o n  beam a t  5 keV w i t h  a d iameter  of -10 vm t o  e x c i t e  t h e  e l e c t r o n  t r a n s i -  
t i o n s .  D p t h  p r o f i l i n g  was accomplished by s p u t t e r - i o n  e r o s i o n  w i t h  1-keV A r  i o n s  i n  an A r  atmosphere of  
6.5 x 10- Pa. The s p u t t e r - i o n  e r o s i o n  r a t e  was -3.0 nm per  m inu te  f o r  specimens eroded t o  a depth of 
-100 nm. It shou ld  be no ted  t h a t  t h e  AES analyses d i d  n o t  show t h e  presence of N i  atoms which might  be 
a t t r i b u t e d  t o  t h e  i r r a d i a t i o n s  w i t h  Ni  i ons .  Moreover, p r o f i l o m e t r y  o f  t h e  i r r a d i a t e d  sur face on t h e  
specimens b e f o r e  t h e  AES analyses showed no ev idence f o r  a s t e p- h e i g h t  between 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  areas which miqht  be a t t r i b u t e d  t o  s w e l l i n q  a n d l o r  s p u t t e r i n q  d u r i n s  i o n  i r r a d i a t i o n .  F o l l o w i n q  

E 
f o r  t h i s  s tudy were s e l e c t e d  on t h e  b a s i s  o f  t h e  temperature f o r  maximum v o i d  s w e l l i n g  i n  pu re  V .  5 

5 

t h e  AES ana 
o f  4.0-MeV "Ni" i o n  i r r a d i a t i o n s  and 650 nm i n  t h e  case o f  t h e  3.0-MeV '8Ni t f  i o n  i r r a d i a t i o n ,  then  
t h i n n e d  from t h e  backs ide  t o  p e r f o r a t i o n  i n  an 80% CH,OH-20% H&O, s o l u t i o n  a t  -5OC. 

ses t h e  speaimens were s e c t i o n e d  from t h e  i r r a d i a t e d  s u r f a c  t o  a depth o f  1050 nm i n  t h e  ca;e 

Depos i ted  energy d e n s i t i e s  as a f u n c t i o n  o f  i o n  Fange i n  t h e - a l l o y  from a computer ized TRIM code w r e  5 conver ted  t o  d isp lacements pe r  atom (dpa) and h e l i u m  atom d e p o s i t i o n  u s i n g  a t h r e s h o l d  e n e g p  of 40 eV. 
The depths i n  t h e  V-15Cr-5Ti a l l o y  f o r  peak i r r a d i a t i o n  damage d u r i n g  3.0-MeV and 4.0-MeV 
a t i o n  were compupd+to be 900 and 4150 nm, r e s p e c t i v e l y .  

3 
d u r i n g  0.25-MeV Hef i o n  i m p l a n t a t i o n  were computed t o  be 670 and 1110 nm, r e s p e c t i v e l y .  
The specimens were i r r a d i a t e d  t o  d isp lacement  damage l e v e l s  o f  103 t o  300 pa a t  a damage r a t e  of -5 x 10- 
dpajs .  I n  t h e  case of t h e  specimen imp lan ted  w i t h  h e l i u m  p r i o r  t o  4-MeV '@"iff i o n  i r r a d i a t i o n ,  t h e  h e l i u m  
c o n c e n t r a t i o n  was 780 appm. I n  t h e  case of t h e  d u a l - i o n  i r r a d i a t e d  specimen, t h e  h e l i u m  i m p l a n t a t i o n  r a t e  
was 11.6 appm/dpa. 

(TEM) i n  a P h i l i p s  EM 40OT e l e c t r o n  microscope operated a t  120 kV .  The t h i c k n e s s  o f  t h e  specimens f o r  TEM 
was  t y p i c a l l y  100 nm. 

5.1.4.3 Experiment a1 Resu 1 t s 

R I S  i n  t h e  V-15Cr-5Ti a l l o y  

N i + +  i o n  i r r a d i -  
The depths f o r  peak d e p o s i t i o n  of h e l i u m  atoms 

He and 0.50-MeV 

The m i c r o s t r u c t u r e s  of t h e  i r r a d i a t e d  a l l o y  specimens were observed by t r a n s m i s s i o n  e l e c t r o n  microscopy 

The RIS o f  t h e  C r ,  T i ,  C and S s o l u t e  atoms i n  s i n g l e - ,  dua l- ,  and h e l i u m  imp lan ted  p l u s  s i n g l e - i o n  
i r r a d i a t e d  V-15Cr-5Ti a l l o y  specimens a f t e r  i r r a d i a t i o n  a t  725% i s  shown i n  F ig .  5.1.1 and F ig .  5.1.2. A 
comparison of t h e  s o l u t e  segrega t ion  r e s u l t s  f rom t h e  AES analyses f o r  t h e  s i n g l e -  and d u a l - i o n  i r r a d i a t e d  
a l l o y  shows t h a t  t h e  s imul taneous p r o d u c t i o n  o f  i r r a d i a t i o n  damage and d e p o s i t i o n  o f  h e l i u m  r e s u l t e d  i n  
enhanced d e p l e t i o n  of C r  s o l u t e  i n  t h e  near- sur face l a y e r s  (0-10 nm) and enr ichment  o f  T i  (0-25 nm), C 
(0-70 nm), and S (0- 30 nm) s o l u t e  atoms. An i n c r e a s e  of t h e  i r r a d i a t i o n  damage l e v e l  from 0 dpa t o  169 dpa 
r e s u l t e d ,  g e n e r a l l y ,  i n  an i n c r e a s e  o f  t h e  s o l u t e  c o n c e n t r a t i o n  i n  t h e  near- sur face  l a y e r s  o f  t h e  s p e c i -  
mens. I n  t h e  case of specimens t h a t  were p r e - i n j e c t e d  w i t h  h e l i u m  p r i o r  t o  s i n g l e - i o n  i r r a d i a t i o n ,  t h e  C r  
and S c o n c e n t r a t i o n s  i n  t h e  near- sur face  l a y e r s  were inc reased  whereas t h e  T i  and C c o n c e n t r a t i o n s  were 
decreased r e l a t i v e  t o  t h e  c o n c e n t r a t i o n s  f o r  t h e  s i n g l e - i o n  i r r a d i a t e d  specimens. 
d i s t r i b u t i o n  of oxygen and n i t r o g e n  s o l u t e  atoms i n  t h e  near- sur face  l a y e r s  o f  t h e  i r r a d i a t e d  specimens were 
n o t  s i g n i f i c a n t l y  a l t e r e d  f rom t h e  c o n c e n t r a t i o n  and d i s t r i b u t i o n  o f  these  atoms i n  t h e  u n i r r a d i a t e d  
specimen. 

TEM f o r  t h e  i r r a d i a t e d  V-15Cr-5Ti a l l o y  

200 dpa and a t  725OC t o  300 dpa a r e  shown i n  F igs .  5.1.3 and 5.1.4, r e s p e c t i v e l y .  
t h e  m i c r o s t r u c t u r e s  of these  i r r a d i a t e d  specimens. The p r i n c i p l e  e f f e c t  on t h e  u n i r r a d i a t e d  a l l o y  m i c r o-  
s t r u c t u r e  o f  these  i r r a d i a t i o n s  was  t h e  f o r m a t i o n  o f  a h i g h  d e n s i t y  of d i s c - l i k e  p r e c i p i t a t e s  i n  t h e  
v i c i n i t y  o f  g r a i n  boundar ies and i n t r i n s i c  p r e c i p i t a t e s  and on t h e  d i s l o c a t i o n  s t r u c t u r e .  An i n c r e a s e  o f  
t h e  i r r a d i a t i o n  tempera tu re  f rom 600% t o  750°C r e s u l t e d  i n  an inc rease  o f  t h e  average d iamete r  o f  t h e  
p r e c i p i t a t e s  f rom -1 nm t o  -90 nm. I n  t h e  case o f  t h e  i r r a d i a t i o n  a t  6OO0C, t h e  p r e c i p i t a t e s  were u n i f o r m l y  
d i s t r i b u t e d  i n  t h e  m a t r i x  w i t h  a d iameter  (-1 nm) near  t o  t h e  r e s o l u t i o n  l i m i t  o f  t h e  e l e c t r o n  microscope 
(-0.3 nm). An i n c r e a s e  o f  t h e  i r r a d i a t i o n  temperature f rom 60OOC r e s u l t e d  i n  t h e  r e d i s t r i b u t i o n  o f  these  
smal l  d iameter  p r e c i p i t a t e s  and growth o f  t h e  p r e c i p i t a t e s  i n  t h e  v i c i n i t y  of g r a i n  boundar ies and i n t r i n s i c  
p r e c i p i t a t e s .  Moreover,  t h e  m i c r o s t r u c t u r e s  suggested t h a t  t h e  p r e c i p i t a t e s  were r e d i s t r i b u t e d  p r i m a r i l y  by 
i n t e r a c t i o n s  w i t h  g l i d i n g  d i s l o c a t i o n s .  An i n c r e a s e  of t h e  r a d i a t i o n  damage l e v e l  f rom 200 dpa t o  300 dpa 
on i r r a d i a t i o n  of 725'C r e s u l t e d  i n  growth of the  p r e c i p i t a t e s  f rom -1.5 nm t o  -40 nm. A comparison of t h e  
m i c r o s t r u c t u r e s  f o r  t h e  s i n g l e - i o n  i r r a d i a t e d  a l l o y  ( F i g s .  5.1.3 and 5.1.4) w i t h  t h e  m i c r o s t r u c t u r e  f o r  t h e  
d u a l - i o n  i r r a d i a t e d  a l l o y  (Reference 4, F ig .  5.1.7) shows t h e  s i g n i f i c a n t  e f f e c t  o f  s imul taneous r a d i a t i o n -  
damage p r o d u c t i o n  and d e p o s i t i o n  o f  h e l i u m  atoms on p r e c i p i t a t e  d i s t r i b u t i o n  and v o i d  ( c a v i t y )  f o r m a t i o n  i n  
t h e  V-15Cr-5Ti a l l o y ,  i.e., a u n i f o r m  d i s t r i b u t i o n  of p r e c i p i t a t e s  and c a v i t i e s  i n  t h e  d u a l - i o n  i r r a d i a t e d  
a l l o y .  A d d i t i o n a l  i n f o r m a t i o n  on t h e  compos i t i on  of t h e  p r e c i p i t a t e s  i n  t h e  i r r a d i a t e d  a l l o y  i s  p resen ted  
i n  Reference 4. 

The c o n c e n t r a t i o n  and 

The m i c r o s t r u c t u r e s  f o r  t h e  V-15Cr-5Ti a l l o y  specimens a f t e r  i r r a d i a t i o n  a t  600, 675, 725 and 750°C t o  
Voids were n o t  v i s i b l e  i n  
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5 2 R A D I A T I O N  EFFECTS I N  VANADIUM ALLOYS I N  FUSION REACTOR ENVIRONMENTS - A .  Kumar and R. F. Mat tas 
(Argonne Nat iona l  Laboratory,  U n i v e r s i t y  of M issour i ,  Ro l l a )  

5.2.1 A D I P  Task - 

A D I P  Task I . A . l .  Def ine M a t e r i a l  Proper ty  Requirements and Make S t r u c t u r a l  L i f e  Pred ica t ions .  

5.2.2 Ob jec t i ve  - 

s t r u c t u r a l  components i n  a fus ion reac to r .  

5.2.3 Summary 

l i m i t s  f o r  swe l l ing .  
i n t e r s t i t i a l s  have been ca lcu la ted .  
s w e l l i n g  r a t e .  
f o r  f e r r i t i c  s t e e l s  and about a f a c t o r  of seven lower than f o r  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 .  Th i s  value i s  
a l so  cons i s ten t  w i t h  the  l i m i t e d  i r r a d i a t i o n  data f o r  vanadium. 

5 .2 .4  Progress and Status 

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

embr i t t lement .  The choice o f  vanadium a l l o y s  f o r  f us i on  reac to r  a p p l i c a t i o n s  su f f e r s ,  however, from a l a c k  
o f  an adequate data base f o r  neutron- induced s w e l l i n g  a t  h i gh  damage l e v e l s  ( 5  100 dpa). 
ab le  r a d i a t i o n  data i s  taken from i o n  i r r a d i a t i o n s ,  and t he re  a re  d i f f i c u l t i e s  i n  t r a n s l a t i n g  ion- induced 
s w e l l i n g  behavior  t o  neutron- induced swe l l i ng  behavior .  Thus, t he re  i s  a need t o  model the  s w e l l i n g  behav- 
i o r  o f  vanadium a l l o y s  t o  e s t a b l i s h  t he  t h e o r e t i c a l  l i m i t s  f o r  s w e l l i n g  and t o  a i d  i n  t he  a n a l y s i s  of bo th  
i o n  and neutron i r r a d i a t i o n  experiments. The work presented i n  t h i s  note extends, w i t h  some m o d i f i c a t i o n s ,  
t he  e a r l i e r  work o f  Sniegowski and W o l f e d  on f e r r i t i c  s t e e l s  t o  vanadium a l l o y s .  A l l  c a l c u l a t i o n s  f o r  t he  
maximum s w e l l i n g  r a t e  o f  vanadium a l l o y s  use measured o r  bes t  est imates o f  p o i n t  de fec t  and ma te r i a l  proper-  
t i e s  o f  vanadium. It i s  shown t h a t  t he  maximum r a t e  o f  s w e l l i n g  o f  t h e  a l l o y s  w i l l  be governed by t he  hos t  
m a t r i x  of vanadium. The ca l cu la ted  maximum swe l l i ng  r a t e  i s  then compared w i t h  experimental data on swe l l -  
i n g  o f  vanadium w i t h  var ious  i m p u r i t y  con ten ts  and vanadium a l l o y s .  

5.2.4.2 Resu l ts  

The o b j e c t i v e  o f  t h i s  work i s  t o  p rov ide  guidance on t h e  a p p l i c a b i l i t y  o f  vanadium-base a l l o y s  f o r  

The s w e l l i n g  behavior  o f  neutron i r r a d i a t e d  vanadium has been modelled t o  e s t a b l i s h  t he  t h e o r e t i c a l  
Void and d i s l o c a t i o n  s i nk  s t reng ths  a long with the  n e t  b i a s  f a c t o r s  f o r  vacancies and 

These f a c t o r s  have been combined t o  p r e d i c t  t h e  maximum steady s t a t e  
The maximum r a t e  i s  p red i c ted  t o  be about 0.2%/dpa which i s  c l ose  t o  the  value c a l c u l a t e d  

The l i m i t e d  amount o f  r a d i a t i o n  data i n d i c a t e s  t h a t  vanadium a l l o y s  a re  r e s i s t a n t  t o  s w e l l i n g  and 

Much of t he  a v a i l -  

The t h e o r e t i c a l  approach f o l l owed  here i s  t he  same as t h a t  o f  Sniegowski and Wolfer '  where t h e  vo id  and 
d i s l o c a t i o n  s ink  s t reng ths  a long w i t h  the  n e t  b i a s  f a c t o r s  a re  ca l cu la ted .  
t o  p r e d i c t  t h e  maximum steady s t a t e  s w e l l i n g  r a t e .  

These f a c t o r s  a re  then combined 

Wolfer and Garner2 have shown t h a t  the  steady s t a t e  s w e l l i n g  r a t e  can be expressed as 

where So and sd a re  v o i d  and d i s l o c a t i o n  s i nk  s t reng ths ,  E i s  t he  n e t  b i a s  and F i s  a f u n c t i o n  weakly 
dependent on temperature and the  t o t a l  s i nk  s t r eng th - bu t  i s  s t r o n g l y  dependent on the  p roduc t ion  r a t e  of 
p o i n t  defects,  P. 
cascades, 6. 

P equals t he  displacement r a t e ,  dpa, t imes t he  p o i n t  de fec t  s u r v i v a l  f r a c t i o n  i n  
Then t he  s w e l l i n g  r a t e  pe r  dpa can be expressed as 

sd 100 6 B ( F / P l  (2) 

To o b t a i n  t h e  maximum s w e l l i n g  r a t e ,  maximum poss ib l e  values f t he  F/P r a t i o  and t he  r a t i o  ( S o  S / ( S  +Sd)2 

t he  s w e h i n g  r a t e  becomes 

need t o  be s u b s t i t u t e  i n  Eq. (2). It has been shown e a r l i e r  9 t h a t  F/P has a maximum value o f  l/t. ?he 
r a t i o  S Sd/(So t S d l  9 '  has a maximum value of 0.25 when So = Sd. A reasonable value o f  6 i s  0.1 . Thus 

w: 1.25 B 13) 
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d whflre Zi and Z a re  d i s l o c a t i o n  b i a s  f ac to r s  f o r  i n t e r s t i t i a l s  and vacancies, r espec t i ve l y .  2 . ’  and 
Zv  a a i s l o c a t i o n  dominated regime and t h a t  adding a vacancy t o  t he  v o i d  does n o t  change i t s  surface area 
s i g n i f i c a n t l y .  

The v o i d  b i a s  f a c t o r  i s  g iven by 

a re  v o i d  b iXs f ac to r s  f o r  i n t e r s t i t i a l s  and vacancies, r espec t i ve l y .  The d e f i n i t i o n  o f  B i n ’ ( 41  assumes 

, a = v o i d  r ad ius  

where 

3 
q = 4 A r / [ a  k T  en21 

where p i s  t he  shear modulus, v i s  t he  r e l a x a t i o n  volume, v i s  t h e  Poisson’s r a t i o ,  y i s  t he  sur face  
tens ion ,  and aG i s  t he  shear p o l a r i z a b i l i t y .  

D i s l o c a t i o n  b i a s  f ac to r s  a re  shown t o  be 

( 6 )  
d Z = en (Rlc) / (Q,  - Q21 

where R : l o 0 0  x Burgers vec to r  ( b ) ,  and c i s  t he  core r a d i u s  ( =  2b). 

sented by Q1 and Q 2 ,  Tespect ive ly .  
r e l a t i v e  t o  t he  s i z e  i n t e r a c t i o n .  

The c o n t r i b u t i o n s  O f  t he  s i z e  i n t e r a c t i o n  and t h e  modulus i n t e r a c t i o n  t o  t he  b i a s  f a c t o r  a re  repre-  
However, the  modulus i n t e r a c t i o n  c o n t r i b u t i o n  i s  found t o  be very small 

Therefore, 

zd = en (R/c)/q, ( 7 )  

where 

where KO and Io are the  modi f ied Bessel f unc t i ons  of t he  zeroeth order ,  and, 

G where A. = 0.0136 a 

G A 2  = 0.0094 a 
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where pb l t v  
Bo = v 

The r e l a x a t i o n  volumes needed f o r  t h e  b i a s  c a l c u l a t i o n s  a re  f o r  t he  sadd lepo in t  c o n f i g u r a t i o n .  The 
i n t e r s t i t i a l  r e l a x a t i o n  volume i n  t he  sadd lepo in t  i s  be l i eved  t o  be c l ose  t o  i t s  value i n  t he  s tab le  
con f i gu ra t i on .  
the  b i a s  c a l c u l a t i o n  i s  based on t he  pressure d e r i v a t i v e  o f  the  shear modulus as g iven i n  Ref. 1. 

The value o f  vi has n o t  been measured f o r  t he  s t a b l e  c o n f i g u r a t i o n .  The value chosen f o r  

The vacancy r e l a x a t i o n  volume i s  c a l c u l a t e d  from t h e  f o l l o w i n g  equation. 

where n i s  t he  atomic volume, Q i s  the  a c t i v a t i o n  energy o f  s e l f  d i f f u s i o n ,  T i s  the  m e l t i n g  po in t ,  A V  i s  
t he  volume change upon mel t ing ,  and AS %e domin n t  va lue o f  Q i nmthe  

parameters were obta ined from T ~ r k d o g a n . ~  

Ca l cu la t i ons  of t he  b i a s  f ac to r s  were done us ing  t h e  parameters g iven  i n  Table 1. 
f a c t o r s  as c a l c u l a t e d  a re  1 .018 and 1.010 f o r  i n t e r s t i t i a l s  and vacancies, r espec t i ve l y .  
b i a s  f a c t o r s  a re  1.160 and 1.009 f o r  i n t e r s t i t i a l s  and vacancies, r e s p e c t i v e l y .  
0.15 which g ives  t he  maximum s w e l l i n g  r a t e  of about 0.2% per dpa. 
o f  f e r r i t i c  s t e e l s  and i s  a f a c t o r  o f  seven lower than f o r  a u s t e n i t i c  s t e e l s .  

i s  t he  entropy change upon me l t i ng .  
temperature regime of i n t e r e s t  ( -  700 e]) was ob ta ined from the  comp i l a t i on  o f  Peterson 3 , and a l l  o t he r  

The v o i d  b i a s  

The c a l c u l a t e d  n e t  b i a s  i s  
Th is  s w e l l i n g  r a t e  i s  c l ose  t o  t he  value 

The d i s l o c a t i o n  

Table 1. I npu t  Parameters Selected f o r  Ca l cu la t i ng  Bias 

Parameter Symbol & Value ( U n i t )  Ref. 

L a t t i c e  parameter 

Surface t ens ion  

Poisson's r a t i o  

Shear modulus 

I n t e r s t i t i a l  shear p o l a r i z a b i l i t y  

Vacancy shear p o l a r i z a b i l i t y  

Cascade s u r v i v a l  f r a c t i o n  

Gas pressure i n  vo ids  

a, = 0.242 

y = 1.0 

u = 0.3 

p = 46.4 

G a. = -150.0 

aG = -15.0 

f3 = 0.1 

0 

1 

V 

nm * 

J/m2 1 

1 

GPa 11 

eV 1 

ev 1 

* 
* 

* Values assumed o r  c a l c u l a t e d  based on CRC handbook data.  

The c a l c u l a t e d  maximum s w e l l i n g  r a t e  o f  0.2%/dpa i s  i n  agreement w i t h  pub l i shed experimental data. 
work of Agarwal e t  a1.5 shows a maximum o f  O.l%/dpa f o r  vanadium w i t h  var ious  i m p u r i t y  contents (C, N, 0 ) .  
These samples were i r r a d i a t e d  w i t h  3 MeV vanadium i o n s  a t  va r i ous  temperatures. 
var ious  carbon contents by f a s t  neutrons t o  25 dpa i n  t he  work o f  Takahashi e t  a1 .E showed a maximum 
s w e l l i n g  r a t e  o f  0.02%/dpa. Vanadium a l l o y s  (V-ZOTi, V-15Ti-7.5Cr, V-15Cr-5Ti) i r r a d i a t e  t o  6 dpa w i t h  
f as t  neutrons showed a maximum swe l l i ng  r a t e  o f  O.Ol%/dpa i n  t he  work o f  Carlander e t  a l .9  S i m i l a r  l ow  
s w e l l i n g  r a t e s  a re  ob ta ined  f o r  vanadium and vanadium base a l l o y s  i n  o the r  pub l i shed exper imental  data.8-10 

5.2.5 Conclusions 

The maximum s w e l l i n g  ra tes  p red i c ted  f o r  vanadium and vanadium a l l o y s  a re  expected t o  be s i g n i f i c a n t l y  
below the  ra tes  i n  a u s t e n i t i c  s t a i n l e s s  s tee l s  and s i m i l a r  t o  the  ra tes  i n  f e r r i t i c  s t a i n l e s s  s t e e l s .  
Fu tu re  e f f o r t  i n  t he  modeling o f  s w e l l i n g  i n  vanadium a l l o y s  should focus on t he  s w e l l i n g  t r a n s i t i o n  pe r i od  
and on c o r r e l a t i n g  t he  r e s u l t s  o f  f a s t  neutron and i o n  i r r a d i a t i o n  experiments. It i s  f e l t  t h a t  i on -  
s imu la t i on  experiments can p rov ide  s w e l l i n g  da ta  f o r  use i n  f u s i o n  neutron environments p rov ided t he  da ta  
are obta ined i n  a reg ion  where damage energy curve i s  f l a t  t o  reduce f l u x e s  o f  p o i n t  de fec ts  t o  and away 
from the  damage zone. However, t he  e f f e c t  o f  i n j e c t e d  i n t e r s t i t i a l s ,  and d i f f e rences  i n  su rv i vab le  f r a c t i o n  
of p o i n t  defects must be taken i n t o  account when developing c o r r e l a t i o n s .  

The 

I r a d i a t i o n  o f  vanadium o f  
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5.3 THE EFFECT OF HELIUM ON THE TENSILE PROPERTIES OF SEVERAL VANADIUM ALLOYS - D. N. B rask i  
(Oak Ridge Nat ional  Laboratory)  

5.3.1 A D I P  Tasks 

A D I P  Task 1.6.15, Tens i le  P rope r t i es  o f  React ive and Refractory Al loys.  

5.3.2 Ob jec t i ve  

a l l o y s ;  t h i s  w i l l  p rov ide  a b e t t e r  s imu la t ion  o f  fus ion cond i t i ons  f o r  specimens i r r a d i a t e d  i n  t h e  
Ma te r i a l s  Open Test Assembly o f  the  Fast Flux Test F a c i l i t y  (FFTF/MOTA) experiment. 
t h i s  work i s  t o  develop vanadium a l l o y s  t h a t  are r e s i s t a n t  t o  de le te r i ous  r a d i a t i o n  e f fec ts  such as hel ium 
embr i t t lement  and swe l l ing .  

The immediate goal o f  t h i s  work i s  t o  develop s u i t a b l e  techniques f o r  imp lan t i ng  he l ium i n  vanadium 

The pr imary goal of 

5.3.3 Summary 

Specimens o f  t h ree  vanadium a l l o y s  were implanted w i t h  d i f f e r e n t  l e v e l s  of 3He us ing  t he  t r i t i u m  t r i c k  
and subsequently t e n s i l e  t es ted  a t  e leva ted  temperatures. The V-15Cr-5Ti and V-3Ti-1Si specimens were 
e m b r i t t l e d  by 'He a t  a l e v e l  o f  150 at. ppm wh i l e  t he  VANSTAR- 1 specimens were not. The embr i t t lement  
appeared t o  be caused by extensive 3He bubble networks and poss ib l y  p r e c i p i t a t e  p a r t i c l e s  on t h e  g r a i n  
boundaries; hopefu l l y  the  bubble d i s t r i b u t i o n  can be changed ( f o r  b e t t e r  s imu la t i on )  by a l t e r i n g  parameters 
o f  t he  t r i t i u m  t r i c k .  The r e s u l t s  of the  i n v e s t i g a t i o n  a l so  show t h a t  t he  embr i t t lement  r es i s t ance  of 
vanadium a l l o y s  can be improved by adjustment of t h e i r  composi t ion and/or mic ros t ruc tu re .  

5.3.4 Progress and Status 

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

For b e t t e r  s imu la t i on  o f  f i r s t  wa l l  cond i t ions ,  vanadium a l l o y s  have been implanted w i t h  'He, us ing  t he  

The present  r epo r t  shows t he  e f f e c t s  o f  
t r i t i u m  t r i c k , '  before neutron i r r a d i a t i o n  t e s t s  i n  FFTF (MOTA). 
300 at. ppm 3He, t he  W l 5 C r S T i  specimens were a l ready embr i t t l ed . '  
pre implanted 3He on se lec ted  t e n s i l e  
V - 1 5 C r S T i .  and re l evan t  e l e c t r o n  metal lography t h a t  r e l a t e  t he  p rope r t i es  w i t h  t he  associated mic ros t ruc-  
tures.  

5.3.4.2 Experimental 

The procedure f o r  imp lan t i ng  'He i n  vanadium a l l o y s  us ing  t he  t r i t i u m  t r i c k  has been described.' 
a l l o y s  were inc luded i n  t he  experiment: V - l 5 C e T i ,  VANSTAR-1, and W3Ti- lSi.  The source, heat number, 
composit ion, and f i n a l  anneal ing t reatment  are l i s t e d  f o r  each a l l o y  i n  Table 5.3.1. Elevated- temperature 
t e n s i l e  t e s t s  o f  "SS-3" t ype  specimens (gage sec t i on  = 7.6-mm long by 1.5-mn wide by 0.76-mm t h i c k )  were 
conducted under vacuum (<IO-' Pa), us ing a crosshead speed o f  0.51 mn/min (0.02 in./min). 
e l e c t r o n  microscope specimens were prepared by e l e c t r o p o l i s h i n g  i n  a s o l u t i o n  c o n s i s t i n g  o f  1 p a r t  H2SOk 
t o  7 pa r t s  methanol, by volume. 
approximately  1 A/cm2. 

However, a f t e r  imp lan t i ng  approximately  

p rope r t i es  of o the r  vanadium a l l o y s  under i n v e s t i g a t i o n  as we l l  as 

D i rec t i ons  f o r  f u t u r e  a l l o y  development are a l so  po in ted  out. 

Three 

Transmission 

The e l e c t r o l y t e  temperature was -25'C and t h e  cu r ren t  dens i t y  was 

Table 5.3.1. Vanadium a l l o y  data 

Composit ion (wt %) F i n a l  heat 
t rea tment  A1 1 oy Heat 

C r  T i  Fe Z r  S i  C 0 N 

V-15C&TiU CAM-834-3 14.5 6.2 0.032 0.031 0.046 1 h a t  1200°C 
VANSTAR-7; CAM-837-7 9.1 3.4 1.3 0.064 0.028 0.052 1 h a t  1350°C 
V-3Ti-1Si 11153 3.4 0.04 1.28 0.045 0.091 0.026 1 h a t  1050°C 

9 o u r c e :  Westinghouse E l e c t r i c  Corporation. 

h o u r c e :  KFK, Kar lsruhe,  West Germany (or. 0. Ka le t t a ) .  

5.3.4.3 Results 
A l i s t i n g  o f  t he  t e n s i l e  p rope r t i es  f o r  t he  t h ree  vanadium a l l o y s  w i t h  d i f f e r e n t  amounts of 3He i s  

g iven i n  Table 5.3.2. 
da ta  f o r  600°C i s  shown f o r  t he  o the r  two a l l oys .  
y i e l d  s t r e n  t h  o f  an a l l oy ,  bu t  concurrent  increases i n  t he  u l t i m a t e  s t r eng th  d i d  not  always occur. 

Test temperatures ranged from room temperature t o  600°C f o r  the  V - I S C r - S T i ,  bu t  on ly  

Larger  
Small amounts o f  implanted 'He were observed t o  r a i s e  the  

amounts of 1 He had l ess  e f f e c t  on t he  y i e l d  s t reng th ,  bu t  u s u a l l y  caused reduc t ions  i n  t he  u l t i m a t e  s t r eng th  



Table 5.3.2. Tens i le  p rope r t i es  of vanarjium a l l o y s  
con ta i n i ng  d i f f e r e n t  l e v e l s  o f  He 

Helium Test E l o n g a t i o n  (7,) 
A l l o y  IeYel" tempera ture  

(at. ppm) ('C) Yie ld  ~~~~~~~ 

V-15Cr5Ti 0 25 552 662 14.3 24.3 
0 25 600 714 14.6 25.0 

300 25 540 0 
300 25 352 0 

0 420 370 504 15.2 24.3 
1 4  420 379 520 13.8 22.8 
80  420 338 470 14.4 23.0 

300 420 366 394 1.0 
0 520 334 513 13.5 23.3 

14 520 419 536 12.8 20.2 
80 520 363 563 14.0 20.7 

300 520 329 443 2.3 

0 600 317 557 12.6 20.5 
1 4  600 328 517 13.5 21.1 
80 600 349 570 12.0 15.5 

300 600 336 407 1.3 
300 600 407 463 1.2 

VANSTAR-7 0 600 277 521 14.5 22.3 
7 600 321 492 12.2 20.0 

42 600 261 494 13.2 20.8 
I 5 0  600 268 494 13.6 20.5 

V-3Ti-Xi 0 600 320 504 15.5 23.6 
23 600 407 550 9.7 15.5 

135 600 383 555 9.2 14.7 
480 600 378 541 6.3 

"'He analys is  perfomed by or. Brian Oliver, Rockwell International, 
Canga Park, C a l i f .  

and e longat ion.  
affected. 
F ig.  5.3.1. 
from 420 t o  600°C. 
s c a t t e r  of t e n s i l e  measurements. 
bu t  a no t i ceab le  l oss  i n  e longat ion  was observed a t  600°C. 
3He were severely  e m b r i t t l e d  a t  a l l  t h ree  e leva ted  temperatures and a l so  a t  room temperature (see Table 
5.3.2). 

From t h e  standpoint  o f  hel ium embr i t t lement ,  d u c t i l i t y  i s  t he  s p e c i f i c  p roper ty  t h a t  i s  most 
The t o t a l  e longat ion  of the  V-15CrSTi  specimens i s  shown as a f unc t i on  of t e s t  temperature i n  

With no implanted 3He, t h e  t o t a l  e longat ion  dropped on ly  a few percent  i n  t h e  temperature range 

The same was t r u e  of specimens con ta i n i ng  80 a t .  ppm 3He a t  420 and 520"C, 

F igure 5.3.2 shows t o t a l  e longat ion  a t  6 0 0 T  f o r  specimens o f  a l l  t h ree  a l l o y s  as a f unc t i on  of 3He 

The a d d i t i o n  of 14 a t .  ppm 3He had l i t t l e  e f f e c t  on t h e  e longat ion  w i t h i n  t he  normal 

The V-15CrSTi specimens con ta i n i ng  300 a t .  ppm 

4 

0 
400 440 480 520 580 603 

TEST TEMPERATURE PCI 

Fig. 5.3.1. To ta l  e longat ion  o f  k l 5 C r S T i  
t e n s i l e  specimens w i t h  d i f f e r e n t  'He l e v e l s  as a 
f unc t i on  o f  t e s t  temperature. 

0 1W 2w 
'e ~ 

3w 400 m 
3ne LEVEL I ~ ~ . P P ~ I  

Fig. 5.3.2. To ta l  e l onga t i on  of d i f f e r e n t  
vanadium a l l o y s  t es ted  a t  600°C as  a func t ion  o f  
'He l e ve l .  
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l e v e l  i n  the specimen. 
He leve ls  of 300 at. ppm. 

6% t o t a l  e longat ion remaining a t  480 at. ppm 'He. The VANSTAR-7 a l l o y  exh ib i ted the best resistance t o  
embritt lement w i th  no d u c t i l i t y  losses up t o  150 at .  ppm 3He which was the maximum leve l  tested. 
i n t e r e s t i n g  t o  see i f  the VANSTAR-7 i s  able t o  continue i t s  exce l lent  performance when implanted t o  the 
higher l eve ls  o f  'He, as i s  planned. 
a l l oys  t o  helium embrittlement. 
through compositional changes. 

A TEM examination of one o f  the k15C1-5Ti specimens w i t h  300 at. ppm 9He revealed the presence o f  an 
extensive network o f  helium bubbles as well as p rec ip i ta te  p a r t i c l e s  i n  the gra in  boundaries as shown i n  
Fig. 5.3.3. 
t he  p r e c i p i t a t i o n  and bubble growth. From the standpoint o f  simulation, i t  i s  hoped tha t  using lower pro- 
cessing temperatures i n  the t r i t i u m  t r i c k  c loser  t o  planned i r r a d i a t i o n  temperatures w i l l  produce m r e  
r e a l i s t i c  bubble d i s t r i bu t ions .  
espec ia l ly  a t  the gra in  boundaries. 

f r a c t u r e  surfaces of the implanted V-15C14Ti specimens tes ted a t  600°C (300 at. pgm) were e n t i r e l y  
in tergranu lar  as shown i n  Fig. 5.3.4(d). However, the f a c t  tha t  f rac tu re  a t  t h i s  He leve l  was i n t e r -  
granular a t  room temperature [Fig. 5.4.3(b)1 ind icates tha t  the problem i s  m r e  extensive than c lass i ca l  
helium embrittlement. Classical  helium embritt lement usua l ly  occurs only a t  elevated temperatures. A 
f r a c t u r e  surface o f  an unimplanted specimen tes ted a t  room temperature i s  a l so  shown f o r  comparison 
CFia. 5.3.4fa)I. The dimpled amearance o f  the f rac ture  surface i s  cha rac te r i s t i c  of a d u c t i l e  f a i l u r e  

The elongation values of F l S C r - 5 T i  dropped i n  a l i n e a r  fashion t o  low values w i th  
The \C3Ti-lSi demonstrated b e t t e r  resistance t o  helium embritt lement w i th  over 

It w i l l  be 

These resu l t s  show a wide va r ia t i on  i n  s u s c e p t i b i l i t y  of the vanadium 
This forms the basis f o r  the development o f  embri t t lement- resistant a l l oys  

The l a s t  step i n  the t r i t i u m  t r i c k  process takes place a t  700°C and i s  probably responsible f o r  

It w i l l  a lso  be necessary t o  develop su i tab le  a l l o y  microstructures, 

With bubble d i s t r i b u t i o n s  s i m i l a r  t o  those i n  Fig. 5.3.3, i t  was not too surpr is ing t o  f i n d  tha t  the 

mode. 
in tergranu lar  and d u c t i l e  dimpled areas as shown i n  Fig. 5.3.4(c). 

With ' in iermediate 'He contents the V - 1 5 C d T i  specimen exh ib i ted a f rac ture  surface w i th  both 

I n  conclusion. the t r i t i u m  t r i c k  orocedure has been used t o  successful lv implant 'He i n  vanadium but 
the  condi t ions were obviously too severe f o r  some s imula t ion purposes. 
encouraging i n  t h a t  one a l l o y  performed well even under these very adverse condit ions. 
a l l o y s  are sens i t i ve  t o  helium, it appears t h a t  the door is open t o  the development o f  embritt lement- 
r e s i s t a n t  a1 loys. 

Neveitheiess, the r e s u l t s  are very 
Even i f  the vanadium 

5.3.4.4 Reference 

1. 0. N. Braski and 0. W. Ramey, "Helium Doping of a Vanadium A l loy  by a Modified T r i t i u m  Trick," 
pp. 72-74 i n  ADIP Semiannu. Prog. Rep. March 31 ,  1984, DOE/ER-0045/12, U.S. DOE, Office of Fusion Energy. 

ORNL PHOTO 3701-84 

Fig. 5.3.3. Bubbles o f  'He i n  g ra in  boundary of G 1 5 C t q T i  a f t e r  implantat ion o f  300 at. ppm 'He by 
the  t r i t i u m  t r i ck .  
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ORNL PHOTO 76- 

, 40pm , 
Fig. 5.3.4. Scanning electron micrographs of k 1 5 C r - 5 T i  f racture  surfaces a f t e r  t es t ing  a t  (a) room 

temperature with no 3He, ( b )  room temperature with 300 at. ppm 3He, ( e )  600°C with 80 at. ppm 'He, and 
( d )  6 0 0 T  with 300 a t .  ppm 'He. 
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5.4 TENSILE  P R O P E R T I E S  OF HELIUM- INJECTED V-15Cr-5Ti AFTER I R R A D I A T I O N  I N  E B R - I 1  - M. L. Grossbeck and 
J. A. Horak (Oak Ridge Nat ional  Laboratory)  

5.4.1 A D I P  Tasks 

A O I P  Task I.B.15, Tens i le  Proper t ies  o f  React ive/Refractory Al loys.  

5.4.2 Ob jec t i ve  

t e n s i l e  p rope r t i es  of W 5 C r 5 T i .  
Th is  experiment w i l l  i n v e s t i g a t e  t he  e f f e c t  o f  c y c l o t r o n - i n j e c t e d  hel ium and neutron i r r a d i a t i o n  on t h e  

5.4.3 Summary 

Min ia tu re  specimens o f  W15CrST i  were prepared i n  t he  annealed c o n d i t i o n  and w i t h  10, 20, and 30% co ld  
work. The 
cold-worked specimens were i r r a d i a t e d  i n  EBR-I1 but  not  hel ium in jec ted .  The s ecimens were i r r a d i a t e d  a t  
400, 525, 625, and 700°C and received a f luence o f  4.1 t o  5.5 x IOz6 neutrons/m 
t e s t i n g  revealed very s i g n i f i c a n t  embr i t t lement  as a r e s u l t  of t he  neutron i r r a d i a t i o n  but  a much smal le r  
change, most ly  a t  400'C, r e s u l t i n g  from hel ium i n j e c t i o n .  

5.4.4 Progress and Status 

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

Exposed t o  a fus ion  reac to r  neutron spectrum, vanadium a l l o y s  such as V-15CrSTi are expected t o  form 
about 5 at. ppm He per dpa,' about h a l f  of t he  amount found i n  s t a i n l e s s  s tee l  bu t  nonetheless a very s i g -  
n i f i c a n t  amount f o r  expected fus ion reac to r  f i r s t  wa l l  l i f e t imes .  
muta t ion  hel ium from thermal neutron absorp t ion  i n  5 B N i  and 5 9 N i ,  n e i t h e r  vanadium, chromium, nor t i t a n i u m  
undergo (n,a) r eac t i ons  i n  f i s s i o n  reac to r  spectra. Therefore, u n l i k e  s t a i n l e s s  s tee l s  which may be i r r a -  
d i a t e d  i n  mixed spectrum reac to rs ,  such as t he  HFIR, t o  achieve simultaneous displacement damage and hel ium 
formation, vanadium a l l o y s  cannot be i r r a d i a t e d  i n  f i s s i o n  reac to r s  t o  form a s i g n i f i c a n t  amount o f  helium. 
Other  techniques must be reso r t ed  t o  such as t r i t i u m  t r i c k  doping2 o r  i o n  imp lan ta t ion .  
technique t h a t  was used i n  t h i s  i nves t i ga t i on .  
52 MeV a - p a r t i c l e s  and then neutron i r r a d i a t e d  i n  t he  EBR-11. 

5.4.4.2 Experimental Procedure 

r e c r y s t a l l i z a t i o n  anneal a t  900°C fo r  0.5 h i n  a vacuum environment o f  0.5 t o  2 x l o - '  t o r r  ((2.7 x 
pressure. The average g r a i n  diameter was about 30 wn a f t e r  t h i s  heat treatment. The 0.25-mm-thick 
V 1 5 C r 5 T i  sheet formed t he  f r on t  face of t he  i r r a d i a t i o n  chamber through which 18 t o  20°C water f lowed a t  
a r a t e  of 9.5 x 
Oak Ridge Isochronous Cyc lo t ron  (ORIC). 
depos i t i on  over t he  e n t i r e  th ickness  of t he  sheet. 
t i a l l y  uniform he l ium depos i t i on  over t h e  gage l eng th  o f  t he  samples. The chamber was o s c i l l a t e d  hor izon-  
t a l l y  i n  f r o n t  o f  t he  beam t o  i r r a d i a t e  t he  sheet. A measured average hel ium concent ra t ion  o f  80 at .  ppm 
was achieved. Tens i l e  specimens were subsequently stamped from t h i s  sheet w i t h  a p r e c i s i o n  die. F i n a l  
dimensions were 31.8 mn long, 12.7 mn gage length, 1.02 mn wide, and 0.25 mn thick (Fig. 5.4.1). Cold- 
worked ma te r i a l  was prepared t o  a l l ow  op t im i za t i on  of t he  m ic ros t ruc tu re  o f  t he  a l l o y  and t o  permi t  a v a l i d  

The annealed specimens were cyc lo t r on  i n j e c t e d  w i t h  he l ium and i r r a d i a t e d  i n  sodium i n  EBR-11. 

? ( E  > 0.1 MeV). Tens i le  

U n l i k e  s t a i n l e s s  s t e e l s  which form t r ans-  

It i s  the  l a t t e r  
I n  t h i s  i n v e s t i g a t i o n  specimens were he l ium implanted w i t h  

The chemical composi t ion o f  V-15Cr-5Ti i s  g iven i n  Table 5.4.1. Sheets 0.25-mm t h i c k  were g iven  a 
?a) 

m3/s. Helium was i n j e c t e d  i n t o  these sheets us ing  a 52 MeV a - p a r t i c l e  beam from the  
A r o t a t i n g  energy degrader was used t o  produce a un i fo rm hel ium 

The a - p a r t i c l e  beam was co l l ima ted  t o  p rov ide  essen- 

Table 5.4.1. Chemical composi t ion 
o f  W l 5 C r S T i  

C r  
cu 
Fe 
Mn 
Mo 
Nb 

15.00 
0.02 
0.08 
0.001 
0.02 
0.02 

N i  
P 
S 
T i  
2 r  
V 

0.002 
0.0002 
0.001 
4.8 
0.01 
ba 1 

31 75 - 

~ 1 2 7  

4 251 
DIMENSIONS IN 

w - 102 WIDTH MlLLlMETERS 

w2 = 0.0051 TO 0.0127 
GREATER THAN w,  

Fig. 5.4.1. M in i a tu re  sheet t e n s i l e  specimen. 
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comparison w i t h  o t h e r  a l l o y s  f o r  which da ta  a re  a v a i l a b l e  f o r  t h e  cold-worked state.  
m a t e r i a l  was prepared by annea l ing  sheets a t  900°C i n  th i cknesses  t h a t  r e s u l t e d  i n  10, 20, and 30% r e d u c t i o n  
i n  area upon one pass of a r o l l i n g  o p e r a t i o n  f o l l o w i n g  t h e  anneal t o  p r o v i d e  0.25-mm-thick sheet f o r  spec i -  
men stamping. 

The specimens were neu t ron  i r r a d i a t e d  i n  a sodium environment w i t h  z i r con ium f o i l  i n t r o d u c e d  as  a 
g e t t e r  m a t e r i a l  i n  row 7 of t h e  EBR-11. The specimens rece ived  a neutron f l u e n c e  o f  4.1 t o  5.5 x 

l o z 6  neutrons/m2 (E > 0.1 MeV) produc ing  24 t o  32 dpa. 
thermal c o n t a c t  w i t h  r e a c t o r  c o o l a n t  (400"C), he l ium gas gaps (525"C), and heat p ipes  (625 and 700°C). 

T e n s i l e  t e s t s  were conducted on an I n s t r o n  Un ive rsa l  t e s t i n g  machine equipped w i t h  a h i g h  vacuum 
furnace. Pressures below 9 x Pa (7 x I O - '  t o r r )  were ma in ta ined  d u r i n g  t h e  t e s t ,  and t h e  t i m e  a t  
e l e v a t e d  temperatures was min imized i n  o r d e r  t o  prevent  s i g n i f i c a n t  oxygen contaminat ion.  
6.7 x IO-' s c l  was used f o r  t h e  t e s t s ,  and a l l  specimens were t e s t e d  a t  t h e  i r r a d i a t i o n  temperatures. 

The cold-worked 

I r r a d i a t i o n  temperatures were c o n t r o l l e d  by d i r e c t  

A s t r a i n  r a t e  of 

5.4.3.3 Results 
Only f o r  annealed m a t e r i a l  a r e  r e s u l t s  a v a i l a b l e  f o r  a l l  f o u r  c o n d i t i o n s :  u n i r r a d i a t e d ,  he l ium 

The r e s u l t s  o f  t h e  t e n s i l e  t e s t s  on a l l  specimens appear i n  
i n j e c t e d ,  neutron i r r a d i a t e d ,  and he l ium i n j e c t e d  p l u s  neutron i r r a d i a t e d .  
m a t e r i a l  was not  imp lan ted  w i t h  helium. 
Tab le  5.4.2. 

The 10, 20, and 30% cold-worked 

Tab le  5.4.2. T e n s i l e  data f o r  V 1 5 C r 5 T i  

S t r e n g t h  (MPa) 
Tes t  E l o n g a t i o n  ( % )  

U l t i m a t e  
t e n s i l e  

Specimen C o n d i t i o n  temperature 
U n i f o r m  T o t a l  ( " C )  

l0OC 
lOlC 
103C 
102c 
3c 
15c 
14c 
4c 
13c 
2c 
14C 
2c 
8C 
6C 

3-64 
1-8 
3-57 
1-58 

7 
8 
9 
6 
16 
11 
12 
7 
19 
15 
11 
17 

1-80 
1-72 

Annealed 
Annealed 
Annealed 
Annealed 
10% cw 
10% cw 
10% cw 
20% cw 
20% cw 
20% cw 
20% cw 
30% CW 
30% CW 
30% CW 

Annealed 
Annealed 
Annealed 
Annealed 

Annealed 
Annealed 
10% cw 
10% cw 
10% cw 
20% cw 
20% cw 
20% cw 
20% cw 
30% CW 
30% CW 
30% CW 

C o n t r o l s  
400 
625 
625 
700 
400 
525 
700 
400 
525 
700 
700 
400 
525 
700 

He1 i um 

49 1 
417 
405 
403 
672 
655 
517 
724 
603 
543 
517 
724 
603 
483 

imp lan ted  

610 
621 
621 
574 
769 
774 
683 
827 
796 
707 
698 
827 
814 
698 

400 503 574 
400 512 590 
700 336 531 
700 365 548 

Neutron 

625 
700 
400 
525 
700 
400 
400 
525 
700 
400 
525 
700 

i r r a d i a t e d  

776 853 
738 943 

1140 1260 
819 972 
608 88 3 

1130 1220 
1100 1200 

710 853 
612 1000 

1130 1210 
664 910 
434 533 

7.4 8.9 
8.9 10.3 
9.3 11.1 
9.2 15.2 
1.1 2.6 
0.86 1.9 
2.4 6.9 
1.1 2.1 
1.0 1.8 
2.1 5.6 
2.3 5.3 
1.1 2.7 
1.1 2.3 
2.3 6.1 

4.4 5.9 
2.1 3.5 

10.0 12.3 
12.1 15.3 

0.38 0.50 
0.94 0.94 
1.1 1.2 ~~ 

4.2 4.9 
1.9 6.6 
1.3 1.4 
0.94 1.0 
1.0 1.0 
1.8 1.8 
0.92 1.2 
3.3 3.6 
2.3 4.4 

Hel ium imp lan ted  p l u s  neu t ron  i r r a d i a t e d  

99 1 1170 0.76 0.76 h e a l e d  400 
h e a l e d  700 741 822 2.0 3.0 



The s t r e n g t h  and d u c t i l i t y  va lues f o r  annealed V - 1 5 C r - 5 T i  appear i n  Figs. 5.4.2 and 5.4.3. It i s  
observed from Fig. 5.4.2 t h a t  i n j e c t i o n  o f  80 at. ppm He a lone has l i t t l e  e f f e c t  on t h e  s t r e n g t h  of t h e  
m a t e r i a l .  However, neutron i r r a d i a t i o n  and, as expected, neu t ron  i r r a d i a t i o n  p l u s  he l ium i n j e c t i o n  inc rease  
t h e  y i e l d  and u l t i m a t e  s t r e n g t h s  by about a f a c t o r  o f  2. 
V-15Cr-5Ti a t  400°C b u t  no t  a t  700°C. Neutron i r r a d i a t i o n ,  however, reduced e l o n g a t i o n  t o  below 1%. 
F o l l o w i n g  h e l i u m  i n j e c t i o n  p l u s  neutron i r r a d i a t i o n  d u c t i l i t i e s  were below 1% a t  400°C and above 2% a t  
700°C. 

The t e n s i l e  t e s t  r e s u l t s  f o r  cold-worked V-15Cr-5Ti a re  p l o t t e d  i n  Figs. 5.4.4 th rough  5.4.9. S l i g h t  
s t r e n g t h e n i n g  i s  observed i n  t h e  u n i r r a d i a t e d  cold-worked m a t e r i a l ,  an e f f e c t  which appears t o  s a t u r a t e  a t  

Hel ium i n j e c t i o n  reduced t e n s i l e  e l o n g a t i o n  of 
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Fig. 5.4.9. Tens i l e  e longat ion  as a f u n c t i o n  
of t e s t  temperature f o r  30%-cold-worked V - 1 5 C r - 5 T i .  

about 20% c o l d  work. Neutron i r r a d i a t i o n  st rengthens the  cold-worked ma te r i a l  t o  about t he  same l e v e l  as 
t h e  annealed mater ia l .  
t o  nea r l y  the  u n i r r a d i a t e d  value a t  7 O O O C  f o r  10 and 20% cold-worked mater ia l .  
ma te r i a l ,  recovery appears t o  have been s u f f i c i e n t  a t  700°C f o r  y i e l d  and u l t i m a t e  s t reng ths  t o  r e t u r n  t o  
e s s e n t i a l l y  t he  u n i r r a d i a t e d  values. The t e n s i l e  e longat ions  f o r  cold-worked ma te r i a l  are about 25% o f  
those f o r  annealed ma te r i a l  i n  t he  u n i r r a d i a t e d  cond i t i on  w i t h  evidence o f  recovery o f  c o l d  work a t  700°C. 

The s t rengthen ing  decreases r a p i d l y  w i t h  temperature w i t h  y i e l d  s t r eng th  r e t u r n i n g  
For 30% cold-worked 



I r r a d i a t i o n  r e s u l t s  i n  l i t t l e  change i n  t he  un i fo rm e longat ion  a t  400"C, but  t he  t o t a l  e longat ion  i s  s i g-  
n i f i c a n t l y  lower i n d i c a t i n g  a reduced a b i l i t y  t o  work harden. 
t i l i t y  i s  h igher  than t he  u n i r r a d i a t e d  ma te r i a l  a t  525°C and about as d u c t i l e  as  t he  u n i r r a d i a t e d  ma te r i a l  
a t  700°C. 

5.4.4.4 Discussion 

For 10 and 30% cold-worked ma te r i a l ,  duc- 

It i s  of importance t h a t  t he  implanted hel ium had no s i g n i f i c a n t  e f f e c t  on s t r eng th  and d u c t i l i t y  a t  
700°C and below. S i m i l a r  behavior  was not observed by Tanaka e t  a l .  i n  V-20Ti i r r a d i a t e d  i n  t he  same cap- 
su les  i n  EBR-II.3 
However, our r e s u l t s  are cons is ten t  w i t h  those o f  Santhanan e t  a l .  who observed no reduc t ion  i n  d u c t i l i t y  a t  
temperatures below 700°C i n  V-15Cr-5Ti w i t h  25 a t .  ppm He i m ~ l a n t e d . ~  
remains t o  be done on t he  specimens from the  present i n v e s t i g a t i o n ,  but  i t  i s  proposed t h a t  hel ium i s  more 
s t r o n g l y  bound t o  t r aps  i n  V-15Cr-5Ti than i n  V -ZOT i ,  thus p revent ing  m ig ra t i on  t o  g r a i n  boundaries helow 
700°C. 

Neutron i r r a d i a t i o n  alone was observed t o  have a major e m b r i t t l i n g  e f f e c t  i n  annealed V-15Cr -5T i .  A 
l i k e l y  exp lanat ion  f o r  r e f r a c t o r y  metal a l l o y s  i s  contaminat ion by i n t e r s t i t i a l s  from exposure t o  t he  
environment of sodium i n  contact  w i t h  o ther  ma te r i a l s  dur ing  i r r a d i a t i o n .  However, t he  f ac t  t h a t  t he  
s t r eng th  i s  e s s e n t i a l l y  t he  same f o r  annealed i r r a d i a t e d  and u n i r r a d i a t e d  ma te r i a l  i s  s t rong  evidence t h a t  
t h e  z i rconium f o i l  g e t t e r  was adequate t o  prevent specimen contamination. The cold-worked ma te r i a l  prov ides 
f u r t h e r  evidence fo r  t h i s  s ince  t he  s t reng then ing  from co ld  work appears t o  a t  l e a s t  p a r t i a l l y  recover a t  
700°C f o r  10 and 20% cold-worked ma te r i a l  and perhaps f u l l y  recover f o r  t he  304, cold-worked ma te r i a l .  

Cold work r e s u l t s  i n  s t ronger  bu t  l ess  d u c t i l e  ma te r i a l ,  e s p e c i a l l y  a t  400°C. However, f o r  a l l  t h ree  
l e v e l s  of co l d  work, recovery of t he  o r i g i n a l  s t r eng th  l e v e l s  i s  observed a t  700°C. D u c t i l i t y  f o r  u n i r r a -  
d i a t e d  ma te r i a l  i s  never f u l l y  res to red  t o  t he  annealed value, probably because of t he  shor t  t e s t  per iod.  
The elongat ions o f  t he  i r r a d i a t e d  specimens are usua l l y  lower than f o r  t he  corresponding u n i r r a d i a t e d  
m a t e r i a l  s ince d u c t i l i t y  i s  a s e n s i t i v e  measure o f  i r r a d i a t i o n  ernbr i t t lement .  An except ion occurs a t  525°C 
poss ib l y  because of an increased i r r a d i a t i o n  temperature. However, a thermal expansion de tec to r  i nd i ca ted  a 
maximum temperature of only 550°C. Also c h a r a c t e r i s t i c  o f  i r r a d i a t e d  bcc metals, t he  necking s t r a i n  i s  very 
low making t he  uniform and t o t a l  e longat ions near ly  equal i n  most cases. Th is  i s  o f t en  t h e  r e s u l t  o f  chan- 
ne l  f r a c t u r e  i n  such  material^.^ 

s w e l l i n g  res is tance.  I f  co ld  work r e s u l t s  i n  s w e l l i n g  res is tance  as i s  observed i n  s t a i n l e s s  s tee l s ,  it 
might  be a s a t i s f a c t o r y  a i d  t o  swe l l i ng  res is tance  i n  vanadium a l l o y s  s ince i t  does not  have a de t r imenta l  
e f f ec t  on mechanical p roper t ies .  

5.4.4.5 Conclusions 

They observed a reduc t ion  i n  d u c t i l i t y  a t t r i b u t a b l e  t o  he l ium a t  625°C and above. 

Transmission e l e c t r o n  microscopy 

Further  i n v e s t i g a t i o n  o f  t h i s  p o s s i b i l i t y  has been i n i t i a t e d .  
Since co ld  work has a small e f f e c t  on mechanical p rope r t i es ,  i t  i s  important  t o  determine i t s  e f f e c t  on 

1. Cyc lo t ron  i n j e c t i o n  o f  80 at.  ppm He has l i t t l e  e f f e c t  on mechanical p rope r t i es  of V-15Cr-5Ti a t  

2. Neutron i r r a d i a t i o n  t o  24 t o  32 dDa increases the  s t r enq th  of annealed ma te r i a l  by a f a c t o r  o f  
700°C and 625°C and causes a f a c t o r  o f  about 2 r educ t i on  i n  e l onga t i on  a t  400°C. 

about 2 and decreases d u c t i l i t y  by a f a c t o r  of about 10. 
3. Althouqh c o l d  work st renqthens s l i q h t l y  and reduces d u c t i l i t y  by a f ac to r  of about 4, t he  l e v e l  o f  

c o l d  work has l i t t l e  e f f ec t  between 10 and jO%. 
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7.1 CHARPY I M P A C T  TEST RESULTS OF FERRITIC ALLOYS AT A FLUENCE OF 6 x 1022N/CM2 - W.L. Hu 
(West inghouse Han fo rd  Company) 

7.1.1 AUIP Task 

The O f f i c e  o f  Fus ion  Ene rgy iUepa r tmen t  o f  Energy ,  has e s t a b l i s h e d  t h e  need t o  d e t e r m i n e  t h e  f r a c t u r e  
t oughness  o f  c a n d i d a t e  f u s i o n  p rog ram f e r r i t i c  a l l o y s  ( p a t h  E). 

7.1.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  e v a l u a t e  t h e  s h i f t  o f  t h e  d i i 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  
( D B T T )  and t h e  r e d u c t i o n  o f  t h e  upper  s h e l f  f r a c t u r e  ene rgy  ( U S E )  due t o  t h e  n e u t r o n  i r r a d i a t i o n  on t h e  
c a n d i d a t e  f e r r t i c  a1 l o y s .  

7.1.3 Summary 

and t e n  specimens made o f  HT-9 base m e t a l ,  9Cr-1Mo base m e t a l  and 9Cr-1Mo weldment  a t  v a r i o u s  h e a t  
t reatment.  c o n d i t i o n s  were t e s t e d  i n  temperat .ure  range  from -73'C t o  260OC. T spe imens were 
i r r a d i a t e d  f r o m  390'C t o  55OoC and t h e  f l u e n c e  o f  t h e  specimens reached 6 x lO"n/cm'; T h i s  i s  t h e  f i r s t  
t i m e  t h a t  t h e  t r a n s i t i o n  b e h a v i o r  o f  f p r r i t i c  a l l o y s  a t  h i g h  f l u e n c e  was o b t a i n e d .  
f i r s t  t i m e  t .ha t  comprehens i ve  r e s u l t s  on t h e  i r r a d i a t e d  9Cr - lMo  weldment a r e  a v a i l a b l e .  

Charpy impac t  t e s t s  on specimens i n  t h e  AD-2 r e c o n s t i t u t i o n  expe r imen t  were comp le ted .  One hundred 

T h i s  i s  a l s o  t h e  

The t e s t  r e s u l t s  show a s m a l l  a d d i t i o n a l  s h i f t  i n  t r a n s i t i o n  pmper t u r e  f o r  HT-9 base m e t a l  

t empera tu res ,  however,  t h e  s h i f t  i n  t r a n s i t i o n  t e m p e r a t u r e  i s  l e s s  c o n c l u s i v e .  F u r t h e r  r e d u c t i o n  i n  USE 
was o b s e r v e d  a t  h i g h e r  f l u e n c e  f o r  a l l  t h e  i r r a d i a t i o n  t empera tu res .  
f o r  9Cr-1Mo base m e t a l  a t  a l l  t h e  i r r a d i a t . i o n  t e m p e r a t u r e s  s t u d i e d .  

h i g h e r  t r a n s i t i o n  t e m p e r a t u r e  (+6OoC) and a h i g h e r  USE (+100%)  as  compared t o  t h e  9Cr-1Mo h a r e  m e t a l  f o r  
t h e  same i r r a d i a t i o n  c o n d i t i o n s .  

and tempered p l a t e  s t o c k  was o b s e r v e d  o v e r  t h e  H i - 9  base m e t a l  specimens f a b r i c a t e d  from m i l l - a n n e a l e d  
b a r  s t o c k .  

DBTT encounted f o r  HT-9 a l l o y s  i s  141  O C  f o r  specimens i r r a d i a t e d  a t  390'C. 
Th e f f e  t on t r a n s i t i o n  t e m p e r a t u r e  due t.o a d d i t i o n a l  n e u t r o n  exposu re  appears  t o  be s a t u r a t e d  a t  6 x 
10 n!cm . The h i g h e s t  DBTT encounted f o r  9Cr-1Mo a l l o y s ,  on  t h e  o t h e r  hand, i s  91% f o r  t h e  weldment 
and 45OC f a r  base m e t a l  b o t h  i r r a d i a t e d  a t  390'C. 

i r r a d i a t e d  a t  39OoC and 45OoC as t h e  f l u e n c e  was r a i s e d  t o  6 x 10 $2 n i c m  9 . A t  h i g h e r  i r r a d i a t i o n  

There i s  no appa ren t  f l u e n c e  e f f e c t  

C o n t r a r y  t o  t h e  p r e v i o u s  f i n d i n g  on H T- 9  base m e t a l  and weldrnent, t.he 9Cr-1Mo wpldment  shows a 

S i g n i f i c a n t  improvement  o f  b o t h  DBTT and USE on Hl-9 base m e t a l  specimens f a b r i c a t e d  f rom n o r m a l i z e d  

O v e r a l  1,  t h e  h i g h e s t  

5 2  5 

7 .1 .4  Prog ress  and S t a t u s  

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

I t  i s  w e l l  known t h a t  t h e  t e m p e r a t u r e  a t  wh i ch  f e r r i t i c  a l l o y s  undergo a t r a n s i t i o n  i n  f r a c t u r e  mode 
A c c o r d i n g l y ,  f r o m  d u c t i l e  t o  b r i t t l e  s h i f t s  t o w a r d  h i g h e r  t e m p e r a t u r e s  w i t h  i n c r e a s i n g  n e u t r o n  exposu re .  

t h e  change i n  t h e  DBTT w i t h  f l u e n c e  as w e l l  as i r r a d i a t i o n  t e m p e r a t u r e  i s  an i m p o r t a n t  f a c t o r  i n  t h e  
s e l e c t i o n  o f  a l l o y s  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  

r e c o n s t i t u t i o n  expe r imen t .  T e s t  r e s u l t s  were compared w i t h  t h e  t r a n s i t i o n  b e h a v i o r  o b t a i n e d  f rom t h e  
specimens d i s c h a r g e d  i n  t h e  f i r s t  AD-2 expe r imen t .  

T h i s  document r e p o r t s  t h e  Charpy i m p a c t  t e s t  r e s u l t s  o f  specimens d i s c h a r g e d  f r o m  t h e  A D- 2  

7.1 A.2 Specimen P s p a r a  t i on 

M i n i a t l i r e  Charpy impac t  specimens were p r e p a r e d  f o r  t h e  s t u d y  o f  t h e  e f f e c t  of i r r a d i a t i o n  on t h e  
t r a n s i t i o n  o f  f r a c t u r e  mode i n  f e r r i t i c  a l l o y s .  
23.6mm and has a n o t c h  d e p t h  o f  0.76mm. 
where a i s  t h e  n o t c h  dep th  p l u s  t h e  p r e c r a c k  l e n g t h  and t h e  W=Smm i s  t h e  specimen h e i q h t .  

The specimen has an o v e r a l l  d i m e n s i o n  o f  5mm x 5mm X 
Specimens were p r e c r a c k e d  t o  an a/W a p p r o x i m a t e l y  e q u a l  t o  0.5 

M d t e r i a l  s t o c k s  i n v o l v e d  i n  t h e  AD-2 r e c o n s i t u t i o n  expe r imen t  f o r  Charpy impac t  t e s t  i n c l u d e :  

1. HT-9 base m a t a l  i n  m i l l  a n n e a l e d  c o n d i t i o n  (TT s e r i e s ) .  The b a r  s t o c k  was h o t  worked a f t e r  
s o a k i n g  a t  1149'C f o r  a minimum o f  one hour,  t h e n  tempered a t  7 5 O o C  f o r  one hou r  and a i r  
c o o l e d .  

2. HT-9 base m e t a l  i n  p l a t e  s t o c k  (KT s e r i e s ) ,  w i t h  hea t  t r e a t m e n t  o f  
min/AC. 

1038°C110 min/AC + 76OoC/30 

3 .  9Cr-lMo base m e t a l  f r o m  hea t  30182 ( T V  s e r i e s ) .  
760°C/1 h r / A C .  

The hea t  t r e a t m e n t  was 1038OC/1 hr/AC + 
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4 .  9Cr-1Mo base m e t a l  f r o m  h e a t  30176 (AF s e r i e s ] .  The h e a t  t r e a t m e n t  i s  e s s e n t i a l l y  i d e n t i c a l  t o  
t h e  TV s e r i e s ,  i. e . ,  103B°C/30 min1AC + 760°C130 minlAC. 

5 .  9Cr-1Mo weldment (NL s e r i e s ) ,  w i t h  p o s t  w e l d  t r e a t m e n t  o f  one h o u r  a t  780% f o l l o w e d  by  a i r  
c o o l .  

Specimens o f  KT, AF, and TV s e r i e s  were f a b r i c a t e d  f r o m  p l a t e  s t o c k  w i t h  t h e  c r a c k  p l a n e  o r i e n t e d  i n  
t h e  T-L d i r e c t i o n .  
o r i e n t a t i o n  o f  C-R. 
i r r e l e v a n t .  

Specimens o f  TT s e r i e s  were f a b r i c a t e d  f r o m  b a r  s t o c k  and h a v i n g  a c r a c k  p l a n e  
I n  t h e  case o f  9Cr- IMo weldment  (NL s e r i e s ) ,  t h e  o r i e n t a t i o n  was assumed t o  be 

Specimens o f  b o t h  TT and TV s e r i e s  were irr d i a t  d f rom t h e  b e g i n n i n g  o f  t h e  AD-2 e x p e r i m e n t  and 
r e c e i v e d  a peak f l u e n c e  o f  a p p r o x i m a t e l y  6 x 10 25 n l cm 5 ( - 2 6  dpa). The r e s t  o f  t h e  specimens, KT, AF and 

f l u e n c e  o f  3 x lO'%lcr$ 1-13 dpal. The i r r a d i a t o n  t e m e r a t u r e s  ranae  from 390% t o  550 rY C. 
NL s e r i e s ,  were i e r t e  as p a r t  o f  t h e  AD-2 r e c o n s t i t u t i o n  t e s t  m a t r i x  and hence o n l y  ex e r i e n c e d  a peak 

D e t a i l s  o f  
t h e  a l l o y  c o m p o s i t i o  s 
p r e v i o u s  1 y reported.p,Z 

specimen' p r e p a r a t i o n ,  h e a t  t r e a t m e n t s ,  t e s t  m a t r i x  and c a p s u l e  l o a d i n g  h a v e  been 

Charpv impac t  t e s t  r e s u l t s  f o r  TT and TV s e r i e s  a t  f l u e n c e  l e v e l  o f  3 x 1022n lcm2 ( - 1 3  doa l  were , I  

d o c u m e n t e d ~ p r e ~ i o u s l y . ~ * ~  

7.1.4.3 E x p e r i m e n t a l  P rocedu res  

These t e s t  r e s u l t s  were i n c o r p o r a t e d  i n  t h i s  r e p o r t  f o r  cornpar is ion .  

The t e s t s  were conducted on a d r o p  t o w e r  i n s t a l l e d  i n  t h e  h o t  c e l l .  The h e a t i n g  a n d l o r  c o o l i n g ,  
t r a n s p o r t  and t e s t  were automated t o  h a n d l e  t h e  i r r a d i a t e d  specimen. Load t r a c e s  were d i g i t i z e d  and 
s t o r e d  i n  b o t h  magne t i c  t a p e  and d i s k .  A computer  p rog ram was d e v e l o p e d  t o  i n t e g r a t e  t h e  l o a d  d a t a  and 
c a l c u l a t e  t h e  f r a c t u r e  energy .  

P r i o r  t o  t h e  t e s t ,  t h e  specimen tempera tu re ,  as  i n d i c a t e d  by  t h e  s p r i n g  l o a d e d  c o n t a c t  t he rmocoup le ,  
was c a l i b r a t e d  v e r s u s  a t h e r m o c o u p l e  s p o t  we lded  on a dummy specimen. D u r i n g  t h e  t e s t  p e r i o d ,  t h e  l o a d  
c e l l  and t h e  i m p a c t  v e l o c i t y  were checked d a i l y .  The l o a d  c e l l  c a l i b r a t i o n  was conduc ted  d y n a m i c a l l y  by  
compar ing  t h e  maximum l o a d  o b t a i n e d  d u r i n g  an i m p a c t  t e s t  o f  a c a l i b r a t e d  112 s i z e  C V N  specimen w i t h  t h e  
p r e d e t e r m i n e d  maximum l o a d  from a t h r e e  p o i n t  b e n d i n g  t e s t .  
l o a d i n q  r a t e  i n s e n s i t i v e  6061 Aluminum a 1  l o v  i n  t h e  1651 h e a t  t r e a t e d  c o n d i t i o n .  The i m o a c t  v e l o c i t v  was 

The d e t a i l  o f  t h e  t e s t  sys tem were d e s c r i b l e d  i n  r e f e r e n c e  4. 

The c a l i b r a t i o n  specimens were made o f  

c a l c u l a t e d  f rom t h e  t i m e  i n t e r v a l  o b t a i n e d  when a f l a g  w i t h  a known gap w i d t h  on t h e  c rosshead  passe; 
t h r o u g h  an s t a t i o n a r y  i n f r a r e d  senso r  d u r i n g  a f r e e  f a l l .  

The t o t a l  ene rqv  absorbed i n  t h e  i m p a c t  t e s t  can be c a l c u l a t e d  f r o m  t h e  a r e a  unde r  t h e  l o a d  t i m e  
r e c o r d  and t h e  i n i t i a l  i m p a c t  v e l o c i t y  f o l l o w i n g  Newton's second law. 

E = Ea (1-Ea14Eo ] 

where Ea 
impac t  v e l o c i ? y ,  P i s  t h e  l o a d  and t i s  t h e  t ime .  E o  = mV,' 12 i s  t h e  t o t a l  a v a i l a b l e  ene rgy  a t  t h e  
i m p a c t  where m i s  t h e  mass o f  t h e  crosshead. 

= V f P d t  i s  t h e  appa ren t  ene rgy  absorbed b y  t h e  pecimen d u r i n g  t h e  impac t ,  V, i s  t h e  i n i t i a l  

7.1.4.4 R e s u l t s  and D i s c u s s i o n  

t o  7.1.5. The ene rgy  was n o r m a l i z e d  by  m u l t i p l i n g  a f a c t o r  o f  LlB(M-a)' where B = 5 mm i s  t h e  specimen 
w i d t h ,  W = 5 mm i s  t h e  specimen h e i g h t ,  a i s  t h e  n o t c h  d e p t h  p l u s  t h e  p r e c r a c k  l e n g t h ,  and L = 4W i s  t h e  
span. A l t h o u g h  i n  a p r e l i m i n a r y  stage, i t  i s  s p e c u l a t e d  t h a t  such n o r m a l i z a t i o n  c o u l d  e x t e n d  t h e  d a t a  
base t o  c o v e r  o t h e r  specimen s i z e s .  T e s t  r e s u l t s  were t a b u l a t e d  i n  T a b l e s  7.1.1 - 7.1.5. The t a b l e s  
a l s o  i n c l u d e d  t h e  maximum l o a d  d u r i n g  t h e  i m p a c t  and t h e  e n e r g y  absorbed by  t h e  specimens u p  t o  t h e  
maximum l o a d .  T h i s  i n f o r m a t i o n  i s  r e l a t e d  t o  t h e  f a i l u r e  i n i t i a t i o n  and r e q u i r e s  more d e t a i l e d  
examina t i on .  I t  i s  documented h e r e  f o r  t h e  r e l e v a n t  i n t e r e s t .  

The c u r v e  f i t t i n g  
t e c h n i q u e  was d e s c r i b e d  i n  d e t a i l  i n  a p r e v i o u s  repor t . [  The DBTT, w h i c h  i s  d e f i n e d  as  t h e  d e f l e c t i o n  
p o i n t  on t h e  c u r v e ,  was t a b u l a t e d  i n  T a b l e  7.1.6 t o g e t h e r  w i t h  t h e  s h i f t  i n  t h e  DBTT as compared w i t h  t h e  
t e s t  r e s u l t s  o f  u n i r r a d i a t e d  c o n t r o l  specimens. Due t o  t h e  l i m i t e d  specimens a v a i l a b l e  f o r  each 
i r r a d i a t i o n  c o n d i t i o n s ,  t h e  USEs a r e  n o t  w e l l  de f ined.  N e v e r t h e l e s s ,  t h e  r e d u c t i o n  o f  t h e  USE can s t i l l  
be d e t e c t e d  i n  most  cases. The e s t i m a t e d  USEs i n  each case a r e  l i s t e d  i n  T a b l e  7.1.6 as  w e l l .  
DBTTs, and s h i f t  i n  DBTTs f o r  o t h e r  r e l e v a n t  f e r r i t i c  a l l o y s  t e s t e d  i n  t h e  p a s t 4  a r e  t a b u l a t e d  i n  T a b l e  
7.1.7 f o r  c o m p a r i s o n .  

The Charpy i m p a c t  e n e r g i e s  f o r  each m a t e r i a l  were p l o t t e d  as  a f c t i o n  o f  t e m p e r a t u r e  i n  F i g .  7.1.1 

A Gaus ian i n t e g r a l  c u r v e  was f i t t e d  t h r o u g h  each s a r i e s  o f  t e s t  r e s u l t s .  

USEs, 



Table 7 . 1 . 1  Test  r e s u l t s  on HT-9 base metal  i r r a d i a t e d  t o  26 dpa 
(TT  S e r i e s )  

I r r a d i a t i o n  Tes t  Maximum Energy t o  F r a c t u r e  Normalized 
Temperature Temperature Load Max. Load Energy Energy 

( O C )  (OC) (Newton) ( J o u l e )  ( J o u l e )  ( Jou le / cm2)  

3 9 0  260  1 . 4 2 6 2  0 .2516  2 .7980  85 .053  
1 8 8  1 .4545  0 .2640  2 .6361  8 0 . 4 4 0  
1 3 2  1 . 4 8 2 7  0 .1739  i . 0 2 4 4  31 .783  

8 8  1 .5275  0 .1517  0 .7173  21 .270  

450 260 0 .9777  0 .1813  2 .7314  88 .725  
1 6 0  1 .0824  0 .2030  2 . 7 3 5 1  83 .380  

93 1 . 1 8 5 8  0 .2213  2 .3468  70 .217  
2 9  1 . 1 1 8 2  0 .1186  0 . 7 2 1 8  2 2 . 7 4 2  

5 0 0  1 7 7  1 . 1 8 3 7  0 .2112  2 .9166  87 .265  
93 1 .1196  0 .2442  2 .4859  76 .078  
2 9  1 . 3 8 6 3  0 .1747  1 . 3 3 9 1  41 .102  

- 1 8  1 .5020  0 .1392  0 . 2 8 4 8  8 .723  

550 1 4 9  0 . 9 8 8 0  0 .4592  2 .5686  8 1 . 1 7 3  
93 1 .1768  0 .2225  2 .7174  84 .606  
29 1 .1858  0 .1277  1 . 1 1 4 7  33.982 

- 23  1 . 3 4 0 1  0 .0894  0.6221 7 .573  

Table  7 . 1 . 2  Tes t  r e s u l t s  on HT-9 base metal i r r a d i a t e d  t o  1 3  dpa 
(KT  S e r i e s )  

I r r a d i a t i o n  Tes t  Maximum Energy t o  F r a c t u r e  Normalized 
Temperature Temperature Load Max. Load Energy Energy 

( O C )  ( O C )  (Newton) ( J o u l e )  ( J o u l e )  (Joulelcm’) 

3 9 0  1 4 3  2 .6168  0 . 4 1 3 1  4 .3046  1 1 7 . 9 7 2  
1 1 6  2 .5307  0 .4007  4 .3036  1 1 6 . 8 7 6  
1 0 4  2 . 4 4 1 1  0 . 2 5 0 7  1 . 8 4 3 1  50 .273  

9 3  2 .6196  0 . 4 1 5 9  1 . 4 5 1 2  39 744 .. . 
77 2 .3908  0 .2447  0 . 7 7 2 0  21 .148  
54 2 . 0 3 3 2  0 . 1 6 4 9  0 . 3 4 8 0  9 .382  
29 1 . 7 7 2 1  0 .1084  0 .3297  8 .965  

450  77 2 .1228  1 . 7 8 3 4  5 .8877  1 5 8 . 1 2 4  
54 2 .1697  1 .0535  5 .1522  1 5 4 . 5 5 1  
2 9  2 .2372  1 . 2 2 3 7  5 .5202  1 4 7 . 9 3 9  
10  2 .2420  1 . 0 8 0 6  5 .9092  1 6 0 . 1 3 7  

4 2 .1648  1 . 0 4 3 6  4 .3066  1 1 6 . 0 0 8  
- 18  2 .4818  0 .4086  2 .6062  6 9 . 9 9 6  
- 46 2 . 2 0 9 6  0 .1929  0 .3735  1 0 . 3 3 1  

550 1 0 4  2 .1049  0.3605 6 .1669  1 6 7 . 7 7 1  
54 2 .1015  0 .9609  4 .8832  i 3 1 . 5 w  ~~~~~ 

2 9  2 .1786  1 . 0 5 3 8  4.7679 1 2 8 . 7 1 1  
1 0  2 .1517  0 . 9 8 7 2  3.3006 89 .792  
- 7 2 .1173  0 .2545  1 .9166  5 2 . 3 9 0  

- 29  1 .8658  0 .1608  0 .6274  16 .885  
- 57 1 .3539  0 .1031  0 .2357  6.408 
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Table 7.1.3 Tes t  r e s u l t s  on 9Cr-1Mo base metal  i r r a d i a t e d  t o  26 dpa 
(TV S e r i e s )  

I r r a d i a t i o n  Tes t  Maximum Enerqy t o  F r a c t u r e  Normalized 
Temperature Temperature Load Max.  load Energy Energy 

( O C )  ( O C I  (Newton) ( J o u l e )  ( J o u l e ]  ( Jou l e / cm2)  

390 49 1.7535 0.2060 5.3551 163.888 
29 1.8010 0.2462 2.7852 85.405 

-18 1.1265 0.1552 0.6597 20.258 

500 29 1.3752 1.3306 7.4042 230.979 
- 7  1 h767 0.?745 6.1353 184.625 ~ 

-34 1.1375 0.1149 1.9695 61.777 
-57 1.0624 0.0744 1.1352 34.260 

Table  7 . 1 . 4  Tes t  r e s u l t s  o n  9Cr-1Mo base metal i r r a d i a t e d  t o  13 dpa 
( A F  S e r i e s )  

I r r a d i a t i o n  Tes t  Maximum Enerqy t o  F r a c t u r e  Normalized 
Temperature Temperature Load Max.-Load Energy Energy 

(OCI (OC) (Newton] ( J o u l e )  ( J o u l e )  ( J o u l e / c m 2 )  

390 77 2.1622 
66 2.1231 
49 2.3469 
38 2.2633 
29 2.1642 
10  2.1001 

-18 1.4703 

450 

500 

550 

88 1.9285 
71 1.9720 
49 1.8985 
79 1.8864 ~~ 

10 2.0691 
-18 2.1531 
-46 1.6894 
-73 1.0619 

54 2.0415 
29 1.9120 
4 2.0388 

-1 x 2.1400 ~~ 

-62 1.6564 

66 1.9643 
49 1.8210 
29 1.9747 
16 2.0298 
-1 2.1697 

-18 2.0043 
-40 2.0153 

0.2867 
0.3079 
0.3928 
0.2836 
0.2660 
0.1799 
0.1090 

1.5212 
1.5797 
1.4603 
1.5360 
1.6962 
0.3804 
0.1113 
0.0567 

1.9005 
1.5720 
0.2474 
0.2860 
0.1036 

1.5410 
1.4259 
1.5225 
1.5962 
1.7129 
0.3103 
0.1856 

6.3771 175.615 
6.6816 183.359 
2.9583 79.758 
2.6233 70.334 
1.8006 48.549 
0.3769 10.226 
0.6906 18.658 

7.8665 214.750 
8.1090 218.529 
7.6781 209.698 
6.2338 170.253 
6.1101 165.440 
2.2212 59.961 
1.4608 39.637 
0.1845 4.983 

8.5074 230.847 
7.0931 194.481 
4.6196 127.105 
2.4084 65.606 
0.2487 6.816 

7.7772 209.498 
7.1011 194.109 
R.2997 221.768 
7.3705 197.781 
6.2799 169.672 
3.3333 91.753 
1.0483 28.348 



T a b l e  7 . 1 . 5  T e s t  r e s u l t s  on  9Cr-1Mo weldment i r r a d i a t e d  t o  13 dpa 
(NL S e r i e s )  

I r r a d i a t i o n  T e s t  Maximum Energy t o  F r a c t u r e  N o r m a l i z e d  
Temperature  Tempera tu re  Load Max. Load Energy  Energy  

l 0 C 1  (OC) (Newton) ( J o u l e )  ( J o u l e )  ( d o u l e l c m 7 )  

3 9 0  104 
8 2  
60 
43 
29 

450  9 9  
71 
54 
43 
2 9  
10  

- 1 8  

5 0 0  8 8  
66  
43 
2 9  
-1 

- 18  
- 34 

550  9 9  
77 
43 
3 5  
1 0  
-1 

- 1 8  

2 .3076  
7 .4703  
2 . 5 4 1 3  
7.0175 
2 .2410  

2.1669 
2 .2225  
2.1703 
7 .1544  
2 .5067  
2 .2785  
1 .6736  

2 . 1 5 9 1  
2.0570 
7 .1939  
2.6376 
1 . 5 8 5 4  
1 . 3 4 3 6  
1.3401 

1 . 8 8 9 9  
2 .1949  
7 .7790  
2 .0747  
1 . 9 8 9 1  
1 . 6 2 1 9  
1 .6756  

0 . 3 9 2 2  
0 .3070  
0 . 3 3 7 0  
0 .1871  
0 .1822  

3 . 1 0 9 3  
3 . 2 5 1 2  
7 .9617  
1 . 6 7 7 1  
0 . 3 0 8 4  
0 . 3 7 1 9  
0 .1090  

3.1046 

3 . 1 4 7 3  
1 . 6 2 0 3  
0 .1493  
0 .1052  
0 . 0 8 5 9  

1 . 5 7 7 9  
3.1631 
3 . 2 9 8 8  
7 . 9 7 1 1  
0 .7924  
0 . 1 8 0 2  
0 .1196  

2 .a745 

1 3 . 4 7 5 6  
4 . 0 6 8 1  
2.6314 
2 . 0 4 2 1  
1 .0472  

14 .1705  
1 7 . 8 7 9 0  
1 3 . 5 7 7 8  

8 .5986  
2.1041 
1 . 8 9 2 1  
1 .3883  

1 4 . 4 7 3 6  
1 4 . 4 8 4 7  
11 .9625  

3 . 7 6 7 4  
2 .6386  
1 . 1 1 0 6  
0 . 7 8 1 8  

1 0 . 9 0 9 9  
1 2 . 5 1 4 3  
1 3 . 6 7 1 3  
1 1 . 7 7 8 8  

8 . 8 8 8 0  
4 .0465  
1 . 2 4 1 0  

358 .547  
107 .512  

69.515 
54 .658  
28 .440  

379 .443  
340 .943  
3 5 7 . 3 3 9  
733 .623  

55 .122  
51 .054  
3 8 . 2 8 1  

384 .617  
389 .333  
374 .180  

99 .400  
71 .629  
29.414 

7 . 4 7 6  

2 9 0 . 6 5 1  
323 .934  
359 .648  
3 1 6 . 8 8 3  
241 .382  
1 0 7 . 8 9 3  

3 2 . 7 7 1  

The s h i f t  i n  DBTT due t o  n e u t r o n  exposu re  f o r  b o t h  HT-9 and 9Cr-1Mo base m e t a l  was p l o t t e d  i F i g .  6 
as a func on o f  i r r a d i a t i o n  t e m p e r a t u r e  and f l u e n c e .  The a d d i t i o n a l  s h i f t s  i n  OBTTs f r o m  3 x 10 P7 n lcm’  
t o  6 x 10  $3 n1cm7 f o r  HT-9 a r e  20, 37, 10  and - 6OC or specimens i r r a d i a t e d  a t  390,  450, 500, and 550°C,  

2 1  r e s p e c t i v e l y .  The r e d u c t i o n  o f  USEs a t  6 x 10 nlcrn’ i s  53% f o r  a l l  t h e  i r r a d i a t i o n  t empera tu res .  The 
s m a l l  i n c r e a s e s  i n  DBTT sugges t  t h a t  t h e  f l u e n c e  e f f e c t  i s  a p p r o a c h i n g  s a t u r a t i o n .  
m e t a l ,  on t h e  o t h e r  hand, does n o t  show any a d d i t i o n a l  change i n  b o t h  0BTTs and USEs as t h e  r e s u l t  o f  
e x t r a  n e u t r o n  exposure.  

Jou les / cm2 .  The USE f o r  p r e i r r a d i a t e d  9Cr-1Mo base m e t a l  i s  o n l y  3 7 0  Jouleslcm’. 
t h e  h i g h  e n e r g y  a s s o c i a t e d  w i t h  t h e  f a i l u r e  p r o p a g a t i o n .  
we ldment  specimen t e s t e d  a t  an uppe r  s h e l f  t e m p e r a t u r e  i s  shown i n  F i g .  7. 
amount o f  ene rgy  i s  r e q u i r e d  t o  c a r r y  on t h e  f r a c t u r e  p r o c e s s  beyond t h e  f a i l u r e  i n i t i a t i o n .  The 
t r a n s i t i o n  t e m p e r a t u r e  o f  9 C r - l M o  weldment  i s  a p p r o x i m a t e l y  60OC h i g h e r  t h a n  t h e  base m e t a l  unde r  t h e  
same i r r a d i a t i o n  c o n d i t i o n s .  
e a r l i e r  where t h e  DBTTs o f  we ldment  as  w e l l  a s  H A 2  a r e  l o w e r  t h a n  t h e  base m e t a l . 4  
weldm 
m e t a l ?  The 9 C r - l M o  weldment  a l s o  shows a l e s s  w e l l  d e f i n e d  uppe r  and l o w e r  s h e l f .  I n  p a r t i c u l a r ,  
specimens i r r a d i a t e d  a t  55OoC show a d e c r e a s i n g  USE when t e m p e r a t u r e  i nc reases .  
l o w e r  s h e l f  e n e r g i e s  i n c r e a s e  w i t h  t h e  t e m p e r a t u r e  f o r  a l l  t h e  we ldment  specimens t e s t e d .  

The 9Cr -1Mo base 

T e s t  r e s u l t s  on 9Cr -1Mo weldment,  as shown i n  F i g .  5, e x h i b i t  a h i g h  USE i t h e  range  o f  400  
T h i s  i s  a t t r i b u t e d  t o  

A t y p i c a l  l o a d  and t h e  f r a c t u r e  ene rgy  f o r  a 
It i s  c l e a r  t h a t  a s i z a b l e  

T h i s  i s  i n  c o n f l i c t  w i t h  t h e  t r a n s i t i o n  b e h a v i o r  o f  HT-9 a l l o y  s t u d i e d  
The DBTT o f  9Cr -1Mo 

t i r r a d i a t e d  i n  H F I R  a t  55’C was a l s o  found t o  be 25’C h i g h e r  t h a n  t h e  s i m i l a r l y  i r r a d i a t e d  base 

On t h e  o t h e r  hand, t h e  
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Table  7 .1 .6  Use, DBTT and s h j f t  j n  D8TT o f  f e r r i t i c  a l l o y s  
i n  t h e  AD- 2 r e c o n s t i t u t i o n  exDeriment 

Fluence I r r a d i a t i o n  USE DBTTReduction DBTT 
~~ 

Mater ia l  X l o 2 '  Temperature in USE 
( n i c m 2 )  ( ' C )  ( J o u l e / c m 2 ) ( o C )  ( % ) ('C) 

HT-9 
Base Metal 
TT S e r i e s  

390 
450 
500 
550 

390 
450 
550 

390 
500 

89 
89 
89 
89 

120 
165 
165 

149 
63 

53 
53 
53 
53 

1 4 4  
59 

48 
46 

94 
-8 
14 

27 
- 22  

4 5  
-1 

0 
-11 

43 
41 

HT-9 
Base Metal 
KT S e r i e s  

9Cr-1Mo 
TV S e r i e s  

9Cr-1Mo 

3 
3 

36 
1 2  
1 2  

89 
-13 

9 

200 
240 

200 

37 
2 5  

52 
3 

70 
2 4  

390 37 
31 
28 
31 

Base Metal 
AF Series 

3 
3 
3 

450 
500  
550 

220 
230 
220 

2 5  
14 

9Cr-IMo 
We1 dment 
NL S e r i e s  

390 
450 
500 
550 

360 
360 
390 
350 

91 
39 
29 
13  

Tab le  7 . 1 . 7  Previous impact t e s t  r e s u l t s  on f e r r i t i c  a l l o y s  
(Refe rence  4 )  

Fluen55 I r r a d i a t i o n  USE DBTT Reduction DBTT 
Mate r i a l  X 1 0  Temperature i n  USE 

(n/cm2) ( O C )  ( Jou le /cm ' )  (OC) [ % ) ( O C I  

HT-9 .3 390 96 129 49 124 ~~ ~~~ ~~ .. ~ 

Base Metal i 450 1 2 2  31 35 2 1  
TT S e r i e s  3 500 120 37 36 33 

3 550 108 61 43 57 

9Cr-1Mo 
Control  0 _.. 320 -25 0 0 
AF Ser ies  

9Cr-1Mo 3 390 188 29 41  54 
Base Metal 3 450 240 -23 25 2 
TV S e r i e s  3 500 212 -27 34 - 2  

3 550 208 -33 35 -8 
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I t  has  been shown9 t h a t  t h e  t o u g h n e s s  f o r  HT-9 a l l o y  i r r a d i a t e d  a t  390°C i s  a t t r i b u t e d  t o  
i r r a d i a t i o n  h a r d e n i n g  due t o  G phase f o r m a t i o n .  A t  h i g h e r  i r r a d i a t i o n  t e m p e r a t u r e ,  i r r a d i a t i o n  enhanced 
p r e p i c i t a t i o n  a l o n g  t h e  d e l t a  f e r r i t e  s t r i n g e r s  i n d u c e d  a r e d u c t i o n  i n  USE and a c o n c u r r e n t  s h i f t  i n  
OBTT. The spec imens o f  KT 
s e r i e s  were  f a b r i c a t e d  f rom a p l a t e  s t o c k  w i t h  t h e  c r a c k  p l a n e  o r i e n t e d  i n  T-L d i r e c t i o n .  
consequence,  t h e  d e l t a  f e r r i t e  s t r i n g e r s  i n  t h e  spec imens o f  KT s e r i e s  a r e  p e r p e n d i c u l a r  t o  t h e  c r a c k  
f r o n t  and p a r a l l e l  t o  t h e  f r a c t u r e  d i r e c t i o n  whereas t h e  d e l t a  f e r r i t e  s t r i n g e r s  i n  t h e  spec imens o f  t h e  
TT s e r i e s  a r e  p a r a l l e l  t o  t h e  c r a c k  f r o n t .  N e u t r o n  i r r a d i a t i o n  enhanced c a r b i d e  p r e p i c i t a t i o n  o n  d e l t a  
f e r r i t e  s t r i n g e r  s u r f a c e s  wh i ch  i s  e x p e c t e d  t o  cause  c a r b i d e  c r a c k i n g  a t  l o w e r  l e v e l s  o f  s t r e s s .  Owing 
t o  t h e  p a r t i c u l a r  o r i e n t a t i o n  o f  t h e  c r a c k  p l a n e ,  t h i s  d e g r a d a t i o n  mechan ism s h o u l d  be l e s s  e f f e c t i v e  i n  
t h e  case  o f  KT s e r i e s .  
i r r a d i a t e d  a b o v e  450OC. 
was r e d u c e d  t o  a p p r o x i m a t e l y  40% o f  t h e  p r e i r r a d i a t e d  specimens.  
g r e a t e r  r e d u c t i o n  i n  USE and l a r g e r  OBTT due t o  t h e  G phase f o r m a t i o n .  

7.1.4.5 C o n c l u s i o n s  

T h i s  p r e m i s e  i s  f u r t h e r  i l l u s t r a t e d  by t h e  t e s t  r e s u l t s  o f  t h e  KT s e r i e s .  
As a 

The r e d u c t i o n  i n  USE f o r  t h e  KT s e r i e s  was m e r e l y  12% f o r  t h e  spec imens 
On t h e  o t h e r  hand, t h e  USE f o r  t h e  TT s e r i e s  u n d e r  same i r r a d i a t i o n  c o n d i t i o n  

Specimens i r r a d i a t e d  a t  390°C show 

Charpy  i m p a c t  t e s t s  on spec imens i n  t h e  AD-2 r e c o n s t i t u t i o n  e x p e r i m e n t  we re  c o m p l e t e d .  

1. 

I t  i s  
c o n c l u d e d  t h a t :  

The e f f e c t  o f  N e u t r o n  i r r a d i a t i y y  on $he DBTT a p p e a r s  t o  be a p p r o a c h i n g  s a t u r a t i o n  f o r  HT-9 
base m e t a l  spec imey? i r r $ d i a t e d  t o  6 &  10  
r a s i e d  f r om  3 x 10 n l c m  t o  6 x 10 nlcm2. 

n l c m  a t  39OOC. The DBTT i n c r e a s e d  20°C as t h e  f l u e n c e  was 

2. NO a p p a r e n t  e f f e c t  on  b o t h  DBTT and USE was d e t e c t e d  f o r  9Cr-1Mo base m e t a l  due  t o  t h e  
a d d i t i o n a l  n e u t r o n  exposu re .  

3 .  9Cr-1Mo we ldmen t  i r r a d i a t e d  t o  3 x 1022n/cm2 e x h i b i t e d  a maximum o f  62OC h i g h e r  DBTT t h a n  t h e  
base  m e t a l  u n d e r  t h e  same i r r a d i a t i o n  c o n d i t i o n s .  

4. S i g n i f i c a n t  imp rovemen t  i n  b o t h  DBTT and  USE on HT-9 base m e t a l  were  o b s e r v e d  due t o  t h e  
d i f f e r e n t  c r a c k  p l a n e  o r i e n t a t i o n .  
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7.2 EFFECT OF NICKEL CONTENT ON THE A G I N G  AND I R R A D I A T I O N  RESPONSE OF I M P A C T  P R O P E R T I E S  OF 9 Cr-1 MoVNb 
AN0 12 Cr-1 MoVW I N  THE ABSENCE OF INTERNAL HELIUM EFFECTS - W. R.  Corwin, J. M. V i t e k ,  and R. L. Klueh 
(Oak Ridge Nat iona l  Labora to ry )  

7.2.1 A O I P  Task 

A O I P  t a s k s  a re  no t  de f ined  f o r  Path E ,  f e r r i t i c  s t e e l s  i n  t h e  1978 Program Plan. 

7.2.2 O b j e c t i v e  

The o b j e c t i v e s  of t h i s  s tudy a re  t o  p r o v i d e  i n f o r m a t i o n  on t h e  r a d i a t i o n- i n d u c e d  degrada t ion  o f  impact 
p r o p e r t i e s  o f  h i g h  chromium f e r r i t i c  s t e e l s  a t  moderate i r r a d i a t i o n  doses. 
t h e  v i a b i l i t y  of s i m u l a t i n g  he l ium e f f e c t s  i n  these e n g i n e e r i n g  a l l o y s  by adding n i c k e l  and i r r a d i a t i n g  i n  a 
mixed spectrum reac to r .  

7.2.3 Summary 

It w i l l  c o n c u r r e n t l y  examine 

Impact t e s t i n g  was completed on aged and EBR-I1 i r r a d i a t e d  9 Cr-1 MoVNb and 12 Cr-1 MoVW s t e e l s ,  each 
w i t h  and w i t h o u t  smal l  a d d i t i o n s  of n i c k e l .  
d i a t i n g  t o  12 dpa i n  t h e  temperature range of 450°C t o  550°C. 
and w i t h o u t  n i c k e l  produced severe degrada t ion  of impact p r o p e r t i e s .  N i c k e l  a d d i t i o n s  a f f e c t e d  t h e  u n i r r a -  
d i a t e d  m a t e r i a l  p r o p e r t i e s ,  b u t  subsequent r a d i a t i o n- i n d u c e d  changes were s i m i l a r  regard less  o f  n i c k e l  
content .  

7.2.4 Progress and S ta tus  

Only l i m i t e d  p r o p e r t y  changes r e s u l t e d  from ag ing  o r  i r r a -  
I r r a d i a t i o n  o f  t h e  12 Cr-1 MoVW a t  390°C w i t h  

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

The s imul taneous e f f e c t  o f  displacement damage and t r a n s m u t a t i o n  he l ium on f e r r i t i c  cand ida te  m a t e r i a l s  
f o r  t h e  f i r s t  w a l l  of magnetic fus ion  r e a c t o r s  can be examined by doping t h e  m a t e r i a l s  w i t h  smal l  amounts of 
n i c k e l  and i r r a d i a t i n a  i n  a mixed-svectrum f i s s i o n  reac to r . '  I n  such r e a c t o r s ,  t h e  f a s t  neutrons produce 
d isp lacement  damage, i h i l e  he l ium i; produced by a 
two- s tep  r e a c t i o n  of 5 8 N i  w i t h  thermal  neutrons. 
Such i r r a d i a t i o n s  a re  being conducted i n  H F I R  f o r  
t h e  9 Cr-1 MoVNb and 12 Cr-1 MoVW s tee ls .  However, 
t o  assess t h e  m e t a l l u r g i c a l  e f f e c t s  o f  adding N i ,  
i r r a d i a t i o n s  were c a r r i e d  ou t  i n  E B R - I 1  where ve ry  
l i t t l e  he l ium i s  produced i n  e i t h e r  doped o r  un- 
doped a l l o y s .  I n  t h i s  r e p o r t ,  t h e  r e s u l t s  of t h e  
impact  t e s t s  on t h e  9 and 12 chromium a l l o y s  w i t h  
and w i t h o u t  n i c k e l  a d d i t i o n s  o f  up t o  2% are  p re-  
sented f o r  m a t e r i a l s  i n  t h e  u n i r r a d i a t e d ,  aged, 
and EBR-I1 i r r a d i a t e d  c o n d i t i o n s .  

7.2.4.2 Exper imenta l  

E l e c t r o s l a g- r e m e l t e d  heats o f  9 C r - 1  MoVNb 
and 12 Cr-1 MoVW s t e e l s  w i t h  and w i t h o u t  n i c k e l  
a d d i t i o n s  were prepared by Combustion Engineer ing,  
Inc., Chattanooga, Tennessee. The heats i n c l u d e d  
9 Cr-1 MoVNb (XA3590), 9 Cr-1 MoVNb-2 N i  (XA3591), 
12  Cr-1 MoVW (XA3587). 12 Cr-1 MoVW-1 N i  (XA3588). 
and 12 Cr-1 MoVW-2 N i  (XA3589); t h e  chemical com- 
p o s i t i o n s  a re  g iven  i n  Table 7.2.1. Specimens 
were ob ta ined  from 5.3-mm-thick p l a t e ,  which was 
norma l i zed  and tempered p r i o r  t o  machining; 
d e t a i l s  on t h e  heat t rea tments  a re  g iven  i n  
Table 7.2.2. I n f o r m a t i o n  on t h e  m i c r o s t r u c t u r e s  
and t e n s i l e  p r o p e r t i e s  o f  t h e  normalized-and- 
tempered s t e e l s  were p r e v i o u s l y  presented. 

The d e t a i l s  on t h e  subsize Charpy V-notch 
specimens and t h e  procedures developed f o r  t e s t i n g  
them were p r e v i o u s l y  presented. The specimens 
were 5 m square and 25.4 mn l o n g  and con ta ined  a 
0.76-mm-deep 30" V-notch w i t h  a 0.05 t o  0.08-mm- 
r o o t  rad ius .  Each i n d i v i d u a l  Charpy da ta  s e t  was 
f i t t e d  t o  a h v p e r b o l i c  tanuen t  f u n c t i o n  f o r  v u r -  
poses o f  a n a l j k i s .  

temperature (OBTT) was t h e  major concern i n  t h i s  
The s h i f t  i n  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  

Table 7.2.1. Composit ion o f  9 C r - 1  MoVNb and 
12 Cr-1 MoVW heats o f  s t e e l  

Concentrat ion '  ( w t  %) 
~~ ~ 

Element 9 Cr-1 MoVNb 12 C r - 1  MoVW 

O%b N i  2% N i  0%' N i  1% N i  2% N i  

C 0.09 
Mn 0.36 

Mo 0.98 
V 0.209 
Nb 0.063 
T i  0.002 
Co 0.013 
Cu 0.03 
A1 0.013 

B <0.001 
W 0.01 
As <0.001 
Sn 0.003 
Z r  (0.001 

N 0.050 
0 0.007 

0.064 
0.36 
0.008 
0.004 
0.08 
2.17 
8.57 

0.98 
0.222 
0.066 
0.002 
0.015 
0.04 
0.015 

(0.001 
0.01 

(0.001 
0.003 

(0.001 

0.053 
0.006 

0.21 
0.50 
0.011 
0.004 
0.18 
0.43 

11.99 

0.93 
0.27 
0.018 
0.003 
0.017 
0.05 
0.030 

(0.001 
0.54 

(0.001 
0.002 

(0.001 

0.020 
0.005 

0.20 
0.47 
0.010 
0.004 
0.13 
1.14 

11.97 

1.04 
0.31 
0.015 
0.003 
0.015 
0.05 
0.017 

(0.001 
0.53 
0.002 
0.001 

(0.001 

0.016 
0.007 

0.20 
0.49 
0.011 
0.004 
0.14 
2.27 

11.71 

1.02 
0.31 
0.015 
0.003 
0.021 
0.05 
0.028 

(0.001 
0.54 

<0.002 
0.002 

(0.001 

0.017 
0.007 

- 
'Balance i r o n .  

%tandard a l l o y  composit ion. 
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The r e s u l t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  t h e  a d d i t i o n  of n i c k e l  t o  9 C r - 1  MoVNb and 12 Cr-1 MoVW f e r r i -  
t i c  s t e e l s  has no t  r e s u l t e d  i n  mechanica l  b e h a v i o r  s u b s t a n t i a l l y  d i f f e r e n t  f rom t h e  undoped s t e e l s ,  e i t h e r  
b e f o r e  o r  a f t e r  i r r a d i a t i o n .  
EBR-I1 a t  390"C, t h e  n i c k e l - r i c h  G-phase was de tec ted .  They expressed t h e  concern t h a t  t h e  a d d i t i o n  of 
n i c k e l ,  ove r  t h e  -0.5% presen t  i n  t h e  commercial  s t e e l ,  c o u l d  l e a d  t o  l a r g e r  q u a n t i t i e s  of G-phase and exa-  
c e r b a t e  any i r r a d i a t i o n  embr i t t lement . '  The p resen t  s t u d i e s  do n o t  i n d i c a t e  such a problem, as t h e  12 Cr-1 
MoVW-2 N i  s t e e l  showed a s m a l l e r  s h i f t  i n  DBTT t h a n  t h e  undoped s t e e l .  T h i s  r e s u l t  agrees w i t h  t e n s i l e  s t u -  
d i e s  on t h e  n i cke l- doped  s t e e l s  i r r a d i a t e d  a t  -50°C i n  HFIR. I n  t h o s e  s t u d i e s  9 C r - 1  MoVNb and 12 Cr-1 
MoVW s t e e l s  w i t h  and w i t h o u t  n i c k e l  showed s i m i l a r  r e l a t i v e  ha rden ing  e f f e c t s . '  
t e m p e r a t u r e  o f  t hose  t e s t s  was f e l t  t o  p r e c l u d e  t h e  f o r m a t i o n  of l a r g e  amounts of G-phase. We t h u s  Con t inue  
t o  l o o k  f a v o r a b l y  on t h e  i r r a d i a t i o n  o f  n i cke l- doped  f e r r i t i c  s t e e l s  i n  a mixed- spectrum r e a c t o r  t o  s i m u l t a -  
n e o u s l y  produce d isp lacement  damage and t r a n s m u t a t i o n  h e l i u m  as a v i a b l e  method t o  s i m u l a t e  t h e  i r r a d i a t i o n  
e f f e c t s  i n  a f u s i o n  r e a c t o r  f i r s t  w a l l .  

7.2.5 Conc lus ions  

I n  TEM s t u d i e s  by G e l l e s  and Thomas' on 12 Cr-1 MoVW s t e e l  i r r a d i a t e d  i n  

A lso,  t h e  low i r r a d i a t i o n  

Two hea ts  o f  9 Cr-1 MoVNb and t h r e e  h e a t s  of 12 Cr-1 MoVW s t e e l  were t e s t e d  t o  examine t h e  e f f e c t s  of 
ag ing ,  i r r a d i a t i o n ,  and n i c k e l  dop ing  on t h e  impact  behav io r .  Only  m in ima l  e f f e c t s  were observed on any 
m a t e r i a l s  when t h e r m a l l y  aged f o r  t imes  and tempera tu res  s i m i l a r  t o  t h o s e  exper ienced  d u r i n g  t h e  companion 
i r r a d i a t i o n  exper iments .  
The o n l y  r a d i a t i o n  damage t h a t  occu r red  was produced a t  39OoC, t h e  l o w e s t  i r r a d i a t i o n  tempera tu re  i n v e s t i -  
gated,  where l a r g e  upward s h i f t s  i n  t h e  DBTT and drops i n  t h e  USE were observed i n  t h e  12 C r - 1  MoVW and 
12  C r - 1  MoVW-2 N i  s t e e l s .  No 9 Cr-1 MoVNb s t e e l s  were i r r a d i a t e d  a t  390OC. A t  450" and 550°C, i r r a d i a t i o n  
tempera tu res  f o r  t h e  9 Cr-1 MoVNb a l l o y s ,  and a t  500"C, t h e  o t h e r  i r r a d i a t i o n  tempera tu re  f o r  12 Cr-1 MoVW 
a l l o y s ,  v i r t u a l l y  no d e g r a d a t i o n  i n  t h e  impact  p r o p e r t i e s  was observed, w i t h  o r  w i t h o u t  n i c k e l  a d d i t i o n s .  

themselves and t h o s e  e f f e c t s  on t h e  response of t h e  doped a l l o y s  ve rsus  t h e  undoped ones t o  a g i n g  and i r r a -  
d i a t i o n .  The e f f e c t s  t h e  a d d i t i o n  o f  1 t o  Ti, n i c k e l  had on t h e  b a s e l i n e  impact  p r o p e r t i e s  o f  t h e  m a t e r i a l s  
v a r i e d  by a l l o y .  The a d d i t i o n  o f  n i c k e l  t o  t h e  9 Cr-1 MoVNb reduced t h e  DBTT (-50°C) b u t  d i d  n o t  appre-  
c i a b l y  a f f e c t  t h e  USE. 
t h e  USE exper ienced  an a p p r e c i a b l e  drop. 

a g i n g  and i r r a d i a t i o n  were s i m i l a r  t o  t h e  undoped a l l o y s .  
l i m i t e d  e f f e c t  on t h e  impact  p r o p e r t i e s  w i t h  o r  w i t h o u t  n i c k e l  a d d i t i o n s ;  i r r a d i a t i o n s  a t  390°C substan-  
t i a l l y  degraded t h e  impact  p r o p e r t i e s ,  w i t h  o r  w i t h o u t  n i c k e l .  
he re ,  i t  appears t h a t  n i c k e l  a d d i t i o n s  can be used t o  i n v e s t i g a t e  h e l i u m  e f f e c t s  i n  t h e  high-chromium f e r r i -  
t i c s .  They can p r o v i d e  q u a l i t a t i v e l y  s i m i l a r  m a t e r i a l  response t o  i r r a d i a t i o n  exposure o f  undoped a l l o y s .  
By v a r y i n g  t h e  i r r a d i a t i o n  t o  which t h e y  a r e  exposed, t h e y  can be used t o  examine r a d i a t i o n  damage i n  e i t h e r  
t h e  presence o r  absence o f  i n t e r n a l  he l ium.  

The g r e a t e s t  f a c t o r  i n  t h e  i r r a d i a t i o n  exper imen t  was t h e  i r r a d i a t i o n  temperature.  

The e f f e c t s  o f  t h e  n i c k e l  a d d i t i o n s  can be d i v i d e d  i n t o  t h e  e f f e c t  o f  n i c k e l  on t h e  b a s e l i n e  a l l o y s  

I n  t h e  12 Cr-1 MoVNb t h e  e f f e c t  was reversed.  The DBTT was l a r g e l y  una f fec ted  b u t  

However, once t h e  new b a s e l i n e  p r o p e r t i e s  were e s t a b l i s h e d  f o r  t h e  doped a l l o y s ,  t h e i r  response t o  
Aging and h i g h  tempera tu re  i r r a d i a t i o n  had o n l y  

Hence, a t  l e a s t  f o r  t h e  c o n d i t i o n s  examined 

7.2.6 F u t u r e  work 

The a l l o y s  i n v e s t i g a t e d  h e r e  have been i r r a d i a t e d  under  s i m i l a r  c o n d i t i o n s  i n  HFIR where s u b s t a n t i a l  
h e l i u m  p r o d u c t i o n  occu rs  i n  n i c k e l  doped a l l o y s .  
e f f e c t s  of i n t e r n a l  h e l i u m  w i t h  a l l  o t h e r  i r r a d i a t i o n  f a c t o r s  h e l d  n o m i n a l l y  cons tan t .  
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7.3 EFFECTS OF IRRADIATION ON LOW ACTIVATION FERRITIC ALLOYS - D. S. Gelles and M. L. Hamilton (Hanford 
Engineering Development Laboratory) 

7.3.1 ADIP Task 

The Department o f  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 ) .  
task number 1.B.13., Tensile Properties of Austenitic Alloys, l.C.l, Microstructural Stability and 1.C.2., 
Microstructures and Swelling in Austenitic Alloys. 

7.3.2 Objective 

The tasks involved are akin to 

The objective of this work is to provide guidance on the applicability of low activation bainitic and 
martensitic steels for fusion reactor structural components. 

7.3.3 Summary 

A series o f  low activation ferritic alloys has been designed, fabricated, irradiated in MOTA le, and 
tested and examined following irradiation. 
vanadium substituted for molybdenum, alloys similar to 9Cr-1Mo with tungsten and/or vanadium substituted 
for molybdenum and alloys similar to HT-9 with tungsten and/or vanadium substituted for molybdenum. The 
results demonstrate that low activation alloys can be successfully produced in the ferritic alloy class. 
The 2-1/4Cr-V alloys develop excessive irradiation hardening due to precipitation following irradiation at 
420°C and the 2-1/4Cr-V and 9Cr-V/W alloys developed excessive softening due to precipitate coarsening and 
dislocation recovery following irradiation at 585°C. 
excellent properties; a d  precipitation at 420°C in-reactor did not significantly increase strength and 
reasonable strength was maintained after irradiation at 585'C propbably in part due to intermetallic pre- 
cipitate development. 

7.3.4 Progress and Status 

7.3.4.1 A significant advantage can be gained by limiting alloy compositions of fusion 
reactor structural materials in order to control activation levels following irradiation and storage.' 
Within the limitations for reduced activation after storage defined by NRC regulation 10CFR61 class C, low 
activation steels appear possible provided the alloying additions of Nb, Mo, Cu, N and Ni are controlled.'-' 
For example, after irradiation in Starfire to 10 MW-yr/m* and 3 x 10' days (8.2 yrs) storage, the following 
restrictions would apply: Nb<2.9 ppm, MoQO ppm, Cu<O.12%, M<0.33% and Ni<0.91% such that if any of 
these elements reach this concentration limit, none of the other elements should be present.' 

For a low activation ferritic alloy class, such a compositional specification requires that niobium be 
excluded, that substitutes be found for molybdenum and nickel and that nitride and copper precipitation not 
be used for hardening. Manganese 
can be substituted for nickel. 
alloys (similar to 2-1/4Cr-lMo) and martensitic alloys (similar to 9Cr-1Mo and HT-9). 

This report is intended to describe work at Westinghouse Hanford Company to develop bainitic and 
martensitic low activation alloys. 
N. Ghoniem o f  UCLA. 
range and it became apparent that other alloys were possible which might have as good or better properties. 
A number of alloys have since been defined, melted, fabricated, irradiated and examined following 
irradiation. 
(SL) and GA Technologies (GA). The present effort is intended to provide input along with input from the 
ORNL, SL and GA alloys s o  that the potential of the ferritic alloy class can be evaluated with respect to 
the low activation issues. 

7.3.4.2 
similar to commercial heat resistant ferritic alloys, a substitute for molybdenum is the major requirement. 
Molybdenum is universally added to improve hardenability. 
Cr, Mn, Nb, Ta, W, Tc and Re with V, Ta and W appearinq to be the prime prospects. Most is known about 
effects of vanadium. 
at 700"C.6.' 
lines). 
(dashed line) are also.shown: 
a bainitic alloy will contain only V,C3 above 0.5%V whereas for 0.2%C greater than 1%Y is required. 
for chromium contents o f  9% or greater, if vanadium contents are kept at 1% or below, only MZ3C6 is present 
as the stable phase. 

Based on Fig. 7.3.1, several low activation Steels can be envisioned. Bainitic allovs strenuthened bv 
V,C, with carbon levels of 0.1% should be possible for vanadium levels above 0.5%. 
the 9Cr range strengthened entirely by M,,C, should be possible for alloys with vanadium contents below 1% 
with 0.1C. However, in order to get V,C, strengthening as well, higher carbon and/or vanadium contents are 
required. In the 12Cr range, careful alloy design is needed to avoid significant delta ferrite Contents. 
Either carbon must be increased or other austenite formers such as manganese must be added. 

The series consists of alloys similar to 2-1I4Cr-lMo with 

In comparison, the 12Cr-W-V alloy appears to have 

Introduction. 

Possible substitutes for molybdenum are tungsten, vanadium and tantalum. 
Within these restrictions, it appears possible to obtain both bainitic 

Initial alloy design was done during a visit to Hanford by Professor 
He described his interest in a low activation alloy in the 2-1/4Cr-1.5V ComPOSitiOn 

Similar efforts are underway to Oak Ridge National Laboratory (ORNL,j5 Sandia Livermore 

Basis for the Alloy Class. In order to develop low activation ferritic alloys with properties 

Adjacent elements in the periodic table are V, 

For example, Fig. 7.3.1 provides a pseudo-carbide phase diagram for the Fe-Cr-V-C System 

The boundaries defining the limits of delta ferrite formation at 0.1C (solid line) and 0.2C 
From Fig. 7.3.1 it can be shown that for carbon contents on the order of O.!%C, 

Phase fields for V,C,, M,C! and M,3C, are shown for 0.12C (solid lines) and for 0.2C (dashed 

Also, 

Martensitic alloys in 
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F i g .  7.3.1. Carbide phase s t a b i l i t y  i n  the  Fe-Cr-V system 

Based on these observat ions,  t he  se r i es  o f  b a i n i t i c  and m a r t e n s i t i c  a l l o y s  g iven i n  Table 7 .3 .1  were 
de f ined .  
Comparisons between these a l l o y s  should i n d i c a t e  t he  optimum vanadium l e v e l  requ i red .  
s i m i l a r  t o  9Cr-1Mo b u t  add i t i ons  o f  vanadium, tungsten and manganese have been s u b s t i t u t e d  f o r  molybdenum. 
Note t h a t  a l l o y  4 i nc l udes  v i r t u a l l y  no manganese and t h e r e f o r e  based on Fig. 7.3.1, add i t i ons  o f  vanadium must 
be kep t  below 0.5% i n  o rder  t o  e l i m i n a t e  d e l t a  f e r r i t e .  A l l o y  6 increases t he  vanadium l e v e l  w i t h  a 
compensating inc rease i n  t he  carbon l e v e l  and a l l o y  5 examines increased manganese conten t  response. 
A l l o y  7 i s  in tended t o  i n v e s t i g a t e  e f fec ts  of tungsten add i t i ons .  
t h a t  molybdenum has been excluded and carbon l e v e l s  have been reduced. 
carbon l eve l s ,  t h e  manganese content  has been increased s i g n i f i c a n t l y .  
a l l o y  9 con ta ins  more tungsten than vanadium. 

This r e p o r t  documents r e s u l t s  of t e n s i l e  t e s t i n g  and m i c r o s t r u c t u r a l  examinations bo th  before and 
a f t e r  i r r a d i a t i o n  i n  FFTF a t  420, 52OOC and 585'C t o  f luences as h i g h  as 14.5 dpa. 
t h a t  development of a low a c t i v a t i o n  f e r r i t i c  a l l o y  i s  p r a c t i c a l  and poss ib le .  

7.3.4.3 Experimental Procedure. A l l oys  1, 2 and 4 through 9 were manufactured b y  Carpenter Technology 
Corpora t ion  i n  Reading, PA as 18 l b  b i l l e t s .  
mately  5 cm square by 20 cm i n  he igh t  and then h o t  forged f rom 1150°C i n t o  ba r  1.25 cm x 7 cm i n  cross 
sec t i on  by c l  m i n  leng th .  A l l o y  3 was manufactured by 
Foote Minera l  Company i n  Exton, PA as a 68 l b  i ngo t .  The a l l o y  was a i r  melted i n t o  an i n g o t  approximately  
75 cm x 10 cm x 5 cm. A b lock  of t h e  as-melted m a t e r i a l  
approximately  2 cm x 2 cm x 2 cm was provided f o r  t h i s  s tudy  by Professor  N. Ghoniem of t he  U n i v e r s i t y  of 
C a l i f o r n i a  a t  Los Angeles. 

A l l oys  1 t o  3 are s i m i l a r  t o  2-1/4Cr-lMo b u t  vanadium has been s u b s t i t u t e d  f o r  molybdenum. 
A l l oys  4 t o  7 a re  

A l l oys  8 and 9 are s i m i l a r  t o  HT-9 except 
I n  o rde r  t o  compensate f o r  t he  lower 
A l l o y  8 con ta ins  no tungsten whereas 

The work demonstrates 

The a l l o y s  were vacuum i nduc t i on  me l ted  i n t o  i ngo t s  approx i-  

Chemical ana lys is  was prov ided by t h e  vendor. 

The chemical ana lys is  was supp l ied  b y  t h e  vendor. 



Table 7.3.1. Low activation ferritic alloy compositions as  supplied by the vendor with heat 
treatment and commercial alloy counterparts provided for comparison 

Composition (wlo) 
Alloy Heat Heat 

No. NO. Cr C V W Mn Si N P S Treatment 
~ ~ ~ _ _  ~~ - ~ ~ ~ 

1 V02262 2.32 0.086 0.50 <0.01 <0.01 0.08 0.004 <0.005 0.003 
2 V02263 2.38 0.093 1.01 ~0.01 <0.01 0.08 0.003 <0.005 0.002 
3 uc-19 2.46 0.11 1.50 --- 0.30 0.30 0.015 0.007 0.015 

2-1/4Cr-lMo* 2.25 0.09 <0.03 --- 0.45 0.20 ---  <0.015 <0.015 

4 V02264 9.13 0.096 0.52 0.01 0.02 0.09 0.003 <0.005 0.003 
5 V02266 9.02 0.097 0.51 0.01 2.68 0.09 0.003 <0.005 0.003 
6 V02265 9.14 0.197 1.23 0.02 1.08 0.09 0.003 <0.005 0.003 
7 V02268 8.82 0.101 0.27 0.89 2.44 0.10 0.002 <0.005 0.004 

A 
A 

Ti = 0.003 A 
Cu = 0.04 
Ma = 1.0 
Cu ~0.35 

B 

L 

C 

9Cr-lMo* 8.75 0.10 0.2 --- 0.45 0.35 0.05 5.02 50.01 

8 V02267 12.19 0.089 1.05 <0.01 6.47 0.10 0.003 <0.005 0.005 C 
9 V02269 11.81 0.097 0.28 0.89 6.47 0.11 0.003 <0.005 0.005 C 

HT-9* 12 0.20 0.3 0.5 0.6 0.4 ~ <0.03 10.02 Ni = 0.5 
{ N O  = 1.0 

*Nominal Commerci a1 A1 l o v  Corn~oz  i t i o n c .  
A = 9OODC/20 hr/WQ to RT-+ 950 /20  min/WQ to RT + 650/2 hr/AC. 
B = 1000°C/20 hr/AC to R T  + 1100/5 min/AC + R T  + 700/2 hr/AC. 
C = 1000°C/20 hr1AC to RT + 1100110 min1AC +RT + 70012 hr/AC. 

Specimens for examination and irradiation were prepared as follows. 

The sheet direction was normal to the rolling direction. 

Specimens for tensile testing 
were of the SS-3 sheet type geometry, 0.075 cm thick by 2.5 cm in length. 
normal to the rolling direction. Specimens for microstructural examination were 3 mm diameter disks 
0.020 mm in thickness. 
were selected for the 9-12Cr alloys based on a study to minimize the amount of delta ferrite after treatment 
and for the 2-1/4Cr alloys based on a recommendation by Professor Ghoniem which was checked using optical 
metallography. 
delta ferrite after heat treatment optimization. 
properties, no tensile specimens were fabricated from alloy 8. 

of the Fast Flux Test Facility (FFTF) at the beginning of cycle 4. 
containing five disks of each alloy condition were placed in each of the three fusion canisters designed to 
operate at 420, 520 and 600°C. Three tensile sDecimens of each allov excludina allov R were also irradiated 

The sheet direction was oriented 

Heat treatment schedules 

The heat treatments used are included in Table 7.3.1. Alloy 8 was found t o  contain 10 percent 
As this was expected to be detrimental to mechanical 

Specimens of the low activation ferritic alloys were put into the Materials Open Test Assembly (MOTA) 
Three identically loaded disk packets 

~~~ 

in the 420°C canister but due to space limitations at 520 and 6OO0C,-another caniste; (20) was used to 
provide a higher irradiation temperature, 585OC. 

During cycle 4, the canister designed to operate at 600°C experienced a brief 220°C overtemperature 
The other canisters were generally maintained within + 5 O  of their respective design tempera- 

At the completion of cycle 4, one TEM disk packet and one-tensile specimen were removed for each 
transient. 
tures. 
irradiation condition except for the 600°C overtemperature transient case where all packets were removed. 
All specimens remaining in MOTA will be irradiated through cycles 5 and 6. 
been fabricated and are being irradiated in the 600°C fusion canister through cycles 5 and 6. 

actuated modular testing machine with a 1000 pound Schaevitt load cell was used to test both unirradiated 
and irradiated specimens. 
etch. Microstructural examinations were performed on a JEM 1200EX scanning transmission electron microscope 
operating at 120 k V  and outfitted with a Tracor Northern EDX detector and TN5500 computer and with a Gatan 
Electron energy loss spectrometer. 
involved computer analysis of EDX spectra which included analysis for tungsten. 

Also three new packets have 

Postirradiation tests and examinations were performed using standard procedures. A hydraulically 

Metallographic examinations were performed on specimens etched with Vilella's 

Determination of precipitate compositions from extraction replicas 

7.3.4.4. Results 
Optical metallography 

bainitic and martensitic steels, as shown by optical metallography. 
The microstructures of the as-heat-treated low activation ferritic alloys were found to be typical of 

However, differences between the alloys 
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could be found and in one case, alloy 8, the amount of delta ferrite present was excessive. 
examples of the as-heat-treated alloys at 400x. 
of tempered bainite whereas structures typical of tempered martensite are found in alloys 4 through 9. 
Careful examination of alloy 8 across the thickness of the billet had revealed that there was more delta 
ferrite at the edge of the billet than at the center. Therefore, some composition gradient is indicated 
but the exact nature of the gradient has not been determined. 
alloy 8 is estimated to be 
requires more austenite stability. 
content could be increased by 0.75%, or chromium content could be decreased by 0.35%.' 

Tensile properties 

their comnercial alloy counterparts. Exceptions were found for the bainitic alloys and the 12Cr alloy. 
The low vanadium bainitic alloy (alloy 1 )  was considerably stronger than 2-1/4Cr-lMo (by 65%) but the other 
bainitic alloys were weaker having much lower yield strengths, slightly lower ultimate tensile strengths 
and much higher elongations. The 12Cr martensitic alloy had significantly higher strength properties with 
comparable elongation response in comparison with HT-9. This may be due in part to differences in heat 
treatment. The properties for the commercial alloys are taken from Reference 9. 

However, following irradiation at 420°C to between 6 and 10 dpa, the response could be divided into 
two types. The bainitic alloys all showed large increases in strength and decreases in elongation. 
2-1/4Cr-lMo also showed increases in strength and decreases in elongationzo but alloys 1 and 2 were con- 
siderably stronger than 2-1/4Cr-lMo after irradiation at 420'C. 
alloys showed only moderate if any increase in strength. This is quite different from the behavior of 
9Cr-1Mo and HT-9 where significant hardening occurs following irradiation at 400°C.11 However, in all 
cases, elongation values for the low activation alloys remain acceptably high. 

Irradiation at 5 8 5 Y  to between 13.7 and 14.8 dpa resulted in considerable softening in all alloys. 
However, the smallest decrease occurred in alloy 9. In comparison, comnercial alloys show a maximum of 
about 10% decrease in strength following irradiation at ~.585~C." 
properties of the low activation alloys do not appear to be as good as those of their commercial 
counterparts. 

The results given in Table 7.3.2 have been represented graphically in Fig. 7.3.3. 
comparison of yield strength response as a function of irradiation temperature. For the bainitic alloys 
(Fig. 7.3.3a), the yield strength is increased 200 MPa following irradiation at 420OC but followinq irradiation 
at 585OC, strength is greatly reduced. Hardening at 420°C is much smaller in the martensitic alloys 
(Fig. 7.3.3b) and reductions in strength for the 9Cr alloys after irradiation at 585OC are not as large as 
those for the bainitic alloys. However. the strength remains high for the 12Cr alloys after irradiation at 
585'C. Fig. 7.3.3~ demonstrates that elongation is reduced more substantially in the bainitic alloys following 
irradiation at 42OoC but the lower elongation levels are still satisfactory. 

Electron microsopy 

The as-heat-treated structures of the low activation ferritic alloys were charac- 
teristic of bainitic and martensitic steels. However, the bainitic alloys were found to be much more 
heterogeneous than the martensitic alloys with regard to carbide distributions. Also, recovery was more 
complete in the 9Cr martensitic alloys compared to the 12Cr alloys. Examples o f  these structures at low 
magnification are provided in Fig. 7.3.4. Coarse vsCgcarbides s 

can be seen distributed non-uniformly. Of particular note is the cellular V,C? seen in the grain on the 
right hand side in Fig. 7.3.4b. Several examples of regions containinq aliqned rod shaped particles were found 
whereas not all regions contained them. Figs. 7.3.4d-9 show the 9Cr alloy structures. Dislocation 
structures have relaxed to form well defined cell walls and carbide particles are on the order of 130 nm. 
The 12Cr alloys shown in Figs. 7.3.3h-i are similar except that the dislocation structures which had formed 
during the martensitic transformation recovered less during tempering. 

alloys developed perfect dislocation loops, in two cases voids were found, in the bainitic alloys heavy 
precipitation was found and in the 12Cr alloys, evidence for (I' precipitation was observed. 
microstructures found in the bainitic alloys are provided in Fig. 7.3.5. Figures 7.3.5a and b give examples of 
dislocation and precipitate structures in alloy 1. 
110 near (001). The structure is found to contain predominately a<100> dislocation loops but several 
examples of a/2 <11b dislocations can be seen. Also, a number of examples of small rod-shaped 
precipitate particles can be seen which are imaged in dark field contrast in Figure 7.3.5b. 
condition used in Figure 7.3.5b is such that this micrograph could show at most 1/6 of the rod-shaped 
particles. 
tensile tests. The remainder of Figure 7.3.5 gives examples of  precipitate and dislocation structures in alloy 
3. Figures 5c and d compare bright field and precipitate dark field images under similiar conditions to 
those used for Figure 7.3.5b. The S a m  precipitate development is found. PreciDitate ideptification has not 
yet been established; it may be M,C3. Figures 7.3.5s-f provide comparison of the dislocatlon Structure. 
under 110 and 200 imaging conditions near an (001) onentation. 
demonstration that both a<100> and a12 < 1 1 1 >  loops are present. Arrows mark examples of voids found in 

Fig. 7.3.2 provides 
Alloys 1 to 3, in the 2-1/4Cr range show structures typical 

From Fig. 7.3.2h, the delta ferrite content in 
5%. Therefore, it is apparent that the compositional specification for alloy 8 

For example, carbon content could be increased by 0.025%, manganese 

The tensile properties of the as-heat-treated low activation alloys were in most cases comparable to 

In comparison, the 9Cr and 12Cr martensitic 

Therefore, the high temperature 

Figs. 7.3.3a-b provide 

As-heat-treated: 

Fig. 7.3.4a-c show the bainitic alloys. 

420°C irradiated: Effects typical of irradiation at 420°C to 7.7 dpa were found in all alloys. Most 

Examples of 

Figure 7.3.5a shows a region in light strain contrast, 9 

The imasing 

Therefore, these particles should be responsible for the high irradiation hardening observed in 

Comparison of these images provides 
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Fig. 7.3.2. Optical metallography o f  low act ivat ion f e r r i t i c  a l loys .  
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Table 7.3.2. R e s u l t s  o f  t e n s i l e  t e s t s  a t  room temperature f o r  low a c t i v a t i o n  f e r r i t i c  a l l o y s  w i t h  
commercial a l l o y  r e s u l t s  g i v e n  f o r  c o m p a r i s ~ n . ~ ~ ' ~  6 = 4 x lO- ' /sec 

- 
Y i e l d  U l t i m a t e  Un i fo rm T o t a l  

Specimen Dose I r r a d  S t r e n g t h  S t r e n g t h  E l o n g a t i o n  E l o n g a t i o n  
ID (dpa) Temp ( " C )  (MPa) (MPa) ( % I  (%)  A1 1 oy 

x.1 5 2-1 /4Cr-1 MO* --- --- _ _ _  4 8 0  x.575 _ _ _  
2-1 /4Cr-lMO* 12 400 81 5 a30 1.7 4.1 
2- 1 /4Cr-1 MO* 12 550 4 60 530 18.5 21.2 

_ _ _  778 900 5.3 13.9 
-_- 792 902 6.1 13.9 

1 TE 07 _ _ _  _ _ -  08 
01 6.0 420 1248 1279 0.8 8.3 

_ _ _  288 566 16.6 28.5 _ -_  335 544 13.4 24.9 08 
03 9.5 420 1055 1086 1 .o 8.1 
04 13.7 585 146 351 23.9 38.9 

2 TH 07 _ _ _  _ _ _  

3 --- 297 477 12.3 24.4 
01 6.0 420 706 755 1.7 6.1 

T2 08 --- 
04 14.3 585 180 367 16.9 25.7 

9Cr-1Mo _ _ -  _ _ _  _--  
4 TM 07 _ _ _  _ _ _  

08 
01 9.5 420 
04 14.3 583 

5 TP 07 --- _ _ _  
08 _ _ _  - __  

--- _ _ _  

01 7.7 420 
04 13.7 585 

01 9.5 420 
04 13.7 585 

x.10 _ _ _  575 690 

565 666 4.6 16.6 
567 664 4.0 14.9 
660 698 2.2 12.0 
310 460 12.8 22.7 

565 673 5.7 14.8 
600 677 6.5 16.9 
599 670 5.9 15.8 
343 419 17.8 33.5 

553 712 6.4 >10.5 
578 731 6.8 17.6 
622 7 30 5.5 15.9 
367 562 18.3 30.2 

_ _ _  587 716 5.6 15.8 
01 7.7 420 608 714 5.8 15.8 

7 TR 07 --- 

_ _ _  822 1002 2.3 10.1 
01 6.0 420 848 942 6.0 14.7 
04 14.3 585 531 749 9.3 19.4 

9 TU 08 - _-  

*Tested a t  2 0 5 O C .  
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F ig .  7.3.3. Un iax i a l  t e n s i l e  t e s t  r e s u l t s  f o r  l o w  a c t i v a t i o n  f e r r i t i c  a l l o y s  showing y i e l d  s t r eng th  and 
t o t a l  e l onga t i on  response as a f u n c t i o n  of i r r a d i a t i o n  temperature. Tes t ing  was a t  room temperature. 

a l l o y  3 f o l l ow ing  i r r a d i a t i o n  a t  420°C. 
7 nm vo ids  was found throughout  t h i s  m a t e r i a l  bu t  t he  accumulated s w e l l i n g  a f t e r  7.7 dpa a t  42OoC i s  
expected t o  be l ess  than 0.1%. 

The 9Cr and 12Cr a l l o y s  are shown f o l l o w i n g  i r r a d i a t i o n  a t  420°C t o  7.7 dpa i n  F ig .  7.3.6. 
were se lec ted  t o  show d i s l o c a t i o n ,  v o i d  and p r e c i p i t a t e  s t r uc tu re .  
a l l o y  4, t he  loops are  un i fo rmly  d i s t r i b u t e d  b u t  a t  lower d e n s i t y  than i n  t he  b a i n i t i c  a l l o y s .  
p rov ides  an example of t he  d i s l o c a t i o n  s t r u c t u r e  i n  a l l o y  5. A subgrain boundary appears a t  t he  l e f t  and 
bo th  loops and d i s l o c a t i o n  tang les  can be i d e n t i f i e d .  Figs. 7 . 3 . 6 ~  and d are of a l l o y  6. 
l o c a t i o n  loops and tang les  w i t h  a subgrain boundary a t  t h e  lower r i g h t .  
o f  vo ids  found i n  t h i s  cond i t i on .  
was ve ry  low. The d i s l o c a t i o n  s t r u c t u r e  i n  a l l o y  7 i s  shown i n  F ig .  7.3.6e; i t  cons i s t s  of d i s l o c a t i o n  tang les  
and a few i n d i v i d u a l  d i s l o c a t i o n  loops between subgrain boundaries. Therefore, i n  summary t he  9Cr S l l O Y S  
a re  found t o  be a l t e r e d  by i r r a d i a t i o n  a t  420°C p r i m a r i l y  b y  t he  fo rmat ion  o f  d i s l o c a t i o n  s t r u c t u r e ;  ve r y  
l i t t l e  change i n  p r e c i p i t a t e  s t r u c t u r e  cou ld  be i d e n t i f i e d  and o n l y  a l l o y  6 was found t o  con ta i n  voids.  
These observat ions a re  compat ib le w i t h  ve ry  moderate increases i n  s t r eng th  found f o r  these cond i t i ons .  
1 2 C r  a l l o y s  were found t o  have developed l ess  d i s l o c a t i o n  s t r u c t u r e  b u t  more p r e c i p i t a t i o n .  
a few examples o f  smal l  d i s l o c a t i o n  loops i n  a l l o y  8. 
0 '  p r e c i p i t a t e  s t r u c t u r e  i n  t h i s  f i g u r e .  F ig .  69, a l s o  of a l l o y  8, shows another area i n  b e t t e r  c o n t r a s t  
f o r  a '  observat ion.  
t o  another. Th is  observa t ion  was a general one and i t  i s  n o t  y e t  understood what causes the non-un i fo rmi ty ;  
i t  may be an imaging e f f e c t  b u t  i s  more l i k e l y  t o  be due t o  area- to-area v a r i a t i o n s .  
a l l o y  9 behaved s i m i l a r l y  t o  a l l o y  8 except t h a t  no loops were found. 
r e s u l t  of t he  narrow m a r t e n s i t i c  l a t h  s t r u c t u r e  ob ta ined  i n  t h i s  a l l o y .  
i n  t h i s  c o n d i t i o n  suggests t h a t  t he  0 '  which formed i n  t h i s  a l l o y  does n o t  cause s i g n i f i c a n t  hardening, 
a t  l e a s t  f o r  a 420°C i r r a d i a t i o n  temperature. 

520°C i r r a d i a t e d :  
una f fec ted  by i r r a d i a t i o n .  
d i s l o c a t i o n  loops were found. I n  general,  t he  p r e c i p i t a t e  s t r u c t u r e  was s i m i l a r  t o  t he  p r e i r r a d i a t i o n  
s t r uc tu re .  However, composi t ional  ana l ys i s  o f  ex t rac ted  p a r t i c l e s  revea led  t h a t  d i f f e r e n t  phases than 
expected had developed. Examples of t he  m ic ros t ruc tu res  are shown i n  Fig.  7.3.7. They have been se lec ted  t o  
p rov ide  easy comparison w i t h  t he  p r e i r r a d i a t i o n  s t r u c t u r e  shown i n  F ig .  7.3.4. The b a i n i t i c  a l l o y s  are shown 
i n  Figs.  7.3.7a-b. 
r o d  shaped p r e c i p i t a t e  i n  a l l o y  1 shown i n  Fig.  7.3.7a. 
a l l o y  6 can be found i n  t he  cen ter  of F ig .  7.3.7e. Comparison of F igs .  7.3.4 and 7 .3 .7  demonstrate t h a t  t h e  
d i s l o c a t i o n  and subgrain s t r uc tu res  have re laxed and t h a t  p r e c i p i t a t e  coarsening has occurred.  

These examples o f  vo ids  a re  n o t  unusual; a moderate d e n s i t y  of 

The microqrauhs 
F ig .  7.3.6a shows d i s l o c a t i o n  loops i n  

F i g .  7.3.6b 

F ig .  7 . 3 . 6 ~  shows d i s  
F ig.  7.3.6d provides severa1,exarnples 

The vo ids  were non-uni formly d i s t r i b u t e d  and t h e  accumulated s w e l l i n q  

The 

The loop  s t r u c t u r e  should be d i f f e r e n t i a t e d  from the  
Fig.  7.3.6f shows 

It can be noted t h a t  t he  (I' p r e c i p i t a t e  d e n s i t y  va r i es  g r e a t l y  from one subgrain 

As shown i n  Fig.  7.3.6h, 
The l ack  of loops may have been a 

The small  amount of hardening found 

Fo l low ing  i r r a d i a t i o n  a t  520°C t o  14.5 dpa, t he  a l l o y s  were found t o  be r e l a t i v e l y  
No vo id  s w e l l i n g  was observed and o n l y  a few examples o f  i r r a d i a t i o n  induced 

O f  p a r t i c u l a r  no te  i s  the  r e t e n t i o n  o f  V , , C ,  c e l l u l a r  p r e c i p i t a t e  and a few examples of 
A l s o  an examDle o f  d i s l o c a t i o n  1000 develooment i n  

These changes are  



I f e r r i t i c  alloys following heat t rea tment  



F 

136 

t l q .  1 . 3 . 3 .  Mic ros t ruc tu res  of t he  low a c t i v a t i o n  b a i n i t i c  a l l o y s  f o l l ow ing  i r r a d i a t i o n  a t  4200C t o  
7.7 dpa. 
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ld . . .  

Fig .  7.3.6. M i c ros t ruc tu res  o f  t h e  l ow  a c t i v a t i o n  m a r t e n s i t i c  a l l o y s  f o l l o w i n g  i r r a d i a t i o n  a t  42OOC t o  
7.7 dpa. 



Fig. 7.3.7. Microstructures of the low activation f e r r i t i c  a l loys  following irradiation a t  520OC t o  
14.5 dDa. 
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to be demonstrated that the manganese additions have not degraded corrosion resistance. 
apparent that phase instability does occur in alloy 9 following irradiation at 52OoC. 
the concentration of tungsten from 1 to 2 percent can be expected to cause more intermetallic precipitation 
which should degrade properties such as ductility and DBTT response. 
yet to be determined. 

7.3.5 Conclusions 

Finally, it is 
Therefore, increasing 

The extent of that degradation has 

Low activation ferritic alloys are feasible. 
Fe-2-1/4C-V aloys are prone to carbide precipitation during irradiation at 42OoC, which produces 

Fe-2-1/4Cr-V and Fe-9Cr alloys are significantly weakened by irradiation at 585OC due to precipitate 

Fe-12Cr compositions appear to be the most interesting alloy class, showing negligible irradiation 

irradiation hardening. 

coarsening and dislocation recovery. 

hardening at 42OoC, and only moderate decrease in strength at 585OC. 
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7.4 THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY - 
(R. L. Klueh and J. M. Vi tek,  Oak Ridge Nat ional  Laboratory)  

7.4.1 ADIP Tasks 

ADIP Task I.A.5, Perform Fab r i ca t i on  Analysis, and I.C.l, M i c ros t ruc tu ra l  S t a b i l i t y .  

7.4.2 Ob jec t i ves  

Dur ing t h e  opera t ion  of a fus ion reac to r ,  t he  s t r u c t u r a l  m a t e r i a l  o f  t he  f i r s t  w a l l  and b lanke t  s t r u c -  
t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  from a c t i v a t i o n  by t h e  high-energy f us i on  neutrons. 
r a d i o a c t i v e  waste problem w i l l  be i nvo l ved  i n  t h e  d isposal  of t h i s  m a t e r i a l  a f t e r  serv ice.  
mize t h e  d isposa l  problem i s  t he  use of s t r u c t u r a l  m a t e r i a l s  i n  which t h e  induced r a d i o a c t i v i t y  decays 
r a t h e r  q u i c k l y  t o  l e v e l s  t h a t  a l low f o r  s i m p l i f i e d  d isposa l  techniques. 
f e r r i t i c  s t e e l s  t o  meet t h i s  ob jec t i ve .  

A d i f f i c u l t  
One way t o  m in i -  

We are  exp lo r i ng  t h e  development of 

1.4.3 Sumnary 

Tempering s tud ies  were conducted on e i g h t  heats o f  normal ized chromium-tungsten s t e e l  t h a t  conta ined 
v a r i a t i o n s  i n  t h e  composi t ion of chromium, tungsten, vanadium, and tantalum. 
o p t i c a l  meta l lograph ic  observat ions were used t o  determine a l l o y i n g  e f f e c t s  on tempering res i s t ance  between 
650 t o  780'C. The r e s u l t s  were compared t o  r e s u l t s  f o r  analogous chromium-molybdenum s tee ls .  

7.4.4 Progress and Status 

Hardness measurements and 

7.4.4.1 I n t r o d u c t i o n  . 
We have obta ined e i g h t  heats of f e r r i t i c  s t e e l  designed f o r  f as t  i nduced- rad ioac t i v i t y  decay (FIRD)' 

( t he  more r a p i d  t h e  decay of t h e  induced r a d i o a c t i v i t y ,  t h e  more e a s i l y  a re  t h e  reac to r  components disposed 
o f  a f t e r  serv ice) .  
f us i on  reac to r  a p p l i c a t i o n s  - namely, 2 114 C r - 1  Mo, 9 C r - 1  MoVNb. and 12 C r - 1  MoVW s tee ls .  
s t e e l s  do no t  meet t h e  FIRD requirements because o f  t he  presence o f  molybdenum i n  a l l  t h r e e  s tee l s ;  t h e  
niobium i n  t h e  9 C r - 1  MoVNb s tee l  and t h e  n i c k e l  i n  t h e  12 Cr-1 MoVW s tee l  a re  a l s o  above a l lowab le  levels. '  
As a replacement f o r  molybdenum, tungsten was s u g g e ~ t e d ; ~  tan ta lum was suggested as a poss ib l e  replacement 
f o r  niobium. 

Table 7.4.1 l i s t s  t h e  nominal composit ions o f  t he  major elements i n  t h e  Cr-W s tee l s  being studied.' 

These FIRD s tee l s  have been pa t te rned on t h e  Cr-Mo s t e e l s  t h a t  a re  o f  i n t e r e s t  f o r  
These Cr-Mo 

J CI -c I" l a  O.,' L . l l 3  ".Ld I,.",> ".-< 
12 Cr-2WV 11.49 2.12 0.23 0.10 0.46 0.24 

= 0.014 t o  0.016, S = 0.005 t o  0.006, N i  < 0.01, Mo < 
0.01, Nb < 0.01, T i  < 0.01, CO = 0.005 t o  0.008, CU = 0.02 t o  
0.03, A1 = 0.02 t o  0.03, 6 < 0.001. 

b6alance i ron .  
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7.4.4.2 Experimental Procedure 

Inc., Chattanooga, Tennessee. 
i n  these s t e e l s  and are  g iven i n  Table 7.4.1, t h e  concent ra t ions  o f  elements such as Mn, P, S i ,  S, etc.. 
were ad jus ted  t o  l e v e l s  t y p i c a l  of commercial p rac t i ce .  
publ ished.  

about 18 kg of usable mater ia l .  The ESR i n g o t  was ho t  r o l l e d  t o  15.9- and 3.2-mm-thick p lates.  The 15.9-m 
p l a t e  w i l l  be heat  t r e a t e d  and used f o r  making standard Charpy V-notch specimens t o  determine t h e  impact 
behavior  o f  these mater ia ls .  Pieces of t he  3.2-mm p l a t e  were f u r t h e r  r o l l e d  i n t o  0.25- and 0.76-mn sheet 
f o r  t ransmiss ion  e l e c t r o n  microscopy (TEM) and t e n s i l e  specimen f a b r i c a t i o n ,  respec t ive ly .  Several TEM spe- 
cimens frm each heat  were heat  t r e a t e d  and shipped t o  HEDL fo r  i r r a d i a t i o n  i n  t h e  MOTA assembly i n  FFTF. 

5 1  mn by 102 mn by 16 nn was normalized. The 2 1/4 Cr-2W s tee l  was annealed 1 h a t  900'C and a i r  cooled. 
A l l  t h e  o the r  heats were annealed 1 h a t  105OOC and a i r  cooled. The Rockwell hardness o f  each heat  was 
determined a f t e r  t h i s  normal iz ing  t reatment .  
19-mm by 51-mm by 16-mm specimens t h a t  were tempered f o r  2 h a t  d i f f e r e n t  temperatures. Tempering tem- 
pera tu res  were 600, 650, 700, 150, and 780°C. A p iece  of each specimen was sect ioned f o r  hardness de ter-  
mina t ions  and metal lography. 
temperature as i t  was ,tempered f o r  2 h. 

1.4.4.3 Resu l ts  and Oiscussion 

The e i g h t  heats of s t ee l  w i t h  composit ions g iven i n  Table 7.4.1 were prepared by Combustion Engineering, 
I n  a d d i t i o n  t o  C r ,  V, W, C, and Ta. which a re  considered of major  importance 

De ta i l ed  chemical composit ions were p r e v i o u s l y  

A l l  t h e  s t e e l s  were prepared as a i r- mel ted  heats. which were then  e l e c t r o s l a g  remel ted (ESR) t o  o b t a i n  

To determine t h e  temper ing c h a r a c t e r i s t i c s  of these new s tee ls ,  a p iece  o f  each p l a t e  approximately  

The normal ized p l a t e s  were sect ioned i n t o  f i v e  approximately  

Each of t he  shortened specimens was f u r t h e r  tempered 8 h a t  t h e  same 
Hardness measurements were again made. 

The s t e e l s  were examined by o p t i c a l  microscopy a f t e r  normal iz ing  and a f t e r  t h e  2-h temper ing t r e a t -  
ments. M i c ros t ruc tu res  va r i ed  according t o  t h e  chemical composition. The 2 1/4 C r  a l l o y s  demonstrated t h e  
e f fec t  of t h e  tungs ten  on ha rdenab i l i t y .  The 2 114 Cr a l l o y  w i t h  0.25% V (2 1/4 CrV) [Fig. 7.4.l(a)] and 

Fig. 1.4.1. Micro-  
s t r u c t u r e s  o f  normalized- 
and-tempered (a)2 1/4 CrV ,  
(a) 2 1/4 Cr - lWV,  (c l  2 114 
2W, and ( d )  2 1/4 Cr-2WV 
s tee ls .  
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Fig. 7.4.3. Rockwell hardness p l o t t e d  against  tem- 
pe r i ng  temperature f o r  e i g h t  experimental s teels.  Steels 
were normalized (N) and pieces were tempered 2 h a t  600. 
650, 700, 750, and 780OC. 

g 80 - 1  75 

N 600 650 700 750 800 900 
TEMPERATURE (TI 

Also shown i s  t h e  normalized hardness. Several of t h e  heats d isplayed secondary hardening peaks a f t e r  t h e  
i n i t i a l  2-h heat treatment. Other heats may have developed such peaks dur ing  t h e  2-h temper a t  650°C. A l l  
heats show a continuous decrease i n  hardness when tempered above 650°C. 

tungsten and vanadium. Although i t  i s  expected t h a t  vanadium carbide w i l l  p l ay  an important  r o l e  i n  t h e  
s t rengthen ing  o f  these s tee ls ,  t he re  i s  apparent ly  a s y n e r g i s t i c  e f f e c t  of tungsten and vanadium. 
2 1/4 C r V  s tee l  (w i thout  tungsten) i s  c l e a r l y  t h e  sof test .  
bu t  no vanadium) has a h igher  hardness a f t e r  normal iz ing  and a f t e r  tempering a t  650°C. bu t  t h e  hardness 
a f t e r  t em ie r i ng  2 h a t  700OC approaches t h a t  o f  t he  2 114 C r V  s tee l .  
s t e e l  f o r  low tempering temperatures probably r e f l e c t s  t h e  fac t  t h a t  t h i s  s t e e l  i s  e n t i r e l y  ba in i t e ,  whereas 
t h e  o the r  s tee l  contains s i g n i f i c a n t  amounts o f  polygonal f e r r i t e .  

The s t e e l s  w i t h  1 and 2% W and 0.25% V (2 114 Cr-1WV and 2 1/4 Cr-2WV) d i sp lay  i nc reas ing  hardness w i t h  
i nc reas ing  tungsten content. The hardness o f  t h e  2 114 Cr-ZW s tee l  i s  harder than t h e  2 114 Cr-1WV s tee l  as 
normalized and a f t e r  tempering a t  65OOC. A f t e r  tempering a t  h igher  temperatures, t he  s tee l  w i t h  vanadium i s  
harder and remains harder upon f u r t h e r  tempering. 
s i m i l a r  t o  t h e  hardness o f  t h e  2 114 Cr-2W s tee l  desp i te  t h e  fac t  t h a t  i t  i s  no t  e n t i r e l y  ba in i t e .  
2 114 Cr-2WV s tee l  has t he  h ighest  hardness o f  t h e  2 1/4 C r  s tee ls ,  regardless of t h e  tempering cond i t ions .  
Tempering f o r  2 h a t  65OoC gives r i s e  t o  a hardness peak f o r  t h i s  s tee l ,  and f o r  t h e  h ighes t  tempering tem- 
pera ture ,  t h e  hardness of t h i s  s tee l  i s  s i m i l a r  t o  t h a t  o f  t he  high-chromium s t e e l s  (Fig. 7.4.3). 

The 5 Cr-2WV s tee l  i s  i n t e r e s t i n g  i n  t h a t  a f t e r  2 h a t  65OoC, t h e  hardness approached t h e  h ighes t  hard- 
ness achieved f o r  these s t e e l s  - s i m i l a r  t o  t h a t  f o r  t h e  as-normalized 9 Cr-2WVTa s tee l .  The two 9 C r  
s t e e l s  show l i t t l e  d i f fe rence,  both having normalized hardnesses near R, 40. a f t e r  which t h e  hardness 
decreases cont inuous ly  w i t h  tempering temperature. 
t h e  two steels.  

The 12 Cr-2WV s tee l  contained approximately 26% d e l t a - f e r r i t e  (balance martensi te) ,  and fo r  t h a t  reason 
i t  would be expected t o  have a lower hardness than t h e  s t e e l s  made up e n t i r e l y  o f  martensi te.  
case i n  t h e  normalized cond i t i on  and a f t e r  tempering a t  650 and 7OO0C. However, t h e  tempering res is tance o f  
t h e  s tee l  i s  such t h a t  when tempered a t  t h e  h ighes t  temperatures t h e  hardness approaches t h a t  of t h e  5 C r  
and 9 C r  s t e e l s  t h a t  contained no f e r r i t e .  

Because o f  t h e  h igh  h a r d e n a b i l i t y  o f  s tee l  w i t h  9 and 12% Cr,  these s t e e l s  are expected t o  t ransform 
complete ly from aus ten i t e  t o  mar tens i te  when normalized. 
d e n a b i l i t y  makes an e n t i r e l y  m a r t e n s i t i c  o r  b a i n i t i c  s t r u c t u r e  d i f f i c u l t  t o  obta in.  
o f t en  d i f f i c u l t  t o  d i f f e r e n t i a t e  between mar tens i te  and ba in i t e .  

An examination o f  t h e  hardness r e s u l t s  f o r  t h e  2 114 C r  heats g ives an i n d i c a t i o n  of t h e  e f f e c t  of 

The 
On t h e  o ther  hand, t h e  2 1/4 Cr-2W s tee l  (2% W 

The greater  hardness of t h e  2 114 Cr-ZW 

The as-normalized hardness of t h e  2 114 Cr-2WV s tee l  i s  
The 

In no case i s  t he re  a l a r g e  hardness di f ference fo r  

This i s  t h e  

For t h e  low-chromium steels,  t h e  lower har-  
Furthermore, i t  i s  

The hardness of mar tens i te  i n  a l ow- a l l oy  
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As-extruded (1023 K) 

As-extruded + 973 K/1 h/AC 

As-extruded + 1173 K/ 112 h/AC + 973 K/1 h/AC 

s o l i d i f i e d  by the  u l t rason ic  gas atomizat ion technique. Powders f i n e r  than 53 um were co ld  compacted, de- 
gassed by heat ing t o  approximately 700 K under vacuum, and extruded a t  1023 K ( i n  the f e r r i t i c  temperature 
range) a t  an area reduct ion  r a t i o  o f  1 O : l .  

Figure 7.5.1 shows the micros t ruc ture  o f  the a s - s o l i d i f i e d  powders as observed i n  a scanning e lec t ron  
microscope. 
powders a t  1023 K resu l ted i n  a f u l l y  dense mater ia l ,  w i t h  a tempered martensi te s t ruc ture .  

The s t ruc tu re  i s  f u l l y  mar tens i t i c  and the average g ra in  s i z e  i s  4 pm. The ex t rus ion o f  

288 4 

207 4 

239 5 

Fig. 7.5.1. SEM micrograph showing the micros t ruc ture  of r a p i d l y  s o l i d i f i e d  powders of 2-1/4Cr-lMo 
s tee l .  

Mater ia l  Condit ion 

As-extruded (1 023 K) 

Microhardness measurements (Table 7.5.1) i nd i ca ted  a s l i g h t  co ld  working e f fec t  dur ing the high s t r a i n  r a t e  
ex t rus ion  process. 
standard a u s t e n i t i z i n g  heat treatment (1173 K/ 112 h /AC). 

Important ly,  t he  g ra in  s i z e  remained unchanged a f t e r  ex t rus ion as we l l  as a f t e r  a 

F e r r i t i c  Grain Size, um, a f t e r :  

1273 K/1 h 1373 K/ lh 1453 K/ lh 

8 9 13 

Table 7.5.1. Vickers hardness and g ra in  s i z e  o f  t he  extruded and heat t rea ted  RS-PM 2-1/4Cr-lMo s tee l .4  

Vickers Hardness Mater ia l  Condit ion 

The 2-1/4Cr-lMo s tee l  prepared by the RS-PM process was extremely r e s i s t a n t  t o  g ra in  coarsening. As 
The morphological 

S i m i -  
shown i n  Table 7.5.2, t he  g r a i n  s i ze  can be kept below 10 um a f t e r  anneal ing a t  1373 K. 
c h a r a c t e r i s t i c s  o f  the i n h i b i t e d  g ra in  growth i nd i ca te  s t rong p inn ing a t  p r i o r  p a r t i c l e  boundaries. 
l a r  observations have been made i n  o ther  s tee l  grades prepared by the RS-PM process.5 

Table 7.5.2. Grain coarsening of the extruded RS-PM 2-1/4Cr-lMo s tee l  .4 
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Fig.  7.5.4. F rac tu re  surface ( S E N )  o f  HT-9 s tee l  prepared by LDC process and dens i f i ed  by h o t  i s o s t a t i c  
p ress ing  (1040 K, 1 h, 207 MPa) and ho t  r o l l i n g  a t  1040 K t o  50% reduc t i on  i n  th ickness.  

It appears from these t r i a l s  t h a t  a p r a c t i c a l  conso l i da t i on  process i n  t he  f e r r i t i c  temperature range con- 
s i s t s  of h o t  i s o s t a t i c  p ress ing  fo l lowed by 25 percent  h o t  r o l l i n g  (F ig.  7.5.3). When one exceeded 25 per-  
cen t  r educ t i on  of th ickness  d u r i n g  h o t  r o l l i n g ,  de lamina t ion  problems were observed a f t e r  50 percent  reduc- 
t i o n  of area, as shown i n  Fig.  7.5.4; however, t h e  observed delaminat ions were n o t  expected and t h e i r  source 
w i l l  be s tud ied .  

It cons i s t s  of a recovered 
s t r uc tu re ,  w i t h  a low d i s l o c a t i o n  d e n s i t y  and w i t h  carb ides  p r e c i p i t a t e d  on d i s l oca t i ons .  The es t imated  
carb ide  p a r t i c l e  s i z e  i s  10 nm. 
spun r i bbon  a f t e r  a 1 h tempering a t  1033 K (see Fig. 7.5.6),despite t he  f a c t  t h a t  t he  s o l i d i f i c a t i o n  r a t e  
may be several  o rders  of magnitude h i ghe r  a f t e r  m e l t  sp inn ing  as compared t o  t h a t  f o r  t h e  l i q u i d  dynamic 
compaction process. 

The m ic ros t ruc tu re  o f  h o t  r o l l e d  LOC 9Cr-1Mo a l l o y  i s  shown i n  F ig .  7.5.5. 

Th is  m i c ros t ruc tu re  i s  n o t  apprec iab ly  d i f f e r e n t  f rom t h a t  observed i n  m e l t  

F ig .  7.5.5. TEM micrograph showing t he  mic ro-  Fig. 7.5.6. TEM micrograph showing t he  mic ro-  
s t r u c t u r e  o f  9Cr-1Mo LDC s t e e l  h o t  r o l l e d  (50%) a t  
1033 K.* 1 h a t  1033 K.2 

s t r u c t u r e  o f  m e l t  spun f o i l  o f  9Cr-1Mo s t e e l  annealed 

The s t r u c t u r e  o f  t he  9Cr-1Mo s t e e l  was f u l l e d  m a r t e n s i t i c  a f t e r  spray depos i t ion .  On the  o t h e r  hand, 

We 

t h e  HT-9 a l l o y  which was prepared under t he  same cond i t i ons  showed a smal l  f r a c t i o n  o f  t h e  f e r r i t e  phase 
embedded i n  t he  m a r t e n s i t i c  ma t r i x .  Th is  i s  shown i n  F igure  7.5.7. 
approximately  5 - 10 pm and i t s  l a t t i c e  parameter, as determined by e l e c t r o n  d i f f r a c t i o n ,  i s  0.285 nm. 
a t t r i b u t e  t h e  presence of t h e  f e r r i t i c  phase t o  t he  h i qhe r  C r  con ten t  i n  t h e  HT-9 a l l o y .  
shown t o  be very  s t a b l e  and cou ld  n o t  be red isso lved  d u r i n g  a u s t e n i t i z i n g  t rea tments  as h i gh  as 1323 K. 

F igures 7.5.5 and 7.5.6 show an impor tan t  fea tu re  which i s  a consequence of r a p i d  s o l i d i f i c a t i o n ;  
namely, t he  ref inement o f  second phase p a r t i c l e s  down t o  s i zes  o f  0.1 pm and l ess .  
render  these p a r t i c l e s  l e s s  harmful as i n i t i a t i o n  s i t e s  i n  f r a c t u r e  processes. 
depos i ted  m a t e r i a l  was 10 - 15 um and can be reduced somewhat by c a r e f u l  c o n t r o l  o f  t he  depos i t i on  parame- 
te r s ,  i .e.,  d i s t ance  between t he  a tomiza t ion  d i e  and t he  water  cooled subs t ra te ,  t he  l i q u i d  metal superheat, 
t he  gas pressure and t he  th ickness  of t he  deposi ted m a t e r i a l .  

The s i z e  o f  t he  f e r r i t e  phase i s  

The s t r u c t u r e  was 

Such a f i n e  s i z e  may 
The g r a i n  s i z e  o f  t he  as- 
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7.6 POISSON'S RATIO MEASUREMENTS FOR MARTENSITIC STAINLESS STEELS - D. S .  Gel les  
(Westinghouse Hanford Company) 

7.6.1 ADIP Task 

f e r r i t i c  a l l o y s  under t h e  A D I P  Program Task F e r r i t i c  S tee l s  Development (Path E). The t ask  i nvo l ved  i s  
a k i n  t o  l . A . l  De f ine  M a t e r i a l  Proper ty  RequirementsIObtain Proper ty  Data. 

7.6.2 Ob jec t i ves  

eva lua t ion ,  design, sa fe t y  ana l ys i s  and performancetverification s tud ies  of va r i ous  f us i on  eneruy systems. 

7.6.3 Sunmary 

t o  6OO0C a re  repo r ted  f o r  HT-9. 
However, based on comparisons from t h e  l i t e r a t u r e ,  i t  i s  concluded t h a t  such v a r i a t i o n s  a re  comnon and are  
n o t  due t o  o r i e n t a t i o n  ef fects.  
MHFES can be generated. 

7.6.4 Progress and S ta tus  

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

The Department of Energy (DOE) Off ice 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  

The o b j e c t i v e  of t h i s  e f f o r t  is  t o  p rov ide  p r o p e r t y  da ta  on candidate a l l o y s  f o r  use i n  concept 

Poisson's r a t i o  measurements us i ng  an u l t r a s o n i c  technique over  t h e  temperature range room temperature 
As much as a 0.1 v a r i a t i o n  i s  found as a r e s u l t  o f  specimen o r i e n t a t i o n .  

Fu r t he r  measurements w i l l  be needed be fo re  a design equat ion  f o r  t h e  

As a p a r t  of an ongoing e f f o r t  t o  p rov ide  phys i ca l  p r o p e r t y  da ta  f o r  Path E a l l o y s  in tended f o r  
i n c l u s i o n  i n  t h e  M a t e r i a l s  Handbook f o r  Fusion Energy Systems,' measurements were performed on specimens 
of HT-9 i n  o rde r  t o  p rov ide  values f o r  Poisson's R a t i o  ( v )  as a f u n c t i o n  o f  temperature from room tempera- 
t u r e  t o  600°C. Ana lys is  of those r e s u l t s  and f o r  s i m i l a r  s t e e l s  taken f rom t h e  l i t e r a t u r e  has now been 
completed. Based on t h a t  analys is ,  i t  i s  apparent t h a t  a design equat ion  f o r  Poisson's r a t i o  w i th  s u f f i -  
c i e n t l y  smal l  u n c e r t a i n t y  t o  be meaningful cannot be made. Therefore, r a t h e r  than  d e f i n e  a des ign  equat ion  
f o r  Poisson's r a t i o  f o r  HT-9, t h e  da ta  base w i l l  be presented i n  t h i s  r e p o r t  i n  o rde r  t o  p rov ide  t h e  
a v a i l a b l e  guidance t o  t h e  f u s i o n  r e a c t o r  design community. 

7.6.4.2 Exper imental  Procedure 

No pub l i shed r e s u l t s  f o r  Poisson's r a t i o  f o r  HT-9 were ava i l ab le .  Therefore, L. R .  Bunnel l  of 
B a t t e l l e  Pac i f i c  Northwest Laborator ies,  Richland, Washington was con t rac ted  t o  make measurements. 
specimens, bo th  0.3175 cm i n  d iameter  x 3.5 cm i n  length,  were taken from t h e  same ba r  o f  HT-9 heat  91354 
and were g iven  t h e  same heat  t reatment ,  1038"C/O.5 hours lcw coo led  + 760°C/2.5 h o u r s f a i r  cooled. One 
specimen was of l o n g i t u d i n a l  o r i e n t a t i o n  and t h e  second was t r ansve rse  o r i e n t a t i o n .  
spotwelded t o  t h e  end o f  a 0.159 i n  d iameter  wave guide, t h e  o t h e r  end of which was i n s e r t e d  i n t o  a h i g h  
frequency t ransducer  d r i v e n  b y  a s u i t a b l e  pusher. Th i s  wave guide was a spec ia l  one which works t o  gene- 
r a t e  bo th  ex tens iona l  and t o r s i o n a l  waves. The e l a s t i c  waves were p a r t i a l l y  r e f l e c t e d  a t  t h e  weld j o i n t  
and f u l l y  r e f l e c t e d  a t  t h e  sample end, so t h a t  t h e  rece i ved  s i gna l  was a se r i es  o f  waves caused b y  repeated 
r e f l e c t i o n s  i n  t h e  sample. Th i s  s i gna l  was d i sp layed  on an osc i l loscope,  a long w i t h  t h e  ou tpu t  from a 
time-mark generator .  A Po la ro i d  camera was used t o  photograph b o t h  t races,  and t h e  d i s t ance  between suc- 
cess ive  base l i ne  i n t e r s e c t i o n s  was measured w i t h  a c a l i p e r .  
pa r i son  w i t h  t h e  d i s t ance  f o r  t h e  10 microsecond time-mark generator  pulses. T r a n s i t  t i m e  was c a l c u l a t e d  
as f o l l ows :  

Two 

The specimens were 

The corresponding t ime  was c a l c u l a t e d  b y  com- 

10 microseconds T r a n s i t  t ime, seconds = Measured d is tance,  inches x Uistance between peaks, inches 

and 

2 x sample length,  inches 
= T r a n s i t  time, seconds 

By i n s e r t i n g  t h e  wave guide and sample i n t o  a furnace, i t  was poss ib l e  t o  measure t h e  v e l o c i t i e s  as a 
func t ion  of temperature. The furnace was argon purged t o  r e t a r d  sample ox ida t i on .  Temperatures were 
measured us ing  a c a l i b r a t e d  Type S thermocouples. Consider ing a l l  measurement e r ro r s ,  t h e  v e l o c i t i e s  were 
be l i eved  t o  be known t o  +3% and temperatures t o  - t 5 Y .  Poisson's r a t i o  was c a l c u l a t e d  f rom v e l o c i t y  
values, accord ing  t o  t h e r e l a t i o n s h i p ,  

where VE = ex tens iona l  wave v e l o c i t y  

VT = t o r s i o n a l  wave v e l o c i t y  
v; v =7 - 1 
2"T 
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As a r e s u l t  o f  concern r e g a r d i n g  i n t e r p r e t a t i o n  o f  t h e  L. R .  Bunne l l  data, ass is tance  was requested 
and ob ta ined  f r o m  H. M. Ledbe t te r  of t h e  N a t i o n a l  Bureau o f  Standards, Boulder ,  Co. He p rov ided  a room 
temperature measurement of an HT-9 b lock  specimen 1.4 cm x 1.4 cm x 1.7 cm which had been c u t  f rom t h e  
same b a r  of h e a t  91354 and had been g i v e n  t h e  same hea t  t rea tment .  
n ique  a t  sequences between 5 and 12 MHz was used. 

An u l t r a s o n i c  p u l s e  echo o v e r l a p  t e c h -  
The e r r o r  was es t imated  t o  be one percen t  o r  l e s s .  

7.6.4.3 Results 
The r e s u l t s  o f  Po isson 's  r a t i o  measurements on HT-9 r o d  specimens as a f u n c t i o n  of temperature a re  

g i v e n  i n  Table 7.6.1. 
c o n s i s t a n t l y  lower  va lues.  
n o t  r e v e a l  t h e  source of e r r o r .  

0.283. T h i s  r e s u l t  a long  w i t h  modulus measurements, i s  g i v e n  i n  Table 7.6.2. 

Values range between 0.25 and 0.41 w i t h  t h e  specimen o f  l o n q i t u d i n a l  o r i e n t a t i o n  g i v i n g  
The u n u s u a l l y  h i g h  v a l u e  of 0.407 c o u l d  p o s s i b l y  be  i n c o r r e c t  b u t  a check d l d  

The r e s u l t  of Po isson 's  r a t i o  measurements on t h e  HT-9 b l o c k  specimen was i n t e r m e d i a t e  i n  value, 

Table 7.6.1. Resu l t s  of Po isson 's  R a t i o  Measurements on HT-9 r o d  specimens, 
hea t  91354 per formed b y  L. R. Runnel1 

Sample HT-9 # L o n g i t u d i n a l  

Temperature O C  25" 300" 400' 500" 600" 
Ex tens iona l  V e l o c i t y ,  i n /sec  212,000 zo5.000 198,000 193,000 185,000 
T o r s i o n a l  V e l o c i t y ,  i n /sec  134,000 128,000 124,000 121,000 116,000 
P o i s s o n ' s  Ra t io ,  no u n i t s  ,252 ,283 .275 .272 .272 

Sample HT-9 #2 Transverse 

Temoerature. "C 25"  300" 400' 500" 600" 
Ex tens iona l  ' V e l o c i t y ,  i n /sec  212,000 705,flOO ?03,0oo 196,000 188,000 
T o r s i o n a l  V e l o c i t y ,  i n / s e c  129,000 125,000 121,000 119,000 114,000 
Po isson 's  R a t i o ,  no u n i t s  ,350 .345 .407 .356 .360 

Table 7.6.2. The r e s u l t  of Po isson 's  R a t i o  Measurements on an HT-9 b lock  specimen, 
hea t  91354 a t  room temperature performed b y  NUS 

Mass d e n s i t y :  P (q/Cm3) 7.779 

Young's Modulus: E (GPa) 2.182 

Bulk  Modulus: B (GPa) 1.672 

Shear Modulus: G (GPa) 0.851 

Po isson 's  r a t i o :  v 0.783 

7.6.4.4 D iscuss ion  

The l i t e r a t u r e  c o n t a i n s  severa l  measurements o f  Po isson 's  r a t i o  i n  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  which 
a re  more d i v e r g e n t  t h a n  those  r e p o r t e d  i n  Tables 7 .6 .1  and 7.6.2. 
r e s u l t s  i n  o r d e r  t o  emphasize t h e  wide range o f  va lues  which has been r e p o r t e d .  

s t e e l s . ' - 5  
t h a t  Po isson 's  r a t i o  measurements on m a r t e n s i t i c  s t e e l  v a r y  f r o m  approx imate ly  0.15 t o  0.40 and t h a t  t h e  
extreme va lues  were ob ta ined  b y  t h e  same exper imenter  u s i n g  t h e  same techn ique  on d i f f e r e n t  s t e e l s .  
D i f f e r e n t  batches of t h e  same s t e e l ,  9Cr-lMo, measured b y  d i f f e r e n t  techniques gave Po isson 's  r a t i o  va lues 
which v a r i e d  b y  as much as 0.10. 
va lues  which v a r i e d  b y  as much as 0.10. S i m i l a r  v a r i a t i o n s  were r e p o r t e d  f o r  pure  i r o n  a l though  t h e  v a r i -  
a t i o n s  o n l y  covered t h e  range 0.23 t o  0.42.' 
f rom t h e  same b a r  s tock  and hav ing  d i f f e r e n t  o r i e n t a t i o n s  may n o t  be  unusual.  

a r e s u l t  o f  specimen an iso t ropy .  
g raph ic  t e x t u r e  developed d u r i n g  b a r  f a b r i c a t i o n .  However, i f  a t e x t u r e  were produced, t h e  h e a t  t rea tment  
process, which i n v o l v e s  n u c l e a t i o n  and growth b o t h  o f  a u s t e n t i c  and f e r r i t e ,  can be expected t o  d e s t r o y  
such t e x t u r e .  
t h a t ,  a long  t h e  r o d  a x i s ,  t h e  shear-wave v e l o c i t y  i s  p o l a r i z a t i o n - d i r e c t i o n  independent. 
o f  t h e  m i c r o s t r u c t u r e  i s  v e r y  f i n e  and appears i s o t o p i c .  
v a r i a t i o n s  i n  r e s u l t s  f o r  t h e  HT-9 r o d  specimens were n o t  due t o  an iso t rophy .  More l i k e l y ,  t h e y  a r i s e  
from d i f f i c u l t i e s  i n  measuring shear wave v e l o c i t i e s .  
and u l t r a s o n i c  wave r e f l e c t i o n s  from sur faces  c o u l d  w e l l  have a f f e c t e d  shear wave measurements. 

?he purpose o f  t h i s  s e c t i o n  i s  t o  compare these  

F i g u r e  7.6.1 p resen ts  r e s u l t s  o f  measurements o f  P o i s s o n ' s  r a t i o  f o r  a number of m a r t e n s i t i c  s t a i n l e s s  
The compos i t i ons  f o r  t h e  v a r i o u s  s t e e l s  a r e  g i v e n  i n  Table 7.6.3.  From F i q u r e  7.6.1 i t  can be shown 

Also, two i d e n t i c a l  specimens of 9Cr-1Mo as measured b y  Garofalo, gave 

Therefore, v a r i a t i o n s  hetween two specimens of HT-9 taken  

However, i t  i s  n o t  y e t  c l e a r  t h a t  d i f f e r e n c e s  between HT-9 r o d  specimens o f  d i f f e r e n t  o r i e n t a t i o n s  a r e  
The major  e f f e c t  of o r i e n t a t i o n  can be expected t o  be due t o  c r y s t a l l o -  

Some c o n f i r m a t i o n  of t h i s  e x p e c t a t i o n  i s  p r o v i d e d  b y  t h e  NRS r e s u l t  where i t  was found 

Therefore,  i t  i s  a n t i c i p a t e d  t h a t  t h e  l a r q e  

The r o d  specimens were o n l y  0.3175 cm i n  d iamete r  

Also, t h e  s c a l e  
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Fig. 7 . 6 . 1 .  Poisson's ratio measurements for martinsitic stainless steels. 

Table 7.6.3. Compositions of the alloys for which 
Poisson's ratio mpasurements are available 

Composition (W/o) 
Cr C Mo Mn s1 V N P S Ni Reference - _ _  - - - ---  ~- A 1  lay 

A I S I  422*  12.0 0.25 1.0 n.fio 0.60 0.30 0.n3 2 

A I S I  410 12.08 0.08 0.03 0.47 0.22 - 0.011 0.016 0.14 3 
9Cr-1Mo 9.57 0.10 1.10 0.44 0.43 - n.ma 0.019 0.07 3 
9Cr-IMo* 9.0 < 0 . 1 5  1.0 <0.45 <l.O <0.03 <0.03 4 

A I S I  403 12.0 <0.15 <0.5 5 

HT-9/91354 17.2 0.20 1.0 n.4 0.2 0.4 0.004 n.no8 0.003 0.5 

- . 

. 

*nominal comuosition 

It i s  apparent that a need exists for further measurements of Poisson's ratio in martensitic 
stainless steels before a satisfactory design equation can he developed. 
itself to a university project. 

Such an effort may well lend 

7.6.5 Conclusions 

Poisson's ratio measurements are reported for HT-9 and comparison is made with similar martensitic 
stainless steels. The scatter in the reported data is sufficiently laroe hoth for HT-9 and for 
martensitic stainless steels s o  that a design equation for the MHFES cannot he prepared at this time with 
sufficiently small uncertainty limits to be meaninqful. 
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7.7 EFFECTS OF I R R A D I A T I O N  ON THE FRACTURE TOUGHNESS OF HT-9 - F. H. Huang (Westinghouse Hanford Company) 

7.7.1 A D I P  Task 

The Department o f  E n e r g y l O f f i c e  o f  Fus ion Energy (DOE/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  A D I P  program t a s k  F e r r i t i c  S t e e l s  Development (Pa th  E). 

7.7.2 o b j e c t i v e  

o f  HT-9 i r r a d i a t e d  t o  f l u e n c e s  of 2.7 x 1022 n/cm2 and 5 .5  x l o z2  n/cm2. 
f r a c t u r e  behav io r  o f  f u s i o n  f i r s t  w a l l  f e r r i t i c  m a t e r i a l s .  

The o b j e c t i v e  o f  t h i s  work i s  t o  e v a l u a t e  t h e  e f f e c t s  of neu t ron  i r r a d i a t i o n  on t h e  f r a c t u r e  toughness 
The goal  i s  t o  c h a r a c t e r i z e  t h e  

7.7.3 Summary 

Compact t e n s i o n  specimens of HT-9 i r r a d i a t e d  a t  390, 450 and 50OoC were t e s t e d  a t  90, 205 and 450°C. 
Test r e s u l t s  showed t h a t  bo th  t e s t  and i r r a d i a t i o n  temperatures have i n s i g n i f i c a n t  e f f e c t s  on t h e  f r a c t u r e  
toughness o f  HT-9. 
temperature. 
u n i r r a d i a t e d  HT-9 remained unchanged a f t e r  i r r a d i a t i o n  t o  a f l uence  o f  5.5 x 

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

However, t h e  t e a r i n g  modulus inc reases  s u b s t a n t i a l l y  w i t h  i n c r e a s i n g  i r r a d i a t i o n  
I n  a d d i t i o n ,  t h e  toughness o f  HT-9 a t  205OC where a toughness t r o u  h was observed f o r  

n/cm2. 

Some o f  t h e  f r a c t u r e  toughness specimens f r o m  t h e  AD-2 exper iment  i r r a d i a t e d  a t  390OC were t e s t e d  a t  
205'C and r e s u l t s  r e p o r t e d !  
e l e v a t e d  temperatures.  
(E > 0.1 MeV). T h e i r  g r a i n  s i z e s  were v a r i e d  b y  a u s t e n i t i z i n g  and temper ing t rea tments .  

r e a c t o r s  because o f  low s w e l l i n g ,  accep tab le  c o r r o s i o n  r e s i s t a n c e  and h i g h  thermal  s t r e s s  r e s i s t a n c e .  
However, i t  i s  known t h a t  t h e  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) of HT-9 may be inc reased  b y  
i r r a d i a t i o n ,  temper e m b r i t t l e m e n t  and thermal  ag ing  w i t h  t h e  p o s s i b i l i t y  t h a t  t h e  DBTT inc reases  t o  be as 
h i g h  as  t h e  r e a c t o r  o p e r a t i n g  temperature.  
e f f e c t  o f  i r r a d i a t i o n  on t h e  f r a c t u r e  behav io r  o f  t h e  m a t e r i a l .  

As sma l l  specimens o f  HT-9 e x h i b i t s  some p l a s t i c  deformat ion p r i o r  t o  f r a c t u r e ,  l i n e a r  e l a s t i c  f r a c -  
t u r e  mechanics which assumes t h a t  t h e  m a t e r i a l  behav io r  i s  l i n e a r  e l a s t i c  i s  n o t  a p p l i c a b l e  f o r  measuring 
t h e  f r a c t u r e  toughness o f  t h e  m a t e r i a l .  
w i t h  t h e  d u c t i l e  f r a c t u r e  w i t h  e x t e n s i v e  y i e l d i n g .  
approach. 

7.7.5 Progress and S ta tus  

7.7.5.1 Exper imenta l  Procedure 

I n  t h i s  r e p o r t  specimens i r r a d i a t e d  a t  v a r i o u s  temperatures were t e s t e d  a t  
Specimens were i r r a d i a t e d  t o  f luences of 2.7 x l o z 2  n/cm2 and 5.5 x l o z 2  n/cm2 

HT-9 has been s e l e t e d  as a cand ida te  m a t e r i a l  f o r  component a p p l i c a t i o n s  i n  b o t h  f u s i o n  and breeder  

F r a c t u r e  toughness t e s t  were t h u s  per formed t o  i n v e s t i g a t e  t h e  

E l a s t i c - p l a s t i c  f r a c t u r e  mechanics has been developed t o  dea l  
R e s u l t s  were t h e r e f o r e  analyzed u s i n g  t h e  J - i n t e g r a l  

The c o n f i g u r a t i o n  o f  t h e  2.54 mm t h i c k  c i r c u l a r  compact t e n s i o n  specimens and t h e  t e s t  procedures f o r  

S ince t h e  specimen i s  small ,  ASTM Standard E813 w a s  adopted t o  measure t h e  f r a c t u r e  toughness o f  t h e  

i n - c e l l  f r a c t u r e  toughness u s i n g  e l e c t r o p o t e n t i a l  techniques were g i v e n  i n  Reference 2. 
specimens have two d i f f e r e n t  g r a i n  s i z e s :  

i r r a d i a t e d  m a t e r i a l .  The specimen was f i r s t  p rec racked  u s i n g  t h e  e l e c t r o p o t e n t i a l  techn iques  t o  m o n i t o r  
t h e  p rec rack  l e n g t h .  The f i n a l  c rack  ex tens ions  measured f r o m  t h e  hea t  t i n t e d  f r a c t u r e  su r faces  of t h e  
specimens and t h e  cor respond ing  e l e c t r o p o t e n t i a l  o u t p u t s  were used t o  e s t a b l i s h  an e m p i r i c a l  c a l i b r a t i o n  
curve.  Continuous c rack  ex tens ions  were c a l c u l a t e d  f r o m  t h i s  c a l i b r a t i o n  cu rve .  

7.7.5.2 R e s u l t s  and D iscuss ion  

The i r r a d i a t e d  
ASTM 8-9 and ASTM 3-4. 

J-Aa curves were ob ta ined  from t h e  v a l u e  o f  J c a l c u l a t e d  f r o m  l o a d  versus d isp lacement  r e c o r d s  and 
con t inuous  c rack  ex tens ions .  
t o  determine t h e  v a l u e  o f  J lc,  c r i t i c a l  f r a c t u r e  toughness. 
t e a r i n g  modules ( T ) ,  t e s t  and i r r a d i a t i o n  c o n d i t i o n s  a r e  a l s o  l i s t e d .  

i n  F igures  7.7.1 and 7.7.2. 
f r a c t u r e  behav io r  o f  t h e  m a t e r i a l  under t h e  i r r a d i a t i o n  c o n d i t i o n s .  
s u b j e c t e d  n o t  o n l y  n e u t r o n  f l u x  b u t  a l s o  thermal  aging. 
f l uence  on t h e  f r a c t u r e  behav io r  a r e  shown i n  F i g u r e s  7.7.3 t o  7.7.6. 
from specimens of two d i f f e r e n t  g r a i n  s i z e s  a r e  p l o t t e d .  
s i z e  of 8-9 i s  somewhat h i g h e r  t h a n  t h a t  w i t h  an ASTM g r a i n  s i z e  of 3-4, a l though  t h i s  i s  c o n t r a r y  t o  what 
was observed f o r  t h e  t e a r i n g  modulus. 

s t r u c t u r e  which can be a l t e r e d  b y  t h e  hea t  t rea tment  used, c e r t a i n  t e s t i n g  o r  s e r v i c e  c o n d i t i o n s .  
temper ing and subsequent se rv ices ,  v a r i o u s  p r e c i p i t a t e s  a r e  formed i n  HT-9. 
s t a b i l i z e  t h e  d i s l o c a t i o n  s t r u c t u r e  w i t h  t h e  r e s u l t  of i n c r e a s i n g  t h e  s t r e n g t h .  

The i n i t i a l  p o r t i o n  o f  J-Aa c u r v e  was f i t t e d  t o  t h e  b l u n t i n g  l i n e  (J=ZofAa) 
R e s u l t s  a r e  g i v e n  i n  Table 1 where t h e  

The t e s t  temperature dependence o f  f r a c t u r e  p r o p e r t i e s  of HT-9 i r r a d i a t e d  a t  390 and 5 0 O O C  i s  shown 

Dur ing  i r r a d i a t i o n  t h e  m a t e r i a l  was 
As can be seen f r o m  these  f i g u r e s ,  t e s t  temperature has l i t t l e  e f f e c t  on t h e  

The e f f e c t s  o f  i r r a d i a t i o n  temperature and 
I n  these  f i g u r e s ,  r e s u l t s  o b t a i n e d  

It i s  c l e a r  t h a t  t h e  toughness w i t h  ASTM g r a i n  

The mechanical p r o p e r t i e s  of t h e  chromium-molydenum s e r i e s  of s t e e l s  a r e  c o n t r o l l e d  by t h e  m i c r o-  
Dur ing  

However, t h e  i n c r e a s e  i n  
They can p i n  d i s l o c a t i o n s  and 
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Table 7.7.1. F rac tu re  toughness t e s t  r e s u l t s  o f  i r r a d i a t e d  HT-9 

I r r a d i a t i o n  Test Fluence Tear ing Grain Size 
Temp. ( " C )  Temp. ( " C )  (1022 n/cmZ) $;/m2) Modulus (ASTM) 

390 90 5.5 56.5 61 8-9 
390 450 5.5 65.2 a i  8-9 
500 90 5 .5  71.7 110 8-9 
500 206 5.5 71.5 110 8-9 
390 205 2.7 K6.9 61 8-9 
450 205 2.7 60.6 113 8-9 
500 205 2.3 54.8 142 3- 4  

s t r eng th  due t o  p r e c i p i t a t i o n  may reduce t h e  d u c t i l i t y  and toughness o f  t he  ma te r i a l .  
of thermal aoino. r a d i a t i o n  damaae and i r r a d i a t i o n  induced o r e c i o i t a t e s  on t h e  s t r eno th  and touahness a re  

The combined e f f e c t s  

complicated,"mu;k remains t o  be explored. 
I n  qeneral,  t h e  f r a c t u r e  touqhness o f  HT-9 i s  n o t  s i q n i f i c a n t l y  deqraded a f t e r  i r r a d i a t i o n .  A t  205°C. 

t e s t  r e s i l t s  showed t h a t  t h e  value o f  J l c  somewhat i nc rea ied  as t h e  f l uence  was increased from zero t o  
5.5 x l o z 2  n/cm2. 
h igher  doses can n o t  be pred ic ted  based on t h e  lower f l uence  data.  
worked Ty e 316 s t a i n l e s s  s t e e l 3  i s  degraded b y  a f a c t o r  o f  two a f t e r  i r r a d i a t i o n  t o  a f l uence  of 11 x 

However, l i t t l e  i s  known beyond t h i s  l e v e l  o f  f luence.  The f r a c t u r e  toughness a t  
As t he  f r a c t u r e  touahness of 20% c o l d  

l o z 2  nlcm Y , t h e  h i gh  dose touqhness o f  HT-9 might  be s i g n i f i c a n t l y  reduced too.  

7.7.6 Conclusions 

The f r a c t u r e  toughness o f  HT-9 i r r a d i a t e d  t o  a f l uence  o f  5.5 x I O z 2  n/cm2 i s  r e l a t i v e l y  indepen- 

I r r a d i a t i o n  temperature has a weak e f f e c t  on t h e  f r a c t u r e  toughness b u t  a s t rong  
dent  of t e s t  temperature. 
t o  5.5 x 1022 nIcm2. 
e f fec t  on t h e  t e a r i n g  modulus. 

A t  205°C. t he  toughness increases s l i g h t l y  as t h e  f luence increases from zero 
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7.8 MICROSTRUCTURAL EXAMINATION OF SEVERAL COMMERCIAL ALLOYS NEUTRON IRRADIATED TO 100 DPA - D. S. Gelles 
(Westinghouse Hanford Company) 

7.8.1 ADIP Task 

Task 1 .C.2, Microstructures and Swelling in Austenitic Alloys, task 1 .C.1 Microstructural Stability 
and related tasks based on the need of the Department of EnergyIOffice of Fusion Energy (DOE/OFE) to 
investigate ferritic alloys undo the ADIP program task Ferritic Steels Development (Path E). 

7.8.2 Objective 

The objective of this effort is to provide guidance on the applicability of austenitic and martensitic 
stainless steels for fusion reactor structural materials. 

7.8.3 Sunmary 

Microstructural examination of ferritic and austenitic commercial alloys neutron irradiated to 
1100 dpa confirms that ferritic alloys are very low swelling but precipitate development can be very 
complex. Austenitic alloys can be very high swelling but no clearly defined microstructural differences 
could be found between two alloys of similar composition but very different swelling response or between 
alloys of very different composition but with similar swelling. 
the onset of swelling. 

7.8.4 Progress and Status 

7.8.4.1 Introduction 

series of commercial alloys which had been irradiated with fast neutrons at temperatures from 400 to 650OC 
to fluences as high as 2.53 x 1O2’n/cm2 ( E > 0.1 MeV) or %125 dpa.’ 
included and the very high fluences obtained, these specimens offered a unique opportunity for further 
effort. The present report describes microstructural and precipitate composition analysis for several 
specimens selected from that experiment. The specimen matrix selected for examination consisted of two 
parts: 1) a series of three austenitic stainless steels chosen because they represented a wide range of 
swelling response with small variations in composition (AISI 330 versus Incoloy 800) and a wide range in 
composition with small variation in swelling (AISI 330 versus Incoloy 600), and 2 )  a series of ferritic/ 
martensitic steels which had been previously examined at two lower fluences.’+’ 
scope of this effort, only two irradiation temperature conditions were examined for each of the austenitic 
steels in order to provide insight into the swelling process and a maximum of two irradiation temperature 
conditions (in the swelling regime) were examined for each of the ferritic alloys in order to assess the 
effect of fluence on swelling. Precipitate extraction replicas of the ferritic alloys were also analyzed 
t o  provide information on phase stability and microchemical behavior. 

7.8.4.2 Experimental Procedures 

The specimen matrix chosen 
for examination is given in Table 7.8.1. 
specimens using a slow speed saw equipped with diamond impregnated blades. The disks were given a light 
electropolish and then ferritic alloy specimens were etched and a carbon extraction replica was taken from 
the etched specimen surface. 
was performed either on a lOOCX JEOL STEM electron microscope operating at 100 keV or on a 1200EX JEOL STEM 
electron microscope operating at 120 keV. All procedures have been previously described.‘ 

7.8.4.3 

Differences are ascribed to differences in 

In a previous semiannual progress report, results were reported for density change measurements on a 

Because of the wide range of alloys 

In order to limit the 

Details of the irradiation experiment have been documented previously.’ 
Specimen disks 0.3 mn thick were sliced from the 3.0 mm diameter rod 

The disks were then prepared for transmission electron microscopy. Microscopy 

The description OT resuits wiii oe suDaiviaea inro rnree sections: transmission microscopy of ferritic 
alloys, microchemical analysis of ferritic alloys and transmission microscopy of austenitic alloys. 

Ferritic alloy microstructures 

2.1 x 10” nlcm’. Five of the six alloys contained cavities, the exception being alloy H11, and only EM12 
exhibited significant swelling. 
of only 0.6 percent.l) Also, precipitate structures had stabilized in comparison with lower fluence 
examinations. In other words, precipitate structures had changed only as a result of coarsening; no new 
phases appeared to be present. 

Examples of the microstructures of the comnercial ferritic alloys at low magnification are provided in 
Figure 7.8.1. Figure 7.8.la shows H11 after. irradiation at 425OC to 99 dDa. 
be identified but no cavities were found. Figure 7.8.lb shows EM12 following irradiation at 425OC to 99 dpa. 

The ferritic alloys were found to remain swelling resistant to neutron radiation at fluences up to 

(The EM12 specimens had developed swelling as measured by density change 

Several Prec iD i ta te -morpho loq ies  can 



Fig. 7.8.1. Low magn i f i ca t i on  examples of m i c ros t ruc tu re  i n  i r r a d i a t e d  commercial f e r r i t i c  a l l o y s .  
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Fig.  7.8.2. Examples 
d is locat ion and p rec ip i t a te  

o f  microstructures 
structure.  

i n  i r r a d i a t e d  f e r r i t i c  a l loys  a t  high magnification showinq 
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precipitate development in ferritic alloys is very complex. 
separation are found but changes in irradiation temperature can promote very different precipitate phases. 

Austenitic a1 loy microstructures 

swell, that Incoloy 800 swells more than the other two alloys because voids have grown larger and that AIS1 
330 and Incoloy 600 behave quite similarly despite large differences in composition. 
structures for each of these alloys followinq irradiation at 425OC to 103 dpa and at 54OoC to 116 dpa are 
given in Figure 7.8.3. 
are at twice the magnification of the higher temperature conditions. 
have grown largest and several examples of void coalescence can be seen. (Void coalescence tends to create 
voids with unusual elongated shapes.) Also, the largest voids tend to be associated with large precipitate 
particles. 

of dislocation and g a m a  prime precipitate structures in an Incoloy 800 specimen irradiated at 425OC to 103 
dpa. 
where voids were once present. 
loops and the precipitate structure includes blocky g a m a  prime particles and a fine dispersion of MC car- 
bide particles. 
irradiated at 540OC to 116 dpa. 
irradiated at 425OC but the g a m a  prime precipitates are much larger. 
expected to be Ni3Si whereas in Incoloy 600 and 800 it would include Ni3(Al,Ti). 
dislocation and precipitate structures in a specimen of Incoloy 600 irradiated at 425OC. 
structure contains more loops but the scale is similar. 

7.8.5 Discussion 

7.8.5.1 Swellinq in Ferritics 

the five alloys examined. However, only EM12 showed significant swelling and even then it only amounted to 
0.6 X .  
changes caused by swelling in fast neutron environments. 

7.8.5.2 Precipitate Formation in Ferritics 

ferritic alloys. 
tion. 

Carbides, intermetallic phases and phase 

Microstructural examinations of Incoloy 800, AISI 330 and Incoloy 600 demonstrate that all three alloys 

Examples of the void 

It should be noted that the microqraphs of the lower irradiation temperature condition 
The void structures in Incoloy 800 

These microstructures are shown at higher magnification in Figure 7.8.4. Figures 7.8.4a-b give examples 

In those micrographs, the specimen is much thinner than the mean void diameter so that holes exist 

Figures 7.8.4~-d show dislocation and precipitate structures ,in a specimen of AISI 300 

Figures 7.8.4e-f show 

The dislocation structure consists of a fine tangle of dislocations and 

The scale of the dislocation structure is simllar to that in Incoloy 800 
The g a m a  prime in AISI 330 is 

The dislocation 

The present results further demonstrate that ferritic alloys do swell. Voids were found in four of 

Therefore, this work confirms that comnercial ferritic alloys remain highly resistant to dimensional 

The present results confirm that precipitate development can be quite complex in irradiated comercial 
A number of phases form including carbides, intermetallics and products of phase separa- 

Furthermore. the densitv of these Dhases can be auite hiah so as to affect dislocation mobility and 
misfit effects can-promote disiocation inieractions. 

- 
As a function of irradiation temperature not only is the distribution of precipitate particles altered 

but the number of phases can change. 
irradiation temperatures due to the number distribution and complexity of the phases formed. 
tion is more severe than for equivalent specimens which were not irradiated. 

7.8.5.3 Swelling in Austenitics 

which showed Incoloy 800 to be high swelling whereas AISI 330 and Incoloy 600 developed similar but lower 
levels of swelling. For example, all alloys 
contained g a m a  prime and all large voids appeared coupled to precipitate particles. Yet two alloys with 
very similar compositions developed very different levels of swelling and two alloys with very different 
compositions developed very similar levels of swelling. 
nation put forward by Garner that swelling in austenitic alloys can be expected to show the same peak 
steady-state swelling rate and that material difference are solely as a result of differences in the time 
to reach steady state swelling.' 
silicon but the cause for similar behavior in Incoloy 600 is not yet understood. 

7.8.6 Conclusions 

Microstructural examinations have been performed on a series of commercial ferritic and austenitic 
alloys following irradiation in a fast reactor to doses on the order of 100 dpa. 

1 )  four of the five ferritic alloys developed cavities due to irradiation, but only in the case of 
EM-12 was the swelling significant and in that case, swelling was less than one percent. 

2) ,precipitate development had occurred in all alloys examined. 
variety of phases was found including intermetallic phases such as Laves, chi and sigma, carbide phases 
such as M2,C6, M C, and M,C and products of phase separation, a'. 
identified i n  all alloys. 

The consequence-is that properties are generally degraded for low 
The degrada- 

Microstructural comparisons between Incoloy 800, AISI 330 and Incoloy 600 confirm density measurements 

These similarities and differences are perhaps surprising. 

These observations are compatible with the expla- 

The delay in the onset of swelling for AISI 330 can be attributed to 

It is found that: 

In the ferritic alloys, a wide 

In austenitic alloys, g a m a  prime was 



Fig.  7.8.3. 
i a t i o n  a t  425 and 5 4 0 O C  t o  h i g h  dose. 

Swe l l i ng  i n  a u s t e n i t i c  commercial a l l o y s  I n c o l o y  800, A I S 1  330 and I n c o l o y  600 f o l l o w i n g  
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Fig. 7.8.4. Comparison of d i s l o c a t i o n  and p r e c i p i t a t e  s t r u c t u r e s  i n  commercial a u s t e n i t i c  a l l o y s  fo l lowing  
i r r a d i a t i o n .  



169 

3) Comparisons between austenitic alloys confirmed that large differences in swelling could occur as a 
result of small differences i n  composition whereas large differences in composition could produce only 
small differences in swelling. No straightforward microstructural explanations were found except that 
differences could be traced t o  differences in the onset of steady state swelling. 
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8.1 RESPONSE OF SELECTED H I G H  STRENGTH H I G H  CONDUCTIVITY COPPER ALLOYS TO SIMULATED FUSION 
I R R A D I A T I O N  AND TEMPERATURE CONDITIONS - J .  A .  Sp i t znaqe l  
of P i t t s b u r g h ) ,  and J .  W .  Davis (McDonnell Douglas Company) 

(Westinghouse R&D Center  and U n i v e r s i t y  

8.1.1 A D I P  Task 

A D I P  Tasks a r e  n o t  d e f i n e d  f o r  copper a l l o y s  i n  t h e  1978 program p l a n .  The tasks i n v o l v e d  a r e  s i m i l a r  
t o  Task Number 1.C.2, M i c r o s t r u c t u r e s  and S w e l l i n q  i n  A u s t e n i t i c  A l l o y s  and Task Number 1.C.1, M ic ro-  
s t r u c t u r a l  S t a b i l i t y .  

8.1.2 O b j e c t i v e  

c o n d u c t i v i t y  copper a l l o y s  and t o  p r o v i d e  guidance f o r  a l l o y  development f o r  f u s i o n  r e a c t o r  s t r u c t u r a l  
components. 

8 .1.3 

The o b j e c t i v e  o f  t h i s  work i s  t o  scope t h e  i r r a d i a t i o n  response o f  t h r e e  c lasses  o f  h i g h  s t r e n g t h ,  h i g h  

M i c r o s t r u c t u r a l  changes a r e  r e p o r t e d  f o r  a s o l i d  s o l u t i o n  c o l d  work s t reng thened  a l l o y  (AMZIRC), a 
p r e c i p i t a t i o n  s t reng thened  a l l o y  ( B e r y l l i u m  Copper) and a d i s p e r s i o n  hardened a l l o y  (A i - 60)  a f t e r  dual i o n  
i r r a d i a t i o n  a t  f l uences  t o  1.5 doa a t  450°C and 5OOOC. The Amzirc and A1-60 a l l o y s  a r e  f rom t h e  same heats 
be ing  examined by LANL i n  a E B R - I 1  n e u t r o n  i r r a d i a t i o n  program. Vo id  s w e l l i n g  a t  a l€w1 C f % 1 - 5 %  p e r  dpa i s  
observed i n  s e l e c t e d  areas o f  t h e  Amzirc a l l o y  t h a t  have exper ienced t e x t u r e  dependent recovery  by d i s l o c a -  
t i o n  a n n i h i l a t i o n  and rearrangement. 
observed i n  t h e  I N E S C O  s u p p l i e d  b e r y l l i u m  copper a l l o y .  
m i s f i t  s t r a i n s  a t  t h e  i n t e r f a c e s  between t h e  A1203 p a r t i c l e s  and t h e  Cu m a t r i x  a re  r e t a i n e d .  These r e s u l t s  
a re  used t o  ex tend  a proposed t e s t  m a t r i x  and t o  suggest  ( o r e l i m i n a r y )  a l l o y  m o d i f i c a t i o n s  f o r  f u t u r e  
neu t ron  i r r a d i a t i o n  exper iments.  

8.1.4 Progress and S ta tus  

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

Coarsening o f  t h e  G.P. zones and a c c e l e r a t e d  p r e c i p i t a t e  growth a re  
The mechan ica l l y  a l l o y e d  A1-60 i s  s t a b l e  and t h e  

The E l e c t r i c  Power Research I n s t i t u t e  of Pa lo  A l t o ,  CA has funded a program e n t i t l e d  E v a l u a t i o n  o f  
I r r a d i a t e d  Metal Samples f o r  Use i n  Fusion Components under c o n t r a c t  RP-1597-1 w i t h  McDonnell Douglas 
A s t r o n a u t i c s  Company. 
t h a t  program under  C o n t r a c t  Y4E034R e n t i t l e d  R a d i a t i o n  Response o f  Copper. 
e f f o r t  has been completed. 
community i n  t i m e l y  fashion,  a b r i e f  summary c o v e r i n g  t h e  h i g h l i g h t s  i s  b e i n g  i n c l u d e d  i n  t h e  A l l o y  
Development f o r  I r r a d i a t i o n  Performance Progress Repor t .  

Westinghouse R&D Center  and t h e  U n i v e r s i t y  o f  P i t t s b u r g h  have been p a r t i c i p a n t s  i n  

I n  o r d e r  t o  d issemina te  t h e  r e s u l t s  o f  t h i s  work t o  t h e  f u s i o n  m a t e r i a l s  
The f i r s t  phase o f  t h e  p lanned 

Copper i s  o f  i n t e r e s t  t o  f u s i o n  f o r  a number o f  reasons. The two l e a d i n g  a p p l i c a t i o n s ,  however, a r e  as 
h i g h  hea t  f l u x  components and as f i r s t  w a l l s  i n  h i g h  w a l l  l o a d i n g  devices.  
r e q u i r e  m a t e r i a l s  t h a t  have h i g h  thermal  c o n d u c t i v i t y .  I n  t h i s  s tudy,  dual i o n  i r r a d i a t i o n  techniques a re  
be ing  used t o  s i m u l a t e  t h e  combined e f f e c t s  o f  temperature,  atomic d isp lacements and he l ium p r o d u c t i o n  i n  
t h e  f u s i o n  envi ronment .  The emphasis i s  on scoping t h e  genera l  r a d i a t i o n  response o f  t h r e e  types  of 
copper  a l l o y s :  a s o l i d  s o l u t i o n  and mechan ica l l y  worked a l l o y  (Cu-0.15 w t %  Z r ) ,  a p r e c i p i t a t i o n  s t reng thened  
a l l o y  (Cu-0.4 w t %  Be-1.9 w t %  N i ) ,  and a d i s p e r s i o n  s t renq thened  a l l o y  (Cu-0.6 w t %  A1 as A1203 o a r t i c l e s ) .  

8.1.4.2 Exper imenta l  Procedures 

m a t e r i a l s  community source o f  each m a t e r i a l  used i n  these  exper iments.  

Both o f  these a p p l i c a t i o n s  

Table 8.1.1 summarizes t h e  Copper Development A s s o c i a t i o n  des igna t ion ,  commercial s u p p l i e r ,  and f u s i o n  

Table 8.1.1 A l l o y  Des iqna t ion  and Source 
~ ~~ 

Commercial Trade Source o f  
A l l o y  CDA No. S u p p l i e r  Name M a t e r i a l  
- ~- 

Cu-0.15 w t %  Z r  C15DOO Amax Amz i r c  LANL 
Copoer I n c .  

Cu-0.4 wt% Be 
-1.9 w t ? ?  Ni 

C17510 Brushwellman Brush Be-Cu INESCO Heat  
A l l o y  3 No. 23764 

Cu-0.6 w t %  A1 (A1203) C15760 G l idden  Meta ls  G l idcop  LANL 
Grade A1-60 
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U n i r r a d i a t e d  samples o f  Amzirc and A1-60 a l l o y s  were o b t a i n e d  f rom D r .  Frank C l i n a r d  3 f  Los Alamos 
N a t i o n a l  Labora to ry .  These s p e c i f i c  hea ts  have been i n c l u d e d  i n  an E B R - I 1  neu t ron  i r r a d i a t i o n  s t u d y  as 
p a r t  o f  t h e  LANL Magnet ic  Fus ion  Enerqy Program. 
Stevenson o f  I N E S C O  and had been s t u d i e d  as p a r t  o f  t h e  m a t e r i a i s  a c t i v i t i e s  f o r  compact r e a c t o r  
development.  

Chemical a n a l y s i s  o f  each hea t  as s u o o l i e d  by t h e  commercial vendors and check a n a l y s i s  by Westinqhouse 
a n d l o r  Los Alamos N a t i o n a l  L a b o r a t o r y  i s  g i v e n  i n  Tab le  8.1.2 Check chemis t ry  measurements e n t a i l e d  
neu t ron  a c t i v a t i o n  a n a l y s i s  a t  LANL ( c o o r d i n a t e d  by Or. Ronald J .  L i v a k  o f  LANL) and d i s p e r s i v e  energy X-ray 
techn iques  a t  Westinghouse. Bo th  Westinghouse and LANL measurements show a s m a l l e r  than  nominal aluminum 
c o n c e n t r a t i o n  i n  t h e  A i - 60  a l l o y .  The oxygen c o n c e n t r a t i o n s  f o r  t h e  Amzirc and b e r y l l i u m- c o p p e r  a l l o y s  as 
determined by n e u t r o n  a c t i v a t i o n  a n a l y s i s  a t  LANL a r e  c o n s i d e r a b l y  h i g h e r  than  t h e  nominal l e v e l s  ( 3  ppm - 
10 ppm) u s u a l l y  quoted f o r  OFHC copper m e l t i n g  o r a c t i c e .  
encountered i n  e l e c t r o l y t i c  r e f i n i n g  (,ZOO ppm) and a r e  b e i n g  checked aga in  by t h e  commercial s u p p l i e r s .  

The b e r y l l i u m- c o p p e r  a l l o y  was s u p p l i e d  by O r .  R .  Dan ie l  

They are,  however, l ower  than  t h e  l e v e l s  

Tab le  8.1.2 Chemical A n a l y s i s  o f  Copper A l l o y s  as S u p p l i e d  by t h e  Vendors ( i n  opm by w e i g h t  un less  
o t h e r w i s e  no ted)  

Element Amzi r c  B e r y l  1 ium Copper A1-60 

2 r  
Fe 
S 
Ag 
Ni  
Sb 
AS 
sc 
Te 
Pb 
Sn 
B i  
Mn 
P 
0 
Cr 
A1 
Be 

N i  
co 
S i  
Zn 

Mg 

0.15/0.25* 
22/10* 
12/25* 
12/20* 

5 
5 
3 
2 
1 
5 

1 /40* 
1 

0.5 
12* 
loo* 

4* 
20* 
<l* 

4* 
<4* 
_. _ _  
.. 

* 
w t %  <10 

100/60* 
1 o* 
20* 
._ 

c40* 
_. 
.. 

< l o *  
30/10* 
50/10* 
._ 
.. 

5* 
160* 

50/10* 
100/20* 

0.40/0.36* w t %  

1.90/1.86* w t %  
40* 

1 oo / i  o* 
100/10* 
100/40* 

* 
< l o  
60* 
15* 
20* 
.. 

<40* 
.. _ _  

< l o *  
< l o *  

30* 
4* 

< 4* 
6* 

0.49% 
10* 

<I* 
< l *  

0.60/0.45* w t %  

10* 
< l o *  
< l o *  
<40* 

*Check a n a l y s i s  by Westinghouse o r  Lo8 Alamos N a t i o n a l  Labora to ry  

Tab le  8.1.3 Heat Treatments and Produc t  Form P r i o r  t o  I r r a d i a t i o n  

A l l o y  Heat  Treatment  P r o d u c t  Form 
. . . ___ 
Amzi r c  S o l u t i o n  t r e a t e d  90O0C-1/2h/quenched Sheet 

+ c o l d  r o l l e d  90% (0.022" t h i c k )  
+ aged 425°C- lh 

B e r y l l i u m  - S o l u t i o n  t r e a t e d  954"C- l /2h/water  Sheet 
Copper quenched (0.019 ' '  t h i c k )  

+ c o l d  r o l l e d  37% 
+ aqed 482"C-3h i n  f o r m i n q  gas 

Powder m i x t u r e  p l a c e d  i n  OFHC copper  3 /8"  d iamete r  r o d  
t u b e  and h o t  e x t r u d e d  t o  3/8" w i t h  0.012'' t h i c k  
d i  ame t e  r OFHC copper  o u t e r  

shea th  

A1 -60 
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Heat t reatments and produc t  form p r i o r  t o  i r r a d i a t i o n  a re  summarized i n  Table 8.1.3.  High s t r eng th  
and h igh  c o n d u c t i v i t y  i n  the  zirconium-copper a l l o y s  a re  achieved by f i r s t  p l a c i n g  t he  z i rconium i n  
s o l u t i o n .  A combination of a h igh  degree of c o l d  work and t e x t u r e  hardening r e s u l t s  i n  nominal room 
temperature y i e l d  s t reng ths  %50-60 k s i .  
e l e c t r i c a l  and thermal c o n d u c t i v i t y  i s  achieved by an aging t rea tment  t h a t  p r e c i p i t a t e s  CugZr phase as very 
f i n e  p a r t i c l e s  on the  d i s1oca t i ons . l  
y i e l d  s t r eng th  a t  a p iven l e v e l  o f  c o l d  work and r e t e n t i o n  o f  the  room temperature s t r enq th  a t  temperatures 
up t o  %450"C. 
Upon Copper Standard f o r  OFHC Cu) a t  room temperature t o  2.30% I A C S  a t  500°C f o r  the  a l l o y  g iven the  heat  
t rea tment  s p e c i f i e d  i n  Table 8 .1 .3  

Bery l l ium-copper i s  a c l a s s i c  p r e c i p i t a t i o n  h a r d e n i w  system and simple b i na ry  a l l o y s  have been 
s tud ied  ex tens i ve l y ,  
t o  1.0.08 w t %  Be a t  500'C) and may a l so  r e t a r d  d iscont inuous ( c e l l u l a r )  p r e c i o i t a t i o n  o f  the  ordered CuBe 
phase a t  g r a i n  b ~ u n d a r i e s . ~  
p l a c i n g  the  Be and N i  i n  s o l i d  s o l u t i o n ;  c o l d  working t o  harden t he  a l l o y ,  f o n  t o  f i n a l  n e t  ShaDe and 
acce le ra te  aging k i n e t i c s ;  and aging t o  oroduce G.P. zones (Cuinier-Preston) and an ordered bcc Cu-Be phase 
(u') w i t h  t he  CsC1-type s t r u c t u r e .  
t r i c a l  c o n d u c t i v i t i e s  of -48% I A C S  have been measured by I N E S C O  f o r  t he  cond i t i ons  u iven i n  Table 8.1.3. 
E longat ion  can be q u i t e  low f o r  these a l l o y s  (e.g. 5.9% a t  150°C as measuredfor t h i s  hea t )  and 
g r a i n  boundary e f f e c t s  under i r r a d i a t i o n  a r e  l i k e l y  t o  be very impor tan t .  

The manufacturing process f o r  t he  d ispers ion  hardened A1-60 a l l o y  i nvo l ves  m e l t i n g  a d i l u t e  s o l i d  
s o l u t i o n  a l l o y  of aluminum i n  copper and atomiz ing t he  m e l t  i n t o  powder by a h igh  pressure gas such as 
n i t rogen.  
a l l  the  aluminum i n  the  a l l o y .  
f i n e  A1203 p a r t i c l e s  embedded i n  a h igh  p u r i t y  copper m a t r i x .  
a f t e r  complete o x i d a t i o n  of t he  aluminum i s  removed by heat ing  t he  powder i n  d i ssoc ia ted  ammonia 
atmosphere. 
High s t r eng th  and e l e c t r i c a l  c o n d u c t i v i t y  a re  imparted by u isoers ion hardening r e s u l t i n g  from the  hard 
Ai203 p a r t i c l e s  and h igh  p u r i t y  Cu m a t r i x  r espec t i ve l y .  
e l e c t r i c a l  c o n d u c t i v i t y  f o r  t he  A1-60 a l l o y  i n  the  cond i t i on  i n d i c a t e d  i n  Table 8.1.3 a re  65 k s i  and 78% 
I A C S ,  r e s p e c t i v e l y .  

Specimen P repa ra t i Ln~  

Slow speed abrasive c u t t i n g  w i t h  a ho l low c y l i n d r i c a l  brass c u t t i n g  t o o l  i n  a s l u r r y  con ta i n i ng  diamond 
abrasive oroduced f l a t  d iscs  w i t h  minimal d i s t o r t i o n .  A diamond w i r e  saw was used t o  wafer  0.5 mm t h i c k ,  
0.95  cm diameter s l i c e s  from the  A1-60 a l l o y .  A seven stage l app ing  and p o l i s h i n g  process developed by 
the  Westinghouse R&D Center Op t i ca l  Shop f o r  l a s e r  m i r r o r s  was used t o  reduce the  d iscs t o  0 . 3  mm th ickness .  
One o f  the 0.95 cm diameter faces was g iven  a f i n a l  p o l i s h  us inq  L inde B powder i n  a s o l u t i o n  o f  4 pa r t s  
d i s t i l l e d  water t o  1 p a r t  hydrogen peroxide (30% s o l u t i o n )  t o  produce an o x i d a t i o n  r e s i s t a n t  sur face  w i t h  
a maximum 200 nm t h i c k  deb r i s  l a y e r .  
c o n t r o l  specimens s i nce  on l y  a c e n t r a l  3 mm diameter area was i r r a d i a t e d  by t he  co i yp inq inp  i o n  beams. 

r es i dua l  gas ana l ys i s  and k i n e t i c  theory  t h a t  the  vacuum ambient i n  the  acce le ra to r  system T o r r )  
corresponds t o  t he  impingement o f  a monolayer o f  oxygen ( p r i n c i p a l l y  as H20 molecules) every 1.70 sec. 
was no t  known whether these impinging water  molecules would r e a c t  w i t h  t he  copper a l l o y s  from r e c o i l  
ass i s t ed  and/or thermal d i f f u s i o n  processes a t  i r r a d i a t i o n  temperatures up t o  500°C. Consequently a 
s i g n i f i c a n t  p a r t  o f  t h i s  Phase 1 study has been d i r e c t e d  toward answering t h i s  quest ion.  
were used t o  address t he  i ssue .  F i r s t ,  d u p l i c a t e  specimens o f  each a l l o y  were prepared f o r  i r r a d i a t i o n  and 
one s e t  was processed us inq  procedures f o r  p u t t i n g  oxygen d i f f u s i o n  b a r r i e r s  on contacts f o r  semiconductor 
devices.  The cond i t i ons  used t o  s p u t t e r  depos i t  tungsten o r  coat  t he  copper d iscs  w i t h  s i l i c o n  n i t r i d e  
by means o f  a low temperature chemical vapor depos i t i on  process a re  g iven i n  Table 8.1.4.  
i r r a d i a t e d  m ic ros t ruc tu res  from coated and uncoated specimens prov ided one measure o f  the  e f f e c t  o f  the  
vacuum ambient. A second p a r a l l e l  approach was a l s o  taken; namely, d i r e c t  measurement o f  changes i n  
oxygen conten t  by secondary i o n  mass spectrometry (SIMS). 

S t a b i l i z a t i o n  o f  the  c o l d  worked s t r u c t u r e  and an inc rease i n  

The aging process a l so  r e s u l t s  i n  a modest (1.15%) inc rease i n  the  

The nominal values o f  e l e c t r i c a l  c o n d u c t i v i t y  range from %go% I A C S  ( I n t e r n a t i o n a l l y  Agreed- 

The a d d i t i o n  o f  n i c k e l  f u r t h e r  decreases t he  s o l u b i l i t y  o f  Be i n  Cu (from - . l . O  w t %  Be 

The combination o f  h igh  s t r eng th  and h igh  c o n d u c t i v i t y  i s  achieved by: 

Room temperature y i e l d  s t r eng ths  on the  o rder  of 118 k s i  and e lec-  

The r e s u l t i n g  powder i s  blended w i t h  an ox idan t  (ma in ly  Cu20) i n  an amount s u f f i c i e n t  t o  o x i d i z e  
The m ix tu re  i s  heated t o  %87O"C f o r  1 hour t o  convert  t he  aluminum i n t o  

Any excess oxygen remain ing i n  t he  powder 

Rod stock i s  produced by canning the  powder i n  copper t ub ing  and h o t  e x t r u d i n g  t o  f i n a l  s i z e .  

Nominal room temperature y i e l d  s t r eng th  and 

Specimens were preoared from the  Amzirc and bery l l i um- copper  sheets by c o r i n g  0.95 cm diameter  d iscs .  

The 0.95 cm diameter d iscs  served both as i r r a d i a t i o n  and thermal 

Oxygen i s  purpor ted  t o  p l ay  a s i g n i f i c a n t  r o l e  i n  the  s w e l l i n g  o f  OFHC copper. I t  can be shown from 

I t  

Two approaches 

Comparison o f  

Table 8.1.4 Depos i t ion  Condi t ions f o r  Oxygen D i f f u s i o n  B a r r i e r  Coatings 
- __. .__ 

Thickness 
Coat ing Method Condi t i  o m  Thickness Measurement 

Tungsten AC Spu t t e r i ng  100 &Min 2500 
Subs t ra te  Temperature 

*d300"C 

S i l i c o n  C V D  Flow Rates: 3000 8, 
N i t r i d e  N 2  - 73 sccm 

NH2 - 9 7  sccm 

I n f i c o n  ( Q u a r t z  O s c i l l a t o r )  

Color  Chart Comparison 
( S i l i c o n  C rys ta l  Mon i t o r )  
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Tab le  8 . 1 . 4  ( c o n t i n u e d )  
- - 

ThiTkness 
C o a t i  nq Method C o n d i t i o n s  Th ickness Measurement 

_. _ _  - _- 
SiHq - 5 sccm 
Frequency 12 kHZ 
Power 5 w a t t s  
Time 20 min. 
S u b s t r a t e  Temperature 

e15O"C 

U n i r r a d i a t e d  ( c o n t r o l ) ,  and i r r a d i a t e d  ( b o t h  coa ted  and uncoated)  specimens were s u b m i t t e d  t o  Char les  Evans 
and Assoc ia tes  o f  San Mateo, CA f o r  SI!% a n a l y s i s .  

A second i s s u e  addressed i n  t h i s  Phase 1 s t u d y  was t e p o s s i b l e  b a c k - d i f f u s i o n  o f  t h e  d e u o s i t e d  heavy 
i o n  used t o  c r e a t e  a ton i ic  d i so lacement  damape (22 MPV A l thounh  r a q e - e n e r g y  : a l c u l a t i o n s  ( m o d i f i e d  
E-DE?-1 code) show t h a t  t i e  hcavy ;on cc!i:rs t o  r e s t  ..2 urn downrange from t h e  r e g i o n  
t h e  rms the rma l  d i f f u s i o n  d i s t a n c e  a i  500" f o r  t h e  h i g h l y  s o l u b l e  i o n  i s  o n l y  fi.500 si f o r  t h e  t i m e-  

A o r i o r i .  Thus, S I M S  a n a l y s i s  was a l s o  used t o  p r o f i l e  t h e  heavy i o n  d i s t r i b u t i o n  a f t e r  i r r a d i a t i o n .  
a d d i t i o n ,  d u p l i c a t e  specimens were o repared  as p r e t h i n n e d  TEM d i s c s ,  s i m i l a r  t o  those  used i n  HVEM 
i r r a d i a t i o n  s t u d i e s .  TEM 
comparisons o f  f u l l  t h i c k n e s s  and p r e - t h i n n e d  specimens i r r a d i a t e d  under comparable c o n d i t i o n s  p r o v i d e d  a 
second means o f  e v a l u a t i n g  p o s s i b l e  d e o o s i t e d  i o n  e f f e c t s .  
t o  be d i scussed .  

f o b s e r v a t i o n ,  and 

tempera tu re  c o n d i t i o n s  o f  t h e  bombardment, 6 r a d i a t i o n  " enhanced s o l u t e  s e g r e g a t i o n  c o u l d  n o t  be r u l e d  o u t  
I n  

The heavy i o n  beam was a l l o w e d  t o  pass c o m p l e t e l y  t h r o u g h  t h e s e  samples. 

Table  8.1.5 summarizes t h e  i r r a d i a t i o n  c o n d i t i o n  

Tab le  8 .1 .5  D u a l - I o n  I r r a d i a t i o n  C o n d i t i o n s  

__.__ - .- ._ . - - _ _  
Run 

APPM He D u r a t i o n  
M a t e r i a l  C o n d i t i o n  Temperature DPA @ Xm @ 3.5 um ( h r s )  __ .- -. 

B e r y l l i u m  Copper A s- p o l i s h e d  500°C 25 21 6 7.25 h 

B e r y l  1 i urn Copper Tungsten 500°C 27 186 7.25 h 

B e r y l l i u m  Copper As p o l i s h e d  425°C 28 190 7.25 h 

Amzi r c  S i l i c o n  N i t r i d e  500°C 22 200 7.25 h 

Am2 i r c  As p o l i s h e d  425°C 24 21 9 7.25 h 

A I- 60  As p o l i s h e d  500°C 25 194 7.25 h 

A1-60 As p o l  i s h e d  425°C 25 200 7.25 h 

B a r r i e r  Layer  

B a r r i e r  Layer  

Nominal dpa r a t e  c.1 X dpa/s o v e r  h e l i u m  i m p l a n t e d  r e q i o n  

Temperature v a r i a t i o n  52°C 

The copper  a l l o y s  were i r r a d i a t e d  a t  t h e  High Energy I o n  Beam S tud ies  F a c i l i t y  a t  t h e  U n i v e r s i t y  o f  
P i t t s b u r g h .  The e x p e r i m e n t a l  c o n d i t i o n s  were s i m i l a r  t o  t h o s e  employed i n  p r e v i o u s  s t u d i e s  on f e r r o u s  
a l l o y s  i n  t h e  DOE-OFE Magnet ic  Fus ion  Energy Program.6 
s i m u l t a n e o u s l y  t h r o u g h  t h e  use o f  two a c c e l e r a t o r s .  The h e l i u m  beam ( z  2 meV) passes t h r o u g h  an energy 
degrad ing  wheel composed o f  aluminum f o i l s  o f  p rede te rm ined  t h i c k n e s s . T h i s  r e s u l t s  i n  a h e l i u m  dop ing  
p r o f i l e  t h a t  v e r y  l o s e l y  matches t h e  d e p o s i t e d  damage energy p r o f i l e  o v e r  a depth o f  %1 urn t o  3 .5  :m i n  
t h e  copper  a l l o y s . '  The range  of t h e  heavy i o n s  used i n  t h i s  phase o f  t h e  work (28 meV Sit6) i s  4 .51 ,Jm 
and t h e  peak damage depth,  Xm, i s  4.35 wn. A l l  da ta  r e p o r t e d  h e r e  were t a k e n  from t h e  h e l i u m  dooed r e g i o n  
where t h e  a tomic  d i sp lacement  p r o f i l e  i s  reasonab ly  f l a t  and S I M S  a n a l y s i s  shows no back d i f f u s i o n  o f  t h e  
d e p o s i t e d  heavy i o n .  P r e c i s i o n  s e c t i o n i n g  o f  t h e  i r r a d i a t e d  specimens t o  a d e s i r e d  dep th  was accompl ished 
u s i n g  a Veeco i o n  m i l l i n g  machine. Specimens were i n d i v i d u a l l y  masked w i t h  Mo washers d u r i n g  m i l l i n g .  
A DEKTAK I 1  s t y l u s  p r o f i l o m e t e r  was used t o  measure t h e  s t e p  h e i g h t  and hence t h e  amount o f  m a t e r i a l  
removed w i t h  an accu racy  o f  .,+lo%. The i r r a d i a t e d  specimens were back- th inned  f o r  TEM e x a m i n a t i o n  u s i n g  
a s o l u t i o n  o f  250 ml DhosphorTc a c i d ,  500 m i  d e i o n i z e d  wa te r ,  250 m l  e t h a n o l ,  50 m l  p ropano l  and 5 gm 
u rea .  E x c e l l e n t  p o l i s h i n g  c o n d i t i o n s  were o b t a i n e d  a t  room tempera tu re  w i t h  a F i s c h i o n e  j e t  p o l i s h e r  
u s i n g  a low t o  moderate j e t t i n g  speed, 12-15 v o l t s  (dc )  and an anode c u r r e n t  o f  60-70 ma. C m s s - s e c t i o n  

He l ium and heavy i o n  damage a r e  i n t r o d u c e d  
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8 
TEM specimens t o  permi t  f u l l  range imaging were a lso  prepared using procedures described by Kno l l .  
Specimens were examined using P h i l l i p s  EM400 and EM301 microscopes. 

8.1.4.3 Results and Discussion 

samples were etched i n  a s o l u t i o n  cons is t ing  of 630 m l  deionized H 0 
room temera tu re  for  %30 seconds. 

Opt ica l  micrographs of the three a l l o y s  i n  the un i r rad ia ted  cond i t ion  a r e  shown i n  Figure 8.1.1. The 
225 m l  H C l  and 45 grams (Fe (NO3! a t  

S im i la r  s t ruc tures  were reveale2 i y  i o n  beam etch ing the po l ished dlscs.  

Figure 8.1.1 Opt ical  Micrographs o f  Un i r rad ia ted A l loys  a) Amzirc, b) A 1 4 0  and c)  Beryllium-Copper 

A pronounced banding i s  observed i n  the Amzirc. 
compositional var ia t ions .  The s t ruc tu re  i s  due t o  g ra in  o r i e n t a t i o n  dependent (inhomogeneous) deformation 
dur ing co ld  r o l l i n g  and as, w i l l  be shown, leads t o  inhomoaeneous i r r a d i a t i o n  response i n  the a l l oys .  The 
41-60 a l l o y  e x h i b i t s  very f i ne  g ra in  s i z e  ( l ess  than ASTM 10). 
t races across an etched face of t he  AI-60 a l l o v  i n d i c a t e  t h a t  in reaions the ~ 1 ~ 0 ~  oarticles surround 

E lec t ron microprobe t races across the  bands show no 

Ion  beam etch ing and s t y lus  p ro f i l ome te r  
L ~ -  . . -.~. ~~~ ~~~ ~ ~ ~ ~ 

areas 2 um t o  5 um i n  ex tent  t h a t  conta in  few b a r t i c l e s  i n  t h e i r  i n t e r i o r .  
i n  pro f i lometer  t races of i o n  beam etched surfaces due t o  the very d i f f e r e n t  spu t te r i ng  ra tes  f o r  copper 
and alumina. 
densi ty (%106/cm ) of second ohase p a r t i c l e s  are observed both w i t h i n  these grains and a t  the g r a i n  

boundaries. 

deformation bands bend contours, and subgrains i n  the Amzirc r e f l e c t  the high degree o f  c o l d  work i n  the  
a l l o y .  
a t  much higher magni f icat ions.  The p r e c i p i t a t e  p a r t i c l e s  appear t o  be associated w i t h  the  d is locat ions 
although high r e s o l u t i o n  imaging i s  extreme1 ' d i f f i c u l t  i n  t h i s  h i g h l y  s t ra ined  a l l o y .  The beryl l ium-copper 
a l l o y  contains a very high dens i ty  (-7 X 1013 cm-3) of small d i sc  o r  p l a t e - l i k e  p rec ip i t a tes  t h a t  produce 
<loo> streaks o r  re l rods  i n  selected area d i f f r a c t i o n  pat terns .  This i s  s i m i l a r  t o  the e f f e c t s  o f  G.P. 
zone formation on [ loo] planes observed i n  more concentrated b inary  Cu-Be al loys.9 Add i t iona l  d i s t o r t i o n  
of the d i f f r a c t i o n  spots i n  <011> d i rec t i ons  are a lso  observed. S im i la r  r e s u l t s  i n  the b inary  a l l oys  have 
been a t t r i b u t e d  t o  an i so t rop i c  e l a s t i c  i s t o r t i o n s  around the G.P. zones r e s u l t i n g  from lower values of 
e l a s t i c  moduli i n  t he  cube direct ions.18 
of p r e c i p i t a t e  thickness o r  e l a s t i c  s t r a i n  from measurements of r e l r o d  length, and we have concentrated a t  
present on observing the  presence o r  absence o f  the s t reak ing i n  thermal cont ro l  and i r r a d i a t e d  specimens. 
S t a b i l i t y  o f  t he  G.P. zones adjacent t o  g ra in  boundaries has a lso  been c a r e f u l l y  s tud ied s ince both thermal 
and i r r a d i a t i o n  e f f e c t s  on g ra in  boundary motion may be exoected t o  enhance discontinuous p r e c i p i t a t i o n  a t  
the boundaries. 
v i s i b l e  p a r t i c l e s  o f  the d isperso id  phase (Al203). 
associated w i t h  these h i g h l y  m i s f i t t i n g  p a r t i c l e s .  
a t  the p a r t i c l e  ma t r i x  in ter faces.  
bubblefvoid nuc leat ion  a t  these in ter faces i n  t h i s  f i r s t  phase o f  the scoping study. 

The e f f e c t  i s  most c l e a r l y  seen 

Th? beryl l ium-copper a l l o y  has a g ra in  s i z e  o f  -25 um t o  50 urn (ASTM #7).  A low number 

Dispersive energy X-ray ana lys is  shows them t o  be predominantly n i cke l .  
TEM micrographs of t he  un i r rad ia ted  micros t ruc tures  are shown i n  Figures 8.1.2-8.1.4. The presence o f  

The CugZr phase i s  present as very f i ne  p rec ip i t a tes  v i s i b l e  as b lack spots i n  b r i g h t  f i e l d  images 

I n  general, i t  i s  no t  poss ib le  t o  ob ta in  accurate measurements 

For the A 1 4 0  a l l o y  i n  the as ho t  extruded cond i t ion ,  d i s l o c a t i o n  tangles surround the 
Thus no simple Ashby-Brown s t r a i n  cont ras t  i s  
E l a s t i c  m i s f i t  s t r a i n  e f fec ts ,  however, are ev ident  

We have looked f o r  evidence of re laxa t i on  o f  these s t ra ins  and helium 
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Figure  8.1.2 M ic ros t ruc tu re  o f  U n i r r a d i a t e d  Amzirc A l l o y  a t  Low Magn i f i ca t ion ,  Deformat ion Bands, Subgrains and 
Bend Contours a re  V i s i b l e .  

F igure  8.1.3 Mic ros t ruc tu re  of Un i r r ad ia ted  Cu-0.4 w t %  @e-1.9 wt% N i  A l l o y  a) B r i g h t - f i e l d ,  b)  Selected Area 
D i f f r a c t i o n  P a t t e r n  from Lower Gra in  of A l l o y  a )  Showing <001> Relrods Resu l t i ng  from th in D isc  o r  
P l a t e - l i k e  P r e c i p i t a t e s  on <001> Planes; <011> Zone Axis, c) Dark F i e l d  Image o f  P r e c i p i t a t e s  us i ng  
<Dol> Re l rod  
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Figure 8.1.4 Microstructure of Unirradiated A140 
Alloy. Dislocation Tangles Surround 
Visible A1203 Pa r t i c l e s  (arrow) 

Effects of I r r ad ia t ion  

Details  of the  SIMS analys is  of the  a l loys  following dual ion i r r a d i a t i o n  a t  425°C and 500°C have been 
presented a t  the  Phase 1 program review a t  EPRI and wi l l  not be discussed i n  d e t a i l  i n  t h i s  report .  However, 
s ince  a prime goal of t h i s  Phase 1 e f f o r t  was t o  evaluate ooss ib le  oxygen pickup and red i s t r ibu t ion  of the  
deposited heavy ion, the pr incipal  conclusions are res ta ted  here: 1)  within the  s e n s i t i v i t y  of the  technique 
(*lo ppm) no measurable changes i n  oxygen concentration occur r e l a t i v e  t o  uni r radia ted  control  specimens 
over a depth of 20 urn from t h e  ion bombarded surface f o r  e i t h e r  uncoated or  d i f fus ion b a r r i e r  coated 
thermal controls  o r  dual ion i r r a d i a t e d  specimens 2 )  a nickel concentration gradient extending approximately 
1 v m  from the  tungsten coated surfaces of thermal control  and i r r a d i a t e d  specimens results from the  high 
s o l u b i l i t y  of nickel i n  tungsten 3) the s i l i c o n  concentration p r o f i l e  i s  symmetrical around the  peak value 
which occurs a t  a depth corresponding t o  the calcula ted  projected range. The peak width a t  ha l f  maximum i s  
approximately a f a c t o r  of two l a rge r  than the calcula ted  ws range s t r agg le .  
concentration p ro f i l e  is  within a f a c t o r  of two f o r  t h a t  expected from thermal diffusion alone.  From these  
SIMS measurements i t  was decided t h a t  no oxygen di f fus ion ba r r i e r s  a r e  required for  scoping the response of 
these  a l loys  t o  atomic displacement damage and helium doping. 
introducing so lu te  concentration g rad i en t s .  
of the  heavy ions occurs under these i r r a d i a t i o n  condit ions.  Additional evidence for  t h e  lack of a 
complicating e f f e c t  by t h e  heavy ion is the  s i m i l a r i t y  i n  i r r a d i a t e d  microstructures of normal and p r e -  
thinned specimens. 

This broadening of the  

The b a r r i e r s ,  i n  f a c t ,  may be harmful; 
No s i g n i f i c a n t  r ad ia t ion  enhanced seqreaation o r  back di f fus ion 

Amzi r c  

The Cu-0.15 w t %  Zr a l loy  exh ib i t s  the  lowest thermal and i r r a d i a t i o n  s t a b i l i t y  o f  the three a l loys  
s tudied.  
thermal exposure. 
by sharp se l ec ted  area d i f f r  c t ion  pat terns  and l i t t l e  evi 
dens i t i e s  range from *ly9cm-2 i n  the  c e l l  i n t e r i o r s  t o  >10f’cm-2 i n  the c e l l  wal ls .  I r r ad ia t ion  t o  very 
low fluences a t  1 X 10- dpa . s-1, however, induces t h e  formation of low angle polygonal boundaries and 
s p l i t t i n g  of the d i f f r a c t i o n  spots .  The e f f e c t  occurs p re fe ren t i a l ly  i n  gra ins  w i t h  <110> surface normals 
and the  majority of gra ins  with o the r  o r i en ta t ions  r e t a i n  the uni r radia ted  cold worked microstructure.  I t  
i s  unlikely t h a t  the crys ta l lographic  nature of the  microstructural  i n s t a b i l i t y  r e s u l t s  from or i en ta t ion  
dependent atomic displacement e f f e c t s ,  because t h e  specimens were bombarded a t  ~ 4 5 ’  w i t h  respect  t o  t h e i r  
polished surface.  As i s  the case w i t h  nanv copper a l l o y s  the  predominant texture component i n  the ro l l ed  
sheet  is of the  [110] ~ 1 1 2 ,  brass type.11 
lead t o  i n s t a b i l i t i e s  under i r r a d i a t i o n  as evidenced here. 
d i s loca t ion  climb and g l ide  i n  grains w i t h  <110> surface  normals can be offered a t  t h i s  time. 

Figures 8.1.5 to8.1.7 a re  representa t ive  of the  principal  e f f e c t s  r e su l t ing  from i r r a d i a t i o n  and/or 
A t  425°C the cold-worked microstructure is  s t a b l e  over the  7.25h exposure as indicated 

nce of d is locat ion rearrangements. Dislocation 

While texture-hardening i s  of ten  des i rable  i t  may, i n  f a c t ,  

These 
No def in i t ive  explanation f o r  the  enhanced 
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Figure 8.1.5. Polygonization and Dislocation Annihilat ion i n  Grains w i t h  <110, Surface Normals ( a )  is  Followed by 
Void Formation a t  the Boundaries of the Recovered Regions (b)  i n  Amzirc I r radia ted  a t  425OC t o  1.: 
dpa and 46 apm Helium. 

Figure 8.1.6.  Thermal Control Specimens of Amzirc Aged f o r  7.2511 a t  500°C Show Extensive Regions w i t h  S table  Cold 
llorked Microstructure ( a )  and Widely Spaced Grains Exhibiting Twinning, Reduction i n  Dislocation 
Density and/or Recrys ta l l iza t ion (b ) .  

r 

I -  
- 

I _  
*' 

F i g u r e  8.1.7. Dual Ion I r r ad ia t ion  of Amzirc a t  500Y to  Fluences of 5 dpa and Helium Concentration -150 appm 
Accelerates Recovery i n  Grains w i t h  <110> o r  <112> Surface Normals and Results i n  a Swellina Rate of 
-1% t o  5% per dpa i n  the  RecoveredIRecrystallized Regions. 
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F igure  8.1.9 B e r y l l i u m  Copper A l l o y  a f t e r  I r r a d i a t i o n  t o  1.4 doa and 43 a p m  He a )  SAD Pa t t e rn  Showing 
~100,  Relrods f rom G.P. Zones and Associated Dark F i e l d  Image b)  Two Beam Dynamical B r i q h t  
F i e l d  Image, 2 = [112]; g = [111] o f  D i s l o c a t i o n  S t ruc tu re .  

coarsening o f  t he  i n t e r g r a n u l a r  o r e c i p i t a t e s ,  b u t  no evidence f o r  enhanced c e l l u l a r  p r e c i o i t a t i o n  a t  g r a i n  
boundaries has been found. The m i c r o s t r u c t u r a l  
e f f e c t s  suggest t h a t  a l o s s  i n  s t r eng th  and inc rease i n  e l e c t r i c a l  c o n d u c t i v i t y  should r e s u l t  from the  
combinat ion o f  e leva ted  temperature ag ing  an Th is  i s  cons i s ten t  w i t h  recent  measurements on 
a s i m i l a r  a l l o y  i r r a d i a t e d  i n  FFTF a t  450°C. 

Voids a re  n o t  observed a t  500°C a t  f luences up t o  -5 dpa. 

i r r a d i s t i o n .  Q4 ' 

F igure  8.1.10. B e r y l l i u m  topper A l l o y  Aaed a t  50OOC f o r  7.25h a )  Dark F i e l d  Image o f  Coarsened I n t e r -  
g ranu la r  P r e c i p i t a t e  S t r u c t u r e  and b)  Associated Bunching o f  Streaks Around 2/3 [ZOO] 
Pos i t i ons  i n  SAD Pat tern.  
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F inure  8.1.11. Dark F i e l d  Image o f  I n t e r g r a n u l a r  
P r e c i p i t a t e s  Obtained from <loo> 
Streak i n  D i f f r a c t i o n  Pa t t e rn  o f  
B e r y l l i u m  Copper A l l o y  a f t e r  
I r r a d i a t i o n  a t  500°C t o  5 dpa and 
150 appm Helium. 

The d i spe rs i on  hardened Cu - 0.6 w t %  A1 (Al203) ma te r i a l  has e x h i b i t e d  t he  g rea tes t  m i c r o s t r u c t u r a l  
l i t y  o f  t he  t h r e e  a l l o y s  exposed t o  these i r r a d i a t i o n  cond i t i ons ,  F igure  8.1.12 and 8.1.13. I n  a few 
Ins w i th  low number d e n s i t i e s  o f  alumina p a r t i c l e s ,  some i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  rearrangement 
,eduction i n  d i s l o c a t i o n  dens i t y  i s  observed. However, even i n  these regions,  no bubbles o r  vo ids  a re  
I l e  a t  f luences up t o  .i.5 dpa and he l ium l e v e l s  of %150 appm a t  425OC o r  500OC. 
Ins examined, p a r t i c l e h a t r i x  i n t e r f a c i a l  s t r a i n s  and d i s l o c a t i o n  s t r u c t u r e  v i s i b l e  i n  weak beam dark 
1 images near the  angu la r  shaped A1203 p a r t i c l e s  a re  r e t a i n e d  a f t e r  i r r a d i a t i o n  and/or thermal aging.  
suggests t h a t  a h i gh  d e n s i t y  o f  p o i n t  defect  recombinat ion and he l ium t r a p p i n g  s i t e s  e x i s t s  i n  t he  

f i n  t he  h o t  ex t ruded cond i t i on .  

Over most o f  t he  

.. Figure  8.1.12. Low Magn i f i ca t i on  Micrograph of A1-60 
A l l o v  a f t e r  I r r a d i a t i o n  t o  %5 dDa and 
150 ippm He a t  500°C. 

e 8.1.3. a )  Selected Area D i f f r a c t i o n  Pa t t e rn  Showinq M a t r i x  Spots f r o m  Cu and Rinps From Anoular 
A120 
g = f2221 Cu M a t r i x  R e f l e c t i o n  i n  A 1 4 0  A l l o y  a f t e r  I r r a d i a t i o n  t o  %5 dpa and 150 aDDm He 
a t  5 0 0 T .  

P a r t i c l e s  and b )  Associated 3ar!< F i e l d  Imaqz o f  P a r t i c l e s  I n c l u d i n i  a i?leak 
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8.1.5 Future Work 

As a r e s u l t  of t he  inhomogeneit ies observed i n  t he  thermal aqing and i r r a d i a t i o n  response o f  t he  Amzirc 
a l l o y ,  e f f o r t s  a re  be inq  concentrated on t he  b e r y l l i u m  copper and A 1 4 0  ma te r i a l s .  Specimens o f  those 
a l l o y s  have been sub jec ted  t o  dual i o n  i r r a d i a t i o n  a t  300°C and 35OoC t o  oeak damage l e v e l s  o f  100 dpa. 
Data ob ta ined  from t h e  f l a t  p o r t i o n  of t he  damage curve w i l l  cover t h e  f luence range o f  10 dpa t o  20 dpa 
and he l ium l e v e l s  of 300 apom t o  600 appm. 
temperatures and h i qhe r  f luences i s  planned f o r  l a t e  January 1985. 

Examination i s  i n  orogress. I r r a d i a t i o n  a t  s t i l l  l ower  
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8.2 EFFECTS OF NEUTRON I R R A D I A T I O N  AT  450'C AND 16 dpa ON THE PROPERTIES OF V A R I O U S  COMMERCIAL COPPER 
ALLOYS - H. R .  Brager, H. L. Hein isch,  and F. A. Garner (Hanford Eng ineer ing  Development L a b o r a t o r y )  

8.2.1 A O I P  Tasks 

Not i n c l u d e d  i n  c u r r e n t  A D I P  Task S t r u c t u r e .  

8.2.2 O b j e c t i v e  

The o b j e c t  of t h i s  e f f o r t  i s  t o  p r o v i d e  da ta  on t h e  r a d i a t i o n- i n d u c e d  response o f  h i g h  c o n d u c t i v i t y  
a1 l o y s .  

8.2.3. Summary __ 
H i g h- p u r i t y  copper and e i g h t  copper a l l o y s  were i r r a d i a t e d  t o  c16 dpa a t  %45D"C i n  t h e  MOTA exper-  

iment  i n  FFTF. 
changes i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  t e n s i l e  p r o p e r t i e s  and d e n s i t y  were measured and compared t o  those  
of t h e  aged m a t e r i a l s .  
a l l o y .  Changes i n  t e n s i l e  p r o p e r t i e s  of most, b u t  n o t  a l l ,  of t h e  a l l o y s  seem t o  be p r i m a r i l y  dependent on 
thermal  e f fec ts  r a t h e r  than  t h e  e f f e c t  o f  atomic d iso lacements.  R a d i a t i o n  a t  450°C induced chanaes i n  den- 

These a l l o y s  were a l s o  examined a f t e r  ag ing  a t  400°C f o r  1000 hours. The r a d i a t i o n- i n d u c e d  

The changes i n  c o n d u c t i v i t y  can be e i t h e r  p o s i t i v e  o r  n e g a t i v e  depending on t h e  

s i t y  v a r y i n g  f rom 0.66% d e n s i f i c a t i o n  t o  16.6% s w e l l i n g .  
s w e l l i n g  r a t e  o f  a t  l e a s t  l%/dpa. 

The l a t t e r  occur red  i n  Cu-0.1% Ag and i m p l i e s  a 

8.2.4 Progress and S ta tus  

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

Copper a l l o y s  have been proposed f o r  s e r v i c e  i n  f u s i o n  r e a c t o r s ,  n o t  o n l y  f o r  magnets b u t  a l s o  f o r  
components which must w i t h s t a n d  h i g h  l e v e l s  of hea t  f l u x . '  Whi le  many i r r a d i a t i o n  exper iments have been 
conducted on copper and copper a l loys, '  t h e r e  i s  v e r y  l i t t l e  d a t a  a t  h i g h  neu t ron  exposure l e v e l s .  
I n  o r d e r  t o  p r o v i d e  such data, a s e r i e s  o f  r e p r e s e n t a t i v e  commercial  copper a l l o y s  i s  now b e i n g  i r r a d i a t e d  
i n  t h e  M a t e r i a l s  Open Test  Assembly (MOTA) i n  t h e  Fas t  F lux  Test  F a c i l i t y  (FFTF), l o c a t e d  i n  Rich land,  WA. 
The f i r s t  of fou r  d ischarges  of t h i s  exper iment  has occur red  f o r  specimens i r r a d i a t e d  t o  2.5 x 10" 
n/c+ ( E  > 0.1 MeV). 
%450°C, i s  c u r r e n t l y  a v a i l a b l e .  

8.2.4.2 Exper imenta l  D e t a i l s  

dard  microscopy d i s k s ,  b o t h  o f  which were punched from t h e  same sheet .  Whi le  t h e  d i s c s  a r e  used o n l y  f o r  
microscopy, t h e  t e n s i l e  specimens p r o v i d e  d a t a  on changes i n  d e n s i t y ,  e l e c t r i c a l  c o n d u c t i v i t y  and t e n s i l e  
p r o p e r t i e s ,  a l l  measured a t  room temperature.  I d e n t i c a l  t e n s i l e  specimens were a l s o  s u b j e c t e d  t o  thermal  
ag ing  a t  400, 500, 600 and 700°C f o r  1000 hours and o t h e r s  a r e  be ing  aged t o  10,000 and 30,000 hours. 
specimens aged a t  400'C f o r  1000 hours have been examined i n  o r d e r  t o  p a r t i a l l y  separa te  t h e  e f f e c t s  o f  
temperature and i r r a d i a t i o n .  

The specimens were i r r a d i a t e d  i n  4 mm d iameter  h e l i u m - f i l l e d  sub-capsules and were t i g h t l y  packed w i t h  
copper specimens separated w i t h  aluminum f o i l  spacers. The aluminum min imizes s e l f - w e l d i n g  of copper spec- 
imens. 
hardened and d ispers ion- s t reng thened  a l l o y s .  A n i c k e l - b e r y l l i u m  a l l o y  and A I S I  316 were a l s o  inc luded,  t h e  
l a t t e r  as a re fe rence  m a t e r i a l .  

8.2.4.3 

T h i s  corresponds t o  s16 dpa i n  pure copper. Only  d a t a  f o r  one temperature, 

The a l l o y s  l i s t e d  i n  Table 8.2.1 were i r r a d i a t e d  i n  t h e  f o r m  o f  m i n i a t u r e  t e n s i l e  specimens and s tan-  

Those 

The copper specimens span four  c lasses :  pure meta l ,  and so lu t ion- s t reng thened ,  p r e c i p i t a t i o n -  

Tables 8.2.1 and 8.2.2 c o n t a i n  t h e  measured changes i n  dens i t y ,  e l e c t r i c a l  c o n d u c t i v i t y  and t e n s i l e  
Proper t ies ,  a l l  measured a t  room temperature.  
Ni-Be a l l o y s  d e n s i f i e d  as d i d  t h e  re fe rence  A I S I  316. 
occur red  i n  t h e  d i s p e r s i o n- s t r e n g t h e d  Cu-0.25 A1203 a l l o y .  R e l a t i v e l y  l a r g e  s w e l l i n g s  were observed i n  
annealed zone- ref ined copper (6.5% AV/Vo), CuAgP (7.9%) and Cu-0.1 Ag (16.6%). The l a t t e r  rep resen ts  a 
s w e l l i n g  r a t e  of a t  l e a s t  l%/dpa. 

A wide range of d e n s i t y  changes was observed. The Cu-Be and 
O f  t h e  rema in ing  a l l o y s ,  t h e  lowes t  s w e l l i n g  (0.13%) 
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The electrical conductivity measurements were all determined relative to that obtained for the unir- 
radiated zone-refined copper specimen, which was assumed to have an International Annealed Copper Standard 
(IACS) value of 101%. 
using a four point resistivity technique. 

The radiation-induced changes in conductivity varied strongly among the alloys but appear to exhibit 
some correlation with the conductivity of the unirradiated material, as shown in Figure 8.2.1. 
which contained beryllium increased in conductivity while those that did not contain beryllium decreased. 
The largest reduction occurred in the Cu-0.1 Ag alloy, which also had the highest swelling. 

With respect to thermally or radiation-induced changes in mechanical properties, the alloys developed 
three separate classes of behavior, as shown in Fig. 8.2.2. In the first group (zone-refined copper and 
solution-strengthened low-solute alloys CuAg and CuAgP) the yield strengths after irradiation were rela- 
tively small and essentially identical to those produced by aginq, indicating that the high test tempera- 
ture is the controlling factor in the response of the alloy. 

In the second group, two of the precipitation-hardened copper alloys containing beryllium lost a 
larger fraction of their strength upon aging and exhibited a measurable but moderate further decrease due 
to irradiation. Finally, in the third group rCuBeNi(AT), CuA125 and MZCJ, aging had little effect and the 
major decrease was attributable to the irradiation. The chanqes induced in uniform elongation by both 
aging and irradiation are not so easily characterized. However, the largest reduction in uniform elonga- 
tion of aged or irradiated specimens occured in alloys which swelled the most. 

8.2.5 Discussion 

The pre- and post-irradiation conductivities were determined on the same specimen 

Alloys 

In addition to microstructural changes induced by thermal aging and irradiation, transmutation also 
occurs. 
pure copper and that less than 0.01 wt.% metallic elements would be produced from various solute elements 
in the other alloys. Helium is produced at this dpa level in pure copper, CuBeNi and CuBe alloys at levels 
of about 2, 5 and 20 appm, respectively. These transmutant levels are not expected to significantly 
influence the room temperature properties measured in this study. 

the copper alloys responded more to the irradiation temperature than to the displacement o f  atoms. 
it is believed that copper alloys exhibit the propensity to swell at rates o f  at least %l%/dpa, as indi- 
cated by the copper-0.1% silver alloy. Thus copper behaves in a similar manner t o  that of pure nickel, 
simple Fe-Ni-Cr ternary alloys and commercial austenitic stainless stee1s.l The lower swelling of zone- 
refined copper is thought to be a reflection of the tendency of pure metals to saturate in swelling. 
has shown that the addition o f  1% silver to copper shortens the transient regime o f  swelling in electron- 
irradiated copper and also suppresses the tendency o f  copper to saturate in swelling at 250'C.' 
CuAgP alloy there is three times as much Ag as in the CuAg alloy, but the swelling of 7.9% is lower. The 
decrease in swelling is probably due to the presence of phosphorus rather than the increase in silver. 
Phosphorus is known to strongly extend the transient regime of swelling in Fe-Cr-Ni alloys' and may serve 
the same role in copper. 

The data in Table 8.2.1 show that beryllium is an effective suppressor o f  swelling in copper, parti- 
cularly at the 2% level. 
beryllium at 250°C resulted in a total suppression of swelling to 100 dpa." 
effectiveness in suppressing swelling lies in the large densification observed in the Cu-2% Be alloy. Such 
changes in density are usually associated with segregation and/or formation of ordered phases, particularly 
when substantial solute-solvent misfit is involved. Indeed, beryllium has a large negative misfit of -26% 
and forms CuBe precipitates in Cu-1.35 at % Be during ion irradiation in the range of 300-700°K.5/6 
Beryllium additions were also shown to strongly enhance diffusion in copper during irradiation.$ 
ordering and solute-enhancement of diffusion rates are thought to influence swelling. 

The most interesting swelling response in the MOTA experiment was that o f  Cu-0.25 Al2O3. 
additions should be inert at this temperature and yet the swelling was reduced from the 6.5% level of pure 

I n  the FFTF spectrum it was calculated that 0.1 wt.% nickel would be produced by transmutation in 

These are two particularly significant aspects of the results o f  this study. First, all but three of 
Second, 

Makin 

In the 

Makin also showed in his electron irradiation studies that the addition of 1% 
One clue to beryllium's 

Both 

Alumina 

copper to only 0.13%. 
It is anticipated that the changes in yield strength and conductivity arise partially from the swel- 

ling but are related primarily to the changes in matrix solute level, dislocation microstructure and preci- 
Ditate distribution and identitv. For those allovs with acceDtablv low swellina. the oDtimum allov for a 
given application will be chosen on the basis of jts strenuth'and ;ts electricai.or thermal conduciivity. 
Fig. 8.2.3 presents a comparative compilation of the pre-irradiation and post-irradiation strength and 
electrical conductivity data for the copper alloys discussed in this paper. 

8.2.6 Conclusions 

Copper alloys may swell at rates approaching %l%/dpa during neutron irradiation at 45OOC. Zone- 
refined copper, however, appears to be swelling at a somewhat lower average rate, perhaps due to satura- 
tion. 
induces changes in tensile properties and electrical conductivity that vary widely among the alloys and 
depend on their starting condition. 
irradiation at 450°C seem to be related primarily to the irradiation temperature rather than to the direct 
effect of the irradiation itself. 

Addition of various alloying or hardening elements can delay or suppress swelling. Irradiation also 

In many of the copper alloys studied, the changes observed during 
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Table 8.2.1. S w e l l i n g  of v a r i o u s  commercial co e r  a l l o y s ,  Ni-1.9Be and A I S I  316 i n  MOTA 
a t  *45O0C and 2.5 x IOgg n/cm2 (E D 0.2 MeV) 

Cu (MARZ) 

CuAg 

CuAgP 

CuNiBe (112 H T ) +  

CuNiBe (AT)' 

CuBe ( 1 / 2  HT)  

CuBe (AT) 

MZC 

Cu-A125 

N i  Be 

A I S I  316 
(hea t  CN-13)* 

A l l o y  Composit ion 

cu (99.999%) 

Cu-0.1 Ag 

Cu-0.3 Ag-0.06 P-.O8 Mg 

Cu-1.8 Ni- 0.3 Be 

Cu-1.8 Ni-0.3 Be 

Cu-2.0 Be 

Cu-2.0 Be 

Cu-0.9 Cr-0.1 Zr-0.05 Mg 

Cu-0.25 ~ 1 2 0 3  

Ni-1.9 Be 

Fe-18 Cr-13 Ni-2.5 
MO-0.5 S i  

C o n d i t i o n  

Annealed 

20% CW 

20% cw 

20% CW & Aged 
( 3  h r  a t  48OOC) 

Annealed & Aged 
( 3  h r  a t  48OOC) 

20% CW & Aged 
( 2  h r  a t  32OoC) 

Annealed R Aged 
( 2  h r  a t  32OOC) 

90% CW, Aged 1 /2  h r  
a t  470°C 

20% cw 

Annealed R Aged 
1 112  h r  a t  500°C 

Annealed 

% S w e l l i n g  

6.5 

16.6 

7.9 

1.70 

0.29 

-0.18 

-0.66 

1.03 

0.13 

-0.37 

-0.20 

* Inc luded  as a s tandard re fe rence  m a t e r i a l .  
'112 HT and AT a re  i n d u s t r y  des igna t ions  f o r  h a l f - h a r d  and tempered, and 

annealed and tempered, r e s p e c t i v e l y .  

8.2.7 F u t u r e  Work 

Microscopy examinat ion w i l l  proceed on these  a l l o y s .  
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T a b l e  8.2.2. P m p e r t i e s  o f  v a r i o u s  coppe r  a l l o y s  

40- 

% CHANGE 
IN ELECTRICAL 20 
CONDUCTIVITY 

-20 

0 

E l e c t r i c a l  Conduc t iv i t y  Y i e l d  Strength Uniform E longa t ion  

Un i r rad ia ted  I r r a d i a t e d * *  Un i r rad ia ted  A&’ I r r a d i a t e d * *  Un i r rad ia ted  I r r a d i a t e d * +  
( X  I A C S )  ( M P a )  ( % )  

__- 

I I I I I 

* W O C  60- - 

- 

- - 

0 -  - 

- - 

> 
20 40 MI 80 1W 

copper (99.999%) 101 86 58 5R 43  28 26 14 
Zone-Refined 

Solution-StPengthened 
CuAg 97 77 254 78 57 2.2 34 1 1  

CURgP 96 80 408 115 109 2.1 24 9 . 8  

Oirpersian-Strengthened 
CuA125 84 73 483 476 396 1.8 5.5 5.9 

Pre~ipitate-Strengthened 
MZC (HT) 83 7 7  450 401 767 2.5  6.2 8.7 

CuBeNi (1 /2  HT) 74 84 563 308 21 1 3.2 8.9 1 2  

CuBeNi ( A T )  61 71 561 566 451 3.4 1 . 3  0 .9  

C u B e  ( 1 / 2  H T )  18 29 647 403 351 7 . 7  15 I 1  

*Aged 1000 hours 13 400‘C. 
* * I r r a d i a t e d  a t  %450°C t o  % 16 dpa 2.5 x 1072 nlcrnz ( E  > 0.1 MeV) i n  t h e  MOTA of t h e  FFTF. 

F i g .  8.2.1.  C o n d u c t i v i t y  changes obse rved  i n  v a r i o u s  coppe r  a l l o y s  a f t e r  i r r a d i a t i o n  a t  
a p p r o x i m a t e l y  45OoC i n  MOTA-FFTF t o  16 dpa.  
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L 
20 0 10 

F ig .  8.2.2. Ef fec ts  of aging o r  neutron i r r a d i a t i o n  on t he  y i e l d  s t r eng th  o f  copper a l l o y s .  Open 
symbols denote as-prepared cond i t i on ,  h a l f - f i l l e d  symbols t he  aged c o n d i t i o n  (400°C f o r  1000 h r )  and s o l i d  
symbols r e fe r  t o  t he  i r r a d i a t e d  c o n d i t i o n  (16 dpa a t  c 4 5 O " C ) .  

7w I I I I 

CuBaNilATl 

CuBeNi IATI. 

CUBS 1112 HTI  
"NIRRAIOIAI 

I I I I 
25 50 75 1m 

ELECTRICAL CONDUCTIVITY I% IACSI 

Fig.  8.2.3.  S h i f t  i n  s t r eng th  and e l e c t r i c a l  c o n d u c t i v i t y  o f  copper a l l o y s  due t o  i r r a d i a t i o n  t o  
c16 dpa a t  c45O'C. The t r end  l i n e s  shown i n  t h i s  f i g u r e  do n o t  imp l y  an i d e n t i c a l  s h i f t  f o r  each a l l o y .  
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9.1 CORROSION OF LOW ACTIVATION AUSTENITIC ALLOYS AND STANDARD Fe-12 C r - 1  MoVW STEEL IN THERMALLY 

9.1.1 ADIP Task 

CONVECTIVE LITHIUM - P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge Nat ional  Laboratory)  

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.1.2 Ob jec t i ve  

The purpose of t h i s  task i s  t o  determine t he  co r ros i on  res is tance  o f  candidate f i r s t - w a l l  m a t e r i a l s  t o  
s l ow l y  f l o w i n g  l i t h i u m  i n  t he  presence o f  a temperature gradient .  
measured as f unc t i ons  of t ime,  temperature, add i t i ons  t o  t h e  l i t h i u m ,  and f low cond i t ions .  These measure- 
ments a re  combined w i t h  chemical and meta l lograph ic  examinations of specimen surfaces t o  e s t a b l i s h  t h e  
mechanisms and r a t e - c o n t r o l l i n g  processes f o r  d i s s o l u t i o n  and depos i t i on  reac t ions .  

9.1.3 Summary 

Manganese-containing s tee l s  (15-30 wt X )  experienced subs tan t i a l  co r ros i on  when exposed t o  t he rma l l y  
convec t ive  l i t h i u m  a t  500OC w i t h  t h e  30 wt 7, Mn s tee l s  showing unacceptably h igh  co r ros i on  losses. 
t r a n s f e r  of 12 C r - 1  MoVW s tee l  a t  60OoC i n  l i t h i u m  was s i g n i f i c a n t l y  l e s s  than t h a t  o f  t ype  316 s t a i n l e s s  
s t e e l  exposed under s i m i l a r  condi t ions.  

9.1.4 Progress and Status 

neutron i r r a d i a t i o n ,  manganese-containing aus ten i -  
t i c  s t a i n l e s s  s tee l s  a re  c u r r e n t l y  being i n v e s t i -  
gated as p a r t  o f  t h e  f us i on  a l l o y  development 
e f f o r t .  Consequently, an i n i t i a l ,  q u a l i t a t i v e  
assessment of t he  res is tance  of such s t e e l s  t o  
co r ros i on  by molten l i t h i u m  has been conducted 
us ing  specimens provided by Hanford Engineering Mn Cr N i  C N S i  Fe 
Development Laboratory. 
specimens are g iven i n  Table 9.1.1. The on ly  p r i o r  18-18+ 18 18 0.5 0.1 0.4 0.6 ba l  
work w i t h  manganese s t e e l s  i n  l i q u i d  l i t h i u m  was AMCR 17 10 0.7 0.2 0.06 0.6 ba l  
r epo r ted  by Rued7 e t  who showed that, as R88 15 15 0.5 0.3 0.30 0.4 ba l  
w i t h  n i c k e l  i n  t he  300 se r i es  of s t a i n l e s s  s tee l ,  Y75 30 2 0.5 0.1 0.15 0.4 ba l  
manganese i s  p r e f e r e n t i a l l y  leached from t h e  a l l o y  R77 30 z 0.5 0.6 0.15 0.4 ba l  
surface such t h a t  a phase t rans fo rmat ion  from R80 30 10 0.5 0.50 0.10 0.4 ba l  
a u s t e n i t e  t o  f e r r i t e  occurs i n  t h e  manganese- CN13 1.7 17 14.0 0.05 0.6 ba l  
dep le ted  zone. 316 SS 2 17 10 0.05 0.4 ba l  

Our experiments w i t h  t h e  low a c t i v a t i o n  a l l o y s  
have been conducted us ing  a thermal convect ion l oop  
w i t h  removable specimens (o f  a t ype  descr ibed 
p rev ious l y4 ) .  
l i t h i u m  and associated p r e f e r e n t i a l  leach ing  of n i c k e l  and chromium, was known t o  have a cons iderab ly  h igher  
i r o n  concent ra t ion  a t  ho t  l e g  sur faces than found i n  t h e  s t a r t i n g  mater ia l .  The specimens o f  i n t e r e s t  were 
exposed t o  l i t h i u m  i n  a reg ion  o f  t he  loop  near t h e  t o p  of t h e  ho t  leg. 
na tu re  of t h e  loop, t h e  temperatures of these specimens va r i ed  from 500°C [maximum loop  temperature (Tmax)] 
t o  48OOC. However, t h i s  temperature d i f f e r e n c e  was small r e l a t i v e  t o  t h e  temperature d i f f e r e n t i a l  (U )  o f  
t h e  loop  (15OOC). Coupons of t ype  316 s t a i n l e s s  s t e e l  were i nc l uded  w i t h  t h e  seven a l l o y s  l i s t e d  i n  
Table 9.1.1 and a l s o  a t  t he  standard specimen p o s i t i o n s  around t h e  remainder of t he  loop. A l l  specimens 
were exposed f o r  a t o t a l  o f  3340 h dur ing  which t ime  they  were t h r i c e  removed f o r  in te rmed ia te  and f i n a l  
weighings. 

O f  t h e  h i ghe r  manganese a l l o y s  (REO, R88, X75, AMCR, R77, 18-18+), those con ta i n i ng  30 wt % Mn suffered very 
l a r g e  weight  losses, w h i l e  t h e  a l l o y s  con ta i n i ng  between 1 5  and 18 w t  X Mn showed r e l a t i v e l y  small  ne t  
weight  changes. 
i n d i c a t e  unacceptably-high cor ros ion  ra tes  f o r  30 w t  % Mn a l l o y s  i n  t he rma l l y  convect ive l i t h i u m .  
Furthermore, t h e  lower manganese a l l o y s  experienced s i g n i f i c a n t  co r ros i on  desp i te  t h e  low ne t  weight  changes 
shown i n  Fig. 9.1.1: scanning e l e c t r o n  microscopy and associated energy' d i spe rs i ve  x- ray ana l ys i s  revealed 
a complex o v e r a l l  co r ros i on  process t h a t  r e s u l t e d  i n  t h e  dep le t i on  of manganese and sur face  enrichment i n  
chromium (see Figs. 9.1.2 and 9.1.3). As shown i n  Fig. 9.1.2, nodular  depos i ts  were observed on a l l  t h e  
exposed surfaces. While t h e  s i z e  and dens i t y  o f  such nodules va r i ed  among t h e  specimens, these f ea tu res  
were found, i n  a l l  cases, t o  be g r e a t l y  enr iched i n  chromium r e l a t i v e  t o  t he  unde r l y i ng  m a t r i x  (see, fo r  
example, Fig. 9.1.4). 
be roughened, porous ( i n  some cases), and depleted i n  manganese t o  below 2 t o  3 w t  %. 
t h a t  t h e  lower manganese a l l o y s  (18-18+, AMCR, RRR) a l s o  suffered s i g n i f i c a n t  d i s s o l u t i o n  bu t  t h a t  t h e  asso- 
c i a t e d  weight  losses were o f f s e t  by weight gains due t o  t h e  depos i t ion  o f  chromium onto  t h e  Specimen sur-  
faces. This,  therefore,  r e s u l t e d  i n  t h e  r e l a t i v e l y  small = weight  changes that were measured. 

Corrosion and depos i t i on  ra tes  a re  

The mass 

Because o f  t h e i r  lower a c t i v a t i o n  du r i ng  Table 9.1.1. Compositions of Fe-Mn-Cr and Fe-Ni-Cr 
s t e e l s  exposed t o  t he rma l l y  convec t ive  l i t h i u m  

between 500 and 480°C 

Composition (wt %) 
A1 1 oy 

The composit ions o f  these 

The loop  was cons t ruc ted  o f  t ype  316 s t a i n l e s s  s t e e l  which, because o f  p r i o r  opera t ion  w i t h  

Because o f  t h e  non- isothermal 

The weight  change r e s u l t s  f o r  t h e  t ype  316 and manganese-containing s t e e l s  a re  compared i n  Fig. 9.1.1. 

Given an exposure temperature o f  50OoC, t h e  present  r e s u l t s ,  w h i l e  q u a l i t a t i v e  i n  nature,  

I n  add i t i on ,  c l ose r  examination o f  t h e  sur face  unde r l y i ng  t h e  depos i ts  showed i t  t o  
It i s  thus apparent 

On t h e  
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F ig .  9.1.1. Net we igh t  l o s s  f o r  
v a r i o u s  a l l o y s  exposed t o  t h e r m a l l y  
convec t ive  l i t h i u m .  Low ne t  we igh t  
losses  a r e  i n d i c a t i v e  of competing 
d i s s o l u t i o n  and d e p o s i t i o n  reac t ions .  

L-00260 

F ig .  9.1.2. 
manganese s t e e l s  exposed t o  t h e r m a l l y  convec t ive  
l i t h i u m  fo r  3340 h,  ( a )  1R-18+, 5OO0C, ( b )  AMCR, 
495"C, ( c )  RR8, 49OOC. 

Scanning e l e c t r o n  micrographs o f  
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Fig. 9.1.3. Energy dispersive X-ray spectra 
o f  tvo ica l  areas on surfaces exposed t o  thermally 
con&ive l i th ium for  3340 h, ' (a)  18-18+, 5OO0C, 
( b )  AMCR, 495"C, ( c )  R88, 49OOC. 

" E  

ma n m  

n g .  y.1.4. iypicai  energy a is  ersive x-ray spectra OT noauie ( U J  ana macrix ( D )  Tor IM-IU+, AMCR, and 
RE8 exposed t o  thermally convective eithium for 3340 h a t  49l?-5OO0C; spectra shown are from 18-18t specimen 
surface. 
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o the r  hand, t he  30 w t  % Mn a l l o y s  suffered l a r g e  o v e r a l l  weight  losses due t o  t h e i r  h i ghe r  s t a r t i n g  con- 
cen t ra t i ons  of manganese and, f o r  X75 and R77, fewer chromium depos i ts  (see Fig. 9.1.5). 

depos i ts  t h a t  formed i n d i c a t e  t h a t  subs tan t i a l  concent ra t ion  g rad ien t  mass t r a n s f e r  occurred i n  t h e  h o t  zone 
i n  which these specimens were located. Th is  chromium t r a n s f e r  among t h e  specimens i n  t h e  ho t  l e g  occurred 
i n  assoc ia t i on  w i t h  t r a n s p o r t  o f  manganese t o  t he  c o l d  zone of t h e  loop. As shown i n  Fig. 9.1.6, d i s c r e t e  
depos i ts  o f  manganese and n i c k e l  were found on a specimen sur face  s i t u a t e d  a t  t h e  lowest  temperature p o i n t  
o f  t he  l o o p ' s  co ld  l e g  (35OOC). Very l i t t l e  chromium o r  i r o n  depos i t i on  was detected i n  these co lde r  
regions. 

The general sur face  enrichment i n  chromium o f  t h e  exposed specimens and t h e  d i s t i n c t  chromium- rich 

. 

F 
E 

I am 1 . 1  am 3.m cm 5.m em 7.m e m  urn 

Fig. 9.1.5. Scanning e l e c t r o n  micrographs and 
energy d i spe rs i ve  X-ray spectra o f  30 w t  X Mn s t e e l s  
exposed t o  t he rma l l y  convec t ive  l i t h i u m  fo r  3340 h, 
(a) R77, 5OO0C, ( b )  Y75, 495"C, (c) R80, 490"C, 
(d) spectrum f o r  area "A"  i n  (a), (e) spectrum from 
area "6" i n  (a). 
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Fig. 9.1.6. (a) Scanning e l e c t r o n  micrograph of depos i ts  on a t ype  316 s t a i n l e s s  s t e e l  coupon l oca ted  
i n  t he  c o l d  l e g  (350'C) o f  a l i t h i u m  l oop  operated w i t h  Mn s tee l  specimens i n  t h e  ho t  l e g  f o r  3340 h. 
mum loop  temperature was 5OOOC. 

Maxi- 
( b )  Typical  energy d i spe rs i ve  X-ray spectrum from depos i ts  such as shown i n  

( a ) .  

The ho t  l e g  d i sso lu t i on /depos i t j on  reac t i ons  i n v o l v i n g  chromium may be exacerbated by t h e  r e l a t i v e l y  
h i g h  n i t r ogen  concent ra t ions  of t h e  manganese s t e e l s  (see Table 9.1.1) and t h e  p o s s i b i l i t y  f o r  C r- N  and 
Li-Cr-N reac t i ons  a t  t h e  s t e e l   surface^.^,^ 
o f  n i t r ogen  i n  l i t h i u m  and/or i n  s t ee l  can inc rease corrosion.1*6-8 Furthermore, i n  t h e  present  case, it 
was q u a l i t a t i v e l y  observed t h a t  a h i ghe r  s t a r t i n g  N/Cr concent ra t ion  r a t i o  l e d  t o  decreased Cr/Fe r a t i o s  
( i  .e., increased d i s s o l u t i o n  of chromium) i n  t h e  unde r l y i ng  matr ix .  Consequently, a s i g n i f i c a n t  amount o f  
chromium can be expected t o  be d isso lved  from, and reacted with, t h e  sur faces i n  t h e  loop 's  ho t  zone 
depending on var ious  l o c a l i z e d  concent ra t ion  gradients.  
appear much l ess  important  i n  t h e  case o f  manganese (o r  n i c k e l )  such t h a t  t h e  depos i t ion  o f  t h i s  element i s  
c o n t r o l l e d  by t h e  thermal g rad ien t  i n  t h e  l i t h i u m  system. 

a t i o n s  descr ibed above. 
l i t h i u m  se rv i ce  a t  500'C, they  are l e s s  d e f i n i t i v e  i n  t h e  case o f  t h e  a l l o y s  con ta i n i ng  15 t o  18 w t  X Mn due 
t o  t h e  competing e f fec ts  o f  chromium depos i t i on  and manganese d i sso lu t i on .  
microscopy and energy d i spe rs i ve  x- ray ana l ys i s  o f  t h e  exposed sur faces do reveal  t h a t  such a l l o y s  a re  sub- 
j e c t  t o  r a t h e r  ex tens ive  d i s s o l u t i o n  when exposed t o  t he rma l l y  convect ive l i t h i u m  a t  5 0 0 T  and, con- 
sequently, are no t  p a r t i c u l a r l y  co r ros i on  res i s t an t .  These r e s u l t s  a re  cons is ten t  w i t h  e a r l i e r  work i n  
S t a t i c  l i t h i ~ m , l - ~  which showed t h a t  manganese-containing a l l o y s  suffered p re fe ren t i a l  d i s s o l u t i o n  and t h a t  
t h e  h i gh  n i t r ogen  concent ra t ions  o f  these s tee l s  would acce le ra te  co r ros i on  i n  l i t h i um.  

I n  t he  preceding progress r e p ~ r t , ~  we repor ted  t h a t  t h e  i n i t f a l  weight change r e s u l t s  from a loop  
experiment i n  which 12 C r - 1  Mo VW s t ee l  was exposed t o  t he rma l l y  convect ive l i t h i u m  c i r c u l a t i n g  between 600 
and 450°C showed subs tan t i a l  changes i n  t h e  mass t r ans fe r  p r o f i l e  when compared w i t h  data from a lower tem- 
pe ra tu re  loop  experiment w i t h  t h i s  a l loy .  
co r ros i on  mechanism a t  t he  h igher  temperatures, w h i l e  (C,N) r eac t i ons  were thought  t o  be more impor tan t  a t  
t h e  lower temperatures.1° 
t h i s  conclusion. Weight l o s s  data f o r  t h e  12 Cr-1 MoVW s tee l  a t  6OO0C over a t e s t  pe r i od  o f  5960 h a re  
shown i n  Fig. 9.1.7 and reveal  a d i s s o l u t i o n  r a t e  of 3.0 mg/m2-h determined on t h e  bas is  o f  l i n e a r  d i sso lu-  
t i o n  k i n e t i c s .  Data f o r  HT-9 a t  a maximum loop temperature of 5OO0C, a l s o  shown i n  Fig. 9.1.7, show a 
h i ghe r  i n i t i a l  co r ros i on  r a t e  f o l l owed  by a much lower "steady s t a t e "  r a t i o .  As shown i n  Fig. 9.1.8. t h e  
d i s s o l u t i o n  r a t e  o f  12 Cr-1 MoVW s tee l  a t  600°C i s  s i g n i f i c a n t l v  l e s s  than t h a t  o f  t voe  316 s t a i n l e s s  s tee l  

s t e e l  loop  under 
C r - 1  MOVW s tee l  11 S 
temperature (600'1 

Indeed, experimental observat ions have shown t h a t  h i ghe r  l e v e l s  

On t h e  o the r  hand, n i t r ogen- re la ted  reac t i ons  

The complexi ty  o f  t h e  o v e r a l l  co r ros i on  process p r o h i b i t s  a comprehensive exp lanat ion  of a l l  t h e  observ- 
While t h e  present  r e s u l t s  show t h a t  30 w t  Z Mn a l l o y s  a re  no t  acceptable f o r  

However, t h e  scanning e l e c t r o n  

Thermal g rad ien t  mass t r a n s f e r  appeared t o  become t h e  dominant 

Longer- term r e s u l t s  a t  t h e  h i ghe r  loop  opera t ing  temperatures con t inue  t o  support  

s p r ~ ~ w r n  expu5t.u d~ ouu-L revemeu LML one o r  more o the r  c o r r u s ~ u r ~  r e a c r ~ o n s  a r e  ~ L I I I  o c c u r ~ ~ n g  d c  L I I I ~  

temperature. S p e c i f i c a l l y ,  p r e l i m i n a r y  scanning e l e c t r o n  microscopy and energy d i spe rs i ve  x- ray  ana l ys i s  
showed t he  presence of chromium-rich nodules on t h e  sur face  o f  a 12 C r - 1  MoVW s tee l  t h a t  s u f f e r e d  ne t  d isso-  
l u t i o n .  
i n t e r s t i t i a l  r eac t i ons  wi th  chromium are probably i n f l u e n c i n g  t h e  o v e r a l l  co r ros i on  behavior  i n  l i t h i u m  even 
a t  t h e  h i ghe r  temperatures. These reac t ions  may very w e l l  be s i m i l a r  (a l though l ess  i n  magnitude) t o  those 
discussed above i n  r e l a t i o n  t o  chromium t r a n s f e r  i n  t h e  h o t  zone of t he  l i t h i u m  loop  con ta i n i ng  t h e  manga- 
nese s tee l  specimens. 

Such a f i nd ing ,  i f  confirmed by ongoing analyses o f  o the r  exposed sur faces,  would i n d i c a t e  t h a t  

exposed i n  a l i t h i u m- t y p e  316 s t a i n l e s s  
While t h e  present  and preceding 12 

t r a n s f e r  becomes dominant a t  t he  h igher  _ _ _ _  1 _ _ _  _. ?*A"^ 7 - A  A L - A  

_ .  ~ 

r i m i  1 i r  condi t ions.  
lop  r e s u l t s  have shown t h a t  thermal q rad ien t  mas 
:), sur face ana l ys i s  o f  a corner  c l i pped  from a 
....._ ,__ __.._ 1... ..- ... ..1.. -L  L,.,- 
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9.2 CORROSION OF TYPE 316 STAINLESS STEEL AND 12 Cr-1 MOVW STEEL I N  FLOWING P b 1 7  at. % L i  - 

9.2.1 A D I P  Task 

P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge Nat ional  Laboratory)  

ADIP Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.2.2 Ob jec t i ve  

The purpose o f  t h i s  task  i s  t o  determine t h e  cor ros ion  res is tance  o f  candidate f i r s t - w a l l  m a t e r i a l s  t o  
s l ow l y  f low ing  P b 1 7  at. % L i  i n  t h e  presence of a temperature gradient .  D i s s o l u t i o n  and depos i t i on  ra tes  
a re  measured as f unc t i ons  o f  time, temperature, and add i t i ons  t o  t h e  lead- l i th ium.  These measurements a re  
combined w i t h  chemical and meta l lograph ic  examinations of specimen surfaces t o  e s t a b l i s h  t he  mechanisms and 
r a t e- c o n t r o l l i n g  processes f o r  t h e  d i s s o l u t i o n  and depos i t i on  react ions.  

9.2.3 Summary 

Type 316 s t a i n l e s s  s t e e l  and 12 Cr-1 MoVW s tee l  were exposed t o  P b 1 7  at.  % L i  f o r  about 2000 h a t  
5OOOC. Type 316 s t a i n l e s s  s tee l  was severely  corroded w i t h  deep pene t ra t i on  of t he  a l l o y  by lead- l i th ium.  
The 12 C r - 1  MOVW s tee l  d i d  no t  s u f f e r  pene t ra t i on  and corroded un i fo rmly .  

9.2.4 Progress and Status 

i n  P b 1 7  at .  I L i  was cont inued w h i l e  a TCL experiment w i t h  12 Cr-1 MoVW s tee l  i n  t h i s  l i q u i d  metal was 
s ta r ted .  
withdrawn and i n s e r t e d  w i t hou t  i n t e r r u p t i n g  t he  l e a d- l i t h i u m  f low. The loop  used f o r  i n v e s t i g a t i n g  t h e  
co r ros i on  o f  t ype  316 s t a i n l e s s  s tee l  coupons was f ab r i ca ted  o f  t he  same a l l o y  bu t  had p r e v i o u s l y  c i r c u l a t e d  
l i t h i u m  f o r  over 10.000 h. The i n t e r i o r  sur face of i t s  ho t  l e g  was t he re fo re  depleted i n  n i cke l .  U h i l e  t h e  
presence o f  t h e  r e s u l t a n t  f e r r i t i c  surface may a f fec t  d i s s o l u t i o n  o f  t he  f r esh  a u s t e n i t i c  l oop  coupons, t h i s  
e f f e c t  has been measured f o r  l i t h i u m ,  was found t o  be not  la rge ,  and was taken i n t o  account when we compared 
t h e  present  d i s s o l u t i o n  data w i t h  p r i o r  r e s u l t s  f o r  t ype  316 s t a i n l e s s  s t e e l  i n  l i t h i u m  by us ing  on l y  da ta  
t y p i c a l  of such l oop  cond i t ions .  The TCL i n  which t he  12 Cr-1 MoVW s tee l  specimens were exposed t o  
Pb-17 at. I L i  was made from 9 C r - 1  Mo s tee l  and was new a t  t h e  s t a r t  o f  t h e  present  study. 
t y p e  316 s t a i n l e s s  s t e e l  and 12 C r - 1  MO s tee l  loops c i r c u l a t e d  P b 1 7  at. X L i  a t  a maximum temperature of 
500OC and had temperature d i f f e r e n t i a l s  o f  100 and 15OoC, respec t ive ly .  The d e t a i l s  of t h e  procedure fo r  
t h e  p repa ra t i on  of t he  l e a d- l i t h i u m  were g iven previously.2 

ana l ys i s  o f  t ype  316 s t a i n l e s s  s t e e l  exposed t o  t he rma l l y  convect ive P b 1 7  at. % L i  were found t o  be con- 
s i s t e n t  wi th  a s t r i p p i n g  o f  t h e  cor ros ion  l a y e r  du r i ng  t h e  r i n s i n g  o f  specimens i n  l i t h i u m  t o  remove t h e  
res i dua l  l e a d- l i t h i u m  from t h e  exposed coupons. Recently, a t ype  316 s t a i n l e s s  s t e e l  specimen was con- 
t i n u o u s l y  exposed a t  500'C i n  t he  TCL fo r  2015 h and then po l i shed and examined i n  c ross- sec t ion  w i t hou t  
undergoing t h e  r i n s i n g  procedure i n  l i t h i u m .  
co r ros i on  l aye r ,  approximately  80 wn i n  depth (see f o r  example, Fig. 9.2.1). On t h e  o the r  hand, as p re-  
v i o u s l y  r e p ~ r t e d , ~  such a co r ros i on  l a y e r  i s  not  observed when t h e  specimen i s  f i r s t  cleaned i n  l i t h i u m  t o  
remove t h e  res i dua l  lead. E lec t ron  microprobe ana l ys i s  o f  t h i s  co r ros i on  l a y e r  showed i t  t o  be composed of 
s t a i n l e s s  s tee l  t h a t  was severe ly  penetrated by lead  (and presumably l i t h i u m )  - see Figs. 9.2.2 and 9.2.3. 
When such a specimen i s  r i nsed  i n  molten l i t h i u m ,  t he  l i t h i u m  removed both t h e  res i dua l  l ead  on t h e  sur face  
( c l e a r l y  seen i n  Fig. 9.2.2) and a l s o  t h e  lead  t h a t  has penet ra ted  t h e  s tee l .  Because of t he  s e v e r i t y  of 
t h e  penet ra t ion ,  m s t  o f  t h e  s t e e l  component o f  t he  l a y e r  i s  a l s o  removed. The present  observa t ion  of lead  
pene t ra t i on  (as shown i n  Figs. 9.2.1-9.2.3) i s  q u i t e  s i m i l a r  t o  t he  p rev ious  f i n d i n g s  o f  o the r  i n v e s t i g a t o r s  
s tudy ing  t h e  co r ros i on  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 e a d - l i t h i ~ m . ~ * ~  

Figs. 9.2.1-9.2.3, a coupon o f  12 C r - 1  MoVW s t e e l  was exposed t o  t he rma l l y  convect ive P b 1 7  at .  I L i  f o r  
2000 h a t  500°C i n  t h e  9 C r - 1  Mo s tee l  loop  and then  me ta l l og raph i ca l l y  examined w i t hou t  any removal o f  t h e  
adher ing lead. 
no evidence of any i n t e r n a l  pene t ra t i on  or l o c a l i z e d  co r ros i on  (Fig. 9.2.4). Such a r e s u l t  i s  t h e r e f o r e  
q u a l i t a t i v e l y  s i m i l a r  t o  t h e  behavior  observed i n  pure l i t h i u m  systems, 
forms on exposed t ype  316 s t a i n l e s s  s tee l  bu t  no t  on f e r r i t i c  s t ee l s ,  which undergo f a i r l y  un i fo rm cor-  
rosion.  The p r e f e r e n t i a l  d i s s o l u t i o n  o f  n i cke l ,  i n  both l i t h i u m  and l e a d- l i t h i u m  systems, obv ious ly  p lays  
an impor tan t  r o l e  i n  t he  format ion o f  i n t e r n a l  
a t tacked fo r  t h e  case of l e a d- l i t h i u m  systems under otherwise comparable condi t ions.  

9.2.5 Conclusions 

Type 316 s t a i n l e s s  s t e e l  was severely  corroded a f t e r  exposure f o r  2015 h a t  500OC i n  a thermal con- 
v e c t i o n  l oop  of t ype  316 s t a i n l e s s  s tee l  t h a t  c i r c u l a t e d  Pb-17 at. % Li.  
mat ion Of a t h i c k  cor ros ion  l a y e r  which conta ined a s i g n i f i c a n t  amount o f  lead- l i th ium.  

Dur ing t h e  cu r ren t  r e p o r t i n g  per iod,  a thermal convect ion l oop  (TCL) study o f  t ype  316 s t a i n l e s s  s t e e l  

Both loops were o f  a type  descr ibed previously; '  t h e  loop  design a l lowed co r ros i on  coupons t o  be 

Both t h e  

I n  t he  preceding progress r e p ~ r t , ~  r e s u l t s  from meta l lograph ic  examination and energy d i s p e r s i v e  x- ray 

The r e s u l t i n g  micrographs revealed t h e  presence of an extended 

In a s i m i l a r  manner t o  t h e  procedure used f o r  t h e  t ype  316 s t a i n l e s s  s t e e l  specimen shown i n  

I n  con t ras t  t o  t h e  a u s t e n i t i c  s t a i n l e s s  s tee l ,  t he  r e s u l t i n g  po l i shed c ross- sec t ion  showed 

where a porous co r ros i on  l a y e r  

co r ros i on  layers ,  a l b e i t  such zones a re  m r e  severe ly  

1. 
The exposure r e s u l t e d  i n  t h e  f o r -  
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ORNL-PHOTO 787984 

Fig. 9.2.3. Electron micro- 
orobe elemental imaaes of Dollshed 

% t i v e  Pt-17 a t .  X L i  for 2015 h a t  

Ni Cr 

Y-200328 Y-200330 

F i g .  9.2.4. Polished cross-section of  12 Cr-1 MoVW stee l  exposed t o  thermally convective Pb-17 a t .  % Li 
for 2000 h a t  50O'C; no specimen cleaning prior t o  examination. 
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2. 1 2  C r - 1  MoVW s t e e l ,  a f t e r  exposure t o  P b 1 7  a t .  % L i  f o r  2000 h a t  500°C i n  a 9 Cr-1 MoVW s t e e l  
l oop ,  corroded r e l a t i v e l y  un i fo rm ly  w i t h o u t  any s i g n i f i c a n t  p e n e t r a t i o n  by t h e  l e a d- l i t h i u m .  
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9.3 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS I N  FLOWING LITHIUM - 0. K .  Chopra and 
D. L. Smith IArgonne Nat iona l  Laboratory)  

9.3.1 A D I P  Task 

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.3.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  t he  i n f l uence  o f  a f l ow ing  l i t h i u m  environment on the  
co r ros i on  behavior  and mechanical p r o p e r t i e s  o f  s t r u c t u r a l  a l l o y s  under cond i t i ons  o f  i n t e r e s t  f o r  fus ion  
reac to rs .  Corrosion r a t e s  a re  determined by measuring the  weight  change and depth o f  i n t e r n a l  c o r r o s i v e  
pene t ra t i on  as a f u n c t i o n  o f  t ime and temperature. 
eva lua t i on  o f  the  a l l o y  sur face,  a re  used t o  e s t a b l i s h  the  mechanism and r a t e - c o n t r o l l i n g  process f o r  the  
co r ros i on  reac t ions .  I n i t i a l  e f f o r t  on mechanical p r o p e r t i e s  i s  focused on f a t i g u e  and t e n s i l e  t e s t s  i n  a 
f l o w i n g  l i t h i u m  environment o f  c o n t r o l l e d  p u r i t y .  

These measurements, coupled w i t h  meta l lograph ic  

9.3.3 Summary ___ 
Data on t he  sur face composi t ion o f  Type 316 s t a i n l e s s  s tee l  exposed t o  l i t h i u m  under va r i ous  cond i t i ons  

o f  t ime, temperature, and n i t r ogen  conten t  i n  l i t h i u m  are presented. 
d e p l e t i o n  o f  chromium from the  s tee l  depends on the  exposure cond i t i ons .  The d e p l e t i o n  o f  n i cke l  i s  r a p i d  
and independent o f  temperature and l i t h i u m  p u r i t y .  

9.3.4 Progress and Status 

The e f f ec t s  of a f lowing l i t h i u m  environment on t he  co r ros i on  behav io r  o f  a u s t e n i t i c  and f e r r i t i c  
s t e e l s  a re  be ing  i nves t i ga ted .  The co r ros i on  t e s t s  a re  conducted i n  a t e s t  f a c i l i t y  c o n s i s t i n g  o f  a forced- 
c i r c u l a t i o n  l i t h i u m  l oop  and an MTS c losed- loop servohydrau l i c  f a t i gue  machine f o r  per fo rming  mechanical 
t e s t s  i n  t he  l i q u i d  l i t h i u m  environment. A schematic diagram o f  t he  f a c i l i t y  i s  shown i n  F ig .  9.3.1. The 
l i q u i d  l i t h i u m  system, which i s  cons t ruc ted  o f  Type 304 s t a i n l e s s  s t e e l ,  cons i s t s  of a pr imary l oop  w i t h  
t h ree  t e s t  vessels and a secondary c o l d - t r a p  p u r i f i c a t i o n  loop.  
t he  i n t e r s t i t i a l  elements i n  l i t h i u m .  A magnetic t r a p  ( n o t  shown i n  the  f i g u r e )  i s  l o c a t e d  upstream from 
the  f lowmeter and pump sec t ions  o f  t h e  co ld- t rap  loop.  The q u a n t i t y  o f  l i t h i u m  i n  t h e  l oop  i s  -20 l i t e r s  
and l i t h i u m  i s  r e c i r c u l a t e d  a t  -1 l i t e r f m i n  i n  the  pr imary loop.  
obta ined f o r  analyses o f  n i t r ogen  and carbon i n  l i t h i u m .  
determined by e q u i l i b r a t i n g  y t t r i u m  samples i n  l i t h i u m  and us ing  the  repo r ted  da ta  on t he  d i s t r i b u t i o n  o f  
hydrogen between l i t h i u m  and y t t r i u m . '  

F l a t  co r ros i on  coupons -70 x 10 x 0.3 mn i n  s i ze  a re  exposed t o  f low ing  l i t h i u m  and the  c o r r o s i o n  
behavior  i s  evaluated from measurements o f  weight  l o s s  and depth o f  i n t e r n a l  pene t ra t i on  f o r  specimens 
exposed f o r  d i f f e r e n t  t imes.  
Dur ing t he  co r ros i on  t e s t s ,  t he  concent ra t ions  o f  carbon and hydrogen i n  l i t h i u m  were -10 and 120 wppm, 
respec t i ve l y ,  and the  n i t r o g e n  conten t  was mainta ined a t  < l o 0  wppm. 

755 and 700 K have been repo r ted  
and Fe-9Cr-lt.b s tee l  f o l l o w  a l i n e a r  law w i t h  t ime and y i e l d  a cons tan t  d i s s o l u t i o n  r a t e .  
s t ee l s ,  t he  d i s s o l u t i o n  r a t e s  a t  700 K a r e  a f a c t o r  of - 2  lower than those a t  755 K. 
f o r  a u s t e n i t i c  PCA and Type 316 s t a i n l e s s  s tee l  reach a s teady- s ta te  value a f t e r  an i n i t i a l  -1500-h p e r i o d  
of h igh  ra tes .  
g rea te r  than f o r  f e r r i t i c  s t e e l s  and t h e  r a t e s  f o r  PCA are a f a c t o r  o f  2 t o  4 g rea te r  than f o r  Type 316 
s t a i n l e s s  s tee l .  The d i s s o l u t i o n  r a t e s  f o r  bo th  a u s t e n i t i c  s t ee l s  a t  755 and 700 K a re  anomalous, i.e., 
s l i g h t l y  h igher  a t  700 K than a t  755 K. 
f e r r i t e  l a y e r  owing t o  dep le t i on  o f  n i c k e l  and to some e x t e n t  chromium from the  s tee l .  
n i c k e l  decreases ab rup t l y  across the  f e r r i  te- aus ten i  t e  boundary. Measurements o f  i n t e r n a l  pene t ra t i on  
i n d i c a t e  t h a t  t he  th ickness  o f  t he  f e r r i t e  l a y e r  formed on Type 316 s t a i n l e s s  s tee l  f o l l ows  a power-law 
r e l a t i o n s h i p  w i t h  t ime. The f e r r i t i c  s t e e l s  show l i t t l e  o r  no i n t e r n a l  cor ros ion .  

The anomalous r e s u l t s  f o r  d i s s o l u t i o n  r a t e s  o f  Type 316 s t a i n l e s s  s tee l  a t  755 and 700 K i n d i c a t e  
t h a t  d i f f e r e n t  co r ros i on  mechanisms may dominate t he  d i s s o l u t i o n  behavior  i n  d i f f e r e n t  temperature regimes. 
L i m i t e d  da ta  show t h a t  a small inc rease i n  the  concent ra t ion  o f  n i t r ogen  i n  l i t h i u m  increases t he  weight  
l osses  o f  bo th  a u s t e n i t i c  and f e r r i t i c  s t e e l s  by a f a c t o r  o f  2 t o  4.3 N i t rogen can r e a c t  w i t h  a l l o y  
elements and l i t h i u m  t o  form s t a b l e  t e rna ry  n i t r i d e s ,  such as LigCrN5 and Li3FeN2, and thus acce le ra te  the  
d i s s o l u t i o n  process o f  f e r rous   alloy^.^ 
analyses (EDAX) were performed to determine t he  d i f f e rences  i n  sur face composi t ion o f  Type 316 s t a i n l e s s  
s tee l  specimens exposed t o  l i t h i u m  a t  d i f f e r e n t  temperatures and l i t h i u m  p u r i t y  cond i t i ons .  

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

Hot g e t t e r i n g  i s  a l so  used f o r  c o n t r o l l i n g  

F i l t e r e d  l i t h i u m  samples a re  p e r i o d i c a l l y  
The hydrogen concent ra t ion  i n  l i t h i u m  i s  

Tests a re  conducted i n  the  t e s t  vessel and lo r  specimen exposure vessel .  

The co r ros i on  data f o r  Type 316 s t a i n l e s s  s tee l ,  PCA, HT-9, and Fe-9Cr-lMo s tee l  i n  f lowing l i t h i u m  a t  
The r e s u l t s  i n d i c a t e  t h a t  the  weight  l osses  o f  f e r r i t i c  HT-9 

For bo th  f e r r i t i c  
The d i s s o l u t i o n  r a t e s  

The s teady- s ta te  d i s s o l u t i o n  r a t e s  f o r  Type 316 s t a i n l e s s  s tee l  a re  an order  o f  magnitude 

A f t e r  exposure t o  l i t h i u m ,  the  a u s t e n i t i c  s t e e l s  develop a porous 
The concen t ra t i on  of 

Dur ing t he  c u r r e n t  r e p o r t i n g  per iod ,  energy d i spe rs i ve  x- ray 

The 
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Fig. 9.3.1. Schematic o f  l i q u i d  l i t h i u m  
loop and f a c i l i t y  f o r  performing mechanical t e s t s  
i n  the l i t h i u m  env i ronmnt .  

concentrat ion o f  Cr ,  Fe, and N i  was measured f o r  specimens exposed dur ing d i f f e ren t  t e s t  runs. The t i m e  and 
temperature o f  exposure and the loop operat ing condi t ions f o r  the t e s t  runs are given i n  Table 9.3.1. 
weight loss,  i n te rna l  penetrat ion (i.e., thickness o f  f e r r i t e  scale), and surface composition o f  l i t h i u m  
exposed specimens are given i n  Table 9.3.2. 

both annealed and cold-worked Type 316 s ta in less steel i s  (1.2%. 
steel  depends on time, temperature, and ni t rogen content i n  l i t h i u m .  
tha t  the concentrat ion of C r  decreases w i th  an increase i n  exposure t i m e ,  e.g., -13% a f t e r  1295 h and -9.8% 
a f t e r  5521 h. 
dep le t ion o f  C r  than those exposed t o  l i t h i u m  w i th  (100 wppm ni t rogen. 
of C r  i s  lower i n  specimens exposed a t  700 K than i n  specimens exposed a t  755 K. 
Type 316 s ta in less steel  specimens exposed a t  700 K f o r  1100 h ( run  3) show l i t t l e  or  no l o s s  of C r .  
f a c t ,  these specimens show la rge  deposi ts of C r  on the surface. 

specimens. Micrographs o f  the surface o f  20% CW Type 316 s ta in less  steel  exposed fo r  5521 h a t  755 K and 
5739 h a t  700 K are shown i n  Fig. 9.3.2. Both specimens show a pebbled o r  dimpled appearance and conta in  
some surface c a v i t i e s  o r  poros i ty .  However, the specimen exposed a t  700 K e x h i b i t s  greater poros i ty  than 
t h a t  exposed a t  755 K. 
po ros i t y  (Fig.  9.3.3). 
dep le t ion of C r  from the steel .  
l oss  and in te rna l  penetration. 

i nd i ca te  t h a t  the dep le t ion o f  C r  from Type 316 s ta in less  steel  decreases w i th  a decrease i n  temperature.6 
For example, a f t e r  a 3000-h exposure t o  l i t h ium,  the C r  concentrat ion r a t i o s  f o r  l i thium-exposed vs 
unexposed steel  are 0.42 a t  923 K, 0.58 a t  873 K, 0.65 a t  823 K, and 0.91 a t  773 K. 
temperature on C r  deplet ion was observed f o r  Type 316 s ta in less  steel  specimens expo ed a t  d i f f e r e n t  
temperatures i n  a l i t h i u m  TCL operated f o r  7488 h a t  a maximum temperature o f  873 K.' The concentrat ion of 
C r  increased from 2.8% f o r  specimens exposed a t  the maximum temperature o f  873 K t o  6.8% f o r  specimens 
exposed downstream a t  813 K. 
the dep le t ion o f  C r  i s  h igher a t  700 K than a t  755 K. The cor ros ion data a t  700 K dur ing run 4 and a t  155 K 
during run 2 were obtained i n  the specimen-exposure vessel o f  the l i t h i u m  loop and the l i t h i u m  flow was from 
the t e s t  vessel to the specimen-exposure vessel. The di f ferences i n  loop geometry, surface area o f  the 
s t ruc tu ra l  mater ia l ,  o r  downstream e f f e c t s  may in f luence the d i sso lu t i on  and mass t rans fe r  behavior for  
ferrous a l l oys .  
es tab l i sh  the influence o f  these parameters on the d i sso lu t i on  behavior o f  aus ten i t i c  s tee ls  i n  l i t h i u m .  

9.3.5 Conclusions 

The 

The r e s u l t s  show t h a t  i r respec t i ve  o f  the time and temperature of exposure, the N i  concentrat ion i n  
However, the deplet ion o f  C r  from the 

D a t a  f o r  t e s t  runs 1 and 4 i nd i ca te  

Specimens exposed a t  755 K i n  l i t h i u m  containing -250 wppm ni t rogen ( run 2)  show greater 
During t e s t  run  4, the concentrat ion 

Annealed and cold-worked 
In 

The differences i n  the C r  content are r e f l e c t e d  i n  the surface features of the lithium-exposed 

Type 316 s ta in less steel  exposed to high-ni t rogen l i t h i u m  ( run  2) also shows l a r g e  
These r e s u l t s  i nd i ca te  tha t  the po ros i t y  i n  the f e r r i t e  l a y e r  i s  associated w i th  the 

Specimens w i t h  greater poros i ty  and dep le t ion o f  C r  a l s o  show l a r g e r  weight 

Corrosion data from the l i t h i u m  thermal convection loop ( 1 C L )  a t  d i f f e r e n t  maximum temperatures 

A s i m i l a r  e f f e c t  o f  

These r e s u l t s  are d i f f e ren t  from those observed i n  the present study, viz., 

Addi t ional  data over a wide range of loop temperature and system parameters are requ i red t o  

Data on the surface composition of Type 316 s ta in less  steel  exposed to f lowing l i t h i u m  under d i f f e r e n t  
t ime ,  temperature, and l i t h i u m p u r i t y  condi t ions ind ica te  t h a t  i r respec t i ve  of the exposure condi t ions,  a l l  
specimens show s i g n i f i c a n t  dep le t ion o f  n icke l .  
worked Type 316 s ta in less steel i s  <1.2%. 

The concentrat ion of n icke l  i n  both annealed and cold- 
The deDletion o f  chromium from the steel  depends on t i m e ,  
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TABLE 9.3.1. L i t h i u m  loop  opera t ing  cond i t i ons  fo r  var ious  co r ros i on  t e s t s  

Loop Temperatures ( K l  Tes t  Dura t ion  ( h l  
Test  Test  Spec. E m .  S u m l v  C o l d  N Content l e s t  Soec. Exo. 
Run Vessel Vessel Vessei Trap i n  L i t h i u m  Vessel Vessel 

1 755 755 705 485 450 1295 3000 
2 755/700a 755 680 503b -250 1997 
3 700 755 680 503 -100 1100 
4 755 700 683 485 <loo 5521 6501 

- 
- 

aTeSt vessel temperature changed from 755 t o  700 K a f t e r  1540 h. 
'No flow through c o l d  t r a p  a f t e r  890 h due t o  p lugging.  

replaced and f l ow  s t a r t e d  a f t e r  an a d d i t i o n a l  480 h. 
Plugged sec t i ons  

TABLE 9.3.2. Weight l oss ,  depth o f  i n t e r n a l  penet ra t ion ,  and sur face  
composi t ions of Ty e 316 s t a i n l e s s  s tee l  exposed 
t o  f l ow ing  l i t h i u m  

Weight 
Tes t  Time Temp. Los? Penet ra t ion  Surface Composition ( % I  
Run ( h l  ( K l  (g/m l (urn) Cr Fe N i  

Annealed Type 316 SS 

1 1295 755 6.7 13 12.2 81.6 1.2 
2 1997b 7 5 5  21.0 25 6.2 90.9 1.1 
4 5521 755 31.8 37 9.7 84.0 0.7 

4 5739 700 42.2 38 8.1 86.6 0.8 
4 5739 700 41.5 37 8.3 88.4 0.9 

3 1100' 700 17.2 21 18.7 77.1 1.8 

20% CW Type 316 SS 

4 
4 

1295 
1997b 
5521 
1100 
5739 
5739 
6501 

700 
700 

24 
47 
40 
25 
42 
40 
46 

13.9 
5.6 

78.0 
88.1 

8.6 
8.8 
7.3 

86.8 
88.3 
87.9 

aDuring t e s t  runs 1, 3, and 4, t he  concen t ra t i on  o f  n i t r o g e n  i n  

bConcentrat ion o f  n i t r o g e n  i n  l i t h i u m  -250 wppm. 

'Large depos i ts  o f  chromium observed on t he  specimen. 

l i t h i u m  was 4100 wppm. 

c o l d  t r a p  f o r  -480 h. 

composi t ion represents  reg ions  away from these depos i ts .  

No f l o w  through 

The sur face 
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Fig. 9.3.2. Micrographs o f  the surface o f  20% cold-worked 
Type 316 stainless steel exposed to flowing l i t h i u m  (a) for  5521 h 
a t  755 K and (b) f o r  5739 h a t  700 K. 

Fig. 9.3.3. Micrograph o f  20% cold- 
worked Type 316 s ta in less steel exposed f o r  
1997 h a t  755 K - t o  f lowing l i t h i u m  
containing -250 wppm nitrogen. 

temperature, and ni t rogen content i n  l i t h im .  
f o r  specimens exposed a t  700 K than for those exposed a t  755 K. An increase i n  the ni t rogen content I n  
l l t h i u m  also increases the deplet ion of chromium from the steel. 
chromium also exh ib i t  la rge poros i ty  i n  the f e r r i t e  layer  t ha t  form on the specimen surface. The la rge  
surface poros i ty  may account for the la rge  weight losses and high d isso lu t ion ra tes observed for these 
specimens. 
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Table 9.4.1. P a r t i a l  pressures o f  va r i ous  gas species f o r  
r e a c t i o n  between L i 2 0  p e l l e t s  and he l ium gas 
con ta i n i ng  1 ppm each of H20 and H2 

( 3 )  

pH20 

p02 

(41 

PLi 

(51  

PLiOH 

E q u i l i b r i u m  P a r t i a l  Pressure,a l o g  P (a tml  
450°C 550°C 650°C 

H2(g) + 1 02(g) z H20(g) 
-30.00 -25.68 -22.28 

L i 2 0 ( s )  2 L i ( g )  + 02(g1 
-16.86 -13.81 -11.65 

L i 2 0 ( s )  + H20(g) 2 LiOH(s, a )  b 

-2.23 (-2.84) -1.48 (-2.08) -1.00 (-1.501 
-22.46 -16.64 -12.29 

C r  + 2 L ~ ~ O I S )  z LiCro2 + 3 L i ( g )C  

-10.81 -8.68 -7.00 

L i 2 0 ( s )  + H20(g) 2 LiOH(g)d 
-10.29 (-10.37) -8.81 (-8.92) -7.66 (-7.79) 

a P a r t i a l  pressures c a l c u l a t e d  w i t h  thermodynamic da ta  f rom 
JANAF tab les .  

bLiOHls) below 472'C and L iOHla l  above 472-C. Values w i t h i n  
parentheses c a l c u l a t e d  w i t h  data from Ref. 3. 

'Pa r t i a l  pressures c a l c u l a t e d  w i t h  data from Ref. 4. 
dValues w i t h i n  parentheses c a l c u l a t e d  w i t h  data from Ref. 5. 

The p a r t i a l  pressure o f  LiOH(g) i n  the  environment i s  es tab l i shed  by r e a c t i o n  ( 5 ) .  The weight  l o s s  o f  
L i20  p e l l e t s  due t o  the  fo rmat ion  of LiOH(g1 can be determined from 

3 
where V i s  t he  volume o f  t he  c a r r i e r  gas ( i n  d / h )  a t  room temperature T and M i s  t h e  molecular  weight  o f  
L i20 .  
and 6.8 x lom2 mg/m2.h, r e s p e c t i v e l y .  
those observed exper imenta l l y .  

between s t r u c t u r a l  a l l o y s  and L i 2 0  i n d i c a t e  t h a t  t he  depth of i n t e r n a l  pene t ra t i on  reaches a cons tan t  value 
o f  -15 a f t e r  -500 h. The r e a c t i o n  stops when t he  p a r t i a l  pressure o f  L i ( g )  i n  t he  ox ide  sca le  increases 
t o  t he  e q u i l i b r i u m  value. 
ho lde r  was minimal l a  l i n e  con tac t ) .  Consequently, t he  weight  l o s s  due t o  t he  fo rmat ion  o f  t e r n a r y  ox ides,  
i.e., r e a c t i o n  ( 4 ) .  i s  expected t o  be n e g l i g i b l e .  Resu l ts  a t  45OoC a l so  support  t h i s  behavior ,  v iz . ,  
a l though r e a c t i o n  ( 4 )  should occur a t  450°C. t he  p e l l e t s  i n  f a c t  ga in  weight. 
450°C may be a t t r i b u t e d  to absorp t ion  o f  mo is tu re  from t h e  environment. 

Data on the  thermal 
decom o s i t i o n  of LiOH a t  temperatures between 270 and 46OoC i n d i c a t e  t h a t  t h e  r e a c t i o n  r a t e s  a re  r e l a t i v e l y  
high.' S ince LiOH i s  uns tab le  a t  the  t e s t  temperatures, bak ing  the p e l l e t s  under dynamic vacuum should 
decompose a l l  the  LiOH present  i n  t he  p e l l e t s .  Otherwise, L i 2 0  exposed to the  gas environment a t  450'C 
should a l so  have l o s t  weight. 
550"C, w i t hou t  p r i o r  bak ing  (shown as diamond symbols i n  F ig .  9.4.2), showed s i g n i f i c a n t  weight  l o s s  a f t e r  
t h e  i n i t i a l  exposure. 
t h a t  were baked be fore  exposure t o  t h e  gas environment. 
r es i dua l  LiOH cannot  account f o r  the  l a r g e  weight  losses  t h a t  were observed exper imenta l l y  f o r  L i20 .  

The c a l c u l a t e d  values f o r  t he  r a t e  o f  w i g h t  l o s s  a t  450, 550, and 65O0C a re  1.6 x 4.8 x 10- , 
The values a t  550 and 65O0C are  - 3 o rders  o f  magnitude lower than 

React ion (4 )  can a l so  c o n t r i b u t e  t o  the  w i g h t  l o s s  of L i 2 0  p e l l e t s .  Data f o r  c o m p a t i b i l t t y  t e s t s  

Furthermore, t he  area o f  c o n t a c t  between L i 2 0  p e l l e t s  and t he  s t a i n l e s s  s t e e l  

The increase i n  weight  a t  

D i s s o c i a t i o n  of r es i dua l  LiOH can a l so  l e a d  t o  l o s s  i n  weight  of the  L i t 0  p e l l e t s .  

Furthermore, one sample o f  L i 20  exposed t o  a f lowing gas environment a t  

Yet the  subsequent r a t e  o f  weight  l o s s  i s  comparable t o  t h a t  observed f o r  t he  samples 
These r e s u l t s  i n d i c a t e  t h a t  decomposit ion of 



9.4.5 Conclusions 

The Li20 p e l l e t s  exposed to  flowing helium containing 1 ppm each o f  H20 and H2 showed weight losses  of 
9.0 and 62.7 mg/m2.h a t  550 and 650"C, respect ively .  
weight gain was 1.6 ng/m2.h .  
those predicted from equilibrium reaction k ine t i c s .  However, data indicate  t h a t  the  high r a t e s  of weight 
l o s s  cannot be a t t r i b u t e d  t o  in t e rac t ions  w i t h  the  s t a i n l e s s  s tee l  holder o r  decomposition of residual L i O H  
in the Li20 p e l l e t s .  
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9.5 ENVIRONMENTAL EFFECTS ON THE PROPERTIES OF VANADIUM-BASE ALLOYS - D. R. b i e r cks  and n. L. Smith 
(Argonne Nat ional  Laboratory)  

9.5.1 A O I P  Task 

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses 

9.5.2 Ob jec t i ve  

The o b j e c t i v e  of t h i s  task  i s  t o  exper imenta l l y  eva lua te  t he  co r ros i on  behav io r  of se lec ted  vanadium- 
base a l l o y s  i n  a number of aqueous, l i q u i d  metal ,  and gaseous environments. 
t i o n s  w i l l  be used i n  the  s e l e c t i o n  o f  appropr ia te  vanadium-base a l l o y s  fo r  s t r u c t u r a l  a p p l i c a t i o n s  i n  
f us i on  reac to r s .  

The r e s u l t s  o f  these i nves t i ga-  

9.5.3 Summary 

Exposures o f  V - l S C r - S T i ,  V-20Ti, and VANSTAR-7 specimens f o r  2000 h t o  p ressur ized  f l o w i n g  water 
con ta i n i ng  4 ppm d i sso l ved  O2 a t  288°C have been completed. 
nonadherent and nonpro tec t i ve  co r ros i on  products,  and bo th  a l l o y s  e x h i b i t e d  r e l a t i v e l y  h igh  co r ros i on  
ra tes .  The V-15Cr-5Ti a l l o y  formed a t h i n  adherent f i l m ,  and i t s  co r ros i on  r a t e  was more than two orders  o f  
magnitude lower.  
vanadiumbase a l l o y s  i n d i c a t e  t h a t  t he  ex ten t  o f  i n t e r g r a n u l a r  segregat ion v a r i e s  markedly w i t h  d i f f e r e n t  
heats o f  ma te r i a l .  

9.5.4 Progress and Status 

9.5.4.1 Aqueous Corrosion Behavior o f  Vanadium-Base A l l oys  

Both t he  V-2DTi and VANSTAR-7 a l l o y s  formed 

Fu r the r  r e s u l t s  obta ined i n  a scanning Auger microprobe study o f  s u l f u r  segregat ion i n  

A pressur ized-water  re f reshed autoclave system has been designed and cons t ruc ted  f o r  t he  purpose o f  
conduct ing c o n t r o l l e d  co r ros i on  t e s t i n g  o f  se lec ted  vanadium-base a l l oys ,  as descr ibed i n  t he  p rev ious  
semiannual r e p 0 r t . l  
V-ZOTi, and VANSTAR-7. 
M a t e r i a l s  Inventory  i n  the  form of 0.76-nnn (0 .030 - i n . ) - t h i ck  sheet and 6.35-m (0.250-in.)-diameter rods. 
The l a t t e r  w i l l  be used f o r  subsequent CERT (cons tan t- ex tens ion- ra te )  s t ress- cor ros ion  c rack ing  t e s t i n g .  
I n  add i t i on ,  V-15Cr-5Ti and V-20Ti ma te r i a l  was ob ta ined i n  the  form o f  1.52-nnn (0 .060- in . ) - th ick  sheet from 
the  o l d  ANL LMFBR Inventory .  

The sheet ma te r i a l  from both  i n v e n t o r i e s  was sheared i n t o  weight-change specimens approximately  7.1 cm 

Three d i f f e r e n t  vanadium-base a l l o y s  were chosen f o r  t e s t i n g ,  namely V-15Cr-STi, 
Samples o f  a l l  t h ree  a l l o y s  were obta ined from the  Fusion Power Program (FPP) 

(2.8 i n . )  l ong  and 1 cm (0.4 i n . )  wide as w e l l  as " pene t ra t i on  coupons" approximately  2 cm (0.8 in.)  l o n g  
and 1 cm (0.4 i n . )  wide. These pene t ra t i on  coupons were t o  be removed p e r i o d i c a l l y  du r i ng  t he  course o f  the  
exposures and examined d e s t r u c t i v e l y  t o  determine t he  depth o f  c o r r o s i v e  pene t ra t i on  i n t o  t he  base metal and 
t he  general m i c ros t ruc tu ra l  f ea tu res  o f  t he  co r ros i on  process. A l l  o f  the  specimens were l i g h t l y  g r i t  
b l a s t e d  and cleaned w i t h  acetone and ethanol be fo re  be ing  suspended from a s t a i n l e s s  s tee l  rack and p laced 
i n  the  autoclave.  Two weight-change and two pene t ra t i on  specimens o f  each a l l o y  and heat  of ma te r i a l  were 
exposed i n  t he  f i r s t  co r ros i on  t e s t .  
(O.OlO-in.)-diameter vanadium wire,  b u t  t h i s  w i r e  underwent excessive wastage du r i ng  t he  course o f  the  t e s t s  
and was rep laced w i t h  p la t inum wire.  
phys ica l  con tac t  between ad jacent  specimens. 

con ta i n i ng  approximately  7 t o  8 ppm d i sso l ved  oxygen. 
temperature o f  288'C 1550°F) and a pressure o f  8.3 MPa (1200 p s i ) ,  and the  f l ow  r a t e  through the  system was 
about 11 cm3/min. 
c l ave  was determined t o  be about 4 ppm. 
the  specimen chamber, and the  f i r s t  t e s t  i s  descr ibed here as having been conducted i n  water con ta i n i ng  
4 ppm d isso lved  oxygen. 

The f i r s t  co r ros i on  t e s t  was i n t e r r u p t e d  a f t e r  exposure t imes o f  192, 496, 1000, and 2000 h t o  weigh 
the  weight-change specimens, and, a f t e r  496 and 1000 h, t o  remove pene t ra t i on  coupons. The weight-change 
specimens were c leaned upon each removal be fo re  welghing by immersion i n  ethanol and l i g h t  wip ing w i t h  a 
s o f t  c l o t h  i n  o rder  t o  remove any l oose  co r ros i on  sca le .  
w i t h  a M e t t l e r  mechanical microbalance. 

The observed weight  changes f o r  t he  a l l o y s  and heats t es ted  a re  summarized i n  Table 9.5.1 and p l o t t e d  
i n  Figs. 9.5.1 and 9.5.2. I n  a l l  cases t he  t e s t  specimens l o s t  weight, b u t  d rama t i ca l l y  l a r g e r  weight  
l osses  were observed f o r  the  V-20Ti and VANSTAR-7 a l l o y s  than f o r  the  two heats o f  V-15Cr-5Ti. The weight  
losses  f o r  V-20Ti and VANSTAR-7 appear t o  be approximately  l i n e a r  w i t h  t ime o u t  t o  1000 h (F ig.  9.5.1), b u t  
t he  2000-h da ta  p o i n t s  i n d i c a t e  weight losses  t h a t  a re  g rea te r  than would be ex t rapo la ted  from t h i s  

The specimens were o r i g i n a l l y  suspended from t h e  rack w i t h  0.25-mm 

The t e s t  specimens were c a r e f u l l y  pos i t i oned  on t he  rack  t o  avo id  

The f i r s t  co r ros i on  t e s t  was conducted w i t h  h i g h - p u r i t y  d i s t i l l e d  i n l e t  water ( c o n d u c t i v i t y  -0.1 uS/cm) 
The s o l u t i o n  i n  t h e  autoclave was mainta ined a t  a 

Under these cond i t i ons ,  t h e  d i sso l ved  oxygen conten t  i n  t he  e x i t  stream from the  auto-  
Th i s  oxygen conten t  i s  considered t o  be rep resen ta t i ve  o f  t h a t  i n  

Weights were determined t o  s i x  s i g n i f i c a n t  f i gu res  



Table 9.5.1. Observed weight  l o s s e s  f o r  vanadium-base a l l o y s  
f rom Fus ion  Power Program (FPP) M a t e r i a l s  I n v e n t o r y  
and ANL LMFBR I n v e n t o r y  exposed t o  water  c o n t a i n i n g  
4 ppm d i s s o l v e d  oxygen a t  288'C and 8.3 MPa p ressure  

Weight Loss /Un i t  Area (mg/c&) 
a f t e r  I n d i c a t e d  Exposure Time 

A1 1 oy Source 7 9 2  h 496 h 1000 h 2000 h 

V-15Cr-5Ti FPP 0.113 0.189 0.287 0.590 
FPP 0.111 0.181 0.280 0.535 
LMFBR 0.111 0.198 0.325 0.709 
LMFBR 0.095 0.182 0.313 0.639 

V-20Ti FPP 5.85 14.33 38.04 97.33 
FPP 5.89 13.98 37.69 95.56 
LMFBR 5.05 14.63 33.52 112.27 
LMFBR 5.76 16.17 35.26 112.68 

VANSTAR-7 FPP 4.32 11.45 24.58 63.76 
FPP 4.14 10.91 24.11 63.73 
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Fig. 9.5.1. Observed we igh t  l o s s e s  f o r  V-20Ti and VANSTAR-7 
exposed t o  water  c o n t a i n i n g  4 ppm d i s s o l v e d  oxygen a t  288'C. 

i n i t i a l l y  l i n e a r  behav io r .  
a l l  of t h e  da ta  of Fig. 9.5.1 f o r  each o f  t h e  two a l l o y s  were ob ta ined  as f o l l o w s :  

The reasons f o r  t h i s  behav io r  a r e  n o t  c l e a r .  B e s t - f i t  equa t ions  r e p r e s e n t i n g  

V-20Ti: W = 1.519 x t1'465, 

VANSTAR-7: W = 3.030 x t1.309, 

where W i s  we igh t  change i n  mg/cm2. These equa t ions  a r e  p l o t t e d  as t h e  s o l i d  curves i n  Fig. 9.5.1. 
i n c l u s i o n  of t h e  2000-h da ta  p o i n t s  i n  t h e  b e s t - f i t  equa t ions  causes t h e  r a t e- l a w  exponents i n  b o t h  
e q u a t i o n s  t o  exceed u n i t y ,  and no p h y s i c a l  s i g n i f i c a n c e  i s  a t t a c h e d  t o  t h i s  unexpected behav io r .  

A s i m i l a r  b e s t - f i t  equa t ion  r e p r e s e n t i n g  t h e  V-15Cr-5Ti we igh t  l o s s  da ta  i s  p l o t t e d  i n  Fig. 9.5.2, 
namely: 

The 

V-15Cr-5Ti: W = 6.190 x 
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Fig. 9.5.2. Observed weight losses for  V-15Cr-5Ti exposed t o  
water containing 4 ppm dissolved oxygen a t  288OC. The s o l i d  curve 
represents a power-law best f i t  to a l l  of the data, and the dashed 
curve represents a best f i t  t o  the data ou t  t o  1000 h. which i s  
extrapolated by assuming a reestablishment o f  the i n i t i a l  
corrosion k i n e t i c s  a f t e r  1200 h. 

However, the data ou t  to 1000 h suggest a m r e  near ly  parabol ic behavior than t h a t  ind icated by the above 
fit t o  a l l  the data. 
t o  1000 h, as fol lows: 

For t h i s  reason, a second b e s t - f i t  equation was determined for  the V-15Cr-5Ti data o u t  

V-15Cr-5Ti ( t o  1000 h): W = 3.371 x 

pro tec t i ve  surface oxide f o m t i o n .  
. 3  shows the v isua l  appearance o f  each o f  t 
m a f t e r  2000 h t o t a l  exposure time. The na 
a= YIC CnainA Cn ha i n  nanarnl snraaman+ d+ 

This equation i s  p l o t t e d  as the dashed curve i n  Fig. 9.5.2. This dashed curve i s  a r b i t r a r i l y  terminated a t  
1200 h, which i s  taken to be the s t a r t i n g  p o i n t  fo r  a second curve o f  the same funct iona l  form. 
fact, t he  dashed curve gives an accurate representat ion o f  the ra the r  l i m i t e d  data, i t  suggests t h a t  t h i s  
a l l o y  exh ib i ted approximately parabol ic corrosion k i n e t i c s  dur ing the f i r s t  p a r t  of the exposure, followed 
by the  l o s s  of pro tec t ion a t  the surface and the onset of another parabol ic regime. In contrast ,  t he  
s tead i l y  increasinq corrosion ra tes  f o r  the o ther  two a l l oys  (Fig. 9.5.1) ra ther  c l e a r l y  Ind ica te  the 
absence of any 

autoclave systei 
specimen surfac,, lyullv .., 1v 3=.'.C8..8 . .3rcvan8cna-  -,-h the observed corrosion k ine t i cs .  The V-20Ti 
speclmens from both heats o f  m t e r i a l  were covered w i t h  a heavy grayish-green granular cor ros ion product 
t h a t  rubbed o f f  r e a d i l y  i n  handling and appeared t o  o f fe r  l i t t l e  o r  no protectqon to the under ly ing base 
meta l .  The surfaces o f  the VANSTAR-7 specimens were covered w i th  a s i m i l a r l y  heavy gray l a y e r  t h a t  r e a d i l y  
spa l led o f f  as f lakes. exoosino an under lv ina dark arav-to-black WrOuS nonadherent laver.  
C O I  r e  9.5.1 shows t h a t  
boi  both a l l oys  showed 
i nc Formation was tak ing 
p l  i 

If, i n  

Figure 9.5 he f i v e  specimen types upon removal from the 
t u r e  o f  the corrosion products formed on the 

Again, the 

!cimens was a 
rei-", ._ ., _....., __..__, - ~ ~ - .  _.._., __.._. _.._ . . ..... ... . _  _ .  ._, - ._.._. ".:rosion r a t e  
(Fig. 9.5.2). and there i s  some Ouggestion of an approximately parabol ic i n i t i a l  behavior. One nay 
speculate t h a t  some corrosion l a y e r  spa l l a t i on  occurred w i t h  increased thickness sometime a f t e r  the f i r s t  
1000 h o f  exposure, thereby leading to a somewhat increased subsequent cor ros ion rate.  

Attempts were made to i d e n t i f y  the nature o f  the corrosion products formed on the various specimens 
a f t e r  both 1000 and 2000 h of exposure. by use of x-ray d i f f r a c t i o n  powder pa t te rn  techniques. Corrosion 
product samples were c a r e f u l l y  scraped from the surfaces o f  the penetrat ion samples a f t e r  1000 h and the 

- -  
.rosion product appiared to offer l i t t l e  p r o t e c t i &  'lo the undei ly ing base metal. Figu 
th of these a l l oys  underwent r e l a t i v e l y  rap id  corrosion dur ing the tes t .  Furthermore, 
:reasing ra tes  w i th  t ime;  t h i s  observation ind icated t h a t  no p ro tec t i ve  surface oxide 1 
ice. 

On the o ther  hand, the cor ros ion product formed on the surface of the V-15Cr-5Ti spf 
a t l v a l v  t h i n  dance and rnnilv-antlv rdharnnt f l l m  Thlc a l l n v  chnveci a miwh l n w r  m r  
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v-71111 
( L ~ F H R )  Fig. 9.5.3. Visual appearance o f  the 

vanadium a l l o y  specimens a f t e r  2000-h exposure 
t o  water conta in ing 4 ppm dissolved oxygen a t  

vnNSIIR-7 288OC. 
1 i P P I  

V-15LH-5II 
1 i P P I  

v - i n - i  I 
I i P P I  

weight-change samples a f t e r  2000 h o f  exposure. A f te r  both exposure times, the V-20Ti cor ros ion product was 
c l e a r l y  i d e n t i f i e d  as r u t i l e  (Ti02),  w i th  no other phases detected. 

The cor ros ion product formed a f te r  1000 h on the VANSTAR-7 specimens produced a very d i f f u s e  and poor ly 
defined d i f f r a c t i o n  pat tern  t h a t  could not  be indexed. 
the cor ros ion product formed on t h i s  a l l o y  a f t e r  2000 h, b u t  again the pa t te rn  could not  be s a t i s f a c t o r i l y  
indexed. An i d e n t i f i a b l e  V02 phase was found i n  the 1000-h corrosion product from the V-15Cr-5Ti specimens. 
along w i t h  one o r  m r e  un iden t i f i ab le  phases. 
t i o n  pat terns obtained from the V-15Cr-5Ti specimens exposed fo r  2000 h. 
cor ros ion products by mans of energy dispersive x-ray analysis techniques are present ly under way i n  an 
attempt t o  b e t t e r  def ine t h e i r  chemical nature. 

losses were due t o  r e l a t i v e l y  uniform wastage of the specimens, and there was l i t t l e  o r  no apparent pene- 
t r a t i o n  i n t o  the base m t a l  ahead of the wa te r /mta l  interface. 
from the penetrat ion coupons rem ved p e r i o d i c a l l y  dur ing the tes t .  

annual basis were ca lcu la ted from the observed 2000-h weight l o s s  data o f  Table 9.5.1. These ca lcu la ted 
wastage ra tes  are  about 0.7 nmlyr f o r  the V-2OTi a l l oy ,  0.5 mnlyr f o r  VANSTAR-7, and 0.005 mnlyr f o r  
V-15Cr-5Ti. 
has been suggested. 
t o  water containing lower dissolved oxygen l e v e l s  m r e  pro to typ ic  of ant ic ipated service condi t ions.  

9.5.4.2 Segregation of su l fur  i n  Vanadium-Base Al loys  

d ia ted  V-15Cr-5Ti mater ia l  (heat H5V-207, R1301) from the ORR-MFE-2 experiment provided by Westinghouse. 
Specimens from t h a t  mater ia l  f ractured i n  s i t u  i n  the scanning Auger microprobe (SAM) a t  l i q u i d  ni t rogen 
temperature were observed t o  f rac ture  l a r g e l y  i n te rg ranu la r l y  w i th  r e l a t i v e l y  l i t t l e  d u c t i l i t y .  The trans- 
granular cleavage f rac tu re  regions showed no unusual chemistry var ia t ions,  but  the in te rg ranu la r  regions 
were found to have su l fur  contents estimated t o  be greater than 10 w t  %. A chemical ana lys is  o f  the speci-  
men mater ia l  performed a t  ANL ind icated t h a t  the bulk su l fur  content was l e s s  than 0.02 w t  X. 
are s i m i l a r  t o  observations made by Westinghouse on t h i s  heat of mater ia l ,  except t h a t  they obtained on ly  
transgranul a r  cleavage f rac tu re  and observed high su l fur  l e v e l s  on these transgranular f rac tu re  surfaces. 

During the past s i x  mnths,  we have conducted fol low-up SAM examinations o f  the f rac tu re  surfaces o f  
the V-20Ti. VANSTAR-7, and V-15Cr-5Ti a l l oys  from the FPP heats and the V-20Ti and V-15Cr-5Ti a l l o y s  from 
the ANL LMFBR heats. The three FPP a l loys ,  when f rac tured i n  s i t u  i n  the-as- received condi t ion a t  l i q u i d  
n i t rogen temperature, a l l  f a i l e d  t ransgranular ly  i n  a r e l a t i v e l y  d u c t i l e  fashion. 
any o f  several l oca t ions  examined i n  the V-20Ti and V-15Cr-5Ti  specimens; t h i s  observation ind icated t h a t  
the s u l f u r  l e v e l s  were below a few tenths o f  1 w t  %, the detect ion l i m i t  o f  the instrument. 
regions examined on the VANSTAR-7 f rac ture  surface, however, su l fur  was seen a t  three s i tes .  
these locat ions,  both su l fur  and phosphorus were present a t  l e v e l s  o f  the order o f  1 to 2 w t  % 
(Fig. 9.5.4). 

Somewhat sharper d i f f r a c t i o n  l i n e s  were produced by 

No fu r the r  phase i d e n t i f i c a t i o n  has possible i n  the d i f f r a c -  
Quan t i t a t i ve  analyses o f  the  

Prel iminary metallographic examinations o f  the exposed specimens ind ica te  t h a t  the observed weight 

Thus, l i t t l e  in format ion could be obtained 
Assuming uni form cor ros ion and an 

approximate dens i ty  of 6.16 glcm s f o r  each o f  the three a l loys ,  wastage ra tes  on a l i n e a r l y  extrapolated 

By comparison, a maximum corros ion wastage r a t e  of 0.005 mn/yr f o r  a fus ion reactor  f i r s t  w a l l  
Preparations are present ly under way t o  expose these same a l l oys  and heats o f  mater ia l  

The previous report ’  described r e s u l t s  obtained on the in tergranu lar  segregation o f  s u l f u r  i n  un i r ra-  

These r e s u l t s  

No su l fur  was detected a t  

O f  the f i v e  
A t  one o f  
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Fig. 9.5.4. SAM a n a l y s i s  ob ta ined  from 
a VANSTAR-7 f r a c t u r e  sur face  reg ion  where 
su l f u r ,  phosphorus, and poss ib l y  s i l i c o n  
were detected.  

3 

Specimens o f  the  t h ree  above a l l o y s  were then annealed f o r  1 h a t  850'C (1562°F) i n  vacuum be fo re  be ing  
f r ac tu red  i n  s i t u  i n  the  SAM. 
any su l f u r  t h a t  might  be p resent  i n  t he  a l l o y s .  
d u c t i l e  t ransgranu la r  fashion,  b u t  t he  V-15Cr-5Ti specimen appeared t o  f a i l  predominant ly  by b r i t t l e  
t ransgranu la r  cleavage. 
V-15Cr-5Ti f r a c t u r e  surface, b u t  i s o l a t e d  poss ib l e  i n d i c a t i o n s  o f  phosphorus and c h l o r i n e  were noted. 
unusual chemistry  v a r i a t i o n s  were seen a t  any o f  seven l o c a t i o n s  examined on t h e  VANSTAR-7 specimen. 
However, a f a i r l y  prominent  s u l f u r  peak was seen a t  one f r a c t u r e  area on t he  annealed V-20Ti specimen, and 
l e s s  prominent peaks were seen a t  two o the r  l o c a t i o n s .  

F i n a l l y ,  V-20Ti and V-15Cr-5Ti specimens from the  ANL LMFBR heat  o f  ma te r i a l  were annealed f o r  1 h a t  
850'C i n  vacuum and f r a c t u r e d  i n  s i t u  i n  t he  SAM. The V-20Ti specimen f a i l e d  t r ansg ranu la r l y  i n  a d u c t i l e  
fashion, and t he  f r a c t u r e  sur face  o f  t he  V-15Cr-5Ti specimen appeared t o  c o n s i s t  l a r g e l y  of t r ansg ranu la r  
cleavage. 
V - l S C r - S T i ,  and on ly  s l i g h t  poss ib l e  t r aces  of e i t h e r  s u l f u r  o r  phosphorus cou ld  be detected. 

a l l o y s  and heats o f  ma te r i a l  a re  n o t  y e t  e n t i r e l y  c l ea r .  
h i g h l y  b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e  behavior ,  and a pronounced i n t e r g r a n u l a r  segregat ion o f  s u l f u r  
appeared t o  be associated w i t h  t h i s  behavior .  On t he  o the r  hand, none o f  t he  FPP o r  ANL a l l o y s  cou ld  be 
induced t o  f r a c t u r e  i n  a b r i t t l e  i n t e r g r a n u l a r  manner, and, w i t h  a few exceptions, no subs tan t i a l  segre- 
g a t i o n  o f  su l f u r  to the  f r a c t u r e  sur faces was observed. It should a lso  be noted t h a t  t he  g r a i n  s izes  o f  
bo th  the  FPP and ANL a l l o y s  were s u b s t a n t i a l l y  smal ler  than t h a t  o f  the  Westinghouse V-15Cr-5Ti a l l o y .  
Samples o f  a l l  of t he  a l l o y s  examined here have been submit ted f o r  h i g h - s e n s i t i v i t y  analyses o f  bu l k  s u l f u r  
con ten ts  i n  o rder  t o  determine t o  what ex ten t  the  tendency toward i n t e r g r a n u l a r  s u l f u r  segregat ion and 
embr i t t lement  i s  r e l a t e d  to bu l k  s u l f u r  chemis t ry .  

9.5.5 References 

The purpose o f  t h i s  anneal was t o  encourage the  i n t e r g r a n u l a r  segregat ion o f  
The V-20Ti and VANSTAR-7 specimens again f r a c t u r e d  i n  a 

No t races  of s u l f u r  cou ld  be detected a t  any of t h ree  l o c a t i o n s  analyzed on t h e  
No 

F i ve  l o c a t i o n s  were examined on t he  f r a c t u r e  sur face  o f  t he  V-20Ti specimen and seven on t h e  

The conc lus ions  t o  be drawn from t h i s  i n v e s t i g a t i o n  o f  s u l f u r  segregat ion i n  var ious  vanadium-base 
The Westinghouse V-15Cr-5Ti a l l o y  e x h i b i t e d  a 

1. 0. R. Oiercks and 0. L. Smith. "Environmental E f f ec t s  on the  P rooe r t i es  o f  Vanadium-Base A l l oys ."  
pp. 75-19 i n  A l l o y  Development f o r  I r r a d i a t i o n  Performance: 
March 31, 1984, DOEIER-0045112, Oak Ridge Nat ional  Laboratory,  Oak Ridge, Tenn., J u l y  1984. 
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9.6 STRESS CORROSION C R A C K I N G  OF PCA - I N I T I A L  CONSInERATIONS AND CHARACTERIZATION OF G R A I N  
BOUNDARY PRECIPITATION - P. F. T o r t o r e l l i  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

9.6.1 A D I P  Task 

ADlP Task I.A.3, Per form Chemical  and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Ana lyses.  

9.6.2 Objective- 

The purpose o f  t h i s  t a s k  i s  t o  de te rm ine  t h e  s u s c e p t i b i l i t y  o f  AnIP deve lopmenta l  a l l o y s  t o  s t r e s s  
c o r r o s i o n  c r a c k i n g  i n  aqueous env i ronmen ts  a p p l i c a b l e  t o  w a t e r - c o o l e d  f u s i o n  r e a c t o r s .  
t h e s e  a l l o y s  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  i s  b e i n g  assessed r e l a t i v e  t o  t h a t  o f  commerc ia l  a l l o y s  f o r  wh i ch  
a l a r g e  body of d a t a  e x i s t s .  
t i b i l i t y  can be d i sce rned .  

The r e s i s t a n c e  of 

I n  t h i s  way, t h e  e f f e c t s  o f  c o m p o s i t i o n a l  m o d i f i c a t i o n s  on c r a c k i n g  suscep-  

9.6.3 Summary 

A c c o r d i n g  t o  a thermodynamic  model o f  i n t e r g r a n u l a r  s t r e s s  c o r r o s i o n  c r a c k i n g ,  PCA i s  p r e d i c t e d  t o  have 
abou t  t t i e  s a w  c r a c k i n g  s u s c e p t i b i l i t y  as t y p e  316 s t a i n l e s s  s t e e l .  However, m i c r o s t r u c t u r a l  m a n i p u l a t i o n  
o f  t h e  ?CA a l l o y  may a l l o w  improvement i n  t h e  r e s i s t a n c e  t o  s e n s i t i z a t i o n  and, t h e r e f o r e ,  t o  i n t e r g r a n u l a r  
s t r e s s  c o r r o s i o n  c r a c k i n g .  

9.6.4 P rog ress  and S t a t u s  

The f e a s i b i l i t y  o f  w a t e r  c o o l i n g  a f u s i o n  r e a c t o r  o b v i o u s l y  depends on t h e  r e s i s t a n c e  of A D I P  deve lop-  
men ta l  a l l o y s  t o  c o r r o s i o n  i n  aqueous env i ronments .  
t h e  p a t h  A p r i m e  c a n d i d a t e  a l l o y  (PCA)  was i n i t i a t e d .  PCA i s  cornpo;ed of 

Consequen t l y ,  a s t u d y  o f  t h e  aqueous c o m p a t i b i l i t y  o f  

Con ten t  Con ten t  Con ten t  
E lement  ( w t  S,) Element ( w t  7,) Element  ( w t  X )  

N i  15.9 Mn 1.9 A1 n. ns 
C r  14.n S i  0.4 C o.ns 
MO 1.9 T i  n. 3 N a n i  
Fe 65.0 

I t  m a i n l y  d i f f e r s  f rom t y p e  316 s t a i n l e s s  s t e e l  i n  i t s  h i g h e r  n i c k e l  and l o w e r  chromium and ca rbon  c o n t e n t  
and a m i n o r  t i t a n i u m  a d d i t i o n .  it i s  t h u s  i n t e r e s t i n g  t o  examine how t h e s e  c o m p o s i t i o n a l  d i f f e r e n c e s  b e t -  
ween PCA and t y p e  316 s t a i n l e s s  s t e e l  may a f f e c t  t h e  r e s p e c t i v e  aqueous c o r r o s i o n  r e a c t i o n s  o f  t h e s e  a l l o y s .  

I n  a d d r e s s i n g  t h e  c o r r o s i o n  r e s i s t a n c e  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  i n  aqueous env i ronmen ts ,  t h e  phe-  
nomenon o f  s t r e s s  c o r r o s i o n  c r a c k i n g  i s  o f  p r i m a r y  impor tance .  
such a l l o y s  i n  r e l a t i v e l y  pu re  w a t e r  i s  q u i t e  good, 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  can undergo t r a n s g r a n u l a r  o r  
i n t e r g r a n u l a r  c r a c k i n g  i n  c h l o r i d e - c o n t a i n i n g  env i ronmen ts  and i n t e r g r a n u l a r  s t r e s s  c o r r o s i o n  c r a c k i n g  
(IGSCC) o f  s e n s i t i z e d  m a t e r i a l  i n  s u l f u r  o x y a n i o n - c o n t a i n i n g  s o l u t i o n s  (cl0O'C) and i n  oxygena ted  w a t e r  
a t  t e m p e r a t u r e s  up t o  abou t  300°C (see, f o r  example,  r e f .  1). Since  t h e s e  two  l a t t e r  e n v i r o n m e n t s  a r e  
p a r t i c u l a r l y  p e r t i n e n t  t o  w a t e r - c o o l e d  r e a c t o r  c o n d i t i o n s ,  t h e  s e n s i t i z a t i o n  and IGSCC of s u s c e p t i b l e  a u s t e-  
n i t i c  a l l o y s  a r e  of conce rn  f o r  such a p p l i c a t i o n s .  
z i t i z a t i o n  b e h a v i o r  of PCA r e l a t i v e  t o  a t v o i c a l  a u s t e n i t i c  s t a i n l e s s  s t e e l  as t h e  f i r s t  s t a g e  of t h i s  

Wh i l e  t h e  gene ra l  c o r r o s i o n  r e s i s t a n c e  of 

It was t h e r e f o r e  deemed i m p o r t a n t  t o  s t u d y  t h e  sen-  
~~ 

s t r e s s  c o r r o z i o n  c r a c k i n g  i n v e s t i g a t i o n .  
S e n s i t i z a t i o n  i n  s t e e l s  i s  t h e  p rocess  whereby c a r b i d e  f o r m a t i o n  a t  g r a i n  b o u n d a r i e s  r e s u l t s  i n  t h e  

u p t a k e  o f  cnromium from t h e  s u r r o u n d i n g  m r t r i x  such t h a t  a zone d e p l e t e d  i n  chromium forms n e a r  t h e  g r a i n  
bounda r i es .  
800°C a f t e r  s e v e r a l  h o u r s  o r  l o n g e r  (depend ing  on t h e  t e m p e r a t u r e ) .  
chromium, and n i c k e l ,  t h e  r e s u l t i n g  g r a i n  boundary  car .b ide i s  n o r m a l l y  assumed t o  be of a M ~ ~ C G  t y p e  w i t h  
chromium b e i n g  t h e  main  m e t a l  c o n s t i t u e n t .  
i n  s e n s i t i z e d  m a t e r i a l  i s  l e s s  c o r r o s i o n  r e s i s t a n t  because o f  t h e  reduced c o n c e n t r a t i o n  o f  t h i s  e lement  and 
t h e r e f o r e  p r o v i d e s  a s u s c e p t i b l e  Dath  f o r  a t t a c k  (and c r a c k i n g )  unde r  t h e  a p p r o p r i a t e  e n v i r o n m e n t a l  and 
s t r e s s  c o n d i t i o n s .  T h e r e f o r e ,  d e l a y i n g  t h e  onse t  o f  s e n s i t i z a t i o n  i n  a u s t e n i t i c  a l l o y s ,  by  m i c r o s t r u c t u r a l  
o r  c o m p o s i t i o n a l  m a n i p u l a t i o n ,  c o u l d  improve  t h e i r  IGSCC r e s i s t a n c e  c o n s i d e r a b l y .  

One way t o  i n c r e a s e  t h e  r e s i s t a n c e  of an Fe-Ni-Cr a l l o y  t o  s e n s i t i z a t i o n  i s  by chang ing  t h e  a c t i v i t y  o f  
chromium i n  e q u i l i b r i u m  w i t h  t h e  c a r b i d e  t h r o u g h  c o m p o s i t i o n  m o d i f i c a t i o n  such t h a t  t h e  " e f f e c t i v e "  chromium 
c o n c e n t r a t i o n  of t h e  a l l o y  i s  i nc reased .  I n  t h i s  rega rd ,  Fu l lman '  has deve loped  a thermodynamic  model of 
t h e  e f f e c t s  o f  c o m p o s i t i o n a l  v a r i a t i o n s  on t h e  s u s c e p t i b i l i t y  o f  a u s t e n i t i c  a l l o y s  t o  s e n s i t i z a t i o n ,  and, 
t h e r e f o r e ,  I G S C C .  U s i n g  g r a i n  boundary  c a r b i d e s  o f  t h e  M 2 3 C 6  t)(pe, Fu l lman  d e r i v e d  "chromium e q u i v a l e n c y  
pa rame te rs"  f o r  v a r i o u s  a l l o y i n g  e lemen ts  such t h a t  t h e  " e f f e c t i v e "  chromium c o n t e n t ,  C r e ,  of an a l l o y  c o u l d  
be exp ressed  as 

Such behav ia , -  t y p i c a ? l y  o c c u r s  a f t e r  exposu re  o f  s o l u t i o n  annea led  a u s t e n i t i c  a l l o y s  a t  fino t o  
I n  a u s t e n i t i c  s t e e l s  c o n t a i n i n g  i r o n ,  

The r e s u l t i n g  ch rom ium- dep le ted  zone a round  t h e  g r a i n  b o u n d a r i e s  

Cre = C r  + aNi t BMo + yYn + 6C + . . . (1) 
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where 

C r ,  N i ,  . . . = e lemen ta l  c o n c e n t r a t i o n s  i n  a l l o y  and 
a, p ,  . . . . = chromium equ iva lency  parameters. 

A p o s i t i v e  chromium e q u i v a l e n c y  parameter (CEP)  was d e f i n e d  as t h e  p e r c e n t  chromium r e d u c t i o n  p e r m i t t e d  f o r  
a 1% a d d i t i o n  of t h e  s u b j e c t  element such t h a t  e q u i v a l e n t  I G S C C  s u s c e p t i b i l i t y  (i.e., e q u i v a l e n t  chromium 
a c t i v i t y )  i s  ma in ta ined .  A n e g a t i v e  CEP (such as f o r  carbon)  i n d i c a t e s  t h e  p e r c e n t  chromium a d d i t i o n  needed 
t o  r e t a i n  equiva lence.  
f e r e n t  compos i t i ons  u s i n g  t h e  r e s u l t s  of Fullman. I n  such a comparison, t h e  a l l o y  w i t h  t h e  h i g h e r  C r e  w i l l  
be  l e s s  s u s c e p t i b l e  t o  s e n s i t i z a t i o n  and, presumably,  I G S C C  i f  a l l  o t h e r  f a c t o r s  a r e  t h e  same. 

I n  o r d e r  t o  e s t i m a t e  t h e  s u s c e p t i b i l i t y  o f  PCA t o  s e n s i t i z a t i o n  r e l a t i v e  t o  o t h e r ,  s tandard  a u s t e n i t i c  
s t e e l s ,  an e q u a t i o n  of t h e  form of (1 )  was used t o  c a l c u l a t e  C r e  f o r  t h e  d i f f e r e n t  composi t ions.  
a l l o y i n g  e lements  of i n t e r e s t ,  Ful lman' r e p o r t e d  a range f o r  t h e  CEP due t o  v a r i a t i o n s  i n  t h e  thermodynamic 
da ta  used i n  t h e  model. 

It i s  t h e r e f o r e  r e l a t i v e l y 2  s t r a i g h t f o r w a r d  t o  q u a l i t a t i v e l y  compare a l l o y s  o f  d i f -  

For most 

For purposes o f  t h e  p resen t  comparison, t h e  f o l l o w i n g  e q u a t i o n  was used: 

Cre ( w t  %) = C r  - 0.2 N i  + 1.4 Mo t 0.15 Mn + 1.0 T i  - 100 C ( 2 )  

where t h e  e lementa l  c o n c e n t r a t i o n s  a r e  i n  w t  %. Note t h e  l a r g e  n e g a t i v e  v a l u e  of t h e  CEP f o r  carbon;  t h i s  
r e f l e c t s  t h e  c r u c i a l  i n f l u e n c e  of  carbon l e v e l s  on s e n s i t i z a t i o n .  The CEP o f  1.4 f o r  molybdenum was chosen 
because i t  f e l l  w e l l  w i t h i n  t h e  range o f  Fu l lman 's  va lues  and has a l s o  been e x p e r i m e n t a l l y  ~ o n f i r m e d . ~  

s t a n d a r d  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 r e s u l t s  of t hese  c a l c u l a -  
Using Eq. (2) ,  va lues  of C r e  were c a l c u l a t e d  f o r  PCA and s e v e r a l  

t i o n s  f o r  PCA and t y p e  316 and 316L s t a i n l e s s  s t e e l  a r e  shown i n  
Table  9.6.1 and i n d i c a t e  t h a t  PCA has about t h e  same genera l  suscep- 
t i b i l i t y  t o  s e n s i t i z a t i o n  as t h e  s tandard  grade o f  t y p e  316 s t a i n l e s s  
s t e e l .  Note, however, t h a t  t h i s  p r e d i c t i o n  i s  based on a model t h a t  
does n o t  account  f o r  m i c r o s t r u c t u r a l  m o d i f i c a t i o n s  t h a t  may change 
k i n e t i c  f a c t o r s  and/or cause d i f f e r e n t  c a r b i d e s  t o  form. Such manipu- 
l a t i o n s ,  which a r e  used w i t h  PCA t o  c o n t r o l  i r r a d i a t i o n  r e ~ p o n s e , ~  may 
r e s u l t  i n  an a l l o y  t h a t  i s  more r e s i s t a n t  t o  I G S C C  t h a n  Fu l lman 's  model 
would  p r e d i c t .  

An o x a l i c  a c i d  e t c h  t e s t  (ASTM-262-A) was used as a f i r s t  s t e p  
i n  e x p e r i m e n t a l l y  e v a l u a t i n g  t h e  r e l a t i v e  s t r e s s  c o r r o s i o n  c r a c k i n g  
s u s c e p t i b i l i t i e s  o f  PCA and t y p i c a l  t ypes  o f  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 ince t h e  o x a l i c  a c i d  s o l u t i o n  p r e f e r e n t i a l l y  a t t a c k s  t h e  
ch romium- r i ch  ca rb ides ,  t h i s  techn ique  i s  s e n s i t i v e  t o  t h e  presence 
o f  such c a r b i d e s  a t  t h e  g r a i n  boundar ies  and t h e r e f o r e  q u a l i t a t i v e l y  
r e v e a l s ,  by o p t i c a l  microscopy,  whether  c a r b i d e  p r e c i p i t a t i o n  has 
occu r red .  It does n o t ,  however, i n d i c a t e  t h e  e x i s t e n c e  o f  chromium- 
d e p l e t e d  zones t h a t  may accompany t h e  f o r m a t i o n  o f  t h e  g r a i n  boundary 
ca rb ides .  The t e s t  i s  t h e r e f o r e  n o t  a d i r e c t  i n d i c a t o r  o f  I G S C C ,  bu t ,  
i f  t h e  t e c h n i q u e  does n o t  show g r a i n  boundary p r e c i p i t a t i o n ,  s e n s i t i z a -  
t i o n  has n o t  occurred. ( I t  r e v e a l s  a necessary b u t  n o t  s u f f i c i e n t  con-  
d i t i o n  f o r  I G S C C . )  P r e l i m i n a r y  r e s u l t s  from a s e r i e s  of such t e s t s  
showed a t t a c k  of t h e  g r a i n  boundar ies  o f  s o l u t i o n  annealed t y p e  316 
s t a i n l e s s  s t e e l  s u b j e c t e d  t o  a s e n s i t i z i n g  hea t  t r e a t m e n t  (SHT) o f  
675°C f o r  2 h and a l s o  o f  t h e  g r a i n  boundar ies  o f  annealed P C A- A 1  and 
PCA-82 i n  bo th  t h e  non-SHT and SHT c o n d i t i o n s .  Fur thermore,  o n l y  
t y p e  304L s t a i n l e s s  s t e e l  (CEP = 14.3) d i d  n o t  have e tched  g r a i n  bound- 
a r i e s  a f t e r  t h e  SHT and subsequent exposure t o  t h e  o x a l i c  a c i d  s o l u t i o n .  

The o b s e r v a t i o n  o f  a t t a c k e d  g r a i n  boundary c a r b i d e s  f o r  t h e  PCA-82 
specimen t h a t  d i d  n o t  undergo t h e  SHT i s  no t  s u r p r i s i n g  c o n s i d e r i n g  i t s  
thermomechanical  Drocess ina h i s t o r v  (see F ia .  9.6.1): t h e  o r i o r  aa ina  

Table  9.6.1. E f f e c t i v e  chromium 
concent  r a t i o n s  o f  s e l e c t i v e  

a u s t e n i t i c  a l l o y s a  

C o n c e n t r a t i o n  ( w t  X )  

Actua l  E f f e c t i v e  
A1 1 oy 

PCA 14 
316* 17 
316Le 17 

9.1 
9.9 

14.9 

'Based on model o f  Ful lman. 
R. L. Ful lman, " A  Thermodynamic 
Model o f  t h e  E f f e c t s  o f  Composi- 
t i o n  on t h e  S u s c e p t i b i l i t y  o f  
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  t o  
I n t e r a r a n u l a r  S t r e s s  C o r r o s i o n  
Cracking,"  Acta Metall. 30 
(1982) 1407-15. 

bComposi t ion used i n  c a l c u -  
l a t i o n :  17  Cr-1 N i- 2  Mo-2 
Mn-0.08 C ( w t  %). 

l a t i o n :  same as f o r  316 excep t  
f o r  a carbon c o n c e n t r a t i o n  o f  
0.03 w t  %. 

CComposi t ion used i n  c a l c u-  

s t e p s  can account '  f o r  t h e  c a r b i d e  b r e c i p i t a l i o n  w i t h o u t  t h e  n e c e s g i t y  o f  t h e  SHT. However, such p r e c i p i t a -  
t i o n  i s  n o t  n e c e s s a r i l y  expected f o r  PCA- A1  i n  t h e  absence of t h e  SHT (see Fig.  9.6.1), and, indeed, i n  one 
case, a t t a c k  of t h e  g r a i n  boundar ies  o f  " u n s e n s i t i z e d "  PCA-A1 was n o t  observed. The c o n f l i c t i n g  r e s u l t s  may 
i n d i c a t e  t h e  inadequacy of t h e  o x a l i c  a c i d  e t c h  t e c h n i q u e  f o r  d e t e c t i n g  t h e  r e l e v a n t  g r a i n  boundary p r e c i p i -  
t a t i o n  i n ,  a t  l e a s t ,  t h e  A 1  v e r s i o n  of PCA d e s p i t e  t h e  c o n s i s t e n c y  o f  t h e  o b s e r v a t i o n s  w i t h  expected beha- 
v i o r  i n  t h e  cases of t h e  o t h e r  a l l o y  specimens. 
(ASTM-A262-E), w i l l  a l l o w  d e t e r m i n a t i o n  o f  whether  t h e  observed c a r b i d e  f o r m a t i o n  i n  t h e  PCA specimens does 
indeed  l e a d  t o  chromium- deple ted zones ad jacen t  t o  t h e  q r a i n  boundar ies  and t h e r e f o r e  causes IGSCC.  

Subsequent exper iments ,  based on a m o d i f i e d  S t rauss  t e s t  

9.6.5 Conc lus ions 

1. Based on thermodynamic compos i t i on  c o n s i d e r a t i o n s ,  p a t h  A PCA has about t h e  same I G S C C  suscep-  

2. M i c r o s t r u c t u r a l  m a n i p u l a t i o n  o f  t h e  PCA a l l o y  may a l l o w  improved r e s i s t a n c e  t o  i n t e r g r a n u l a r  s t r e s s  
t i b i l i t y  as t h e  r e g u l a r  grade o f  t y p e  316 s t a i n l e s s  s t e e l .  

c o r r o s i o n .  
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ANNEALED STARTING STOCK 

I 
I 

COLD ROLLED 

ANNEALED 

COLD ROLLED AGED, 8 h,  800 deg C 

I 
I 

ANNEALED COLD ROLLED 

AGED, 2 h, 750 deg C 

F i g .  9.6.1. S i m p l i f i e d  f l ow  c h a r t  f o r  thermomechanica l  p r o c e s s i n g  of PCA. A n n e a l i n g  was a t  >11OO"C 
f o r  15 t o  30 min. 
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10.1 FUSION PROGRAM RESEARCH MATERIALS IWENTORY - T. K. Roche, F. W. W i f f en  (Oak R idge  N a t i o n a l  
L a b o r a t o r y ) ,  J .  W. D a v i s  (McDonnel l  Doug las  Company), and T. A. Lech tenbe rg  (GA T e c h n o l o g i e s )  

10.1.1 ADIP Tasks 

ADIP Task 1.0.1, M a t e r i a l s  S t o c k p i l e  f o r  Magne t i c  Fus ion  Energy Programs. 

10.1.2 O b j e c t i v e  

s u p p l y  of m a t e r i a l s  f o r  t h e  Fus ion  Reac to r  M a t e r i a l s  program. T h i s  w i l l  m i n i m i z e  u n i n t e n d e d  m a t e r i a l  
v a r i a t i o n s  and p r o v i d e  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  keep ing .  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 m a t e r i a l s  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  resea rch ,  
b u t  v a r i o u s  s p e c i a l  pu rpose  m a t e r i a l s  may be added i n  t h e  f u t u r e .  

The use of m a t e r i a l s  f r o m  t h i s  i n v e n t o r y  t h a t  i s  c o o r d i n a t e d  w i t h  o r  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  Fus ion  Reac to r  M a t e r i a l s  program o f  t h e  Depar tment  of Energy i s  encouraged. 

10.1.3 M a t e r i a l s  Requests  and Release 

M a t e r i a l s  r e q u e s t s  s h a l l  be d i r e c t e d  t o  t h e  Fus ion  Program Research M a t e r i a l s  I n v e n t o r y  a t  ORNL 
( A t t e n t i o n :  F. W. W i f f e n ) .  M a t e r i a l s  w i l l  be r e l e a s e d  d i r e c t l y  i f  ( a )  t h e  m a t e r i a l  i s  t o  be used f o r  
programs funded by  t h e  O f f i c e  o f  Fus ion  Energy,  w i t h  g o a l s  c o n s i s t e n t  w i t h  t h e  approved M a t e r i a l s  Program 
P lans  of t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch and ( b )  t h e  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  
w i t h o u t  compromis ing o t h e r  i n t e n d e d  uses. 

M a t e r i a l s  r e q u e s t s  t h a t  do n o t  s a t i s f y  b o t h  ( a )  and ( b )  w i l l  be d i s c u s s e d  w i t h  t h e  s t a f f  of t h e  R e a c t o r  
T e c h n o l o g i e s  Branch, O f f i c e  of Fus ion  Energy,  f o r  agreement on a c t i o n .  

10.1.4 

Oak Ridge N a t i o n a l  L a b o r a t o r y  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  o f  r e s e a r c h  m a t e r i a l s  t o  p r o v i d e  a common 

C h e m i s t r y  and m a t e r i a l s  p r e p a r a t i o n  r e c o r d s  a r e  m a i n t a i n e d  f o r  a l l  i n v e n t o r y  m a t e r i a l s .  A l l  m a t e r i a l s  
s u p p l i e d  t o  p rog ram 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  i n f o r m a t i o n .  

10.1.5 Summary of C u r r e n t  I n v e n t o r y  and M a t e r i a l  Movement D u r i n g  P e r i o d  A p r i l  1, 1984, t h r o u g h  
September 30, 1984 

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 t h e  c o n t e n t  of m a t e r i a l s  i n  t h e  Fus ion  Program Research 
M a t e r i a l s  I n v e n t o r y  i s  g i v e n  i n  Tab le  10.1.1. T h i s  t a b l e  i n d i c a t e s  t h e  nomina l  d i a m e t e r  o f  r o d  o r  t h i c k n e s s  
o f  shee t  f o r  p r o d u c t  f o rms  o f  each a l l o y  and a l s o  i n d i c a t e s  by  w e i g h t  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 r o d u c t  forms as needed by t h e  program. There  was no 
m a t e r i a l  added t o  o r  d i s t r i b u t e d  f r o m  t h e  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  p e r i o d .  

A l l o y  c o m p o s i t i o n s  and more d e t a i l  on t h e  a l l o y s  and t h e i r  p rocurement  and/or  f a b r i c a t i o n  a r e  g i v e n  i n  
t h i s  and e a r l i e r  A D I P  p r o g r e s s  r e p o r t s .  

T a b l e  10.1.1 Summary s t a t u s  o f  m a t e r i a l s  a v a i l a b l e  i n  t h e  
f u s i o n  program r e s e a r c h  m a t e r i a l s  i n v e n t o r y  

P r o d u c t  form 

A1 1 oy  T h i n - w a l l  
t u b i n g  

w a l l  t h i c k n e s s  

Rod Sheet I n g o t  o r  
ba ra 

w e i g h t  t h i c k n e s s  d i a m e t e r  

(mm ) (mm ) (mm ) ( k g )  

Pa th  A a l l o y s  

TvDe 316 SS 900 16 and 7.2 13 and 7.9 0.75 
P a t h  A PCAb 490 12 13 
USSR Cr-Mn t e e l '  10.5 7.6 
NONMAGNE 30 2 18.5 i n  

Path B a l l o y s  

PE-16 
8- 1 
8 - 2  
8-3 
8 -4  
8 - 6  

n.25 

180 
i m  
i 8 n  
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Table 10.1.1 (Cont inued)  

Product  fo rm 

A1 1 oy Th in- wa l l  
t u b i n g  

w a l l  t h i c k n e s s  

Sheet 

(mm) (mm) (mm) 

I n g o t  o r  Rod 
bara  

we igh t  
d iamete r  t h i c k n e s s  

(kg )  

T i- 64 

Ti- 6242s 

T i- 5621s 
Ti- 38644 
Nb-1% 2 r  

Nb+% M e l %  Zr  

V-20% T i  

V-15% C r 4 %  T i  

VANSTAR-7 

LRO-37# 

HT9 (AOD fus ion  hea t ) f  

HT9 (AOD/ESR 

HT9 
HT9 t 1% N i  
HT9 + 2% N i  
HT9 + 2% N i  + 

C r  a d j u s t e d  
T-9 m o d i f i e d g  
T-9 m o d i f i e d  + 2% N i  
T-9 m o d i f i e d  + 2% N i  + 

C r  a d j u s t e d  
2 1/4 Cr-1 Mo 

f u s i o n  hea t )  

Path C a l l o y s  

63 

6.3 

6.3  

6.3 

6.3  

6.3 

Path D a l l o y  

Path E a l l o y s  

3400 

7000 25, 50, 
and 75 

2.5 and 
0.76 

6.3, 3.2, 
and 0.76 

2.5 and 0.76 
0.76 and 0.25 
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, 

and 0.76 

3.3, 1.6, 
and 0.8 

28.5, 15.8, 

28.5, 15.8, 

4.5 and 18 
4.5 and 18 
4.5 and 18 
4.5 and 18 

4.5 and 18 
4.5 and l a  
4.5 and 18 

h 

9.5, and 3.1 

9.5, and 3.1 

aGreater  than  25 mn, minimum dimension. 

bPrime cand ida te  a l l o y .  

ORod and sheet of a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  U.S.-USSR 

‘NONMAGNE 30 i s  an a u s t e n i t i c  s t e e l  w i t h  base compos i t i on  te-14% Mw 

Fus ion  Reactor M a t e r i a l s  Exchange Program. 

2% Ni-2% Cr. 
Research I n s t i t u t e .  

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  Japanese Atomic Energy 

eLRO-37 i s  t h e  ordered a l l o y  ( te ,N i )3 (V ,T i )  w i t h  compos i t i on  
t e 3 9 . 4 %  Ni-22.4% v-O.439. T i .  

f A l l o y  12 C r - 1  MoVW, w i t h  compos i t i on  e q u i v a l e n t  t o  Sandvik a l l o y  HT9. 

gT-9 modi f ied  i s  t h e  a l l o y  9 Cr-1 MoVNb. 

k M a t e r i a l  i s  t h i c k - w a l l  p ipe,  r e r o l l e d  as necessary t o  produce sheet 
o r  rod. 
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10.2 IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

proqram. T a b l e  10.2.1 summarizes t h e  Darameters  t h a t  d e s c r i b e  ComDleted exDer iments .  ExDerimentS t h a t  have 
A l a r g e  number o f  p l anned ,  i n - p r o g r e s s ,  and comp le ted  r e a c t o r  i r r a d i a t i o n  e x p e r i m e n t s  s u p p o r t  t h e  ADIP 

been removed from t h e  r e a c t o r  r e c e n t l y ;  t h a t  a r e  now u n d e r g o i n g  i r r a d i a t i o n ' ,  o r  t h a t  a r e  p lanned  f o r  f u t u r e  
i r r a d i a t i o n  a r e  shown i n  t h e  schedu le  b a r c h a r t s  o f  T a b l e  10.2.2. 

Expe r imen ts  were  unde r  way d u r i n g  t h e  r e p o r t i n g  p e r i o d  i n  t h e  Oak R idge  Research Reac to r  ( O R R )  and t h e  
H i g h  F l u x  I s o t o p e  Reac to r  (HFIR), wh i ch  a r e  m ixed- spec t rum r e a c t o r s ,  and i n  t h e  Fas t  F l u x  T e s t  F a c i l i t y  
(FFTF), wh i ch  i s  a f a s t  r e a c t o r .  

A t o t b l  of f i v e  c a p s u l e s  began i r r a d i a t i o n  i n  t h e  HFIR. One, HFIR-CTR-50, was t h e  f i r s t  HFIR c a p s u l e  
des igned  f o r  100 dpa. T h i s  i s  t h e  f i r s t  o f  s e v e r a l  e x p e r i m e n t s  t o  e x p l o r e  t h e  response o f  f e r r i t i c  a l l o y s  
t o  h i g h  l e v e l s  of d i sp lacemen t  damage and h e l i u m  g e n e r a t i o n .  Two o f  t h e  HFIR c a p s u l e s  were  p a r t  o f  t h e  
c o l l a b o r a t i v e  p rog ram between t h e  U n i t e d  S t a t e s  and Japan. A t o t a l  of s i x  such c a p s u l e s  a r e  now b e i n g  
i r r a d i a t e d  i n  t h e  HFIR. One capsu le ,  HFIR-CTR-52, was removed f rom t h e  HFIR. T h i s  i s  a n o t h e r  j o i n t  
i r r a d i a t i o n  e x p e r i m e n t ;  i t  i s  b e i n g  conduc ted  by t h e  European Community, t h e  U n i t e d  S t a t e s ,  and Japan. 
The c a p s u l e  c o n t a i n s  f a t i g u e  specimens o f  t y p e  316 s t a i n l e s s  s t e e l  f r o m  t h e  European Community. 

T a b l e  10.2.1. D e s c r i p t i v e  pa rame te rs  f o r  comp le ted  ADIP program 
f i s s i o n  r e a c t o r  i r r a d i a t i o n  expe r imen ts  

Experiment Major ob jec t ive  A l loy  Temperature D i s ~ ~ ~ ~ ~ ~ n t  Helium Durat ion Date 
(at. ppm! (months) completed (dpa! ("C! 

ORR-MFE-1 Scope the ef fects of 
c o m p o s i t i o n  and 
micros t ruc ture  on 
t e n s i l e ,  f a t i g u e ,  
and i r r a d i a t i o n  
creep 

ORR-MFE-2 Scope the e f f e c t s  of 
composition and 
micros t ruc ture  on 
t ens i l e ,  fat igue, 
and i r r a d i a t i o n  
creep 

ORR-MFE-5 In- reactor f a t i g u e  
crack growth 

Subassembly E f f e c t  o f  p re in jec ted 
X-264 helium on micro- 

s t ruc ture ,  t e n s i l e  
propert ies,  and 
i r r a d i a t i o n  creep 

AA-X Effect  o f  p re in jec ted 
Subassembly helium on micro- 
X-287 structure,  t e n s i l e  

propert ies.  and 
i r r a d i a t i o n  creep 

Subassembly Stress re laxa t i on  
X-2170 

Pins 8285, Swell ing, f a t i gue  
8286, am crack growth, and 
8284 t e n s i l e  propert ies 

HFIR-CTR-3 Swel l ing and t e n s i l e  

HFIR-CTR-4 Swell ing and t e n s i l e  

HFIR-CTR-5 Swel l ing and t e n s i l e  

HFIR-CTR-6 Swel l ing and t e n s i l e  

HFlR-CTR-7 Swel l ing and t e n s i l e  

HFIA-CTR-8 Swel l ing  and t e n s i l e  

HFIR-CTR-9 Swel l ing and t e n s i l e  

proper t ies  

proper t ies  

propert ies 

proper t ies  

proper t ies  

proper t ies  

proper t ies  

Experiments i n  OUR 

Paths A ,  B ,  C 25&600 2 - (10 4 6/78 

Paths A, 8. C 30&600 6 

Path A 325-460 1 

Experiments i n  EBR-I1 

316, PE-16, 5 0 M 2 5  8 
%'OX T i .  
V-15% C 6 %  T i .  
NMb Z r  

316, PE-16, 40&700 20 
W O b  T i ,  
&15% Cr-5I T i ,  
N b l X  Zr 

Titanium a l loys  450 2 

Titanium a l loys  37&550 25 

(60 - 

(10 

2-200 

2-200 

15 4 / 8 0  

2 2/81 

4 1 / 7 7  

23 12/78 

1 1/78 

14 9/79 

Experiments i n  HFIR 

PE-16. 30&700 4 .35 35&1800 3 2/75 

PE- 16 300-700 2.H.5 10s350 2 3/77 
Inconel 600 

PE-16, 30&700 4 .35 350-1800 3 4/75 
lnconel 600 

Inconel 600 
PE-16, 30&700 4 .35  35h1800 3 4/75 

PE-16 300-700 S I 8  1250-3000 7 8/77 

PE-16 30&700 "8 125&3000 7 8 /77 

316, 316 + T i  280480 1C-16 40&1000 6 5 / 7 7  
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Table 10.2.1. (continued) 

Temperature Displacement 

("C) (dpa) 
damage Experiment Major objective Alloy Helium Duration Date 

(at. ppm) (months) completed 

HFIR-CTR-10 Swelling and tensile 316, 316 t Ti 280-5680 1&16 

HFIR-CTR-11 Swelling and tensile 316, 316 + Ti 28WXO 1b16 

HFIR-CTR-12 Swelling and tensile 316, 316 + Ti 280-5680 7-1 0 

NFIR-CTR-13 Swelling and tensile 316, 316 + Ti 280680 7-1 0 

properties 

properties 

properties 

40W1000 6 5/77 

400-1000 6 5/77 

20&500 4 2/77 

20&500 4 2 / 7 7  

400-1000 7 12/77 
20c-400 4 10/78 
15W2700 4 8/77 

properties 
HFIR-CTR-14 Fatigue 316 430 %15 
HFIR-CTR-15 Fatigue 316 550 6-9 
HFIR-CTR-16 Weld characteri- 316, 55 6-9 

zation, swell ing, PE-16, 
and tensile lnconel 600 
properties 

HFIR-CTR-17 Weld characteri- 316 28W20 7-1 3 180460 

160&5600 

20&500 

200400 
40W1000 
200400 
370-1000 
30 

5.5 

12 

4 

4 
1 
4 
3.5 
1 

10177 

6/78 

12/77 

zation 

properties PE-16 
HFIR-CTR-18 Swelling and tensile 316, 28CL700 17-27 

HFIR-CTR-19 Weld characteri- 316 280-520 7-10 
zation 
Fatigue 
Fatigue 
Fatigue 
Fatigue 
Temperature 
calibration and 
tensile properties 
Swelling and tensile 
properties 
Swelling and tensile 
properties 
Swelling and tensile 

316 
316 
316 
PE-16 
316 

430 
550 
430 
430 

300-520 

6-9 
9-1 5 
6-9 
6-9 
2.2 

1/78 
7/78 
3/78 
2/79 
12/78 

HFIR-CTR-26 

HFIR-CTR-27 

HFIR-CTR-28 

HFIR-CTR-29 

HFIR-CTR-30 

316 

316 

316 

316 

2 8 M 2 0  

284620 

37&560 

37&560 

300600 

1900 

3500 

1900 

3500 

- (15,000 

(7500 - 

(3000 - 

(510 - 

10 

18 

10 

18 

14 

4/80 

1/81 

12/80 

8/81 

ii/8/ai 

30 

56 

30 

56 

40 

properties 
Swelling and tensile 
properties 
Swelling, micro- 
structure, and 
ductility 
Swellinu. micro- 

Paths A ,  B, C, 

Paths A ,  R ,  C, 

Paths A ,  R ,  C, 

0, E 

0, E 

0. E 

HFIR-CTR-31 3OlMOO 20 8 5/28/81 

12/81 

struct;&, and 
ductility 
Swelling, micro- 
structure, and 
ductility 
Swelling, tensile 
properties, weld 
characterization 
Charpy 

HFIR-CTR-32 300-500 10 4 

HFIR-CTR-33 Paths A and C 

Path E 
Path E 
Path i 

Path E 

Path E 

Path E 

55 10 4 10/80 

HFIR-CTR-34 
HFIR-CTR-35 
HFIR-CTR-39 

300, 400 
300, 400 
30&500 

10 
10 
12 

6 7  5 
0-7 5 
W90 

d 5/82 
5/82 
10182 

4 
5 

HFIR-CTR-40 

HFIR-CTR-41 

HFIR-MFE-RBI 

.. .. . 
Swell i ng and 

Swelling and 

Swelling, micro- 

tensile 

tensile 

structure, crack 
growth, fracture 
toughness, Chdrpy, 
tensile, and 
fatigue 

structure, crack 
growth, fracture 
toughness, Charpy, 
tensile, and 
fatigue 
Swell ing, tensile 
fatigue 
Swel I i ng, tensile 
fatigue 
Impact properties 

Swelling, micro- 

30&500 

30&500 

55 

12 

12 

10 

W90 

0-90 

90 

12/82 

1/83 

7 / 8 2  

HFIR-MFE-RE2 Path E 55 20 200 17 7/83 

Path E 

Path c 
Path E 

55 

55 

55  

30 

9 

10 

- (300 12 R/10/82 

- (75 3 5/3/81 

~ (85 4 12 /24/81 

HFIR-MFE-TI 

HFIR-MFE-T2 

HFIR-MFE-T3 
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