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FOREWORD 

Th is  r e p o r t  i s  t h e  seventeenth i n  a s e r i e s  of Technical Progress Reports on "Alloy Development far 
Irradiation Performance" (ADIP), which i s  one element of t h e  Fus ion Reactor  M a t e r i a l s  Program, conducted i n  
suppor t  of t he  Magnetic Fusion Energy Program of t h e  U.S.  Department of Energy. Other elements of t h e  
M a t e r i a l s  Program a re  

. D a m g e  Analysis  and Fundamental Studies IDAFSSI 

. Plasma-Yaterials Interaction I P M I )  

. SpeciaZ-Purpose Materials fSP4r) 

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  are numbered nOE/ET-0058/1 through 7. Th is  r e p o r t  i s  t h e  t e n t h  
i n  a new numbering sequence t h a t  begins w i t h  UOE/tR-0045/1. 

The R O I P  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 o f  Na t iona l  
Labora to r ies  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 organized 
by t h e  M a t e r i a l s  and Rad ia t ion  E f f e c t s  Branch, O f f i ce  of Fusion Energy, DOE, and a Task Group on AZZoy 
Development .for Irrudiation Performance, which now operates under t h e  auspices o f  t h e  Reactor Technologies 
Rranch. 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 rov ide  a work ing 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 of t h e  program p a r t i c i p a n t s ,  f o r  t h e  fus ion  energy program i n  genera l ,  and f o r  t h e  Department of 
Energy. 

Th is  r e p o r t  i s  o rgan ized  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program Plan o f  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 fo l lowed 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 of a 
g i v e n  l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  Chapters 1, 2, 8 ,  and 9 rev iew 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  of 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 permeation s t u d i e s ,  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 o f  t h e  a l l o y  development paths. 
Chapters 3, 4, 5, 6, and 7 present  t h e  ongoing work on each a l l o y  development path. The Table o f  Contents i s  
annotated f o r  t h e  convenience o f  t h e  reader. 

Th is  r e p o r t  has been compiled and e d i t e d  under t h e  guidance of  t h e  Chairman o f  t h e  Task Group on A l l o y  
Development for Irradiation Performanoe. E. E. Bloom, Oak Ridge Na t iona l  Laboratory ,  and h i s  e f f o r t s  and 
those of t he  suppor t ing  s t a f f  of ORNL and t h e  many persons who made t e c h n i c a l  c o n t r i b u t i o n s  are g r a t e f u l l y  
acknowledged. I. C. Reuther,  Reactor Technologies Branch, i s  t h e  Department 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  fo r  t h e  A O I P  Program w i t h i n  DOE. 

G. M. Haas, Chief 
Reactor  Technologies Branch 
O f f i c e  o f  Fusion Energy 
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During t h e  pas t  year t h e  handhook e f f o r t  has been d i r e c t e d  towards developing data 
s h e e t s .  For t h i s  year the  e f f o r t  has been t o  incorporate  those  da ta  shee t s  i n t o  the  
handbook. Subs tan t ia1  progress has been m d e  towards the  achievement of t h i s  goal wi th  
t h e  pub l i ca t ion  o f  mre than 3fl new data p g e s  covering t h e  proper t i e s  of bulk 
g m p h i t e s ,  l i q u i d  l i t h i u m ,  and cemmic  l i t k i u m  compouwis. 

1.2 Low A c t i v a t i o n  Approaches t o  M a t e r i a l s  Development 
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
s e r v i c e .  Several m j o r  compositional regimes have been i d e n t i f i e d  f o r  development. 
approach mployed  has been t o  develop l o w  a c t i v a t i o n  a l l o y s  v ia  m u t e s  which m y  miti-  
ga te  prev ious ly  i d e n t i f i e d  mterial  problems. 

An e f f o r t  has been i n i t i a t e d  t o  develop low- act ivat ion a l l o y s  f o r  f u s i o n  reac tor  
The 

1.3 An Assessment of M a r t e n s i t i c  S t a i n l e s s  S tee ls  f o r  Low A c t i v a t i o n  Status 
( G A  Techno1 og i  e s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A design equation d u e s  allowable m o u n t s  of  i m p u r i t i e s  i n  m r t e n s i t i c  s t e e l s  w i th  
12% C r ,  t o  pern i t  t rade- of f  of s trengthening agents  when some add i t ions  produce unacceptable 
l eve l s  of i m p u r i t i e s .  

2. TEST MATRICES AND METHODS DEVELOPMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2.1 Neutron Source C h a r a c t e r i z a t i o n  fo r  M a t e r i a l s  Experiments 

(Argonne Na t iona l  Labora to ry ]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
-32, -34, and -35. 
c a l c u l a t i o n s .  
s e c t i o n s .  

Neutron f l u x e s  and energy spectra agree q u i t e  wel l  f o r  HFIR i r r a d i o t i o n s  CTR-31, 
Reaction m t e s  in CTR-32 were corrected by improved burnup 

Helium productiow i s  being rev i sed  s l i g h t l y  because of new s 9 N i  moss 
Dosimetry f o r  seveml i r r a d i a t i o n  experiments i s  s u m a r i z e d .  

2.2 Neutron ic8 C a l c u l a t i o n s  i n  Support o f  ORR-MFE-4 Spect ra l  T a i l o r i n g  Experiments 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t o l l y  weasured and ca lcu la ted  f f u e n c e s .  
89.6 a t .  ppm He ( n o t  inc lud ing  2.0 a t .  ppm lie f rom l a g )  and 6.18 dpa f o r  t ype  316 
s t a i n l e s s  s t e e l  i n  ORR-.VFG4A and 57.7 a t .  ppm He and 4.48 dpa i n  ORR4FE-4B. 

2.3 Operat ion o f  t h e  ORR Spect ra l  T a i l o r i n g  Experiments ORR-MFE-4A and ORR-MFE-48 

New sca l ing  f a c t o r s  have heen obtained t o  f o r c e  agreement between t h e  erperimen- 
As o f  March 3 1 ,  1.983, t h e s e  f a c t o r s  y i e l d  

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . .  . ;  . . . . . . . . . . . . . . . . . . . .  
The specimens c o n t a i m d  i n  t h e  ORR-MFE-4A ezpcperiment have been in reacto? for an 

e q u i v a t m t  of 523.3 d a t  30 Md reac tor  power, with temperotures of 400 and 330°C. The 
ORR-MFE-4B experiment,  with specimen temperatures of 500 and fiOO°C, has o p e m t e d  f o r  an 
equ iva len t  of 424 d a t  30 HI reactor  power. 
1982, f o r  specimen inispectin? and t m n s f e r  t o  a new eapsu le .  

I t  ms removed from the  reactor  October 2 1 ,  

2.4 I r r a d i a t i o n  of M i n i a t u r e  Charpy Specimen of 12 Cr-1 MoVW: Experiment HFIR-CTR-46 
(Oak Ridge Na t iona l  Labora to ry ]  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The HFIR-CTR-46 experiment contains  miniature  Charpy V-notch specimens of the  
na t iona l  f u s i o n  heat of 12 Cr - I  MoVW s t e e l .  I r r a d i a t i o n  a t  300OC and 400°C will achieve  
a midplane damage level  s f  I O  dpa. 

2.5 High Fluence I r r a d i a t i o n  of F e r r i t i c  Stee l  Charpy Specimens: Experiments HFIR-CTR-47 and -48 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The HFIR-CTR-47 and -48 ezperiments are companions of the  e a r l i e r  experiments 
HFIR-CTR-34 and -35 to achieve  displacement damage l e v e l s  up to 40 dpa i n  9 Cr- I  MoVNh 
and 12 C r- I  MoVW s t e e l s .  
a l l o y s  are included t o  assess  the  i n f l u e n c e  of helium on p o s t - i r r a d i a t i o n  impact 
behavior .  

I r r a d i a t i o n  temperatures are 300 and 4000C. Nickel-doped 
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v i  

3. PATH A ALLOY DEVELOPMENT - AUSTENITIC SlAINLESS STEELS . . . . . . . . . . . . . .  
3.1 Swe l l i ng  and M i c r o s t r u c t u r a l  Development of Path A PCA and Type 316 S t a i n l e s s  Steel  

I r r a d i a t e d  i n  HFIR (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . .  
s t a i n l e s s  s t e e l  (CW 3 2 6 1  i r rad i a t ed  o t  30&+?0PC ms e r t e d e d  t o  -22 dpa. Voids  con- 
timuzi t o  develop wi th  increased fl.uence i n  E A - A I ,  - R I ,  and *CW 316. Void .we l l ing  
saturated in PCA-BZ at -10 dpa a t  60O0C and did vot  develop i n  PCA-A3 up t o  22 dpipl. 
s t n h l e  structure of fine t i tan ium- r ich  Kn developed d u r i v g  i r r a d i a t i o n  of PCA-A3, while 
preeristieg r E  p r e c i p i t a t e  ifl PCA-VZ r e d i s t r i b u t e s  l u r i n a  i r r a d i a t i m .  

Evaluation of m e t l i x g  of PCA w r i a v t s  and ZG%-cold-worked (N- lo t ; )  type 316 

.4 

3.2 Gra in  Boundary M i c r o s t r u c t u r a l  Development and S t a b i l i t y  f o r  Various Pret reatments  
o f  Path A Prime Candidate A l l o y  I r r a d i a t e d  i n  HFlR 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Irradiat ion to 22 dpo i n  H F l R  a t  SOD a d  6 0 P C  produced resaluable p a i n  boudar?  
bubbles i n  Path A PCA a d  C'W 3 1 6 .  PCA-AI had t h e  coarsest bubble s t ruc tu re  a t  5 0 P C  0-3 
'io ,M€ p r e c i p i t a t e .  
heat  treatment  of PCA-51 and -32 were s tab l e  under i r r a d i a t i o n ;  very f i n e  bubbles 
c lu s t e red  about these  p a r t i c l e s  a t  fi0OoC. The PCA a l so  r e s i s t e d  s i p a  format io? ,  m m -  
pared wi th  CW 316 (DO heat;)  o r  SA 316 and 316 + T i  i R 1  h e a t )  irradiated i n  H F I R .  

Medium t o  coarse d i s t r i b u t i o - s  of MC developed a t  the  houodaiaries S, 

3.3  The T e n s i l e  P r o p e r t i e s  o f  U n i r r a d i a t e d  Path A Prime Candidate A l l o y  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3ietermined a t  temperatures f r om room temperztiure t o  7 0 P C .  
PCA-A3, showed s t r eng th  m l u e s  similar t o  those of the  referewe heat of 20%-cold-worked 
326 s ta imless  steel but e sh ih i t ed  (I lower du lity i n  t h e  ZO#,iOO°C rnnqe. 

The t e n s i l e  p roper t i e s  of Path A PCA in t h e  A I ,  A3,  and RZ condi t ions  have been 
The ZS%-cold-worked a l l o y ,  

3.4 E f f e c t  of t h e  M i c r o s t r u c t u r e  on Tens i l e  P r o p e r t i e s  o f  Type 31K S t a i n l e s s  Steel  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
processing t rea tments  wils i r rad ia t ed  i f l  t h e  ORR at 2 5 0 ,  290, 450, arid ,50OoC to n neutrqn 
f l uenca  of about 6.8 x I O z 5  neutrons/m* (,O.I  MeV;)(-5 dpa arid 40 at. ppm H e ] .  
s i l e  proper t ies  of i r rad ia t ed  am+ amirradiated steel with  2 0 ,  3 0 ,  and ,5040 co ld  w r k  w e m  
determined nt  t h e  i r rad ia t i on  temperatures.  

A s e r i e s  of t e n s i l e  specimens t ha t  had heen giuen d i f f e r e n t  thermal ?nd mechaoica: 

The ten-  

3.5 T e n s i l e  P r o p e r t i e s  and Swe l l i ng  of  20%-Cold-Worked Type 31h S t a i n l e s s  Steel  
I r r a d i a t e d  i n  HFIR (Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . .  

~ m e r s i o n  d e n s i t y  and elevated- temperature t e n s i l e  p roper t i e s  were determined on 
%O%-cold-worked t ype  316 s t a i v l e s s  s t e e l  i r m d i a t e d  in t h e  Y F I R  t o  f l u e n c e s  of 
I . 8  t o  3.7 x I O 2 6  rieueronr/m2 (>0.1  NeC'I. which r e s u l t e d  i n  16 t o  32 dpa and 
1250 t o  2000 a t .  ppm He. 
preoious experiments ,  one to s i m i l m  fluences and one t o  h i g h e r  fluences ( up  t o  
6.3 x 1 0 2 ~  neutrons/m').  

These data were wmbined w i t k  t h e  data obtained i n  tido 

3.6 F r a c t u r e  S t r a i n  o f  20%-Cold-Worked Type 316 S t a i n l e s s  Steel  Under I r r a d i a t i o n  i n  EBR-I1 
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Swellivq-driuev f r a c t u r e  strain s ecimens of ZG%-cold-worked 316 s ta iv less  s t e e l  
were i r rad ia t ed  t o  a fluerice of 5 x 

and 625". Fmc ture  .strain iins not a f unc t i on  of fluence or s t r a i n  m t e  but on ly  o f  
t e m p m t u r e .  
f r a c t u r e s  uere in targrumulnr ,  hut -i notched specimen i r rad ia t ed  at 5 5 P C  showed somg 

neutrons/m2 f>0.I  MeV;) i n  ERR- II  a t  430, 550, 

Fmcture  s t r a i n  ms f o u d  to be 6% a t  5 S P C  and 1% a t  625OC. A l l  

evidence of r€uOt i l i t g .  

4 .  PATH B ALLOY DEVELOPMENT - H I G H E R  STRENGTH Fe-Ni-Cr ALLOYS . . . . . . . . . . . . . . . . . .  
No con t r i bu t i ons .  
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5. PATH C ALLOY DEVELOPMENT- REACTIVE AND REFRACTORY ALLOYS . . . . . . . . . . . . . . . . .  
5.1 Mechanical P roper t y  Eva lua t ions  of Path C Vanadium Scoping A l l o y s  

(Westinghouse E l e c t r i c  Corpora t ion )  . . . . . . . . . . . . . . . . . . . . . . . . . .  
T h i s  report  updates the  data m t h e  oreep / s t ress  rupture  of t h e  mnadium-base 

scoping a l l o y s  containing zero,  600 q p m  and 1200 q p m  add i t iona l  o q y e n .  
sions drawn ear l ie r  t h a t  V - 1 5 C r - 5 T i  shows superior  c r e e p / s t r e s s  rupture  proper t i e s  to 
[/-.?@Ti and VARSTAR-7 a l l o y s  and t h a t  add i t ion  of 1200 wppm onjgen has w rmjor e f f e c t  
on t h e  creep rupture proper t i e s  remain m l i d .  
here confirms the  d u c t i l e  nature of these  a l l o y s .  

The conclu- 

The add i t iona l  fmc tography  presented 

5.2 W e l d a b i l i t y  of Path C Vanadium A l l o y s  
(Westi nghouse E l e c t r i c  Corpo ra t i  on)  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Gas tungsten arc  welds were prepared f o r  each of the  t h r e e  mnadiwn-base [Path C i  
sooping a l l o y s  using semi-automatic, f u l l  pene t ra t ion ,  bead-on-sheet welds.  The bend 
d u c t i l e - b r i t t l e  t m n s i t i o n  temperatures (DBTTS) of t h e s e  welds and base metal speci-  
mens mre determined. I n  terms of w e l d a b i l i t y  t h e  a l l o y s  Were mnked:  ( b e s t )  V - Z O T i ,  
V - I S C r - S T i ,  VANSTAR-7. The bend DBTT mlues  f o r  weld specimens were: V - Z f l T i ,  
- 196/-15@ C; V-  I S C r - S T i ,  -20/+50° C; VANSTAR-?, - 7 5 / - 5 P  C ,  f o r  long i tud ina l / t ransverse  
bend t e s t s .  

5.3 Eva lua t ions  and Development of Vanadium-Base A l l o y s  f o r  Fusion Reactor A p p l i c a t i n n s  
(Argonne Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The corrosion of "pure" V and V - 5 T i ,  V-15Cr and V - I S C r - 5 T i  a l l o y s  a t  725 K and 
825 K i n  f lowing  helium containing I O  ppm water wos determined f o r  exposure t imes  t h a t  
g ie lded  a s t eady- s ta te  corrosion m t e .  
f o r  t h e  V and V-base a l l o y s  were compared wi th  t h e  corrosion m t e  obtained f o r  PCA 
s t a i n l e s s  s t ee l  under t h e  same environmental cond i t ions .  These r e s u l t s  showed t h a t  
t k e  s t eady- s ta te  corrosion m t e s  f o r  t h e  V - 1 5 C r  a l l o y  and V-ISCr-5Ti a l l o y  were low 
but  approximately m e  order of nngnitude greater than t h e  s t eady- s ta te  corrosion m t e  
determined f o r  t h e  E A  s t a i n l e s s  s t e e l .  
e l e c t r i c a l  r e s i s t i v i t y  fo r  V and V-15Cr-5Ti  a l l o y  wos determined for  temperatures 
ranging from 77 K t o  IO00 K .  

The experimental ly  determined corrosion m t e s  

Also ,  the temperature dependence of t h e  

6. INNOVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6.1 Status of Scaleup o f  an Iron-Base Long-Range-Ordered A l l o y  

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
completed. 
t o  s l a b ,  then m l l e d  to 3.3-, I .&,  and 0.8-m sheet  s t o c k .  The hiah- puri ty  mater ial  
contained MC-type carbides .  and MZiC,Ri-type carbides were observed in c o m e r c i a l -  
grade a l l o y .  

Semiproduction scaleup of the iron-base a l l o y  LRO-37 has been s u c c e s s f u l l y  
Three i n g o t s  of the a l l o y  were produced by a comercial source, hot forged 

6.2 Bend D u c t i l i t y  o f  I ron-Base Long-Range-Ordered A l l o y s  A f t e r  I r r a d i a t i o n  i n  HFIR 
(Oak Ridge Na t iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Three iron-base LRO a t l o y s  w i t h  bave compos i t i on  fFe,Rij3V t e s t e d  a t  600°C exh i-  
b i t e d  ivtergranular fracture and reduced bend d u c t i l i t i e s  a f t e r  i rradiat ion t o  I O  dpa 
at 8 0 P C  i n  HFIR. The embritt lement extended t o  lower temperatures as  t h e  damage 
l e v e l  increased.  
o f  hel ium,  segregat ing e lements ,  V c  p a r t i c l e s ,  or n combination of these  f a c t o m .  

The weakeess of t h e  p a i n  bouvdaries may be mused  by the  presence 

7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1  P r e l i m i n a r y  Transmiss ion E l e c t r o n  Microscopy of 12 C r - 1  MoVW I r r a d i a t e d  t o  40 dpa i n  H F I  

(Oak Ridge Na t iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Specimens of 12 C r- 1  .MOW s t e e l  were i r rad ia ted  i n  H F l R  t o  40 dpa a t  400 and 

f i 0 P C .  
i.i t h i s  s t e e l ,  and t h i s  is a t t r i b u t e d  i v  plrt t o  the  helium produced during 
i r r a d i a t i o n .  

Preliminary micros t ruc turq t  asawiination i n d i c a t e s  s i g n i f i c a n t  a r i i t y  fommtion  
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1.2 Elevated-Temperature Tens i l e  P r o p e r t i e s  o f  12 Cr-1 MoVW Steel  I r r a d i a t e d  i n  t h e  
ERR-11, AD-2 Experiment (Oak Ridge Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . .  104 

norma:iBed-and-tempered ,muditions iIns determined f o r  specimens irradiated i n  EBR-II 
a t  330 to SSOOC. 
tmpera t , i r e .  Irradintion to a p p r o z i w t e l j  I 1  dpa increased t h e  ultimate t e n s i l e  
s t r eng th  f o r  each irradiatim t empemture;  an increased yield s t r e s s  m a  noted on ly  a t  
t h e  lowest temperature. 

The effect of irradiation on the t ens i l e  properties of 12 Cr-1 ,MOW s t e e l  in Du'o 

T e s t s  were conductad  a t  mom t e n p e r i t u r e  and at the  irradiation 

7.3 Fa t igue  Crack Growth i n  Path E A l l o y s  
(Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . .  
Seen a n i d u c t e d  in helium at temperJt : irea up to 5500C and a t  cycl ic  f requenc ies  of 6.67 
and @.6fi7 s-l. 
materials were observed at any s i n g l e  condi t ion .  
were ev ident  at t h e  lower stress i n t e n s i t y  f a c t o r s  at D.667 s-l on specimens tested at 
300°C compared to 550OC. 
13 3pa at 5 5 f f C  and t e s t e d  at 5 S P C  a t  6.67 s - I .  

7.4 F r a c t u r e  Toughness of I r r a d i a t e d  HT-9 Weld Metal  

F a t i p s  crack j rowth  t es t s  os m i n m d . i a t e d  KT-9,  riT-9 weldmiments and YCr-IVo have 

L . i t t l e  lifferemes ie crack growth behavior between t h e  three  
Houeuer, higher crack growth mtes 

No effect jf *Lr rd i a t i on  m s  observed on HT-9 irradiated to 

(Westinghouse Hanford Company) . . . . . . . .  
i r r a d i a t e 3  t o  a ,~LAWIO of 2.H x n / m 2  i E  > O . l  W V I  at 3 9 P C  were performed at 
9 3 ,  2fl.5, 316 and 4 Z i ' C .  Testiei:, of RT-9 welds  i r rad ia t ed  at 4517, 500 and S S P C  ms 
performed at 2OS0Cc. 
con3ition, t e s t i ?g  nt 93 and 4 2 F C  showed l i t t l e  chaege in fracture toughness a f t e r  
i r r a d i a t i o n .  Yoijeuer, t e s t i n g  a t  200 to 3$0°C r e su l t ed  in higher toughness, higher 
thaq t h a t  of unirradia ted  m t e r i a l .  

Frac tum  Sou:]hness tests  using a l e c t r o p o t e i t i n l  techniques on HT-9 weld m t e r i a l  

The t es t  r e s u l t s  show tha t  i r rad ia t i on  f o r  t h e  3 9 P C  irradiation 

108 

1 2 5  

7.5 E f f e c t  of Specimen S i r e  and M a t e r i a l  Cond i t i on  on Charpy Impact P r o p e r t i e s  o f  9 C r - 1  M V N b  

Charp-impact  properties were determined on full- and subs i z e  specimens of 

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  131  

n3r.nalized-an.i-tempered as wel l  as quenched-onlg 9 0 - 1  +oVNb s t e e l .  

l n r p r  s h i f t s  in t h e  t r a m i t i o n  temperature thaw did the full-size specimen. 
w l m e t r i c  normaZizatiom of the specimen s i z e  e f f e c t  were a lso  performed. 

The subs i z e  
i m n s i a t e n t l y  smntler f r a o t i o n a l  ,drops in t h e  ,upper-shelf a e r m  and 

Area nnd 

7.6 The Toughness o f  Simulated Heat- Af fected Lone M i c r o s t r u c t u r e s  i n  HT-9 (ESK Mel t  P r a c t i c e )  
(Sandia Na t iona l  Labora to r ies ,  Liver inore) . . . . . . . . . . . . . . . . . . . . . . . . . .  13R 

JOG i e t e r m l n e d  using Gleehle-simulated m i c r o s t r u c t u r e s .  Two reg ions  of the  YAZ were 
e u a l u a t e d ;  one reg ion  repwsents  the  por t ion  of t h e  HA2 w o w s t  the  f u s i o n  zone ,  t h e  
o the r  corresponds to a region whish is heated onl:i s l i g h t l y  above t h e  upper c r i t i c a t  
t e v p e n t u r e .  Charpy V-notch resu l t s  indica ted  t h a t  followinj. a PWHT a t  760°C f o r  
1 hour both reg ions  of the  HAZ e x h i b i t  super ior  toughness behavior to tha t  o f  the 
quench-and-tevpered base rmterial. The upper she l f  tou3hness imreased  20-40 Jou les  
2nd the  38TT decrzased near13 20°C reLative to t h e  base m e t a l .  The toughness  of both 
the  ESR ?as% n?terial  m? HAZ m i c r o s t r u c t u r e s  m s  super ior  t o  t ha t  o f  t h o  
AX-processed  N a t i o w l  Fusim ,Vent, which had been prev ious ly  tested i.i a s imi lar  

The tough?ess behavior of the heat- af fec ted  zone in t h e  ESR National Fusion Heqt 

rion-ler. 

7.7 F rac tog raph ic  Examinat ion of Crack ing i n  HT-9 Mu l t i pass  Welds 
(Sandia Na t iona l  Labora to r ies ,  L ivermore)  . . . . . . . . . .  

To be Faported i n  the  next semiannual r epur t .  

146 

7.8 The I n f l u e n c e  o f  P r i o r  Cold Wor;i on t h e  Hydrogen Charged T e n s i l e  F r a c t u r e  of a 12Cr-1Mo Steel  

S w a g i n j  m,.i retemperinj i m p ~ ~ o e d  the t e n s i l e  d u c t i l i t y  of quench-ad- tempered 

(Sandia Na t iona l  Labora to r ies ,  L ivermore)  . . . . . . . . . . . . . . . . . . . . . . . . . .  147 

1 2  rr-1 'do s t e e l  ,083 etimincTted i n t e r j m n ~ l i r  c r m k i n g ,  uhc:her or  n J t  t h e  mter ia l  
20s Xydrqer2 : h a i r p i .  
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7.9 The E f fec t  of Preheat on t h e  M i c r o s t r u c t u r e ,  Hardness and Toughness of HT-9 Weldments 
( G A  Technologies) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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  temperature 1 P C  ( t o  -12oCJ compared wi th  pre-  
heat ing a t  400°C. 
a f t e r  t h e  40fl”C preheat increased dendr i t e  spacing s i g n i f i c a n t l y  by dep le t ing  t h e  
surrounding m t r i x  of  C r ,  Mo, and W and increa8ing t h e  Ni. 

Preheating a t  l0D0C before  welding HT-9 increased toughness @ 13.5 J and lowered 

Scanning e l e c t r o n  microscopy showed t h a t  slower cool ing i n  t h e  weld 

7.10 An Assessment of F a b r i c a t i o n  Methods f o r  an HT-9 F i r s t  Wa l lpd lanke t  Module 
(GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A s tudy o f  t h e  TASKA tandem mirror reac tor  design shows t h a t  HT-9 has adequate 
f a b r i c a b i l i t y  t o  meet t h e  design requirements as o s t r u c t u r a l  m t a r i a l  f o r  t h e  f i r s t  
wal l  and b lanke t .  

7.11 I r r a d i a t i o n  of ESR A l l o y  HT-9 and A l l o y  9Cr-IMo(Mod.) P la tes  fo r  F r a c t u r e  Toughness Assessment 
(Naval Research Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

During t h i s  per iod ,  i r r a d i a t i o n  exposures a t  300OC and 15O0C t o  8 ~ 1 0 ’ ~ n / c m ~ ,  
f f>O. lMeV,  were undertaken f o r  t h e  Al loy  HT-9 and Al loy  9Cr-lMoIMod.J p l a t e s ,  
r e s p e c t i v e l y .  
Charpy-V(PCC,I and h a l f - s i z e  Charpy-V specimens and, i n  t h e  case of t h e  Al loy  
9Cr-1,YofMod. J ,  2.S4 mn thio4 compact t ens ion  specimens. 

Specimen tgpes  include t e i s i o n ,  Charpy-VIC,), f a t i g u e  precracked 

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . . . . . . . . . . . . . . . . . . .  
8.1 I r r a d i a t i o n  Experiment Sta tus and Schedule 

(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8.2 Fusion Program Research M a t e r i a l s  Inven to ry  

(Oak Ridge Na t iona l  Laboratory ,  McDonnell Douglas Company, 
and GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9. MATERIALS COMPATlRIIITY AND HYDROGEN PERMEATION S T U I I I E S  . . . . . . . . . . . . . . . . . . .  
9.1 Cor ros ion  of Path A PCA,  Type 316 S t a i n l e s s  S tee l ,  and 12 Cr-1 MoVW Steel  i n  F lowing L i t h i u m  

(Oak Ridge Na t iona l  l a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I n  l i th i i im  thermal mnuec t ion  loop ITCLl experiments ,  oeiy-ht l o s s e s  and d i s s o l u -  

t i o n  m t e s  of annealed and cold-worked path A prime m n d i d a t e  a l l o y  IPCAJ were 
s l i y h t l y  higher than those  of type 316 s t a i n l e s s  s t e e l .  
l a y e r  on t ype  316 s t a i n l e s s  s t e e l  ms constarit between 3700 and .9000 h a t  60OoC but 
v o t  a t  570OC. 
short- term webght losses of t ype  316 s t a i n l e s s  s t e e l .  The 12 C r - 1  MoVW s t e e l  shoided 
measurable bit small weight losses  i n  thermal ly  convec t i ve  l i t h i u m  between 350 and 
500OC. 

The depth of the  f e r r i t e  

Witrogen l e v e l  between 9 and 130 ut ppm i n  l i t h i u m  did  not a f f e c t  

9.2 Corrosion o f  Type 316 S t a i n l e s s  Stee l  i n  S t a t i c  P b - 1 7  a t .  4. Li  
(Oak Ridge Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The surfuce m r p h o l o B  and composition of type 316 s t a i n l e s s  s t e e l  specimens 
exposed to  s t a t i c  PtL17 a t .  ’1, L i  between 400 and 7OO0C were s tud ied .  Preliminary 
r e s u l t s  ind ica ted  v i c k e l  dep le t ioe  throughout t h i s  temperature mnge  and r e l a t i v e  
chromium surface enrichment f o r  those specimens s u f f e r i n g  t h e  h ighes t  weight l o s s e s .  

9.3 Envi ronrnental E f f e c t s  on P r o p e r t i e s  of S t r u c t u r a l  A l l o y s  
( k g o n n e  Na t iona l  l a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a t  temperatures between 700 and 7 5 5  K i n  f lowing  l i t h i u m  an3 Pb-17 L i  environments. 
The r e s u l t s  i n d i c a t e  t h a t  (d i s so lu t ion  m t e s  f o r  both s t e e l s  are an order of r m y i t u d e  
greater  i n  Pb-Li than n l i th ium.  T e n s i l e  data f o r  cold-worked Type 316 s t a i e l e s s  
s t e e l  show t h a t  a ,+loid ng environment has no e f f e c t  on t h e  t e n s i l e  proper t i e s  of Type 316 
s t e e l  at tempemtiures between 473 and 7 7 3  X. 

Corrosion data are presentad f a r  severa l  i u s t e n i t i c  and f e r r i t i c  s t e e l s  exposed 
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9.4 C o m p a t i b i l i t y  of Vanadium A l l o y s  w i t h  High-Temperature Water 
(Oak Ridge Na t iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  201 

ezposed t o  300OC i n t e r  for 103 h were r e l s t i u e l y  small ilnd not s i p i f i c a n t t y  a f f e c t e d  
by hydrogen overpressure.  

Weight gain8 of Path C urnadium a l l o y s  iV-ZG% T i ,  V-15% Cr-5% Ti, VANSTAR-71 

9.5 C o m p a t i b i l i t y  Stud ies of S t r u c t u r a l  A l l o y s  w i t h  S o l i d  Breeder M a t e r i a l s  
(Argonne Na t iona l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  204 

p e l l e t s  i n  u f l o w i n g  helium environment i nd i ca t e  t h a t  t h e  r eac t i on  mtes in helium 
contai- ing 93 ppm '120 are grea ter  than i n  helium w i th  1 ppm Y20. 
p i n  weight whereas the  L i z 0  p e l l e t s  lose weight a f t e r  ssposure. 
kinetics and metallographic euatuat.lon of t h e  a l l o y  specimens are presented.  

Compat ib i l i t y  t e s t s  between ferritic HT-9 a l l o y  or Fa-9Cr-IMo s t e e l  m d  L i z 0  

A l l  a l l o y  specimen8 
Data on t h e  reac t ion  
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1 . 1  WTERIALS HANDHOOK TOR FCSI(1N ESt2C;Y SYSTEMS ~ J. L!, D a v i s  (XcDonnell Douglas .As t ronau t i c s  
Company ~ S t .  Louis  D i v i s i o n )  and T .  K .  R i e r l e i n  (Westinghouse Hanfurd Company) 

1 . 1 . 1  ADIP 'Task 

Task Sumber l . A . 1  - Define m a t e r i a l  p r o p e r t y  r e q u i r e m e n t s  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  S U U K C  of m a t e r i a l  p r o p e r t y  d a t a  for u s e  by t h e  f u s i o n  corn- 
munity i n  concep t  e v a l u a t i o n ,  d e s i g n ,  s a f e t y  a n a l y s i s ,  and p e r f u r m a n c e / v e r i f i c a t i o n  s t u d i e s  of v a r i o u s  
f u s i o n  energy sys tems .  
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  cor v o i d s  e x i s t .  

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

1 . 1 . 3  Summary 

During t h e  p a s t  y e a r  t h e  handbook e f f o r t  has been d i r e c t e d  towards  deve lop ing  d a t a  s h e e t s .  For t h i s  
y e a r  t h e  e f f o r t  h a s  been t c  i n c o r p o r a t e  t h o s e  d a t a  s h e e t s  i n t o  t h e  handbook. 
i m d r  towards  t h e  i i r l~icvcinent  o f  t h i s  go.il w i t h  t h e  pub1 ii.aLion o f  !mor? than 30 n e w  t l a t c  p;+grs r i n g  t h e  
p r o p c r i i e s  o f  b u l k  g m p h i t c s ,  l i q u i d  I i L h i u ~ t ,  and  cer; imi<. 1 i t l i i i i i i i  cmri i i iunds.  

1 . 1 . 4  P r o g r e s s  and S t a t u s  

S u b s t a n t i a l  p r o g r e s s  h a s  been 

lihile the  M a t e r i a l s  handbook f u r  f u s i o n  ene rgy  sys tems  (MHFES) s t i l l  h a s  a l o n g  way t o  go i t  i s  beg in-  
n i n g  t o  l o o k  l i k e  a m a t e r i a l s  handbook. With t h e  a d d i t i o n  o f  t h e  l a s t  three p u b l i c a t i o n  packages  ( 5 ,  6 ,  and 
7 )  t h e  XllFES now c o n t a i n s  i n f o r m a t i o n  on m a t e r i a l s  f o r  f o u r  of i t s  e i g h t  major  c h a p t e r s .  The l a t e s t  add i-  
t i o n s  t o  t h e  handbook c o n s i s t  of d a t a  pages  on t h e  p r o p e r t i c s  of h u l k  or  s t r u c t u r a l  g r a p h i t e ,  p r e p a r e d  by 
D. J. S u i t e r  of EmAC;  p r o p e r t i e s  of l i q u i d  l i t h i u m ,  p repa red  by W. Brehm of HEDL; and p r o p e r t i e s  of ce ramic  
l i t h i u m  compounds p r e p a r e d  by 6 .  14. l l o l l e n b e r g  of HEDL. 
p o r t a n t  areas i n  r e a c t o r  d e s i g n :  1st wall p r o t e c t i o n  and t r i t i u m  p r o d u c t i o n .  

s t r u ~ t ~ r ~  or in t h e  case of plasma d i s r u p t i o n s  v a p o r i z a t i o n  of t h e  sur face  l a y e r .  A number o f  approaches  
have been proposed t o  p r o t e c t  t h i s  s t r u c t u r e  r a n g i n g  rrom c o a t i n e s  L o  t i l e s .  Carbon or  mure s p e c i f i c a l l y  
g r a p h i t e  i s  one of the  m a t e r i a l s  proposed ior use as  t i l e s .  
components,  i t  is  o f t e n  t r e a t e d  as a m a t e r i a l  w i t h  a s i n g l e  s e t  of p r o p e r t i c s  r a t h e r  t h a n  a s  a family of 
m a t e r i a l s  w h o s e  p r o p e r t i e s  are t a i l o r e d  t o  f i t  a s p e c i f i c  a p p l i c a t i o n .  Depending upon t h e  degree of 
c r y s t a l l i n i t y  and c r y s t a l  o r i e n t a t i o n ,  i t  can be d e s c r i b e d  as  b u l k  g r a p h i t e ,  f i b r o u s  g r a p h i t e ,  p y r o l y t i c ,  or 
v i t r e o u s  ca rbon  each hav ing  d i f f e r e n t  p r o p e r t i e s .  
f i v e  d i f f e r e n t  t y p e s  o f  bu lk  g r a p h i t e .  
g r n p h i t e s  a v a i l a b l e  and then  t o  s e l e c t  t h e  one most s u i t e d  t o  h i s  needs  u s i n g  a c o n s i s t e n t  d a t a  s e t .  

The p r o d u c t i o n  of t r i t i u m  can be accomplisheil  throu1:li t h e  iise of l i q u i d  l i t h i u m ,  l i t h i u m  b e a r i n g  s a l t s ,  o r  
l i t h i u m  ceramic compounds. The handhook c o n c e n t r a t e d  on two areas :  
mic compounds ( b i n a r y  and t e r n a r y ) .  
formed f o r  F?IIT and c o n s i s t  of i n f o r m a t i o n  needed t o  use  l i q u i d  l i t h i n m  as n c o o l a n t ,  e . g .  thermal  conduc- 
t i v i t y ,  v i s c o s i t y ,  and s u r f a c e  t e n s i o n .  
s o l i d  b r e e d e r  s t u d i e s .  These  d a t a  s h e e t s  cover f o u r  s e p a r a t e  l i t h i u m  ceramic compounds (L i20 ,  LihSiOq, 
L i Z Z r O 3  and L iA l02)  and r e p r e s e n t  new d a t a  s p e c i f i c a l l y  d e v ~ l o p e d  f o r  t h e  f u s i o n  program. These  d a t a  S h e e t s  
c o n s i s t  o f  s p e c i f i c  h e a t  and thermal  expans ion  b o t h  as a f u n c t i o n  o l  t e m p e r a t u r e  and t h e  t h e o r e t i c a l  densiLy 
a s  a f u n c t i o n  of i s o t o p i c  en r i chment .  A d d i t i o n a l  l i t h i u m  ceramic: d a t a  s h e e t s  arc  i n  development and w i l l  he 
r e l e a s e d  a t  a l a t e r  d a t e .  

p e r i o d  t h e r e  are a number u f  d a t a  s h e e t s  i n  the  rev iew c y c l c  a n d ,  pending approval,  w i l l  be  r e l e a s e d  i n  t h e  
nex t  p e r i o d .  1st U a l l / 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  and nmgnet m a t e r i a l s .  
n a t e d  HT-9, w h i l e  t h e  magnet s t r ~ i ~ t u r a i  n a t e r i a l  i s  31h L S .  
s e n t 5  t h e  f i r s t  s t e p  i n  expanding t h e  i n f o r m a t i o n  i n  each Iiandhook c h a p t e r  L O  i n c l u d e  more t h a n  one 
m a t e r i a l .  

1.1.5 Conc lus ions  

These  d a t a  s h e e t s  cover materials used i n  two i m-  

T h c  impact i i i   articles c r n i t t e d  f r o m  the plasma on t h e  i i r s l  w i l l  can l c a d  ti, r a p i d  e r o s i o n  of the 

I n  t h e  a p p l i c a t i o n  of  ca rbon  t o  f u s i o n  r e a c t o r  

The d a t a  s h e e t s  in t h e  MHFES p r e s e n t s  t h e  p r o p e r t i e s  of 
Thesii d a t a  pages  a l l o w  t h e  d e s i g n e r  to compare t h e  v a r i o u s  b u l k  

Fus ion  r e a c t o r s  t h a t  a r e  based on t h e  1 1 4  f u e l  c y c l e  w i l l  hi. required t o  b r e e d  t h e i r  o w n  triLiu1:. f i i e l .  

l i q u i d  l i t h i u m  and l i t h i u m  o x i d e  cera- 
The l i q u i d  l i t h i u m  d a t a  s h e e t s  ~ e r c  prepared  i n  s u p p o r t  of work per- 

TIID l i t h i u m  ce ramic  d a t a  s h e e t s  were p r e p a r e d  i n  s u p p o r t  of t i le 

I n  a d d i t i o n  t c  t h e  d a t a  s h c c t s  t h a t  have been i n c o r p o r a t e d  i n t o  t h e  handbook d u r i n g  t h i s  r e p o r t i n g  

These  tlatri s h e e t s  w i l l  cover  two d i f f e r e n t  a r ea s  of r e a c t o r  d e s i g n :  
The 1st Wal l /B lankc t  s t r u c t u r a l  m a t e r i a l  i s  J F e r r i t i c  S t e e l  d c s i g -  

Ihe i n c l u s i o n  of HT-9 i n  t h e  handbook r e p r r -  

U h i l e  s u b s t a n t i a l  p r o g r e s s  has  been mado w i t h  r e g a r d  t o  p u t t i n g  i n f o r m a t i o n  i n  t h e  handbook d u r i n g  t h i s  
p e r i o d ,  more work i s  needed on t h e  p a r t  of everyone, r e v i e w e r s  and p a g e  preparcrs  i n c l u d e d .  There  are s t i l l  
a number o f  d a t a  pages  i n  t he  review c y c l e  a w a i t i n g  a p p r o v a l ,  however ,  once t h e s e  data pages  a re  i n c l u d e d  i n  
t h e  handbook a d d i t i o n a l  new d a t a  pages  w i l l  tie needed i f  t h e  c u r r e n t  momentum i s  t o  be  s u s t a i n e d .  Research-  
e r s  i n  ADIP and o t h e r  t a s k  g roups  can h e l p  by t u r n i n g  t h e i r  exper imen ta l  r e s u l t s  i n t o  d a t a  s h e e t s .  
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1.2 LOW ACTIVATION APPROACHES TO MATERIALS DEVELOPMENT - D. S. Ge l l es ,  H. R .  Brager  and F .  A. Garner 
(Uest inghouse Hanford Company) 

1.2.1 A D I P  Task 

The Department of Energy O f f i c e  o f  Fus ion Energy has c i t e d  t h e  need f o r  development of  low a c t i v a t i o n  
a l l o y s .  Wh i le  such development c o u l d  be undertaken as p a r t  o f  Path D ( I n n o v a t i v e  M a t e r i a l s ) ,  i t  i s  proposed 
t h a t  p o r t i o n s  of  t h i s  e f f o r t  proceed i n  t h e  e s t a b l i s h e d  Path A ( A u s t e n i t i c )  and Path E ( F e r r i t i c )  proqrams. 
The scope o f  such an e f f o r t  i s  s i m i l a r  t o  t h a t  desc r ibed  i n  Task l.A.?, " t o  de f ine  m a t e r i a l  p r o p e r t y  t e s t  
m a t r i c e s  and t e s t  procedures t h a t  w i l l  p r o v i d e  e f f i c i e n t  develooment o f  l o n g  l i f e  and r e l i a b l e  a l l o y s  
c o n s i d e r i n g  t ime,  c o s t  and t e s t  f a c i l i t y  c o n s t r a i n t s . "  

1.2.2 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  i d e n t i f y  t h r e e  orornis ing compos i t i ona l  rpgimes w i t h  o o t e n t i a l  f o r  low 
a c t i v a t i o n  s t r u c t u r a l  a l l o y s .  

1.2.3 Sunlmary 

An e f f o r t  has been i n i t i a t e d  t o  develop l o w- a c t i v a t i o n  a l l o y s  f o r  f u s i o n  react.or s e r v i c e .  Several  
ma jo r  compos i t i ona l  regimes have been i d e n t i f i e d  f o r  development. The aporoach employed has bepn t o  develoo 
l ow  a c t i v a t i o n  a l l o y s  v i a  r o u t e s  which may m i t i g a t e  o r e v i o u s l y  i d e n t i f i e d  m a t e r i a l  prohlems. 

1 . 2 . 4  Proqress and S t a t u s  

1.2.4.1 x r o d u c t i o n  

governs t h e  l a n d  d i s p o s a l  of n u c l e a r  wast?. Th is  r e g u l a t i o n  i s  based on f i s s i o n  r e a c t o r  exper ience  and 
c u r r e n t l y  covers  a l i m i t e d  number o f  r a d i o n u c l i d e s .  The l i m i t s  e s t a b l i s h e d  f n r  each i s o t o p e  i n v o l v e  n o t  
o n l y  a c t i v i t y  and decay r a t e  c o n s i d e r a t i o n s  b u t  a l s o  heat genera t ion  and r a t e  of t r a n s p o r t  i n  t h e  b iosphere.  
It i s  a n t i c i p a t e d  t h a t  t h e  l i s t  of covered r a d i o n u c l i d e s  w i l l  expand as f u s i o n - r e l e v a n t  s p e c t r a  and m a t e r i a l s  
are  cons iaerea.  

C a l c u l a t i o n s  o f  t h e  induced r a d i o a c t i v i t y  i n  t h e  STARFIRE f i r s t  w a l l  p o s i t i o n  have r e c e n t l y  been o e r -  
formed and compared t o  t h e  r e s t r i c t i o n s  Dosed by  10-CFR-K1.1-3 Ser ious  l i m i t s  a r e  found t o  be o laced on 1'1 
(3300 ppm) N i  (9100 ppm), Nb (2.9 ppm) and Mo (470 ppm).' The r e s t r i c t i o n  on n i c k r l  i n  p a r t i c u l a r  
s e r i o u s l y  comp l i ca tes  a l l o y  development v i a  paths A, B and 0 and t h e  r e s t r i c t i o n  on inolybdenum s i q n i f i c a n t l y  
r e s t r i c t s  t h e  Paths C and E o p t i o n s .  Therefore, new a l l o y  compos i t i ona l  reqimes must be developed if low 
a c t i v a t i o n  m a t e r i a l s  a r e  r e q u i r e d  f o r  f i r s t  w a l l  a p p l i c a t i o n s .  

Severa l  p romis ing  compos i t i ona l  reqimes have been i d e n t i f i e d  where in  t h e  p o t e n t i a l  f o r  l o w- a c t i v a t i o n  
s t r u c t u r a l  a l l o y s  i s  pe rce ived .  One of these l i e s  i n  t h e  a u s t e n i t i c  system and two o t h e r s  l i e  i n  t h e  
f e r r i t i c  system. There i s  an i n t e r e s t  i n  these m a t e r i a l s  b o t h  i n  t h e  A D I P  proqram and t h e  Damaoe Ana lys i s  
arid Fundamental S tud ies  (DAFS)  Program of t h e  U. 5. Fusion M a t e r i a l s  e f f o r t  . 
1.2.4.2 - A u s t e n i t i c  A l l o y s  

The n i c k e l  and chromium Content  o f  Fe-Cr-Ni a l l o y s  has h w n  shown t o  have a laroe Ff fec t  on t h e  s w e l l i n g  
behav io r  of i r r a d i a t e d  t e r n a r y  a l l o y s . * - '  I n  genera l  t h e  q r e a t e s t  r e s i s t a n c e  t o  t h e  onset  of acce le ra ted  
s w e l l i n g  i n  t h i s  system corresponds t o  t h e  comoos i t i ona l  regime which possesses anomalous hehav io r  of p r o n r r -  
t i e s  such as low- temperature e x p a n s i v i t y ,  l a t t i c e  parameter,  C u r i e  temperaturp,  temperatt i re dependence of 
t h e  magnet i za t ion ,  r e s i s t i v i t y ,  i nc reases  i n  magne t i za t ion  upon a w l i c a t i o n  of magnetic f i e l d s ,  and fo rced  
volume m a g n e t o s t r i c t i o n .  One of t h e  most marked conseauences of t h i s  anomaloirs behav io r  i s  t h e  I n v a r  
anomaly, t h e  ve ry  smal l  c o e f f i c i e n t  o f  thermal expansion. 

The p o s s i b l e  r e l a t i o n  between s w e l l i n g  r e s i s t a n c e  and I n v a r - l i k e  hehav io r  i s  suppor ted hy t h e  f a c t  t h a t  
t h e  OeDendence o f  s w e l l i n u  w i t h  chromium con ten t  i s  s i m i l a r  t o  t h a t  e x h i h i t e d  bv  t h e  low-chromium I n v a r - l i k e  

The Nuclear  Regu la to ry  Commission i n  January 1QR3 e s t a b l i s h e d  a r e g u l a t i o n  des ignated 10-CFR-61, which 

a l l o y s ' d e s i g n a t e d  as Elin;ar.* 
o t h e r  anarnalous a l l o y s  may a l s o  e x h i b i t  minimums i n  s w e l l i n g .  
Fe-Mn'''' and Fe-Mn-Cr" svstems. A l thouqh Fe-Mn a l l o v s  have anomalous thermal  exoansion s i m i l a r  t o  t h a t  o f  

I f  t h e  I n v a r - s w e l l i n g  r e l a t i o n s h i p  i s  v a l i d  then  t h e r e  i s  op t im ism t h a t  
I n v a r  anomalies have been abserved i n  t h e  

I n v a r  a l l o y s ,  t h e y  a r e  no i fe r romagne t i c  i n  na tu re ,  i n  c o n t r a s t  t o  Fe-Ni,  Fe-Pt and Fe-Pd hase I n v a r  a l l o y s . ' 2  
Therefore, s u b s t i t u t i o n  of manganese f o r  n i c k e l  appears t o  be a p o s s i b l e  approach w i t h i n  Path A t o  develop loh '  
a c t i v a t i o n  a l l o y s .  

The m o t i v a t i o n s  f o r  s u b s t i t u t i n g  nlanganese f o r  n i c k e l  i n c l u d e  i n  a d d i t i o n  i t s  abundance w i t h i n  t h e  U. 5. .  
i t s  lower  r e s i d u a l  a c t i v i t y  and t h e  p o s s i b i l i t y  t h a t  manqanese-based a l l o y s  m igh t  e x h i b i t  d i f f e r e n t  s w e l l i n g  
p r o p e r t i e s  than  n i cke l- based  a l l o y s .  Research on such a l l o y s  has been pursi ied f o r  n o n- r a d i a t i o n  env i ronments 
(e.9. r e f  13, 1 4 )  and some s w e l l i n g  s t u d i e s  have been conducted u s i n g  h i g h  enerqy e l e c t r o n s . ' s  

The Fe-Cr-Mn system i s  now b e i n q  s t u d i e d  i n  t h e  DAFS program and an exper imenta l  a l l o y  m a t r i x  i s  h e i n q  
preparea f o r  p o s s i b l e  i n c l u s i o n  i n  upcoming f a s t  r e a c t o r  i r r a d i a t i o n s .  Manqanese- stah i l ized a l l o y s  are  n o t  
a n t i c i p a t e d  f o r  i n c l u s i o n  i n  mixed spectrum r e a c t o r s  such as HFIR because o f  t h e  r a p i d  d e p l e t i o n  of rnanga- 
nese a r i s i n g  f r o m  i t s  t r a n s m u t a t i o n  t o  i r o n ."  



1.2.4.3 F e r r i t i c  A l l o y s  

klolybdenum i s  added t o  f e r r i t i c  a l l o y s  t o  p r o v i d e  s o l i d  s o l u t i o n  hardening f o r  improved h i g h  temoera- 
t u r e  s t r e n g t h .  Removal o f  molybdenum f o r  low a c t i v a t i o n  w i l l  t h e r e f o r e  dpgrade h i g h  temperature P r o p e r t i e s .  
P o s s i b l e  a l l o y i n g  s u b s t i t u t e s  a r e  vanadium'e, tan ta lum and tungsten.  However, i t  i s  l i k e l y  t h a t  low 
a c t i v a t i o n  a l l o y s  w i l l  n o t  have t h e  h i g h  temperature s t r e n g t h  now a v a i l a b l e  i n  Path E a l l o y s .  

N icke l  i s  o f t e n  found  i n  f e r r i t i c  a l l o y s  above 0.91 pe rcen t  ( t h e  10-CFR-61 l i m i t  f o r  S t a r f i r e )  and 
n iob ium has been used as an e f f e c t i v e  c a r b i d e  former .  Low a c t i v a t i o n  a l l o y  des ign w i l l  t h e r e f o r e  r e s t r i c t  
a o o i t i o n s  o f  these  elements as w e l l .  Because n i c k e l  i s  an a u s t e n i t e  former  used t o  c o n t r o l  t h e  Dresence o f  
d e l t a  f e r r i t e ,  l i m i t a t i o n s  on n i c k e l  l e v e l s  v u s t  be o f f s e t  by  i nc reases  i n  o t h e r  a u s t e n i t e  formers o r  reduc-  
t i o n s  i n  f e r r i t e  formers. However, such t rade- o f f s  can be expected t o  he b e n e f i c i a l .  Removal of n i c k e l  
should  reduce t h e  tendency f o r  G-phase f o r m a t i o n  and reduce i r r a d i a t i o n - i n d u c e d  changes i n  mechanical 
p r o p e r t i e s ."  

Two f e r r i t i c  a l l o y  c lasses  appear t o  be f e a s i b l e .  An a l l o y  s i m i l a r  t o  2 1 1 4  Cr-1 Mo w i t h  vanadium 
s u b s t i t u t e d  f o r  molybdenum has been Droduced" and i n i t i a l  mechanical t e s t s  can be exDected i n  t h e  near  
f u t u r e .  The same approach i s  now b e i n g  employed i n  t he  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  reuime. lP  Powever, 
c a r e f u l  a l l o y  des ign  w i l l  be r e q u i r e d  t o  ensure optimum p r o p e r t i e s .  

1.2.5 Conclusions 

I t  should be p o s s i b l e  t o  s t r a i g h t f o r w a r d l y  s u b s t i t u t e  o t h e r  elements f o r  n iob iuw.  

Three regimes have been i d e n t i f i e d  f o r  low a c t i v a t i o n  a l l o y  development: 

( 1 )  Fe-Cr-Mn i n v a r  a l l o y s  designed f o r  l ow  s w e l l i n q ,  
( 2 )  
( 3 )  Fe-Cr-V m a r t e n s i t i c  s t e e l s  s i m i l a r  i n  p r o D e r t i e s  t o  HT-Q. 

Fe-Cr-V b a i n i t i c  s t e e l s  s i m i l a r  i n  p r o p e r t i e s  t o  2 l/QCr-1 Mo, 

Due t o  t h e  s i m i l a r i t y  of these a l l o y s  to presen t  cand ida te  a l l o y s ,  t h e y  can be develooed under Path P 
and Path E .  
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1.3 AN ASSESSMENT OF MARTENSITIC STAINLESS STEELS FOR LOW ACTIVATION STATUS - T. LECHTENEERG (GA 
TECHNOLOGIES) 

1.3.1 A D E b k  

The A l l o y  Development for I r r a d i a t i o n  Performance t a s k  i s  c u r r e n t l y  e v a l u a t i n g  t h e  9-12 C r  c l ass  o f  
s t e e l s  f o r  a p p l i c a t i o n s  I n  f i r s t  w a l l /  b reed ing  b lankets .  Recent ly  t h e  Low A c t l v a t l o n  Panel c o n s t l t u t e d  
by DOE has assessed t h e  requ i rements  f o r  low a c t i v a t i o n  m a t e r i a l s  I n  f u s i o n  machines and has recommended 
tha t ,  " A c t l v a t l o n  of s t r u c t u r a l  m a t e r i a l  shou ld  remaln one of t h e  pr imary  c o n s i d e r a t i o n s  I n  t h e  develop- 
ment o f  f u s i o n  r e a c t o r  ma te r1a ls " l .  "Since a t  t h i s  
t l m e  no s i n g l e  a l l o y  can be shown t o  s a t i s f y  t h e  probab le  f u s i o n  environment ... t h e  long- term g o a l s  a r e  
focused on deve lop lng a l l o y s  w l t h  mechanical and phys ica l  p r o p e r t i e s  t a l l o r e d  f o r  f u s l o n  power r e a c t o r  
appl l ca t l ons .  'I 

Furthermore, t h e  goa ls  o f  t h e  AOlP program s t a t & :  

1.3.2 Qb&&ilm 

The o b j e c t i v e  o f  t h i s  work was t o  assess t h e  Path E a l l o y ,  HT-9, r e l a t i v e  t o  i t s  q u a l i f y i n g  for low 
a c t l v a t l o n  s t a t u s  as de f i ned  I n  t h e  Low A c t i v a t l o n  Panel r e p o r t .  T h i s  q u a l l f l c a t l o n  would r e q u l r e  I t  meet 
two o f  t h e  t h r e e  g o a l s  o f  sa fe ty ,  su r face  waste d isposa l ,  and c o n t a c t  maintenance. Fur thermore t h e  f e a s l -  
b i I  l t y  o f  p roduc lng l o w  a c t i v a t i o n  a l l o y s  of t h i s  t y p e  was assessed by l n t e r a c t l o n  w l t h  two producers  of 
those a l l o y s .  

1.3.3 

Th is  work was p r i v a t e l y  funded by t h e  Fus ion and Advanced Technology D i v i s i o n  of GA Technologies 
Incorporated ( G A I  fran I t s  o f f i c e  o f  Research and Development as a p a r t  o f  GA's c o n t i n u i n g  I n t e r e s t  I n  
a c t l v a t l o n  Issues as they Impact f u s i o n  techno logy development. The l n t e r a c t l o n  o f  neut rons fran a f u s i o n  
machlne w l t h  t h e  s t r u c t u r a l  m a t e r i a l  w i l l  cause a l l  convent iona l  a l l o y s  and m a t e r l a l s  t o  a c t i v a t 4 .  There 
a re  t h r e e  r e s u l t s  o f  t h i s :  ( 1 )  spec ia l  safeguards w l l l  be r e q u i r e d  f o r  t h e  removal and s to rage  o f  t h e  
a c t i v a t e d  m a t e r l a l  wastes a f t e r  serv ice,  (21 t h e  p o t e n t i a l  s a f e t y  r i s k  r e s u l t i n g  fran r e l e a s e  o f  a c t i v a t e d  
spec ie  d u r i n g  an acc iden t  w i l l  r e q u i r e  m i t i g a t i o n ,  and (3) Increased c o s t s  o f  deve lop ing and l n c o r p o r a t l n g  
remote maintenance equipment. 

Cur ren t l y ,  t h e  l i g h t  water r e a c t o r  (LWR) waste gu ide l i ne ,  lOCFR61. has f o u r  c lasses  o f  waste. 
Classes A, E and C, which a re  a l  I s u r f a c e  d isposa l ,  and Class D. which i s  g e o l o g i c  d i sposa l .  A I  I conven- 
t i o n a l  m a t e r i a l s  w i l l  a c t l v a t e  such t h a t  they would n o t  q u a l i f y  f o r  s u r f a c e  waste d isposa l ,  and would 
r e q u i r e  deep, geo log i c  d isposa l  f o r  many genera t i ons  because o f  major  c o n s t i t u e n t  elements o r  l e v e l s  o f  
l m p u r l t l e s  t o o  h l g h  f o r  su r face  d isposa l .  Whi le  a l l  elements w i l l  a c t l v a t e .  i t  I s  a r e l a t i v e l y  few t h a t  
have daughter r a d i o n u c l i d e s  t h a t  decay q u i c k l y  enough o r  a r e  weak enough such t h a t  they c o u l d  be disposed 
o f  as su r face  waste. The r e l a t l v e  c o s t  advantages o f  s u r f a c e  d isposa l  vs. geo log i c  d isposa l  cannot  be 
es t ima ted  e a s i l y ,  b u t  f o r  packaging and b u r y i n g  w i t h o u t  mon i to r i ng ,  they have been es t ima ted  a t  $200-600 
per c u b i c  f o o t  f o r  any o f  t h e  t h r e e  c lasses  o f  s u r f a c e  waste. w h l l e  c o s t s  f o r  t h e  on ly  o t h e r  a l t e r n a t i v e ,  
geo log i c  d isposa l ,  w i l l  l i k e l y  be c l o s e r  t o  $200.000 per c u b l c  fwt. 

The issue of t h e  s a f e t y  I m p l i c a t i o n s  o f  m a t e r i a l s  a c t i v a t i o n  i s  l e s s  w e l l  def ined. C u r r e n t l y ,  t h e  
most Impor tant  mechanism f o r  r e l e a s e  of a c t i v a t e d  m a t e r i a l  o f f - s i t e  I s  cons idered t o  be through v o l a t i l -  
l r a t l o n  f o l l o w l n g  l i t h i u m  o r  o the r  breeder m a t e r i a l  f i r e s ,  o r  by loss o f  c o o l a n t  t o  a s t r u c t u r e  of h i g h l y  
a c t i v a t e d  m a t e r i a l  which has I t s  own s e l f - h e a t l n g  due t o  r a d l o a c t l v e  decay4. Both scenarios Tal58 t h e  
temperature  of t h e  S t r u c t u r a l  m a t e r l a l .  The h lghe r  t he  m e l t l n g  p o i n t  of a m a t e r i a l ,  t h e  less I l k e l y  t h e  
m a t e r l a l  w i l l  v o l a t l l l z e  un less t h e  m a t e r i a l  forms a su r face  o x i d e  t h a t  I s  v o l a t l l e  a t  temperatures w e l l  
below t h e  m e l t i n g  p o l n t  o f  t h e  unox ld l zed  s t r u c t u r a l  m a t e r i a l .  Manganese as an a l l o y i n g  element i s  a 
major  concern due t o  I t s  h l g h  vapor pressure  and fo rma t lon  o f  a v o l a t i l e  0xlde5. 

1.3.4 Statui 

These r e s u l t s  address t h e  waste management concerns and t h e  s a f e t y  Issues. 

12% C r- m a r t e n s i t i c  s t e e l s  t h a t  meet t h e  requ i rement  f o r  su r face  waste d isposa l  probab ly  can be mel ted 
and f a b r i c a t e d .  The g u i d e l i n e s  f o r  maximum a l l o w a b l e  r e s i d u a l  i m p u r i t y  l e v e l s  must be adhered t o  and w i l l  
Impact t h e  des ign ph i losophy for any a l l o y  camposi t ion.  A des ign equa t ion  w a s w r i t t e n  f o r  a l l o w a b l e  
amounts ot i m p u r i t i e s  such t h a t  t h e  producer and a l l o y  des ign team c o u l d  t r a d e- o f f  c e r t a i n  s t reng then ing  
a d d i t i o n s  f o r  o t h e r s  when those  pure-element a I  loy a d d l t l o n s  In t roduce  unacceptable l e v e l s  o f  i m p u r i t i e s .  
Cur ren t l y ,  t h e  l e v e l s  of I m p u r i t i e s  for severa l  d i f f e r e n t  l o t s  o f  s t a r t i n g  m a t e r i a l  a re  be ing reviewed, 
and l m p l l c a t l o n s  t o  a l l o y  c a n p o s i t i o n s  assessed. 

1.3.5 &suLts 

I n  o r d e r  t o  ach ieve minimum a c t i v a t l o n  a l l o y s  based on m o d i f c a t i o n s  o f  convent iona l  m a t e r i a l s  (such 
as HT-9), c e r t a i n  a l l o y i n g  elements such as n l c k e l  and molybdenum must be reduced t o  low l e v e l s  and a l l  
i m p u r i t l e s  I n  t h e  m a t r i x  t h a t  t ransmute t o  unacceptable r a d i o n u c l i d e s  must be reduced t o  s t r i n g e n t  I i m i t a -  
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t i o n s  proposed i n  waste r e g u l a t i o n  lOCFR61 i n  o rder  t o  q u a l i f y  f o r  c l a s s  a waste. f o r  example, t r ans-  
mu ta t i on  p roduc ts  from n i c k e l  a re  b 6 0 ,  Fe55, and N163. C a l c u l a t i o n s  have shown t h a t  t h e  maximum a l low-  
a b l e  amount of n i c k e l  i n  a f i r s t  w a l l  m a t e r i a l  l i k e  HT-9 would have t o  be l ess  t han  380 appm, o r  0.040 
w t - $  (based on 8 x loz2 atoms/moIe and an a l l o y  atomic we igh t  es t imated  t o  be 55.2 gms). A I i s t  of 
r a d i o n u c l i d e s  I n  a 1 2 C r - l b  m a t e r i a l  i s  g iven  I n  Tab le  I. The t o t a l  amounts o f  i m p u r i t i e s  In t roduced by 
a l l o y i n g  shou ld  n o t  exceed t h e  amount d i c t a t e d  by r e g u l a t i o n  lOCFR61. such t h a t  t h e  f o l l o w i n g  " i m p u r i t y "  
equat ion  requi rement  must be met: 

where X I  I s  t h e  atom p a r t  per  m l i i i o n  of r es i dua l  element 1. Tl i  i s  t h e  S p e c i f i c  a c t i v i t y ,  and K i  1s t h e  
a l l o w a b l e  r a d i o a c t i v i t y  accord ing  t o  lOCFR61. T h i s  equa t ion  says t h e  f r a c t l o n  o f  a i  l o vab le  r a d i o a c t i v i t y  
due t o  any Impu r i t y  element t imes  t h e  atomic f r a c t l o n  o f  t h a t  element ( i n  appm) 1s t o  be summed over  a i l  
expected impu r i t y  elements, and t h a t  summation must be l e s s  than  u n i t y .  

Thus, as a good approximation, an emp i r i ca l  equa t ion  can be w r i t t e n  account ing  for on ly  those spec i e  
t h a t  would dominate t h e  r a d i o a c t i v i t y  l eve l s .  For example, b 6 0  i s  produced by t r a n s m u t a t i o n s  from N i ,  
Cu, and Co. Bu t  t h e  dK f a c t o r  i s  ve ry  low (one o r  two o rde rs  o f  magnitude l o v e r )  f o r  Cu and b as c m -  
pared t o  N i  t ransmuta t ions .  So, on ly  those r a d i o n u c l i d e s  t h a t  appear t o  be major  c o n t r i b u t o r s  t o  a c t i v i t y  
a re  Inc luded i n  t h e  equat ion.  I n  t h i s  example, N i  would be inc luded.  So, an approx imot ion  f o r  Class A 
waste 1s - 

5.14 x XNI + 1.43 x & + 2.45 x Xcu + 1.8 x XN 

+ 1.2 x X h  + 10 X N ~  + 8.44 x X A ~  + 1.6 x XM,, (1  

w h i l e  f o r  Class E, t h e  equa t ion  would be - 
2.57 x 10-4 xNI + 3.25 x 10-4 ~b + 1.22 x 10-3 ku + 1.8 x 10-3 xN 
+ 1.27 x Qo + 10 X N ~  + 1.6 x lo-' qn + 1.91 x X A ~  <1 

1.3.6 €.e.asibiI i t v  o f  Produci-tlon S t e e l s  amiBhst v 
Two producers and f a b r i c a t o r s  o f  s t e e l s  s i m i l a r  t o  those  be ing  cons ldered  i n  t h e  minimum a c t l v a t l o n  

f e r r i t i c  s t e e l s  program were v l s l t e d .  They were Specia l  Meta ls  I n  Ut ica,  N.Y. and Carpenter  Technology I n  
Reading, PA. They purpose of t h e  t r i p  was t o  d iscuss  t h e  methods and s ta te- o f- the- ar t  o f  s t e e l  p roduc t i on  
t o  determine what p u r i t y  cou ld  be achieved f o r  spec ia l  a p p l i c a t i o n  s tee ls .  

The p roduc t l on  s t a f f  a t  Specia l  Meta ls  and Carpenter  Technology were consu l t ed  on t h e  problem con- 
c e r n i n g  a c t i v a t i o n  p roduc ts  and t h e  c a r e f u l  q u a l i t y  c o n t r o l  t h a t  1s necessary i f  these  m a t e r i a l s  a r e  t o  be 
produced. They t h o u g h t  t h a t  t h e  r e s i d u a l  amounts d iscussed cou ld  p robab ly  be met. b u t  t h a t  s p e c i f i c  cm- 
p o s i t l o n s  w i t h  s p e c i f i c a t i o n s  shou ld  be submi t ted  t o  them f o r  ana lys is .  They would t hen  rev iew t h e  a v a l l -  
a b l e  v i r g i n  m a t e r i a l s  and t h e i r  r e s i d u a l s  content .  T h i s  i s  Impor tan t  because, for example, t o  reduce t h e  
molybdenum con ten t  t o  as low as poss ib le ,  o t he r  s t r e n g t h e n e r s  such as tungs ten  must be addea t o  compen- 
sate. The o r e  frm which tungs ten  Is made may have o the r  r e s i d u a l s  i n  i t  such as n iobium which may 
Increase t h e  Nb con ten t  t o  above t h e  s p e c i f i c a t i o n s .  So, a t r a d e- o f f  may be necessary between adding 
tungs ten  and, f o r  example, more chromium i n  o rde r  t o  m i n l m l ~ e  i m p u r i t y  con tamina t ion  fran f u r t h e r  addi-  
t i o n s  y e t  a l s o  m a i n t a l n  d e s i r a b l e  mechanical p rope r t i e s .  

Other proposed s o l u t i o n s  a r e  ( 1 )  i s o t o p i c  t a i l o r i n g  o f  t h e  elements t h a t  a r e  used I n  t h e  ma te r i a l 6 ,  
o r  (2 )  t h e  use o f  conven t iona l  m a t e r i a l s  w i t h o u t  c e r t a i n  a l l o y i n g  elements t h a t  a c t i v a t e  t o  C o n t r o l l e d  
r ad i onuc l  Ides1. I s o t o p i c  t a l  l o r i n g  means t o  remove c e r t a i n  n a t u r a l l y  o c c u r r i n  I so topes  o f  elements. For  
example, molybdenum has n l n e  s t a b l e  o c c u r r i n g  isotopes, two of which 94Flo and g5b a c t i v a t e  by i n t e r a c t i n g  
w i t h  neu t rons  t o  unacceptable r a d i o n u c l i d e s  93mNb and 93M0 r espec t l ve l y .  I s o t o p i c  t a i l o r i n  would cause 
g4b and g5b t o  be removed du r l ng  i s o t o p i c  p rocess lng  such t h a t  t h e  dominant r a d i o n u c l i d e s  93mNb and 93b 
could, there fo re ,  n o t  be produced. The d isadvantages o f  t h i s  i s  t h a t  an e n t i r e  i ndus t r y  wouia have t o  be 
c rea ted  t o  separate t h e  o f f end ing  i so topes  i n  every a l l o y i n g  element add i t i on ,  and qual i t y  c o n t r o l  o f  pro- 
duced hea ts  would be very  r i s k y  because o f  t h e  d i f f i c u l t y  o f  de te rmin ing  t h e  d i f f e r e n c e s  between an 
i s o t o p i c a l l y  t a i l o r e d  s t e e l  versus a convent iona l  a l l o y  o f  t h e  same composi t ion.  Also, work done a t  G A  
has shown t h a t  t h e  r e s i d u a l  impu r i t y  l e v e l s  must be very  smal l7 ,  and i t  i s  n o t  c l e a r  t h a t  i s o t o p i c  
t a i l o r i n g  on a l a r g e  s c a l e  cou ld  produce elements w i t h  t h e  r e q u i r e d  c o n t r o l l e d  l e v e l s  o f  o f f end ing  
isotopes. 

Two major  i n f l uences  I n  e l i m i n a t i n g  t h e  molybdenum and, t o  a lesser  extent ,  t h e  n i c k e l  a re  ( 1 )  a 
decrease i n  s t r e n g t h  due t o  e l i m l n a t i n g  molybdenum which i f  p resen t  would s t a b i l i z e  c a r b i d e s  w i t h  r espec t  
t o  temperature, and ( 2 )  a s h i f t  i n  t h e  phase con ten t s  o f  t h e  s tee l  t o  a dual phase a l l o y  which I s  n o t  
f u l l y  m a r t e n s i t i c  b u t  c o n t a i n i n g  some f e r r i t e .  Whi le  t h i s  has no adverse e f f e c t  on a c t i v a t i o n  p rope r t i e s ,  
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it may e f f e c t  t h e  s t r eng th ,  co r ros ion ,  r a d i a t i o n  damage and swe l l i ng .  Bo th  phases, m a r t e n s i t e  and f e r -  
r i t e ,  a re  body- centered c u b i c  and, there fo re ,  i n h e r e n t l y  r e s i s t a n t  t o  swei I lng8, b u t  t h e  l a r g e  number of 
d i s l o c a t i o n s  i n  m a r t e n s i t e  a c t  t o  g e t t e r  vacancies, thus  g r e a t l y  i n c reas l ng  t h e  i ncuba t i on  t i m e  fo r  
swe l l i ng .  So, a f u l l y  m a r t e n s i t i c  s t r u c t u r e  1s more a t t r a c t i v e .  I n  o rde r  t o  coun te r  t h i s  phase s h i f t ,  
and t o  inc rease  t h e  s t r e n g t h  w l t h o u t  adversely  a f f e c t i n g  a c t i v a t i o n  c h a r a c t e r l s t i c s .  tungs ten  can be added 
i n  t h e  same atomic amounts as molybdenum had been i n  HT-9. Tungsten w i l l  s h i f t  t h e  ccmpos i t ion  I n t o  a 
f u l l y  m a r t e n s i t i c  phase f i e l d  and a l s o  has t h e  p rope r t y  o f  p r e c i p i t a t i n g  and s t a b i l i z i n g  t h e  same 
s t r e n g t h e n i n g  M23C6 ca rb i de  as molybdenum I n  HT-9. The exac t  amount o f  t h e  s h i f t  i s  about  t h e  same as f o r  
molybdenum i n  atomic percent .  Proposed a l l o y s  should have a smal l  amount of t i t a n i u m  which f u r t h e r  p r e  
motes m a r t e n s i t e  and s t a b i l i z e s  t h e  ca rb i des  f u r t h e r .  S i l i c o n  shou ld  be reduced t o  Impu r i t y  l e v e l s  
because o f  r ecen t  data sugges t ing  t h a t  a n i c k e l  s l l l c i d e  may be a f a c t o r  I n  caus ing  I r r a d i a t i o n  e m b r i t t l e  
mentg. 
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Table 1.3.1 

Maximum elemental concentrat ions of lmpu r l t l es  
I n  HT-9 t o  q u a l i f y  for Class A waste 

Max I mum 
Concentrat ion* 

E I ement Dmlnan t  Nucl ide Appm. 1 0  YR. 

NI 

b 

V 

TI 

w 

cu 

N 

Mn 

AI 

Co 

N b  

B 

CC 60 
Fe 55 
N i  63 

b 93 
Nb 93m 

v 49 

ca 4s 

w 181 

Ca 60 
N i  63 

C 14 

Mn 54 

A I  26 

Co 60 

Z r  93 
N h  92 
N b  94 

Be 10 

1.220 
2;550 

200 

70 
190 

___  

5.250 
41 

550 

60.000 

270,000 

83,000 

13.000 
260.000 

0.1 

49,000 

* Maximum concentrat ions ca l cu la ted  as I f  
each weie t h e  nnly impur i ty  I n  t h e  mater ia l  
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Table 1.3.2 

Spec l f l c  Regul a t  ion 
Dominant Ac t l v l t y ,  Requlrements, K ( d K I  

Element Radlonucl ides ( Cl/cm3/appm) Class A Class A 

N I  b60 5.72 7000 
Fe55 2.74 
Nl63 0.28 35 

Mo Mo92 
Nb93m 

cu Co60 
Nl63 

0.143 
0.052 

I .33 
0.66 

IO 
10 

7000 
35 

N C14 0.0145 8 

ca Co60 0.0844 7000 

Nb Zr93 3x20h5 IO 
Nb92 3x20-5 ( 2 0 )  
Nb94 0.20 0.02 

Mn Mn54 0.117 7000 
A I  A I  26 0.0844 10 
B Bel0 8.10-6 ( I *  

* Ca lcu la t lons  i n  Progress 

1 . 4 3 ~ 2 0 - ~  
5. Z X I O - ~  

I ~ 3 ~ 1 0 - 3  

I .zX10-5 

3x 1 0-6 
( 3 ~ 2 0 - ~  ) 

10 

1 .6xl 0-5 
8 .44~1  r3 
( I *  





2. TEST M A T R I C E S  AND METHODS D E V E L O P M E N T  

11 



1 2  

2 . 1  N E U T R O N  SOURCE CHARACTERIZATION FOR MATERIALS EXPERIMENTS - 
L .  R .  Greenwood (Argonne National Laboratory) 

2 .1  . I  ADIPIDAFS Tasks 

ADIP - Task l . A . 2  - Define Test Matrices and Procedures 
DAFS - Task II .A.l  - Fission Reactor Dosimetry 

2.1.2 Objective 

To character ize  neutron i r rad ia t ion  f a c i l i t i e s  in terms of neutron f l u x ,  spec t ra ,  a n d  damage parameters 
(DPA, He, transmutation) and t o  measure these exposure parameters d u r i n g  fusion mater ia ls  i r r a d i a t i o n s .  

2.1.3 Summary __ 
Results are  summarized f o r  four separate  i r rad ia t ions  i n  H F I R ,  designated CTR-31, 32, 34, and 35. The 

The s t a t u s  o f  

neutron fluxes and energy spectra  agree qu i te  well between the  runs. 
the CTR32 reaction ra tes  due t o  improved bu rnup  ca lcu la t ions .  
s t ee l  i s  being revised s l i g h t l y  according t o  new neutron cross section evaluations fo r  59Ni. 
a l l  other experiments i s  sumnarized in Table 2.1.1. 

Small corrections have been made to 
Helium production i n  nickel and s t a i n l e s s  

Table 2.1.1. Status of Dosimetry Experiments 

Faci 1 i ty/Experiment _______ 
CRR - MFE 1 

- MFE 2 
- MFE 4A1 
- MFE 4A2 
- MFE 48 
- MFE 4C 
- TBC 07 
- TRIO-Test 

HFIR 
- TRIO- 1  
- CTR 32 
- CTR 31, 34, 35 
- CTR 30 
- T 1 .  RB1. CTR39 
- T2;  T3 ' 

- RB2, RB3 
- CTR 40-45 

Omega West - Spectral Analysis 
- H E D L l  

EBR I 1  - X287 
IPNS - Spectral Analysis 

- L A N L l  (Hurley) 
- Hurley 
- Coltman 

Status/Comments 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
Samples Expected 04/83 
I r rad ia t ion  i n  Progress 
Completed 07/80 
Completed 07/82 
I r rad ia t ion  in Progress 
Completed 04/82 
Completed 04/83 
I r rad ia t ion  in Progress 
Samples Received 03/83 
I r rad ia t ions  in Progress 
I r rad ia t ions  in Progress 
Samples Sent 10/82 
Completed 10180 
Completed 05/81 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Completed 02/83 
I r r a d i a t i o n  in Proqress 

-~ 

The f i r s t  version of our  standardized dosimetry a n d  damage data computer f i l e  (DOSFILE) has been 
completed. A t  present ,  data i s  avai lable  f o r  17 recent i r rad ia t ions  a t  ORR, HFIR,  EBRII, Omega West, CP5, 
HFBR, and IPNS. Copies of the data f i l e  and re t r i eva l  programs w i l l  be made avai lable  to in te res ted  par t i e s  
f o r  t e s t i n g .  

2 .1 .4  Progress and Status 

2.1.4.1 Dosimetry f o r  _____ the  HFIR-CTR31, 32, 34, and 35 I r rad ia t ions  

Measurements and ca lcu la t ions  have been completed f o r  four separate  i r rad ia t ions  in the High F l u x  
Isotopes Reactor (HFIRI a t  Oak Ridge National Laboratory. The i r rad ia t ion  h i s t o r i e s  a r e ,  as follows: 

Experiment Dates Power ( M W D )  

CTR31 10-03-80 t o  05-25-81 21,853 
CTR32 08-17-80 t o  12-12-80 10,863 
CTR34, 35 12-24-81 t o  04-17-82 10,614 

- __ ___ 
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Resu l ts  from CTR32 were r e p o r t e d  p r e v i o u s l y  (L. R. Greenwood, Damage Ana lys is  and Fundamental Studies,  
Q u a r t e r l y  Progress Report,  DOE/ER-0046/9, pp. 32-40, 1982). 
a c t i v a t i o n  and he l ium p r o d u c t i o n  r a t e s  accord ing  t o  new n u c l e a r  da ta .  

exper imenta l  assembly, e i t h e r  a t  t h e  t o p  o r  bot tom o f  each l e v e l .  
then  s e n t  t o  Rockwell I n t e r n a t i o n a l  f o r  h e l i u m  a n a l y s i s .  

r e q u i r e d  f o r  a l l  of t h e  r e a c t i o n s  and these  a re  t y p i c a l l y  5-10% f o r  t h e  f a s t  r e a c t i o n s  b u t  as h i g h  as 20-50% 
f o r  thermal r e a c t i o n s .  These c o r r e c t i o n s  can be checked i n  severa l  ways. I n  t h e  case of thermal r e a c t i o n s ,  
a s imp le  i t e r a t i v e  technique p r o v i d e s  a un ique  r e a c t i o n  r a t e  s i n c e  t h e  r e a c t i o n  i n  q u e s t i o n  i s  r e s p o n s i b l e  
f o r  t h e  burnup of t h e  t a r g e t  n u c l e i .  Once t h e  thermal f l u x  i s  known, i t  can then be used t o  es t imate  the  
much sma l le r  c o r r e c t i o n s  f o r  t h e  t h r e s h o l d  r e a c t i o n s .  S ince t h e  f l u x  spectrum i s  a p p a r e n t l y  q u i t e  cons tan t  
i n  HFIR, we can check t h e  f i n a l  r e s u l t s  b y  demanding i n t e r n a l  cons is tency  w i t h i n  each r u n  and between d i f -  
f e r e n t  runs .  c o r r e c t i o n s  must be made f o r  t h e  b u r n i n  o f  58Fe f rom b o t h  56Fe 
and 57Fe. C o r r e c t i o n s  f o r  54Fe(n,p) and 5SMn(n,2n) a re  hampered by t h e  l a c k  o f  any c r o s s  s e c t i o n  measure- 
ments on 54Mn IC10 b ) .  
c ross  sec t ions  o f  about  5 b. The S8Fe(n,.r) and 63Cu(n,o) r e a c t i o n  r a t e s  have been a d j u s t e d  s l i g h t l y  from 
t h e  r a t e s  pub l i shed  p r e v i o u s l y  (CTR32) accord ing  t o  these new burnup c a l c u l a t i o n s .  
about 4% lower  and t h e  63Cu(n a) values about  7% h i g h e r  than r e p o r t e d  p r e v i o u s l y  f o r  CTR32. 
va lues r e p o r t e d  f o r  63Cu(n,o160Co appear t o  be i n c o n s i s t e n t ,  a l though  the  reasons f o r  these d i f fe rences  a re  
n o t  understood. 
l e v e l  shou ld  be l e s s  than 0.1 ppm. 

However, s l i g h t  r e v i s i o n s  have been made i n  

Radiometr ic  and h e l i u m  accumulat ion dos imeters were l o c a t e d  a t  e i g h t  d i f f e r e n t  v e r t i c a l  h e i g h t s  i n  each 
A l l  samples were gamma counted a t  ANL and 

Burnup c o r r e c t i o n s  a r e  The r a d i o m e t r i c  dos imetry  r e s u l t s  a r e  l i s t e d  i n  Tables 2.1.2 and 2.1.3. 

I n  t h e  case of 58Fe(n,~)59Fe 

E x c e l l e n t  n s i s t e n c y  i s  o b t a i n e d  f o r  b o t h  r e a c t i o n s  i f  we assume a 54Mn thermal 

The 58Fe(n,yl  va lues a re  
Some o f  t h e  

Random c o b a l t  i m p u r i t i e s  c o u l d  e x p l a i n  t h e  problem; however, o v e r a l l  t h e  c o b a l t  i m p u r i t y  

Table 2.1.2. Thermal A c t i v a t i o n  Measurements i n  HFIR 
Values c o r r e c t e d  f o r  burnup and norma l i zed  t o  100 MW; u n c e r t a i n t y  f2% 

Height ,  cm 

20.8 
18.8 
16.7 
12.5 
6.3 
4.2 

-3.1 
-4.2 
-8.3 
-9.4 

-12.5 
-15.6 
-20.8 
-21.9 

20.8 
12.5 
8.3 
4.2 
0.0 

-4.2 
-12.5 
-20.8 
-25.0 

31 32 34 35 32 
- 

3.64 4.18 _ _  _ _  4.35 

5.56 5.55 5.56 _ _  6.68 
7.10 7.21 _- _ _  6.72 
6.67 7.28 _ _  

_ _  _ _  -- _ _  
_- 
_ _  
_ _  -- _ _  __  5.92 

-- _ _  5.11 

-- _ _  3.67 

-- 
5.63 5.76 _ _  
4.28 4.22 _ _  

93Nb( n,r) (10-9) 

31 32 

1.63 1.73 
2.46 2.43 _ _  2.78 
3.04 3.05 
3.26 -- 
3.02 3.08 
2.46 2.49 
1.73 1.67 _ _  1.43 

-- 1.26 

__ 1.35 
4.50 -- 
5.64 1.67 
6.63 _ _  
-- 2.08 

__  2.10 
6.35 _ _  
-- 1.82 

5.94 _ _  
__  1.70 

_ _  1.20 
5.07 -- 
3.69 -_ 

34 35 

_- 
1.28 _ _  -- 
1.95 

1.93 
_- 
_- _ _  

1.68 

1.48 

1.09 

-- 
_ _  

_ _  
1.30 

1.59 
1.92 

-- 

_ _  _ _  _ _  _- 
1.74 

1.46 

1.09 

_ _  
_ _  
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Table 2.1.3. Threshold Activation Measurements in HFIR 
Values corrected fo r  b u r n u p  and  normalized t o  100 MW; uncertainty ?2% 

Height, cm 
~. .- ~~ 

20.8 
18.8 
16.7 
12.5 
6.3 
4.2 
0.0 

-3.1 
-4.2 
-8.3 
-9.4 

-12.5 
-15.6 
-16.7 
-20.8 
-21.9 

Height, cm 

20.8 
18.8 
12.5 
6.3 
4.2 
0.0 

-3.1 
-4.2 
-9.4 

-12.5 
-15.6 
-20.8 
-21.9 

_._. ~ 

31 32 34 35 

3.94 4.13 _ _  
_ _  _ _  4.79 _ _  5.22 _. 

5.81 6.44 _- 
_. _ _  6.82 

6.43 6.99 _ _  _ _  _ _  _ _  
_ _  _. 7.13 

6.95 6.86 _. 
.. 6.77 _ _  
_. _ _  6.62 

5.85 6.08 _- _ _  _. 5.19 _ _  _ _  _ -  
3.94 3.86 ._ 

._ _. 3.69 

55Mn( n.2n) (10 - l 3 )  

_ _  
4.58 

6.08 
6.85 

_ _  

_ _  
_ -  _ _  
_. _ _  

6.58 

5.41 
_ _  
_ _  
_- 

3.82 

31 32 34 35 

1.18 

1.74 

1.94 

_ _  
_. 

_ _  _ _  
2.02 

1.87 

1.26 

_ _  
_ _  
_ _  

1 . 2 3  

1.94 

2.13 

_ _  
__  
._ _ _  

2.10 

1.83 

1.23 

_ _  
_ _  

_ _  

_ _  
1.50 
1 .75  
2.02 

2.07 
2.08 

1.93 

1.59 

1.10 

_ _  

_ _  
._ 

_ _  

.. 
1.35 
1.78 
2.06 _ _  _ _  
-- __ 

2.14 

1.61 

1.15 

.. 

_- 

34 32 31 

-- _ _  5.86 
_- _ _  6.82 _ _  -- _ _  

9.02 9.43 _ _  _ _  -- 9.81 
10.16 10.46 _ _  _ _  10.34 _- 

_ _  -- 10.54 
10.98 10.23 _ _  _ _  _ _  _- 

_ _  ._ 9.69 
9.16 8.89 __  

_ _  _. 7.60 _ _  7.28 _ _  
5.98 5.6fi _. 

_ _  -_ 5.28 

6 3 ~ u ( n , o ) ( 1 0 - 1 3 )  

31 32 

2.73 3.22 

4.44 4.65 

6.50 5.18 
6.01 -_ 

5.94 5.18 

5.00 5.42 

3.20 2.98 

_ _  -_ 
._ ._ 

_ _  -_ 
_ _  -_ 
_ _  -_ 
_ _  -_ 

Activation rates for threshold react ions  from a l l  four runs are  compared in Fig. 2.1.1. As can be seen, 
the consistency i s  excel lent  demonstrating the repea tab i l i ty  of the neutron f lux and  spectrum in HFIR.  The 
maximum act ivat ion ra tes  a re  l i s t e d  below, as determined by a least- squares f i t  t o  the data in Table 2.1.2. 

Reaction Midplane Activation Rate(atom1atom-s) 
.~. 

CTR31 CTR32 CTR34 CTR35 
- .. 
.. 

6.87 
6.83 
1.08 
6.13 
2.05 
3.05 

._ ~~~ 

2.04 
7.12 
7.22 
1.05 
5.51 
2.18 
3.06 

~~~ 

1.94 
6.72 
7.16 
1.05 

2.08 
._ 

_ _  

1.92 
6.57 
7.17 _ _  _ _  
2.22 _ _  

These data were used w i t h  the computer code STAYSL t o  ad jus t  the neutron flux spectrum calcula ted by 
Kam a n d  Swanks.l 
i s  the  average for  a l l  four runs. 
appear t o  be real differences in the  thermal f lux l eve l .  Differences i n  the fuel cycle and var ia t ions  in 
shielding by the experimental assemblies c a n  of course perturb t h e  thermal f lux.  
by STAYSL are a l l  q u i t e  s imilar  and are represented by Fig. 2.1.2. 

The adjusted f lux a n d  fluence values are  l i s t e d  in T a b l e  2.1.4. The l a s t  column of  fluxes 
The run- to- run sca t t e r  from the average i s  only t5%; however, there  does 

The f lux spectra adjusted 
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Table 2.1.4. Midplane Neutron F luxes and Fluences Measured i n  HFIR 
Values normal ized t o  100 MW; u n c e r t a i n t y  +5-10% 

Energy, MeV F l u x ,  x 1015 n/cmZ-s 

CTR31 CTR32 CTR34 CTR35 Average 
__ ___ __ 

__ __ __ ~ __ 
Tota l  4.95 5.10 4.87 4.71 4.92 
Thermal (<.5 eV) 2.04 2.11 1.99 1.94 2.02 
>0.11 1.29 1.34 1.30 1.28 1.30 
0.5 eV - 0.11 1.62 1.65 1.59 1.55 1.60 
0.11 - 1 0.643 0.655 0.629 0.617 0.636 
1 - 5  0.598 0.630 0.616 0.610 0.614 
5 - 10 0.051 0.051 0.050 0.049 0.050 
10 - 20 0.0016 0.0016 0.0016 0.0016 0.0016 

Fluence, x loz2 n/cm2 

CTR31 CTR32 CTR34 CTR35 

To ta l  9.34 4.78 4.47 4.38 
Thermal (c.5 eV) 3.84 1.98 1.82 1.78 
>O.ll 2.45 1.26 1.19 1.17 
0.5 eV - 0.11 3.06 1.55 1.45 1.42 
0.11 - 1 1.21 0.614 0.577 0.565 
1 - 5  1.13 0.590 0.564 0.560 
5 - 10 0.097 0.048 0.045 0.045 
10 - 20 0.0031 0.0015 0.0014 0.0014 

__ ~ __ ~ 

F i g .  2.1.1. R e l a t i v e  a c t i v a t i o n  r a t e s  a r e  shown as a f u n c t i o n  of h e i g h t  above midplane f o r  the  
46Ti(n,p)46Sc, 54Fe(n,p)54Mn, and 55Mn r e a c t i o n s .  
and 35. 

Four i r r a d i a t i o n s  a r e  compared i n  HFJR-CTR31, 32, 34, 



F i g .  2.1.2. The a d j u s t e d  n e u t r o n  spectrum i s  shown f o r  t h e  HFIR-CTR31 i r r a d i a t i o n .  Th is  spectrum i s  
n e a r l y  i d e n t i c a l  f o r  t h e  CTR32, 34, and 35 i r r a d i a t i o n s .  F l u x  per  u n i t  l e t h a r g y  i s  energy t imes f l u x .  The 
d o t t e d  and dashed l i n e s  r e p r e s e n t  one standard d e v i a t i o n ;  however. u n c e r t a i n t i e s  a re  h i g h l y  c o r r e l a t e d .  

F lux  g r a d i e n t s  were deduced f rom t h e  a c t i v i t i e s  i n  Tables 2.1.2 and 2.1.3, as shown i n  F i g .  2.1.1. A l l  
of  t h e  da ta  f o r  each r e a c t i o n  and r u n  were f i t t e d  t o  a q u a d r a t i c  f u n c t i o n  by t h e  leas t- squares  method. 
average f i t s  fo r  each r e a c t i o n  a re  l i s t e d  i n  Table 2.1.5. 
f i r m i n g  t h a t  t h e  maximum f l u x  i s  c e n t e r e d  w i t h i n  ?l cm o f  midplane f o r  a l l  r e a c t i o n s .  
i s  ve ry  n e a r l y  t h e  same f o r  a l l  r e a c t i o n s ;  however, t h e  thermal g r a d i e n t  i s  s l i g h t l y  f l a t t e r  than the  f a s t  
g r a d i e n t ,  as m i g h t  be  expected. 
g r a d i e n t s  i n  Table 2.1.5 were determined by averag ing  t h e  thermal and f a s t  g r a d i e n t  c o e f f i c i e n t s .  
ment damage and gas p r o d u c t i o n  would a l s o  be expected t o  f o l l o w  t h e  same g r a d i e n t s  except  f o r  h e l i u m  pro-  
d u c t i o n  i n  n i c k e l  which i s  a two- step thermal r e a c t i o n .  Work on these g r a d i e n t s  i s  now i n  p rogress .  

The 

The q u a d r a t i c  t e r m  c 
The l i n e a r  term b i s  q u i t e  i n s i g n i f i c a n t ,  con- 

T h i s  s p e c t r a l  d i f f e r e n c e  i s  l e s s  than 7% over  520 cm o f  i n t e r e s t .  The f l u x  
D i r p l a c e -  

Table 2.1.5. F l u x  and A c t i v i t y  Grad ien ts  f o r  HFIR 
Least-squares f i t  t o  da ta  i n  Tables 2.1.2-2.1.3 

f ( z )  = a [ l  + bz t cz21,  z = h e i g h t  (cm) 

React ion 

5 9 c d  n,r)bOco 
58Fe(n,y)59Fe 
54Fe( n ,p)54Mn 
4 6 T i  ( n , ~ ) ~ ~ S c  
55Mn( n ,2n)54Mn 

F lux  (n/cm2-s) 

Thermal (c.5 eV) 
F a s t  ( N . 1  MeV) 
To ta l  

a 

6.82 x l o w 8  

7.10 x 10-11 
1.06 x 10-11 

1.97 10-9 

2.13 x 10-13 

a 

2.02 x 1015 
1.30 1015 
4.92 x 1015 

-0.365 
tO.066 
to. 284 
t0.841 
t0.147 

~ 1 0 - 3 )  

c (  1 0 - 3 )  
~ 

-0.968 
-0.944 
-0.994 
-0.995 
-0.974 

c(10-3)  

-0,150 
+0.563 
+o. 195 

-0.956 
-0.995 
-0.975 

2.1.4.2 Standard ized Dosimetry  - and Damage Data F i l e  

recorded  f o r  17 r e c e n t  i r r a d i a t i o n s ,  as l i s t e d  i n  Table 2.1.6. 
i n t o  t h e  f i l e .  
t i t l e s  and header records  have been used e x t e n s i v e l y  t o  make t h e  f i l e s  more readable,  w i t h o u t  the  need t o  
reference e x t e r n a l  manuals. 

Vers ion  I of o u r  s tandard ized  dosimetry  and damage da ta  f i l e ,  DOSFILE, i s  now a v a i l a b l e .  D a t a  has been 
O lder  data i s  now be ing  rev iewed f o r  e n t r y  

However, a lpha numeric The data i s  w r i t t e n  i n  a s imple card- image fo rmat  s i m i l a r  t o  ENDF. 
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Table 2.1.6. I r rad ia t ions  Included i n  DOSFILE 

Irradia t ion* Key Word 

HFIR-CTR32 
HFIR-CTR34 
HFIR-CTR35 
IlRR-MFF1 -. .. . . .. . 
ORR-MFE2 
ORR-MFE4A-1 
ORR-MFE4A-2 
ORR-Spectral Run 
ORR-TBC07 
ORR-TRIO-1 
Omega West-Spectral Run 
Omega West-HEDL-1 

IPNS-9-VTL-REF 
EBRII-XZ87 
CP5-Fission Converter 
HFBR-VT15-2 
HFBR-VT15-3 

HFR32 
HFR34 
HFR35 
ORMFl 
O R M F ~  
OR4A1 
OR4A2 
ORRLP 
ORRT7 
 TRIO^ 
OMWSP 
O M W H l  

IPN9C 
EB287 
CP5FC 
HFBR2 
HFBR3 

*HFIR: H i g h  Flux Isotope Reactor ( O R N L )  
ORR: Oak Ridae Research Reactor ( O R N L )  
Omega West R e k t o r  ( L A N L I  
IPNS: Intense Pulsed Neutron Source ( A N L - E )  
E B R I I :  Experimental Breeder Reactor I 1  ( A N L - W )  
CP5: Chicago P i l e  5 I A N L I  
HFBR: High Flux Beam Reactor ( B N L )  

The types of data s tored in  the f i l e  are l i s t e d  i n  Table 2.1.7. A short  for t ran re t r ieval  program i s  
By typing i n  the key words fo r  the i r rad ia t ion  and type of data wanted, a user can provided t o  a id  users .  

rapidly obtain a l i s t i n g .  For exampls, the key words HFR-32 and FSM would i n s t r u c t  the program t o  l i s t  a 
f lux and fluence sumnary t ab le  f o r  the  HFIR-CTR32 i r r a d i a t i o n .  
plain-English description of the i r rad ia t ion  h i s to ry ,  gradients ,  and references to more complete publica- 
t ions  as  well a s  reference cross  sect ion,  se l f- sh ie ld ing ,  and uncertainty data f i l e s .  These l a t t e r  f i l e s  
are  a lso contained i n  the DOSFILE package t o  f a c i l i t a t e  cross- referencing. 

Table 2 . 1 . 7 .  Data Key Words fo r  DOSFILE 

The iden t i f i ca t ion  (IDN) f i l e  contains a 

Key Word Description 

I D N  Iden t i f i ca t ion ,  i r r ad ia t ion  h i s to ry ,  
oradients .  references 

ACT 

FL I 
FUN 
FLO 
FCV 

~ ~~. 
Act iv i t i e s  w i t h  uncer ta in t i e s ,  

I n p u t  f lux data 
and sel f- shie lding 

Input flux uncer ta int ies  
O u t p u t  flux data 
O u t v u t  f lux covariance matrix 

FSM F I U X ,  f luence summary 
DAM Damage Parameters 

covers,  

I n  es tabl ishing the f i l e  we have attempted t o  not only document data and procedures, b u t  a lso  provide 
a l l  input data required for spectra l  adjustment. Specif ical ly ,  the  input data i s  provided for  the  STAYSL 
computer code which i s  used fo r  spectra l  adjustment. 
a c t i v i t i e s ,  cross sec t ions ,  input,  and o u t p u t  f l u x  spec t ra .  Covariances on the  input spectrum and cross 
sect ions  a r e  assumed t o  be described by a Gaussian function. 
simple functional dependence and hence must be reported as  a complete 100 x 100 element matrix,  although 
only ha l f  the terms need be l i s t e d  s ince the  matrix i s  symmetric. 
determine e r ro rs  on derived quan t i t i e s  such as DPA or gas production. 

Uncertainties and covariances a re  thus l i s t e d  f o r  the  

However, the  o u t p u t  covariances have no such 

This output matrix must be used t o  



A t  p resen t  cop ies  o f  DOSFILE w i l l  be sent  t o  i n t e r e s t e d  p a r t i e s  f o r  t e s t i n g .  Feedback f rom t h e  user  
comnunity would be p a r t i c u l a r l y  u s e f u l  a t  t h i s  s tage i n  de te rmin ing  s u i t a b i l i t y  o f  data and formats as w e l l  
a s  f u t u r e  changes and a d d i t i o n s  t o  t h e  f i l e .  I n  t h e  near f u t u r e  the  f i l e  w i l l  be p l a c e d  on t h e  NMFE 
Computer System a t  Lawrence L ivermore Labora to ry  f o r  genera l  access by t h e  f u s i o n  comnunity. 
now be ino  w r i t t e n  and t h i s  w i l l  be p u b l i s h e d  a s  an Argonne r e p o r t .  

A manual i s  

’ 1 .5  : - * - lus ion  

Hel ium and displacement c a l c u l a t i o n s  a r e  now i n  p rogress  f o r  a l l  f o u r  i r r a d i a t i o n s .  Hel ium values a r e  
b e i n g  reeva lua ted  i n  terms O f  new c ross  s e c t i o n  e v a l u a t i o n s  f o r  59Ni. 
t h e  T I ,  T2 ,  RB1,  and CTR-39 i r r a d i a t i o n s  i n  HFIR. 

Dosimeters a r e  now b e i n g  analyzed f o r  

Older  dos imetry  data w i l l  be i n c l u d e d  i n  OOSFILE. 
data and procedures t o  ensure complete c o m p a t i b i l i t y  of a l l  data i n  t h e  f i l e .  

2.1.6 References 

Th is  da ta  w i l l  r e q u i r e  some rev iew t o  update nuc lear  

1. F. 6. K .  Kam and J .  H .  Swanks, Neutron F lux  Spectrum i n  t h e  HFIR Targe t  Region, ORNL-TM-3322 11971). 
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7.7 NEUTRONICS CALCULATlONS I N  SUPPORT OF THE ORR-MFE-4 SPECTRAL TAILORING EXPERIMENTS - R. A. L i l l i e  and 
I. A. Gabr ie l  (Oak Ridge Na t iona l  Labora to ry )  

7.2.1 A D I P  Task 

A D I P  Task I.A.7, Def ine Test  Ma t r i ces  and Test  Procedures. 

2.7.7 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  p rov ide  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  experiments i n  
t h e  Oak Ridge Research Reactor  (ORR). 
t o  p rov ide  t h e  d e s i r e d  displacement 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 .  

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  

2.7.3 Summary __ 
New s c a l i n g  f a c t o r s  have been ob ta ined  t o  force agreement between t h e  exper i l nen ta l l y  measured and ca lcu-  

As of March 31,  1983, these f a c t o r s  y i e l d  89.6 a t .  ppm He (no t  i n c l u d i n g  2.0 at .  ppm He f rom l a t e d  fluences. 
l o g )  and 6.18 dpa f o r  t y p e  316 s t a i n l e s s  s t e e l  i n  ORR-MFE-4A and 57.7 at .  ppm He and 4.48 dpa i n  ORR-MFE-45. 

2.2.4 Progress and S t a t u s  

a v a i l a b l e  on November 7, 1987. 
t a l l y  measured thermal f luence, CfE .  P rev ious ly ,  a C / E  r a t i o  of 0.76 had been a p p l i e d  t o  t h e  c a l c u l a t e d  
thermal  f luences. Th is  r a t i o  r e s u l t e d  frorn comparing t h e  c a l c u l a t e d  t o t a l  thermal  f luence a t  95°C (i.e., t h e  
e f f e c t i v e  ORR moderator  temperature)  w i t h  an e x p e r i m e n t a l l y  measured thermal  f l u e n c e  a t  ZO'C. 
i t  was determined t h a t  t h e  f luence t o  be used i n  t h e  he l i um p r o d u c t i o n  equat ions should be t h e  e f f e c t i v e  
7700-m/s f luence, which i s  t h e  exper i l nen ta l l y  measured t o t a l  thermal  f luence a t  95°C d i v i d e d  by  1.28. 
end r e s u l t  i s  t h a t  a new C I E  r a t i o  of 0.99 i s  now be ing  used t o  s c a l e  t h e  c a l c u l a t e d  thermal f l uences ,  
whereas 0.76 i s  s t i l l  be ing  used t o  s c a l e  t h e  c a l c u l a t e d  t o t a l  f luences.  

Table 2.2.1 f o r  t h e  ORR-MFE-4A and -45 experiments. 
l a r g e  inc rease  i n  t h e  He p r o d u c t i o n  frorn t h a t  r e p o r t e d  p rev ious ly .1  I n  a d d i t i o n ,  t h e  dpa r a t e s  i n  bo th  t h e  
ORR-MFE-4A and -45 experiments have dropped s l i g h t l y  because of a s l i g h t  decrease i n  t h e  t ime  averaged t o t a l  
f l h ~  

Exper imen ta l l y  measured f l uences  from a second s e t  o f  dos imeters  i n  t h e  ORR-MFE-4A capsule became 
These data l e a d  t o  a d r a s t i c  change i n  t h e  r a t i o  of c a l c u l a t e d  t o  experimen- 

I n  a d d i t i o n ,  

The 

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  data  based on t h e  new f luence s c a l i n g  f a c t o r s  a r e  summarized i n  
The change i n  thermal  f l uence  s c a l i n g  has produced a 

, 

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  hel ium- 
to- disp 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  March 31, 1983, are  pre-  
sented i n  Figs. 2.7.1 and 2.7.7 f o r  t h e  
ORR-MFE-4A and -49 experi inents,  r e s p e c t i v e l y .  
The p r o j e c t e d  da tes  were ob ta ined  assuming an 
ORR du ty  f a c t o r  of 0.86. Because t h e  
ORR-MFE-45 experiment was removed from t h e  
r e a c t o r  on October 21, 1982, i t s  r e a l - t i m e  
p r o j e c t e d  dates a r e  g i ven  i n  ca lendar  months 
a f t e r  i n s e r t i o n .  The s o l i d  aluminum core-  
p i e c e  was p laced i n  t h e  ORR-MFE-4A experiment 
on December 7, 1982. Th is  change was p rec ip-  
i t a t e d  by t h e  l a r g e  inc rease  i n  t h e  ca l cu-  
l a t e d  he l i um p roduc t ion ,  which i s  now 
c o n s i s t e n t  w i t h  t h e  measured he l ium produc- 
t i o n  i n  t h e  second s e t  o f  dos imetrv  wires. 

Table 7.2.1. Operat ing and c a l c u l a t e d  da ta  f o r  
experi inents ORR-MFE-4A and -48 

as of March 31, 1983 

ORR-MFC-4A ORR-MFE-48 

O R R  c y c l e s  
Power (MWh) 

44 37 
381.096 305.280 

E q u i v a i e n t ' f u l l - p o w e r  dayso 52913 424.'0 
Thermal f l u e n c e  (neutronsfm2) 9.16 x 1025 7.15 x 1 0 2 5  
To ta l  f luence (neutronsfm') 7.40 x 1 0 2 6  1.75 x 1026 
Hel ium (a t .  ppm)b 89.6 57.7 
dpab 6.18 4.48 

~~ 

A l t hough  t h e  He-to-dpa r a t i o  f o r  t h e  " F u l l  power f o r  ORR i s  30 MW. 
ORR-MFL-4A experiment i s  c u r r e n t l y  above t h e  
f i r s t - w a l l  r a t i o  and w i l l  con t inue  t o  be 
above t h e  f i r s t - w a l l  r a t i o ,  t h e  s o l i d  alumi-  
num corep iece  may be used u n t i l  t h e  10-dpa 
l e v e l  i s  reached, p rov ided  i t  i s  then  
rep laced  w i t h  an aluminum corep iece  c o n t a i n i n g  a 1.0-mm-thick hafnium i n s e r t  r a t h e r  than  t h e  0.65-mm-thick 
hafnium i n s e r t  p r e v i o u s l y  requi red.2 
10-dpa l e v e l  w i l l  be between 0.65 and 1.0 mn, p rov ided  t h e  s o l i d  aluminum corep iece  i s  used when t h e  e x p e r i -  
ment i s  r e i n s e r t e d  i n  ORR. 

bHelium and dpa va lues are  f o r  t y p e  316 s t a i n l e s s  
s t e e l .  

The r e q u i r e d  hafnium t h i c k n e s s  f o r  t h e  ORR-MFE-45 experiment a t  t h e  

7.7.5 Fu tu re  Work 

The 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  n o n i t o r  t h e  r a d i a t i o n  environment w i l l  con t inue  w i t h  each ORR cycle.  
The f luences from these c a l c u l a t i o n s  w i l l  cont.inue t o  he sca led  f o r  agreement w i t h  e x p e r i m e n t a l l y  determined 
f luences.  4s exper imenta l  data  become a v a i l a b l e  from t h e  ORR-MFL-45 experiment dos imeters ,  i t  w i l l  be used 
t o  determine t h e  hafnium th i ckness  needed i n  t h e  ORR-MFE-45 co rep iece  a t  t h e  19-dpa l e v e l .  
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F i g .  2.2.1. Current  and p r o j e c t e d  h e l i u n  and 
d isp lacement  damage l e v e l s  i n  t h e  ORR-MFE- 4A 
experiment.  
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Fig .  2 .2 .2 .  Ciirrent  and p r o j e c t e d  he l i um and 
displacement. damage l e v e l s  i n  t h e  ORR-MFL-4B 
ex pe r i iric n t . 
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2.3 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-IA AND ORR-MFE-43 - J .  A. COnl in,  
I .  T. Dudley, and E. M. Lees (Oak Ridge Na t iona l  Labora to ry )  

2.3.1 A D I P  Task 

ADIP Task I.A.2, D e f i n e  Test ?latrices and Test  Procedures. 

2.3.2 O b j e c t i v e s  

Experiments 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 t e e l s ,  use neut 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 hel ium- to- disp lacement- per- atom (He/dpa) 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 i ce .  Experiment 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 Prime 
Candidate A l l o y  ( P C A )  a t  i r r a d i a t i o n  temperatures o f  330 and 400°C. Experiment ORR-MFE-43 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  temperatures o f  500 and 600°C. 

2.3.3 Summary 

The specimens con ta ined  i n  t h e  ORR-MFE-4A experiment have heen i n  r e a c t o r  f o r  an e q u i v a l e n t  o f  529.3 d 

It was removed 
a t  30 MW r e a c t o r  power, w i t h  temperatures o f  400 and 330°C. The ORR-MFC-4R experiment,  w i t h  specimen tem- 
p e r a t u r e s  o f  500 and 600"C, has operated f o r  an e q u i v a l e n t  o f  424 d a t  30 MW r e a c t o r  power. 
f rom t h e  r e a c t o r  October 21, 1982, f o r  specimen i n s p e c t i o n  and t r a n s f e r  t o  a new capsule. 

2.3.4 Progress and S t a t u s  

p rev ious ly .  1 - 5  

mens t r a n s f e r r e d  t o  a new capsule assembly, and t h e  new capsule assembly then  r e i n s t a l l e d  i n  t h e  ORR i n  
September 1982. 
o t h e r  changes, which p r o v i d e  an improved and more r e l i a b l e  capsule. The m o d i f i c a t i o n s  have been desc r ibed  
prev ious ly .5  

Unusual He/Ar r a t i o s  f o r  t h e  c o n t r o l  gases were r e q u i r e d  t o  b r i n g  t h e  upper and lower  reg ions  of t h e  
capsu le  t o  t h e  normal o p e r a t i n g  temperatures. Temperature responses t o  a s e r i e s  of t e s t s  i n  which c o n t r o l  
gas f l o w  r a t e s  and He/Ar r a t i o s  were v a r i e d  were s i m i l a r  t o  those t h a t  would be expected i f  t h e  upper r e g i o n  
c o n t r o l  gas l i n e  and t h e  common c o n t r o l  gas l i n e  were reversed. Dur ing  t h e  f o l l o w i n g  r e a c t o r  shutdown on 
October 11, 1982, t h e  two gas l i n e s  i n  ques t ion  were reve rsed  a t  t h e  i n- poo l  j u n c t i o n  box. A f t e r  t h e  r e a c t o r  
s t a r t e d ,  a 81 i g h t  improvement i n  t h e  capsule temperature d i s t r i b u t i o n  was observed; however, t h e  unusual 
c o n t r o l  gas He/Ar r a t i o s  remained e s s e n t i a l l y  unchanged. Th is  i n d i c a t e d  t h a t  t h e  c o n t r o l  gas l i n e s  i n  
q u e s t i o n  had n o t  been reversed as f i r s t  suspected. We have concluded t h a t  some o f  t h e  lower  r e g i o n  c o n t r o l  
gas i s  m i x i n g  w i t h  t h e  upper r e g i o n  c o n t r o l  gas w i t h i n  t he  capsule. Th is  cou ld  occur  by leakage e i t h e r  a t  
t h e  s l i p  j o i n t  t h a t  separates t h e  two reg ions  o r  i n  t h e  c o n t r o l  gas passage t o  t h e  lower  r e g i o n  a t  some p o i n t  
where i t  passes th rough  t h e  upper r e g i o n  o f  t h e  capsule. 
t i o n  a t  s p e c i f i e d  temperatures. 

i nc rease  r e l a t i v e  t o  t h e  o t h e r  thermocouoles i n  t h e  lower  r e a i o n  of t h e  caosule. A v e r t i c a l  temoerature oro- 

The d e t a i l s  o f  t h e  Oak Ridge Research Reactor  (ORR) Spec t ra l  T a i l o r i n g  Experiments have been descr ibed 

The ORR-MFE-4A capsule experiment con t inues  t o  operate. Th is  capsule was disassembled, t h e  t e s t  spec i-  

The new capsule was modi f ied t o  e l i m i n a t e  t h e  f a u l t s  of  t h e  f i r s t  capsule  and t o  i n c o r p o r a t e  

Th is  c o n d i t i o n  does not  prevent  t h e  capsule opera-  

As o p e r a t i o n  of t h e  experiment progressed, t h e  temperature i n d i c a t e d  by thermocouple 4 began t o  show an 

f i l e  of t h e  c e n t e r  temperature of t h e  cabsule was made by s tep  ad jus tmen ts 'o f  t h e  c e n t r a l  thermocouple. 
temperature p r o f i l e  i n d i c a t e d  a h i g h e r  than  norma l  c e n t e r  temperature i n  t h e  immediate v i c i n i t y  of thermo- 
coup le  4. Th is  was i n t e r p r e t e d  t o  be an i n d i c a t i o n  t h a t  a smal l  gas bubble had formed and become t rapped  

?hat 

i n  t h e  NaK a t  t h a t  p o i n t .  
-1.38 x IO5 Pa (20 p s i a )  w i t h  he l i um d u r i n g  t h e  r e a c t o r  shutdown on December 8, 1982. The evacua t ion  and 
p r e s s u r i z a t i o n  procedure was repeated t h r e e  t imes. The bubble was s u c c e s s f u l l y  removed by t h i s  opera t ion ,  as 
ev idenced by norinal temperature g r a d i e n t s  f o l l o w i n g  t h e  nex t  r e a c t o r  s t a r t u p .  

The aluminum corep iece  f o r  t h e  ORR-MFE-4A experiment was changed on December 7 ,  1982. The l i g h t w e i g h t  
aluminum corep iece  i d e n t i f i e d  as MFE-4-1LE3 was removed and a s o l i d  aluminum corep iece  i d e n t i f i e d  as 
MFE-4-2E3 was i n s t a l l e d .  Th is  co rep iece  change was made t o  ensure t h e  proper  He/dpa r a t i o  i n  t h e  s t a i n l e s s  
s t e e l  specimens. 

Mdrch 31. 1983. t h i s  exoeriment has accumulated an e o u i v a l e n t  o f  529.3 d a t  30 MW r e a c t o r  Dower. w i t h  soec i -  

The pr imary system was evacuated t o  approx imate ly  12.6 Pa, then  pressured t o  

The o n l y  thermocouple f a i l u r e  t o  date  i n  ORR-MFE-4A i s  TC 3, which f a i l e d  Deceinber IO, 1982. Through 

men temperatures o f  400'C and 330°C. 

t h a t  t h e  l eak  had no e f f e c t  on t h e  cansule  temoerature c o n t r o l  i n d i c a t e d  t h a t  t h e  l eak  was i n  t h e  c o n t r o l  Qas 
The ORR-MFE-43 experiment developed a l e a k  between t h e  c o n t r o l  gas system and t h e  l e a d  tube. The f a c t  

o u t l e t  l i n e .  
increased.  The experiment was removed f rom t h e  r e d c t o r  on October 21,  1982, a f t e r  hav ing  a t t a i n e d  approxima- 
t e l y  5 dpa. H o t - c e l l  examinat ion of t h e  capsule  d u r i n g  d isassembly  i n d i c a t e d  t h a t  t h e  l e a k  i n  t h e  c o n t r o l  
gas o u t l e t  l i n e  was caused by c o r r o s i o n  above t h e  capsule  bulkhead. Th is  c o r r o s i o n  i s  b e l i e v e d  t o  be t h e  
r e s u l t  o f  NaK vapor leakage through a braze j o i n t  i n  t h e  bulkhead. The NaK t h a t  leaked i n t o  the  c a v i t y  above 
t h e  bu lkhead then  r e a c t e d  w i t h  t h e  a i r  i n  t h a t  reg ion,  p roduc ing  a c o r r o s i v e  atmosphere. Th is  i s  b e l i e v e d  t o  
b e  t h e  same t y p e  o f  f a i l u r e  as occurred i n  t h e  ORR-MFE-4A capsule.5 

It became necessary t o  vent  t h e  i e a d  tube  volume more f r e q u e n t l y  as the  c o n t r o l  gas l e a k  r a t e  

The t e s t  specimens have been removed 
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froin t h e  capsule  f o r  i n s p e c t i o n  and w i l l  be loaded i n t o  a new capsule. The new capsule assembly des ign has 
been mod i f i ed  t o  e l i m i n a t e  t h e  f a u l t s  of t h e  capsule  and t o  i n c o r p o r a t e  o t h e r  changes, which should p r o v i d e  
an improved, m r e  r e l i a b l e  capsule. These changes a r e  s i m i l a r  t o  t h e  des ign changes made t o  t h e  OPP-WE-4A 
capsule r e p o r t e d  p r e v i o u s l y .  5 

t o r  power, w i t h  specimen temperatures of 500°C and 6 f l D O C .  
Through March 31, 1983, t h e  ORR-MFE-48 experiment has accumulated an e q u i v a l e n t  of 424 d a: '' tlbl reac-  
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2.4 IRRADIATION OF MINIATURE CHARPY SPECIMEN OF 12 C r - 1  MoVW: EXPERIMENT HFIR-CTR-46 - J .  M. V i t e k  
(Oak Ridge N a t i o n a l  Labora to ry )  

2.4.1 ADIP Task 

A D I P  Task I.A.2, D e f i n e  Test  Ma t r i ces  and Test  Procedures. 

2.4.2 O b j e c t i v e  

a f t e r  e leva ted  temperature i r r a d i a t i o n  i n  HFIK. A second o b j e c t i v e  i s  t o  c o r r e l a t e  t h e  r e s u l t s  of t h i s  
experiment w i t h  a l ow- f luence  i r r a d i a t i o n  experiment i n  t h e  U n i v e r s i t y  o f  Buffalo reac to r .  The c o r r e l a t i o n  
w i l l  assess t h e  f l u e r c e  dependence of t he  impact p r o p e r t i e s  o f  12 Cr-1 MoVW. F i n a l l y ,  t h i s  experiment w i l l  
p r o v i d e  i n f o r m a t i o n  o r  t h e  e f f e c t  o f  heat- to- heat  v a r i a t i o n s  on t h e  p o s t i r r a d i a t i o n  impact p r o p e r t i e s  o f  
12 C r - 1  MoUW s i n c e  o t h e r  hea ts  o f  t h i s  a l l o y  have been i r r a d i a t e d  i n  HFIR under i d e n t i c a l  c o n d i t i o n s .  

Th is  experiment w i l l  eva lua te  t h e  impact p r o p e r t i e s  o f  t h e  n a t i o n a l  f u s i o n  heat o f  12 C r - 1  MoVW s t e e l  

2.4.3 Summary 

The HFIR-CTR-46 experiment c o n t a i n s  m i n i a t u r e  Charpy V-notch specimens o f  t h e  n a t i o n a l  f u s i o n  heat o f  
12 C r - 1  MoVW s tee l .  I r r a d i a t i o n  a t  300°C and 400°C w i l l  ach ieve a midplane damage l e v e l  o f  10 dpa. 

2.4.4 Progress and S t a t u s  

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

The impact p r o p e r t i e s  o f  f e r r i t i c  s t e e l s  f o l l o w i n g  i r r a d i a t i o n  a r e  o f  p r imary  concern when c o n s i d e r i n g  
t h e  a p p l i c a b i l i t y  of f e r r i t i c  s t e e l s  as a f i r s t  w a l l  and s t r u c t u r a l  i na te r i a l .  I r r a d i a t i o n  experiments on 
t h e s e  s t e e l s  are  be ing  conducted i n  t h e  HFIR, EBR-11, and U n i v e r s i t y  o f  Bu f fa lo  r e a c t o r s  as a p a r t  o f  t h e  
ADIP program. However, e a r l i e r  experiments have i n v o l v e d  d i f f e r e n c e s  i n  heats  of s t e e l s ,  sample o r i e n t a t i o n s ,  
i r r a d i a t i o n  temperatures, and heat  t reatments .  Conclus ions r e g a r d i n g  t h e  f l u e n c e  dependence o f  t h e  impact 
p r o p e r t i e s  o f  these s t e e l s  are  n o t  poss ib le .  Therefore, a l ow- f luence  i r r a d i a t i o n  i n  t h e  U n i v e r s i t y  o f  
B u f f a l o  r e a c t o r 1  and a h i g h e r  f l u e n c e  i r r a d i a t i o n  i n  HFIR were planned f o r  d i r e c t  comparison. The HFIK 
exper iment  has been des ignated HFIR-CTR-46 and i s  descr ibed i n  t h i s  repo r t .  

The n a t i o n a l  f u s i o n  heat  o f  12 Cr-1 MoVW ( re f .  2) was used f o r  these i r r a d i a t i o n  experiinents. Use of 
t h i s  new heat o f  s t e e l  o f f e r s  two immediate advantages. These experiments w i l l  p rov ide  t h e  f i r s t  data  on t h e  
impact  p r o p e r t i e s  of t h i s  heat f o l l o w i n g  i r r a d i a t i o n .  I n  a d d i t i o n ,  comparison w i t h  a p rev ious  HFIR 
experiment,  HFIK-CTR-34 ( r e f .  3) ,  w i l l  a l l o w  an assessment of t h e  e f f e c t  of heat- to- heat  v a r i a t i o n s  on t h e  
i r r a d i a t i o n  response o f  t h i s  a l l o y .  

2.4.4.2 Experiment Design 

m i n i a t u r e  Charpy V-notch specimens i n  HFIK. The samples a r e  con ta ined  i n  s t e e l  specimen ho lde rs ,  which are  
i n s e r t e d  i n  aluminum sleeves. 
s t e e l  specimen h o l d e r  s e t  t h e  sample i r r a d i a t i o n  temperature. These subassemblies are  s tacked i n  a water-  
coo led  aluminum containment tube. 

TWO i r r a d i a t i o n  temperatures w i l l  be used. The 300°C i r r a d i a t i o n  w i l l  correspond t o  t h e  low- f luence 
i r r a d i a t i o n  experi inent a t  t h e  U n i v e r s i t y  o f  Bu f fa lo .  I r r a d i a t i o n  a t  400°C w i l l  a l s o  be c a r r i e d  ou t ,  and bo th  
i r r a d i a t i o n  temperatures d u p l i c a t e  prev ious e l e v a t e d  temperature HFIK experiinents. 

I r r a d i a t i o n  o f  n i c k e l - h e a r i n g  s t e e l s  i n  HFIR produces he l i um as w e l l  as displacement damage. The p ro-  
d u c t i o n  of he l i um occurs  by t h e  two- step t ransmuta t ion  r e a c t i o n  o f  5 a N i  t o  4tie and 56Fe. The n i c k e l  l e v e l  o f  
0.51% i n  t h e  12 Cr-1 MoVW a l l o y  w i l l  r e s u l t  i n  t h e  p r o d u c t i o n  of approx imate ly  20 at .  ppm tie d u r i n g  t h e  
i r r a d i a t i o n .  The d isp lacement  damage l e v e l  w i l l  be near  10 dpa a t  t h e  experiment midplane. 

2.4.4.3 Specimen P r e p a r a t i o n  

p l a t e  s tock o f  t h e  n a t i o n a l  f u s i o n  heat of 12 C r -  f u s i o n  heat of 12 Cr-1 MoVbl s t e e l  
1 MoVW, descr ibed elsewhere.2 The heat chemist ry  (Heat 9607R2) 
i s  g i ven  i n  Table  2.4.1. The same s e c t i o n  o f  p l a t e  
was used f o r  p r e p a r a t i o n  o f  specinlens f o r  bo th  t h e  
HFIR and U n i v e r s i t y  of B u f f a l o  r e a c t o r  experiments. 
Heat t r e a t i n g  and machin ing were performed under t h e  

The heat t rea tmen t  used was 1050"C/0.5 h i a i r  coo l  + Mo 0.027 

The exper imenta l  des ign i s  i d e n t i c a l  w i t h  t h a t  used p r e v i o u s l y1  f o r  e l e v a t e d  temperature i r r a d i a t i o n  o f  

The gainma h e a t i n g  o f  t h e  specimen and t h e  temperature g r a d i e n t  across t h e  

D e t a i l s  o f  t h e  des ign a r e  g i ven  elsewhere.3 

The specimens were prepared froin 16-nm-thick Table 2.4.1 Chemical composi t ion o f  t h e  n a t i o n a l  

Content  Element Content 
( w t  %) Element 

d i r x t i o n  of t h e  Naval Research Laboratory  (NRL). C r  12.1 

780"C/2.5 h i a i r  coo l ,  t o  produce a tempered marten- v n  P 0.016 
0.0Oh 
0.003 

:::: 11 A1 s i t e  s t r u c t u r e .  N i 
The sDecimens t o  he i r r d d i d t e d  i n  HFIR w 0.45 8 

were 5 mr 5 m i n  c ross  sec t ion ,  25.4 m long,  V 0.28 T i  0.001 
c 0.20 1 
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and con ta ined  a notch 0.76 m deep w i t h  a 0.08 m root  rad ius.  The samples were not  precracked. F u l l - s i z e  
Charpy specimens t o  be used by NRL were machined f rom t h e  same p l a t e .  The specimens were o r i e n t e d  i n  t h e  
p l a t e - r o l l i n g  d i r e c t i o n  w i t h  t h e  notch runn ing  from t h e  t o p  t o  t h e  bottom su r face  o f  t h e  p l a t e .  

2.4.4.4 Test M a t r i x  and I r r a d i a t i o n  Cond i t i ons  

The t e s t  m a t r i x  i s  s i m i l a r  t o  t h a t  used i n  HFIR-CTR-34, w i t h  o n l y  11 Cr-1 MoVl! samples used. Four 
specimens a t  each end of t h e  capsule w i l l  be i r r a d i a t e d  a t  300"C, and e i g h t  specimens i n  t h e  c e n t e r  zone w i l l  
be  i r r a d i a t e d  a t  400°C. The capsule  i s  i n  t h e  HFIR p e r i p h e r a l  t a r g e t  p o s i t i o n .  I r r a d i a t i o n  began i n  
February 1983 and i s  scheduled f o r  f i v e  c y c l e s  w i t h  comp le t ion  i n  June 1983. Maximum disp lacement  damage i s  
es t ima ted  a t  10 dpa a t  t h e  exper imenta l  midplane, w i t h  t h e  damage l e v e l  decreas ing t o  approx imate ly  6 dpa a t  
t h e  capsule  e x t r e m i t i e s .  hpprox imate ly  20 a t .  ppm tie w i l l  be produced a t  t he  midplane. 
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2.5 H I G H  FLUENCE IRRADIATION OF FERRITIC STEEL CHARPY SPECIMENS: EXPERIMENTS HFIR-CTR-47 and -48 - 
J .  M. V i t e k  (flak Ridge Na t iona l  Labora to ry )  

2.5.1 ADIP Task 

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

2.5.2 O b j e c t i v e  

Th is  p a i r  of experiments i s  a sequel t o  t h e  e a r l i e r  exper iments  HFIR-CTR-34 and -35, designed t o  d e t e r -  
mine t h e  impact p r o p e r t i e s  o f  i r r a d i a t e d  9 Cr-1 MoVNb and 12 C r - 1  MoVW s tee ls .  HFIR i r r a d i a t i o n  t o  approx i -  
mate ly  40 dpa i s  planned. The t r a n s m u t a t i o n  o f  n i c k e l  t o  produce he l i um i n  a l l o y s  doped w i t h  v a r y i n g  amounts 
o f  n i c k e l  w i l l  a l l o w  an assessment o f  t h e  e f f e c t  o f  he l i um on t h e  p o s t i r r a d i a t i o n  impact p r o p e r t i e s .  

2.5.3 Summary 

The HFIR-CTR-47 and -48 experiments a r e  companions o f  t h e  e a r l i e r  experiments HFIR-CTR-34 and -35 t o  
ach ieve displacement damage l e v e l s  up t o  40 dpa i n  9 Cr-1 MoVNb and 12 Cr-1 MoVW s tee ls .  
p e r a t u r e s  a r e  300 and 400°C. Nickel-doped a l l o y s  are  i n c l u d e d  t o  assess t h e  i n f l u e n c e  o f  he l i um on pos t -  
i r r a d i a t i o n  impact behavior.  

I r r a d i a t i o n  tem- 

2.5.4 Progress and S t a t u s  

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

Two e a r l i e r  experiments, HFIR-CTR-34 and -35, ( re f .  I), were conducted t o  assess 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  impact p r o p e r t i e s  of 9 Cr-1 MoVNb and 12 Cr-1 MoVW s tee ls .  By t a k i n g  advantage of t h e  two- 
s t e p  t r a n s m u t a t i o n  r e a c t i o n  of n i c k e l ,  which r e s u l t s  i n  he l i um p roduc t ion ,  i n c r e a s i n g  l e v e l s  o f  he l i um 
were generated d u r i n g  i r r a d i a t i o n  by i n c r e a s i n g  t h e  i n i t i a l  n i c k e l  con ten t  o f  t h e  a l l o y s .  The n icke l- doped 
f e r r i t i c  a l l o y s  desc r ibed  e a r l i e r , 2  w i t h  0.1, 0.5, and 2% N i ,  were used i n  these experiments. 

12 Cr-1 MoVW d u r i n g  i r r a d i a t i o n  i n  HFIR t o  a displacement damage l e v e l  o f  40 dpa. Therefore,  a sequel 
exDeriment t o  HFIR-CTR-34 and -35 was i n i t i a t e d  t o  e v a l u a t e  t h e  imoact Drooer t i es  o f  f e r r i t i c  s t e e l s  

Recent e l e c t r o n  microscopy r e s u l t s  ( r e p o r t e d  i n  Sect. 7.1) i n d i c a t e  s i g n i f i c a n t  c a v i t y  f o r m a t i o n  i n  

f o i l o w i n g  i r r a d i a t i o n  i n  HFIR t o  t h i s  same damage l e v e l  of 40 dpa.' These experiments, des igna ted  HFIR-CTR-47 
and -48, a r e  desc r ibed  i n  t h i s  repo r t .  

2.5.4.2 Experiment Design 

The exper imenta l  des ign i s  i d e n t i c a l  w i t h  t h a t  used p r e v i o u s l y  f o r  e l e v a t e d  temperature i r r a d i a t i o n  o f  
m i n i a t u r e  Charpy V-notch specimens i n  HFIR.1 The specimens a r e  con ta ined  i n  s t e e l  specimen ho lde rs ,  which 
a r e  i n s e r t e d  i n t o  aluminum sleeves. 
h o l d e r s  s e t  t h e  e l e v a t e d  i r r a d i a t i o n  temperatures. These subassemblies a r e  s tacked i n  a water- cooled a lumi-  
num containment tube. 

The samples are  m i n i a t u r e  Charpy V-notch impact specimens. They a r e  5 x 5 mn i n  c ross  s e c t i o n ,  25.4 mn 
i n  l e n g t h ,  and c o n t a i n  a 0.76-mm-deep notch w i t h  a root r a d i u s  o f  0.05 t o  0.10 m. 
precracked. Samples were machined from 5.3-mm-thick p l a t e  i n  t h e  l o n g i t u d i n a l  o r i e n t a t i o n  r e l a t i v e  t o  t h e  
r o l l i n g  d i r e c t i o n  and w i t h  t h e  no tch  runn ing  frorn t h e  t o p  t o  bot tom s u r f a c e  o f  t h e  p l a t e .  

Gamma h e a t i n g  and temperature g r a d i e n t s  across these specimens and 

The samples were not  

2.5.4.3 Test  M a t r i x  and I r r a d i a t i o n  Cond i t i ons  

Four  d i f f e r e n t  a l l o y s  are  i n c l u d e d  i n  t h e  
exper iment :  two v a r i a t i o n s  o f  12 C r - 1  YoVW and 
two  v a r i a t i o n s  o f  9 C r - 1  MoVNb. The a l l o y s  have 
been doped w i t h  0 and 2% N i  i n  o rde r  t o  ach ieve 
d i f f e r e n t  he l i um p r o d u c t i o n  r a t e s  d u r i n g  i r r a -  
d i a t i o n .  A l l o y  c h e m i s t r i e s  have been r e p o r t e d  
elsewhere.2 The a l l o y s  a r e  i n  t h e  normal ized 
and tempered c o n d i t i o n .  Table 2.5.1 l i s t s  t h e  
a l l o y s  and t h e i r  heat t reatments .  

The HFIR-CTR-47 capsule c o n t a i n s  t h e  
12 Cr-1 MoVW s e r i e s ,  whereas t h e  9 Cr-1 MoVNb 
a l l o y s  are  i n  capsule  HFIR-CTR-48. Each capsule  
c o n t a i n s  16  m i n i a t u r e  Charpy V-notch specimens, 
8 a t  300°C and 8 a t  400°C. The m a t r i x  f o r  t h e  

Table 2.5.1. A l l o y s  t o  be i r r a d i a t e d  i n  HFIR-CTR-47 
and -48 

Norma l i z ino  Temoerino 

12 C r - 1  MoVW XAA-3587 1050 0.5 780 2.5 
12 Cr-1 MoVW-2 N i  XAA-3589 1050 D.5 700 5 
9 C r - 1  MoVNb XA-3590 1040 0.5 760 1 
9 Cr-1 MoVNb-2 N i  XA-3591 1040 0.5 700 5 

Wendor :  Combustion Lng ineer ing .  

two  capsules i s  g i ven  i n  Table  2.5.2. This 
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m a t r i x  i s  n e a r l y  i d e n t i c a l  t o  t h e  HFIR-CTR-34 
and -35 m a t r i x .  w i t h  t h e  exceo t ion  of a d d i t i o n a l  
undoped a l l o y  ipecimens s u b s t i t u t e d  f o r  n i c k e l -  
doped specimens a t  t h e  400°C i r r a d i a t i o n  
temperature. 

HFIR p e r i p h e r a l  t a r g e t  p o s i t i o n s .  I r r a d i a t i o n  
f o r  20 c v c l e s  i s  olanned. t o  v i e l d  a d i so lace -  

The capsules are  t o  be i r r a d i a t e d  i n  t h e  

ment damage l e v e l '  o f  appCoxi rnke ly  40 dpe a t  t h e  
capsu le  midplane and approx imate ly  25 dpa a t  t h e  
e x t r e m i t i e s .  Ca lcu la ted  he l i um l e v e l s  a t  t h e  
midplane a r e  25 and 85 at.  ppm He i n  t h e  9 Cr- 
1 MoVNb and 12 Cr-1 MoVW base a l l o y s ,  respec- 
t i v e l y .  and about 300 a t .  ppm i n  t h e  29. Ni-doped 
a l l oys .  

1983 and con t inue  u n t i l  September 1984. 

2.5.5 References 

I r r a d i a t i o n  i s  scheduled t o  b e g i n  i n  June 

1. J. M. V i tek ,  "Elevated Temperature 
I r r a d i a t i o n  of F e r r i t i c  S tee l  Charpy Specimens: 
Experiments HFIR-CTR-34 and -35," pp. 87-90 i n  
A D I P  Semiannu. %oy. 9ep .  Uar. 31, 1982, 
DOE/ER-0045/9, U.S. DOE, O f f i c e  o f  Fus ion 
Energy. 

z a t i o n  of F e r r i t i c  S t e e l s  f o r  HFIR I r r a d i a t i o n , "  
2. R. L. Klueh and J. M. V i tek ,  " Charac te r i -  

pp. 29&308 ill A D I P  Semiamnu. F T q .  q e p .  dum? 
30, 1980, DOE/ER-O045/3, U.S. DOE, O f f i c e  o f  
Fus ion  Energy. 

Table  2.5.2. I r r a d i a t i o n  m a t r i x  f o r  m i n i a t u r e  
Charpy V-notch specimens i n  HFIR-CTP-47, -48 

Temperature HFIR-CTE-47 -;IR-CTR-48 
("C) heat heat  P o s i t i o n 0  

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 
16 

300 XAA 3587 XA 3590 
300 XAA 3587 XA 3590 
300 XAA 3587 xa 3590 
300 XAA 3587 Xa 3590 

400 XAA 3589 XA 3591 
400 XAA 3589 YA 3591 
400 XAA 3589 xa 3591 
400 XAA 3587 xa 3590 

400 XAA 3587 XA 3590 
400 XAA 3587 xa 3590 
400 XAA 35a7 xa 3590 
400 XAA 3587 XA 3590 

300 XAA 7587 XA 3590 
300 XAA 3589 XA 3591 
300 XAA 3589 XA 3591 
300 XAA 3589 XA 3591 

% x i a l  p o s i t i o n  i n  each experiment.  
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3.1  SvIELLING AND MICROSTRUCTURAL DEVELOPMINT OF PATH A PCA AND TYPC 316 STAINLESS STEEL IRRAD:?TED 1:: HFIR ~ 

P. J. Mar ias r  and D. N. R rask i  (Oak Ridge i l a t i o n a l  Labora to ry )  

3.1.1 ADIP Task 

A D I P  Tasks I .C .1 ,  M i c r o s t r u c t u r a l  
A l l o y s .  

3.1.2 O b j e c t i v e  

Th is  work i s  in tended t o  eva lua te  
t h e  Path A PCA i r r a d i a t e d  i n  t h e  HFIR. 
and 316 + T i  s t a i n l e s s  s t e e l  s i m i l a r l y  

3.1.3 Summary 

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  

t h e  e f f e c t  of p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  v a r i a t i o n  on s w e l l i n g  o f  

i r r a d i a t e d .  
These r e s u l t s  are  compared w i t h  r e s i i l t s  on severa l  heats  of types 316 

E v a l u a t i o n  of s w e l l i n g  o f  PCA v a r i a n t s  ,and Zfl$-cold-worked (PI- lot)  t y p e  316 s t a i n l e s s  s t e e l  (Cl! 315) 
i r r a d i a t e d  a t  30MOO"C was extended t o  - 22 dpa. Voids con t inued  t o  develop w i t h  increased f h e n c e  i n  
P C A - A I .  -B1, and CW 31fi. Vo id  s w e l l i n g  s a t u r a t e d  i n  PCA-B2 a t  -1fl dpa a t  600°C and d i d  not  develop i n  PCA-A3 
up t o  22 dpa. A s t a b l e  s t r u c t u r e  of f i n e  t i t an ium,- r i ch  MC developed d u r i n g  i r r a d i a t i o n  o f  PCF-C3,  w h i l e  
p r e e x i s t i n g  MC p r e c i p i t a t e  i n  PCA- 82 r e d i s t r i b u t e s  d u r i n g  i r r a d i a t i o n .  

3.1.4 Progress and S ta tus  

T h i s  work con t inues  t h e  e v a l u a t i o n  o f  s w e l l i n g  r e s i s t a n c e  i n  va r ious  p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  
v a r i a n t s  of t h e  Path A Pri lne Candidate A l l o y  ( P C A )  begun p rev ious ly . l . 2  The specimens were i r r a d i a t e d  i n  
exper iments  HFIR-CTR-30, -31, and -32. I r r a d i a t i o n  paraineters and t h e  d e t a i l s  of specimen p r e p a r a t i o n  have 
been reported.2-'4 Tahle  3.1.1 l i s t s  t he  composi t ions o f  t h e  s t e e l s ,  and Table  3.1.2 summarizes t h e  va r ious  
p r e i r r a d i a t i o n  m i c r o s t r u c t u r e s  and thermal-mechanical p re t rea tmen ts  o f  t h e  PCA. 

3.1.4.1 Temperature and Fluence Dependence nf S w e l l i n g  

CI.1 316 ( t i - l o t )  i r r a d i a t e d  i n  HFIR a t  3 O L 6 O O " C  t o  -10 dpa and a t  40CG0O"C t o  - 22 dpa a r e  g i ven  i n  
Table 3.1.3. S w e l l i n g  as  a f i l n c t i o n  o f  temperature i s  p l o t t e d  i n  Fig.  3.1.1 f o r  P C A - A I ,  4 3 ,  and CW 316 
( ? I - l o t ) .  
(R1-heat) frorn HFIR-CTK-9 through -13 are  i n c l u d e d  i n  Fig.  3.1.1. 
t o  P C A - A 1 ,  -A3, and -87. 

i n c r e a s i n g  s w e l l i n q  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  temperature f o r  IlFIR i r r a d i a t i o n  t o  10 dpa a t  30khflO"C 
( r e f .  2 ) .  F i g u r e  3.1.1 shows these data  f o r  PCA-A1 and CW 31fi ( W l o t )  a t  10 dpa. The same t r e n d  was found 
f o r  these s t e e l s  a t  - 22 dpa. The temperature dependence a l s o  became steeper  as f l u e n c e  increased. Minimum 
s w e l l i n g  and t h e  l e a s t  temperature dependence were found f o r  t h e  PCA-A3 i r r a d i a t e d  t o  2 1  dpa a t  400 and 
600°C. 
(DO-heat) and CII 316 + T i  (R1-heat) i r r a d i a t e d  i n  HFIR t o  8.4-17.8 dpa (Fig.  3.1.1). These s t e e l s  showed t h e  
g r e a t e s t  s w e l l i n g  a t  300 t o  4Ofl"C, and then  s w e l l i n g  decreased w i t h  i n c r e a s i n g  temperature.?.? 

F i g .  3.1 .7) .  Uowever, s w e l l i n g  r a t e s ,  a t  l e a s t  i n i t i a l l y ,  depended s t r o n g l y  on temperature a n d l o r  
p re t rea tmen t .  P C A - D I  swe l led  t h e  most a t  hOOnC (1.4% a t  22 dpa) and showed t h e  most r a p i d  r a t e  i nc rease  w i t h  
f luence. pCA-,4l  a t  hO0"C e x h i b i t e d  a lower  r a t e  of s w e l l i n g  than  PCA-B1,  h u t  t h e  curves cou ld  converge a t  
h i g h e r  f luence. Swe l l i ng  was i n i t i a l l y  very  low i n  P C A - A 1  a t  50O"C, h u t  t h e  r a t e  hetween 10 and 20 dpa was 
s i i p i l a r  t o  t h a t  observed a t  fi00"C (-0.7l/dpa!. S w e l l i n g  and s w e l l i n g  r a t e  are  low b u t  measiirable f o r  ? C A - A 1  
i r r a d i a t e d  a t  400°C (0.2X and 0.017%/dpa, r e s p e c t i v e l y ) .  The PCA-A1 ,dnd 4 1  a r e  so lu t ion- annea led  ( S A )  
mat,erials. A s c a t t e r  hand f o r  data  on SA 316 (DO-heat) i r r a d i a t e d  a t  12'5640°C ( r e f s .  7,8) i s  i n c l u d e d  i n  
F ig .  3.1.2 f o r  comparison. A l though s w e l l i n ( l  developed e a r l i e r  i n  P C L A l  and -E l ,  t hese  s t e e l s  were not y e t  
e x h i h i t i n q  t h e  h i a h  s w e l l i n o  r a t e  f-0.33%/doa) found i n  t h e  SA 316 fD0-heat) a t  h i a h e r  f luences. 

C a v i t y  volume f r a c t i o n  ( c v f )  s w e l l i n g  vdlues f o r  t h e  severa l  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  of X A  and f o r  

Comparable r e s t i l t s  from p r e v i o u s l y  deterni ined5r6 s w e l l i n g  o f  CW 316 (DO-heat) and CU 316 + T i  
Prev ious work' has narrowed the  emphasis 

The PCA v a r i a n t s  and CW 316 ( N - l o t )  were p r e v i o u s l y  shown t o  e x h i b i t  va r ious  l e v e l s  of m o n o t o n i c a l l y  

In c o n t r a s t  w i t h  these data ,  t h e  oppos i te  te inperat i r re dependence o f  s w e l l i n g  was ohserved f o r  C'd 316 

S w e l l i n g  inc reased  w i t h  increased f l u e n c e  f o r  almost a l l  t h e  s t e e l s  f o r  t h e  temperatures exa-ined (see 

S w e l i i n g  o f  FCA-82, - A i ,  and Cbl 31h ' ( N l l b t )  i r r a d i a t e d  t o  22 dpa a t  400 t o  fi0ii"C i s  l e s s  t han  0.57. 
(F ig .  3 . 1 . 2 ) .  The " i n c u b a t i o n "  p e r i o d  f o r  C i l  316 (PI- lot)  was about 10 dpa a t  500 and 400°C and c o n s i d e r a b l y  
l e s s  a t  600°C. S w e l l i n n  r a t e s  were s i m i l a r  d t  500 and 600'C and s l i a h t l v  l e s s  a t  400OC. S w e l l i n a  i n  t h e  
PCA-A3 i r r a d i a t e d  t o  22-dpa was s l i g h t l y  l e s s  t h a n  i n  CN 316 ( N - l o t ) d a t  h0O"C; a t  600'C t h e  s w e l l i n g  of 
P C L A 3  was h a l f  t h a t  found i n  CW 316 ( N - l o t ) .  The f luence dependence o f  s w e l l i n g  i n  PCA-E2 a t  500°C i s  
unusual :  s w e l l i n g  o f  -0.44 was observed i n  n a t e r i a l  i r r a d i a t e d  t o  -10 dpa, hut  no a d d i t i o n a l  s w e l l i n g  
r e s u l t e d  on increased i r r a d i a t i o n  t o  -22 dpa. 
(30- heat )  i r r a d i a t e d  a t  5 2 5 6 4 0 ° C  ( r e f s .  7-9) i s  i nc luded  i n  F i g .  3.1.2. The data f o r  PCA-A3 f e l l  w i t h i n  
t h i s  s c a t t e r  hand, but  PCA-52 and CW 316 ( W l o t )  showed h i g h e r  swe l l i ng .  

A s c a t t e r  hand f o r  h i g h e r  f l u e n c e  IiFIK data  f o r  C:! 316 
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Table  3.1.1. Compositions of s e v e r a l  a u s t e n i t i c  s t a i n l e s s  steels 

Al loy  compos i t ion  ( w t  %) 
A1 l a y  

Fe Cr Ni Ma Mn S i  C T i  P S N 

P a t h A P C A  Bal 14.0 16.2 2.3 1 .8  0.4 0.05 0.24 0.01 0.003 0.01 

316 t Ti  Bal 17.0 12.0 2.5 0.5 0.4 0.06 0 .23 0.01 0.013 0.006 

316 Bal 18.0 13.0 2.6 1 .9  0.8 0.05 0.05 0.01 0.016 0.05 
(R1-hea t )  

(DO-heat) 

( N- l o t )  
31h  Bal 16.5 13.5 2.5 1.6 0.5 0.05 0.09 0.006 0.006 

T a b l e  3.1.2. P r e i r r a d i a t i o n  m i c r o s t r u c t u r e s  o f  the Path  A Prime Cand ida te  Al loy (PCA) 

Des igna t ion  D e s c r i p t i o n  of m i c r o s t r u c t u r e  Thermal-mechanical t r e a t m e n t  

A Simple  m i c r o s t r u c t u r e s  r e s u l t i n g  from: 
A1 s o l u t i o n  a n n e a l i n g ,  
A2 5 t o  10% c o l d  working, or 

A3 20 t o  25% c o l d  working. 

B M i c r o s t r u c t u r e s  wi th  both  c o a r s e  g r a i n  
boundary MC p r e c i p i t a t i o n  and i n t r a -  
g r a n u l a r  MC p r e c i p i t a t i o n  c o n s i s t i n g  o f :  

c o a r s e  p a r t i c l e s  or p a r t i c l e  c l u s t e r s ,  B 1  

82 f ine m a t r i x  p r e c i p i t a t i o n .  
o r  

C M i c r o s t r u c t u r e s  w i t h  both  f i n e  g r a i n  
boundary MC p r e c i p i t a t i o n  and f i n e  
i n t r a g r a n u l a r  MC ma t r ix  p r e c i p i t a t i o n .  

D M i c r o s t r u c t u r e s  wi th  both  f i n e  g r a i n  
boundary MC p r e c i p i t a t i o n  and f ine 
i n t r a g r a n u l a r  MC ma t r ix  p r e c i p i t a t i o n  
p l u s  i n c r e a s e d  d i s l o c a t i o n  d e n s i t y .  

25% c o l d  worked p l u s  15  m i n  a t  1175°C 
15  m i n  a t  1175°C (Al )  p l u s  10% c o l d  

1 5  m i n  a t  1175°C ( A l )  p l u s  25% c o l d  
worked 

worked 

S o l u t i o n  annea led  (Al )  p l u s  8 h a t  
800°C p l u s  8 h a t  900°C 

S o l u t i o n  annea led  ( A l )  p l u s  8 h a t  
800°C p l u s  25% c o l d  worked p lus  
2 h a t  750°C 

S o l u t i o n  annea led  (AI) p l u s  25% c o l d  
worked p l u s  2 h a t  750'C 

S o l u t i o n  annea led  (Al )  p l u s  10% c o l d  
worked p l u s  2 h a t  750°C p l u s  
10% c o l d  worked 

3.1.4.2 M i c r o s t r u c t u r a l  Development 

P r e v i o u s  work on s t a i n l e s s  s t e e l s  i r r a d i a t e d  i n  HFIR t o  -22 dpa a t  500400°C has g e n e r a l l y  shown t h a t  
s w e l l i n g  g r e a t e r  t h a n  - 0 . 2 4 . 3 %  was due t o  void  (or  b i a s- d r i v e n  c a v i t y ) q  fo rmat ion .  Copious small  bubb les  
( o r  s t a b l e  c a v i t i e s ) g  formed e a r l y  i n  t h e  i r r a d i a t i o n  t o  accommodate t h e  helium genera ted .  
c o n v e r t e d  t o  vo ids  which were t h e n  r e s p o n s i b l e  f o r  t h e  s w e l l i n g  v a r i a t i o n  w i t h  t e m p e r a t u r e ,  f l u e n c e ,  or 
p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  c o n d i t i o n .  F i g u r e  3.1.3, f o r  example ,  shows many c o a r s e  p r e c i p i t a t e s  and 
m a t r i x  vo ids  i n  PCA-A1, less of t h e s e  i n  PCA-BZ and CW 316 ( N - l o t ) ,  bu t  only  the small  bubbles  i n  PCA-A3 
a f t e r  i r r a d i a t i o n  t o  -22 dpa i n  HFIR a t  600°C. 
bubb les .  
( N - l o t ) ,  bu t  not  i n  PCA-A3 a t  400°C. 
c a v i t i e s )  beyond their  c r i t i c a l  r ad ius ,9 . ' 0  s w e l l i n g  may be g r e a t e r  i n  PCA-A1 and CW 316 ( N- l o t )  a t  h i g h e r  
f l u e n c e .  
PCA-A3 c o r r e l a t e s  w i t h  the l ack  of vo ids  i n  t h a t  a l l o y  [Fig. 3 .1 .4 (c ) ]  compared w i t h  PCA-A1 and may be a 
f a c t o r  i n  t h e  void  suppress ion .11  

Some of t h e s e  

The low s w e l l i n g  a t  400°C and -22 dpa was p r i m a r i l y  due t o  
F i g u r e  3.1.4, however, shows t h a t  bimodal c a v i t y  d i s t r i b u t i o n s  were deve lop ing  i n  PCA- A1 and CW 316 

F i g u r e  3.1.5 compares t h e  NC p r e c i p i t a t e  m i c r o s t r u c t u r e s  a t  400°C; t h e  r e f i n e d  MC d i s t r i b u t i o n  i n  

Because t h e  l a r g e r  c a v i t i e s  a r e  probably vo ids  ( o r  b i a s- d r i v e n  



Tahle 3.1.3. S w e l l i n g  f o r  20:-cold-worked W l o t  t ype  316 s t a i n l e s s  s t e e l  and va r ious  
p re t rea tmen ts  o f  pr ime cand ida te  a l l o y  i r r a d i a t e d  i n  IIFIK 

Disp lace -  Cavit, 
A1 l o y  and I r r a d i  d t  i on i leu t ron f luence i i e n t  Hel ium v o l  . + 

m i c r o s t r u c t u r a l  temperature >0.1 MeV damage con ten t  f r a c t i o n  
c o n d i t i o n a  ("C) (rieutronslm') 1 eve1 h (a t .  ppm)  s w e l l i n g  

( Z )  (dpa) 

PCA43 

P C A- A 1  

P C A - B 1  

PCA-B2 

PCA-A2 

N- l o t  316 300 

400 

500 
600 
600 

400 
600 

300 
400 
400 
5 00 
500 
600 
6011 

400 

5 no 

30n 

500 
400 

600 
6 no 
300 
400 
i no 
fino 

300 
400 
5 00 

6 00 

6 00 

PCA-C 300 
400 
500 
600 

1.21 x l f l ~ "~  9.6 
1.26 10.4 
21. 52" "21.8 
1.2fi 10.4 
2'. 52" -21.8 

2.50 -21.8 

7 . 5 2  -22.3 
2.50 -22.3 

1.21 9.7 
1.26 10. 5 
2.52 - 22.3 
1.26 10.5 
i.52 -22.3 
1.25 10.6 
2.50 -22.3 

1.25 10.4 

1.21 10.5 

1.26 10.6 
1.26 10.5 

1.25 10.6 
2.50 -22.3 

1.21 10.5 
1.26 i n .  5 
1.26 10.6 
1.25 10.6 
2.50 -22.1 

1.21 10.5 
1.2fi 10.5 
1.26 10.6 
1.25 10.6 

1.21 10.5 
1.26 10. 5 
1.26 10.6 
1 .75  10.6 

375 
435 

1438 
435 

465 
1474 

1714 
1757 

450 
520 

1714 

1714 
555 
1757 

510 
510 
550 
550 

1757  

510 

1438 

520 

510 
550 
550 

1751 

510 

550 
510 

550 

510 
510 
550 
550 

n . d . 2  
0.06 
0.74 
0.05 
0.26 
0. 2 

0.44.5 

0.13 
0. 2 M .  25  

n.d. 
n.d. 
0.2 

0.84 
0.66 
1.7 

0.05 

n.d. 
0.14 

1.2 
1.4 

n.d. 
n.d .  

n.33 

n. 16 
0.4 
0.3 

n . d .  
n.d.  
0.36 
1.1 

n . d .  
n. 2 5  
n. 32 
0.7 

"See Table 3.1.2. 

bThe c o n t r i b u t i o n  produced by r e c o i l s  d u r i n g  he l i um p r o d u c t i o n  i s  inc luded.  

"Dosiinetry f rom Greenwood, r e f .  4. 

?'Not d e t e c t  a b l  e by t r a  nsmi s s i o n  e l  ec t r o n  m i  c r o s  copy. 

.'Assuming doi ih le t h e  f luence o f  HFIR-CTR-32; dos i inet ry  i s  s t i l l  i n  progress. 

See re f .  4. 
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Fig. 3.1.1. Swe l l i ng  as a f u n c t i o n  of 
i r r a d i a t i o n  temoerature i n  HFIR f o r  f l uences  UD ~. 
t o  22 dpa. Several m i c r o s t r u c t u r a l  v a r i a n t s  of 
PCA. CW 316 (DO-heat). CW 316 (N - l o t ) ,  and CW 
316.t  T i  ( R l i h e a t )  a re  inc luded.  

Fig. 3.1.2. Swe l l i ng  as a f u n c t i o n  of 
f l u e n c e  f o r  PCA-A1 and CW 316 ( N- l o t )  i r r a -  
d i a t e d  i n  HFIR a t  400600°C and PCA-61 and -BZ 
a t  600'C. PCA-A3 i s  i n c l uded  a t  400 and 600°C 
and s c a t t e r  bands f o r  p rev ious  da ta  on SA and 
CW 316 (DO-heat) i r r a d i a t e d  a t  525440°C a re  
i n c l u d e d  f o r  comparison. 

0 
0 IO 20 30 40 M 60 70 

FLUENCE 1 apa j 

The development o f  s tab le ,  f i n e  MC d i spe rs i ons  a t  h i ghe r  i r r a d i a t i o n  temperatures c o r r e l a t e d  w i t h  vo i d  
f o r m a t i o n  r e s i s t a n c e  i n  some PCA v a r i a n t s  and %as s t r o n g l y  i n f l u e n c e d  by p r e i r r a d i a t i o n  thermal  mechanical 
t reatment .  Comparison of d i s l o c a t i o n  and MC p r e c i p i t a t e  m i c r o s t r u c t u r e s  f o r  PCA- AI ,  -B2, and -A3 a f t e r  i r r a -  
d i a t i o n  a t  60OOC t o  -22 dpa can be made i n  Fig. 3.1.6 and c o r r e l a t e d  w i t h  t h e  c a v i t y  m i c r o s t r u c t u r e s  i n  
F ig .  3.1.3. 
v o i d  f o rma t i on  r es i s t ance ,  had t h e  lowes t  network and/or Frank l oop  c o n c e n t r a t i o n s  a f t e r  t h e  i r r a d i a t i o n .  
The comparison o f  MC p r e c i p i t a t i o n  more c l e a r l y  i n d i c a t e d  t h a t  PCA- AI ,  which e x h i b i t e d  t h e  g r e a t e s t  s w e l l i n g  
and p r e c i p i t a t i o n  of coarse p a r t i c l e s  of e t a  and/or G phase, had t h e  l e a s t  amount o f  f i n e  MC p r e c i p i t a t e .  
The PCA-A3, which had t h e  l e a s t  s w e l l i n g  and no coarse p r e c i p i t a t i o n ,  had t h e  maximum amount o f  f i n e  MC. The 
PCA-B2 f e l l  between A1 and A3 w i t h  regard  t o  t h e  amount o f  MC; however, t h e  f luence dependence of t h e  MC s t a-  
b i l i t y  was unusual and appears t o  be r e l a t e d  t o  t h e  s a t u r a t i o n  of s w e l l i n g  a t  about 10 dpa a t  600'C. 

t h e  d i c l n r a t i n n  netwnrk hefnrp irradiatinn discnlvp and r e d i s t r i h i i t P  i n t n  c l i i s t p r s  nf o a r t i c l e s .  which then  

The d i s l o c a t i o n  comparison was no t  comple te ly  s t r a i gh t f o rwa rd ,  bu t  PCA-A3, which e x h l b i t s  bes t  

F i g u r e  3.1.7 examines i n  d e t a i l  t h e  p r e c i p i t a t e  i n  PCA-B2. The f i n e  MC p a r t i c l e s  d i s t r i b u t e d  a long  
~~ ~ .. . . .  .... .. . ..... .......... _. - r~ - - . - - ,  

coarsen w i t h  increased f luence a t  600°C. F a i n t  images o f  loops  can be seen i n  t h e  reg ions  denuded of MC 
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H-72312 

H-69230 

(cl (d )  

Fig. 3.1.3. 
a t  600°C. Alloys are:  

Cavity microstructures o f  several aus t en i t i c  s t a i n l e s s  s t e e l s  i r r ad ia t ed  i n  HFIR t o  
( a )  PCA-AI, ( h )  PCA-B2, ( a )  PCA-A3, and ( d )  Zll%-cold-worked 316 (N- lot) .  
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H-72954 

( b )  

H.72872 
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H-72944 

(a) 

H-72844 

(b)  

Fig. 3.1.5. D i s t r i b u t i o n  of MC p r e c i p i t a t e  i n  ( a )  PCA-A1 and (b) PCA-A3 a f t e r  HFIR i r r a d i a t i o n  a t  40OoC 
t o  -22 dDa. 



35 

. ._... 
'2313 

(6 )  

2161 H-72170 H-7 



36 

E-23953 E-23954 

E-37929 

(bl 

E-37920 

H-72166 

(dl 

H-72167 

itability as a function of fluence a t  600°C for MC developed by pretreatment of PCA-B2. 
irk-field images are ( a ,  b )  as heat treated, ( c .  d )  irradiated to 10.5 dpa, ( e ,  f) irra- 
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BOUNDARY MICROSTRUCTURAL DEVELOPMENT AND STABILITY FOR VARIOUS PRETREATMENTS OF PATH A PRIME 
IATE ALLOY IRRADIATED IN HFIR - P. J. Maziasz and D. N. Braski (Oak Ridge National Laboratory) 

Task - 
'ask I.C.l, Microstructural S t a b i l i t y ,  and I.C.2, Microstructure and Swelling in Austenit ic Alloys. * 
irpose o f  t h i s  work i s  t o  examine and evaluate the e f f e c t  of thermal-mechanical pretreatments t h a t  
,adiation grain boundary p rec ip i t a t e  s t ruc tu re  on grain boundary microstructural  development during 
I  i n  HFIR. 
Lnt . 
9 

a t ion  t o  22 dpa i n  HFIR a t  500 and 600°C produced resolvable grain boundary bubbles i n  P a t h  A PCA 
PCA-A1 had the coarses t  bubble s t ruc tu re  a t  600°C and no MC precipi ta te .  Medium t o  coarse 

ins of MC developed a t  t h e  boundaries by heat treatment o f  PCA-61 and -82 were s t ab le  under 
I ;  very f i n e  bubbles c lus tered  about these  pa r t i c l e s  a t  6OOOC. The PCA a lso  r e s i s t ed  sigma 
compared with CW 316 ( D O  heat)  or  SA 316 and 316 t Ti ( R 1  heat)  i r radia ted  i n  HFIR. 

The goal i s  t o  r e f ine  grain boundary cavi ty  s t ruc tu res  and t h u s  reduce helium 

i res  and Sta tus  

iproach t o  designing grain boundary MC p rec ip i t a t e  s t ruc tu res  in the  Path A PCA and the  
.ure-properties co r re l a t ions  tha t  suggested t h a t  helium embittlement res is tance  can thus be 
!re discussed previously.12 
I through -32 have a l so  been presented.3 
pretreatments are  given in Sect. 3.1 of t h i s  report. 
! 3.2.1 shows t h a t  the  increased helium generation i n  HFIR, r e l a t i v e  t o  EBR-11, leads t o  increased 
'ser  grain boundary bubble s t ruc tu res  in 20%-cold-worked type 316 s t a in le s s  s t ee l  (CW 316). 

The descr ip t ion of the  specimens and the  i r r ad ia t ion  experiments 
Relevant compositions, microstructures,  and thermal- 

E-3235i H-56124 

*- 

3.2.1. 
:DO heat) .  I r radia t ions  were in the  temperature range 615 t o  640'C. The EBR-I1 i r r ad ia t ion  
?d 36 dpa and about 22 at .  ppm He. 

Increased he1 ium generation r e s u l t s  in increased and coarser grain boundary cavi ta t ion  

HFIR exposure (b)  produced 16.6 dpa and 880 at .  ppm He. 
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Reduced pos t i r r ad ia t ion  t e n s i l e  d u c t i l i t y  and in tergranular  f a i l u r e  were associated w i t h  t h e  HFIR 
microstructure.2 
undesirable p rec ip i t a t e  phases, in addit ion t o  t h e  helium bubble ef fec ts .  

Grain boundary bubble and p rec ip i t a t e  microstructure development under i r r ad ia t ion  can be affected by 
a l loying as  well as  by thermal-mechanical pretreatment. Figure 3.2.2 compares the  boundaries i n  solution-  
annealed (SA)  and CW 316 (00 heat)  and 316 + Ti ( R 1  hea t ) ,  a l l  i r r ad ia t ed  i n  HFIR t o  produce 16.6 dpa and 
880 at. ppm He a t  615 t o  64O0C (ref .  4). Grain boundary bubbles are  roughly s imi lar  f o r  SA and CW 316 (DO 
heat)  and only s l i g h t l y  smaller f o r  SA 316 + Ti ( R 1  heat )  but are  considerably smaller for  the CW 316 + Ti. 
Grain boundaries i n  the  same samples are  compared in Fig. 3.2.3, a t  lower magnification, t o  i l l u s t r a t e  

Contributions t o  the  embrittlement may have resulted from segregation of impurit ies or  from 

E-37899 H-56124 

H-70102 E-23548 

Fig. 3.2.2. Comparison of grain boundary cavi ty  development f o r  s t a i n l e s s  s t ee l  i r r ad ia t ed  in HFIR a t  

( d )  Cold-worked type 316 with titanium. 
615 t o  640°C t o  16.6 dpa and 880 at .  ppm He. 
type 316. 

( a )  Solution-annealed type 316 ( D O  heat) .  ( b )  Cold-worked 
( c )  Solution annealed type 316 with t i tanium ( R 1  heat) .  
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Fig. 3.2.3. Comparison o f  g r a i n  boundary p r e c i p i t a t e  s t r u c t u r e s  i n  s t a i n l e s s  s t e e l  a f t e r  HFIR i r r a -  
d i a t i o n  a t  615 t o  64O0C t o  about 16.6 dpa and 880 at. ppm He. 
( b )  Cold-worked t y p e  316 (DO heat) .  ( c )  Solu t ion- annea led  t ype  316 w i t h  t i t a n i u m  ( R 1  heat) .  ( d )  Cold-worked 
t y p e  316 w i t h  t i t a n i u m  (R1  heat) .  

( a )  Solut ion- annealed t y p e  316 (DO heat) .  

boundary p r e c i p i t a t i o n  d i f f e rences .  
p a r t i c l e s  i n  t h e  g r a i n  boundaries, bu t  t h e  o t h e r  m a t e r i a l s  c o n t a i n  no g r a i n  boundary carb ides.  
i r r a d i a t e d  CW 316 (00 heat )  and bo th  SA and CW 316 + T i  ( R 1  hea t )  con ta ined  g r a i n  boundary c a v i t i e s  and 
massive sigma phase p a r t i c l e s .  
Fu r t he r ,  sigma p r e c i p i t a t i o n  can be inc reased  by i r r a d i a t i o n  c o n d i t i o n s  t h a t  r e s u l t  i n  suppressed s w e l l i n g  
and r a d i a t i o n- i n d u c e d  s o l u t e  segrega t ion  (RIS) ,  because such c o n d i t i o n s  tend  t o  f avo r  thermal  phases.5 Sigma 
i s  seldom observed i n  these  s t e e l s  i r r a d i a t e d  i n  EBR-I1 below about 70OOC (ref .  6). 

G ra i n  boundary m i c r o s t r u c t u r e s  o f  PCA- A1 and PCA-A3 i r r a d i a t e d  i n  HFIR a t  600°C t o  about 22 dpa a re  com- 
pared i n  Fig. 3.2.4. 

The SA 316 (DO hea t )  shows a coarse d i s p e r s i o n  of e t a  (and/or t a u )  phase 
Ins tead ,  t h e  

Sigma fo rmat ion  i s  o f t e n  g rea te r  i n  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 tee ls .  

The cold-worked PCA-A3 had no p r e c i p i t a t i o n ,  whereas PCA-A1 had a sparse d i s t r i b u t i o n  
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r r .  
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He9210 

Fig. 3.2.4. Gra in  boundary p r e c i p i t a t i o n  developed by HFIR i r r a d i a t i o n  o f  PCA a t  600°C t o  about 22 dpa. 
( a )  PCA-AI. ( b )  PCA-A3. 

o f  coarser  e ta  (and/or  t a u )  carb ides.  
was se l ec ted  f o r  reduced sigma fo rmat ion ,  ob ta ined  by i n c r e a s i n g  t h e  n i c k e l  con ten t  and l o w e r i n g  t h e  chromium 
con ten t  compared t o  t h e  compos i t ion  o f  t y p e  3 1 6  s t a i n l e s s  s t ee l .  

The p resen t  r e s u l t s  show t h a t  moderate ly  coarse d i s t r i b u t i o n s  o f  MC i n  t h e  g r a i n  boundary of PCA remain 
s t a b l e  d u r i n g  HFIR i r r a d i a t i o n .  The s t a b i l i t y  d u r i n g  i r r a d i a t i o n  a t  600°C i s  shown i n  Fig. 3.2.5 f o r  PCA- 81 
and i n  Fig. 3.2.6 f o r  PCA-82. The bene f i t  of s t a b l e  g r a i n  boundary p r e c i p i t a t e s  i s  i n  t h e  ex t reme ly  f i n e  
h e l i u m  bubbles d i s t r i b u t i o n s  t h a t  can be accommodated a long  t h e  i n t e r f a c e s  o f  these  p a r t i c l e s .  F i gu re  3.2.7 
shows such t r a p p i n g  i n  PCA-61, i r r a d i a t e d  a t  600°C t o  produce about 10 dpa and 5 5 0  at.  ppm He. Remember t h a t  
P C A- B l  and - 8 2  c o n t a i n  very  d i f f e r e n t  p r e i r r a d i a t i o n  m a t r i x  m i c r o s t r u c t u r e s '  t h a t  l e a d  t o  d i f f e r e n t  s w e l l i n g  
b e h a v i o r  under HFIR i r r a d i a t i o n  (See Sect. 3 .1  and ref.  3) .  I n  s p i t e  of these  d i f fe rences ,  t h e  behav io r  of 
t h e  g r a i n  boundary s t r u c t u r e  i s  s i m i l a r  i n  both,  v i r t u a l l y  independent o f  t h e  m a t r i x  m i c r o s t r u c t u r a l  
development. 

The g r a i n  boundary bubbles i n  CW 316 (N l o t )  and PCA-AI,  -A3, and -82 are  shown i n  Fig. 3.2.8 f o r  HFIR 
i r r a d i a t i o n  t h a t  produced about 2 2  dpa and 1 4 5 0  t o  1 7 5 0  at.  ppm He a t  600°C. The PCA-A1 con ta i ns  t h e  coar-  
ses t  bubble d i s t r i b u t i o n  and PCA-82 t h e  f i n e s t ,  w i t h  i n t e rmed ia te  bubble s i zes  i n  CW 3 1 6  (N l o t )  and PCA-A3. 
These t r ends  a re  s i m i l a r  t o  those  repor ted2  a t  about 10 dpa. F i gu re  3.2.9 shows t h e  development of p r e c i p i -  
t a t i o n  and bubble s t r u c t u r e s  i n  CW 3 1 6  (N l o t )  as a f unc t i on  o f  inc reased  f luence a t  600°C. In  c o n t r a s t  t o  
t h e  s t a b i l i t y  e x h i b i t e d  by t h e  g r a i n  boundary MC i n  PCA-81 and -82, t h e  g r a i n  boundary carb ides  (most pro-  
bab l y  e ta  and/or t a u )  coarsened and r e d i s t r i b u t e d ,  as d i d  t h e  bubble m i c ros t r uc tu re ,  i n  t h e  CW 3 1 6  (N l o t ) .  

w i t h  s t a b l e  MC p a r t i c l e s  t r a p p i n g  t h e  he l ium t h a t  m ig ra tes  t o  t h e  boundar ies i n  f i n e  i n t e r f a c i a l  bubbles. 
T h i s  s t a b l e  g r a i n  boundary MC s t r u c t u r e  was v i r t u a l l y  independent o f  m a t r i x  m i c r o s t r u c t u r a l  development, a t  
l e a s t  t o  22 dpa a t  600°C. 
annea l ing  - can be combined w i t h  s t r a i g h t  25% c o l d  work ing 
e m b r i t t l e m e n t  and s w e l l i n g  r es i s t ance  i n  t h e  same m a t e r i a l  I See Sect. 3.1 and r e f .  3) .  Therefore,  a new 
m i c r o s t r u c t u r e  f o r  t h e  PCA, a combinat ion o f  PCA-A3 and -82, has been developed and i s  r e f e r r e d  t o  as PCA-B3. 
It i s  produced by s o l u t i o n  anneal ing,  then  ag ing  f o r  8 h a t  800"C, fo l lowed by 25% c o l d  work. 

Ne i t he r  sample had any ev idence of sigma phase. The PCA compos i t ion  

I n  summary, t h e  g r a i n  boundary m i c r o s t r u c t u r e s  of PCA-81 and -82 behave under i r r a d i a t i o n  as intended,' 

The heat  t rea tment  t o  produce i t  - namely 8 h a t  800°C f o l l o w i n g  s o l u t i o n  
as i n  PCA-A3) t o  at tempt  t o  impar t  maximum 
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Fig.  3.2.6. S t a b i l i t y  of g r a i n  boundary MC p r e c i p i t a t e  i n  PCA-B2 d u r i n g  HFIR i r r a d i a t i o n  a t  600°C. 
D a r k - f i e l d  images formed f rom an MC r e f l e c t i o n .  
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Fig. 3.2.8. Comparison of g r a i n  boundary bubb le  d i s t r i b u t i o n s  i n  ( a )  CW 316 (N l o t ) ,  ( 6 )  PCA- AI ,  
( c )  PCA-A3, and ( d )  PCA-52, a l l  i r r a d i a t e d  i n  HFIR t o  about 22 dpa a t  600°C. 
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3.2.5 Conclusions and Future Work 

Neither PCA-A1 nor -A3 developed gra in  boundary MC during HFIR i r r ad ia t ion  a t  600°C t o  about 2'2 dpa. 
The PCA-A1 developed sparse,  coarse carbides (M6C and/or M 7 & )  a t  the boundaries. 
boundary carbides developed and then coarsened and red i s t r ibu ted  w i t h  increasing fluence a t  600°C. 
t o  coarse gra in  boundary M C ,  developed by pretreatments before i r r ad ia t ion  in PCA-Bl and -BZ, remained s t a b l e  
under HFIR i r r ad ia t ion  up t o  about 22 dpa a t  600°C. 

a t  grain boundaries during HFIR i r r ad ia t ion  a t  615 t o  640°C t o  about 16.6 dpa. 
va r i an t s  [or CW 316 (N l o t ) ]  showed any sigma formation during i r r ad ia t ion  t o  about 22 dpa a t  600'C. 

heat)  and 316 t Ti ( R 1  heat)  i r r ad ia t ed  i n  HFIR a t  600°C t o  about 22 dpa. 
and CW 316 ( N  l o t )  reveals  t h a t  t h e  l a rges t  grain boundary bubbles were seen in PCA-A1 and the smal les t  i n  
PCA-B2 and -B1. 
faces  of s t ab le  MC pa r t i c l e s .  

F u t u r e  work w i l l  include disk bend t e s t i n g  of t h e  PCA microstructural  var iants  i r r ad ia t ed  i n  HFIR-CTR-30 
through -32. 
hel ium embrittlement. The new microstructure,  PCA-B3, is current ly  under i r r ad ia t ion  i n  HFIR-CTR-42 and -43. 
Pos t i r r ad ia t ion  t e s t i n g  will  evaluate the  swelling and t e n s i l e  properties.  

3.2.6 References 

In CW 316 ( N  l o t ) ,  grain 
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3.3 THE TENSILE PROPERTIES OF UNIRRADIATED PATH A PRIME CANDIDATE ALLOY - D. N. B rask i  and P. J. Maziasz 
(Oak Ridge Na t iona l  Labora to ry )  

3.3.1 ADIP Task 

ADIP Task I.B.13, T e n s i l e  P r o p e r t i e s  o f  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 i v e  o f  t h i s  research i s  t o  determine t h e  t e n s i l e  p r o p e r t i e s  o f  u n i r r a d i a t e d  PCA i n  t h e  tem- 
p e r a t u r e  range room temperature t o  700'C. 

3.3.3 Summary 
~ 

The t e n s i l e  p r o p e r t i e s  of Path A PCA i n  t h e  A I ,  A3, and 82 c o n d i t i o n s  have been determined a t  tem- 
p e r a t u r e s  f rom room temperature t o  700°C. The 25%-cold-worked a l l o y ,  PCA43,  showed s t r e n g t h  va lues s i m i l a r  
t o  those  o f  t h e  re fe rence  heat  of 20%-cold-worked 316 s t a i n l e s s  s t e e l  b u t  e x h i b i t e d  a lower  d u c t i l i t y  i n  t h e  
20&30D"C range. 

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 r e s u l t s  o f  t e n s i l e  t e s t s  a t  200 and 700°C have been added t o  t h e  p rev ious  r e s u l t s 1  t o  complete 
measurements f o r  t h e  range 2@ t o  7OO'C. 
F ig .  3.3.1, PCA-A3 (25%-cold-worked) i n  Fig.  3.3.2, and PCA-82 (aged, cold-worked, and reaged) i n  Fig.  3.3.3. 
The new t e n s i l e  r e s u l t s  are  a l s o  l i s t e d  i n  Table  3.3.1. D e t a i l s  o f  t h e  thermornechanical t rea tmen ts  t o  pro-  
duce t h e  va r ious  m i c r o s t r u c t u r e s  were r e p o r t e d  p rev ious ly .2  Drops i n  y i e l d  s t reng th ,  u l t i m a t e  t e n s i l e  
s t r e n g t h ,  and un i form e l o n g a t i o n  were observed f o r  PCA-AI, -A3, and -82 a t  70O'C (Figs. 3.3.1 and 3.3.21, but  

The r e s u l t s  a r e  shown g r a p h i c a l l y  f o r  PCA-A1 ( s o l u t i o n  annealed) i n  

TEST T E w t H l i i u n t  , ci 

Fig .  3.3.1. T e n s i l e  p r o p e r t i e s  o f  P C A - A I  ( so lu t i on- annea led )  as a f u n c t i o n  of temperature. 
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t h e  t o t a l  e l o n g a t i o n  increased f o r  these a l l o y s  above t h e  values measured a t  600'C. 
PCA-B2 a t  600°C a r e  100 MPa h i g h e r  i n  F igu re  3.3.3 t h a n  r e p o r t e d  i n  a s i m i l a r  f i g u r e  p r e v i o u s l y  ( c o n s i s t e n t  
w i t h  t h e  t a b u l a r  data  i n  re f .  1, however). 
t h e i r  s t r e n g t h s  a r e  s i m i l a r  a t  700°C. 
range. 
r e p o r t e d  p rev ious ly . '  However, t h e  r e l a t i v e l y  low un i form e l o n g a t i o n  va lue f o r  PCA-A3 (F ig .  3.3.2) i s  wor th  
no t i ng .  
f o r  t h e  PCA-A3 from room temperature t o  700°C can be compared w i t h  those f o r  t h e  re ference heat of 20%-c01d- 
worked t y p e  316 s t a i n l e s s  s t e e l  shown i n  Fig.  3.3.4 and Table  3.3.1. 
a c t u a l l y  q u i t e  s i m i l a r  except t h a t  t h e  PCA43 e x h i b i t e d  a somewhat deeper d u c t i l i t y  t r o u g h  a t  200 t o  300"C, 
and h i g h e r  y i e l d  s t r e n g t h  a t  500°C and above. 

S t reng th  va lues f o r  

?CA-A3 i s  measurably s t r o n g e r  than  -82 a t  500 and 600°C, b u t  
These a l l o y s  a l s o  have s i m i l a r  d u c t i l i t y  over t h i s  same temperature 

The data a t  200°C f o r  a l l  t h r e e  thermomechanical t rea tmen ts  made o n l y  s l i g h t  c o r r e c t i o n s  t o  t h e  cu rve  

Th is  d u c t i l i t y  t r o u g h  i n  PCA-A3 between 200 and 300°C war ran ts  f u r t h e r  i n v e s t i g a t i o n .  ?he r e s u l t s  

The r e s u l t s  f o r  t h e  two a l l o y s  were 

3.3.5 Conclus ions and Fu tu re  Work 

The t e n s i l e  p r o p e r t i e s  of t h e  PCA a l l o y  i n  t h r e e  c o n d i t i o n s  ~ A l ,  A3, and 82 - have been determined i n  
t h e  temperature range room temperature t o  700°C. The 25%-cold-worked PCA-A3 showed s t r e n g t h  values s i m i l a r  
t o  those of t h e  re ference heat of 2O%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  b u t  e x h i b i t e d  a deeper d u c t i l i t y  
t r o u g h  i n  t h e  20L300"C range and h i g h e r  y i e l d  s t r e n g t h  a t  500°C and above. We w i l l  a t tempt  t o  uncover t h e  
reason f o r  t h e  lower  d u c t i l i t y  by c o r r e l a t i n g  f r a c t u r e  and m i c r o s t r u c t u r a l  i n fo rmat ion  w i t h  t h e  p r o p e r t i e s  
f o r  these t e s t e d  samples. 

3.3.6 References 

1. 

2. P. J. Maziasr  and T. K. Roche, "Design and F a b r i c a t i o n  of P r e i r r a d i a t i o n  M i c r o s t r u c t u r e s  i n  Path A 
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3.4 EFFECT OF THE MICROSTRUCTURE ON TENSILE PROPERTIES OF TYPE 316 STAINLESS STEEL - R. L. Klueh 
(Oak Ridge Nat iona l  Labora to ry )  

3.4.1 A O I P  Task 

A O I P  Task 1.8.13, Tens i l e  P rope r t i e s  of A u s t e n i t i c  A l loys .  

3.4.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  s tudy i s  t h e  de te rm ina t i on  of t h e  e f f ec t  of m i c r o s t r u c t u r e  on t h e  t e n s i l e  p roper-  
t i e s  of i r r a d i a t e d  t y p e  316 s t a i n l e s s  s t ee l .  
d i f f e r e n t  heat t rea tments  before i r r a d i a t i o n  i n  t h e  Oak Ridge Research Reactor (ORR). 

The t e s t  m a t e r i a l  i s  g iven  d i f f e r e n t  l e v e l s  of c o l d  work and 

3.4.3 Summary 

A se r i es  o f  t e n s i l e  specimens t h a t  had been g iven  d i f f e r e n t  thermal  and mechanical p rocess ing  t r e a t -  
ments was i r r a d i a t e d  i n  t h e  ORR a t  250, 290, 450, and 50OoC t o  a neu t ron  f luence of about 6.8 x l o z 5  
neutrons/m2 0 0 . 1  MeV)(-5 dpa and 40 at .  ppm He). 
s t e e l  w i t h  20, 30, and 50% c o l d  work were determined a t  t h e  i r r a d i a t i o n  temperatures. 

The t e n s i l e  p r o p e r t i e s  of i r r a d i a t e d  and u n i r r a d i a t e d  

3.4.4 Progress and S ta tus  

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

Twenty-percent cold-worked t y p e  316 s t a i n l e s s  s t e e l  has been chosen as t h e  s t r u c t u r a l  m a t e r i a l  f o r  
severa l  core components of f i r s t - g e n e r a t i o n  f as t  breeder  reac to rs .  
c o n s t r u c t i o n  o f  t h e  f i r s t - w a l l  and b l anke t  s t r u c t u r e  o f  f u s i o n  reac to rs .  The cho ice  o f  t h e  cold-worked 
s t r u c t u r e  fo l lowed from t h e  t h e o r e t i c a l '  and exper imenta l2  observa t ions  t h a t  h i g h  d i s l o c a t i o n  d e n s i t i e s  
should'  and d i dz  have a favorab le  e f f e c t  on t h e  v o i d  dens i t y ,  which should and d i d  l ead  t o  a decrease i n  
s w e l l i n g  compared w i t h  a so lu t ion- annea led  s t r uc tu re .  
s t a i n l e s s  s t e e l  leads  t o  a r educ t i on  i n  s w e l l i n g  when t h e  s t e e l  i s  i r r a d i a t e d  between 0.3Tm and 0.5T, (T, 
i s  t h e  m e l t i n g  p ~ i n t ) . ~ - ~  

Al though t h e  reason f o r  t h e  cho ice  of a 20% cold-work l e v e l  (as opposed t o  a h i ghe r  or lower l e v e l )  
does not appear t o  have been w ide l y  d iscussed i n  t h e  l i t e r a t u r e ,  t h e  cho ice  undoubtedly  r e f l e c t e d  a con- 
s i d e r a t i o n  of t h e  p r o p e r t i e s  of an u n i r r a d i a t e d  cold-worked s t e e l  as w e l l  as t h e  e f f ec t  of t h e  cold-worked 
s t r u c t u r e  on swe l l i ng .  
n e a r l y  as g rea t  a suppress ion of v o i d  fo rmat ion  as d i d  20% c o l d  work. 
d i f f e r e n c e  i n  t h e  s w e l l i n g  behav io r  of s t e e l s  w i t h  10 o r  20% c o l d  work: a t  420°C ( t h e  lowes t  temperature 
i n v e s t i g a t e d ) ,  t h e r e  was very  l i t t l e  d i f f e r e n c e  between s t e e l  c o l d  worked 20 and 30%. 

To date, most i r r a d i a t i o n  s t ud i es  on t h e  e f f ec t  of m i c r o s t r u c t u r e  (cold-work l e v e l  and so lu t ion- annea l  
heat  t r ea tmen t )  on t y p e  316 s t a i n l e s s  s t e e l  have examined t h e  e f f e c t  on swe l l i ng .  
t o  be a v a i l a b l e  on t h e  e f f ec t  of p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  on t h e  i r r a d i a t e d  t e n s i l e  proper tie^.'-^ On 
t h e  o the r  hand, cons iderab le  i n f o rma t i on  i s  a v a i l a b l e  on t h e  p r o p e r t i e s  of so lu t ion- annea led  (1 h a t  1050°C) 
and 20%-cold-worked t ype  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  a f a s t  r e a c t o r  environment.8-12 These i r r a -  
d i a t i o n s  extend t o  8.4 x loz6 neutrons/m2 0 0 . 1  MeV). I n  a d d i t i o n  t o  t h e  i r r a d i a t i o n  i n  f as t  r eac to r s ,  pro-  
p e r t i e s  of 20%-cold-worked t ype  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  t h e  High F lux  Iso tope  Reactor (HFIR), a 
mixed-spectrum reac to r ,  have been repor ted . I3 - "  

Displacement damage i s  produced by 
h igh- energy neutrons,  and l a r g e  amounts of t r ansmu ta t i on  he l ium a re  formed by t h e  h igh-energy neutrons.  
Thus, it i s  o f  i n t e r e s t  t o  determine t h e  e f f ec t  of bo th  d isp lacement  damage and he l ium on p rope r t i e s .  Only 
d isp lacement  damage e f f ec t s  can be s t ud i ed  by i r r a d i a t i o n  i n  a fast- spectrum f i s s i o n  r eac to r .  The HFIR 
s tud i es  mentioned above were c a r r i e d  ou t  as p a r t  of t h e  fus ion  r e a c t o r  m a t e r i a l s  s tud ies .  I r r a d i a t i o n  o f  a 
n i c k e l - c o n t a i n i n g  a l l o y  i n  such a mixed-spectrum r e a c t o r  leads  t o  he l ium p roduc t i on  by a two- step r e a c t i o n  
o f  5 8 N i  w i t h  thermal neutrons. 
bo th  d isp lacement  damage by t h e  f as t  neutrons and he l ium p roduc t i on  by t h e  thermal  neutrons.  

The present  s tudy i n v e s t i g a t e d  t h e  e f f ec t s  of t h e  p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  of t y p e  316 s t a i n l e s s  
s t e e l  t h r e e  d i f f e r e n t  hea t- t r ea ted  con- 
d i t i o n  
l e s s  tl 

It i s  a l s o  a l ead ing  cand ida te  f o r  

Several s t ud i es  have shown t h a t  c o l d  work ing 

These i n v e s t i g a t i o n s  gene ra l l y  considered cold-work l e v e l s  up t o  about 25 o r  30%. 

Wager6  d i d  show t h a t  f o r  t y p e  316 s tan less  s t e e l ,  a 10% cold-work l e v e l  caused 
Above about 475"C, he found l i t t l e  

L i t t l e  i n f o rma t i on  appears 

I n  a fus ion  r eac to r ,  two types  of i r r a d i a t i o n  e f f ec t s  a re  expected. 

Thus, i r r a d i a t i o n  of s t a i n l e s s  s t e e l  i n  a mixed-spectrum r e a c t o r  can l ead  t o  

r bu t  has a maximum f l u x  c o n s i d e r a b l y  
on t e n s i l e  p rope r t i e s .  Specimens w i t h  t h r e e  cold-work l e v e l s  and 
5 were i r r a d i a t e d  i n  t h e  ORR. The ORR i s  a mixed-spectrum reac to  
han t h a t  o f  HFIR. 

3.4.4. 

T:,- I,r- LI-y ~ " " , , , , - - -  ,,, I ,,,= = * y y ,  nV_l .UnFll Lllr li 
re fe rence  heat  (X-15893). The chemical compos i t ion  o f  t h i s  heat i s  

2 Experimental Procedure 

h m  tuna 71fi c t a i n l a c c  cta.1 ~ i c d  in + h i e  c + a a A r  "IC +.ban f r n m  C h s  l agne t i c  Fusion Energy (MF 

Composit ion Composit ion Composit ion Composit ion 
- E l  ement (wt X )  Element (wt %) Element ( w t  %) Element (wt '6) 
Cr 17.3 N i  12.4 Mo 2.2 co 0.35 
Mn 1.7 S i  0.7 C 0.05 Fe Ea1 
P 0.03 S 0.015 B 0.0004 



Tens i l e  specimens were machined from 0.76-mm-thick Table 3.4.1. Heat t rea tment  and cold-work 
sheet. The f i n a l  thermal and mechanical processing l e v e l  v a r i a t i o n s  o f  t y p e  316 s t a i n l e s s  
s teps  used t o  produce specimen ma te r i a l  a re  g iven i n  s t e e l  t e s t  specimens 
Table 3.4.1. For t he  20-, 30-, and 50%-cold-worked 
m a t e r i a l s ,  t h e  s t e e l  was s o l u t i o n  annealed 1 h a t  
1050°C before t h e  f i n a l  c o l d  working t o  0.76 mn. Specimen So lu t i on  Cold-work 

of t h e  SS-1 t ype  w i t h  a reduced gage sec t i on  20.3 mn 
l o n g  by 1.52 mn wide by 0.76-mm t h i c k  (F ig.  3.4.1). 84 1 h 1050°C 
Specimens were i r r a d i a t e d  i n  t h e  E-7 p o s i t i o n  o f  t h e  1 h 1150°C 
ORR i n  experiment ORR-MFE-2. These specimens were 07 1 h 1050°C 10 h 800°C 
i r r a d i a t e d  i n  ho lders  t h a t  con ta ined  22 sheet samples. A4 1 h 1050'C 20% 
The c y l i n d r i c a l  ho l de r s  were conta ined i n  a water- cooled C 1  1 h 1050°C 30% 
aluminum b lock ;  each ho lde r  con ta ined  a c e n t r a l  ho l e  61 1 h 1O5O0C 50% 
t h a t  conta ined an e l e c t r i c  hea te r .  Temperature was A5 1 h 1050°C 10 h 800°C 20% 
measured and c o n t r o l l e d  by two thermocouples l o c a t e d  a t  
t h e  p o s i t i o n  o f  t h e  cen te r  of t he  gage sec t i on  i n  two 
unused sample p o s i t i o n s  l oca ted  180" apar t .  

I r r a d i a t i o n  temperatures ob ta ined  i n  
t h i s  experiment were approx imate ly  250, 
290, 450, and 500°C. The neutron f l uence  

produced - 5 dpa and -40 a t .  ppm He. 

d i a t e d  and i r r a d i a t e d  specimens a t  t h e  

conducted i n  a vacuum chamber on a 
44-kN capac i t y  I n s t r o n  un i ve r sa l  t e s t  

l e v e l  Anneal Sheet t e n s i l e  specimens i n  t h i s  experiment were code anneal 

B5 

O R N L o m  I s n O l R I  

of -6.8 x IOzs neutrons/m2 0 0 . 1  MeV) 445 -_______I 

6 1 2 . 1  - ~~~~ 20.3 ~~I i": Tens i l e  t e s t s  were made on u n i r r a -  

i r r a d i a t i o n  temperatures. Tests were -6.35 R I 
4.14 -1 o; 5' ~ ~ 36! d- 

i machine a t  a s t r a i n  r a t e  of 4.2 x 10-5/s. I 

1 
LL 
I 1  

~ 
~~ ~~ 

w2 1 w, w2 " 
3.4.4.3 Resu l ts  and Discussions 

'~ 2.48 Var ious tvpes of m i c r o s t r u c t u r e s  
i 

1.90 mm DIAM' were examined -(Table 3.4.1): two -4.95 

W1 = 1.52 mrn 

W2 = 0.025 TO 0.038 m m  
GREATER THAN W1 

so lu t ion- annea led  heat t rea tments ,  a 
so lu t ion- annea l  heat t rea tment  fo l lowed 
by a low- temperature anneal,  t h r e e  co l d-  
work l e v e l s  f o l l o w i n g  a common s o l u t i o n -  
anneal t rea tment ,  and a cold-worked DIMENSIONS IN MILLIMETERS 
s t r u c t u r e  f o l l o w i n g  t h e  s o l u t i o n  anneal 
and low- temperature anneal. The d i f -  Fig. 3.4.1. The SS-1  t ype  t e n s i l e  specimen. 
ference i n  so lu t ion- annea led  m i c r o s t r u c-  
t u r e s  was a d i f fe rence  i n  g r a i n  s ize ,  w i t h  t he  h i ghe r  annea l ing  temperature producing t h e  l a r g e r  g r a i n s  
(Fig. 3.4.2). 
t h e  g r a i n  s t r u c t u r e  was s t i l l  c l e a r l y  v i s i b l e  f o r  t h e  m a t e r i a l  deformed on l y  20%. 

The appearance of t h e  cold-worked s t r u c t u r e  depended on t h e  amount o f  c o l d  work (F ig .  3.4.3); 
When t h e  s o l u t i o n  anneal 

Y-18Swl Y-189WO 

Fig. 3.4.2. M i c r o s t r u c t u r e  of t ype  316 s t a i n l e s s  s t e e l  s o l u t i o n  annealed 1 h a t  (a) 105OOC and 
( b )  1150°C. D i f f e r e n t i a l - i n t e r f e r e n c e  microscopy was used t o  show t h e  g r a i n  s ize .  
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Table 3.4.2. Tens i l e  p r o p e r t i e s  of u n i r r a d i a t e d  and 
i r r a d i a t e d  cold-worked t ype  316 s t a i n l e s s  s t e e l  

(hea t  X-15893) 

Temperature (" C)  S t reng th  (MPa) E longa t ion  (%) 

Test  I r r a d i a t i o n"  Y i e l d  u l t i m a t e  Un i fo rm T o t a l  

1 h IOSOOC,  20% oold work 
2511 

290 
450 

500 

965 
645 
998 
636 
480 
544 
630 

0.2 
2.2 

2.8 
5.1 
2.8 

11.4 
11.0 
9.3 

11.7 

983 
494 
376 

0.4 
10.0 
7.9 
7.7 
7.1 

4511 
4511 
500 
500 

437 
523 

1 h lOSOOC, 30% cold work 

290 

4511 

5011 

705 
1027 
663 
634 
56 1 
476 
559 

1 h lOSOOC, 50% 

770 

770 
1035 

0.8 
0.3 

3.6 
2.3 

0.9 
8.5 
1.5 
4.3 
2.1 

3.3 
10.4 4511 

450 
500 
500 

3.7 
5.3 
4.1 

574 
728 

cold work 
1130 
960 

l l f j l  
958 

250 1130 
905 

290 1128 
912 

450 761 
785 

5110 577 
805 

1.9 
2.5 
2.2 
2.6 
3.3 
2.7 

290 
290 
450 
450 
500 
500 

Fig. 3.4.5. The 0.2% y i e l d  s t r e s s  o f  
u n i r r a d i a t e d  and i r r a d i a t e d  cold-worked 
t y p e  316 s t a i n l e s s  s t e e l .  I r r a d i a t i o n s  were 
a t  t h e  t e s t  temperatures t o  a f luence p ro-  
duc ing  approx imate ly  5 dpa and 40 at .  ppm He. 

C'RNLDWG 8 1 9 M  

l lM 

1.0 
1.6 
1.2 

1.7 
2.9 889 

1 h IOSOOC, IO h BOOOC, 20% cold work 

250 250 983 983 0.2 1.9 
2511 6 17 67 2 1.1 3.5 
290 2911 976 995 0.4 2.0 
450 450 548 624 3.2 4.0 
450 439 512 1.7 3.1 
5011 500 485 551 3.7 4.1 
500 524 636 3.1 4.8 

IMO I \ 

A 3' ~~~ ~~~ 

" A l l  i r r a d i a t e d  Sam l e s  were exposed i n  ORR-MFE-2 
t o  a f luence of 6.8 x 10!5 neutrons/mz, >0.1 M e V ,  
producing approx imate ly  5 dpa and 40 at .  ppm He. 

F ig .  3.4.6. The u l t i m a t e  t e n s i l e  s t r e n g t h  of 
u n i r r a d i a t e d  and i r r a d i a t e d  t ype  316 s t a i n l e s s  
s t ee l .  I r r a d i a t i o n  c o n d i t i o n s  as f o r  F ig.  3.4.5. 
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1 1 I I I 

UNIRRAOIATED IRRADIATED 

0 . m % c w  
n . 30 % CW 
0 . M % cw 

200 3W 400 5W 600 
TEMPERATURE I'CI 

F i g .  3.4.7. The u n i f o r m  and t o t a l  
e longa t ions  o f  u n i r r a d i a t e d  and i r r a -  
d i a t e d  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 i o n  c o n d i t i o n s  as f o r  F ig .  3.4.5. 

I I UNIRRADIATED IRRAOIATEO I 

Y 

600 

-t 

When i r r a d i a t e d ,  t h e  YS and UTS o f  a l l  t h r e e  cold-worked 
s t e e l s  i nc reased  over  t h e  u n i r r a d i a t e d  values a t  250 and 290°C. 
The r e l a t i v e  i n c r e a s e  was i n v e r s e l y  r e l a t e d  t o  t h e  l e v e l  of 
p r i o r  c o l d  work. Between 290 and 450°C t h e r e  was a l a r g e  
decrease i n  t h e  i r r a d i a t e d  s t r e n g t h :  a t  50O0C, t h e  s t r e n g t h  of 
t h e  i r r a d i a t e d  s t e e l  f e l l  below t h a t  of t h e  u n i r r a d i a t e d  s t e e l .  
A l though t h e  o r i g i n a l l y  s t r o n g e s t  50%-cold-worked s t e e l  
remained s t r o n g e s t  a t  500"C, t h e  i r r a d i a t e d  s t r e n g t h s  f o r  t h e  
t h r e e  cold-work l e v e l s  appeared t o  be approaching a common 
va lue  w i t h  i n c r e a s i n g  temperature. 

The d u c t i l i t y  o f  t h e  i r r a d i a t e d  cold-worked t y p e  316 
s t a i n l e s s  s t e e l  does not  d i r e c t l y  r e f l e c t  t h e  inc rease  i n  
s t r e n g t h  (F ig .  3.4.7). Both u n i f o r m  and t o t a l  e longa t ions  of 
t h e  i r r a d i a t e d  s t e e l s  i nc reased  between 290 and 45OoC, but  t h e y  
decreased between 450 and 500°C. The s t e e l  w i t h  20 and 30% 
c o l d  work showed a l a r g e  i n c r e a s e  between 290 and 450"C, 
whereas a much s m a l l e r  i nc rease  occurred fo r  t h e  s t e e l  w i t h  50% 
c o l d  work. A t  500"C, t h e  t o t a l  e l o n g a t i o n  o f  t h e  s t e e l  w i t h  
50% c o l d  work a c t u a l l y  f e l l  below t h e  va lue a t  250°C. A t  a l l  
temperatures, t h e  reduced d u c t i l i t y  of t h e  t h r e e  s t e e l s  main- 
t a i n e d  t h e  i n v e r s e  r e l a t i o n s h i p  w i t h  cold-work l e v e l  t h a t  was 
t r u e  fo r  t h e  un i  r r a d i a t e d  m a t e r i a l .  

ma t ion  f o l l o w e d  a 1 h s o l u t i o n  anneal a t  1050'C. I n  
F igs .  3.4.8 through 3.4.10 t h e  s t r e n g t h  and d u c t i l i t y  o f  t h e  
t y p e  316 s t a i n l e s s  s t e e l  c o l d  worked 20% a f t e r  t h e  1050°C so lu-  
t i o n  anneal a r e  compared w i t h  t h e  s t e e l  c o l d  worked 20% a f t e r  
t h e  1050°C anneal and a 10-h anneal a t  800°C. Both be fo re  and 
a f t e r  i r r a d i a t i o n ,  t h e r e  was very  l i t t l e  d i f f e r e n c e  i n  s t r e n g t h  
f o r  these two s t e e l s .  The un i form and t o t a l  e l o n g a t i o n  va lues 
of t h e  s t e e l  g i ven  t h e  1100'C anneal d i d  not  i nc rease  between 
290 and 450°C n e a r l y  as much as d i d  t h e  values f o r  t h e  o t h e r  
s t e e l .  Th i s  was t r u e  f o r  bo th  i r r a d i a t e d  and u n i r r a d i a t e d  

For t h e  t h r e e  cold-work l e v e l s  d iscussed above, defor-  

F ig .  3.4.8. The 0.2% y i e l d  s t r e s s  of u n i r r a -  
d i a t e d  and i r r a d i a t e d  20%-cold-worked t y p e  316 
s t a i n l e s s  s t e e l ;  c o l d  work fo l l owed  two d i f f e r e n t  heat 
t reatments .  I r r a d i a t i o n s  were a t  t h e  t e s t  tem- 
p e r a t u r e s  t o  a f luence produc ing approx imate ly  5 dpa 
and 40 a t .  ppm He. 

300 1 1 1 I I 1 
0 IW mo 3W 4W 5W 6W 

TEMPERATURE I'CI 
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O R N L D W G 8 3 9 2 1 0  s tee ls .  However, t h e  i r r a d i a t e d  values f o r  bo th  s t e e l s  
approached t h e  u n i r r a d i a t e d  s t e e l s  a t  450 and 500°C 
(F ig.  3.4.10). 

Because mast i r r a d i a t i o n  s t u d i e s  on 20%-cold 
worked t y p e  316 s t a i n l e s s  s t e e l  have been conducted i n  

i 
i 

i 

i 

1 
1 UNIRRAOIATED IRRAD!&TED I 

TEMPERATURE I’CI 

F ig .  3.4.9. The u l t i m a t e  t e n s i l e  s t r e n g t h  
o f  u n i r r a d i a t e d  and i r r a d i a t e d  20%-cold-worked 
t y p e  316 s t a i n l e s s  s t e e l ;  c o l d  work f o l l o w e d  two 
d i f f e r e n t  heat t reatments.  I r r a d i a t i o n  con- 
d i t i o n s  as fo r  Fig. 3.4.8. 

“RNLDWG 839212 

con. iunct ion w i t h  t h e  f a s t  breeder oroaram and have 
g e n e r a l l y  used LBR-11, few i r r a d i a t i o n s  have been 
below about 370°C ( l i m i t e d  by t h e  EBR-I1 r e a c t o r  
c o o l a n t  i n l e t  temoerature) .  F i s h  e t  al11.12 t p C t . 4  ~~.~~~ 
20%-cold-worked type  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  
EBR-I1 a t  temperatures between 371  and 816°C. They 
found an inc rease  i n  bo th  YS and UTS f o r  m a t e r i a l  i r r a -  
d i a t e d  and t e s t e d  below about 483°C and o n l y  a s l i g h t  
amount o f  hardening was observed a t  483°C. 
r e p o r t e d  s o f t e n i n g  f o r  i r r a d i a t i o n  and t e s t i n g  a t  538 
and h igher .  This  observa t ion  i s  s i m i l a r  t o  observa- 
t i o n s  i n  t h e  present  t e s t s  on 20%-cold-worked t y p e  
316 s t a i n l e s s  s t e e l ,  where s o f t e n i n g  was observed a t  
500°C bu t  not  a t  450°C. A s i m i l a r  observa t ion  was made 
f o r  t h e  s t e e l  w i t h  30% c o l d  work; however, t h e  s t e e l  
w i t h  50% c o l d  work so f tened  a t  450OC. 

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  HFIR and EBR-I1 
( r e f .  15) .  When t h e  YS data were p l o t t e d  aga ins t  
temperature,  Bloom found t h a t  t h e  data c o u l d  be 
separated accord ing t o  whether t h e  He:dpa r a t i o  was 
h i g h  (from HFIR i r r a d i a t i o n )  o r  low (from [ B E - I 1  
i r r a d i a t i o n ) .  The low He:doa i r r a d i a t i o n s  i n  EBR-I1 

They 

Bloom c o l l e c t e d  t e n s i l e  data f o r  Zfl%-cold-worked 

r e s u l t e d  i n ’ s t r o n g e r  m a t e r i a l s  than  those w i t h  a h igh  
r a t i o  after i r r a d i a t i o n  i n  HFIR.  

When t h e  r e s u l t s  from t h e  present  s tudy are com- 
pared w i t h  Bloom’s c o l l e c t e d  data, good agreement was 
observed w i t h  t h e  h igh  He:dpa data. Th is  was d e s p i t e  
t h e  f a c t  t h a t  t h e  HFIR r e s u l t s  c o l l e c t e d  by Bloom were 
f o r  m a t e r i a l  t h a t  con ta ined  severa l  thousand a t .  ppm 
He, compared w i t h  about 40 a t .  ppm f o r  t h e  present  
experiment. Furthermore, t h e  HFIR data were f o r  con- 
s i d e r a b l y  h i g h e r  damage l e v e l s  - up t o  50 dpa, compared 
w i t h  about 5 dpa f o r  t h e  present  experiments. 

0 , 
UNIRRADIATEO I R R A O I A T E O  F ig .  3.4.10. The u n i f o r m  and t o t a l  e longa t ions  of 

0 . I !  h 1050DC uni  r r a d i a t e d  and i r r a d i a t e d  20%-cold-worked type  316 s t a i n l e s s  
s t e e l ;  c o l d  work fo l l owed two d i f f e r e n t  heat t rea tments .  
I r r a d i a t i o n  c o n d i t i o n s  as f o r  F ig.  3.4.8. 

I20 % cw 
I h 10500c 

a ’ 10 h 800’C 
A I 2 O % C W  

1W 200 3W 4W 5W 6W 
T E M P E R A T U R E  l ’Cl  
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Because t he  s a t u r a t i o n  f luence  f o r  i r r a d i a t i o n  hardening o r  s o f t e n i n g  i s  expected t o  be much h i ghe r  
than  5 dpa, i t  i s  somewhat s u r p r i s i n g  t h a t  t h e  hardening ob ta ined  i n  t h i s  s tudy approaches values ob ta ined  
i n  s tud ies  where i r r a d i a t i o n  was t o  cons iderab ly  h i ghe r  doses. 
those  of F i sh  e t  al." ,"  i n  EBR-I1 ( low He:dpa). 
observed, t he  hardening inc reased  t o  about 4-5 x IOz6 neutrons/m2; a t  h i ghe r  f luences,  i t  remained cons tan t .  
A t  538 t o  816"C, where so f t en i ng  occurred,  s t r eng th  decreased t o  about 2 x l o z 6  neutrons/mz, a f t e r  which i t  
became constant .  

t h a t  of s t ee l s  i r r a d i a t e d  i n  HF IR ,  even though ours conta ined l e s s  he l ium and displacement damage. A 
poss i b l e  i n t e r p r e t a t i o n  of t h i s  observa t ion  i s  t h a t  t h e  presence of hel ium hastens i r rad ia t ion- damage 
s a t u r a t i o n  and a l s o  leads t o  a lower  s a t u r a t i o n  s t reng th .  

Exposure of t ype  316 s t a i n l e s s  s t e e l  a t  temperatures o f  450 and 500'C can g ive  r i s e  t o  a l o s s  o f  
s t r enq th  due t o  thermal aqinq e f f ec t s .  For 20%-cold-worked t voe  316 s t a i n l e s s  s t e e l .  thermal aaino f o r  

The on l y  d e t a i l e d  s a t u r a t i o n - s t u d i e s  were 
They found t h a t  from 371 t o  483"C, where hardening was 

As s t a t e d  above, t h e  s t r e n g t h  of our i r r a d i a t e d  s t e e l  f e l l  below t h e  EBR-I1 data bu t  was s i m i l a r  t o  

4000 6 (approximate t ime  of presen t  i r r a d i a t i o n )  a t  450 and < O O T  causes on l y  a s l i g h t  decrease-in-YS and 
UTS ( ref .  16). I n  genera l ,  t h e  h i gh  i n t e r s t i t i a l  and vacancy f l u x  du r i ng  i r r a d i a t i o n  i s  expected t o  acce l-  
e r a t e  t he  thermal ag ing  process. Because most o f  t he  i r r a d i a t e d  s t r e n g t h  p r o p e r t i e s  o f  t h e  present  s tudy 
f e l l  above t h e  values of t he  u n i r r a d i a t e d  s t reng ths ,  i r r a d i a t i o n  hardening predominated - a t  l e a s t  f o r  tem- 
pera tu res  up t o  450°C. 0n l y  a t  500°C were some of t he  s t r e n g t h  p r o p e r t i e s  below t h e  u n i r r a d i a t e d  values. 
I n  no case were t h e r e  l a r g e  d i f f e r e n c e s ,  i n d i c a t i n g  t h a t  t h e  l oss  of s t r eng th  i n  t h i s  case i s  due t o  t h e  
processes t h a t  occur du r i ng  thermal aging ( i .e.,  recovery of t h e  cold-worked d i s l o c a t i o n  s t r u c t u r e ) .  

3.4.5 Fu tu re  Work 

The specimens t h a t  were s o l u t i o n  annealed a t  1050 and 1150°C and those  t h a t  were s o l u t i o n  annealed a t  
1050°C and subsequently heat t r e a t e d  10 h a t  800°C are now being tes ted .  
presented l a t e r .  
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3.5 TENSILE PROPERTIES AND SWELLING OF ZO%-COLD-WORCED TYPE 316 STAINLESS STEEL IRRADIATED I N  HFIR - 
R .  L. Klueh and M. I. Grossbeck (Oak Ridge Na t iona l  l a b o r a t o r y )  

3.5.1 ADIP Tasks 

A D I P  Task 1.6.13, T e n s i l e  P r o p e r t i e s  o f  A u s t e n i t i c  A l l o y s ,  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  A l l oys .  

3.5.2 O b j e c t i v e  

The p r imary  goal of t h e  s e r i e s  of experiments HFIR-CTR-2G th rough  -29 i s  t o  expand t h e  mechanical 
p r o p e r t y ,  m i c r o s t r u c t u r e ,  and s w e l l i n g  data  base on i r r a d i a t e d  20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l .  
P rev ious  i r r a d i a t i o n  experiments HFIR-CIR-9 through -13 p rov ided  an i n i t i a l ,  l ower- f l uence  data base f o r  an 
unders tand ing  o f  t h e  behav io r  o f  t h e  m a t e r i a l .  E a r l i e r  experiments (HFIR-SS-2 through -8) had a l s o  p rov ided  
h i g h- f l u e n c e  data. Liowever, t h e  p rev ious  work was on specimens from an exper imenta l  heat o f  s t e e l .  I n  t h e  
p resen t  experi inent s e r i e s ,  t h e  magnetic fus ion  energy (MFE) r e f e r e n c e  heat  o f  t ype  316 s t a i n l e s s  s t e e l  (heat  
X15893) was used. S u f f i c i e n t  ove r lap  w i t h  p rev ious  i r r a d i a t i o n  c o n d i t i o n s  should enable a c o r r e l a t i o n  t o  be 
made between t h e  i r r a d i a t i o n  responses of t h e  two heats  of s t e e l .  

3.5.3 Summary 
~ 

immersion d e n s i t y  and e levated- temperature t e n s i l e  p r o p e r t i e s  were determined on 20%-cold-worked t y p e  
316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  t h e  HFIR t o  f luences o f  l . R  t o  3.7 x 1026 neutronslm2 00.1 MeV), which 
r e s u l t e d  i n  16 t o  32 dpa and 1250 t o  2000 at. ppm He. These data were combined w i t h  t h e  data  ob ta ined  i n  two 
p r e v i o u s  experiments, one t o  s i m i l a r  f l uences  and one t o  h i g h e r  f l uences  (up t o  6.3 x 1026 n e u t r o n s i d ) .  

3.5.4 Progress and S ta tus  

(hea t  X15893) o f  t ype  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  experiments HFIR-CTR-26 and HFIR-CTR-27 (refs.  1 and 
2 ) .  The f i r s t  was t o  a maximum f l uence  o f  3.9 x 1026 neutrons/mz 0 0 . 1  MeV), t h e  second t o  6.3 x IOz6 
neutrons/m2. These exposures r e s u l t e d  i n  maximum displacement-damage l e v e l s  o f  29 dpa and about 1900 at .  ppm 
tie i n  IIFIR-CIR-26 and 49 dpa and 3100 at.  ppm He i n  HFIR-CTR-27. I r r a d i a t i o n  temperatures ranged from 284 t o  
620°C. These experiments were from a s e r i e s  of f ou r  i r r a d i a t i o n  exper iments ,  HFIR-CTR-26 through -29. 
t h i s  r e p o r t ,  we present  t h e  r e s u l t s  f rom HFIR-CTR-28, which was i r r a d i a t e d  t o  c o n d i t i o n s  s i m i l a r  t o  those 
achieved i n  HFIR-CTR-26. The HFIR-CIR-29 experiment was planned t o  o b t a i n  data  s i m i l a r  t o  those ob ta ined  i n  
HFIR-CTR-27. U n f o r t u n a t e l y ,  t h a t  capsule  developed a l eak  d u r i n g  i r r a d i a t i o n .  Therefore, no data  w i l l  be 
o b t a i n e d  f rom t h a t  experiment.  

We p r e v i o u s l y  r e p o r t e d  on t e n s i l e  and i inmersion d e n s i t y  r e s u l t s  determined on t h e  MFE reference heat 

In 

3.5.4.1 Exper imenta l  Procedure 

D e t a i l s  on t h e  m a t e r i a l  and t e s t  procedure were g i ven  p r e v i o u s l y  when t h e  r e s u l t s  f rom HFIR-CTR-26 were 
discussed. '  

Experiment HFIR-CTR-28, l i k e  HFIR-CIR-PG and -27, was i r r a d i a t e d  i n  a IHFIR p e r i p h e r a l  t a r g e t  p o s i t i o n  
w i t h  a peak thermal neut ron f l u x  o f  2.5 x 1019 neutronsi(m2.s) and f a s t  f l u x  of 1.3 x 1019 neut rons l (m2.s)  
(>0 .1  MeV). I r r a d i a t i o n  temperatures were approx imate ly  370, 470, and 560°C. Fluences ranged from 1.8 t o  
3.1 x 1026 neutrons/m2 0 0 . 1  MeV). The displacement damage and he l i um p r o d u c t i o n  were c a l c u l a t e d  by t h e  pro-  
cedures desc r ibed  by Gabr ie l ,  Bishop, and Wiffen.3 The c a l c u l a t e d  d isp lacement  damage l e v e l s  ranged from 16 
t o  32 dpa, t h e  he l i um concen t ra t ions  from 1250 t o  2000 at .  ppm He. 

3.5.4.2 Resu l t s  and D iscuss ion  

The r e s u l t s  o f  t h e  immersion d e n s i t y  measurements showed measurable s w e l l i n g  (Table  3.5.1). I n  a l l  
cases t h e r e  was good agreement w i t h  t h e  s w e l l i n g  data  ob ta ined  i n  HFIR-CTR-PG, where f luences were S i m i l a r .  
I n  F ig .  3.5.1, t h e  s w e l l i n g  data  from a l l  t h r e e  experiments a r e  shown as a f u n c t i o n  of temperature. Curves 
have been sketched through t h e  two s e t s  of data. 
f l uence  experiments (!lFIR-ClR-26 and - 2 8 ) ,  where t h e  displacement damage ranged f rom 16 t o  32 dpa w i t h  he l i um 
c o n c e n t r a t i o n s  of 900 t o  2000 at .  ppm. The m idd le  cu rve  i s  f o r  t h e  high-dose experiment (HFIR-CTR-27), where 
t h e  displacement damage ranged f rom 37 t o  54 dpa and he l i um con ten t  f rom 2300 t o  3300 at.  ppm. A l s o  shown i n  
F ig .  3.5.1 i s  a cu rve  determined by Maziasz and Grossheck f o r  specimens i r r a d i a t e d  i n  HFIR ( re f .  4). The 
upper end o f  t h e  f l u e n c e  range f o r  those  i r r a d i a t i o n s  was s l i g h t l y  h i g h e r  ( 4 2 6 1  dpa, 300W200 a t .  ppm He) 
t h a n  f o r  those o f  t h e  present  s tudy (37-54 dpa, 23OtL-3300 at .  ppm He), a l though  t h e r e  i s  an ove r lap  of t h e  
data. The Maziasr and Grossbeck s w e l l i n g  va lues were c a l c u l a t e d  frorn cav i ty- volume f r a c t i o n  measurements 
determined from t r a n s m i s s i o n  e l e c t r o n  microscopy s tud ies .  
were f o r  a d i f f e r e n t  heat o f  s t e e l  ( t h e  DO heat).  

From t h e  present  observa t ions ,  i t  i s  obvious t h a t  as t h e  f l u e n c e  was increased t h e  immersion d e n s i t y  
va lues  began t o  approach t h e  c a v i t y  volume f r a c t i o n  values. 
p resen t  r e s u l t s  g i v e  an i n d i c a t i o n  o f  t h e  l o c a l  minimum observed i n  t h e  c a v i t y  volume f r a c t i o n  
measure rnen t~ .~ ,5  Furthermore, a l o c a l  maximum s i m i l a r  t o  t h e  one observed i n  t h e  present  s tudy was a l s o  pre-  
v i o u s l y  observed.+.5 

The lower  cu rve  i s  f o r  t h e  da ta  ob ta ined  from t h e  two low- 

F i n a l l y ,  t h e  Maziasz and Grossbeck s w e l l i n g  va lues 

The cu rve  shapes a r e  a l s o  s i m i l a r .  The 
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Table 3.5.1. S w e l l i n g  behav io r  and t e n s i l e  p r o p e r t i e s  o f  HF IR- i r rad ia ted  
20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l ,  heat X15893 

\ / 
\ 

2 -  

i - 
1 -  

A 

2-0 
2 1 '  

I 1 - 0 1  I - 

T e m p e r a t u r e  ("C)  F I W ~ C ~ ~  D i s p l a c e m e n t  ~ e i i u m  S t r e n g t h  (MPa)  E l o n g a t i o n e  % 
>0.1 MeV damage C o n t e n t C  

T e s t  I r r a d i a t i o n a  (neutronrlm2) (dpa) ( a t .  ppm) Y i e l d d  U l t i m a t e  U n i f o r m  Total ( % )  

350 370 7.6 x 10z6 21 1270 792 901 5.3 8.8 0.05 
3 50 370 3.4 29 1730 723 866 8.3 10.4 0.3 
350 370 3.7 31 1910 743 876 6.9 8.1 0.2 
450 370 3.7 32 1980 750 854 4.1 6.8 0.2 

4 50 470 1.8 
450 470 3.4 
5 50 470 1.8 

575 560 3.1 
675 560 3.7 

16 880 583 713 6.9 8.9 0.04 
29 1730 446 615 7.1 8.2 0.4 
16 880 578 683 3.8 4.6 0.2 

26 1530 343 539 8.7 9.9 0.3 
32 1980 317 355 1.0 1.1 0.R 

' J I r r a d i a t i o n  t e m p e r a t u r e s  a r e  c a l c u l a t e d ,  t50"C. 

b c a l c u l a t e d  f r o m  d o s i m e t r y  o f  p rev ious  experitnents 

cCa 1 c u  1 d t e d  f rain e m p i r i c a l  r e 1  a t  i oris h i  p. 

d0.2% o f f s e t .  

'Based On an 18.3-mm gage l e n g t h .  

f I m m e r s i o n  d e n s i t y  va lues .  

T e n s i l e  t e s t  r e s u l t s  a l s o  a r e  t a b u l a t e d  
i n  Table  3.5.1. I n  Fig.  3.5.2 t h e  0.2%-offset 
y i e l d  s t r e s s  i s  p l o t t e d  a g a i n s t  f l u e n c e  (and 
d isp lacement  damage) f o r  t h e  t e s t  temperatures 
o f  350, 450, and 575°C ( f o r  specimens i r r a -  
d i a t e d  a t  370, 470, and 560"C, r e s p e c t i v e l y ) .  
Data a r e  presented f rom t h e  present  experiment 
a s  w e l l  as from t h e  p rev ious  two i r r a d i a t i o n  
capsules.1,2 
d a t a  obta ined,  s imple s t r a i g h t  l i n e s  o r  
sinoothed curves were drawn through t h e  p o i n t s  
t o  show t h e  t rends.  

A t  350°C t h e  y i e l d  s t r e s s  increases w i t h  
i n c r e a s i n g  f luence t o  a near- constant  value. 
A t  bo th  450 and 5 7 5 Y  t h e  y i e l d  s t r e s s  
decreases w i t h  i n c r e a s i n g  f luence;  e v e n t u a l l y ,  
i t  appears t o  approach a constant  value. 
A l though n o t  shown, t h e  u l t i m a t e  t e n s i l e  
s t r e n g t h  data  show t r e n d s  s i m i l a r  t o  t h e  y i e l d  
s t r e s s .  

e l o n g a t i o n ,  shows r e l a t i v e l y  l i t t l e  change 
w i t h  i n c r e a s i n g  f l u e n c e  (Fig.  3.5.3). The 
chanse i n  u n i f o r m  e l o n s a t i o n  va lues w i t h  

Because o f  t h e  r e l a t i v e l y  few 

The d u c t i l i t y ,  as expressed by t h e  t o t a l  

f l u e i c e  g e n e r a l l y  f o l l o w s  t h e  t r e n d  f o r  t o t a l  
e l o n g a t i o n  (Table  3.5.1). 

F i q u r e s  3.5.4 and 3.5.5 c o m a r e  ou r  350 
and 575% r e s u l t s  w i t h  those o f  Grossbeck and 
Maziasz6 and Bloom and Wiffen.' Both  those 
s t u d i e s  were made 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  (a l though  processed a t  d i f -  
f e r e n t  t imes) ,  which was d i f f e r e n t  from t h e  
re fe rence  heat  used i n  t h e  present  study. 

The e f fec ts  o f  i r r a d i a t i o n  on t h e  y i e l d  
s t r e s s e s  show s i m i l a r  t r e n d s  f o r  a l l  t h r e e  
experiments. The agreement between t h e  y i e l d  
s t r e s s  as a f u n c t i o n  of f luence f o r  t h e  t h r e e  

ORNL DWG 819211 

'k! 31 ~ 54 dpa. 2303 - 33W at ppm He 

0 HFlR-IMMERSION DENSITY. HEAT X-15893. 

A HFlR- IMMERSION DENSITY, HEAT X-15893 
16-32dpa.900-2000at ppm He 

HFIR-CAVITY VOLUME FRACTION, DO HEAT, 
42-61 dpa. 3WO-42W ai  ppm He IMALIASL & GROSSBECKI 

/ - 
E 4  

IRRADIATION TEMPERATURE l'C1 

F ig .  3.5.1. S w e l l i n g  as a f u n c t i o n  o f  i r r a d i a t i o n  
temperatures f o r  20%-cold-worked t y p e  316 s t a i n l e s s  
s t e e l .  
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Fig.  3.5.2. The O.E%-offset y i e l d  s t r e n g t h  as a f u n c t i o n  o f  f l u e n c e  and displacement damage fo r  i r r a -  
d i a t e d  ZO%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  f o r  t e s t  temperatures of 350, 45n, and 575'C. Ca lcu ia ted  
H F I R  i r r a d i a t i o n  temperatures were near t e s t  temperatures. S tee ls  are  f u r t h e r  i d e n t i f i e d  i n  t e x t .  

0 3 <  08 . >  1 6  ,o , A  I R  ,, I 6  4 0  a d  a 9  5 ,  / /  I O  :i 

, ~ ,,, L<. 0 I 11!) I D _ L  .,l.l,lly,l ,1 

F ig .  3.5.3. To ta l  e l o n g a t i o n  as a f u n c t i o n  o f  f l uence  and displaceinent damage f o r  zn%-co?d-worked 
t y p e  31h s t a i n i e s s  s t e e l  f o r  t e s t  temperat: i res o f  350, 450, and 575°C. I r r a d i a t i o n  temperatures were near 
t h e  t e s t  temperatures. 
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ORNL-DWG 81-428BR 
DISPLACEMENT DAMAGE Idpal 
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I I I I I I I 1 
TEST: 350'C 

F ig .  3.5.4. Comparison o f  
y i e l d  s t r e n g t h  as a f u n c t i o n  o f  
f l u e n c e  00.1 MeV) f o r  i r r a d i a t e d  
ZO%-cold-worked t y p e  316 s t a i n l e s s  
s t e e l  a t  350 and 575°C for t h r e e  
experiments. The two curves w i th-  
o u t  data  p o i n t s  were taken  f rom 
F iq .  3.5.2, and t h e  t h i r d  cu rve  
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Fig .  3.5.5. Comparison of t o t a l  e l o n g a t i o n  a s  
a f u n c t i o n  o f  f l u e n c e  ( > O . l  MeV) f o r  i r r a d i a t e d  
ZO%-cold-worked t ype  316 s t a i n l e s s  s t e e l  a t  350 and 
575°C f o r  t h r e e  experiments. 
da ta  p o i n t s  were taken  f rom F ig .  3.5.3, and t h e  t h i r d  

and F. W. W i f f e n  ( r e f .  7 ) .  
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s t u d i e s  i s  q u i t e  good. t h e  values determined by B loon  and Wi f fen 
f a l l  s u b s t a n t i a l l y  below those determined i n  t h e  present  study and by Grossbeck and Maziasz ~ e s p e c i a l l y  a t  
575"C, where Bloom and W i f f e n  r e p o r t e d  a t o t a l  e l o n g a t i o n  o f  0.5%. No such r a p i d  decrease i n  d u c t i l i t y  was 
i n d i c a t e d  i n  t h e  o t h e r  two s tud ies .  
from d i f fe rences  i n  t h e  f a b r i c a t i o n  procedures \used when t h e  specimen m a t e r i a l  was c o l d  worked. Such a 
p o s s i b i l i t y  agrees w i t h  t h e  observa t ion  t h a t  t h e  as- rece ived  specimens used by Bloom and Miffen' were 
s t r o n g e r  and l e s s  d u c t i l e  t h a n  those used i n  t h e  present  work and i n  t h e  work of Grossbeck and Ilazidsz.6 

f o r  p rev ious  OneS.6.7 
v ious  t e s t s .  
t e m ~ e r a t u r e s . ~ , 6  
and r e p o r t e d  here. 

t h e  c a l c u l a t e d  temperatures of 370, 470, and 560°C were t e s t e d  a t  450, 550, and 675°C. r e s p e c t i v e l y  ( i n s t e a d  
of t h e  350, 450, and 575°C temperatures used f o r  t h e  m a j o r i t y  of t he  specimens). The r e s i i l t s  of these t e s t s  
a r e  g i ven  i n  Table  3.5.1. For  t h e  370°C- i r rad ia ted  specimens t e s t e d  a t  450°C and t h e  470°C specimens t e s t e d  
a t  550"C, t h e r e  was e s s e n t i a l l y  no d i f f e rence  i n  p r o p e r t i e s  f rom s i m i l a r l y  i r r a d i a t e d  specimens t e s t e d  a t  350 
and 45fl"C, r e s p e c t i v e l y .  The o n l y  major  d i f f e rence  occurred f o r  t h e  specimen i r r a d i a t e d  a t  a c a l c u l a t e d  tem- 
p e r a t u r e  of 560°C and t e s t e d  a t  675'C i n s t e a d  of 575°C. 
s t r e s s  and a cons ide rab ly  g r e a t e r  decrease i n  u l t i m a t e  t e n s i l e  s t reng th .  Desp i te  t h e  modest decrease i n  
s t r e n g t h  p r o p e r t i e s ,  however, t h e r e  was a l a r g e  decrease i n  d u c t i l i t y .  The t o t a l  e l o n g a t i o n  decreased from 
9.9% t o  1.1%; a s i m i l a r  l a r g e  decrease i n  un i fo rm e l o n g a t i o n  was noted. 

These r e s u l t s  i n d i c a t e  t h a t  even if t h e  c a l c u l a t e d  i r r a d i a t i o n  temperatures are  50 t o  75°C below ac tua l  
t e m p e r a t u r e ~ , ~ , 6  t h e r e  i s  l i t t l e  d i f f e rence  i n  t e n s i l e  p r o p e r t i e s  f o r  specimens i r r a d i a t e d  a t  temperatures 
up t o  about 5OO0C and t e s t e d  a t  t h e  c o r r e c t e d  temperatures. However, i f  t h e  c a l c u l a t e d  temperature of 575°C 
i s  lower  t h a n  t h e  i r r a d i a t i o n  temperature by 50 t o  75"C, a s i g n i f i c a n t  d i f f e r e n c e  i n  t e n s i l e  p r o p e r t i e s  w i l l  
occu r  when t h e  specimens a r e  t e s t e d  a t  t h e  h i g h e r  temperature. 
i n  u l t i m a t e  t e n s i l e  s t r e n g t h  shows o n l y  t h e  normal temperature dependence o f  s t r e n g t h  p r o p e r t i e s .  However, 
t h e  l a r g e  decrease i n  d u c t i l i t y  i s  due t o  e levated- temuerature he l i um emhr i t t l emen t  t h a t  occurs  i n  t v o e  316 

The major d i f f e rence  i n v o l v e s  d u c t i l i t y :  

Grossheck and Maziasz concluded t h a t  t h i s  d i f f e rence  may have a r i s e n  

The i r r a d i a t i o n  temperatures g i ven  i n  Table  3.5.1 are  those t h a t  were c a l c u l a t e d  f o r  t h i s  exi 'er iwent and 
Test  temperatures are  those  chosen p r e v i o u s l y , 6 ~ 7  so r e s u l t s  can be compared w i t h  p re-  

There has been some d iscuss ion  concern ing t h e  accuracy of these c a l c u l a t e d  i r r a d i a t i o n  
I n d i c a t i o n s  a r e  t h a t  t h e  ac tua l  temperatures a r e  50 t o  75°C h i g h e r  than  those c a l c u l a t e d  

To determine t h e  e f fec t  o f  such a temperature d i f f e r e n c e  on t h e  t e n s i l e  r e s u l t s ,  specimens i r r a d i a t e d  a t  

I n  t h i s  case t h e r e  was a s l i g h t  decrease i n  y i e l d  

At t h e  h i g h e r  temperatures the  l a r g e  decrease 

s t a i n l e s s  s tee l .  
700°C and i s  n e a r l y  independent o f  t h e  i r r a d i a t i o n  temperature. 

Th is  l a t t e r  e f f e c t  occurs  f o r  h e l i u m l c o n t a i n i n g  t y p e  316 s t a i n l e s s  s t e e l  t e s t e d  at.k50 t o  
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3.6 FRACTURE STRAIN  OF LO%-COLD-WORKED TYPE 316 STAINLESS STEEL UNDER I R R A D I A T I O N  I N  ERR-I1 - 
M. L. Grossbeck and E. E. Bloom (Oak Ridge Nat iona l  Labora to ry )  

3.6.1 ADIP Task 

A D I P  Tasks I.B.9, St ress-Rupture P rope r t i e s  o f  A u s t e n i t i c  A l l oys ,  and I.C.6, I r r a d i a t i o n  Creep i n  
A u s t e n i t i c  A1 loys .  

3.6.2 Ob jec t i ve  

under neutron i r r a d i a t i o n .  F rac tu re  mechanisms and c o n d i t i o n s  under which i r r a d i a t i o n  creep r e l i e v e s  
s t r esses  and increases p l a s t i c  f l o w  are  t o  be evaluated. 
s w e l l i n g  s t resses  i n  a fus ion  r e a c t o r  f i r s t  w a l l  can be r e l i e v e d  by i r r a d i a t i o n  creep. 

T h i s  s tudy eva lua tes  t h e  f r a c t u r e  s t r a i n  o f  Pfl%-cold-worked t ype  316 s t a i n l e s s  s tee l  (20% CW 316 S S )  

S t r a i n  l i m i t s  determined w i l l  e s t a b l i s h  whether 

3.6.3 Sumnary 

S w e l l i n g - d r i v e n  f r a c t u r e  s t r a i n  specimens o f  ZO%-cold-worked 316 s t a i n l e s s  s tee l  were i r r a d i a t e d  t o  a 
f l uence  of 5 x 1026 neutronslm2 (>0.1 MeV] i n  EBR-I1 a t  430, 550, and 625°C. F rac tu re  s t r a i n  was not a 
f u n c t i o n  of f luence o r  s t r a i n  r a t e  bu t  on ly  of temperature. F rac tu re  s t r a i n  was found t o  be 6% a t  550°C and 
1% a t  625°C. A l l  f r a c t u r e s  were i n t e r g r a n u l a r ,  bu t  a notched specimen i r r a d i a t e d  a t  550°C showed some e v i -  
dence o f  d u c t i l i t y .  

3.6.4 Progress and S ta tus  

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

H igher  s t r a i n s  a re  achieved i n  m a t e r i a l s  s t ressed  under i r r a d i a t i o n  than  under comparable cond i t i ons  
ou t- o f- reac to r . '  I r r a d i a t i o n  creep r e s u l t s  i n  l a r g e  s t r a i n s  a t  temperatures we l l  below t he  thermal  creep 
regime. It i s  weakly temperature dependent and o f t e n  l i n e a r l y  s t r ess  dependent. Th is  l i n e a r  s t r ess  depen- 
dence r e s u l t s  i n  s u p e r p l a s t i c  o r  v i s c o e l a s t i c  behavior.2 
s t r a i n  r a t e  h by 

Express ing t r u e  s t r ess  a as a f unc t i on  of t r u e  

.m o = k E  

de f i nes  t he  s t r a i n - r a t e  s e n s i t i v i t y  m: 

a I n  0 

a I n  L 
m = p .  

The h i g h  values o f  m assoc ia ted  w i t h  i r r a d i a t i o n  creep l e d  N icho ls  t o  suggest supe rp l as t i c  behav io r  i n  
i r r a d i a t i o n  creep. 3 

Bloom and Wol fe r  descr ibed  an experiment t o  determine f r a c t u r e  s t r a i n s  i n  types 304 and 316 s t a i n l e s s  
s t e e l s  t o  i n v e s t i g a t e  t h i s  behavior.4 They used swe l l i ng- induced  f o r c e  t o  apply  a u n i a x i a l  t e n s i l e  s t r ess  
t o  specimens. Al though they  d i d  no t  present  evidence o f  s u p e r p l a s t i c  f low, they  observed t h a t  severa l  
specimens t h a t  were p red i c t ed  t o  f a i l  i n - r e a c t o r  accord ing  t o  p o s t i r r a d i a t i o n  creep t e s t s  d i d  no t  f a i l .  
They concluded, t he re fo re ,  t h a t  i n - r e a c t o r  f r a c t u r e  s t r a i n s  are l a r g e r  than  f r a c t u r e  s t r a i n s  r e s u l t i n g  f r o m  
t e s t s  ou t - o f - reac to r .  S t r a i n  i n  a f r a c t u r e d  specimen was es t imated  t o  be (3.8% a t  550"C, and t he  specimen 
f a i l e d  i n t e r g r a n u l a r l y .  They concluded t h a t  s u p e r p l a s t i c  f l o w  was i n t e r r u p t e d  by t he  onset o f  i n t e r g r a n u l a r  
f r a c t u r e .  

and t o  f u r t h e r  s tudy t he  mechanisms of i n - r e a c t o r  f r a c t u r e  under c o n d i t i o n s  o f  low s t r a i n  ra tes .  

3.6.4.2 Experiment D e s c r i p t i o n  

The m a t e r i a l  chosen f o r  t he  i n v e s t i g a t i o n  was 20%-cold-worked t ype  316 s t a i n l e s s  s tee l  o f  t h e  com- 
p o s i t i o n  g iven  i n  Table 3.6.1. The m a t e r i a l  was swaged f rom r o d  w i t h  i n t e rmed ia te  annea l ing  ending w i t h  an 
anneal f o r  15 min a t  1150°C f o l l owed  by swaging t o  a 20% r e d u c t i o n  i n  area. 

The specimens were machined i n t o  a 
c o n f i g u r a t i o n  s i m i l a r  t o  a b o l t  (Fig. 3.6.1) and p laced  i n s i d e  tubes of h i g h - s w e l l i n g  m a t e r i a l .  The h igh-  
s w e l l i n g  ma te r i a l  was a h i g h - p u r i t y  l a b o r a t o r y  heat  o f  t ype  316 s t a i n l e s s  s tee l  o f  composi t ion a l s o  pre-  
sented i n  Table 3.6.1. Th is  was  t he  same m a t e r i a l  used by Bloom and Wolfer. It had a s w e l l i n g  t h resho ld  of 
about 0.5 x 1 0 2 6  neutrons/m2 00.1 MeV) and a s w e l l i n g  r a t e  5%/(1026 neutrons/mZ) a t  550°C ( r e f .  5) .  The 
specimen was designed w i t h  t he  area o f  t h e  d r i v e r  tube 8 t imes t he  gage area o f  t he  specimen. Th is  would 
pe rm i t  minimal de fo rmat ion  i n  t he  d r i v e r  bu t  would s t i l l  f u l f i l l  t h e  c o n s t r a i n t s  o f  i r r a d i a t i o n  space. 

The present  experiment was designed t o  make more p rec i se  measurements o f  i n - r e a c t o r  f r a c t u r e  s t r a i n s  

The specimens were loaded by t h e  method o f  d i f f e r e n t i a l  swe l l i ng .  
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Content (w t  %) 

Specimen D r i v e r  

C r  17.3 17.0 
co  0.011 0.03 
Ili 13.1 16.7 
14 n 1.51 n.03 

S i  0.54 0.10 
C 0.056 0.001 

Mo 2.26 2.5 

ORNL-DWG 76-2154 
Content (wt 4 . )  

Specimen D r i v e r  

SODIUM CHANNEL-, A1 (0.005 0.02 
Nb (0.01 0.02 
V 0.01 <0.001 
c u  <O.OI 0.02 

Fe ba l  ba l  
N 0.002 0.004 

Table 3.6.2. Resu l t s  o f  s w e l l i n g  and s t r a i n  measurements 

S t r a i n  r a t e  Actual Swel I i ng F l u e n c e Y  
Speci- I r r a d .  Speci-  Gage [a /  (1026 average (densi ty  decrease) S t r a i n  (%) ( l a z6  neu t~ons /+ )  

Specimen Fracture  A t  s t ress  Estimated 
men temp. men l e n g t h  n e u t r o n r l d ) ]  s t r a i n  ($)  

("C) type ( m n )  r a t e  
Des ign  Actual ( l n - l o l s )  Driver specimen i n i t i a t i o n  a t  f r a c t u r e  

1 430 1 11.9 2 0.49 5. 19 5.65 0.013 2.43 
2 1 11.7 2 0.59 7.05 6.56 4 . 0 9 5  2.96 
3 2 11.7 0.2 0.070 0.83 0.016 0.35 
4 3 12.1 2 d e l a y  1.1 13.1 7.48 0.16 1.87 3 .3  
5 4 6.58 4 delay 1.9 22.5 6.01 0.077 1.70 4 .1  

21 5 11.6 2 d e l a y ,  1.3 15.0 5.97 n.ws 1.64 3.7 
notch 

6 550 1 31.5 2 1.7b 19.46 22.4 1.08 4.5 3 
7 1 30.7 2 1.5 17.1 21.9 1.3 7 . 1 7  

10 2 30.7 0.2 0.13 1.1 0.58 0.47 
12 3 33.8 2 d e l a y  1 . 3  15.8 22.3 0.72 2.93 2.8 
14 4 15.6 4 delay 3.5b 41.6h 25.4 1.15 5.1 2.6 4 
22  5 31.0 2 d e l a y ,  2.0h 23.36 25.0 0.89 0.44 2.2 2.2 

16 
17 
1R ~~ 

19 
20 
24  

625 1 
1 
2 
3 
4 
5 

27.2 
30.2 
30.5 
27.7 
13.7 
27.4 

notch 
2 

0.2 
2 delay 
4 delay  
2 d e l a y ,  
notch 

0.640 
n.616 
0.058 
1.05 

7.646 

0.69 
7.246 

12.6 
22.6* 
10 . i b  

9.4 
9.3 

11.8 
10.1 
10.2 

0.48 
4 . 0 2 4  

0.21 
0.20 
n.18 

0.29 
1.37 

1.1 

1 . 3  
o. on 

3 . 7  
4.3 
4.3 

1.7-5 

5 
(1 

OTotdl exposure was 30.496 Wdd, r e s u l t i n g  i n  a f luence o f  5 x 1026 n e u t r o n s l d  (>0 .1  MeV). 

bCalculated f r o m  change i n  length  o f  driver. 
Warnaged ~n disassembly. 

Other S t r a i n  values  c a l c u l a t e d  f m n  f i n a l  length. 



The specimens were i r r a d i a t e d  i n  sodium i n  
t h e  Experimental Breeder Reac to r- I1  (EBR-I1 t o  a 

(24 dpa). The specimens were enclosed i n  sodium- 
f i l l e d  capsules c o n t a i n i n g  z i rcon ium ge t te rs .  
The capsule t h a t  operated a t  625T was hea t  p i pe  
c o n t r o l l e d ,  those  a t  550°C gas gap c o n t r o l l e d ,  
and those  a t  43OOC were i n  thermal  con tac t  wi th  
r e a c t o r  coo lan t ,  bu t  sealed. A l l  capsules con- 
t a i n e d  thermal  expansion temperature moni tors ,  
a l though t h e  mon i to r  i n  t h e  625°C capsule f a i l ed .  

F o l l o w i n g  i r r a d i a t i o n ,  t h e  l eng ths  o f  t h e  
specimens and t h e  d r i v e r  tubes were measured. The 
e l o n g a t i o n s  o f  t h e  f r ac tu red  specimens were de te r -  
mined by measuring from matching i d e n t i f i a b l e  
fea tu res  on t h e  f r a c t u r e  sur faces t o  f i d u c i a l  
marks on t h e  shoulders. 
microscope (SEM) f r a c t o g r a p h y  was then  performed 
on t h e  f r a c t u r e d  specimens. Fo l l ow ing  t h i s  
d e s t r u c t i v e  exami'nation, immersion d e n s i t i e s  o f  
d r i v e r  tubes and specimens were determined. 

f l u e n c e  of 5.0 x 10Z6 neutronslmz 0 0 . 1  MeV 1 

Scanning e l e c t r o n  

67 

ORNL-DWG 83-10963 

+ t t n O X  
FLUENCE 

Fig. 3.6.2. S t r a i n  versus f l uence  t o  i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  types o f  specimens employed. 

3.6.4.3 Resu l ts  and D iscuss ion  

The r e s u l t s  a re  summarized i n  Table 3.6.2. Al though t h e  gage l eng ths  were ad j us ted  t o  achieve 

As can be seen f rom comparing design s t r a i n  r a t e s  w i t h  ac tua l  
cons tan t  s t r a i n  r a t e s  a t  a l l  temperatures, d e v i a t i o n s  f rom des ign  temperature and u n c e r t a i n t i e s  i n  s w e l l i n g  
r a t e s  r e s u l t e d  i n  d i f f e r e n t  s t r a i n  rates.  
s t r a i n  r a t e s ,  t h e  design values were approx imate ly  achieved a t  550°C. Comparison o f  immersion d e n s i t y  of 
d r i v e r  tubes w i t h  d r i v e r  t ube  l eng ths  i n d i c a t e s  t h a t  d e s p i t e  t h e  8:l r a t i o  of d r i v e r  c ross- sec t i ona l  area t o  
specimen c ross  sec t ion ,  s i g n i f i c a n t  i r r a d i a t i o n  creep occur red  i n  t h e  tubes. Never theless,  t h e  s t r e s s  i n  
t h e  specimens r e s u l t e d  i n  i r r a d i a t i o n  creep i n  t h e  specimens and i n  some cases f r ac tu re .  
s w e l l i n g  was observed i n  t h e  specimens on l y  a t  550°C, where i t  was sub t r ac ted  f rom d r i v e r  s w e l l i n g  i n  t he  
s t r a i n  ca l cu l a t i ons .  
apparent  a t  55OOC. T h i s  i s  apparent f rom t h e  specimen s w e l l i n g  data, where t h e  l o w- s t r a i n - r a t e  ( l ow- s t ress )  
specimens, t y p e  2, had on l y  h a l f  t h e  s w e l l i n g  of t ype  1, and t h e  delayed- stress specimens a l s o  e x h i b i t e d  
l owe r  s w e l l i n g  than  t y p e  1 specimens. A s i m i l a r  e f f e c t  was observed by Bates and G i l b e r t  i n  p ressu r i zed  
tubes.6 

A t  550'C t h e  specimen wi th a s t r a i n  r a t e  of 2.0 x 
10-9/s ( t ype  1 )  and t h e  specimen w i t h  t w i c e  t h i s  s t r a i n  r a t e  bu t  w i t h  s t r e s s  delayed u n t i l  a f l uence  of 
2.6 x l oz6  neutronslm2 ( t y p e  4)  bo th  f r a c t u r e d  w i t h  about 5% s t r a i n .  Since t h e  d r i v e r  con t inued  t o  swe l l  t o  
an e f f e c t i v e  specimen s t r a i n  o f  about 8.5'6, t h e  f r a c t u r e  probably  occur red  a t  approx imate ly  50% of t h e  i r r a -  
d i a t i o n  o r  a t  a f l uence  o f  3 x 1026 neutronsfm2 f o r  t h e  t y p e  1 specimen and 4 x 1026 neutronsfin2 f o r  t h e  
t y p e  4 specimen. 
Therefore, t h e  average f r a c t u r e  s t r a i n  i s  g rea te r  than  6%. 
l e a d  one t o  conclude t h a t  specimen 6 f r ac tu red  near t h e  end o f  t h e  i r r a d i a t i o n .  
sponding specimens f r a c t u r e d  w i t h  s l i g h t l y  g r e a t e r  than  I% e longa t ion ,  cons i s t en t  w i t h  r e s u l t s  of F i sh7  a t  
650'C. S w e l l i n g  measurements seem t o  i n d i c a t e  t h a t  t he  t ype  1 specimen might  have f r ac tu red  ( a t  1.7 x 
1026 neutrons/m2) be fo re  t h e  t y p e  4 specimen i n i t i a t e d  s t r a i n ,  but bo th  f r a c t u r e d  a t  approx imate ly  t h e  same 
s t r a i n  l e v e l  desp i t e  d i f f e r e n t  f luences a t  t h e  t i m e  of f rac tu re .  The specimens t h a t  were notched f a i l e d  a t  
much lower  s t r a i n s ,  0.74% f o r  550°C and 0.00% f o r  6 2 5 O C ,  bu t  t h e  notched specimen a t  43OoC sus ta ined  1.6% 
s t r a i n  w i t h o u t  f a i l u r e .  It 
i s  perhaps encouraging t h a t  a s t r a i n  of almost 1% was achieved a t  550°C desp i t e  such adverse cond i t ions .  

A l l  f r a c t u r e s  were i n t e r g r a n u l a r ,  as expected f o r  such a low s t r a i n  r a t e  a t  e leva ted  temperatures f rom 
p o s t i r r a d i a t i o n  data.8 A l a r g e r  g r a i n  s i z e  i s  ev i den t  a t  625°C than  a t  550"C, ASTM 4.5 and 6, r espec t i ve l y .  
The r e c r y s t a l l i z a t i o n  temperature had been p r e v i o u s l y  observed t o  f a l l  between 550 and 625°C f o r  t h i s  heat 
o f  s teel .9  D e t a i l s  o f  t he  f r a c t u r e  sur faces may be seen i n  Fig. 3.6.3. Here t h e  g r a i n  boundary sur faces  
appear t o  become more complex as t h e  es t imated  f luence be fo re  f r a c t u r e  increases.  
d a r i e s  o f  a l l  these  specimens had p r e c i p i t a t e s .  
which c o n t a i n  p r e c i p i t a t e s .  
morphology on t h e  l a t e r a l  su r faces  of t h e  specimens. 
t h e  g r a i n  boundaries. A t  550°C t h e  inc rease  i n  complex i t y  as t h e  es t imated  f l uence  before f r a c t u r e  
inc reased  i s  m r e  dramatic. 
a p p l i e d  a t  a c a l c u l a t e d  f luence of 2.2 x 1026 neutronslm2, t h e  g r a i n  boundar ies a re  c l ean  and smooth. 
Evidence o f  s l i p  bands w i t h  c ross  s l i p  appears on specimen 6. 
have f r a c t u r e d  near t h e  end of t h e  i r r a d i a t i o n ,  shows prominent fea tu res  a l i g n e d  w i t h  c r y s t a l l o g r a p h i c  
planes. 
t i o n  a t  these  temperatures,  t h e  sheet fea tu res  may be cont inuous p r e c i p i t a t e s .  

S i g n i f i c a n t  

Al though data a re  very  l i m i t e d ,  an a c c e l e r a t i n g  e f f e c t  o f  s t r ess  on s w e l l i n g  i s  

Seven specimens f r a c t u r e d  i n- reac to r ,  none a t  430°C. 

However, specimen 7, a twin t o  specimen 6, f a i l e d  t o  f r a c t u r e  even a t  a s t r a i n  o f  7.6%. 
The l ack  o f  f r a c t u r e  i n  specimen 7 a l s o  might  

A t  625°C t h e  two co r re-  

Th is  r e s u l t  i s  expected because of t h e  s t r e s s  concen t ra t i on  a t  t h e  notch roo t .  

A t  625'C t h e  g r a i n  boun- 
Specimen 20 shows a s t r u c t u r e  o f  microdimples,  many o f  

Although c o r r o s i o n  cannot be d iscounted,  t h e r e  i s  no ev idence of such a surface 
The s t r u c t u r e  p robab ly  r e s u l t e d  from creep c a v i t i e s  on 

In  specimen 22, which was notched and p robab ly  f r a c t u r e d  soon a f t e r  s t r e s s  was 

However, specimen 14, which i s  es t imated  t o  

Since t h e  g r a i n  boundaries and even s l i p  bands a re  o f t e n  h e a v i l y  decorated w i t h  ca rb i de  p r e c i p i t a -  
However, s i nce  they  appear 



t o  be d u c t i l e ,  t hey  cou ld  be a r e s u l t  of i r r a -  
d i a t i o n  creep, i n  c o n t r a s t  with t h e  notched 
specimen, which was l i k e l y  t o  have f r ac tu red  
r a p i d l y .  Fo l l ow ing  n u c l e a t i o n  of a crack on t h e  
g r a i n  boundaries, a very h i gh  s t r e s s  con- 
c e n t r a t i o n  a r i s e s  a t  t h e  crack t i p .  A t  s t r a i n  
r a t e s  on t h e  o rde r  of l O - g / s  t h e  crack perhaps 
grows s u f f i c i e n t l y  s l ow l y  t o  a l l o w  p l a s t i c  f l ow 
a long  t h e  s l i p  bands a t  t h e  crack t i p  by i r r a -  
d i a t i o n  creep. Th i s  p l a s t i c  f l ow ,  which migh t  
be n e a r l y  s u p e r p l a s t i c  on a mic roscop ic  l e v e l ,  
cou l d  r e s u l t  i n  t h e  sheets o f  m a t e r i a l  a long  
s l i p  bands. 

F i gu re  3.6.4 shows a comp i l a t i on  of creep 
r a t e  curves f o r  t h e  t h r e e  temperatures of 
i n t e r e s t :  430, 550, and 625°C. The curves were 
p l o t t e d  from an equat ion  f o r  i r r a d i a t i o n  creep 
f o r  a s i m i l a r  hea t  o f  t ype  316 s t a i n l e s s  s t e e l  
g i v e n  by Puigh.10 Also drawn on t h e  same axes 
i s  t h e  specimen s t r a i n  r a t e  imposed by t h e  
s w e l l i n g  o f  t he  d r i ve r .  
a r e  p l o t s  of h = f(o,@t), g i v e  t h e  creep r a t e  
f o r  a g i ven  s t r e s s  a t  a des i r ed  f luence o r  t hey  
g i v e  t h e  s t r e s s  l e v e l  i n  t h e  specimen forced t o  
s t r a i n  a t  a g iven  r a t e  (assumed cons tan t )  a t  a 
d e s i r e d  fluence. Thus, t h e  curves p rov i de  t h e  
s t r e s s  sus ta ined  i n  t h e  specimens. 

a r e  a v a i l a b l e ,  da ta  f o r  o n i r r a d i a t e d  specimens 
o f  another  hea t  of t ype  316 s t a i n l e s s  s t e e l  
w i l l  be used as a rough guide t o  understanding 
t h e  f r a c t u r e  behavior.7 For  430"C, curves 
a r e  p l o t t e d  f a r  t ypes  1 and 4 specimens. 
can be seen f rom t h e  i n t e r s e c t i o n s  of t h e  
t y p e  1 curve  w i t h  t he  cons tan t  s t r e s s  curves,  
maximum s t r e s s  o f  about 500 MPa i s  reached 
i m n e d i a t e l y  f o l l o w i n g  t h e  comple t ion  o f  t r a n -  
s i e n t  creep, and w i t h  i n c r e a s i n g  f luence t h e  
i r r a d i a t i o n  creep r a t e  inc reases ,  reduc ing  t h e  
s t r e s s  i n  t h e  specimen. A s t r e s s  l e v e l  of 
500 MPa i s  s i g n i f i c a n t l y  below t h e  u l t i m a t e  
t e n s i l e  s t r e s s  f o r  i r r a d i a t e d  ma te r i a l s7  as w e l l  
as  below t h e  p red i c t ed  (from da ta  from u n i r r a -  
d i a t e d  specimens1 1) creep r u p t u r e  s t r e s s  f o r  
f a i l u r e  i n  4.2 x 107 s ,  t h e  d u r a t i o n  of t h e  
i r r a d i a t i o n .  The t y p e  4 specimen a t t a i n e d  a 
s t r e s s  l e v e l  about equal t o  t h e  creep r u p t u r e  
s t r e s s  bu t  w i t h i n  t h e  e r r o r  l i m i t s  f o r  s u r v i v a l .  

F o r  550°C a s i m i l a r  p l o t  i s  shown with 
curves f o r  t ypes  1, 3, and 4 specimens. Here, 
t h e  t y p e  1 specimen i s  p r e d i c t e d  t o  reach a 
s t r e s s  l e v e l  of 350 MPa, and t h e  t ype  4 specimen, 
a l e v e l  o f  450 MPa. The va lue  of 350 MPa i s  
above t h e  creep r u p t u r e  s t r ess ,  and 450 MPa i s  
above t h e  y i e l d  s t r e s s  f a r  550°C. Therefore, 
f r a c t u r e  i s  expected i n  t h e  t y p e  1 specimen 
(one f a i l e d  and one d i d  no t ) ,  and f r a c t u r e  i s  
p r e d i c t e d  i n  t he  t ype  4 specimen soon a f t e r  
a p p l i c a t i o n  of t he  s t ress .  However, t h e  com- 
p l e t e l y  b r i t t l e  i n t e r g r a n u l a r  na tu re  o f  t h e  
f r a c t u r e  w i t h  no apparent r educ t i on  o f  area 
shows t h a t  t h e  i n t e r q r a n u l a r  f r a c t u r e  mechanism 

The creep curves,  which 

Since few i n - r e a c t o r  s t r e s s- r u p t u r e  da ta  

As 
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Fig.  3.6.3. Scanning e l e c t r o n  micrographs of 

The arrow f o r  specimen 6 i n d i c a t e s  a 
f r a c t u r e  sur faces  o f  specimens t h a t  f a i l e d  under 
i r r a d i a t i o n .  
r e g i o n  o f  s l i p  bands. 

i n t e r vened  before t h e  y i e l d  s t r e s s  was reached. 
The f a c t  t h a t  about 5% s t r a i n  was p resen t  suppor ts  t he  t heo ry  t h a t  s u p e r p l a s t i c  f l ow (no necking)  occur red  
u n t i l  t h e  i n t e r v e n t i o n  of t h e  b r i t t l e  f rac tu re .  
s t r e s s  l e v e l  o f  200 MPa; thus,  f r a c t u r e  was no t  expected on t h e  bas i s  o f  p o s t i r r a d i a t i o n  data, and f rac-  
t u r e  was no t  observed. 

The t y p e  3 specimen i s  p r e d i c t e d  t o  have reached a mximum 
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For  625'C,  curves f o r  types 1, 3, and 4 specimens 
a r e  again  p l o t t e d .  The t y p e  1 specimen i s  p r e d i c t e d  t o  
have sus ta ined  a s t r e s s  l e v e l  o f  s l i g h t l y  g r e a t e r  t h a n  
100 MPa, and t h e  t y p e  4 specimen, a s t r e s s  of about 
130 MPa; b o t h  fract.ured. 
p r e d i c t e d  t o  i n c u r  a maximum s t r e s s  o f  l e s s  t h a n  100 MPa 
and d i d  n o t  f rac tu re .  A l though t h e  specimens w i t h  t h e  
h i g h e s t  p r e d i c t e d  s t resses  f a i l e d  and those w i t h  t h e  
l o w e r t  d i d  not ,  t h e  s t resses  are  t o o  c l o s e  t o  p r e d i c t  
f a i l u r e  from p rev ious  creep r u p t u r e  data. 

The t y p e  3 specimen was 

3.6.5 Conclusions 

1. The f r a c t u r e  s t r a i n  c l e a r l y  decreases w i t h  
i n c r e a s i n g  temperature i n  t h e  range 550 t o  625°C f o r  a 
f l u e n c e  o f  5 x 1026 neutrons/m2; i t  i s  6% a t  550°C and 
1% a t  625°C. 

f u n c t i o n  o f  f l u e n c e  o r  s t r a i n  r a t e  i n  t h e  range 2 t o  
5 x 1 0 2 6  neutrons/m2 b u t  depends o n l y  on temperature. 

3. The presence o f  a notch reduces f r a c t u r e  
s t r a i n  t o  (1% a t  550°C and a@ a t  625"C, b u t  t h e  s t r a i n  
i s  (1.6% a t  430°C. 

ev idence o f  d u c t i l i t y  f o r  a notched specimen a t  550"C, 
where f r a c t u r e  p robab ly  occur red  r a p i d l y  and a t  a low 
f l uence .  
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7 4  

5.1 MECHANICAL PROPERTY EVALUATIONS O F  PATH C VANADIUM SCOPING ALLOYS - 
R .  Bajaj and R .  E .  Gold (Westinghouse Electric Corporation) 

5.1.1 ADIP Tasks 

I.B.ll. Stress-Rupture Properties of Reactive/Refractory Metal Alloys (Path C) 
1.0.15. Tensile Properties of Reactive/Refractory Metal Alloys (Path C )  

5.1.2 Objective 

The objective of this program is to develop creeplstress rupture data for the unirradiated Path C 
Vanadlum Scoping Alloys doped with controlled amounts of non-metallic impurity, namely oxygen. 

5.1.3 Sumnary 

Thls report updates the data on the creep/stress rupture of the vanadium-base scoplng alloys 
containing zero, 600 wppm and 1200 wppm additional oxygen. The conclusions drawn earlier that V-15Cr-5Ti 
shows superior creep/stress rupture properties to V-20Tl and VANSIAR-J alloys and that addition of 1200 
wppm oxygen has no major effect on the creep rupture propertles remain valid. The additional 
fractography presented here confirms the ductile nature of these alloys. 

5.1.4 Proqress and Status 

The Path C Vanadium-Base Scoping Alloys, which were prepared for the ETM Research Materials 
Inventory, sited at the Oak Ridge National Laboratory, are the subject of this evaluation. These include: 

V-201 i 
V-15Cr-5Ti 
V A N S T A R- 7  (V-9Cr-3.3Fe-1.2Zr-0.054C) 

Efforts during the preceding fiscal year ( F Y  82) focused on establishing the tensile and Stress 
rupture behavlor of lntentlonally contaminated alloys. 
to 1200 wppm additional) were introduced by gas metal reaction prior to testing. The results of these 
efforts were reported previously.(lv21 
completion of the stress rupture testing and evaluation of the fracture behavior of these Specimens. 

Controlled amounts of oxygen contaminations (up 

The activities for the current fiscal year are focused on 

Tasks associated with these efforts are: 

Task 5 .  Completlon of Creep/Stress-Rupture Testing of Contaminated Specimens 
Task 6 .  Microstructural Characterlzation 

The results of creep/rupture testing and post-test microstructural analysis (fractography) of 

[from the FY'82 scope] 

specimens completed during FY'82 have been reported. 
creep/stress rupture tests In progress at the time o f  the last report. Additional post-test fractography 
results are also presented. 

5.1.4.1 Material Identification and Condition 

The present report updates the results of 

The chemical analysis of the three Path C Vanadium Scoping Alloys, the heat treatments, contaminatlon 
exposures, s ecimen designations and the oxygen analyses o f  the contaminated specimen have been reported 
previously. (7.2) 

5.1.4.2 Creep/Stress Rupture Evaluations 

Creeplstress rupture tests on sheet specimens o f  the three alloys containing three levels of oxygen 
(base composition plus two levels o f  contamination), were conducted in high vacuum torr) with a 
dead-weight load system. The temperatures and stress levels for the experiments were chosen, based on 
the creep/stress rupture data for the non-contaminated alloys, to cause fracture In 1000-2000 hours. In 
the following the results of all the tests completed to this date are presented in tabular and graphical 
form. 

Table 5.1.1 presents the creep/stress rupture data for this alloy in the non-contaminated and 
contaminated conditions. This table updates the data collected thus far and represents a maximum rupture 
time of -3000 hours. At 650"C, the alloy shows increased rupture time with Increasing oxygen content. 
with a concomitant decrease in failure straln. The alloy exhlbits a ductlle behavlor at all 
contamination levels ( u p  to 1200 wppm additional) with failure strains >28%. The creep straln vs time 
curves for the alloy are shown in Figure 5.1.1. 
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TABLE 5.1.1 Creep/Stress-Rupture Test Data f o r  V-20T1 

Nomlnal ( a )  T e s t  cumu1. 

Ident. No. (wpprn) E l  (MPa) (ks l )  (hrs) 0 Comment 
Speclmen 02Content Temp. Stress Time Straln 

15 0 650 148 21 .5 1158 (0.02) No Rupture 

15(Cont'd.) 0 650 21 8 31.5 2968 50.7 

16 0 650 276 40 800 34.5 

82-18 600 650 276 40 1006.6 32.2 

82-28 1200 650 276 40 1158.4 28.5 

82-38 600 700 207 30 14 

82-48 1200 100 207 30 732.3 43.7 

(a)Addltlonal oxygen content; 1 . e .  above the  Inltial concentratlon o f  450 wppm 

Controller 
Malfunctlon 

Figure 5.1.1 Effect of Oxygen on the Creep Properties of V-20Ti 
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V-15Cr-511 

The updated c reep /s t ress  r u p t u r e  da ta  f o r  V-lSCr-STI a r e  presented I n  Table  5.1.2 and t h e  c reep  
s t r a i n  vs t ime  curves a r e  shown I n  F i g u r e  5.1.2. 
n o t  appear t o  have a s l g n l f l c a n t  a f f e c t  on t h e  f a i l u r e  s t r a l n  of  t h l s  a l l o y .  
l e v e l s  on t h e  t i m e  t o  r u p t u r e  was n o t  monotonlc a t  a l l  temperatures; f o r  example, a t  15O"C, a s a t u r a t l o n  
tendency was apparent  above 600 wppm and Inc reased  t h e r e a f t e r .  
d e f l n e  t h e  e f f e c t s  o f  con tamlna t lon  on t h e  c reep /s t ress  r u p t u r e  p r o p e r t l e s  o f  t h l s  a l l o y .  

A con tamlna t lon  l e v e l  o f  1200 wppm ( a d d l t l o n a l )  does 
The e f f e c t  o f  con tamlna t lon  

A d d l t l o n a l  t e s t l n g  I s  r e q u l r e d  t o  c l e a r l y  

TABLE 5.1.2 Creep/Stress-Rupture Test  Data f o r  V-15Cr-ST1 

Nominal ( a )  Test  Cumul. 
Speclmen 02Con t en  t Temp. S t ress  Time S t r a l n  

I d e n t .  N O.  (wppm) ml (HPa)m (hrs) x Comnent 

15 0 650 414 60 1055 ( 0 . 5 )  No Rupture 

82-58 600 700 414 60 11.1 33.1 

1 1  0 150 368 5 3 . 5  115 13.8 

18 0 750 345 50 321 22.4 

82-16 600 750  345 50 791 .9  11.4 

82-28 1200 150 345 50 780.0 14.6 

16 0 800 216 40 629.0 22.5 

82-36 600 800 216 40 5 4 7 . 8  13.1 

82-48 1200 800 216 40 1543.3 15.2 

( a ) A d d l t l o n a l  oxygen con ten t ;  > . e .  above t h e  I n l t i a l  c o n c e n t r a t i o n  o f  230 wpprn 

F i g u r e  5 .1 .2  E f f e c t  of Oxygen on t h e  Creep P r o p e r t i e s  o f  V-15Cr-STi 
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VANSTAR-1 

The updated creep/stress rupture data for VANSTAR-1 are shown in Table 5.1.3. Specimen 82-48 
accumulated a total of 4935.8 hours at ?OO"C, when the test was terminated. 
longest creeplrupture test on any vanadium alloy at 100°C. 
Indicating that the specimen is stlll in the second stage of creep and rupture life may be significantly 
longer. No deflnite conclusions can be drawn regarding the effect of oxygen contamination on the stress 
rupture properties, although i t  appears to increase the rupture life at 700'C. The updated creep straln 
vs time curves for VANSTAR-1 are shown In Flgure 5.1.3. 

This test represents the 
The creep strain at this point was -0.2% 

TABLE 5.1.3 Creep/Stress-Rupture Test Oata for VANSTAR-? 

Nominal (a) Test Cumul. 
Spec 1 men 02Content Temp. Stress Time Strain 

Ident. No. (wppm) E l  (MPa) 

15 0 

15 (Cont'd.) 0 

17 0 

11 (Cont'd.) 0 

82-38 600 

82-40 1200 

16 0 

16 (Cont'd.) 0 

82-18 600 

82-28 1200 

02-68 1200 

650 

650 

100 

150 

700 

700 

150 

7 50 

750 

150 

150 

216 

331 

216 

216 

276 

216 

201 

241 

216 

216 

276 

(ksi) 

40 

48 

40 

40 

40 

40 

30 

35 

40 

40 

40 

1261 

1611 

1200 

1733 

3579.3 

4935.8 

2192.0 

2428 

139.6 

10.2 

439.8 

L 
(0.11) 

( 0 . 5 2 )  

(0.12) 

14.8 

10.1 

0.19t 

(1.02) 

19.3 

11.4 

16.1 

8.5 

__ Comment 

No Rupture 

No Rupture 

No Rupture 

No Rupture 

Controller 
Malfunction 

Repeat o f  
Previour 
Test 

(aIAddltiona1 oxygen content; i.e. above the initial concentration o f  280 wppm. 

+Test terminated before rupture. 

5.1.4.3 Fractoqraphy of Contaminated Creep Specimens 

In the previous report(2) fractographs of three specimens each o f  V-2OTi and ~ - 1 5 ~ r - 5 ~ 1  and two 
VANSTAR-1 specimens were presented. 
ductile, dlmpled rupture. 
VANSTAR-1 were examined by SEN. 
and are dlscussed below. 

All specimens, wlth the exceptlon of one V-15Cr-ST1 specimen, showed 
Four additional specimens, one of V-ZOTi, one of V-15Cr-5Ti, and two of 

Representative micrographs are presented in Figures 5.1.4 through 5.1.1 

The fracture in specimen VT-82-10 (600 wppm) tested at 65O"C/216 MPa occurred by a ductile shear 
mechanism; two different dimple sizes are evident on the micrograph (figure 5.1.4). 
VT-82-20 (1200 wppm) tested under the identical condltlon (650'C/216 MPa), which showed comparable 
fallure strain (32% vs. 29%) had also shown a bimodal dimple size distribution.(2) 
dimples were larger in VT-82-10 than in VT-82-20. 
speclmens. 

A companfon specimen 

However, the large 
The smaller dimples were comparable I n  slre in the two 

NO variation was found in the fracture mode from the surface to the interior of the speclmens. 
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F igu re  5 .1 .3  E f fec t  of Oxygen on t h e  Creep P r o p e r t i e s  o f  VANSTAR-7 

V-15Cr-5T1 

The f r a c t u r e  su r face  o f  speclmen VCT-82-5E (600 wppm) t e s t e d  a t  100'C/414 HPa d l s p l a y e d  d u c t l l e ,  
d lmpled r u p t u r e  w i t h  a u n l f o r m  s i z e  d l s t r l b u t l o n  ( F i g u r e  5 . 1 . 5 ) .  Th ls  speclmen was t e s t e d  a t  the  h l g h e s t  
s t r e s s  (414 MPa) and lowest temperature used f o r  t h l s  a l l o y .  Al though t h l s  speclmen f r a c t u r e d  i n  
r e l a t l v e l y  s h o r t  t lme (17.1 hou rs ) ,  no v a r l a t l o n  was found l n  t h e  r u p t u r e  mode f rom t h e  s u r f a c e  t o  t h e  
l n t e r l o r  o f  the  speclmen. 

V A N S T A R- 7  

Specimen VS-82-38, whlch f a i l e d  a f t e r  3580 hours,  showed dimpled r u p t u r e ,  F lgu re  5.1.6. The l a r g e  
p r e c l p l t a t e s  seen I n  the  micrograph were ana lyzed by E D X  a n a l y s l s  and found t o  be r 1 c h  l n  l r  and a r e  
be l i eved  t o  be ZrC. The dlmples presumably nuc lea te  a t  these p r e c l p l t a t e s  d u r l n g  deformat lon .  

Speclmen VS-82-bE a l s o  showed a dlmpled r u p t u r e .  Th ls  r u p t u r e  was ve ry  s l m l l a r  t o  the  d u c t l l e  
r u p t u r e  I n  another speclmen. VS-82-6E. t e s t e d  under I d e n t i c a l  c o n d l t l o n s  b u t  whlch conta lned 600 wppm 
oxygen as compared t o  1200 wppm oxygen (VS-82 - lE ) . (2 )  

5 .1 .5  D l scuss lon  o f  Resu l t s  

Th ls  I s  a wrap-up r e p o r t  on the  c reep o f  vanadlum a l l o y s  and thereby presents  o n l y  l l m l t e d  a d d l t i o n a l  
da ta  on c reep r u p t u r e .  The a d d l t l o n a l  da ta  presented here o n l y  support  the  conc lus lons  d r a w  
e a r l l e r . ( 2 )  An updated p l o t  of  t h e  La rson- Ml l l e r  parameter f o r  the  t h ree  vanadlum a l l o y s  and f o r  Type 
316 SS i s  p resented I n  F lgu re  5.1.8. No a d d l t l o n a l  comment on the  creep p r o p e r t i e s  of  these a l l o y s  i s  
deemed necessary.  

I t  was repo r ted  p r e v i o u s l y  t h a t  the f r a c t u r e  mode observed f o r  the  contamlnated c reep specimens was 
d l f f e r e n t  f rom t h a t  observed f o r  s l m l l a r l y  contamlnated t e n s i l e  Specimens. Some o f  t h e  t e n s l l e  
specimens, t e s t e d  a t  RT and 500"C, d i s p l a y e d  c leavage f r a c t u r e  I n  t h e  nea r - su r face  reg lons  a l t hough  f l n a l  
f r a c t u r e  was by d u c t l l e  shear. 
650 t o  800°C. almost a l w a y s  occu r red  t o t a l l y  by d u c t l l e  shear. 
the  f r a c t u r e  mode was due t o  v a r i a t l o n  i n  oxygen c o n c e n t r a t i o n  f rom the  su r face  t o  the  b u l k  whlch was  
a l l e v l a t e d  by l o n g  te rm exposure t o  h l g h  temperatures d u r l n g  creep t e s t l n g .  
here conf l rms the  obse rva t l on  o f  un l f o rm  f r a c t u r e  mode I n  creep speclmens. 

The creep f r a c t u r e  o f  t h e  speclmens t e s t e d  I n  t h e  temperature range of  
I t  was concluded t h a t  t h e  d l f f e r e n c e  I n  

The f rac tog raphy  presented 



F igu re  5.1.4 Scanning E l e c t r o n  Micrograph o f  a 
V-20Ti Creep Specimen [600 wppm 
Oxygen; 650'C; 276 MPal 

F i gu re  5.1.6 Scanning E l e c t r o n  Micrograph of a 
VANSTAR-7 Creep Specimen 1600 wppm 
Oxygen; 700°C; 276 MPa] 

5.1.6 References 
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F i g u r e  5.1.5 Scanning E l e c t r o n  Micrograph o f  a 
V-15Cr-5Ti Creep Specimen [600 wppm 
Oxygen; 700°C; 414 MPal 

F i g u r e  5.1.7 Scanning E l e c t r o n  Micrograph o f  a 
VANSTAR-7 Creep Specimen [1200 wppm 
Oxygen; 750'12; 276 MPa] 
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Welding Speed 38.1 cmlmin. 
Current 70 Amperes 
Voltage 10.5 V (dc)  
Gap (e lec t rode t o  shee t )  

Eight welds were prepared f o r  each of the  a l loys .  

Dur ing  welding, the  sheet specimens were held i n  a clamping f i x t u r e  which provided mechanical r e s t r a i n t  

1.52 mm 

t o  avoid buckling o r  bowing of the  t h i n  sheet .  
spacing of 9.5 m. 
argon atmosphere was maintained between 5.2 and 7 ppm (by volume), and t h e  water vapor content was below 
5.4 ppm (by volume) throughout t h e  welding operations.  

After welding, t h e  specimens were examined visual ly  as-welded and following dye penetrant  inspection.  
Except f o r  an occasional,  small t ransverse  crack near the  weld termination p o i n t ,  the  welds i n  V-20Ti and 
V-15Cr-5Ti were crack- free.  
dye penetrant  inspection revealed i r r egu la r  cracking i n  the  weld fusion zones of severa l ,  but not a l l ,  of 
the  welds. 
curvature wh ich  resul ted  when the  specimens were removed from the welding f i x t u r e .  

r ec rys t a l l i za t ion  temperatures noted previously. 
a l loy  welding s tudies  f o r  the purpose of chemically combining any oxygen and/or nitrogen picked up in 
welding w i t h  the  r eac t ive  metal so lu te  - e.g. T i  o r  Zr - in t h e  subject  a l loys .  
t i c u l a r l y  important f o r  appl ica t ions  involving exposure of the  welds t o  l iqu id  a l k a l i  metals. I n  the  
current  program, the  post  weld anneal appeared t o  have l i t t l e  a f f e c t  on V-20Ti, b u t  caused considerable 
gra in  growth i n  both t h e  V-15Cr-5Ti and VANSTAR-7 a l loys  (metallography incomplete a t  present) .  
growth  was pa r t i cu la r ly  s ign i f i can t  in the heat-affected-zones of the VANSTAR-7 specimens, Figure 5.2.2. 

Molybdenum chil l /clamp p la t e s  were used, w i t h  a clamp 
The tungsten electrodes were changed a f t e r  every four th  weld. The oxygen level  i n  the  

In  VANSTAR-7, however, in addit ion t o  cracks a t  the  weld termination point ,  

Photographs of typical  specimens of each a l loy  a r e  shown i n  Figure 5.2.1. Note the  general 

Before shearing the bend t e s t  blanks, each a l loy  was given a one hour post  weld anneal i n  vacuum a t  the  
Post weld anneals a r e  used rout inely  in ref rac tory  metal 

This i s  considered par- 

Grain 

V-20Ti V-15Cr-5Ti VANSTAR-7 VANSTAR-7 
(Dye Penetrant)  

Figure 5.2.1 Typical GTA Neld Specimens in Vanadium Alloys. 
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VRNSTRR 7 

F igu re  5.2.2 VANSTAR-7 Weld Specimen Showing Coarse Grains i n  t h e  Heat A f f e c t e d  Zone. 

I f  t h i s  phenomenon had been l i m i t e d  t o  o n l y  t h e  weld specimens i t  migh t  have been p o s s i b l e  t o  e x p l a i n  
t h e  behav io r  i n  terms of d i s s o l u t i o n  o r  coarsen ing  of g r a i n  boundary - s t a b i l i z i n g  p r e c i p i t a t e s  d u r i n g  t h e  
weld ing;  i t  was, however, a l s o  observed, a l though t o  a l e s s e r  degree, i n  t h e  base metal  specimens g iven 
i d e n t i c a l  heat  t rea tments .  A d d i t i o n a l  heat  t rea tment  - me ta l l og raph i c  analyses w i l l  be c a r r i e d  o u t  t o  ex- 
p l o r e  t h i s  behavior .  

5.2.4.3 Bend 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 Determina t ions  

The e i g h t  welds and two base metal  specimens, each 2.5 x 15 cm, o f  each o f  t h e  vanadium a l l o y s  were 
sheared t o  y i e l d  specimens f o r  t h r e e  p o i n t  bend t e s t i n g .  Approx imate ly  four  t r ansve rse  and f i v e  l o n g i -  
t u d i n a l  t e s t  specimens were prepared f rom each weld. 
a r e  de f ined  i n  F igu re  5.2.3. A l l  t e s t i n g  was c a r r i e d  o u t  us ing  a punch speed o f  0.04 cm/s (1 inch /min)  
w i t h  t h e  t o p  sur face of t h e  weld i n  tens ion .  
r ad ius  produces an o u t e r  f i b e r  s t r a i n  o f  approx imate ly  30% on t h e  t e n s i o n  s i d e  of t h e  specimen. 

The bend t e s t  parameters and specimen o r i e n t a t i o n s  

Most t e s t s  were conducted us ing  a I t  punch r a d i u s ;  t h i s  bend 

WELO 
BEND - 
TEST 

BASE 
BEND 
TEST 

t 
I 

LONGlTUOlNAl 
BEND 

I 
\NSVERSE 
BEND 

Specimen Width 

Tes t  Span 15 t 
Punch Speed 0.04 cm/s 
Temperature V a r i a b l e  
Punch Radius 

o r  4 t  

12 t ( t =  sheet  t h i ckness )  
Specimen Length 24 t 

Va r i ab le ,  g e n e r a l l y  It, 2 t ,  

FIGURE 5.2.3 Test  Parameters and Specimen O r i e n t a t i o n s  Used f o r  Three P o i n t  Bend Tests 
nn Vanadi im A l l n v  S h w t .  



load a t  the  f i r s t  sign 
s way i t  i s  of ten  
t o t a l  des t ruct ion of the 
o e q u i l i b r a t e  a t  t h e  t e s t  

a1 p l o t s  of the bend 
2.4. The crack locat ions  

A1 1 oys 

L 
ansverse 

-150 
-125 

50 
50 

- 50 
20 

t o  cha rac te r i ze  t h e  
ica ted  d u c t i l e  t ea r ing  t o  
t t o t a l l y  c h a r a c t e r i s t i c  
pecimens, Figure 5.2.7. 

ed without d i f f i c u l t y ;  
, while not prone t o  
in the  weld fusion zones 

a re  probably hot cracks 
fusion zone. I n  view of 

i s  i s  n o t  a l toge the r  
c t o r i l y  welded by the  GTA 
lop optimum welding 
near-optimum f o r  V-20Ti 

rved i n  t h e  V-15Cr-5Ti 
and VANSTAR-7 a l loys  following the post  weld anneals a t  their respect lve  r e c r y s t a l l i z a t i o n  temperatures. 
This i ssue  will be examined more c lose ly  i n  the  next several  months. 

For a l l  of t h e  a l loys  t h e  bend DBTTs of the  welds were higher than f o r  the  corresponding base metal; 
th i s  i s  as  expected. 
the  bend OBTT of VANSTAR-7 was lower than t h a t  of the  V-15Cr-5Ti a l loy  which welded without inc ident .  
bend OETTs o f  both VANSTAR-7 and V-15Cr-5Ti were higher t h a n  would be expected from t h e  high d u c t i l i t i e s  
exhibited by these  a l loys  i n  tension t e s t s  a t  room temperature. Par t  of the  reason f o r  th i s  might be t h e  
higher loading r a t e  used f o r  t h e  bend t e s t s .  There i s  a l s o  a strong p o s s i b i l i t y  t h a t  the  large  (duplex) 
gra in  s i z e  which developed in these a l loys  d u r i n g  the  post  weld anneal i s  a major contr ibut ing f ac to r .  
Additional base metal bend t e s t i n g  and heat treatinglmicrostructural response s tud ies  a r e  current ly  under- 
way t o  explore these  i ssues .  

In t e res t ing ly ,  despi te  t h e  presence of small cracks i n  several  of the  bend specimens 
The 

Based on these  preliminary evaluat ions  the a l loy  weldabi l i ty  rankings appear t o  be: ( b e s t )  V-ZOTi, 
V-lSCr-STi, VANSTAR-7. 
V-ZOTi, VANSTAR-7, V-15Cr-5Ti. 

In terms of the  bend DBTTs, t h e  rankings would be: (bes t  - o r  lowest DETT) 
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F igure 5.2.4 Typical  Bend Angles vs. Test  Temperature P lo t s  f o r  
Vanadium A l l o y  Tests [Open Symbols = Fractures]. 



r 
86 

Base Metal Weld Specimen 

Figure 5.2.5 Fractographs of V-20Ti Bend Specimens Tested a t  -196-C 

Base Metal ;  22'C Weld; -50°C 

Figure 5.2.6 Fractographs of V-15Cr-5Ti Bend Specimens 

Figure 5.2.7 Fractograph o f  VANSTAR-7 Weld Metal Bend Specimen Tested a t  -100°C 



5.3 EVALUATION AND DEVELOPMENT OF VANADIUM-BASE ALLOYS FOR FUSION REACTOR APPLICATIONS - B. A .  Loomis and 
0.  L .  Smith (Argonne Nat iona l  Labo ra to r y )  

5.3.1 A D I P  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  Analyses. 

5.3.2 O b j e c t i v e  

Th i s  research program prov ides  t he  necessary da ta  t h a t  a re  r equ i r ed  f o r  t h e  e v a l u a t i o n  and developnient 
of vanadium-base a l l o y s  f o r  f i r s t - w a l l  and b l anke t  s t r u c t u r e s  i n  f u s i o n  r e a c t o r s .  The research e f f o r t  i s  
focused on ( 1 )  t h e  c o r r o s i o n  and c o m p a t i b i l i t y  o f  se l ec ted  vanadium-base a l l o y s  i n  t h e  environments 
p r o j e c t e d  f o r  fus ion  reac to rs ,  (2 )  i n v e s t i g a t i o n s  o f  t h e  p e r t i n e n t  envi ronmenta l  e f f e c t s  on t h e  mechanical 
p r o p e r t i e s  o f  t h e  se l ec ted  a l l o y s ,  (3 )  eva l ua t i on  o f  t h e  e f f e c t  of vanadium a l l o y  compos i t ion  on weld micro-  
s t r u c t u r e  and mechanical p rope r t i e s ,  and on secondary f a b r i c a t i o n  processes, and (4)  de te rm ina t i on  o f  
env i ronmenta l  e f f e c t s  o f  t he  i n t e g r i t y  and mechanical p r o p e r t i e s  of weldments. 

5.3.3 Summary 

The c o r r o s i o n  o f  "pure" V and V - S T i ,  V-15Cr and V-15Cr-5Ti a l l o y s  a t  725 K and 825 K i n  f l o w i n g  he l ium 
The c o n t a i n i n g  10 ppm water  was determined f o r  exposure t imes t h a t  y i e l d e d  a s t eady- s ta te  c o r r o s i o n  r a t e .  

e x p e r i m e n t a l l y  determined c o r r o s i o n  r a t e s  f o r  t h e  V and V-base a l l o y s  were compared w i t h  t h e  c o r r o s i o n  r a t e  
o b t a i n e d  f o r  PCA s t a i n l e s s  s t e e l  under t h e  same envi ronmenta l  cond i t i ons .  These r e s u l t s  showed t h a t  t h e  
s t eady- s ta te  c o r r o s i o n  r a t e s  f o r  t h e  V - 1 5 C r  a l l o y  and V-15Cr-5Ti a l l o y  were low bu t  approx imate ly  one o rde r  
o f  magnitude g rea te r  t han  t h e  s t eady- s ta te  co r ros i on  r a t e  determined f o r  t h e  PCA s t a i n l e s s  s t e e l .  
temperature dependence o f  t h e  e l e c t r i c a l  r e s i s t i v i t y  f o r  V and V-15Cr-5Ti a l l o y  was determined f o r  
temperatures rang ing  f rom 17 K t o  1000 K .  

5.3.4 Proqress and S ta tus  

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

Also,  t h e  

Vanadium-base a l l o y s  o f f e r  p o t e n t i a l l y  s i g n i f i c a n t  advantages over o t h e r  cand ida te  a l l o y s  as  fus ion  
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 s .  High f l uence  i r r a d i a t i o n s  under LMFBR c o n d i t i o n s  and high-damage- level i o n  
i r r a d i a t i o n s  have demonstrated an i nhe ren t  r es i s t ance  of c e r t a i n  vanadium a l l o y s  t o  v o i d  s w e l l i n g  i n  
comparison t o  most o t h e r  candidate a l l o y s .  
damage res i s t ance  o f  vanadium a l l o y s  t o  f u s i o n  r e a c t o r  c o n d i t i o n s  i s  t h e i r  apparent i n s e n s i t i v i t y  t o  
moderate compos i t iona l  and m i c r o s t r u c t u r a l  v a r i a t i o n s .  Such i n s e n s i t i v i t y  may make spec ia l  t rea tments ,  such 
as cold-work and post-weld heat  t rea tment ,  unnecessary. The r e l a t i v e l y  h i g h  thermal  c o n d u c t i v i t y  and low 
thermal  expansion c o e f f i c i e n t  o f  vanadium a l l o y s  r e s u l t  i n  lower thermal  s t resses  f o r  a g iven  heat  f l u x  
compared t o  most o the r  cand ida te  a l l o y s  and should a l l o w  an inc reased  thermal  l o a d i n g  and l i f e t i m e  o f  
s t r u c t u r a l  components. Since t h e  mechanical s t r e n g t h  of vanadium a l l o y s  i s  r e t a i n e d  a t  r e l a t i v e l y  h i gh  
temperatures, h i g h e r  ope ra t i ng  temperatures a re  p r o j e c t e d  f o r  vanadium a l l o y s  than  f o r  a u s t e n i t i c  o r  
f e r r i t i c  s t e e l s .  Vanadium a l l o y s  produce t h e  l e a s t  impact o f  t h e  p r imary  cand ida te  a l l o y s  on t r i t i u m  
breeding,  and se l ec ted  vanadium a l l o y s  o f f e r  t h e  p o t e n t i a l  f o r  t h e  lowest  long- te rm (> 30 y )  a c t i v a t i o n  of 
t h e  candidate a l l o y s  p resen t l y  considered.  
c o r r o s i o n - r e s i s t a n t  a l l o y s  i n  h igh- temperature (725 K )  l i t h i u m .  

The major  concerns regard ing  t h e  use of vanadium a l l o y s  r e l a t e  t o  t h e i r  r e a c t i v i t y  w i t h  a i r  ( p r i m a r i l y  
oxygen and n i t r o g e n ) ,  which may lead  t o  embr i t t l ement  o r  o x i d a t i o n  e f f e c t s  when exposed t o  even f a i r l y  low 
oxygen o r  n i t r o g e n  p a r t i a l  p ressures .  I n  t h i s  r e p o r t  we p resen t  some i n i t i a l  r e s u l t s  on t he  c o r r o s i o n  o f  
pure V and V-STi, V-15Cr and V - 1 5 C r - 5 T i  a l l o y s  a t  725 K and 825 K i n  he l i um  c o n t a i n i n g  10 ppm water .  The 
c o r r o s i o n  r a t e s  f o r  these  m a t e r i a l s  a re  compared w i t h  t h e  c o r r o s i o n  r a t e  f o r  PCA s t a i n l e s s  s t e e l  under 
i d e n t i c a l  env i ronmenta l  c o n d i t i o n s .  Also,  we p resen t  i n  t h i s  r e p o r t  t h e  e l e c t r i c a l  r e s i s t i v i t y  f o r  pure V 
and V-15Cr-5Ti a l l o y  a t  temperatures between 77 K and 1000 K .  

5.3.4.2 Exper imenta l  Procedure 

O f  p a r t i c u l a r  importance i n  p r o j e c t i n g  t h e  p o t e n t i a l  r a d i a t i o n -  

Under c o n t r o l l e d  cond i t i ons ,  vanadium a l l o y s  a re  among t h e  most 

The "pure"  V and V-base a l l o y  specimens f o r  these  experiments were prepared f rom stock t h a t  con ta ined  
-900 appm 0. The V-15Cr-5Ti a l l o y  was ob ta ined  f rom t h e  Fusion Program Research M a t e r i a l s  I nven to r y  a t  Oak 
Ridge Na t i ona l  Laboratory.  The "pure" V and V a l l o y s  were annealed f o r  one hour  a t  1475 K p r i o r  t o  
i n i t i a t i o n  o f  t h e  exper imenta l  s t ud i es .  The PCA s t a i n l e s s  s t e e l  w i t h  82 m i c r o s t r u c t u r e  was a l s o  ob ta ined  
f rom t h e  Fusion Program Research M a t e r i a l s  I nven to r y .  

V-15 w/o C r ,  V-15 w/o Cr-5 w/o T i ,  and PCA s t a i n l e s s  s t e e l  a t  7 2 5  * 5 K and 825 i 5 K were exposed f o r  
i n c r e a s i n g  pe i o  s o f  t ime  t o  f l o w i n g  He t h a t  con ta ined  10 ppm by volume of water .  

a t  t i m e  i n t e r v a l s  of -5 x 10 s (140 h ) .  

For  t h e  c o r r o s i o n  s tud ies ,  sheet specimens (0.01 m x 0.01 m x 0.0002-0.0008 m) of " pure"  V, V-5 wfo T i ,  

The f low r a t e  of t h e  gas 

s was 8.3 x 10- 5 g  m / s .  The i n  rease i n  weight  of t h e  specimens was determined w i t h  an accuracy of 2 x kg  
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The e l e c t r i c a l  r e s i s t i v i t y  of t h e  "pure"  V and V-15Cr-5Ti a l l o y  was d e t e r  i n e d  a t  temperatures rang ing  

r e s i s t a n c e  measurements a t  temperatures above 300 K. The e l e c t r i c a l  r e s i s t a n c e  o f  t h e  sheet specimens (0.04 
m x 0.04 m x 0.0001 m) was  determined w i t h  a p r e c i s i o n  o f  0.02 un by t h e  f o u r - p o i n t  p o t e n t i o m e t r i c  method. 
Copper w i r e s  of 0.0004-m diameter  were spot  welded t o  t h e  specimens t o  p r o v i d e  e l e c t r i c a l  c o n t a c t .  
e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  specimens was c a l c u l a t e d  from t h e  r e s i s t a n c e  da ta  w i t h  a p p r o p r i a t e  c o r r e c t i o n  
f o r  t h e  d imensional  change. 

5.3.4.3 Exper imenta l  r e s u l t s  

Cor ros ion  

from 77 K t o  1000 K. The specimens were mounted i n  a system evacuated t o  10- 9 Pa f o r  t h e  e l e c t r i c a l  

The 

The c o r r o s i o n  r a t e s  f o r  t h e  V, V-base a l l o y s  and t h e  PCA s t a i n l e s s  s t e e l  a t  725 K and 825 K on exposure 
for i n c r e a s i n g  per iods  of t i m e  t o  f l o w i n g  h e l i u m  c o n t a i n i n g  10 pprn water  a r e  shown i n  F i g .  1 and F i g .  2, 
r e s p e c t i v e l y .  I n  F i g .  1 and F i g .  2, a p l o t t e d  c o r r o s i o n  r a t e  va lue  (data p o i n t )  i s  computed from t h e  
inc rease  of specimen weight  p e r  u n i t  area f o r  t h e  i n t e r v a l  o f  exposure t i m e  between a data p o i n t  and t h e  
p reced ing  da ta  p o i n t .  On t h e  b a s i s  o f  these  l i m i t e d  s tud ies ,  t h e  s teady- s ta te  c o r r o s i o n  r a t e s  f o r  these  
m a t e r i a l s  a r e  shown below f o r  an exposure t i m e  o f  2 15 x 10 s (417 h ) .  

Cor ros ion  Rate (kg/m2.s) 

M a t e r i a l  725 K 825 K 

V 1 . 2 ~ 1 0 - ~  1.1x10-8 
V - 5 T i  0.9x10-9 0 . 7 ~ 1 0 - ~  
V-15Cr 0.2~10-9 0.4x10-* 
V - l S C r i i T i  0.4x10-' 0 . 5 ~ 1 0 . ~  
PCA SS 0 . 5 ~ 1 0 - ~ ~  0 . 5 ~ 1 0 - ~  

PCA S S 

He + 10 oppm H20 

83~io-'m3/s FLOW RATE 

0 10 20 30 40 105 
EXPOSURE TIME I s 1  

F i g .  1 Cor ros ion  r a t e s  f o r  V, V-base a l l o y s  and PCA s t a i n l e s s  s t e e l  a t  725 K .  
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0 - 
0 5 IO 15 210 j 5  3 0 ~ 1 0 ~  

EXPOSURE TIME / S I  

F i g .  2. 

It can be observed i n  F i gs .  1 and 2 t h a t  t h e  V and V-base a l l o y s  have c o r r o s i o n  r a t e s  (weight  ga i ns )  

C o r r o s i o n  Rates f o r  V ,  V-base a l l o y s  and PCA s t a i n l e s s  s t e e l  a t  825 K .  

approx i  a t e l y  an o rder  of magnitude g rea te r  than  f o r  a u s t e n i t i c  s t e e l  d u r i n g  t h e  i n i t i a l  exposure t i m e  Of 5 

e s s e n t i a l  f o r  minimum c o r r o s i o n  i n  f l o w i n g  h e l i u m  c o n t a i n i n g  10 ppm wate r .  

E l e c t r i c a l  R e s i s t i v i t i  

The e l e c t r i c a l  r e s i s t i v i t y  o f  V and t h e  V-l5Cr-5Ti a l l o y  a t  temperatures between 77 K and 100 K i s  shown 
On t h e  bas i s  of these  exper imenta l  da ta  an equa t ion  which y i e l d s  t h e  temperature dependence of 

10 x 10 Rl s .  Also,  these exper imenta l  r e s u l t s  show t h a t  t h e  presence o f  C r  s o l u t e  i n  t h e  V a l l o y s  i s  

i n  F i g .  3. 
t h e  e l e c t r i c a l  r e s i s t i v i t y  ( p )  f o r  V i s  

"(T) = 25.63 + 0.087 x T - 1.06 x T2 

and t h e  equa t ion  f o r  t h e  V-15Cr-5Ti a l l o y  i s  

P V.1SCr-5Ti(T) = 37.75 + 0.077 T - 8.62 x x Tz 

I n  these  equat ions,  t h e  e l e c t r i c a l  r e s i s t i v i t y  i s  i n  u n i t s  of un-cm and t h e  temperature is i n  degrees 
Ce ls ius .  
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TEMPERATURE I K I  

F i g .  3. Temperature Dependence o f  t h e  E l e c t r i c a l  R e s i s t i v i t y  f o r  V and V-15Cr-STi A l l o y .  

5.5.5 D iscuss ion  o f  Resu l ts  

a d d i t i o n s  t o  V r e s u l t  i n  s u b s t a n t i a l  s w e l l i n g  whereas T i  a d d i t i o n s  e f f e c t i v e l y  suppress swel l ing.!  These 
s w e l l i n g  s t ud i es  have a l s o  shown t h a t  t h e  e f f e c t i v e n e s s  of T i  s o l u t e  f o r  t h e  suppress ion of s w e l l i n g  o f  V i s  
n o t  s i g n i f i c a n t l y  a l t e r e d  by t h e  a d d i t i o n  of C r  s o l u t e  t o  fo rm a t e r n a r y  a l l o y ,  e.g., V - 1 5 C r - 5 T i  a l l o y .  

The exper imenta l  r e s u l t s  ob ta ined  i n  t h e  present  s tudy on t h e  c o r r o s i o n  of V-base a l l o y s  show t h a t  a C r  
a d d i t i o n  t o  V t o  form a b i n a r y  V a l l o y  r e s u l t s  i n  a maximum c o r r o s i o n  r es i s t ance  f o r  V .  The a d d i t i o n  of T i  
s o l u t e  (5 w/o) t o  V i s  much l ess  e f f e c t i v e  than  t h e  a d d i t i o n  o f  C r  s o l u t e  f o r  maximum c o r r o s i o n  r es i s t ance  
of V .  However, t h e  a d d i t i o n  of T i  s o l u t e  t o  a V - C r  a l l o y ,  e.g. V-15Cr-5Ti a l l o y ,  does no t  s i g n i f i c a n t l y  
i n c rease  t h e  minimum c o r r o s i o n  r a t e  determined f o r  a V-I5Cr a l l o y .  The exper imenta l  r e s u l t s  ob ta ined  i n  
t h i s  s tudy suggest t h a t  t h e  c o r r o s i o n  r a t e  o f  PCA s t a i n l e s s  s t e e l  a t  725 K and 825 K i n  f l o w i n g  he l i um  w i t h  
10 ppm water  i s  approx imate ly  an o rde r  o f  magnitude l e s s  than t h e  c o r r o s i o n  r a t e  f o r  V-15Cr and V - 1 5 C r - 5 T i  
a 1 1 oys . 
5.3.6 References 

1. Cav i t y  Format ion i n  S i ng l e-  and Dua l- Ion  I r r a d i a t e d  V-1SCr-5Ti A l l oy ,  B. A. Loomis and G .  A y r a u l t ,  

I n v e s t i g a t i o n s  on t h e  s w e l l i n g  of V-base a l l o y s  d u r i n g  heavy- ion i r r a d i a t i o n  have shown t h a t  r 

Damage Ana l ys i s  and Fundamental S tud ies  Q u a r t e r l y  Progress Report,  DOE/ER-0046/12, October-December 
1982, p. 194. 
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6.1 STATUS OF SCALEUP OF AN IRON-BASE LONG-RANGE-ORDERED ALLOY - T. K. Roche, 0. N. B r a s k i ,  and C. T. L i u  
(Oak Ridge Na t iona l  Labora to ry )  

6.1.1 ADIP Task 

A D I P  Tasks I.A.5, Per form F a b r i c a t i o n  Analyses, and I.D.1, M a t e r i a l s  S t o c k p i l e  f o r  MFE programs. 

6.1.2 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  per form semiproduct ion sca leup o f  an i ron- base long- range- ordered (LRO) 
a l l o y  t o  g a i n  some commercial exper ience w i t h  t h i s  c l a s s  o f  developmental a l l o y .  The a c t i v i t y  w i l l  p rov ide  
m a t e r i a l  f o r  i r r a d i a t i o n ,  mechanical p r o p e r t y ,  c o m p a t i b i l i t y ,  and o t h e r  p r o p e r t y  t e s t s  t o  eva lua te  t h e  poten- 
t i a l  o f  t h e  a l l o y  c l a s s  f o r  use i n  f u s i o n  energy systems. 

6.1.3 Sumnary 
~ 

Semiproduct ion sca leup of t h e  i ron- base a l l o y  LRO-37 has been s u c c e s s f u l l y  completed. Three i n g o t s  of 
t h e  a l l o y  were produced by a commercial source, h o t  f o r g e d  t o  s lab ,  t h e n  r o l l e d  t o  3.3-, 1.6-, and 0.8-mm 
sheet stock. 
commercial- grade a l l o y .  

The h i g h - p u r i t y  m a t e r i a l  con ta ined  MC-type carb ides,  and M2(C,N)-type ca rb ides  were observed i n  

6.1.4 Progress and S t a t u s  

Long- range-ordered a l l o y s  o f  t h e  system (Fe,Ni),(V,Ti) have been developed on a l a b o r a t o r y  s c a l e  a t  
These a l l o y s  have unique p r o p e r t i e s  t h a t  make them a t t r a c t i v e  as s t r u c t u r a l  m a t e r i a l s  f o r  advanced ORNL. 

enerqy systems. Th is  a l l o y  development program has reached t h e  impor tan t  phase o f  a l l o y  scaleup. 

f a c i l i t i e s  of High Technology M a t e r i a l s  D i v i s i o n ,  Cabot Corporat ion.  Three i n g o t s ,  each weigh ing approx i-  
mate ly  18 kg (40 l b ) ,  were produced by two d i f f e r e n t  m e l t  p r a c t i c e s  - vacuum i n d u c t i o n  m e l t i n g  p l u s  e l e c t r o n  
beam r e i n e l t i n g  u s i n g  h i g h - p u r i t y  m a t e r i a l s  (one i n g o t ,  LRO-37-HP), and vacuum i n d u c t i o n  m e l t i n g  p l u s  
e l e c t r o s l a g  r e m e l t i n g  u s i n g  commercial grade m a t e r i a l s  ( two i n g o t s ,  LRO-37-CG). The p r i n c i p a l  d i f f e r e n c e  
between t h e  tip and CG i n g o t s ,  o t h e r  t h a n  m e l t  p r a c t i c e ,  was t h e  grade of vanadium m e l t  s tock.  Very h igh-  
p u r i t y  vanadium was used f o r  making t h e  HP a l l o y ,  and more economical, b u t  l ower  p u r i t y ,  ferrovanadium was 
used f o r  t h e  CG a l l o y .  M e l t  s tock f o r  t h e  o t h e r  a d d i t i o n s  was t h e  same f o r  a l l  i ngo ts .  A smal l  amount of 
c e r i u m  was added t o  t he  a l l o y s  t o  improve t h e i r  h igh- temperature p r o p e r t i e s .  
chemical analyses showed t h e  compos i t i on  o f  t h e  i n g o t s  t o  be reasonably  c l o s e  t o  t h e  a l l o y  s p e c i f i c a t i o n .  
Th ree- four ths  o f  t h e  i n g o t  s tock of each of t h e  two a l l o y  grades, HP and CG, was e a s i l y  press forged from 
102-mm-diam 14.0-in.) round t o  aoorox imate ly  35-mm-thick (1.4-in.) s l a b  a t  1150°C. The un fo rged  i n g o t  s tock 

Semiproduct ion sca leup of t h e  a l l o y  LRO-37 (Fe-39.4 N-22.4 W . 4 3  T i ,  w t  %) has been completed a t  t h e  

The p r e v i o u s l y  repor ted '  

w i l l  be r e t a i n e d  f o r ' f u t u r e  s tud ies.  
The f i n a l  s tage of t h e  program, 

p r o d u c t i o n  o f  sheet s tock  by h o t  and 
c o l d  r o l l i n g  o f  t h e  f o r g e d  s lab ,  was 
Completed w i t h  no d i f f i c u l t y  d u r i n g  
t h e  present  r e p o r t i n g  per iod.  The 
f o r g e d  s l a b  was h o t  r o l l e d  t o  
6.35 mn (0.25 in . )  i n  t e n  passes a t  
a r e d u c t i o n  i n  th i ckness  of 15% per 
pass. I n i t i a l  h e a t i n g  and a l l  r e -  
h e a t i n g  was a t  1100°C i n  an argon- 
atmosphere furnace. The m a t e r i a l  
was reheated 15 min between passes 
and annealed a t  t h e  r o l l i n g  tem- 
p e r a t u r e  f o r  20 min a f t e r  t h e  l a s t  
pass. 

F o l l o w i n g  sandb las t ing ,  
p i c k l i n g ,  and c o n d i t i o n i n g ,  t h e  
m a t e r i a l  was c o l d  r o l l e d  t o  f i n i s h  
th i cknesses  o f  3.3, 1.6, and 0.8 mn 
(0.131, 0.065, and 0.031 in . ) .  
T o t a l  r e d u c t i o n  of 50% i n  t h i c k n e s s ,  
u s i n g  a schedule of 5 t o  10% reduc-  
t i o n  pe r  pass, was e a s i l y  
accomplished before i n t e r m e d i a t e  
annea l ing  a t  1100°C. The y i e l d  o f  
sheet s tock l i s t e d  i n  Table  6.1.1 
was r e c e i v e d  w i t h  approx imate ly  50% 
c o l d  work f o l l o w i n g  t h e  f i n a l  i n -  
process anneal. 

Table  6.1.1. Sheet s tock produced f rom semiproduct ion sca leup 
o f  a l l o y  LRO-37 ( F ~ 3 9 . 4  Ni-22.4 W . 4 3  T i ,  w t  % )  

Thickness Width Length T o t a l  we igh t  
P ieces  

(mn) ( i n . )  (mn) ( in.)  ( m )  ( i n . )  ( k g )  (1b) 
~~ 

A l l o y  LRO-37-HP (high p r i t y l ,  Heat E@115@1-2-1530 

3.3 0.131 165.1 6.5 609.6 24 1 2.7 6 

1.6 0.065 165.1 6.5 558.8 22 2 2.7 6 

1.4 3 0.8 0.031 152.4 6.0 584.2 23 
0.8 0.031 165.1 6.5 762.0 30 :> 

A l l o y  LRO-37-CG fcommercicll p d e l ,  Heat E@llf i81-2-0735 

3.3 0.131 165.1 6.5 558.8 22 17 
3.3 0.131 165.1 6.5 660.4 26 

1.6 0.065 165.1 6.5 482.6 19 4 4.5 10 

5.9 13 

1 

0.8 0.031 139.7 5.5 381.0 1 5  
0.8 0.031 165.1 6.5 660.4 26 
0.8 0.031 139.7 5.5 787.4 31  
0.8 0.031 165.1 6.5 914.4 36 2 
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The second phase found2 i n  t h e  m i c r o s t r u c t u r e  o f  LRO-37-CG c o n t a i n s  t h e  f o l l o w i n g  metal elements as 
determined by x- ray f luorescence a n a l y s i s  ( i n  o r d e r  o f  decreasing amounts): V ,  N i ,  and Fe. The peak pre-  
v i o u s l y  i d e n t i f i e d  as C r  Ka i s  now b e l i e v e d  t o  be t h e  V Kg. and C r  i s  no l o n g e r  b e l i e v e d  t o  be p a r t  o f  t h e  
phase. Vacuum fus ion  analyses showed t h a t  the  phase a l s o  con ta ined  (by weight  percen t )  0.043 H, 6.9 N, 
2.3 0, and 4.45 C. Therefore, t h e  second phase appears t o  be a vanadium- rich c a r b o n i t r i d e  w i t h  t h e  general 
formula M2(C,N). Th is  phase has not  been observed i n  o t h e r  (Ni ,Fe)3V ordered a l l o y s ,  where t h e  carbon has 
been i n v a r i a b l y  t i e d  up i n  t h e  c u b i c  MC-type carb ide.  
LRO-37-CG i s  no t  c l e a r  a t  t h e  present  t ime,  bu t  i t  i s  probably  r e l a t e d  t o  t h e  h i g h e r  i m p u r i t y  l e v e l  o f  t h e  
C G  feedstock. 
same vendor. 

The reason why M,(C,N) formed i n s t e a d  o f  MC i n  

The M2(C,N) phase was no t  found i n  t h e  " h i g h - p u r i t y "  LRO-37-HP i n g o t  t h a t  was prepared by t h e  

6.1.5 Reference 

1. T. K. Roche and C. T. L i u ,  "S ta tus  of Scale-up o f  an Iron-Base Long-Range-Ordered A l l o y , "  pp. 321-26 
i n  ADIP Semiannu. Frog. Rep. Mar. 32, 2982, DOE/ER-0045/8, U.S. D O E ,  O f f i c e  o f  Fus ion Energy. 

2. T. K. Roche, D. N. B rask i ,  and C. T. L i u ,  "S ta tus  o f  Scale-up o f  an Iron-Base Long-Range-Ordered 
A l l o y , "  pp. 1 5 a 5 9  i n  A D I P  Semiannu. Prog. Rep.  Sept. 30, 1982, DOE/ER-0045/9, U.S. DOE, O f f i c e  o f  Fus ion 
Energy. 
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6.2 BEND DUCTILITY OF IRON-BASE LONG-RANGE-ORDERED ALLOYS AFTER IRRADIATION I N  H I I R  - D. N .  Brask i  
(Oak Ridge Na t iona l  Labora to ry )  

6.2.1 ADIP Task 

ADIP Task 1.5.16, T e n s i l e  P r o p e r t i e s  o f  Spec ia l  and I n n o v a t i v e  M a t e r i a l s  

6.2.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  research i s  t o  d e f i n e  t h e  response o f  (Fe,Ni),V long- range-ordered (LRO) a l l o y s  t o  
neu t ron  i r r a d i a t i o n .  The o v e r a l l  goal i s  t o  determine t h e  p o t e n t i a l  use of t h i s  a l l o y  c l a s s  as a s t r u c t u r a l  
m a t e r i a l  f o r  f u s i o n  energy systeins. 

5.2.3 Summary 

t u r e  and reduced bend d u c t i l i t i e s  a f t e r  i r r a d i a t i o n  t o  10 dpa a t  600°C i n  H I I R .  
t o  lower  temperatures as t h e  damage l e v e l  increased. 
t h e  presence o f  he l ium,  segrega t ing  elements, VC p a r t i c l e s ,  o r  a combinat ion o f  these f a c t o r s .  

6.2.4 Progress and S t a t u s  

6.2.4.1 Exper imenta l  Procedure 

t h i c k )  of t h e  a l l o y s  LRO-16, A1 l o y  Heat t rea tmen t  
-20, and -37 were i r r a d i a t e d  i n  Fe PI i V T i  
HFIR a t  300, 400, 500, and 
600°C. The a l l o y  composi t ions ~ ~ 0 - 1 6  46.0 31.0 23.0 10 min a t  1170"C, water  quenched, aged 
and heat t rea tmen ts  used a r e  a t  640'C f o r  4 d, 600°C f o r  12 d, 
g i v e n  i n  Table  6.2.1.  and 500°C f o r  6 d.  
I r r a d i a t i o n  was accomplished i n  
t h e  d i s k  i r r a d i a t i o n  e x p e r i -  LRO-20 37.6 39.5 22.9 15 min a t  12OO"C, wa te r  quenched, aged 
ments HFIR-CTR-30, -31, and a t  650°C f o r  4 d, 60OOC f o r  1 d, 
-32. Displacement damage and 500°C f o r  2 d. 
l e v e l s  of IO, 21, and 42 dpa 
were a t t a i n e d ,  w i t h  approximate LRO-37 37.6 39.5 22.4 0.4 15 min a t  12OO"C, wa te r  quenched, aged 
h e l i u m  genera t ion  l e v e l s  o f  a t  650°C f o r  4 d, 600°C f o r  1 d, 
1000, 2000, and 6000 at .  ppm, and 500°C f o r  2 d. 
r e s p e c t i v e l y .  Some of t h e  
d i s k s  were subsequent ly  t e s t e d  
i n  bending a t  t h e  i r r a d i a t i o n  
temperatures, w i t h  t h e  tech-  
n ique  developed by tiEDL.1 I n  ou r  bend t e s t  t h e  ram speed was 0.51 nn/min (0.02 in . /min) .  Other  d i s k s  were 
examined by t r a n s m i s s i o n  e l e c t r o n  microscopy, and t h e  r e s u l t s  o f  some o f  these examinat ions have been 
reported.2 

6.2.4.2 

Three i ron- base LRO a l l o y s  w i t h  base composi t ion (Fe,Ni),V t e s t e d  a t  600°C e x h i b i t e d  i n t e r g r a n u l a r  f rac-  
The embr i t t l emen t  extended 

The weakness of t h e  g r a i n  boundaries may be caused by 

Table  6.2.1. Long- range-ordered a l l o y  cornposi t ions and heaL t rea tmen ts  

D isks  (3 m diam x 0.25 mr Composit ion ( w t  %) 

F i g u r e  6.2.1 shows a t y p i c a l  l o a d - d e f l e c t i o n  cu rve  f o r  an LRO d i s k  t h a t  d i d  not  f r a c t u r e  and was bent t o  
t h e  maximum f o r  t h e  d i s k  bend r i g  (-0.5 m). 
s t r a i g h t  l i n e  and i s  analogous t o  t h e  e l a s t i c  p o r t i o n  o f  a t e n s i l e  s t r e s s - s t r a i n  curve. As bending con t inued  
t h e  curve changed s lope  and produced t h e  c h a r a c t e r i s t i c  shape shown i n  t h e  f i g u r e .  Sharp d e v i a t i o n s  from 
t h i s  curve shape were i n d i c a t i v e  o f  c rack i n i t i a t i o n  and p ropaga t ion  i n  t h e  d isk .  The occurrence of such 
changes was used t o  c a l c u l a t e  t h e  bend d e f l e c t i o n  w f o r  a p a r t i c u l a r  d isk .  The s t r a i n  a t  f r a c t u r e  c was then  
es t ima ted  by t h e  approx imat ion '  

The i n i t i a l  p o r t i o n  o f  t h e  cu rve  can be approximated by a 

where t = d i s k  t h i c k n e s s  and (I = d i s k  rad ius .  
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The r e s u l t s  of the pos t i r rad ia t ion  bend t e s t s  on t he  three  a l loys  LRO-16, -20, and -37 a re  given in 
F i g .  6.2.2. 
300 t o  500°C and then tes ted  a t  the  i r rad ia t ion  temperature passed t he  bend t e s t  without f a i l i ng ,  b u t  a l l  
those i r rad ia ted  and tes ted  a t  600°C fractured a t  s t r a i n s  l e s s  than 1.5%. 
a f t e r  i r r ad i a t i on  and t e s t i n g  a t  500"C, and disks i r rad ia ted  t o  42 dpa.fai led f o r  i r r ad i a t i on  and t e s t  tem- 
peratures as low as 40OOC.  
and Wire showed t h a t  a t  low bend f r ac tu re  s t r a i n s  the  bend d u c t i l i t y  very closely approximates t he  t e n s i l e  
d u c t i l i t y  of the  material . '  

Bend d u c t i l i t y  i s  plot ted as a function of damage level .  All the  disks i r rad ia ted  t o  10 dpa a t  

Disks i r rad ia ted  t o  21 dpa f a i l ed  

Huang, Hamilton, In a l l  cases o f  f a i l u r e s ,  the  bend d u c t i l i t y  was l e s s  than 2%. 

250 

200 

150 - z 
0 
- 
a 
0, 

100 

50 

n 

ORNL.DWG 83-9184 

I 

- 
0 0.25 0.50 

DEFLECTION (mm) 

Fig. 6.2.1. Typical load-deflection curve 
f o r  LRO disk t ha t  does not f r ac tu re  during t he  
t e s t .  

ORNL DWG 839203 

I 
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I 
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Fig. 6.2.2. Bend d u c t i l i t y  of LRO disks  a f t e r  
i r r ad i a t i on  in HFIR shown as a function of damage 
leve l .  The disks were tes ted  a t  t he  i r r ad i a t i on  
temperatures. 

Figures 6.2.3 through 6.2.5 show the  load- 
def lec t ion  curves and the  corresoondinu scannins 
e lec t ron  micrographs f o r  disks of each-alloy i r i a -  
d ia ted  t o  10 dpa a t  600°C and tes ted  a t  600°C. 
In each case the disk fractured intergranularly 
a f t e r  r e l a t i ve ly  l i t t l e  deflect ion.  In one case 
(F ig .  6.2.3), t he  ram motion was continued a f t e r  
f r ac tu re  t o  be t t e r  expose t he  f r ac tu re  surface. 
T h i s  f r ac tu re  surface. of the  LRO-16 disk. exhibited 
fea tures  t ha t  are believed t o  be associated w i t h  VC 
p a r t i c l e s  and a l s o  sigma phase in the  grain 

boundaries. 
boundaries were very clean and smooth. 

a moderate number of helium bubbles, which could have a weakening effect .2 
w i t h  the  LRO-16 a l loy  a l so  indicated t h a t  su l fu r  and perhaps boron segregated i n  t he  grain houndaries.3 Thus 
we suspect t h a t  elemental segregation a l so  took place in the  present HFIR i r rad ia t ions  and contributed t o  t he  
weakness of the  grain boundaries. Final ly,  recent transmission e lec t ron  microscopy has shown t h a t  extensive 
prec ip i ta t ion  of VC i n  the  grain boundaries occurred f o r  i r r ad i a t i on  a t  500°C t o  damage leve ls  above 10 dpa. 
The prec ip i ta t ion  was so extensive t h a t  the grain boundaries were completely lined w i t h  t h i n  VC p l a t e l e t s ,  
shown in the  bright  f i e l W a r k  f i e l d  pa i r  i n  Fig. 6.2.6. In these cases, many t i ny  helium bubbles were a l so  
observed along the  VC p a r t i c l e i n a t r i x  interface.  I t  i s  not known whether t h e  VC prec ip i ta t ion  was induced or  
aided by the  i r r ad i a t i on  or caused by simple thermal aging. 

The other  two a l loys  (Figs. 6.2.4 and 6.2.5) had f r ac tu re  surfaces in which the  exposed grain 

Examinations of the  microstructures of the  i r r ad i a t ed  a l loys  showed tha t  the  grain boundaries contained 
Previous i r r ad i a t i on  experiments 
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6.2.5 Conclus ions and Fu tu re  Work 

a l l  f a i l e d  t h e  bend t e s t s  a t  600°C and e x h i b i t e d  bend d u c t i l i t i e s  l e s s  than  1.5%. A t  h i ghe r  damage l e v e l s  
LRO d i s k s  a l s o  f a i l e d  f o r  i r r a d i a t i o n  and t e s t  temperatures below 6OO0C, i n d i c a t i n g  t h a t  t h e  e m b r i t t l e m e n t  
was becoming more extensive.  

such as s u l f u r ,  VC p a r t i c l e s ,  o r  a combinat ion o f  these  fac to rs .  

(i.e., helium, segregat ion,  VC) t h a t  p o s s i b l y  c o n t r i b u t e  t o  t h e  g r a i n  boundary embr i t t l ement .  
known, compos i t iona l  and/or m i c r o s t r u c t u r a l  ad justments of t h e  a l l o y  can be i n v e s t i g a t e d  f o r  p o s s i b l e  impro-  
vement o f  d u c t i l i t y  a f t e r  i r r a d i a t i o n .  

6.2.6 References 

1. Af te r  a 10-dpa i r r a d i a t i o n  i n  HFIR a t  6OO0C, d i s k s  of t h e  i ron- base LRO a l l o y s  LRO-16, -20, and -37 

2. A l l  t h r e e  LRO a l l o y s  f r a c t u r e d  i n t e r g r a n u l a r l y .  
3. The weakness o f  t h e  g r a i n  boundaries may be caused by t h e  presence of hel ium, segrega t ing  elements 

Fu tu re  work on t h e  LRO a l l o y s  w i l l  a t tempt  t o  e s t a b l i s h  t h e  r e l a t i v e  importance o f  t h e  severa l  f ac to r s  
Once t h i s  i s  

1. F. H. Huang, M. L. Hami l ton,  and G. L. Wire, "Bend Tes t i ng  f o r  M i n i a t u r e  Disks," Nuct. Technol. 
57(2 ) ,  234442 (May 1982). 

2. D. N. B rask i ,  " M i c ros t r uc tu res  o f  Iron-Ease Long-Range-Ordered A l l o y s  I r r a d i a t e d  t o  10 dpa i n  HFIR," 
pp. 327-33 i n  ADIP Semiannu. B o g .  Rep. Mar. 31, 1982, OOE/ER-0045/8, U.S. DOE, O f f i ce  o f  Fusion Energy. 

3. 0. N. B rask i ,  " M i c ros t r uc tu re  and Tens i l e  P r o p e r t i e s  o f  N e u t r o n- I r r a d i a t e d  (Fe,.,,Ni9.39)3V Ordered 
A l loy , "  pp. 325-40 i n  E f f e c t s  of Radiation a Materials ,  proceedings of t h e  Eleventh I n t e r n a t l o n a l  Symposium, 
Sco t tsda le ,  Arizona, June 2G30,  1982, ed. H. R. Brager and J. S. P e r r i n ,  ASTM STP 782, American Soc ie t y  f o r  
T e s t i n g  and M a t e r i a l s ,  Ph i l ade lph i a ,  1982. 
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The i r r a d i a t e d  samples were e l e c t r o p o l i s h e d  i n  a ho t  c e l l  t w i n -  V 0.27 
j e t  e l e c t r o p o l i s h e r .  A 7:1 s o l u t i o n  o f  methanol and s u l f u r i c  a c i d  was Mn 0.50 

7.1 PRELIMINARY TRANSMISSION ELECTRON MICROSCOPY OF 12 C r - 1  MoVW IRRADIATED TO 40 dpa I N  HFIR - J. M. V i t e k  
and R. L. Klueh (Oak Ridge Nat iona l  Labora to ry )  

7.1.1 ADIP  Task 

ADIP Tasks a re  no t  def ined f o r  Path E, F e r r i t i c  S tee ls ,  i n  t h e  1978 program plan. 

N 0.020 
S i  0.18 

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  eva l ua te  t h e  m i c r o s t r u c t u r a l  response o f  12 C r - 1  MoVW s t e e l s  t o  HFIR 
i r r a d i a t i o n .  
damage on t h e  m i c r o s t r u c t u r e  can be ascer ta ined.  

Since a t r ansmu ta t i on  r e a c t i o n  o f  n i c k e l  produces helium, t h e  e f fec t  of he l ium and d isp lacement  

7.1.3 Sumnary 

Specimens o f  12 C r - 1  MoVW s tee l  were i r r a d i a t e d  i n  HFIR t o  40 dpa a t  400 and 600°C. P r e l i m i n a r y  
m i c r o s t r u c t u r a l  examinat ion i n d i c a t e s  s i g n i f i c a n t  c a v i t y  f o rma t i on  i n  t h i s  s t ee l ,  and t h i s  i s  a t t r i b u t e d  i n  
p a r t  t o  t h e  he l ium produced du r i ng  i r r a d i a t i o n .  

7.1.4 Progress and S ta tus  

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

( ref .  1).  These exper iments were conducted a t  300, 400, 500, and 600°C t o  d isp lacement  damage l e v e l s  ( a t  t h e  
capsu le  midplane)  o f  40, 20, and 10 dpa. 

D u r i n g  HFIR i r r a d i a t i o n  n i c k e l  undergoes a t r a n s m u t a t i o n  r e a c t i o n  t h a t  r e s u l t s  i n  he l i um  product ion.  
Thus, he l i um  i s  generated a long  w i t h  displacement damage d u r i n g  i r r a d i a t i o n .  By i n c l u d i n g  a l l o y s  w i t h  d i f -  
f e r e n t  n i c k e l  concen t ra t ions ,  t h e  e f f e c t  o f  he l ium on t h e  i r r a d i a t e d  m i c r o s t r u c t u r e  can be ascer ta ined.  
Therefore,  a s e r i e s  o f  n icke l- doped f e r r i t i c  s t ee l s2  were i nc l uded  i n  t h e  HFIR-CTR-30, -31, and -32 expe r i -  
ments. Th i s  r e p o r t  p resen ts  e a r l y  r e s u l t s  on t h e  undoped 12 C r - 1  MoVW a l l o y  i r r a d i a t e d  t o  produce 40 dpa and 
approx imate ly  85 at. ppm He. 

7.1.4.2 Specimen P repa ra t i on  

XAA-3587. The a l l o y  chemis t ry  i s  g iven  i n  Table 7.1.1. The d i s k s  Table 7.1.1. Composit ion of 
were i r r a d i a t e d  i n  t h e  normalized-and- tempered cond i t i on ,  produced by 
t h e  f o l l o w i n g  heat  t rea tment :  1050"C/0.5 h / a i r  cool  + 78O0C/2.5 h / a i r  
cool .  Th i s  heat  t rea tment  r e s u l t e d  i n  a tempered l a t h  m a r t e n s i t e  
s t r u c t u r e .  The recovered l a t h  m a r t e n s i t e  network has chromium- rich 
M 2 &  l o c a t e d  p r e f e r e n t i a l l y  a t  l a t h  boundar ies and p r i o r - a u s t e n i t e  
g r a i n  boundaries. I n  a d d i t i o n ,  t h e  s t r u c t u r e  con ta i ns  some f i n e r  
vanadium- r ich D rec iD i t a t es .  The norma l i zed-and- temered  m i c r o s t r u c-  11.99 

D isks  of 12 C r - 1  MOVW s t e e l  were i nc l uded  i n  t h e  i r r a d i a t i o n  experiments HFIR-CTR-30, -31, and -32 

The 12 C r - 1  MoVW a l l o y  i s  f rom a Combustion Eng ineer ing  heat ,  

12 C r - 1  MoVW heat  XAA-3587 

t u r e  has been descr ibed  i n  d e t a i l  elsewhere.2.3 and ' a  t y p i c a l  
m i c r o s t r u c t u r e  i s  shown i n  Fig. 7.1.1. 

0.018 
0.43 0.21 

Mo 
N i  
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E41561 

Fig. 7.1.3. ( a )  Cavity  microstructure of 12 Cr-1 MoVW i r r a d i a t e d  i n  HFIR t o  40 dpa a t  6OO0C. 
( b )  E s s e n t i a l l y  d is locat ion- f ree  microstructure i n  the  same sample. 
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As found a f t e r  i r r a d i a t i o n  a t  400"C, c a v i t i e s  a r e  absent from p r e c i p i t a t e  i n te r faces .  The c a v i t i e s  observed 
ranged i n  s i z e  f rom 3 t o  9 nm, a cons ide rab ly  s m a l l e r  range t h a n  found a f t e r  t h e  400°C i r r a d i a t i o n .  F u r t h e r  
work i s  c u r r e n t l y  i n  progress t o  determine t h e  c a v i t y  s i z e  d i s t r i b u t i o n ,  t h e  c a v i t y  concen t ra t ion ,  and t h e  
corresponding volume s w e l l i n g  c o n t r i b u t i o n .  Also, i n  c o n t r a s t  t o  r e s u l t s  of t h e  400°C i r r a d i a t i o n ,  t h e  tem- 
pered  m a r t e n s i t e  s t r u c t u r e  remained i n t a c t  w i t h  l i t t l e  change i n  t h e  l a t h  s u b s t r u c t u r e  [Fig.  7.1.3(b)]. 
F i n a l l y ,  t h e r e  was no obvious a d d i t i o n a l  p r e c i p i t a t i o n  d u r i n g  i r r a d i a t i o n .  The l a r g e  ca rb ides  a t  l a t h  boun- 
d a r i e s  have remained i n  p lace,  and no a d d i t i o n a l  p r e c i p i t a t i o n  was observed. P o s i t i v e  i d e n t i f i c a t i o n  o f  pre-  
c i p i t a t e s  by examinat ion o f  carbon e x t r a c t i o n  r e p l i c a s  i s  for thcoming.  

7.1.5 D iscuss ion  

An ex tens ive  d i s c u s s i o n  o f  t h e  r e s u l t s  i s  premature because t h e  r e s u l t s  presented are  l i m i t e d  and 
However, a few i n t e r e s t i n g  f e a t u r e s  a r e  notewor thy and a r e  i n  c o n t r a s t  w i t h  t h e  r e s u l t s  o f  

The g r e a t e s t  d i f f e r e n c e  found i s  t h e  c a v i t y  d i s t r i b u t i o n  observed i n  t h e  HFIR- i r rad ia ted  specimens. 

p r e l i m i n a r y .  
r e p o r t e d  work on fas t - spec t rum n e u t r o n- i r r a d i a t e d  f e r r i t i c  s t e e l s .  

P rev ious  r e s u l t s  on s i m i l a r  s t e e l s  i r r a d i a t e d  ove r  t h e  temperature range 400 t o  615°C t o  f l uences  produc ing 
up t o  30 dpa have shown no homogeneous d i s t r i b u t i o n  o f  c a v i t i e s  and no swelling.$--6 
i n  f a s t  reac to rs ,  where much lower  he l i um p r o d u c t i o n  r e s u l t s .  S tud ies  on o t h e r  f e r r i t i c  a l l o y s  i n  which a 
l i m i t e d  number o f  c a v i t i e s  were produced by f a s t  r e a c t o r  i r r a d i a t i o n  showed c a v i t i e s  o n l y  a t  i r r a d i a t i o n  tem- 
pera tu res  of 450°C and lower.6.7 These l a t t e r  s t u d i e s  i n c l u d e d  work on 9 C r - 1  MoVNb and 2 114 Cr-1 Mo 
s tee ls .  Dens i t y  measurements a l s o  showed no s w e l l i n g  above 450°C ( r e f .  8). I n  c o n t r a s t ,  we have observed 
c a v i t i e s  a t  b o t h  400 and 6OO'C. Thus t h e  p r e l i m i n a r y  r e s u l t s  presented here seem t o  show an in f l uence  of 
s imul taneous he l i um p r o d u c t i o n  on t h e  i r r a d i a t e d  c a v i t y  m i c r o s t r u c t u r e .  However, t h e  h i g h e r  f l uences  o f  t h i s  
work c o u l d  a l s o  be a c o n t r i b u t i n g  fac to r .  

t i c l e s  was found. Th is  c o n t r a s t s  w i t h  c h i ,  sigma,S and G phase6 p r e c i p i t a t i o n  r e p o r t e d  f o r  f a s t - r e a c t o r  
i r r a d i a t i o n .  However, t h e  p o s s i b i l i t y  of a f i n e  d i s t r i b u t i o n  o f  p r e c i p i t a t e s  cannot be d iscounted,  and 
ongoing work should  c l a r i f y  t h i s  p o i n t .  

7.1.6 Fu tu re  Work 

These i r r a d i a t i o n s  were 

As f o r  p r e c i p i t a t i o n  r e a c t i o n s  t h a t  may occur  d u r i n g  i r r a d i a t i o n ,  no evidence o f  l a r g e  p r e c i p i t a t e  par-  

F u t u r e  a n a l y s i s  w i l l  complete t h e  m a t r i x  on 12 C r - 1  MoVW s t e e l  i r r a d i a t e d  t o  1 0 ,  20, and 40 dpa a t  tem- 
p e r a t u r e s  from 300 t o  600°C. The s t u d i e s  w i l l  q u a n t i f y  t h e  m i c r o s t r u c t u r a l  observa t ions  i n c l u d i n g  c a v i t y  
s i z e  d i s t r i b u t i o n s ,  concen t ra t i on ,  and swe l l i ng .  E x t r a c t i o n  r e p l i c a  examinat ion w i l l  p r o v i d e  more i n f o r -  
mat ion  on t h e  p r e c i p i t a t i o n  response o f  t h e  a l l o y s .  F o l l o w i n g  work on t h e  12 Cr-1 MoVW a l l o y s ,  a s i m i l a r  
s tudy  w i l l  be under taken t o  eva lua te  t h e  m i c r o s t r u c t u r e s  of H F I R- i r r a d i a t e d  9 C r - 1  MoVNb. 
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7.2 ELEVATED-TEMPERATURE TENSILE PROPERTIES OF 12 Cr-1 MoVW STEEL IRRADIATED I N  THE EBR-11, AD- 2 EXPERIMENT 
- R. L. Klueh and J. M. V i t e k  (Oak Ridge Na t iona l  Labora to ry )  

7.2.1 ADIP Task 

ADIP Tasks are  n o t  d e f i n e d  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 goal of t h i s  p r o j e c t  i s  t o  measure t h e  t e n s i l e  p r o p e r t i e s  o f  12 C r - 1  MoVW s t e e l s  i r r a d i a t e d  a t  e le-  
va ted  temperatures i n  EBR-11. 
temperature i r r a d i a t i o n s  o f  t h i s  s t e e l  i n  HFIR, where much more he l i um i s  produced i n  i r r a d i a t i o n s  t o  t h e  
same dpa l e v e l .  

7.2.3 Summary 

The e f fec t  of 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  o f  12 C r - 1  MoVW s t e e l  i n  two normalized-and- tempered 
c o n d i t i o n s  was determined f o r  specimens i r r a d i a t e d  i n  EBR-I1 a t  390 t o  550°C. Tests  were conducted a t  room 
tempera tu re  and a t  t h e  i r r a d i a t i o n  temperature. I r r a d i a t i o n  t o  approx imate ly  11 dpa increased t h e  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  each i r r a d i a t i o n  temperature; an inc reased  y i e l d  s t r e s s  was noted o n l y  a t  t h e  lowest  
temperature. 

7.2.4 Progress and S ta tus  

I n  t h e  fu tu re ,  t h e  r e s u l t s  from t h i s  work w i l l  be compared w i t h  e leva ted-  

The t e n s i l e  specimens desc r ibed  i n  t h i s  r e p o r t  were i r r a d i a t e d  i n  EBR-I1 as p a r t  o f  the  l a r g e  AD-2 
exper iment  conducted by HEDL.1 
w i t h  specimens f o r  t h e  d e t e r m i n a t i o n  of t e n s i l e  p r o p e r t i e s ,  impact p r o p e r t i e s ,  f r a c t u r e  toughness, fa t i gue ,  
and crack growth. D isks  o f  each m a t e r i a l  a r e  a l s o  i n c l u d e d  t o  determine m i c r o s t r u c t u r a l  e f fec ts  of 
i r r a d i a t i o n .  

7.2.4.1 Exper imenta l  Procedure 

The 12 Cr-1 MoVW s t e e l  used i n  t h i s  experiment was ob ta ined  f rom t h e  Carpenter  Technology Corpora t ion  

The experiment i nc ludes  12 Cr-1 MoVW, 9 C r - 1  MoVNb, and 2 114 C r - 1  Ma s t e e l s ,  

and had t h e  composi t ion o f  t h e  commercial Sandvik a l l o y ,  HT9. 
t h e  HEDL overchecks f o r  h e a t  91354 a r e  g iven '  i n  Table 7.2.1. The s t e e l  was ob ta ined  as 33.3-mm-diam b a r  
t h a t  had been h o t  and c o l d  r o l l e d  t o  0.76-mm sheet ,  f rom which t h e  t e n s i l e  specimens were f a b r i c a t e d .  

Two d i f f e r e n t  heat  t rea tmen ts  were used' t o  produce normalized-and-tempered m i c r o s t r u c t u r e s :  
r e f e r r e d  t o  as HT-1, was 0.07 h ( 4  min)  a t  103R"C, a i r  cooled, t hen  tempered 0.5 h a t  760°C; t h e  second, 
h e r e a f t e r  r e f e r r e d  t o  as HT-2, was 0.5 h a t  1038"C, a i r  cooled, t h e n  tempered 2.5 h a t  760°C. These heat 
t r e a t m e n t s  r e s u l t e d  i n  p r i o r  a u s t e n i t e  g r a i n  s i z e s  o f  ASTM 7 and 5 f o r  HT-1 and HT-2, r e s p e c t i v e l y .  

The v e n d o r - c e r t i f i e d  chemical compos i t i on  and 

The f i r s t ,  

Composit ion (wt  %) 

Carpenter  HEDL Element 

Technology overcheck 

Tab le  7.2.1. Chemical compos i t i on  o f  12 Cr-1 MoVW s t e e l  (heat 91354) 

C 
Mn 
P 
S 
S i  
N i  
C r  
Mo 
V 
T i  

0.21 
0.50 
n. 008 
0.003 
0.21 
n. 58 

0.33 

12.11 
1.03 

0.002 

0.20 
0.39 

n. 14 
0.49 

12.39 
0.99 
11.45 

co 
cu 
A1 
B 
As 
N 
Ta 
W 
Fe 

0.01 
0.04 
0.034 
0.0007 

a 0 0 5  
0.004 

(0.01 
0.53 

Balance 

0.07 

Balance 

Sheet t e n s i l e  specimens i n  t h i s  experiment were o f  an S S - 1  t ype ,  w i t h  a reduced gage s e c t i o n  20.3 m 

A l l  specimens were machined w i t h  t h e i r  gage l e n g t h s  pe rpend icu la r  t o  t h e  r o l l i n g  
l o n g  by 1.52 mr wide by 0.76 m t h i c k  (Fig.  7.2.1). The speciinen des ign was i n  accordance w i t h  
ASTM S p e c i f i c a t i o n  E 8 .  
d i r e c t i o n  of t h e  sheet.' 
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Specimens were i r r a d i a t e d  i n  capsules 
des igned t o  m a i n t a i n  temperatures o f  390, 
450. 500. and 550°C. I r r a d i a t i o n  was i n  4 4 5  - __  
row'4 of-EBR-I1 t o  a f luence of 2 . L 2 . 5  x 

duced aDDroximatelv 11 dDa i n  t h e  s t e e l .  I- 121  4- 203 d 
IOz6 neutrons/m2 ( E  > 0.1 MeV), which pro-  I 

0.16 A f t e r  i r r a d i a i i o n ,  t e n s i l e  t e s t s  were I ,-6.35 R 

conducted a t  room temperature and a t  t h e  4.,4 -. - . 4 36.2 --  
i r r a d i a t i o n  temoerature. As- heat- t reated I ~ ~ ~~ ~~. 

I~ ~ 

I t 1 
1 ! - 1 I 

and t h e r m a l l y  aged samples were a l s o  

d i a t i o n  from thermal  aa ina e f f e c t s .  
t e s t e d  t o  separate t h e  e f f e c t  o f  i r r a -  ~~~~ 

w2 ' w1 w2 ' I I  " - ~ ~~~ 

'~ 2.48 
Thermal ag ing  was a t  t h e  i r r a d i a t i o n  tem- 
pera tu res  f o r  5000 h - t h e  approximate 
t i m e  of t h e  i r r a d i a t i o n .  The t e n s i l e  4.95 
t e s t s  were conducted i n  a vacuum chamber 
on a 44-kN-capacity I n s t r o n  u n i v e r s a l  

8.5 @ I s ,  which r e s u l t s  i n  a nominal 

1 9 0 m m D I A M '  

W ,  = 1.52 mm 

W2 = 0.025 TO 0.038 mm 

GREATER THAN W, 

DIMENSIONS IN MILLIMETERS 

t e s t i n g  machine a t  

s t r a i n  r a t e  of 4.2 x lO-q/s. 

a crosshead speed of 

7.2.4.2 Results Fig .  7.2.1. The S S - 1  t e n s i l e  specimen. 

The t e n s i l e  r e s u l t s  f o r  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  12 Cr-1 MoVW s t e e l  are  g i ven  i n  Tables 7.2.2 

F igu res  7.2.5 and 
and 7.2.3. I n  Figs.  7.2.2-7.2.4, t h e  t e n s i l e  p r o p e r t i e s  of t h e  i r r a d i a t e d  s t e e l s  t e s t e d  a t  t h e  i r r a d i a t i o n  
temperatures a r e  compared w i t h  u n i r r a d i a t e d  specimens t e s t e d  a t  t h e  same temperatures. 
7.2.6 show t e n s i l e  p r o p e r t i e s  determined i n  room- temperature t e s t s  p l o t t e d  aga ins t  i r r a d i a t i o n  temperature. 

t rea tmen t .  The specimens with HT-1 had a cons ide rab ly  h i g h e r  0.2%-offset y i e l d  s t r e s s  ( Y S )  (Fig. 7.2.2) and 
u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) (Fig.  7.2.3) a t  a g i ven  temperature t h a n  "-2, a l though t h e  d i f f e rences  i n  
d u c t i l i t y  were r e l a t i v e l y  minor  (Fig.  7.2.4). 

When t h e  i r r a d i a t e d  r e s u l t s  f o r  t h e  t e s t s  a t  t h e  i r r a d i a t i o n  temperatures a r e  cons idered (Figs. 7.2.2- 
7.2.4), i t  i s  seen t h a t  i r r a d i a t i o n  a t  390°C increased t h e  Y S  and UTS f o r  bo th  heat t reatments .  The r e l a -  
t i v e  i nc rease  f o r  HT-1 was somewhat l a r g e r  t h a n  t h a t  f o r  HT-2. A s l i g h t  decrease i n  d u c t i l i t y  accompanied 
t h e  inc rease  i n  s t reng th .  

The t e n s i l e  p r o p e r t i e s  of t h e  s t e e l  i n  t h e  u n i r r a d i a t e d  c o n d i t i o n  show a d e f i n i t e  e f f e c t  o f  heat 

Table 7.2.3. T e n s i l e  p r o p e r t i e s  o f  i r r a d i a t e d  
1 2  Cr-1 MoVW s t e e l .  I r r a d i a t i o n  i n  E R R- 1 1 .  
row 4, i n  t h e  A b 2  experiment t o  a f l u e n c e  

p roduc ing  approx imate ly  11 dpa. 
Table 7.2.2. T e n s i l e  p r o p e r t i e s  of u n i r r a d i a t e d  

12 C r - 1  MOVW s t e e l  
Temperature ( " C )  S t reng th  (MPa) E l o n g a t i o n  (%) 

Tes t  S t r e n g t h  (MPa) E l o n g a t i o n  (%) Tes t  I r r a d i a t i o n  Y i e l d  U l t i m a t e  Un i fo rm T o t a l  

( " C )  Y i e l d  U l t i m a t e  Uniform T o t a l  HT-I (0.07 h/103S°C/air cooted+0.5 h/7600CI 
temperature 

XT-I 10.07 h/l038OC/air cooledtD.5 h/76OYCi 

22 
200 
400 
450 
500 
550 

693 
670 
641 
586 
532 
471 

862 
852 
786 
722 
645 
550 

4.6 
5.7 
2.9 
3.9 
3.9 
2.5 

5.8 
8.6 
5.6 
6.3 
8.2 

12.5 

22 
400 

22 
450 

22 
500 

22 
550 

390 
390 
450 
450 
5flO 
500 
550 
550 

1017 
872 
651 
599 
670 
543 
622 
474 

1081 
916 
842 
74s 
862 
705 
R17 
521 

3.0 
1.3 
7.5 
3.9 
6.3 
3.3 
6.3 
3.3 

HT-2 (0.05 h/103E°C/air cooled+2.5 h/760°C) HT-2 (0.05 h/103E°C/air cooled+2.5 h/76O0Ci 

5.2 
3.4 
9.8 
6.6 
9.5 
5.9 
8.9 

12.2 

450 450 515 644 5.1 8.9 
550 423 486 2.4 9.8 22 500 578 756 6.6 10.0 

500 500 509 646 3.8 6.9 
22 550 562 769 7.2 10.0 

550 550 434 529 3.6 12.9 
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I I 
12 C r ~ l  MoVW S T E E L  

T E S T  T E M P E R A T U R E  S 

I R R A D I A T I O N  T E M P E R A T U R E  

U N I R R A D I A T E D  I R R A D I A T E D  

@- H T -  

-A- H T  - 

4. . 
I 

I I 1 

400 500 600 
T E M P E R A T U R E  l'C1 

F i g .  7.2.2. The 0.2% y i e l d  stress p l o t t e d  
a g a i n s t  test  t e m p e r a t u r e  ( approx imate  i r r a d i a t i o n  
t e m p e r a t u r e )  f o r  u n i r r a d i a t e d  and i r r a d i a t e d  12 Cr-1 
M O W  s t e e l  i n  two h e a t - t r e a t e d  c o n d i t i o n s .  
I r r a d i a t i o n  i n  E R R - I 1  exper iment  AD-2 t o  11 dpa. 

. 
TEST T t M P t R A T U R E  . 

IRRADIATION TFMPCRATURt 

i,no 
: (]1 
< 4 0 0  50D 

1 t h l l ' k H A T i i t l t  I 1 8  

Fig.  7.2.4. The uniform and t o t a l  e l o n g a t i o n  
p l o t t e d  a g a i n s t  test  t e m p e r a t u r e  ( approx imate  i r r a -  
d i a t i o n  t e m p e r a t u r e )  f o r  u n i r r a d i a t e d  and i r r a d i a t e d  
12  Cr-1 MoVW s t e e l  i n  two h e a t - t r e a t e d  c o n d i t i o n s .  

F i g .  7.2.3. The u l t i m a t e  t e n s i l e  s t r e n g t h  
p l o t t e d  a g a i n s t  t es t  t e m p e r a t u r e  ( approx imate  i r r a -  
d i a t i o n  t e m p e r a t u r e )  f o r  u n i r r a d i a t e d  and i r r a d i a t e d  
1 2  Cr-1 MoVW s t e e l  i n  two h e a t - t r e a t e d  c o n d i t i o n s .  

Fig .  7.2.5. The 0.2% y i e l d  s t r e s s  and u l t i m a t e  
t e n s i l e  s t r e n g t h  p l o t t e d  a g a i n s t  i r r a d i a t i o n  tem- 
p e r a t u r e  f o r  u n i r r a d i a t e d  and i r r a d i a t e d  12 Cr- 
1 MoVW s t e e l  in  two h e a t - t r e a t e d  c o n d i t i o n s .  A l l  
t e s t s  a t  room tempera tu re .  I r r a d i a t i o n  t o  11 dpa i n  
t h e  AD- 2 exper iment .  
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s t e e l  a t  550°C. 
12 

ae form o r  t o t a l  e l o n g a t i o n  between u n i r r a d i a t e d  
and i r r a d i a t e d  s t e e l ,  r e g a r d l e s s  o f  heat z l o -  
t rea tment  (Fig. 7.2.4). The g r e a t e s t  d i f -  0 

I 
There i s  ve ry  l i t t l e  d i f f e r e n c e  i n  u n i -  

- 
I 1 

UNIHRADIATED - 

/ VALUES 

1. R. J. Puigh and N. F. Panayotou, "Specimen P r e p a r a t i o n  and Loading f o r  A D- 2  F e r r i t i c 8  Experiment," 
PP. 2 6 k 9 3  i n  A D I P  @art. Frog. Rep.  .Jvne 30, 1980, DOE/ER-0045/3, U.S. DOE,  O f f i c e  of Fus ion Energy. 

- 

-----A s t e e l s  occurs a t  400"C, t h e  lowes t  t e s t  tempera- 
t u r e ,  where t h e  t o t a l  e l o n g a t i o n  of HT-1 i s  o n l y  z - 

through  a l o c a l  minimum. D u c t i l i t y  increases LT 

i r r a d i a t e d  s t e e l s  a t  550°C exceeds 12%. z 
When t h e  r e s u l t s  o f  t h e  room-temperature 3 

-0 

fe rence  between i r r a d i a t e d  and u n i r r a d i a t e d  
0 

Y 
a l i t t l e  m r e  than  3%, and a t  500"C, where t h e  
t o t a l  e l o n g a t i o n  o f  t h e  i r r a d i a t e d  s t e e l  goes - 

w i t h  temperature,  and t o t a l  e l o n g a t i o n  of t h e  - 

z 4 -  

2 -  
0 

L- 0 4  I 
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7 . 3  FATIGUE CRACK GROWTH I N  PATH E ALLOYS - A.  M. E r m i  (Westinghouse Hanford Company) 

7.3.1 ADIP Task 

l h e  Department o f  Energy ( 0 0 E ) l O f f i c e  o f  Fusion Energy (OFE) has c i t e d  t h e  need f o r  these da ta  under 
t he  A D I P  Program Task, F e r r i t i c  S tee l s  Development (Path E ) .  

7.3.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  s tudy  i s  t o  p rov i de  f a t i g u e  c rack  growth data on cand ida te  f e r r i t i c  a l l o y s  and 
t o  e s t a b l i s h  a base f o r  t he  eva lua t i on  o f  t he  e f f e c t s  o f  i r r a d i a t i o n  on f a t i g u e  c rack  growth.  

7 . 3 . 3  Summary 

Fa t i gue  crack growth t e s t s  on u n i r r a d i a t e d  HT-9, HT-9 weldments and 9Cr-1Mo have been conducted i n  
he l ium a t  temperatures up t o  550°C and a t  c y c l i c  f requencies o f  6.67 and 0.667 s - I .  
crack  growth behav io r  between t he  t h r e e  m a t e r i a l s  were observed a t  any s i n g l e  c o n d i t i o n .  However, h i ghe r  
crack growth r a t e s  were e v i d e n t  a t  t h e  lower s t r ess  i n t e n s i t y  f ac to r s  a t  0.667 8 - l  on specimens t e s t e d  a t  
300°C compared t o  550°C. No e f f e c t  of i r r a d i a t i o n  was  observed on HT-9 i r r a d i a t e d  t o  13 dpa a t  550°C and 
t es ted  a t  550°C a t  6.67 8 - l .  

7.3 .4  Progress and S t *  

7 .3.4.1 I n t r o d u c t i o n  

L i t t l e  d i f f e r e n c e s  i n  

The f a t i g u e  c rack  growth behav io r  o f  m a t e r i a l s  be ing  considered f o r  f ds i on  r e a c t o r  f i r s t  w a l l  a p p l i c a -  
t i o n  must be c h a r a c t e r i z e d  i n  o rde r  t o  e v a l u a t e  t he  i n t e g r i t y  o f  p o t e n t i a l l y  f l awed s t r u c t u r e s .  
s tudy i n v e s t i g a t e s  t h e  crack growth behav io r  o f  two f e r r i t i c  a l l o y s ,  HT-9 and 9Cr-lMo, and of one f e r r i t i c  
weldment, HT-9, i n  o rde r  t o  p r o v i d e  b a s e l i n e  i n f o r m a t i o n  from which e f f e c t s  o f  more h o s t i l e  environments 
can be determined. 

7.3.4.2 M a t e r i a l s  and Experimental Procedures 

p r e v i o u s l y  i n  t he  r e p o r t  d e t a i l i n g  specimen p r e p a r a t i o n  f o r  t he  f e r r i t i c s  AD-2 experiment i n  EBR-11.' 
f i n a l  thermal-mechanical t rea tments  a re  repea ted  i n  Table 7.3.1. (NOTE: Four room temperature t e s t s  on 
H i - 9  were conducted on a d i f f e r e n t  hea t  o f  m a t e r i a l  and used s l i g h t l y  d i f f e r e n t  f i n a l  hea t  t r ea tmen t s . 2 )  

Th is  

The cheii i ical composi t ions and complete thermal-mechanical p rocess ing  f o r  t h e  m a t e r i a l s  were descr ibed  
The 

Table 7.3.1. F i n a l  Thermal-Mechanical P rocess ing  o f  F e r r i t i c  M a t e r i a l s  

Mater i a1 

HT-9 (H t .  91354): 

9Cr-1Mo (H t .  30182): 

HT-9 Weldrnent: 

Processing 

40% CW t o  0.610 mm ( 0 .024" ) ;  1038"C/4 rnin./AC + 76O"Cl 
30 min./AC 

77% CW t o  0.635 mm (0,024") ;  1038"C/1 hr./AC + 760"Cl 
1 hr./AC 

6.35 mm (0 .250" )  HT-9 ( H t .  91353) base meta l ;  1050"Cl30 
min./AC + 76O"C/2.5 hr./AC; 9 3 O C  Preheat ,  Gas- lungsten 
A r c  Welded Between 93"C-l43"C; Post-Weld Temper: 780"Cl 
1 h r . ;  Machined t o  0.813 mn (0 .032" )  

M i n i a t u r e  cen te r- c racked- tens ion  specimens were used f o r  t h e  f a t i g u e  t e s t i n g .  The s t r e s s  c y c l i n g  was 
accomplished us ing  feedback- con t ro l led  s e r v o- h y d r a u l i c  m i n i a t u r e  f a t i g u e  machines operated i n  l oad  c o n t r o l  . 4  
A s i nuso ida l  waveform w i t h  a s t r e s s  r a t i o  (minimum loadlmaximum l oad )  o f  0.05 was used f o r  a l l  t e s t s .  
C y c l i c  f requencies o f  6.67 and 0.667 5-l  (400 and 40 cpm) were used, except  f o r  some room temperature t e s t s  
where 15 .0  8 - l  was used. 

Tests were conducted a t  25, 300, 390, 450, 500 and 550°C. The l a t t e r  four  temperatures were chosen t o  
match those o f  t he  AD-2 i r r a d i a t i o n s .  
he l i um  (99.99%) w i t h  <0.01% oxygen. 
parameters o f  a l l  o f  t he  specimens i n  t h i s  s tudy  a r e  l i s t e d  i n  Table 7 . 3 . 2 .  

t i a l  t e ~ h n i q u e , ~  and t h i s  i n f o rma t i on  a long  w i t h  t h e  c y c l e  counts and temperatures were a u t o m a t i c a l l y  
recorded by computer. 
co r respond ing  s t r e s s  i n t e n s i t y  f a c t o r  ranges (cK)  were c a l c u l a t e d  us ing :7  

The e l eva ted  temperature t e s t s  were conducted i n  f l o w i n g ,  h i gh  p u r i t y  
The temperatures of t h e  furnaces were c o n t r o l l e d  t o  L1.5'C. The t e s t  

The c rack  l enq ths  were moni tored c o n t i n u o u s l y  d u r i n q  t he  s t r e s s  c y c l i n g  by us i ng  an e l e c t r i c a l  poten-  

Fa t i gue  c rack  growth r a t e s  (daldN) were c a l c u l a t e d  us i ng  t he  secant  method,E and t he  
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Table 7.3.2. Fa t igue  Crack Growth Tes t  Parameters 

M a t e r i a l  

HT-9 
(0.610 mm) 

Spec. 
No. 

Ea01 
Ea02 
Ea03 
Ea04 
Ea25 
Ea32 
Ea38 
Ea41 
Ea34 
Ea35 
Ea36 
Ea37 
Ea40 
Ea29 
Ea31 
Ea66* 
Ea26 
Ea28 
Ea81 
Ea30 
Ea33 
Ea80 
Ea24 
Ea42 

15.0 
15.0 
15.0 
15.0 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 
6.67 

0.667 
0.667 
0.667 
0.667 
0.667 

Temp. 
( " C )  

25 
25 
25 
2 5  

300 
300 
390 
390 
450 
450 
450 
5 00 
500 
550 
550 
550 
300 
300 
300 
450 
450 
450 
550 
550 

Maximum Load 
( N )  ( l b s . )  

2113 47 5 
2113 475 
2113 475 
2113 475 
1779 400 
1557 350 
1890 425 
1904 428 
2211 497 
1890 425 
1890 425 
1890 425 
1890 425 
1557 350 
1557 350 
2046 460 
1779 400 
1557 350 
1890 425 
2202 495 
2202 495 
2891 
1668 

650 
375 

2335 525 

9Cr-1Mo 
(0.635 mm) 

Eb20 
Eb25 

6.67 
6.67 

300 

300 
300 
550 
550 

2113 475 
2002 450 
2002 450 
2113 475 
21 22 477 
2002 450 
2576 579 ~~ 

2366 532 

HT-9 Weldment 
(0.813 mm) 

Ec14 6 . 6 7  7 5  ~. .. ~. 
Ec07 6.67 300 
Ec08 6.67 300 
Ec04 6 .67  390 
Ec05 6.67 390 
Ec03 6.67 550 

EclO 0.667 300 
Ec02 0.667 550 
E c l 3  0.667 550 

2447 550 
2558 575 
2558 575 
2598 584 
2558 5 1  5 
2558 575 
2558 575 
2669 600 
2669 600 
3114 700 
3114 700 

R = Min.  load/max. l o a d  = 0.05. 
Waveform = S i n u s o i d a l .  

Environment = Hel ium (excep t  25°C). 
* I r r a d .  a t  550°C t o  13 dpa. 
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AK = (l-R)(P=/Wt)[sec (ra/W)]1/2 x 

[a-0.025 (2aiW)' t 0.06 (Zaiw) ' . ]  

where R i s  t h e  l o a d  r a t i o ,  P i s  t h e  maximum a p p l i e d  load ,  W i s  the  specimen w i d t h  ( n o m i n a l l y  25.4  m m ) ,  t i s  
t h e  specimen t h i c k n e s s ,  and a i s  t h e  h a l f - c r a n k  l e n q t h .  

7 .3.4.3 Resu l t s  and Discuss ion 

R e s u l t s  o f  t h e  i n d i v i d u a l  t e s t s  f o r  each temperature- f requency comb ina t ion  a r e  g i v e n  i n  F i g s .  7.3.1 
through 7.3.9 f o r  HT-9, i n  F i g s .  7.3.10 through 7.3.13 f o r  9Cr-1Mo and i n  F i g s .  7.3.14 through 7.3.19 fo r  
HT-9 weldments. L i n e a r  leas t- squares  r e a r e s s i o n  analvses were Derformed f o r  each mate r ia l - temoera tu re -  
f requency combinat ion,  and a r e  i n c l u d e d  on t h e  p l o t s . -  The r e s u i t s  o f  these analyses a r e  summarized i n  
Table 7 .3 .3 .  The da ta  were f i t  t o  t h e  P a r i s  equa t ion :n  

where C and n a r e  dependent on t h e  m a t e r i a l  and exper imenta l  c o n d i t i o n .  

o f  c rack  growth f o r  t h e  va r ious  m a t e r i a l - f r e q u e n c y  combinat ions.  A t  a c y c l i c  frequency of 6.67 s - ' ,  t h e r e  
a r e  i n s i g n i f i c a n t  d i f f e r e n c e s  i n  c r a c k  growth behav io r  ( l e s s  than a f a c t o r  o f  2 )  between HT-9, 9Cr-1Mo and 
HT-9 weldments over  t h e  temperature range froni 25°C t o  550°C. When t h e  f requency i s  reduced by an o r d e r  of 
magnitude t o  0.667 s - ' ,  l i t t l e  d i f fe rences  were aga in  observed between t h e  m a t e r i a l s ,  a l t h o u g h  a t  550°C t h e  
HT-9 e x h i b i t e d  a s l i g h t l y  h i g h e r  growth r a t e  a t  lower  s t r e s s  i n t e n s i t y  f a c t o r s .  
frequency, h i g h e r  c r a c k  growth r a t e s  a t  l ower  s t r e s s  i n t e n s i t y  f a c t o r s  were observed a t  300'C f o r  a l l  t h r e e  
m a t e r i a l s  compared t o  t h e  c r a c k  growth r a t e s  a t  500°C. 

Tests  a t  a d d i t i o n a l  temperatures as w e l l  as a t  l ower  c y c l i c  f requencies a r e  planned t o  f u r t h e r  charac-  
t e r i z e  t h i s  behav io r .  Scanning e l e c t r o n  microscope o f  s e l e c t e d  specimen f r a c t u r e  sur faces i s  a l s o  planned. 

Weld development o f  i r r a d i a t e d  specimen gauges t o  t h e  specimen end g r i p s  u s i n g  a newly developed 
tungs ten  i n e r t  gas (TIG)  welder  i s  underway. The new TIG welder  i n c o r p o r a t e s  a f e a t u r e  f o r  p r e h e a t i n g  t h e  
specimen p r i o r  t o  we ld ing ,  thus e l i m i n a t i n g  t h e  weld zone f a i l u r e s  observed i n  a number o f  specimens 
welded on t h e  p r o t o t y p i c  welder .  Resu l t s  o f  one t e s t  on HT-9 i r r a d i a t e d  at 550°C t o  13 dpa i n  t h e  EBR-I1 
A D- 2  f e r r i t i c s  exper iment  i s  g i ven  i n  F i g .  7.3.6. For t h e  range o f  s t r e s s  i n t e n s i t y  f a c t o r  i n v e s t i g a t e d ,  
t h e r e  i s  l i t t l e  e f f e c t  o f  i r r a d i a t i o n  on c r a c k  growth o f  HT-9 t e s t e d  a t  550°C a t  a c y c l i c  frequency of 
6.67 5 - l .  

7.3.5 Conclusions and Fu tu re  Work 

The r e g r e s s i o n  l i n e s  a r e  r e p l o t t e d  i n  F igu res  7.3.20 through 7.3.25, showing t h e  temperature dependence 

However, a t  t h i s  l ower  

B a s e l i n e  da ta  on t h e  f a t i g u e  c r a c k  growth behav io r  of HT-9, 9Cr- lM0, and HT-9 weldments were r e p o r t e d .  
L i t t l e  d i f f e r e n c e s  i n  t h e  c r a c k  growth behav io r  were observed between t h e  m a t e r i a l s  t e s t e d  from 25 t o  550°C 
i n  h e l i u m  a t  c y c l i c  f requenc ies  o f  6 .67 and 0.667 8 - l .  However, c r a c k  g rowth  r a t e s  far a l l  t h r e e  m a t e r i a l s  
t e s t e d  a t  a frequency of 0.667 s - '  were h i g h e r  a t  300°C than a t  550°C. A d d i t i o n a l  t e s t i n g  and p o s t - t e s t  
f r a c t u r e  s u r f a c e  examinat ions a r e  p lanned.  One t e s t  on HT-9 i r r a d i a t e d  a t  550°C t o  1 3  dpa and t e s t e d  a t  
550°C a t  6.67 5s' e x h i b i t e d  l i t t l e  d i f f e r e n c e  i n  c r a c k  growth behav io r  compared t o  t h e  c o n t r o l  t e s t s .  
on a d d i t i o n a l  f e r r i t i c s  i r r a d i a t e d  i n  t h e  AD- 2 exper iment  (13 dpa) ,  t h e  AD-2 r e c o n s t i t u t i o n  exper iment  
( ;30 dpa) and t h e  HFIR-RE1 exper iment  (10 dpa) a r e  planned d u r i n g  FY83. 
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7.4 FRACTURE TOUGHNESS OF IRRADIATED HT-9 WELD METAL - F.  H. Huang and D. S. Ge l l es  
(Westinghouse Hanford Company) 

7.4.1 AtuLIkk 

The Department o f  E n e r g y I O f f i c e  o f  Fusion Energy (DDEIOFE) 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  ADlP program t a s k  F e r r i t i c  S t e e l s  Development (Pa th  E ) .  

7.4.2 D 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  eva l ua te  t h e  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  f r a c t u r e  toughness 
o f  HT-9 weld meta l .  
m a t e r i a l s  for 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 .  

The goal  i s  t o  c h a r a c t e r i z e  t h e  p o s t - i r r a d i a t i o n  f r a c t u r e  behav io r  o f  welded f e r r i t i c  

7.4.3 summaq! 

Frac tu re  toughness t e s t s  us lng  e l e c t r o p o t e n t i a l  techniques on HT-9 weld m a t e r i a l  I r r a d i a t e d  t o  a 
f i uence  o f  2.8 x I O z 2  n/cm2 ( E  >O.l MeV) a t  390'C were performed a t  93, 205, 316 and 427'C. 
HT-9 welds i r r a d i a t e d  a t  450, 500 and 550'C was performed a t  205'C. The t e s t  r e s u l t s  were analyzed us ing  
t h e  J- i n t e g r a l  approach. A f t e r  t h e  t e s t ,  t h e  specimens were examined by scanning e l e c t r o n  mlcroscopy i n  
o rder  t o  understand t h e  f r a c t u r e  process i n  t h i s  weld m a t e r i a l .  The t e s t  r e s u l t s  show t h a t  i r r a d i a t i o n  
temperature has l i t t l e  e f f e c t  on t h e  f r a c t u r e  toughness o f  HT-9 weld meta l .  
f o r  t h e  390°C i r r a d i a t i o n  cond i t i on ,  t e s t i n g  a t  93 and 427'C showed l i t t l e  change i n  f r a c t u r e  toughness 
a f t e r  i r r a d i a t l o n .  However, t e s t i n g  a t  200 t o  300°C r e s u l t e d  In h ighe r  toughness, h i ghe r  than  t h a t  o f  
u n i r r a d l a t e d  m a t e r i a l .  

7.4.4 and S t a t u  

7.4.4.1 €x@xLmntaI P r o c e d u  

d i a t e d  i n  EBR-II t o  a f i uence  o f  2.8 x I O z 2  n/cmZ I E  >O. i  MeV). 
i n  F ig .  7.4.la. The no tch  o r i e n t a t i o n  o f  t h e  weld specimen i s  p a r a l l e l  t o  t h e  f u s l o n  l i n e  o f  t h e  HT-9 
welded m a t e r i a l .  D e t a l l s  o f  specimen f a b r i c a t i o n  were r epo r t ed  i n  Reference 1. The s i n g l e  specimen 
e l e c t r o p o t e n t i a l  techn ique  was used t o  o b t a i n  J versus Aa curves. F i g .  7 . 4 . l b  shows t h e  lead p o s i t i o n s  f o r  
power supp ly  and p o t e n t i a l  ou tpu t .  To produce a sharp crack t i p ,  a l l  specimens were remote ly  f a t i g u e  
precracked w i t h  a h y d r a u l i c  t e s t i n g  system a t  a maximum s t r e s s  i n t e n s i t y  f a c t o r  o f  30 MPa&. 
f a t i g u e  c rack  was i n i t i a t e d ,  t h e  load was reduced. The t e s t  procedure was descr ibed  i n  Reference 2. 
Fo l l ow ing  t h e  t e s t ,  t h e  f r a c t u r e  sur faces  o f  two i r r a d i a t e d  HT-9 weld specimens (T727 and T730) i r r a d i a t e d  
a t  390'C and t e s t e d  a t  205'C were examlned u s i n g  a scanning e l e c t r o n  microscope. 

Tes t i ng  o f  

In add i t i on ,  i t  was found t h a t  

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 were f a b r l c a t e d  from HT-9 weld metal and were i r r a -  
The c o n f i g u r a t i o n  o f  t h e  specimen I s  shown 

A f t e r  t h e  

tar lbl 

Fig .  7.4.1. ( a )  C i r c u l a r  compact t e n s i o n  specimen dimensions. ( b )  Schematic drawing o f  
e l e c t r o p o t e n t i a l  technique.  

7.4.4.2 

The p o t e n t i a l  o u t p u t  versus crack ex tens ion  as revea led  by hea t  t i n t i n g  i s  p l o t t e d  i n  F ig .  7.4.2. A 
c a l i b r a t i o n  curve  f o r  i r r a d i a t e d  HT-9 weld was es tab l i shed  f o l l o w i n g  t h e  procedure descr ibed  i n  Reference 
3. The con t inuous  crack ex tens ions  can be ob ta ined  from e l e c t r o p o t e n t i a l  o u t p u t  v i a  t h i s  c a l i b r a t i o n  
curve.  The va lues  o f  J were c a l c u l a t e d  from load versus d isp lacement  curves. F i gu re  7.4.3 shows J versus 
La curves f o r  i r r a d i a t e d  HT-9 welds t e s t e d  a t  e l eva ted  temperatures.  The f r a c t u r e  toughness values a t  
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Fig .  7.4.3. J versus l a  curves o b t a i n e d  v i a  an 
F ig .  7.4.2. E l e c t r o p o t e n t i a i  c a l i b r a t i o n  curve  e l e c t r o p o t e n t i a l  c a l i b r a t i o n  cu r ve  f o r  i r r a d i a t e d  

f o r  i r r a d i a t e d  HT-9 weld. HT-9 weld t e s t e d  a t  e l eva ted  temperatures.  

crack i n i t i a t i o n ,  Jlc, were determined from these  J versus ' a  curves and t h e  b l u n t i n g  l i n e s  and a re  l i s t e d  
i n  Table 7.4.1. A l s o  l i s t e d  i n  Tab le  7.4.1 i s  t h e  tearing modulus ( T I .  The t e s t  and i r r a d i a t i o n  tempera- 
t u r e  dependences of J l c  f o r  i r r a d i a t e d  HT-9 weld are p l o t t e d  i n  F i gs .  1.4.4 and 7.4.5, r e s p e c t i v e l y .  As 
shown i n  F ig .  7.4.4, t h e  f r a c t u r e  toughness o f  HT-9 weld meta i  s u r p r i s i n g l y  increases a f t e r  i r r a d i a t i o n .  
Ana i ys i s  o f  t h e  r e s u l t s  a l s o  shows t h a t  HT-9 weld metal e x h i b i t s  s i m i l a r  t r ends  i n  which t h e  f r a c t u r e  
toughness decreases w i t h  i nc reas i ng  t e s t  temperature be fo re  as w e i i  as a f t e r  i r r a d i a t i o n .  In  c o n t r a s t  t o  
f r a c t u r e  toughness, t h e  t e a r i n q  modulus o f  HT-9 weld was deoraded s i a n i f i c a n t l v  bv i r r a d i a t i o n .  A S  shown 
i n  F ig .  7.4.6, t h e  t e a r i n g  modhus  of HT-9 was reduced 35% i u e  t o  weid ing,  and'wa; f u r t h e r  reduced by a 
f a c t o r  o f  2 as a r e s u l t  o f  i r r a d i a t i o n .  

The e f f e c t s  of i r r a d i a t i o n  on t h e  f r a c t u r e  toughness and t e a r i n g  modulus o f  HT-9 weid a re  shown i n  
F i g .  7.4.5. Overa l l ,  t h e  t e s t  r e s u l t s  show t h a t  neu t ron  i r r a d i a t i o n  has l i t t l e  e f f e c t  on t h e  f r a c t u r e  
toughness o f  HT-9 weld b u t  severe ly  reduces t h e  a b i l i t y  o f  HT-9 weld t o  r e s i s t  c rack  p ropagat ion  a f t e r  t h e  
crack i s  i n i t i a t e d .  

Tabie 7.4.1. F r a c t u r e  Toughness Tes t  Resu l t s  o f  i r r a d i a t e d  HT-9 Weid Metal 

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

(OC) 

390 
390 
390 
390 
450 
500 
550 

Tes t  
Temperature 

(OC) 

93 
205 
316 
421 
205 
205 
205 

586.0 
591.5 
575.1 
440.7 
451.1 
467.9 
499.6 

102.6 
103.5 
100.6 
77.1 
80.0 
81.9 
87.4 

36.4 
39.6 
43.3 
46.1 
35.1 
32.0 
65.3 
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F ig .  7.4.4. Temperature dependence of f r a c-  
t u r e  toughness for i r r a d i a t e d  and u n i r r a d i a t e d  
HT-9 weld meta l .  

*.DL- 

Fig.  7.4.5. I r r a d i a t i o n  temperature  dependence 
of f r a c t u r e  toughness and t e a r i n g  modulus for i r r a d-  
i a t e d  HT-9 weld meta l  t e s t e d  a t  205OC. 

FractoaraDhv 
Examples o f  t h e  f r a c t u r e  appearances f o r  two specimens which were i r r a d i a t e d  a t  390°C and t e s t e d  a t  

205OC a r e  shown i n  F igs .  7.4.7 and 7.4.8. The f r a c t u r e  sur faces a r e  rough and f a i l u r e  i s  by d imple  r u p t u r e  
t e n d i n g  t o  f o l l o w  m i c r o s t r u c t u r a l  f e a t u r e s  such as g r a i n  boundaries, m a r t e n s i t e  l a t h  boundar ies and d e l t a  
f e r r i t e  fea tu res .  A t  low m a g n i f i c a t i o n  t h e  s t r u c t u r e s  appear q u i t e  d i f f e r e n t .  However, a t  h i g h e r  magn i f i-  
cat ion,  t h e  f r a c t u r e  su r faces  of t h e  two specimens i n  t h e  v i c i n i t y  of t h e  f a t i g u e  c rack  a re  found t o  be 
q u i t e  s i m i l a r ,  and as can be shown from F i g .  7.4.3, t h e  toughness measurements f rom these  specimens a re  
s i m i l a r .  
t h e  f r a c t u r e  mode on a coarse scale,  b u t  it has r e s u l t e d  i n  less pronounced d imple  r u p t u r e  on a f i n e  scale, 
p robab ly  as a consequence of i r r a d i a t i o n  hardening. 
r e d u c t i o n  i n  t e a r i n g  modulus which r e s u l t s  from i r r a d i a t i o n .  

7.4.5 Conclusions 

I n  comparison w i t h  behav ior  i n  an u n i r r a d l a t e d  specimen.' i r r a d i a t i o n  a t  390T has n o t  a f f e c t e d  

T h i s  change i n  f r a c t u r e  mode p robab ly  a r i s e s  from t h e  

T e s t  r e s u l t s  show t h a t  t h e  f r a c t u r e  toughness o f  HT-9 weld metal  increases a f t e r  I r r a d i a t i o n .  L i k e  
u n i r r a d i a t e d  weld  metal  t h e  f r a c t u r e  of i r r a d i a t e d  welds decreases w i t h  i n c r e a s i n g  temperature.  I n  addi-  
t i o n ,  it was found t h a t  welding. as w e l l  as i r r a d i a t i o n ,  has l i t t l e  e f f e c t  on t h e  f r a c t u r e  toughness of 
HT-9. 
t i o n .  

However, t h e  t e a r i n g  modulus o f  HT-9 i s  s i g n i f i c a n t l y  reduced as a r e s u l t  of we ld ing  and i r r a d i a -  

1 
I IRRADIATED WELD 

ID 

0 ;L o t m m i m o o s m  

I I M I I I A T U I I .  OC 
1 1 C . m .  

Fig.  7.4.6. Temperature dependence o f  t e a r i n g  modulus for i r r a d i a t e d  and u n i r r a d i a t e d  HT-9 weld 
meta l .  



Fig.  7.4.7. The f r a c t u r e  appearance of specimen T727 i r r a d i a t e d  a t  39OoC and tested  a t  205OC 
presented as s tereopai rs  a t  ( a )  low magnlf lcat ion 1x431 and ( b )  higher magnif i c a t i o n  [X200]. 
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7.5 EFFECT OF SPECIMEN S I Z E  AND MATERIAL CONDITION ON CHARPY IMPACT PROPERTIES OF 9 Cr-1 MoVNb - 

7.5.1 A D I P  Task 

W. R. Corwin and A. M. Hougland (Oak Ridge Na t iona l  Labora to ry )  

A D I P  tasks  are no t  def ined f o r  Path E, F e r r i t i c  S tee ls ,  i n  t h e  1978 program plan. 

7.5.2 O b j e c t i v e  

m i n i n g  t h e i r  s u i t a b i l i t y  f o r  f i r s t - w a l l  and b lanke t  s t r u c t u r e  use i n  magnetic fus ion  reac to rs .  
t h e s e  p r o p e r t i e s ,  it i s  necessary t o  reduce t h e  s i z e  o f  s tandard impact specimens f o r  i r r a d i a t i o n  exper i -  
ments i n  e x i s t i n g  h i g h- f l u x  reac to rs .  
s i z e  r e d u c t i o n  on m a s u r e d  impact p roper t i es .  F u l l -  and subsize specimens of normalized-and-tempered and 
quench- embr i t t l ed  9 Cr-1 MoVNb s t e e l  were used i n  these t e s t s .  

Rad ia t ion- induced  degrada t ion  o f  t h e  impact p r o p e r t i e s  of f e r r i t i c  s t e e l s  i s  a major  concern i n  de te r-  
To eva lua te  

The o b j e c t i v e  o f  t h i s  s tudy was t o  i n v e s t i g a t e  t h e  e f f e c t  o f  specimen 

7.5.3 Summary 

Charpy- impact p r o p e r t i e s  were determined on f u l l -  and subsize specimens o f  normalized-and- tempered as 
w e l l  as quenched-only 9 Cr-1 MoVNb s t e e l .  
drops i n  t h e  upper-shelf  energy and l a r g e r  s h i f t s  i n  t h e  t r a n s i t i o n  temperature than  d i d  t h e  f u l l - s i z e  
specimen. 

7.5.4 Progress and S ta tus  

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

The subsize specimen produced c o n s i s t e n t l y  sma l le r  f r a c t i o n a l  

Area and v o l u m e t r i c  no rma l i za t ions  of t h e  specimen s i z e  e f fec t  were a l s o  performed. 

The degrada t ion  of f r a c t u r e  r e s i s t a n c e  of f e r r i t i c  s t e e l s  sub jec ted  t o  neut ron i r r a d i a t i o n  can be 
q u a l i t a t i v e l y  eva lua ted  by examining t h e  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  temperature and t h e  drop 
i n  t h e  upper- shel f  energy determined i n  t h e  Charpy impact t e s t .  
i t s  pr imary use fu lness  i s  d e r i v e d  f rom e i t h e r  c o r r e l a t i o n  w i t h  more q u a n t i t a t i v e  measures o f  f r a c t u r e  tough- 
ness o r  by comparison w i t h  o t h e r  Charpy t e s t  r e s u l t s  f o r  d i f f e r e n t  m a t e r i a l s  o r  c o n d i t i o n s  o f  i n t e r e s t .  Any 
depar tu res  from t h e  s tandard t e s t i n g  procedures'  w i l l  y i e l d  r e s u l t s  t h a t  w i l l  vary i n  some degree f rom those 
o f  a s tandard t e s t .  

I n  examining t h e  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  high-chromium f e r r i t i c  s t e e l s  9 Cr-1 MoVNb and 
12 Cr-1 MoVW, which are candidates f o r  t h e  f i r s t  w a l l  of magnetic f u s i o n  r e a c t o r s ,  i t  i s  necessary t o  
s e v e r e l y  l i m i t  t h e  s i z e  of t e s t  specimens t o  accommodate i r r a d i a t i o n  i n  a v a i l a b l e  h i g h - f l u x  t e s t  reac to rs .  
Impact specimens w i t h  a cross s e c t i o n  of 5 by 5 mr a re  employed i n s t e a d  of t h e  10 by IO- mm c ross  s e c t i o n  o f  
s tandard  s i z e  Charpy impact specimens. To eva lua te  t h e  e f f e c t i v e n e s s  of t h e  sma l le r  specimen i n  m a s u r i n g  
t h e  r e l a t i v e  s h i f t  i n  t r a n s i t i o n  temperature and drop i n  upper- shel f  energy, compared w i t h  a s tandard Charpy 
specimen, a s tudy of impact p r o p e r t i e s  of 9 Cr-1 MoVNb s t e e l  i n  bo th  t h e  normalized-and-tempered (N&T) and 
quenched-only (0)  c o n d i t i o n s  was conducted. 
bo th  V-notch and precracked types were taken  f rom bo th  m a t e r i a l  c o n d i t i o n s  i n  bo th  t h e  l o n g i t u d i n a l  and 
t r a n s v e r s e  o r i e n t a t i o n s .  

7.5.4.2 Exper imenta l  Procedure 

9 Cr-1 MoVNb s t e e l ,  heat 30176. 
of 1038'C f o r  1 h and 760°C f o r  1 h. D e t a i l s  on t h e  m c h a n i c a l  p r o p e r t i e s  o f  t h i s  m a t e r i a l  a re  a v a i l a b l e  
e l s e ~ h e r e . ~ , 3  A p o r t i o n  of t h e  m a t e r i a l  was then  r e a u s t e n i t i z e d  and quenched i n  water  t o  approximate t h e  
e f fec ts  of i r r a d i a t i o n  embr i t t lement .  
each m a t e r i a l  c o n d i t i o n  i n  two o r i e n t a t i o n s :  
cimen i s  p a r a l l e l  t o  t h e  w i d t h  of t h e  p l a t e  and t h e  crack propagates i n  t h e  r o l l i n g  d i r e c t i o n ,  and t h e  RW 
o r i e n t a t i o n  ( l o n g i t u d i n a l ) ,  i n  which t h e  a x i s  of t h e  specimen l i e s  i n  t h e  r o l l i n g  d i r e c t i o n  and t h e  crack 
propagates across t h e  p l a t e  width. 

2-mm-deep 45" no tch  w i t h  a 0.25-mm r o o t  rad ius .  
and a 0.76-mm-deep 30" no tch  w i t h  a 0.05- t o  0.10-mm r o o t  rad ius.  
were precracked t o  a r e l a t i v e  crack l e n g t h  a l w  of about 0.5 f o r  comparat ive t e s t i n g .  (For  a/w o f  0.5, t h e  
precrack extends t o  w i t h i n  2.5 mn of t h e  unnotched surface.) 
t h o s e  be ing  used i n  t h e  ADIP  subs ize Charpy i r r a d i a t i o n  experiments4.5 except i n  l eng th .  The 55 m l e n g t h  
of t h e  specimens i n  t h i s  s tudy and t h e  r e s u l t a n t  span- to-width r a t i o  o f  8 : l  (compared w i t h  4 : l  f o r  t h e  i r r a -  
d i a t i o n  experiment specimens) was used t o  a l l o w  t e s t i n g  on an e x i s t i n g  Charpy impact t e s t  machine. 
Complementary s t u d i e s  us ing  a 4: l  span subsize specimen a re  planned once t h e  new impact machine t o  be used 
i n  t e s t i n g  t h e  i r r a d i a t e d  specimens i s  opera t iona l .  

However, t h e  Charpy t e s t  i s  e m p i r i c a l ,  and 

F u l l - s i z e  Charpy V-notch specimens and subs ize specimens of 

A l l  impact specimens i n  t h e  s tudy were taken  f rom p l a t e  m a t e r i a l  of an e l e c t r o s l a g  reme l t  heat o f  
The s t e e l  was g iven  a s tandard n o r m a l i z i n g  and temper ing t rea tment  

Standard Charpy and subs ize Charpy impact specimens were taken  from 
t h e  WR o r i e n t a t i o n  ( t ransverse ) ,  i n  which t h e  a x i s  of t h e  spe- 

The f u l l - s i z e  Charpy specimens ( t h e  ASTM s tandard specimens') had dimensions o f  10 by 10 by 55 mn and a 

A l i m i t e d  number o f  t h e  subs ize specimens 
The subs ize  specimens had dimensions o f  5 by 5 by 55 mn 

The subs ize  specimens correspond e x a c t l y  t o  
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7.5.4.3 R e s u l t s  and D iscuss ion  

The r e s u l t s  of t h e  impact t e s t s  i n  both o r i e n t a t i o n s  f o r  t h e  f u l l - s i z e  specimens i n  t h e  N&T and 9 con- 
d i t i o n s  and t h e  subs ize specimens i n  t h e  N&T and Q c o n d i t i o n s  (Figs. 7.5.1 through 7.5.4), show t h a t  t h e  
same t r e n d s  a re  fo l l owed  f o r  bo th  s i z e  specimens. 
t r a n s i t i o n  temperature i s  lower  f o r  t h e  RW o r i e n t a t i o n  i n  t h e  N&T c o n d i t i o n  regard less  of t h e  specimen used. 
F o r  t h e  Q c o n d i t i o n ,  t h e  RW o r i e n t a t i o n  has a h i g h e r  upper s h e l f  and t r a n s i t i o n  temperature i n  bo th  specimen 
s izes.  

The upper s h e l f  i s  h i g h e r  and t h e  d u c t i l e - t o - b r i t t l e  
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Fig. 7.5.1. Ef fect  of o r i e n t a t i o n  on t h e  Fig. 7.5.2. Ef fect  o f  o r i e n t a t i o n  on t h e  f u l l -  
s i z e  V-notch Charpy impact energy of quenched 9 Cr-1 f u l l - s i z e  V-notch Charpy impact energy o f  normal- 

i z e d  and tempered 9 Cr-1 MoVNb s t e e l  (heat 30176). MoVNb s t e e l  (heat  30176). 
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F ig.  7.5.3. E f f e c t  o f  o r i e n t a t i o n  on t h e  
subs ize  V-notch Charpy impact energy o f  normal- 
i z e d  and tempered 9 Cr-1 MoVNb s t e e l  (heat  30176). 
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Fig. 7.5.4. E f f e c t  o f  o r i e n t a t i o n  on t h e  sub- 
s i z e  V-notch Charpy impact energy of quenched 
9 Cr-1 MoVNb s t e e l  (heat  30176). 
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It should be noted t h a t  t h e  temperature rep-  
r e s e n t i n g  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  needs 
t o  be e x p l i c i t l y  de f i ned  f o r  nonstandard specimens. 
The t r a d i t i o n a l  method o f  d e f i n i n g  t h e  t r a n s i t i o n  
temperature a t  a g iven  energy (e.g., 68 o r  41 J )  
cannot apply  t o  t h e  subsize specimen. F rac tu re  
su r f ace  appearance cou ld  be used bu t  i s  compl i ca ted  
t o  use inasmuch as t h e  r e l a t i v e  amount o f  o l a s t i c -  
i t y  increases w i t h  decreasing specimen s i z e  because 
of a l ack  of cons t r a i n t .  I n  t h i s  s tudy t he  t r a n -  
s i t i o n  temperature i s  a r b i t r a r i l y  def ined a t  one- 
h a l f  t he  average upper- she l f  energy. Th i s  i s  
s u b j e c t i v e  bu t  i s  a t  l e a s t  cons i s t en t  regard less  o f  
specimen s ize .  

impact energy of t he  f u l l - s i z e  and subsize V-notch 
and precracked specimens can be exam-ined sepa- 
r a t e l y  f o r  t h e  WR o r i e n t a t i o n  i n  t h e  N&T and Q 
c o n d i t i o n s  and f o r  RW o r i e n t a t i o n  i n  t h e  N&T and 
Q c o n d i t i o n s  (Figs. 7.5.5 th rough  7.5.8). Other 
t han  t h e  general r e d u c t i o n  i n  impact energy i n  
go i ng  from t h e  f u l l - s i z e  V-notch t o  t h e  subsize 
V-notch t o  t h e  subsize precracked specimen, l i t t l e  
can be sa id  about t h e  upper- she l f  p r o p e r t i e s  f o r  
a l l  m a t e r i a l  c o n d i t i o n s  and o r i e n t a t i o n s  examined. 
However, t he  e f f ec t  on t r a n s i t i o n  temperature i s  
n o t i c e a b l y  d i f f e r e n t  f o r  t he  N&T m a t e r i a l  than  f o r  
t h e  Q ma te r i a l .  
t u r e  f o r  t h e  subsize V-notch specimen i s  lower  
t han  t h a t  f o r  t h e  corresponding f u l l - s i z e  specimen 
i n  a l l  cases, i t  i s  l e s s  than  10°C lower  f o r  t he  Q 
m a t e r i a l ,  whereas i t  i s  about 40°C lower  f o r  t he  
N&T cond i t i on .  I n  con t r as t ,  t h e  l i m i t e d  da ta  on 
t h e  precracked subsize specimen y i e l d e d  a t r a n-  
s i t i o n  temperature about 35 t o  40°C h i ghe r  than  
that of t h e  corresponding f u l l - s i z e  specimen and 45 
t o  7 5 O C  h i ghe r  than  t h e  corresponding subsize V- 
notched (uncracked) specimen. The behav io r  o f  t h e  
precracked specimens can be a t  l e a s t  p a r t i a l l y  
accounted f o r  by t he  r a t e  s e n s i t i v i t y  o f  t h e  impact 
p r o p e r t i e s  of f e r r i t i c  s t e e l  and t h e  h i ghe r  effec-  
t i v e  s t r a i n  r a t e  a t  t h e  t i p  o f  t he  f a t i g u e  crack i n  
t h e  specimen. 

To i n v e s t i g a t e  t h e  embr i t t l ement  due t o  t h e  Q 
heat  t rea tment  (which i s  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  e f fec t  of i r r a d i a t i o n ) ,  t he  da ta  were examined 
sepa ra te l y  f o r  each Specimen t ype  - f u l l -  and sub- 
s i z e  specimens i n  each o f  t h e  WR and RW o r i en-  
t a t i o n s  (F igs.  7.5.9 through 7.5.12). Cons is ten t  
t r ends  of g rea te r  t r a n s i t i o n  temperature and lower  
upper- she l f  energy f o r  t h e  Q mate r i a l  compared t o  
t h e  N&T m a t e r i a l  were noted f o r  bo th  specimen types  
and bo th  o r i e n t a t i o n s .  

Methods a re  needed t o  improve agreement be t -  
ween t h e  two specimen types f o r  t he  t r a n s i t i o n  tem- 
pe ra tu re  s h i f t s  and upper- shel f  energy drops caused 
by t h e  quenching. To achieve t h i s ,  t he  impact 
energy f o r  each specimen was normal ized on bo th  an 
area and a vo l ume t r i c  basis .  I n  t h e  area 
no rma l i za t i on ,  t h e  impact energy f o r  each t e s t  was 
d i v i d e d  by t he  nominal f r a c t u r e  area. Th is  i s  net 
area below t he  notch,  0.8 cm2 f o r  t h e  f u l l - s i z e  
specimens and 0.21 cm2 f o r  t h e  subsize specimens. 
The r e s u l t s  of area no rma l i za t i on  f o r  a l l  mecimens 

The e f f ec t  of specimen s i z e  and t ype  on t h e  

Al though t he  t r a n s i t i o n  tempera- 
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Fig. 7.5.5. Ef fect  of specimen t ype  on t h e  
Charpy impact energy of normal ized and tempered 
9 Cr-1 MoVNb s tee l  (heat  30176) i n  t h e  W? 
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F ig.  7.5.6. Ef fect  o f  specimen t ype  on t h e  
Charpy impact energy of quenched 9 Cr-1 MoVNb 
s t e e l  (heat  30176) i n  t h e  WR o r i e n t a t i o n .  
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F ig .  7.5.7. Ef fect  of specimen t y p e  on t h e  F ig .  7.5.8. E f f e c t  o f  specimen t y p e  on t h e  
Charpy impact energy o f  normal ized and tempered 
9 Cr-1 MoVNb s t e e l  (heat 30176) i n  t h e  RW s t e e l  (heat 30176) i n  t h e  RW o r i e n t a t i o n .  
o r i e n t a t i o n .  
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F ig .  7.5.9. E f f e c t  o f  heat t rea tment  on t h e  
Charpy impact energy o f  f u l l - s i z e  V-notch specimens 
o f  9 C r - 1  MoVNb s t e e l  (heat 30176) i n  t h e  WR 
o r i e n t a t i o n .  
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Fig. 7.5.10. E f f e c t  o f  heat  t rea tment  on t h e  
Charpy impact energy of subs ize V-notch specimens 
of 9 Cr-1 MoVNb s t e e l  (heat 30176) i n  t h e  WR 
o r i e n t a t i o n .  

i n  t h e  RW and WR o r i e n t a t i o n s  (Figs. 7.5.13 and 7.5.14, r e s p e c t i v e l y )  show t h a t  o n l y  a poor match o f  t h e  
f u l l -  and subs ize specimens e x i s t s  f o r  e i t h e r  t h e  N&T o r  4 c o n d i t i o n .  The best  match i s  seen a t  t h e  low 
t e s t  energ ies,  as expected because t h e  f r a c t u r e  event i s  more c o n f i n e d  t o  a f r a c t u r e  p lane w i t h  l i t t l e  o r  no 
p l a s t i c i t y .  A t  t h e  r e l a t i v e l y  h i g h e r  energy l e v e l s ,  where shear l i p s  develop and more m a t e r i a l  away f rom 
t h e  f r a c t u r e  face i s  p l a s t i c a l l y  deformed, n o r m a l i z a t i o n  based on area i s  c l e a r l y  inadequate. A nor-  
m a l i z a t i o n  based on a f r a c t u r e  volume was attempted. 
p r i s m  w i t h  a c ross- sec t iona l  area equal t o  t h e  area below t h e  V-notch and a l e n g t h ,  p a r a l l e l  t o  t h e  specimen 
a x i s ,  equal t o  t h e  average of t h e  two s ides  o f  t h e  r e c t a n g u l a r  area below t h e  notch. Fo r  t h e  f u l l - s i z e ,  10 
b y  10-mm specimen w i t h  a 2-mm-deep notch, t h i s  i s  10 by 8 by 9 m o r  720 m3, w h i l e ,  f o r  t h e  subs ize 5 by 
5-mm specimen w i t h  a 0.76-mm-deep notch, i t  i s  5 by 4.24 by 4.62 mr or 98 m3. The r e s u l t s  o f  t h e  vo lu-  
m e t r i c  n o r m a l i z a t i o n  f o r  t h e  WR and RW o r i e n t a t i o n s  (Figs. 7.5.15 and 7.5.16, r e s p e c t i v e l y )  show t h a t  t h e  

The f r a c t u r e  volume was taken  t o  be a r e c t a n g u l a r  
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F i g .  7.5.11. Effect of heat treatment on the  Fig. 7.5.12. Effect of heat treatment on the  
Charpy impact energy of f u l l - s i z e  V-notch specimens 
of 9 Cr-1 MO VNb s t ee l  (heat  30176) in the  RW 
or ienta t ion.  

Charpy impact energy of subsize V-notch specimens 
of 9 Cr-1 Mo VNb s t ee l  (heat 30176) i n  the  RW 
or ienta t ion.  
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F i g .  7.5.13. Normalization of Charpy impact Fig. 7.5.14. Normalization of Charpy impact 
energy data u s i n g  t h e  nominal f r ac tu re  area. WR 
or ien ta t ion  of the 9 CR- 1 MoVNb s t ee l  (heat 
30176). (heat  30176). 

energy data using the  nominal f r ac tu re  area. 
R W  or ienta t ion of the 9 Cr-1 MoVNb s tee l  

agreement a t  r e l a t ive ly  high energy levels  between the  f u l l -  a n d  subsize specimens i s  much be t t e r  than for 
t h e  d a t a  normalized on an area basis.  However, the  overall  coincidence of the data s e t s  i s  s t i l l  small. 

All the  values f o r  upper-shelf energy and  t r a n s i t i o n  temperature f o r  each material condit ion,  specimen 
s i z e ,  o r i en ta t ion ,  and bas is  of analysis are compiled in Table 7.5.1. 
various parameters examined, a histogram of the f rac t ional  upper-shelf drops and  transit ion- temperature 
s h i f t s  between the  N&T and Q material was constructed (Fig. 7.5.17). From th i s  i t  can readily be seen t h a t  
t h e  subsize V-notch specimen consis tent ly  y ie lds  a smaller f rac t ional  drop i n  upper shelf  and a l a rge r  
transit ion- temperature s h i f t  t h a n  the  f u l l - s i z e  specimen f o r  a l l  condit ions examined and a l l  bases of analy- 
s i s  employed. 

To f a c i l i t a t e  comparison of the  

These e f fec t s  are  mst  pronounced in the  precracked subsize specimens. 
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ORNL DWG 83 9221 
4w , , , , 

I 9 Cr ~ I MoVNb STEEL WR ORIENTATION I 
FULL  SIZE SUBSIZE 

1 0 
350 f NORMALIZED A N 0  

TEMPERED 

~ 1 0 0  50 0 50 100 150 200 250 300 
TEST TEMPERATURE I ”C1 

OANL DWG 81 9228 
400 I 1 I I ,l 1 - 

0 
350 I 0- 

FULL  SIZE SUBSIZE 

TEMPERED 
OUENCHED ONLY 0 

100 50 0 50 100 l5Q 200  250 300 
TEST TEMPERATURE 1’CI 

Fig.  7.5.15. Normalization of Charpy impact Fig. 7.5.16. Normalization of Charpy impact 
energy data using the  nominal f rac tu re  volume. energy data using the nominal f rac tu re  volume. RW 
WR or ien ta t ion  of the 9 Cr-1 MoVNb s teel  (heat or ienta t ion of the 9 Cr-1 MoVNb s tee l  (heat 30176). 
30176). 

Table 7.5.1. Upper shelf energy and t r a n s i t i o n  temperature f o r  9 Cr-1 MoVNb s tee l  HT 30176 

Upper-shelf energy Transit ion 
Easisa temperatured ( “ c )  

4c Drop 
N&Tb QC Shi f t  

Orient a t  ion a n d  (un i t s  f o r  upper-shelf energy) N&Tb 
(70) 

Size, I O  by I O  by 55 mn; notch mdius, 0.25 mn 
W R  
WR 
WR 

E ( J )  
A (Jlcmz) 
V (J/cm3) 

202 76 62 4 53 6 1  
250 90 64 -1 1 55 66 
275 98 58 -1 8 56 74  

R W  264 117 56 -3 1 79 110 
RW 
R W  

WR 
R W  

~~ ~~~ ~. 
332 143 57 -38 78 116 
372 162 56 -33 77 110 

Size, 5 by 5 by 55 mn; notch mdius, 0.0,W.lO n n  

26.6 15.7 41 -5 1 51 102 
124 74 40 4 7  57 104 

E ( J )  
A (J/cm*) 
V (JIcm3) 267 163 39 6 0  50 110 

E ( J )  
A (JIcmZ) 
V (J/cm3) 

31.3 18.4 41 - 68  71 139 
148 89 40 4 7  67 154 
320 190 41 - 6 5  68 133 

Size, 5 by 5 by 55 mn; precracked 

121 36 -25 96 8.5 5 .4  
10.0 e e -13 e e 

=Basis for Charpy energy used i n  upper-shelf and  transit ion- temperature determinations are E = 

bNormalized and tempered condition. 
“Quenched-only condition. 
dDetermined a t  50% of upper shelf.  
e Insuf f i c ien t  data. 

energy; A = energylfracture  area;  V = energylnominal f rac tu re  volume. 
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160 7 ~ 

1.0 x 1.0 x 5.5 cm 
NOTCH RADIUS 0.254 mm 
0.5 x 0.5 x 5.5 Em II NOTCH RADIUS 0.076 mm 

R 
1 

0.5 x 0.5 x 5.5 cm 
PRECRACKEO 

Fig. 7.5.17. Summary of t he  e f fec ts  o f  specimen type,  o r i e n t a t i o n ,  and no rma l i za t i on  bas i s  on t he  drop 
i n  upper she l f  energy and s h i f t  i n  t r a n s i t i o n  temperature. 
normalized-and- tempered 9 C r - 1  MoVNb s tee l .  

P roper ty  changes are f o r  quenched compared t o  

1.5.5 Conclus ions and Fu tu re  Work 

I n  examining t h e  impact energy of f u l l -  and subs ize  specimens o f  9 Cr-1 MoVNb s t e e l  i n  two o r i en-  
t a t i o n s  i n  bo th  t h e  N&T and Q cond i t i ons ,  t he  f o l l o w i n g  was determined:  

1. For t he  g iven  m a t e r i a l  c o n d i t i o n ,  t he  subsize V-notch specimen y i e l d e d  a l ower  t r a n s i t i o n  temperature 
i n  a l l  cases than  d i d  t he  f u l l - s i z e  specimen, w i t h  t h e  g rea te r  d i f f e rences  f o r  t h e  N&T ma te r i a l .  
c o n t r a s t ,  t h e  precracked subsize specimen y i e l d e d  a h i ghe r  t r a n s i t i o n  temperature. 

The Q mate r i a l  e x h i b i t e d  a decreased upper- shel f  and a h i ghe r  t r a n s i t i o n  temperature t han  d i d  t he  
NT m a t e r i a l  f o r  a l l  specimen types. Th is  heat  t rea tment  was usefu l  f o r  eva l ua t i ng  t he  e f f e c t  of specimen 
s i z e  on measurement o f  t h e  degree of m a t e r i a l  embr i t t l ement  t h a t  may be t y p i c a l  o f  r a d i a t i o n  e f fec ts .  

Norma l i z ing  t h e  impact energy t o  f r a c t u r e  area o r  f r a c t u r e  volume showed t h a t  t h e  low-energy t e s t s  
w i t h  l i t t l e  p l a s t i c  de fo rmat ion  were b e t t e r  c o r r e l a t e d  on an area bas i s  and t h a t  t he  h i ghe r  energy t e s t s  
gave b e t t e r  agreement a f t e r  vo l ume t r i c  norma l i za t ion .  
t h e r e f o r e ,  a - re  s o p h i s t i c a t e d  t reatment  i s  requ i red .  

a r e a t e r  t r a n s i t i o n - t e m o e r a t u r e  s h i f t  and a lower  percentaqe reduc t i on  o f  upper- she l f  energy than  d i d  t he  

In 

2. 

3. 

Ne i t he r  method was p a r t i c u l a r l y  successful ; 

4. For a l l  c o n d i t i o n s  examined and bases o f  ana l ys i s  used, t h e  subsize V-notch specimens produced a 
~~ . .  _ I . - ~ ~ ~ -  

f u l l - s i z e  V-notch specimen. 
Fu tu re  work w i l l  i n c l ude  examinat ion o f  o t h e r  subsize specimens, i n c l u d i n g  those w i t h  t he  same span-to- 

w i d t h  r a t i o  o f  4 : l  t h a t  w i l l  be used w i t h  t h e  i r r a d i a t e d  soecimens. More s o o h i s t i c a t e d  c o r r e l a t i o n  and com- 
~ ~ ~ ~ 

p a r i son  methods f o r  da ta  generated w i t h  t h e  d i f f e r e n t  s ize 'specimens w i l l  a l so  be i nves t i ga ted .  
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7.b The Toughness o f  S imulated Heat-Af fected Zone M i c r o s t r u c t u r e s  i n  HT-Y IESR M e l t  P r a c t i c e )  - J. C 

7.6.1 AUIP Task 

L i p p o l d  iSandia Nat iona l  Labo ra to r i es ,  L ive rmore)  

The Department of Energy (UUE)/Off ice of Fus ion  Energy (OFE) has s t a ted  the need f o r  these da ta  under 
ADIP  program task,  F e r r i t i c  S tee l s  Uevelopment (Pa th  E l .  

7.6.2 Ob jec t i ve  

Severa l  d i s t i n c t  m i c r o s t r u c t u r a l  reg ions  have been i d e n t i f i e d  i n  the HAZ o f  lZCr-lMo-b.3V s t e e l s  
IHTYI. The purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  eva lua te  t he  toughness o f  two o f  these r eg i ons  i n  t h e  
e l e c t r o s l a g  remel ted (ESR)  Na t iona l  Fusion Heat. The toughness p r o p e r t i e s  o f  these reg ions  f o l l o w i n g  
postweld hea t  t rea tment  IPWHTI w i l l  be compared to the p r o p e r t i e s  o f  HAZ m i c r o s t r u c t u r e s  from the  
AOO-processed reFerence hea t  which have experienced i d e n t i c a l  thermal h i  s t o r i e s .  

7.6.3 Summary __ 
The toughness behav io r  o f  t he  hea t- a f f ec ted  zone i n  t h e  ESR Na t i ona l  Fusion Heat was determined us i ng  
Gleeble-s imul  ated m i c r o s t r u c t u r e s .  Two reg ions  o f  t he  HAZ were evaluated;  one reg i on  represen ts  t he  
p o r t i o n  of the HAZ neares t  the f u s i o n  zone, t he  o t h e r  corresponds t o  a r eg i on  which i s  heated on l y  
s l i g h t l y  above t he  upper c r i t i c a l  temperature. 
a t  76U"C fo r  1 hOUP bo th  reg ions  o f  the HAZ e x h i b i t  supe r i o r  toughness behav io r  t o  t h a t  o f  t he  
quench-and-tempered base m a t e r i a l .  
decreased nea r l y  20°C r e l a t i v e  to the base meta l .  The toughness o f  bo th  t he  ESR base m a t e r i a l  and HAL 
m i c r o s t r u c t u r e s  was supe r i o r  t o  t h a t  o f  the AOD-processed Na t i ona l  Fusion Heat, which had been 
p r e v i o u s l y  t e s t e d  i n  a s i m i l a r  manner. 

Charpy V-notch r e s u l t s  i n d i c a t e d  t h a t  f o l l o w i n g  a PWHT 

The upper s h e l f  toughness inc reased  20-40 Jou les  and t he  DBTT 

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 hea t - a f f ec ted  zone ( H A L )  i n  12Cr-lMo-U.3V m a r t e n s i t i c  s t a i n l e s s  s t ee l s ,  such as HTY, can e x h i b i t  a 
v a r i e t y  of m i c r o s t r u c t u r e s  whose mechanical p r o p e r t i e s  d i f f e r  s i g n i f i c a n t l y  fran those  o f  t he  base 
m a t e r i a l .  
revea led  t h a t  a t  l e a s t  f ou r  d i s t i n c t  reg ions  a re  p resen t  i n  t he  as-welded c o n d i t i o n . ' - j  
m i c r o s t r u c t u r e s  and t h e i r  r e l a t i o n  t o  the Fe-Cr-C pseudo-binary phase diagram are  summarized i n  F i gu re  
1 .  Note t h a t  r eg i ons  1-3 are  r e a u s t e n i t i z e d  du r i ng  we ld ing  and subsequent ly  t rans fo rm t o  untempered 
m a r t e n s i t e  upon c o o l i n g  below t he  i na r t ens i t e  s t a r t  temperature I M S l .  A postweld hea t  t rea tment  
(PWHTI i s  necessary t o  reduce the hardness and p rov i de  a m i c r o s t r u c t u r e  whose p r o p e r t i e s  a re  
comparable t o  t h e  quench-and-tempered base meta l .  

Eva lua t i on  o f  HAL m i c r o s t r u c t u r e s  from welds i n  t he  AOD-processed Nat iona l  Fus ion  Heat 
These 

1 I c..Lm 

FOUR H A Z  R f 6 1 0 M S  

0 Y t F f R R I T E -  Y A R T f N S I T f  t F f R R l T E  

@ C U A R S f - G R A I N E O  Y + M A R T E N S I T E  

@ F I N E  6 R A l l I E O  7 -  U A I I T E N s I T f  

O V f R T E M P E I E O  I .Y.  

F igu re  1. R e l a t i o n s h i p  between the Fe-Cr-C pseudo-binary phase diagram and the f ou r  HAL reg i ons  
observed i n  HT9 weldments. 



139 

A/ 
.6 

.57 

Prev ious i n v e s t i g a t i o n s  have shown the  e f f e c t  o f  PWHT on the  toughness o f  the  four HAZ reg ions  i n  
AOO-processed HT9. 4-6 It was shown t h a t  PWHT temperatures below 6UU'C f o r  1 hour r e s u l t e d  i n  o n l y  
a s l i g h t  s o f t e n i n g  of t h e  as-welded s t r u c t u r e .  A PWHT a t  6 0 0 Y  p rov ided  some recovery  of toughness 
p r o p e r t i e s ,  but ,  i n  general ,  the  H A 2  p r o p e r t i e s  were i n f e r i o r  to those o f  the  base meta l .  F i n a l l y ,  
a PWHT a t  7bO0C f o r  1 hour r e s u l t e d  i n  toughness p r o p e r t i e s  throughout  t h e  HA2 which were a t  l e a s t  
e q u i v a l e n t  to t h e  base metal  toughness. The toughness p r o p e r t i e s  o f  the  HAZ m i c r o s t r u c t u r e s  from 
t h e  AOD-processed Na t iona l  Fus ion Heat are sumnarized i n  Tab le  1. 

Sumnary of Charpy Resul ts  (AOD) 

W N N ~  other l k x . 1  

.M( .oo9 <.oi oI . o m  m 0.01 

HA2 Regio 

4 

PWHT* 

High 
LOW 

High 
Low 

High 
Low 

High 
Low 

Q/T** 
__ 

*High: 1033K/1 hi 
**Q/T : 1323K/0.5 

7.6.4.2 Exper imental  Procedure 

Lower 
BTT ( K ) / S h e l f  (51 +- 

288 15 
318 7 

275 15 
313 5 

273 27 
303 10 

275 15 
273 15 

tow: 873K/1 hr  
fAC, 1033K/1 h r  

She l f  (J) 

80 
42 

65 
45 

90 
45 

60 
60 

The m a t e r i a l  eva luated i n  t h i s  i n v e s t i g a t i o n  was an e l e c t r o s l a g  remel ted (ESR) heat  o r i g i n a l l y  
produced by the  argon-oxygen d e c a r b u r i z a t i o n  (A001 m e l t i n g  process. 
breakdown procedure were p r e v i o u s l y  r e p o r t e d  oy LiA Technologies,  San Diego.' The compos i t ions of 
the  ESR hea t  and the  s t a r t i n g  AOD heat  are l i s t e d  i n  Tab le  2. M a t e r i a l  was p rov ided  as 15mn t h i c k  
p l a t e  i n  the s t r e s s  r e l i e v e d  c o n d i t i o n .  
quench-and-tempered ( W T )  heat  t rea tmen t  c o n s i s t i n g  of aus ten i  t i z i n g  a t  1050°C f o r  30 minutes  a i r  
c o o l i n g ,  and then tempering a t  760°C f o r  1 hour. The hardness o f  the  U/T base m a t e r i a l  was Rc 

The d e t a i l s  o f  t h e  m e l t i n g  and 

The p l a t e  was sec t ioned  and g i ven  the  s tandard 

24-26. 

E7' I ( I  
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The presence of four  separate  and d i s t i n c t  m i c r o s t r u c t u r a l  reg ions  w i t h i n  the  HAZ o f  12Cr-lMo-U.3V 
welds poses t h e  p r o b l m  of unambiguously e v a l u a t i n g  the  HAZ. Rather,  it would be d e s i r a b l e  t o  
eva lua te  each r e g i o n  i n d i v i d u a l l y  i n  o rde r  to determine i t s  unique p r o p e r t i e s .  To accompl ish t h i s  
task, t h e  Gleeblee, a h i g h l y  p r e c i s e  thenno-mechanical s imu la to r ,  was u t i l i z e d  to s y n t h e t i c a l l y  
produce the  m i c r o s t r u c t u r e s  i n  bu lk  samples. Gleeb le  b lanks  11 x 11 x lUUmn were machined w i t h  the  
lUUmn dimension e i t h e r  t ransverse  o r  l o n g i t u d i n a l  to t h e  r o l l i n g  d i r e c t i o n  (R .D . ) .  The b lanks were 



,Z ( F i g u r e  1 ) .  The 

t rea tmen t  rep resen ts  t h e  
2. F o l l o w i n g  t h e  G leeb le  

uc tures.  

e e b l e - t r e a t e d  and tempered 
1 r e g i o n  produced d u r i n g  t h e  

I.__I._ _._...._. __._.  . _  ",,...--- ._.-__ ..___I.__ ... _...._ _. _"_"."__ dnegy (Jou les1  were 
determined i n  t h e  range fran -bO t o  1UO'C. 

7.6.4.3 Results 
The m i c r o s t r u c t u r e s  o f  HU Region 1 and Region 3 samples f o l l o w i n g  t h e  PWKl a t  76U4C/1 h r  are shown 
i n  F i g u r e  3. 
to an ext remely  h igh  a u s t e n i z a t i o n  temperature.  
t h e  presence o f  a smal l  m o u n t  o f  d e l t a  f e r r i t e  ( h i g h  temperature  f e r r i t e )  a long p r i o r  a u s t e n i t e  
g r a i n  boundar ies.  
r e g i o n  ( F i g u r e  1) and does n o t  comple te ly  d i s s o l v e  d u r i n g  c o o l i n g  a f t e r  we ld ing o r  d u r i n g  the  PWHT. 
The Region 3 m i c r o s t r u c t u r e  c o n t a i n s  a very f i n e  p r i o r  a u s t e n i t e  g r a i n  s ize.  
i n  t h i s  HA2 r e g i o n  r e s u l t s  from r e a u s t e n i z a t i o n  a t  a temperature  o n l y  s l i g h t l y  above the  upper 
c r i t i c a l  temperature  (Ac,). I n  t h i s  temperature regime t h e r e  i s  l i t t l e  thermal d r i v i n g  force f o r  
g r a i n  growth; i n  a d d i t i o n ,  base metal ca rb ides  which do no t  comple te ly  d i s s o l v e  i n  t h i s  temperature  
range tend to r e t a r d  t h e  movement o f  the  a u s t e n i t e  g r a i n  boundar ies.  

Region 1 e x h i b i t s  a r e l a t i v e l y  coarse p r i o r  a u s t e n i t e  g r a i n s i z e  r e s u l t i n g  from h e a t i n g  
Careful  examinat ion o f  t h i s  m i c r o s t r u c t u r e  r e v e a l e d  

Th is  f e r r i t e  forms d u r i n g  hea t ing  i n t o  the  two-phase d e l t a  f e r r i t e  p l u s  a u s t e n i t e  

The g r a i n  re f inement  

X I  x3 

F i g u r e  3. The m i c r o s t r u c t u r e  o f  s imula ted HA2 reg ions  a f t e r  PWHT a t  760"C/1 hr, a) Region 1; b)  
Region 3. 



i t i c a l  to the actual  HAZ 
; leeble heat t r e a t e d  and 
1 to the same thermal 
it i n  the ESR p l a t e .  

IUS temperature for t h e  
?d i n  Figure 4. Samples 
r h i b i t e d  superior  

I a f t e r  PWHT a t  760"C/1 
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Table 3 summarizes the  toughness behav io r  o f  the  ESR m a t e r i a l  and compares t h i s  behav io r  with t h a t  
of t h e  AOD m a t e r i a l  sub jec ted  to t h e  i d e n t i c a l  G leeb le  s imu la t i ons  and PWHT. The base meta l  
toughness o f  bo th  t h e  AOD and ESR m a t e r i a l  i s  l i s t e d  f o r  reference.  
toughness o f  Regions 1 and 3 a f t e r  PWKT i s  s u p e r i o r  to t h a t  o f  the  base metal f o r  b o t h  m e l t  
p r a c t i c e s .  I n  add i t i on ,  t h e  HAZ of the  ESR m a t e r i a l  e x h i b i t s  a r educ t i on  i n  DBTT r e l a t i v e  to t h e  
base metal .  I n  con t ras t ,  the  s imu la ted  HA2 m i c r o s t r u c t u r e s  fran the AOD m a t e r i a l  e x h i b i t  an 
inc rease i n  DBTT r e l a t i v e  to the base me ta l .  

E f f e c t  o f  M e l t  P r a c t i c e  on HA2 Toughness 

Note t h a t  t h e  upper she l f  

Base 
Metal** 

*PWHT: 1033K/1 h r .  
**Q/r : 1323K/0.5 hr., 1033K/1 hr .  

***Q/T : 1323K/D.5 hr . ,  1033K/2.5 hr .  (Ref. 7) 
7.6.4.3.2 F r a c t u r e  Behav io r  

The macroscopic f r a c t u r e  c h a r a c t e r i s t i c s  of HRZ Region 1 samples o r i e n t e d  t r ansve rse  to the R.D. 
(T-L)  and t e s t e d  i n  t h e  temperature range f ran  -60 to 10O'C are shown i n  F igu re  5. 
broken a t  -60 and -40OC e x h i b i t  l i t t l e  l a t e r a l  c o n t r a c t i o n  a t  the  m o t  o f  the  notch. The o v e r a l l  

The samples 

F i g u r e  5. Macroscopic f r a c t u r e  o f  Region 1 Charpy V-notch samples i n  the  T-L o r i e n t a t i o n .  

f r a c t u r e  sur face  i s  r e l a t i v e l y  f l a t  w i t h  l i t t l e  ev idence of shear l i p  fo rmat ion .  A t  -2O'C t h e r e  
i s  n o t i c e a b l e  c o n t r a c t i o n  a t  the  r o o t  of the  notch and ev idence o f  shear l i p s .  Above 0'C t h e  
macroscopic f r a c t u r e  appearance i s  d u c t i l e  as ev idence by t h e  l a r g e  shear l i p s  a t  0, 50, and 
100°C. There was no secondary c rack ing  assoc ia ted  with any of t h e  ESR samples, r e g a r d l e s s  of HAZ 
reg ion ,  o r i e n t a t i o n ,  o r  Charpy t e s t  temperature. Samples from Region 3 t e s t e d  over  t h e  same 
temperature e x h i b i t e d  s i m i l a r  macroscopic f r a c t u r e  fea tures .  

The f r a c t u r e  mode, as determined us ing  the  scanning e l e c t r o n  microscope (SEM), was a l s o  a f u n c t i o n  
o f  t e s t  temperature. Samples t e s t e d  on the  lower she l f  o f  the  toughness vs. temperature curve  
f a i l e d  by quasi- c leavage,  as evidenced by the  f r a c t u r e  morpholoqy o f  a Region 1 sample t e s t e d  a t  
-40°C and shown i n  F i g u r e  ba. 
r u p t u r e  ( F i g u r e  6b ) .  The d imple s i z e  was g e n e r a l l y  bimodal;  small d imples nuc lea te  a t  ca rb i des  

On the  upper she l f  the  f a i l u r e  m d e  was predominant ly  d u c t i l e  
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along p r i o r  a u s t e n i t e  and mar tens i t e  l a t h  boundar ies w h i l e  t h e  l a r g e  d imples (F igu re  6b) nuc lea te  
a t  A i - r i c h  i n c l u s i o n s .  

I n  general ,  t h e  s imu la ted  HAZ #3 samples e x h i b i t e d  s u p e r i o r  toughness r e l a t i v e  to HA2 81 samples 
which exper ienced i d e n t i c a l  thermal h i s t o r i e s .  As an example, a HAZ #1 sample t e s t e d  a t  0°C 
f a i l e d  a t  72 Jou les  and a HAZ #3 sample t es ted  a t  -12OC f a i l e d  a t  125 Jou les  (bo th  were i n  the  L-T 
o r i e n t a t i o n ) .  Desp i te  t h e  lower t e s t  temperature the  HAZ $3 sample f a i l e d  i n  a d u c t i l e  manner 
w h i l e  t h e  HAZ #1 sample e x h i b i t e d  a mixed d u c t i l e  d imp le lc leavage f a i l u r e  mode ( F i g u r e  7). 

7.6.4.4 D i scuss ion  

Simulated HAZ m i c r o s t r u c t u r e s  f r a n  the  ESR N a t i o n a l  Fusion Heat o f  12Cr-IMo-0.3V s t e e l  e x h i b i t e d  
s u p e r i o r  toughness r e l a t i v e  to both  the  quench-and-tempered ESR base m a t e r i a l  and the  o r i g i n a l  
AOD-processed m a t e r i a l .  Reference t o  Table 3 i n d i c a t e s  t h a t  a l though t h e  abso lu te  va lue  o f  t h e  
ESR upper s h e l f  impact  energy f o r  bo th  HA2 $1 and HA2 #3 i s  g r e a t e r  than the  cor respond ing  A00 
value,  the  percentage inc rease above t h e  base metal l e v e l  i s  a c t u a l l y  less .  Thus, t h e  i n t r i n s i c  
toughness o f  the  quench-and-tempered base m a t e r i a l  i s  the  most s i g n i f i c a n t  f a c t o r  a f f e c t i n g  the  
toughness o f  the  HA2 a f t e r  tempering a t  76OOC. 

The inc rease i n  t h e  base metal toughness o f  t h e  ESR-processed m a t e r i a l  r e l a t i v e  to the AOD 
re fe rence  heat  p robab ly  r e s u l t s  from a combinat ion o f  f a c t o r s  i n c l u d i n g  m i c r o s t r u c t u r a l  
re f inement ,  absence o f  f e r r i t e  s t r i n g e r s ,  and r e d u c t i o n  i n  t h e  o v e r a l l  i n c l u s i o n  conten t .  These 
f a c t o r s  r e s u l t  i n  a " c l eane r " ,  more homogeneous m i c r o s t r u c t u r e  which g e n e r a l l y  r e s u l t s  i n  h i ghe r  
upper she l f  toughness l e v e l s .  The b e n e f i t s  of t h e  ESR process ing  c a r r i e s  over  i n t o  the  HAZ when 

F igu re  6. Fractographs o f  Region 1 Charpy V-notch samples t e s t e d  a t  a) -lO°C, b)  25OC. 
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F i g u r e  7. F rac tographs  of Charpy V-notch samples t e s t e d  i n  the  t r a n s i t i o n  reg ion ,  a) Region 1, 
U T ,  b l  Region 3 ,  -12'c. 

t h e  m a t e r i a l  i s  welded and a f u r t h e r  inc rease i n  toughness r e s u l t s  due to the double k a t  
t rea tment  which t h e  HAZ exper iences.  
a u s t e n i t e  g r a i n  s i z e  p rov ides  the  g rea tes t  inc rease i n  toughness r e l a t i v e  to the base m a t e r i a l .  

I n  a d d i t i o n  to an inc rease i n  upper she l f  toughness, the  HAZ m i c r o s t r u c t u r e s  e x h i b i t e d  a decrease 
i n  the  DBTT. 
a d d i t i o n a l  safety margin when des ign ing  welded s t r u c t u r e s  which w i l l  exper ience a wide range of 
ope ra t i ng  cond i t i ons .  

I n  Region 3 p a r t i c u l a r l y ,  t h e  ref inement  of the p r i o r  

The s h i f t  i n  DBTT to a temperature n e a r l y  40'C below ambient temperature p rov ides  an 

7.6.5 Conclus ions 

1.  Simula ted  HAZ m i c r o s t r u c t u r e s  f r an  t h e  ESR Na t i ona l  Fusion Heat e x h i b i t  supe r i o r  toughness 
r e l a t i v e  to both  t h e  base metal and i d e n t i c a l  m i c r o s t r u c t u r e s  produced from the AOD r e fe rence  
heat. 

2.  Upper she l f  toughness of the  HAZ inc reases  20-40 Jou les  over  the  base metal va lue f o l l o w i n g  a t  
PWHT a t  76OoC/1 hr. 

3. The OETT of the  HAZ decreases n e a r l y  ZJ"C below t h e  base metal DETT f o l l o w i n g  a PWHT a t  7b0'C. 
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To be r e p o r t e d  i n  t h e  nex t  semiannual repo r t .  
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7 . u  

7.U.l  

7 . t l . z  

7.11.3 

7.n.4 

The I n f l u e n c e  of P r i o r  Cold Work on the  Hydrogen Charged T e n s i l e  F r a c t u r e  of a 1LCr-lMo Stee'l - W. 
M. Gar r i son ,  Jr.  and J .  M. Hyzak, Sandia h a t i o n a l  L a b o r a t o r i e s ,  Livermore. 

AOIP Task 

The Department o f  Energy ( D O E )  O f f i c e  of Fus ion Energy iOFE)  has c i t e d  the  need f o r  these da ta  under  
t h e  N I P  Program Task, F e r r i t i c  A l l o y  Uevelopment (Pa th  L ) .  

UbJec t i ve  

The goal o f  t h i s  s tudy  i s  to eva lua te  the  hydrogen c o m p a t i b i l i t y  o f  12Cr-IMo f e r r i t i c / n l a r t e n s i t i c  
s t e e l  t o r  use i n  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 s .  T h i s  r e p o r t  summarizes data on the  e f f e c t  o f  
i n t e r n a l  hydrogen on the  room temperature t e n s i  l e  p r o p e r t i e s  of ESR processed 1ZCr-1Mo s t e e l .  

Summary 

P r i o r  research on the  t e n s i l e  behav io r  of quenched-and-tempered lZCr-1Mo s t e e l  has shown t h a t  t h e  
a l l o y  i s  s u s c e p t i b l e  t o  g r a i n  boundary c r a c k i n g  i n  oa th  t h e  hydrogen charged and uncharged 
c o n d i t i o n s  L1 ,ZJ .  I n  the  p resen t  study, the  quenched-and-tempered m a t e r i a l  has been c o l d  workea by 
swaging t o  determine how d i s t o r t i o n  of t h e  p r i o r  a u s t e n i t e  g r a i n  boundar ies a f f e c t s  the  hydrogen 
charged f r a c t u r e  process. quenched-and-tempered Dar s tock was swaged t o  one o f  t h r e e  d i f f e r e n t  
f i n a l  r e d u c t i o n s  and t e s t e d  i n  both t h e  c o l d  Worked c o n d i t i o n  and a f t e r  re temper ing to reduce t h e  
s t r e n g t h  t o  the  o r i g i n a l  quenched-and-tempered l e v e l .  
i n  bo th  the  hyarogen Charged and uncharged c o n d i t i o n s .  

Swaging and retemper ing improved bo th  the  uncharged and hydroyen charged t e n s i l e  d u c t i l i t i e s  
compared to the  o r i g i n a l  quenchea-and-tempered p r o p e r t i e s .  F o r  the  l a r g e s t  swaging r e d u c t i o n ,  t h e  
uncharged t e n s i l e  a u c t i l i t y  I R A )  i nc reased  by 13%, and t h e  hydrogen charged t e n s i l e  d u c t i l i t y  was 
55% compared to IUh f o r  t h e  quenched-and-tempered specimens. The improvement i n  t e n s i l e  d u c t i l i t y  
f o r  the  swaged-and-retempered specimens was assoc ia ted  w i t h  changes i n  f r a c t u r e  mode compared t o  t h e  
quenched-and-tempered m a t e r i a l .  The most noteworthy d i f f e r e n c e  was t h a t  even a f t e r  hydrogen 
charg ing  tne  swaged-and-retempered specimens e x h i b i t e d  no i n t e r g r a n u l a r  c r a c k i n g  which was p r e s e n t  
i n  bo th  t h e  uncharged and hydrogen charged quenched-and-tempered specimens. 

.-__ 

~ 

T e n s i l e  t e s t s  were performea on the  specimens 

Progress and S t a t u s  

7 .U.4.1 l n t r o d u c t i  on 

S tud ies  of the  hydrogen c o m p a t i b i l i t y  of a IZCr-Mo s t e e l  (HT-9) have focused on the  e f f e c t  of 
i n t e r n a l  hydrogen i n t r o d u c e a  by ca thod ic  charg ing  on i t s  t e n s i l e  d u c t i l i t y  1 1 , Z j .  
c o n a i t i o n ,  t e n s i l e  f r a c t u r e  o t  HT-Y was c h a r a c t e r i z e a  by a dimplea r u p t u r e  f r a c t u r e  iioae p r i m a r i l y  
a long p r i o r  a u s t e n i t e  g r a i n  boundar ies.  I n t r o d u c i n g  b-8 wppm i n t e r n a l  hyarogen by c a t h o d i c  c h a r g i n g  
reduced t h e  d U C t i l i t y  by 73% ana changed the  f r a c t u r e  twde to i n t e r g r a n u l a r  b r i t t l e  f r a c t u r e .  These 
p r i o r  a u s t e n i t e  g r a i n  boundar ies con ta ined  h i g h  l e v e l s  o f  phosphrous and were covered by a n e a r l y  
con t inuous  a r r a y  o t  p l a t e - l i k e  Carbides. 
enhance decohesion a long p r i o r  a u s t e n i t e  g r a i n  boundar ies L3,4J, t h e i r  r e l a t i v e  impor tance i n  
promot ing the  i n t e r g r a n u l a r  t r a c t u r e  i n  hyarvgen charged HT-Y remains t v  be determined. However, 
s e n s i t i z a t i o n  v t  these boundar ies appears to be the  most i m p o r t a n t  f a c t o r  promoting the  low 
d u c t i l i t y  o f  hydrogen charged HT-Y. 
reasons: 
t h e  phosphorous c o n c e n t r a t i o n  and carb ide  area f r a c t i o n ,  and t o  p r o v i d e  boundar ies l e s s  f a v o r a b l y  
o r i e n t e d  f o r  i n t e r g r a n u l a r  t r a c t u r e .  

I n  the  uncharged 

Whi le  segregated i m p u r i t i e s  and carb ides  a re  b e l i e v e d  to 

Co ld  work by swaging has been i n t r o d u c e d  i n  t h i s  s tudy f o r  two 
t o  inc rease  t h e  surface area of t h e  p r i o r  a u s t e n i t e  g r a i n  boundaries, e f f e c t i v e l y  reduc ing  

7.U.4.2 Exper imenta l  Procedure 

The IZCr-lPlo s t e e l  used i n  t h i s  s tudy was I .5Y cm t h i c k  ESR processed p l a t e  w i t h  chemical 
compos i t i on :  

C C r  Mo v w  S i  Mn S P  
u.zu 12 .1  1 . ~ 4  U . L ~  u.45 m ~ K T  .UUJ rn - ~ _ _ ~  

The t ransverse  t e n s i l e  p r o p e r t i e s  of the  unswaged m a t e r i a l  were determined us ing  specimens 
machined from b lanks  a u s t e n i t z e d  a t  1DSU"C f o r  3u minutes, a i r  cooled, tempered a t  75u'C f o r  one 
hour and then water  quenched. Round bars  1.5Y cm i n  diameter  were machined from the  p l a t e  s tock 
w i t h  t h e i r  l e n g t h  t ransverse  to t h e  r o l l i n g  d i r e c t i o n .  These bars  were aUSteni tzed and tempered 
as above, and then swaged a t  room temperature to f i n a l  d iameters o t  1.27 an, u.Y7 ai and U.bJ 
cm. 
r e s p e c t i v e l y .  F o r  each swaging c o n d i t i o n  some m a t e r i a l  was retempered a t  73U'C t o r  two hours t o  

These d iameters correspond to r e d u c t i o n s  i n  area by swaging o f  3b%, b3% and 84%. 
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reduce the y i e l d  s t r eng th  to t h a t  o f  t he  o r i g i n a l  quenched-and-tempered c o n d i t i o n  (-725 W / M 2 ) .  
Round t e n s i l e  specimens were then machined from the swaged, ana swaged-and-retemperea m a t e r i a l .  The 
t e n s i l e  specimens had a gage diameter ana l e n y t h  o f  U.28 an, and 2.u an r e s p e c t i v e l y .  

T e n s i l e  specimens were c a t h o d i c a l l y  chargea w i t h  hydrogen a t  room temperature a t  a c u r r e n t  dens i t y  
of U.UUb A/cm2 fo r  e i t h e r  2.5 o r  24 hours i n  a 4% su l phu r i c  a c i d  s o l u t i o n  con ta i n i ng  5 mg/a o f  
sodium arsenate as a recoi i ib inat ion poison. when charged f o r  2.5 hours the quenched-and-tempered 
p l a t e  m a t e r i a l  con ta inea  b-M wppn o f  hydrogen as measured by a LECO hydrogen ae te rmina to r .  
charg ing,  the specimens were immediate ly  p l a t e d  w i t h  U.uu4 an of copper and then e q u i l i b r a t e d  24 
hours oe fo re  t e s t i n g .  A l l  t e n s i l e  t e s t s  were run  a t  room temperature a t  an i n i t i a l  s t r a i n  r a t e  o f  
u . UL5 / m i  n . 

A f t e r  

7.M.4.J M i c r o s t r u c t u r e  

The quenched-and-tempered m i c r o s t r u c t u r e  had an equiaxed p r i o r  aus ten i t e  g r a i n  s i ze  o t  ASTM 3 
( F i y u r e  l a ) .  The m a r t e n s i t e  was i n  t he  overtempered cond i t on  w i t h  carb ide  p r e c i p i t a t i o n  a t  bo th  
ma r t ens i t e  l a t h  boundar ies and p r i o r  aus ten i t e  g r a i n  boundar ies.  
g r a i n  boundar ies were t he  l a r g e r  o f  the two and were i d e n t i f i e d  as the M Z 3 C 6   type^ These g r a i n  
ooundary carb ides  which had a maximum l e n y t h  o f  approx imate ly  Ll.7~m were p l a t e - l i n e  i n  shape and 
tormed a c l o s e l y  spaced b u t  noncontinuous network a long the boundar ies ( F i g u r e  l b ) .  

The swaged-ana-retempered m i c r o s t r u c t u r e  was severe ly  d i s t o r t e d  a long the swaging ax i s  as shown i n  
F i gu re  2 t o r  the U4% swaging r educ t i on .  The g r a i n  boundar ies were no l onge r  e a s i l y  i d e n t i f i a b l e  
a l though es t imates  from measurements o f  t he  m a r t e n s i t e  packets i n d i c a t e d  an aspect r a t i o  o f  
approxi inate ly  1U. TEM r e p l i c a  examinat ion of the ca rb i de  m r p h o l o g y  revea led  a s l i g h t  coarsening o f  
the p r e c i p i t a t e s  i n  t he  swaged-and-retempered m i c r o s t r u c t u r e  compared to the quenched-and-tempered 
s t r u c t u r e .  

T e n s i l e  Tes t  Resu l ts  - Swaged M i c r o s t r u c t u r e  

The y l e l a  s t r eng th  o f  HT-Y. 74u MN/M2 p r i o r  to swaging, inc reased  w i t h  the degree o f  swaging and 
reachea 1422 MN/M2 a f t e r  t he  M4% reduc t i on  ( F i g u r e  3 ) .  Subsequent anneal ing a t  73U"L f o r  2 hours 
reauced the y i e l d  s t r eng ths  o f  a l l  swaged m a t e r i a l  t o  t h a t  o f  t he  quenched-and-temperea s t r u c t u r e  
( F i g u r e  3 ) .  (RA),  decreased w i t n  the m o u n t  
o f  swaging ( F i g u r e  4 ) .  A f t e r  the swaging r eauc t i on  o f  84%, t he  RA decreased from 5Y% to 43%. 
However, the swayed-and-retempered m a t e r i a l  was more d u c t i l e  than the o r i g i n a l  quenched-and-tempered 
s t r u c t u r e .  The swaying r educ t i on  of 84% when retemperea inc reased  t he  d u c t i l i t y  by 13b ( F i g u r e  4) 
compared to the  unswayea specimens. 

The i n t r o d u c t i o n  of hydroyen oy ca thod ic  charg iny  reauced the t e n s i l e  d u c t i l i t y  f o r  a l l  m a t e r i a l  
c o n d i t i o n s  ( F i g u r e  5 ) .  For  a ' l l  r educ t i ons ,  the swayed specimens had s l i g h t l y  lower  d u c t i l i t y  a f t e r  
charg ing  f o r  2.5 hours than a i d  the quenched-and-tempered specimens (F i gu re  ba). However, swaying 
fo l lowed by t he  retemper a t  /3u°C r e s u l t e a  i n  s u b s t a n t i a l  improvements i n  the hydrogen charged 
d u c t i l i t y  o f  HT-Y; the two l a r g e s t  swaging r educ t i ons  were the most e f t e c t i v e  ( F i g u r e  5b) .  For  
example, charg ing  a t  U.UUb A/cm2 t o r  2.5 hours reauced the RA o f  the quenched-and-tempered H T - ~  to 
lux ,  w h i l e  the d u c t i l i t i e s  o t  t he  swaged-ana-retempered specimens decreased t o  on ly  55.Y%, 5b.7% ana 
41.b% f o r  swaying r educ t i on  of 84x, bJ% and 36%. r e s p e c t i v e l y .  The same e f f e c t  was seen a f t e r  
charg ing  f o r  24 hours; t he  o r i g i n a l  m a t e r i a l  had a d u c t i l i t y  o f  l ux  w h i l e  the s t r u c t u r e s  swaged W%, 
b3% and 36'h ana then retempered had RA va lues o f  3%. 45.7%, and 17%, r e s p e c t i v e l y .  

The improved d u c t i  1 i t y  o f  the swaged-and-retemperea specimens i n  bo th  the uncharged and hydrogen 
charged c o n d i t i o n s  was assoc ia ted  w i t h  a change i n  f r a c t u r e  moae cornpared to the o r i g i n a l  
quenched-and-tempered specimens. The t e n s i l e  f r a c t u r e  o f  the quenched-and-temperea uncharged 
specimens was c h a r a c t e r i z e d  by a m i c r o v o i d  coalescence and secondary c rack i ng  o f t e n  a long p r i o r  
a u s t e n i t e  g r a i n  boundar ies L l , K  (F i gu re  b ) .  However, secondary c rack i ng  along g r a i n  boundar ies was 
n o t  observed f o r  the swayed-and-retemperea specimens w i t h  the two l a r g e s t  r educ t i ons  ( F i g u r e  71.  
The m a t e r i a l  swaged on ly  3b% be fo re  anneal ing e x h i b i t e d  sone i n t e r g r a n u l a r  secondary c rack ing .  

The d i f f e r e n c e s  i n  t r a c t u r e  behav io r  between the quenchea-ana-tempered and swaged-and-retempered 
specimens were more dramat ic  a f t e r  hydrogen charg ing .  Cathodic  charg ing  a t  D.UUb A/cm2 f o r  2.5 h r s  
r e s u l t e d  i n  i n t e r g r a n u l a r  b r i t t l e  f r a c t u r e  f o r  the quenched-and-tempered specimens ( F i g u r e  8 )  and a 
d impled r up tu re  f r a c t u r e  mode f o r  swaged-and-retempered specimens w i t h  the two 1 a rges t  r educ t i ons  
( F i g u r e  Y ) .  Whi le  the uncharged and chargea specimens w i t h  t he  swagea-and-retemperea s t r u c t u r e s  
bo th  f a i l e d  by v o i d  coalescence, the mechanisms d i f f e r e d .  I n  t he  uncharged c o n a i t i o n  t he  t r a c t u r e  
sur face was r a t h e r  t l a t  and f a i l u r e  occur red  p r i m a r i l y  by the coalescence of vo ids  nuc lea ted  a t  
ca rb iae  p r e c i p i t a t e s  ( F i g u r e  7 ) .  A f t e r  hyarogen charg ing ,  the f r a c t u r e  sur face  was no longer  f l a t  
b u t  was c h a r a c t e r i z e a  by l a r g e  con i ca l  mounds ana c a v i t i e s  w i t h  l a r g e  i n c l u s i o n s  a t  t h e i r  cen te r  
(F i gu re  Y l .  Apparen t l y ,  i n t e r n a l  hydrogen caused p r e f e r e n t i a l  n u c l e a t i o n  of vo ids  a t  the l a r g e r  
i n c l u s i o n s .  These i n i t i a t i o n  s i t e s  subsequently l i nKed  up by t he  n u c l e a t i o n  ana growth of vo ids  

The carb ides  p r e c i p i t a t e d  a t  the 

7.U.4.4 

The t e n s i l e  d u c t i l i t y ,  measurea by r educ t i on  i n  area 
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Figure 1. HT-9 quenched-and-tempered martensite microstructure; a) optical micrograph of prior austenite 
grain structure; and b )  TEM replica micrograph of coarse carbide precipitation at prior austenite 
grain boundary. 

Figure 2. Optical micrograph of swaged-and-retempered microstructure showing effacement o f  prior austenite 
grain structure. 
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F igu re  3. The e f fec ts  of swaging and re temper ing  on t h e  y i e l d  s t r e n g t h  (0.2% o f f s e t )  o f  HT-9. 
s t r e n g t h  inc reases  w i t h  t h e  % r e d u c t i o n  i n  area by swaging. 
r e t u r n s  t h e  s t r e n g t h  o f  swaged m a t e r i a l  t o  t h a t  o f  t h e  o r i g i n a l  quenched-and-tempered (0% swaged) 
c o n d i t i o n .  

The y i e l d  
Subsequent annea l ing  a t  730'C 
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F igu re  4. The e f f ec t s  of swaging and re temper ing  on t h e  t e n s i l e  d u c t i l i t y  o f  HT-9. 

w i t h  t h e  % r e d u c t i o n  i n  area by swaging. 
m a t e r i a l  i s  s u p e r i o r  t o  t h a t  of t h e  quenched-and-tempered (0% swaged) c o n d i t i o n s .  

The d u c t i l i t y  decreases 
A f t e r  annea l ing  a t  73OoC t he  d u c t i l i t y  of t h e  swaged 
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Figure 5. a) The effects of hydrogen charging for 2.5 hours on the tensile ductility o f  quenched-and- 
tempered (0% swaged) and swaged (not retempered) HT-9. 

b )  lhe effects o f  hydrogen charging for 2.5 hours and 24 hours on the tensile ductility of 
quenched-and-tempered and swaged-and-annealed (730%) HT-9. 
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Figure 6. Uncharged quenched-and-tempered t e n s i l e  f racture.  
secondary cracking,  and b )  i n t e r g r a n u l a r  character  o f  surface cracking. 

SEM fractographs of a )  cup-cone f r a c t u r e  and 

Figure 7. SEM fractographs of uncharged, swaged-and-retempered t e n s i l e  f racture;  a )  cup-cone d u c t i l e  
f r a c t u r e ,  and b)  planar  f r a c t u r e  path without  g r a i n  boundary secondary cracking. 
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‘igure 8. SEM fractographs of hydrogen charged (0.006 A/cm2-150 min) quenched-and-tempered tensile 
fracture; a ]  brittle intergranular fracture surface, and b)  smooth grain boundary facets. 

Figure 9. SEM fractographs of hydrogen charged swaged-and-retempered tensile fracture; a) ductile fracture, 
and b) macroscopic dimples and mounds on the fracture surface. 
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assoc ia ted  w i t h  mal l e r  carb ides .  
swaged-and retempered specimens, they ma in ta i n  much g r e a t e r  d u c t i l i t y  a f t e r  charg ing  than t h e  
quenched-and-tempered m a t e r i a l  which f a i  I s  by b r i t t l e  i n t e r g r a n u l a r  f r ac tu re .  

Al though hydrogen charg ing  a l t e r s  t h e  f r a c t u r e  process o f  t h e  

7 23.4.5 Uiscuss ion  

P r i o r  s tud ies  o f  t h i s  heat  o f  H T- Y  i n  the  quenched-and-tempered c o n d i t i o n  have shown t h a t  the  
m a t e r i a l  i s  suscep t i b l e  to g r a i n  boundary c rack ing  bo th  when uncharged and hydrogen charged C 1 , Z i .  
T h i s  has been r e l a t e d  to phosphorous segregat ion  to p r i o r  a u s t e n i t e  boundaries and a n e a r l y  
cont inuous network of g r a i n  boundary carbides.  I n  the  uncharged cond i t i on ,  secondary c rack ing  a t  
p r i o r  a u s t e n i t e  g r a i n  boundar ies i s  by v o i d  n u c l e a t i o n  and growth. AS d iscussed by C o t t r e l l  [ b l ,  
c l o s e l y  spaced g r a i n  boundary p r e c i p i t a t e s  w i l l  favor  d u c t i l e  i n t e r g r a n u l a r  f r a c t u r e .  
been we1 1 documented t h a t  phosphorous segregat ion  i n  combinat ion w i t h  g r a i n  boundary p r e c i p i t a t e s  
C31 and i n t e r n a l  hydrogen L4,Sl enhances the  tendency f o r  i n t e r g r a n u l a r  b r i t t l e  f r a c t u r e .  

These exper iments have demonstrated t h a t  c o l d  swaging and subsequent re temper ing  can improve t h e  
t e n s i l e  d u c t i l i t y  of HT-9 both  w i t h  and w i t h o u t  i n t e r n a l  hydrogen. 
retemper ing e l i m i n a t e d  secondary c rack ing  a long p r i o r  a u s t e n i t e  g r a i n  boundar ies i n  the  uncharged 
t e n s i l e  f r a c t u r e s  and i n t e r g r a n u l a r  b r i t t l e  f r a c t u r e  a f t e r  charg ing .  
swaging reduc t i ons  (3b%) are no t  as e f f e c t i v e  i n  improving t e n s i l e  d u c t i l i t y .  
d u c t i l i t y  r e s u l t i n g  from swaging and retemper ing i s  r e l a t e d  to the mechanical d i s t o r t i o n  o f  the  
p r i o r  a u s t e n i t e  g r a i n  boundar ies.  Th i s  may be because swaging inc reases  t h e  sur face  area o f  t h e  
p r i o r  a u s t e n i t e  g ra ins ,  thereby decreasing the segregant concen t ra t i ons  and ca ro ide  area f r a c t i o n  a t  
these sur faces.  Swaging a l so  e longates the  p r i o r  a u s t e n i t e  g ra ins  p a r a l l e l  to the t e n s i l e  ax i s ;  
thus  p r i o r  a u s t e n i t e  g r a i n  boundar ies are l e s s  favorab ly  o r i e n t e d  fo r  s t r e s s  induced i n t e r g r a n u l a r  
f r a c t u r e .  

It has a l s o  

Most  no tab le  i s  t h a t  swaging and 

Swaging a lone o r  i n s u f f i c i e n t  
The improved 

7.M.5 

7.8.6 

Conclus ions 

Co ld  swaging and subsequent re temper ing  o f  HT-9 improved bo th  the  uncharged and hydrogen charged 
t e n s i l e  d u c t i l i t i e s  compared to the o r i g i n a l  quenched-and-tempered p r o p e r t i e s .  Fo r  the w% swaying 
reauc t ion ,  the  unchargea t e n s i l e  a u c t i l i t y  increasea ~y 13% and t h e  hydrogen charged (2.5 h r )  
d u c t i l i t y  mre than t r i p l e d  compared to the unswaged specimens. 
d u c t i l i t y  was dependent on swaging reduc t i on ;  the  t e n s i l e  p r o p e r t i e s  o f  those specimens reduced Sb% 
and retempered were n o t  as good as those swayed b3% and 114% and retempered. 
d u c t i l i t y  f o r  the  swaged-and-retemperea specimen (63% and 84% r e d u c t i o n s )  was assoc ia ted  w i t h  a 
change i n  f r a c t u r e  mode compared to the quenched-and-tempered specimens. I n  t h e  uncharged 
cond i t i ons ,  the  swaged-and-retempered specimens d i d  n o t  e x h i b i t  secondary c rack ing  a long p r i o r  
a u s t e n i t e  g r a i n  boundar ies as observed f o r  the unswaged specimens, and when hydrogen charged they 
f a i l e d  by t r a n s g r a n u l a r  dimpled r u p t u r e  r a t h e r  than i n t e r g r a n u l a r  b r i t t l e  f r a c t u r e .  
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7.9 THE EFFECT OF PREHEAT ON THE MICROSTRUCTURE, HARDNESS AND TOUGHNESS OF HT-9 WELDMENTS - T. A. 
LECHTENBERG AND J. R. FOULDS (GA TECHNOLCGIES) 

7.9.1 !DLkL&k 

The Department of Energy (OOE)/Off ice of Fuslon Energy (OFE) has c i t e d  t h e  need t o  i n v e s t i g a t e  
f e r r l t l c / m a r t e n s l t l c  a l l o y s  under t h e  ADlP program task, F e r r l t l c  S t e e l s  Development (Path E ) .  

7.9.2 gbJsiLu 

A perce ived I ssue  o f  m a r t e n s l t l c  s t e e l s  Is t h e  ab11 l t y  t o  be r e a d i l y  welded. Preheat ing o f  weld 
j o i n t s  is recanmended by producers of t h e  12Cr-1Mo s t e e l  (HT-9) t o  m ln im ize  crack ing,  b u t  t h e  recommen- 
d a t l o n s  g i v e  a wide l a t i t u d e  (200-450C). I t  I s  t h e  purpose o f  t h l s  work t o  c o n t r i b u t e  t o  unders tand ing 
t h e  e f f e c t  o f  p reheat  on weld ing behav ior  and r e s u l t a n t  mechanical p r o p e r t i e s  such as s t r e n g t h  and Impact 
toughness I n  order  t o  d e f i n e  t h e  preheat  I i m l t a t i o n s  more q u a n t l t a t l v e l y .  

7.9.3 SVmmKy 

P r l o r  s t u d i e s  have shown t h a t  HT-9 p l a t e s  up t o  1 "  t h l c k  can be s u c c e s s f u l l y  welded w l t h  preheats  as 
low as IOOOC. The use o f  a 100°C preheat  of t h e  base metal p r i o r  t o  we ld ing HT-9 r e s u l t s  I n  an increased 
toughness over  t h a t  for a 400C preheat  by about 13.5 Jou les  and a d u c t i l e - b r i t t l e  t r a n s l t l o n  temperature  
o f  -12OC whlch Is 14OC lower than f o r  40OOC preheated c o n d i t i o n .  

SEM examinat ions showed t h a t  t h e r e  were s i g n l f l c a n t  increases i n  t h e  d e n d r i t e  spac ing and Increased 
seg rega t ion  due t o  t h e  slower cool  l ng  r a t e s  I n  t h e  400OC p rehea t  weld. T h i s  Segregat ion is commensurate 
w i t h  d e p l e t i o n  of t h e  " f e r r l t l z e r s "  Cr, Mo, and W I n  t h e  t h e  su r round ing  m a t r i x  accompanied by Increases 
I n  t h e  N I  concen t ra t i ons .  These r e s u l t s  i n d i c a t e  t h e  lowest preheat  c a n p a t l b l e  w l t h  good weld ing p r a c t i c e  
shou ld  be used. The I n v e s t i g a t i o n  Is c o n t l n u l n g  us ing  TEM and SEM I n  t h e  weld metal and HAZ. These 
r e s u l t s  w i l l  be r e p o r t e d  I n  f u r t h e r  ADlP semlannuals. 

7.9.4 Ewgces and Status 

7.9.4.1 introduction 

I n  t h e  l a s t  t h r e e  years  I n  whlch m a r t e n s i t i c  s t e e l s  have been s t u d l e d  I n  Path E, we id lng has been 
done on f u l l y  r e s t r a l n e d  p l a t e s  o f  t h l cknesses  rang ing  fran 0.125 t o  1.0 inches ( f o r  example, see Ref. I ) .  
Thus f a r .  p reheats  as low as I O O C  have been success fu l l y  used on p l a t e s  of th i ckness  1.0 Inch2. 

HT-9 has been used s u c c e s s f u l l y  I n  Europe f o r  many years. main ly  as b o i l e r  t u b l n g  and p i p i n g  I n  hea t  
exchangers and b o l l e r s .  However, t h e  a l l o y  has n o t  been employed I n  s t r u c t u r e s  as  l a r g e  and canp iex  as  
those expectd  for f u s l o n  machines. Sane deslgns f o r  t h e  f l r s t  w a i l  and breed ing b l a n k e t s  r e q u i r e  r e i a -  
t i v e l y  t h i c k- w a l l  tubing, w h i l e  o t h e r s  d l c t a t e  th ln- wal led,  l a r g e  o u t e r  diameter tubes whlch would be 
welded t o  manl fo lds .  The preheat  r e q u i r e d  w i l l  be d i f f e r e n t  f o r  t h e  v a r i o u s  designs because of t h e  
v a r y i n g  t o l e r a n c e  f o r  d i s t o r t i o n  and re1 l e t  of r e s l d u a l  s t resses.  I n  one example of an HT-9 s t r u c t u r e ,  
t h e  t u b e  banks have a w a l l  t h i ckness  o f  0.227 cm and an o u t e r  diameter o f  10.14 cm. T h i s  i s  a c a p l l c a t e d  
des ign where tubes  a r e  bent  I n  o rde r  t o  shape around t h e  plasma, and a r e  connected t o  headers a t  t h e  t o p  
and bottom. I n  such a s t ruc tu re ,  it may be impor tan t  t o  m ln lm lze  t h e  d i s t o r t i o n  d u r i n g  we ld ing  thus  
r e q u i r i n g  a minimum preheat.  However, counterpos ing t h l s  a r e  t h e  s t resses  Induced d u r l n g  we ld ing  which 
would be maxlmlzed by a lower preheat. For t h i s  reason, I t  1s Impor tant  t o  determine t h e  exac t  l a t l t u d e  
I n  preheat  t h a t  Is perm iss ib le .  

7.9.4.2 ExDerlmental 

P l a t e s  o f  t h e  f u s i o n  AOO/ESR hea t  o f  HT-9 used f o r  we ld lng  were g l ven  t h e  s tandard hea t  t rea tmen t  of 
1050C f o r  h a l f  hour and 760C for 2.5 hours both f o l l o w e d  by an a l r  cool .  The p l a t e s  were moni tored f o r  
temperature  by thermocouples a t tached  t o  t h e  surface, and t h e  t i m e  was begun f o r  hea t  t rea tmen t  f i v e  
minutes  a f t e r  t h e  su r face  o f  t h e  0.5 In. p l a t e s  came t o  t h e  des l red  temperature.  P r i o r  t o  welding,  t h e  
p l a t e s  were machlned t o  p r o v l d e  a 75O s i n g l e  V-groove w i t h  a 0.25 In. r o o t  gap and 0.06 In. r o o t  face. 
The welds were performed by t h e  gas- tungsten a r c  process us ing  MTS-4 f l l  l e r  w l r e  and hea t  I n p u t s  o f  26 
kJ/ in/pass.  Each weidment r e q u i r e d  6 passes. The p l a t e s  were f u l l y  r e s t r a l n e d  by be ing t a c k  welded t o  a 
large, r e i n f o r c e d  backing. l n te rpass  temperature, c o o l i n g  r a t e s  and t h e  preheat  were moni tored by t h e r m e  
couples.  The p l a t e s  were g l v e n  t h e  s tandard 76OoC for 2.5 hours  post- weld hea t  t reatment.  The preheat  
and i n t e r p a s s  temperatures  were RT, IOOC. and 400C. 

Transverse weldment s e c t i o n s  were Charpy Impact t e s t e d  I n  t h e  T-S o r i e n t a t l o n ,  t h e  notch l o c a t e d  I n  
t h e  c e n t e r  o f  t h e  weld bead propagated I n  t h e  p l a t e  th i ckness  d l r e c t l o n  f r a  f i n a l  t o  I n i t i a l  weld pass. 
The specimens were 0.05 In. unders i ze  I n  th lckness.  Charpy impact t e s t i n g  was performed on a micro- 
processor  c o n t r o l l e d  ET1300 drop-weight Impact t e s t e r .  
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I 

F lg .  7.9.1 Microhardness va r ia t ions  I n  HT-9 weldrnents 
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7.9.4.3 Ihe E f f e c t  o f  Weldment P rehea t i na  on t h e  Mechanical ProaQi3h.s 

Microhardness measurements were performed on t h e  r w m  temperature  and 400C preheated as-welded cond l -  
t l o n  and on t h e  RT, IOOC, and 400C preheat  I n  t h e  PWHT'ed cond i t i ons .  These data  a r e  presented I n  F i g u r e  
7.9.1. As observed, t h e  changes I n  t h e  as-welded hardness p r o f i l e s  d e l i n e a t e  t h e  f u s l o n  zone/heat a f f e c t -  
ed zone/base meta l /  boundarles. The as-welded mlcrohardness of t h e  c e n t r a l  weld metal  r e g l o n  I s  about  535 
DPH and shows I i t t l e  v a r i a t i o n  w i t h  preheat.  A t  t h e  f u s l o n  boundary, which was a l s o  d l sce rned  o p t i c a l l y .  
t h e r e  I s  a decrease i n  t h e  hardness t o  490DPH and then a recovery.  T h l s  area I s  where f e r r i t e  I s  expected 
t o  form upon coo l i ng .  T h i s  hardness ' t r o u g h '  1s broader f o r  t h e  h lghe r  preheat  c o n d i t i o n  a l t hough  hav ing 
t h e  same depth. The HAZ 1s a l s o  wlder  f o r  t h e  4OOOC preheat, be lng about 1.9 mm. A f t e r  a 760C. 2.5 h r  
PWHT'ment t h e  weld hardness decreased fran about 530 DPH t o  260DPH f o r  a l l  t h r e e  preheat  cond l t l ons .  I n  
a l l  PWHT'ed cond l t l ons ,  t h e  hardness I n  t h e  hea t- a f fec ted  zones I s  lower than I n  t h e  weld meta l .  The 
decrease I s  about 30-45 DPH. T h l s  Is seen I n  F l g u r e  7.9.1 for t h e  RT, I O O C  and 400C preheat  c o n d i t i o n s .  
The PWHT'ed hardness I s  s i m i l a r  f o r  a11 t h r e e  c o n d l t l o n s  excep t l ng  f o r  t h e  I O O C  a t  approx imate ly  where t h e  
HA2 boundary IS. A t  t h l s  p o i n t  It Increases about IOODPH then decreases w i t h i n  0.75 mm t o  t h e  base metal 
average o f  260 DPH. T h l s  I s  be ing  inves t l ga ted .  

Charpy V-notch specimens machined w i t h  t h e  notch I n  t h e  cen te r  o f  t h e  weld  metal were t e s t e d  a t  tem- 
pera tu res  fran -62OC t o  100°C. The data  Is presented I n  F i g u r e  7.9.2. The t r a n s l t l o n  curves f o r  these 
weldments show t h a t  t h e r e  a re  two d l f f e r e n c e s  seen, t h e  upper s h e l f  energy I s  74.5J for t h e  I O O C  preheat  
w h i l e  I t  I s  61.OJ f o r  t h e  400C preheated c o n d i t i o n .  Also, t h e  OBTT i s  somewhat lower for t h e  I O O C  p r e  
heat. The enhanced e f f e c t  
of a h ighe r  cool  l ng  r a t e  ( lower  preheat  temperature, h ighe r  c o o l i n g  r a t e )  on t h e  t r a n s l t l o n  curves i s  I n  
agreement w l t h  r e p o r t e d  observat ions3.  

7.9.4.4 Ihe E f f e c t  o f  Preheat  on t h e  Weld M l c r o s t r u c t u r e  

I t  was measured as -12OC for t h e  100°C preheat  and Z°C for t h e  4OO0C preheat.  

O p t l c a l  macrographs o f  two weldments a r e  shown i n  F i g u r e  7.9.3. F l g u r e  1.9.3a 1s o f  t h e  as-welded 
c o n d l t l o n  w i t h  no p rehea t  w h l i e  t h e  as-welded c o n d l t l o n  w i t h  4OO0C preheat  I s  shown I n  F i g u r e  7.9.3b. 
There a re  two e f f e c t s  o f  h lghe r  preheat  seen a t  t h l s  m a g n i f i c a t i o n .  The f i r s t  Is t h a t  t h e  weld  beads and 
heat  a f f e c t e d  zones a r e  l a rge r ,  and t h e  second Is t h a t  t h e  d e n d r l t l c  s t r u c t u r e  i s  coa rse r  and more C l e a r l y  
defined. A c l o s e r  Inspec t i on  shoved t h a t  t h e  400C preheat  had s i g n i f i c a n t l y  l ess  seg rega t l on  as  evidenced 
by cor ing.  Coring, whlch 1s elemental  seg rega t ion  d u r i n g  s o l l d l f l c a t l o n ,  o f ten leads  t o  p r e c i p i t a t i o n  I n  
weld metal  d e n d r l t e  boundaries. H lgher  magnlf l c a t l o n  o p t l c a i  micrographs o f  t h e  veidments are  shown I n  
F l g u r e  1.9.4. The weld  w l t h  no preheat  I n  F l g u r e  1.9.4a has d e n d r i t e  boundar les  c l e a r l y  o u t l i n e d  by a 
second phase. I n  F l g u r e  7.9.4b. t h e r e  I s  l e s s  evldence of c o r l n g  b u t  t h e  phase t h a t  does e x i s t  I n  t h e  
boundar les (probably  f e r r l t e  based on an EDAX a n a l y s i s  desc r lbed  below) 1s l a r g e r  and b e t t e r  d e f l n e d  and 
spaced f u r t h e r  a p a r t  due t o  l a r g e r  dendr l t es .  These e f f e c t s  a r e  seen more c l e a r l y  I n  F l g u r e  7.9.5a. t h e  
RT preheat  cond i t i on ,  showlng t h e  c o r l n g  phase and a r e l a t i v e l y  f l n e r  d e n d r l t l c  s t r u c t u r e  as canpared t o  
t h e  400C preheat  i n  ( b )  which c l e a r l y  shows t h e  coarser  d e n d r l t l c  s t r u c t u r e  and a g r e a t e r  f r a c t i o n  o f  t h e  
dark appear ing phase su r round lng  t h e  b a r e l y  v i s l b l e  f e r r l t e  core. W l t h l n  t h e  dendr i tes ,  t y p i c a l  marten- 
s l t i c  s t r u c t u r e s  a r e  observed. The h l g h e r  preheat  temperature  e f f e c t e d  a s lower  weld metal  c o o l l n g  ra te ,  
Increased t h e  f r a c t i o n  o f  t h e  dark f e r r l t e  sur round lng phase and coarsened t h e  d e n d r l t e  s t r u c t u r e ,  t h e  
l a t t e r  be lng  t h e  c o n t r o l 1  I n g  m l c r o s t r u c t u r a l  f e a t u r e  I n  f r a c t u r e .  I t  I s  poss ib le ,  however. t h a t  t h i s  
would change d u r i n g  thermal ag ing  o r  s e r v i c e  as segregants beg in  t o  p l a y  a more Impor tan t  r o l e  I n  t h e  
f r a c t u r e  pracess. 

An EDAX a n a l y s l s  was performed on t h e  phases seen I n  t h e  weldments t o  determine t h e  degree o f  s e g r e  
g a t l o n  of major c o n s t i t u e n t s .  I n  general ,  for bo th  preheat  cond l t l ons ,  t h e  phase w l t h l n  t h e  d e n d r l t e  
boundar les con ta lned  e l e v a t e d  l e v e l s  of  f e r r l t e f o r m i n g  elements C r  and Mo, w h i l e  t h e  su r round lng  a rea  was 
dep le ted I n  them b u t  con ta lned  e leva ted  l e v e l s  of  NI .  I t  was concluded fran t h l s  t h a t  t h e  phase I n  t h e  
d e n d r l t e  boundar ies was f e r r l t e .  

A c l o s e r  l n s p e c t l o n  on t h e  SEM o f  t h e  phases I n  t h e  d e n d r l t e  boundar les  revea led  t h a t  t h e r e  was a 
chranlum r l c h  phase surrounded by what may be another phase whlch appears dark  on t h e  SEM. These were 
surrounded by areas dep le ted I n  chranlum and molybdenum. The I l g h t  l n t e r d e n d r l t i c  phase seen I n  F i g u r e  
1.9.5 more e v i d e n t  a t  t h e  lower preheat, appears t o  be f e r r l t e ,  w h i l e  t h e  da rkes t  area i n  which t h e  
f e r r l t e  seems t o  r e s t  has an even h ighe r  chranlum concen t ra t l on .  Recent ly .  chranlum r l c h  ferrite I n  AIS1 
316 weld metal  has been shown t o  e x h l b l t  a p ropens i t y  f o r  M23Cg p r e c l p l t a t l o n  a t  t h e  f e r r i t e- m a t r i x  i n t e r -  
face w i t h  s h o r t  te rm exposures a t  e leva ted  temperatures (650OC)3. The r e l a t i v e  p r o p o r t l o n  of t h e  d a r k l y  
etched phase su r round lng  f e r r i t e  appears t o  increase w i t h  an Increased p rehea t  temperature  o r  Slower 
c o o l i n g  r a t e .  Longer t imes  a t  carb ide- formlng temperatures w l t h  a s lower  c w l l n g  r a t e  p o i n t s  t o  t h e  
p o s s l b l l l t y  o f  t h e  dark r e g l o n s  c a n p r l s l n g  c a r b l d e s  formed fran l n t e r d e n d r l t i c  f e r r i t e .  

The EDAX r e s u l t s  a r e  g l v e n  i n  Tab le  7.9.1 for t h e  l n t e r d e n d r l t i c  f e r r i t e  and su r round lng  phases f o r  
both  preheats.  The h ighe r  preheat  weld showed more seg rega t lon  n o t  v i s l b i e  o p t l c a l l y .  The d e n d r l t e s  a r e  
n o t  decora ted as c a n p l e t e l y  as  one sees i n  t h e  lower p rehea t  (e.g., canpare F i g u r e s  7.9.5a and 7.9.5b1. 
SEM microgrpahs show t h a t  t h e r e  a r e  two phases a t  t h e  boundary, a I lght- appear lng f e r r l t e  co re  I n  a dark- 
appear ing mat r lx .  t h e  r e l a t l v e  p r o p o r t l o n s  of whlch depend on t h e  preheat  temperature  or c o o l i n g  r a t e s .  
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Fig.  7.9.3 
400C preheat condltlons. (5X)  

Optical  phota icrographs  of t h e  as-welded (a )  RT and ( b )  
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Fig. 7.9.4. 
( a )  RT and ( b )  400C preheat. (1OOOX) 

Optical  photmlcrographs of t h e  as-welded weld metal w l th  
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Table 7.9.1. Chemlcai canposl t lon* (wtb) o f  l n t e r d e n d r l t l c  f e r r i t e  and 
surrounding areas I n  RT and 400% preheat as-welded weld metal 

l n t e r d e n d r l t i c  Dark Reglon Depleted Zone L l g h t  Area 
F e r r l t e  Core Surroundlng Adjacent t o  (Weld M a t r l x )  

Fer r  I t e  Dendr I t e  
Boundary (grey) 

RT 400 RT 400 RT 400 RT 400 

S i  .60 .29 .50 .65 .32 .41 .49 .50 
Mo 1.82 1.88 1.44 1.91 .60 .75 .59 .57 
V .30 .25 .22 .42 .16 .22 .10 .91 
Cr 15.81 15.95 16.62 19.69 13.31 14.88 11.79 11.97 
Mn .70 .69 .76 .75 ,69 .72 .54 .61 
N I  -0- -0- .18 .10 .33 .17 .16 .10 
W .34 .16 .29 .45 .66 .37 -0- .31 

* From EDAX 

7.9.5 Conclusions 

Hlgher preheat ing r e s u l t s  i n  coarser d e n d r l t l c  weld metal s t ruc tu res  and Increased c o r l n g  brought on 
by segregatlon o f  f e r r l t e - f o r m l n g  elements. These coarse m ic ros t ruc tu ra l  features appear t o  a f f e c t  t h e  
weld toughness causing a decrease I n  t h e  upper she l f  from 74J t o  61J when the  preheat Increases from 100°C 
t o  400OC. Furthermore, w i t h  t h i s  decrease I n  upper shel f  toughness was also observed an increase i n  t h e  
CBTT fran -12% t o  2%. 
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7.10 AN ASSESSMENT OF FABRICATION METHODS FOR AN HT-9 FIRST WALL/BLANKET MODULE - T. A. Lechtenberg and 
J. F. H l l deb rand  (GA Technologies., San Dlego, CA) 

7.10.1 !UEb.k 

A l l o y  Development f o r  I r r a d i a t i o n  Performance. F e r r l t l c  S tee l  Development. 

7.10.2 

The o b j e c t  of t h l s  work was t o  assess t h e  manufac tur ing  and f a b r l c a t i o n  procedures for a f l r s t  w a l l /  
b l a n k e t  s t r u c t u r e  us lng  HT-9 m a t e r l a l .  The TASKA b l a n k e t  module was chosen as a r e p r e s e n t a t i v e  r e a c t o r  
s t r u c t u r e .  

7.10.3 Sumwy 

The f l r s t  w a l l / b l a n k e t  module s t r u c t u r e  for t h e  TASKA tandem mirror r e a c t o r  deslgn 1s dlscussed r e l a -  
t l v e  t o  proposed m a t e r i a l s  and procedures for t h e  f a b r l c a t i o n .  The TASKA des ign Is a major  r e a c t o r  s tudy 
for a near- term eng lnee r lng  t e s t  f a c i i l t y ,  t h e  main o b j e c t i v e  of which was t o  develop a preconceptual  
des lgn t h a t  c o u l d  p r o v l d e  eng inee r ing  des ign i n f o r m a t i o n  f o r  a Demonstrat ion Fuslon Power Reactor. T h i s  
des ign was chosen for t h l s  s tudy because HT-9 was used as t h e  s t r u c t u r a l  m a t e r i a l  and P b g ~ L I 1 7  I l q u l d  
metal as t h e  b reeder / coo lan t  f o r  t h e  c e n t r a l  c e l l  modules, and p r e s e n t l y  i s  t h e  o n l y  c a r p l e t e  r e a c t o r  
study hav ing done so. F r a r  t h e  deslgn, an assessment was made of ma te r la l s ,  p roduc t  forms and methods of 
assembly, heat  t r e a t i n g ,  and j o l n l n g  t o  produce t h e  u n l t .  The r e s u l t s  show t h a t  HT-9 can be used as a 
s t r u c t u r a l  m a t e r i a l  f o r  TASKA b lankets .  The tubes a r e  10.14 cm O.D. and 0.117 cm t h l c k  and c o l d  bent  t o  
conform t o  t h e  r e q u i r e d  shape of l e s s  than  t h e  manufac turers  r e c m e n d e d  maximum 2d bend rad ius .  Welding 
r e c m e n d a t l o n s  i n c l u d e  preheat  of n o t  l e s s  than 250°C and a post- weld h e a t  t rea tmen t  of 76OoC for 2.5 
hrs. The c o n f l g u r a t l o n  o f  t h e  p ipe- to- mani fo ld  weidments and I n s p e c t a b l l l t y  requ i rements  suggest t h i s  
module can be manufactured t o  present-day code requirements.  Furthermore, t h e  e s s e n t l a l  l eak- t l gh tness  
f o r  a pressure  boundary I n  t h e  tubes appears p r a c t l c a l .  The r e s u l t s  l n d l c a t e  a good f e a s i b l l i t y  t h a t  t h e  
proposed TASKA can be fab r l ca ted .  

7.10.4.1 l l a x r i p t i o n  of 

TASKA has a c y l l n d r l c a l  shape formed by modules of t h e  inne r  and o u t e r  w a l l s  o r  b lankets .  The tubes 
a c t  as  t h e  f l r s t  wa l i / b lanke t .  Banks o f  th ln- wal led,  HT-9 tubes bent  t o  produce t h e  c y l l n d r l c a l  c a v l t y  
f o r  t h e  plasma a re  a t tached  t o  upper and loner  man l fo lds  as  shown by F l g u r e  7.10.1. The modules a l s o  
I n t e r l o c k  by a " s tep"  w l t h  ad jacent  modules t o  reduce neut ron s t reamlng a t  t h e  seams as shown by F i g u r e  
7.10.2. 

Table 7.10.1. P e r t l n e n t  dlmenslons for Taska tubes 

Tube - HT-9 0. D. 10.14 un ( 4  In . )  
Wal I 0.227 cm (0.090 In.) 

T r a n s l t l o n  Tube - HT-9 O.D. 5.0 cm ( 1  In.) 
Wal I 0.175 cm (0.070 I n . )  

M a n i f o l d  P l a t e  - HT-9 Thickness 1.7 cm (0.670 In.) 

A v e r t i c a l  cross s e c t i o n  through t h e  cen te r  of a module, F l g u r e  7.10.1 shows e leven rows o f  HT-9 
tubes on e l t h e r  s i d e  of t h e  plasma zone. The end of each tube  1s a t tached  t o  a sma l le r  d iameter tube  by 
means o f  a c o n i c a l  t r a n s l t l o n  sect ion.  The smal l  d iameter tube i s  then a t tached  t o  t h e  mani fo ld .  One 
s i d e  o f  t h e  Innermost l a r g e  dlameter tubes faces t h e  plasma and becanes t h e  e f f e c t i v e  f l r s t  w a l l .  

A h o r l z o n t a l  c r o s s  s e c t l o n  through two ad jacen t  modules, F i g u r e  7.10.2 shows t h e  s tepp lng  o f  t h e  
tubes where t h e  modules I n t e r f a c e .  i t  a l s o  shows t h e  s t a g g e r l n g  o f  tubes needed t o  a l l o w  t h e  two modules 
t o  s l i d e  o u t  r e l a t l v e  t o  each o the r  a t  t h l s  i n te r face .  The modules shown have an a x i a l  l eng th  o f  104 cm 
and have a b l a n k e t  t h l ckness  o f  100 cm. The r a d l u s  t o  t h e  f r o n t  su r face  o f  t h e  f l r s t  t u b e  row Is 46 cm. 
There a r e  t e n  tubes I n  t h e  f r o n t  row and a t o t a l  of  208 tubes  In each module. A separa t l on  of 1 cm per 
meter I s  al lowed between modules a t  room temperature. A t  o p e r a t l n g  temperature  t h e  gaps c l o s e  t o  n0.4 cm. 

The p e r t i n e n t  b lanke t / t ube  parameters a r e  g l ven  I n  Tab le  7.10.1. The l a r g e  dlameter tubes a r e  10.14 
cm O.D. and t h e  w a l l  t h l ckness  Is 0.227 cm. The t r a n s i t i o n  tubes  a r e  5 un 0.0. and have a w a l l  t h i ckness  
of 0.175 cm. The a x i a l  c e n t e r l i n e  d i s t a n c e  between tubes I s  10.45 m and t h e  r a d i a l  c e n t e r l i n e  d i s t a n c e  
Is 9.05 cm. The 2-D bend r a d l u s  toward t h e  m a n i f o l d  15 c o n s l s t e n t  w l t h  t h e  minlmum bend r a d l u s  t h a t  can 
be produced w l t h o u t  b u c k l i n g  t h e  HT-9 tube  w a l l  I n  t u b i n g  o f  t h l s  s lze.  The des lgn o f  t h e  b l a n k e t  i s  such 
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, ,  
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Fig. 7.10.1. Ver t ica l  Section of TASKA blanket  
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fJ 

- - - - - - - - - _ _  
1 Dimensions i n  crn 

1 o f  removal 

i' t- 
I Arrow i n d i c a t e s  d i r e c t i o n  

Flg. 7.10.2. H o r i z o n t a l  s e c t l o n  th rough  two b l a n k e t  modules 
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t h a t  a l l  welded j o i n t s  a r e  s h i e l d e d  by approx imate ly  100 cm of Pba3L117 ( t h e  c m l a n t - b r e e d e r  m a t e r l a l )  and 
t h e  HT-9 tubes. Th ls  reduces r a d l a t l o n  damage I n  t h e  tube  welds. 

A t  t h l s  t ime, It i s  cons idered p robab le  t h a t  t h e  modules w i l l  be cons t ruc ted  i n  accordance w l t h  t h e  
i n t e n t  o f  t h e  ASME B o l l e r  and Pressure  Vessel Code, Sec t l on  I l l ,  D l v i s l o n  1, Rules for Cons t ruc t i on  o f  
Nuclear Power P l a n t  Components. Sec t l on  I l l  invokes t h e  p e r t i n e n t  requ l rements  o f  Sec t l on  1 1 .  M a t e r l a l s ;  
Sec t i on  V Non-dest ruc t lve  Examination; Sec t i on  IX, Welding d B r a z l n g  Q u a l l f i c a t l o n s .  I t  w 1 1 I  be noted 
t h a t  HT-9 ( l i k e  PCA and o the r  cand ida te  f i r s t  w a l l  m a t e r l a l s )  Is n o t  a c u r r e n t l y  approved ASME Code mater- 
l a l .  However. I t  Is assumed t h a t  Code q u a l l f l c a t l o n s  o f  HT-9 f o r  use under Sec t i on  I l l  r u l e s  w I I I  be 
achleved a t  an a p p r o p r i a t e  f u t u r e  t lme. 

7.10.4.2 Manufacturina and P r o d o  HT - 9 
Tab le  7.10.2 I l s t s  a number o f  f e r r l t l c  t ube  and p l p e  m a t e r i a l  s p e c i f i c a t i o n s  f o r  12Cr-lMo s t e e l s  

l n c l u d l n g  t h e  a l l o y  grade and des lgnat lon,  and t h e  names of known producers. T h l s  I n f o r m a t i o n  I s  an I n d l -  
c a t l o n  o f  t h e  degree of canmon use o f  HT-9 I n  t h e  form o f  p i p e  and t u b u l a r  products  and t h e l r  acceptance 
by I n d u s t r y  and s tandards o r g a n i z a t i o n s  o u t s i d e  t h e  U.S. Tab le  7.10.3 l i s t s  some s p e c i f i c  appl  i c a t l o n s  o f  
HT-9, or t h e  1ZCr-1Mo e q u i v a l e n t  a l l o y ,  I n  CEGB h o l l e r s  whlch s u c c e s s f u l l y  used welded tubes  on t h e  same 
o rde r  of  s l z e  as  those  proposed for t h e  TASKA p l a n t  b l a n k e t  deslgn. Those tubes were p laced I n t o  s e r v i c e  
I n  t h e  f u l l y  tempered c o n d l t l o n .  The manufac turers  such as Sandvlk r e c m e n d  a u s t e n i t l z a t i o n ,  a i r -  
coo l ing,  temper ing and f l n a l l y  a i r - c o o l i n g .  T h l s  I s  done t o  produce a tempered m a r t e n s l t e  m i c r o s t r u c t u r e ,  
re1 ieve s t r e s s e s  and ach ieve recovery  and r e c r y s t a l  I i z a t i o n  of any m a t e r i a l  work-hardened by t h e  forming 
o r  tube-drawing process. Sandvlk r e p o r t s  t h a t  c o l d  bendlng i s  n o t  a problem as long  as t h e  l o c a l  defor-  
mat ion does n o t  exceed t h e  f r a c t u r e  s t r a l n .  Tubes may be ben t  t o  a Zd rad ius .  Al though co ld- bent  tube  
was fo rmer l y  s t ress- re1  leved, t h a t  p r a c t i c e  was d i scon t i nued  when I t  was demonstrated t h a t  c o l d  work 
caused o n l y  a marg lna l  r e d u c t l o n  I n  r u p t u r e  s t r e n g t h  (Refs. 1 and 2 ) .  

7.10.4.3 E a b r l c a t i o n  o f  HT - 9 Tubes 

Based on t h e  des lgn shown by F i g u r e  7.10.1, t h e r e  a r e  severa l  approaches t o  t h e  f a b r i c a t i o n  o f  t h e  
modules. The des ign c a l l s  for 13 d i f f e r e n t  shapes of tube. The leng ths  and bends a r e  e a s i l y  handled on 
an assembly l i n e  basis.  The tube  shapes may be made by f r e e  bendlng (2d mln.) o r  t h e  tubes may be f i l l e d  
w i t h  a s o f t  m a t e r l a i  such as lndlum or Woods metal  t o  m ln im lze  d l s t o r t l o n s  d u r i n g  bendlng. The use of t h e  
f l l l e d  t u b e  method for bending w i l l  r e q u i r e  some I n v e s t i g a t i o n  t o  assure  t h a t  t h e  process does n o t  cause 
m e t a l l u r g i c a l  degradat lon of t h e  tube  or leave undes i rab le  contaminants.  I n  general  t u b e  shaping I s  n o t  
perce ived as a f a b r i c a t i o n  problem. 

The c o n l c a l  t r a n s l t l o n  tube  p ieces  may be formed by s p l n n l n g  a heavy wa l l  t ube  t o  open a cone o r  a 
t h i n  w a l l  t ube  t o  c l o s e  a cone. A l t e r n a t i v e l y ,  It may be cold- formed by r o i l i n g  p l a t e  m a t e r i a l  and seam 
weld ing or c u t t i n g ,  shaping and weld ing t u b u l a r  m a t e r l a l ,  F l g u r e  7.10.3. 

7.10.4.4 hLdhg 

I n  t h e  U.S. t h e  use of a i r  harden lng s t e e l s  such as HT-9 i n  large, h i g h l y  res t ra ined ,  welded s t r u c -  
t u r e s  has been pe rce i ved  as a f e a s l b i l  i t y  Issue. T h l s  1s l a r g e l y  due t o  a l a c k  o f  exper ience w l t h  t h e  
m a t e r i a l .  The Europeans on t h e  o the r  hand have used HT-9 ex tens i ve l y .  p a r t i c u l a r l y  for steam p i p i n g  as  
shown by Tab le  7.10.3. Those and o t h e r  canmerclal  exper iences have demonstrated t h a t  t h i s  a l l o y  i s  read-  
i l y  we ldab le  when t h e  proper procedures a r e  employed. I t  must be recogn lzed t h a t  an as-welded j o i n t  may 
con ta l n  cons ide rab le  untempered mar tens i te  whlch i s  prone t o  b r i t t l e  f rac ture .  Hydrogen i n  t h e  ve l ds  may 
c r e a t e  a d d i t i o n a l  problems. For these reasons, we id lng o f  HT-9 r e q u l r e s  a d d l t i o n a l  care. 

Weidlng HT-9 r e q u i r e s  t h a t  t h e  weld p r e p a r a t i o n  (groove)  be clean, f r e e  of d i r t ,  hydrocarbons and 
grease, t h a t  i t  be p r o p e r l y  preheated and t h a t  coated e l e c t r o d e s  be baked t o  e l l r n l n a t e  mois ture .  Preheat-  
ing  and m a l n t a i n l n g  temperature  d u r i n g  weld ing i s  o f t e n  necessary depending on t h e  weld ing process and 
j o i n t  des ign I n  o rde r  t o  c o n t r o l  t h e  fo rma t lon  o f  m a r t e n s i t e  i n  t h e  weld and HAZ. Weldments shou ld  be 
g i v e n  a postweid  hea t  t rea tmen t  (PWHT) I m e d i a t e l y  a f t e r  we ld ing t o  r e l l e v e  stresses, temper any marten- 
site, and Improve t h e  toughness of t h e  j o i n t .  

i t  appears t o  be a p p r o p r l a t e  t o  use 75O V-groove weld p r e p a r a t i o n s  f o r  t h e  tube  and t r a n s i t i o n  tube  
welds. A l l  t h e  welds w i l l  be f u l l  p e n e t r a t i o n  I n  accordance w l t h  Code requirements.  

A p r e r e q u l s l t e  o f  t h e  tube  t o  tube- sheet j o l n t  i s  t h a t  t h e r e  be no c r e v i c e s  on t h e  vacuum o r  tube  
s lde.  The TASKA u n i t  opera tes  under a hard vacuum, hence designs c r e a t l n g  t o r t u o u s  mean f r e e  pa ths  a re  t o  
be avolded. Wlth such a r e s t r l c t l o n ,  t h e r e  a r e  severa l  approaches t o  t h e  j o i n t .  For one t y p e  t h e  p l a t e  
c o u l d  have punched h o l e s  w i t h  p r o t r u d i n g  I Ips  on whlch t o  make t h e  t u b e  at tachment welds (see F i g u r e  
7.10.4.a). For another.  a s h o r t  t ube  s tub  c o u l d  be welded I n t o  punched o r  d r l l l e d  holes.  A f i l l e t  weld 
on t h e  vacuum s i d e  and on t h e  c o o l a n t  s i d e  would sea l  t h e  c r e v l c e  (see F i g u r e  7.10.4). These welds, 
however, would r e q u l r e  Code lnspect lon.  These two j o l n t s  would r e q u l r e  an i n t e r n a l  bo re  weld t o  a t t a c h  
t h e  b lanke t- wa l l  t ubes  t o  t h e  tube  stubs. A t h i r d  des ign would r e q u l r e  a coun te r  bore  on t h e  tubesheet  
h o l e  so t h a t  a f u l l  p e n e t r a t i o n  weld c o u l d  be made fran t h e  c o o l a n t  s i d e  o f  t h e  tubesheet.  
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Tab le  7.10.3. Superheater and rehea te r  a p p l i c a t i o n s  o f  
m a r t e n s l t l c / f e r r l t l c  s t e e l s  I n  CEGB b o l l e r s  

Oper. Wal 1 Dlmenslons 

a t u r e  (OD) ness Length L l f e  
Mater I a I S t a t l o n  (OC) (mm) (mn )  (m) ( h )  

Temper- Dla. Th lck-  To ta l  

1ZCr-Mo-V Aberthaw ( 2 )  
"A" 1 

4 

Aberthaw ( 2 )  
"6" 7 

8 

9 

High Marnham 
( 1 )  5 

Stay thorpe 

Nor th f  I e e t  (6)  

Bankslde (6)  

12Cr-lMo K ingsnor th  (6)  

430-460 

430-460 

600-650 
b u t  can 
reach 800 

540-650 54 4.5 

550 58.5 4.5 

540-850 121 

590 

Up t o  622 49 6 

16,900 

18,600 

3,700 

16,500 

11,000 

18 35.000 

4.000 

24,000 20,000 

9 22.000 

10 8,400 
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0.227 cm 

Fly.  1.10.3. Transition Tube Welds 
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WELD PREPS 

INTERNAL BORE WELD 

TUBE-TO-TUBESHEET WELD 

PUNCH-UPSET O R  MACHINED TUBESHEET JOINT 
(a)  

INTERNAL BORE WELD I 

TUBE WELDS I WELD PREPS 

STUB TUBEJOIN1 
ib l  

Fig.  7.10.4. Conceptual tube- to- tubesheet  j o l n t s  for m a n i f o l d  
and t ube  weldrnents. 
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7.10.4.5 

The recanmended hea t  t reatment  f o r  HT-9 (Ref. 1 and 2) c o n s i s t s  of an a u s t e n l z a t l o n  a t  1020-1070°C 
f o r  1/2 hour per Inch o f  m a t e r l a l  t h i ckness  and a i r  coo l l ng .  A temper a t  730-79OoC f o r  1/2 t o  2 hours 
and a i r  coo l  Ing completes t h e  heat  t reatment.  A s t r e s s  re1  i e f  hea t  t rea tmen t  15 accompi ished by h e a t i n g  
t h e  m a t e r l a i  a t  700-750°C f o r  30 mlnutes and a l r  coo l ing.  The HT-9 m a t e r i a l s  used f o r  TASKA w l l l  need one 
o r  a comblnat lon  of t h e  heat  t rea tmen ts  t o  develop t h e  mechanical p r o p e r t l e s  and r e l i e v e  f a b r l c a t l o n  
stresses. 

To produce a s t r u c t u r e  w l t h  minimum r e s i d u a l  f a b r l c a t l o n  s t ress,  It would be d e s i r a b l e  t o  no rma l i ze  
and temper t h e  e n t l r e  assembly. I t  15 f e a s l b l e  t o  b u i l d  a furnace around t h e  assembly and t o  suppor t  t h e  
s t r u c t u r e  t o  m ln lm lze  d l s t o r t l o n  and saqqlnq. However. s l n c e  TASKA c o n s i s t s  of modules. t h e  t a s k  o f  heat  
t r e a t i n g  i s  made s imp le r  I n  t h a t  It w0u-I~ Fequ l re  a sma l le r  f u rnace  and l e s s  b r a c i n g  bo th  of which would 
be reusab le  f o r  m u l t i p l e  modules. 

Another approach t o  s t r e s s  re1  l e t  would be t o  hea t  t r e a t  t h e  subassembl l e s  and s t r e s s  re1  ieve  t h e  
welds. For example t h e  bent  tubes w l t h  connected t r a n s i t i o n  p ieces  and smal l  d iameter ex tens ion  tube  
would be normal ized and tempered, l i k e w i s e  t h e  tubesheet and tube  stubs. The I n t e r n a l  bo re  welds connect-  
ing  those two subassemblies and t h e  f l n a l  man l fo ld  c l o s u r e  welds would be s t r e s s  r e l i e v e d  l o c a l l v .  

The TASKA des ign and HT-9 m a t e r l a l  and process ing p e r m i t  f l e x i b l l l t y  of t h e  f a b r l c a t l o n  met/lods whlch 
would need o n l y  mlnimai t e s t l n g  f o r  v e r i f i c a t i o n .  

7.10.4.6 References 

I .  

2. "Sandvlk HT9," Sandvlk, May 1981. 

"Super 12% C r  S t e e l s  - An Update," Ci lmax Molybdenum Co., B u l l e t i n  M571, 7/82. 
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7.11 IRRADIATION OF ESR ALLOY HT-9 AND ALLOY 9Cr-IMo(MOD.) PLATES FOR FRACTURE TOUGHNESS 
ASSESSMENT - J. R. Hawthorne (Naval Research Laboratory) 

7.11.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has stated the need to investigate 
ferritic alloys under the ADIP program task. Ferritic Steels Development (Path E) 

7.11.2 Objectives 

Alloy HT-9 and Alloy 9Cr-IMdMod.) are being evaluated for a potential application as a first wall 
material i n  magnetic fusion reactors. objectives of the current research task were to irradiate an Alloy 
HT-9 plate from the Fusion Ferritic Program ESR reference heat at 3OOOC and an Alloy 9Cr-lMo(Mod.) plate 
from another Program reference heat at 15OOC. and to perform postirradiation notch ductility and fracture 
toughness tests showing the realtive magnitudes of radiation embrittlement produced in the two alloys. 

7.11.3 Summary 

During this period, irradiation exposures at 30OOC and 15OOC to 8 ~ 1 0 ~ ~ n / c m ~ ,  E>O.IMeV, were 
undertaken for the Alloy HT-9 and Alloy 9Cr-IMo(Mod.) plates, respectively. Specimen types include 
tension, Charpy-V(C,), fatigue precracked Charpy-V(PCC,) and half-size Charpy-V specimens and, in the 
case of the Alloy 9Cr-IMo(Mod.), 2.54 m thick compact tension specimens. 

7.11.4 Progress and Status 

7.11.4.1 Introduction 

The ferritic stainless steel compositions, HT-9 and 9Cr-lMo(Mod.), are being assessed for possible 
first w a l l  applications i n  magnetic fusion reactors by the Magnetic Fusion Materials Program and for duct 
applications in liquid metal fast breeder reactors by the Cladding/Duct Alloy Development Program of the 
Department of Energy. For these proposed uses, fracture resistance properties before and after elevated 
temperature irradiation are being investigated. Specimen types include C., specimens for notch ductility 
determinations, PCC, specimens for dynamic fracture toughness (KJ) determinations and compact tension 
(CT) specimens for static fracture toughness determinations. Tensile property changes with irradiation 
are also being established for  use in fracture resistance assessments. 

Previous studies1 evaluated an HT-9 plate representing AOD melt processing after irradiation at 93% 
and 288OC. The current study on the HT-9 composition is aimed at evaluating ESR processing vs AOD 
processing and, through a joint program with ORNL (J. Vitek), the relative effects of a low VS. a high 
fluence l e v e l .  
in HIFR at 300°C. The 150% irradiation of the 9Cr-IMo(Mod.) alloy on the other hand, is to establish 
its low temperature service capabilities and to test the postirradiation correlation of dynamic VS. 

static fracture toughness for this alloy. 

For  the latter. a set of half size C., specimens from the NRL plate are being irradiated 

7.11.4.2 Materials 

The 15.2 mm (0.6-in) thick HT-9 plate, NRL Code ES9, was obtained from the electroslag remelted heat 
no. 9607R2. The chemical composition of the melt according to INCO is given in Table 1. Melt and ingot 
processing details are provided in reference 2. The plate was subsequently heat treated by the Armco 
Steel Company under contract. The reported heat treatment was 1050OC 
cooling plus 78OoC for 4.0 hours and air cooling. Because of constraints of furnace chamber size, the 
plate was not heat treated as a single piece as requested but was cut into four sections approximately 8 
x 15 inches i n  size. The two sections used for the reactor specimens (sections 6-6-1 and 6-6-2) were 
heat treated separately. The reserve section (6-6-3) was heat treated simulaneously with plate section 
6-6-2 and will serve on a control material. Temperatures during heat treatment were monitored using 
mechanically-attached thermocouples. The extent of temperature gradients (small) across the plate 
sections was determined i n  advance, using an equivalent thickness test plate and multiple thermocouples. 

14OC for 0.5 hours with air 

The 9Cr-IMo(Mod.) plate, NRI. code VS, was received from ORNL in the fully heat treated condition. 
Its heat treatment was 1038OC for 1 hour with air cooling, followed by 760°C for 1 hour with air cooling. 
The plate was produced from the electroslag remelted heat no. 30176; the plate chemical composition 
according to Combustion Engineering Corporation (Chattanooga) is included in Table 13. 

Specimens were taken from both plates to represent the longitudinal (strong) test orientation. 



Table 7.11.1 Composition (wt-%)  of HT-9 and 9Cr-lMo(Mod.) plates 

Ni __ - MO - Cr - s - P - Mn - si - C - Plate 

HT-9 0.20 0.17 0.57 0.016 0.003 12.1 1.04 0.51 

9 Cr-1 Mo(Mod. ) 0.081 0.11 0.37 0.010 0.003 8.61 0.89 0.09 

B __ __ - CU Cb/Ta - Ti - Al - N - W - V - Plate 

HT-9 0.28 0.45 0.027 0.006 0.001 0.07 <0.001 <.001 

9Cr-lMo(Mod.) 0.209 <0.01 0.055 0.007 0.004 0.04 0.072 <.001 

7.11.4.3 Material Irradiation 

The specimens are being irradiated in two, individually temperature controlled assemblies. The 
assemblies are being irradiated in tandem in the C2 fuel lattice position of the water cooled reactor 
(UBR) at the State University of New York at Buffalo. Temperatures are being monitored continuously by 
means of thermocouples welded to the specimens (approximately 50 percent specimen coverage). Neutron 
fluences will be determined from i r o n  neutron dosimeter wires placed within the specimen arrays and the 
neutron energy spectrum calculation developed by the Hanford Engineering Development Laboratory under 
contract. 
earlier NRL experimente in the UBR for the Magnetic Fusion Materials Program. 

7.11.4.4 ereirradiation Materid Properties 

The target neutron fluence (E>O.lMeV) is 8 ~ 1 0 ~ ~ n l c m ~  to match the exposure condition of 

Tests are underway to define preirradiation notch ductility and fracture toughness properties; the 
experimental results and data comparisons should be available for the next report. 
postirridiation data should also be available at that time. 

7.11.4.5 Postirradiation Evaluation of Half Size (Miniature) C., Specimens 

Initial 

Tests of the miniature G, specimens from the current assemblies and from previous NRL irradiation 
experimente are not to be conducted at NRL; rather, the W E  plans call for the specimen tests to be made 
at a site (to be selected) having the necessary equipment. 
equipment installed or under construction. The irradiated specimens and a limited number of control 
specimens are available for immediate shipment. 

7.11.4.6 Plans for the Next Reporting Period 

HEDL and ORNL have the required (impact test) 

Plans for the next reporting period are to complete the irradiation of the materials and to develop 
postirradiation data using the G, PCC, and tensile test specimens. In addition, postirradiation Cr 
tests w i l l  be initiated using the single specimen unloading compliance method for R curve determination. 

7.11.4.7 References 

1. J. R. Hawthorne. "Postirradiation Notch Ductility and Fracture Toughness Behavior of AOD Heat 
of Alloy HT-9" in Alloy Development for Irradiation Performance, Semi-Annual Progress Report 
for period ending March 31, 1982, WE/ER-0045/8, Sept. 1982. 

2. Communication to ADIP and DAFS Participants from T. Lechtenberg (General Atomic Co) March 18, 

3. Private communication, V. K. Sikka (ORNL) to 3 .  R. Hawthorne (NRL) dated April 2, 1981. 

1982. 
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak Ridge Na t iona l  Labora to ry )  

A l a r g e  number of planned, in- progress,  and completed r e a c t o r  i r r a d i a t i o n  experiments suppor t  t h e  A D I P  
program. Table  8.1.1 summarizes t h e  parameters t h a t  desc r ibe  completed experiments. Experiments t h a t  have 
been removed from t h e  r e a c t o r  o n l y  r e c e n t l y .  a r e  c u r r e n t l y  underqoinq i r r a d i a t i o n .  o r  a r e  Dlanned f o r  f u t u r e  
i r r a d i a t i o n  a r e  i n c l u d e d  i n  t h e  schedule ba r  c h a r t s  o f  Table  8.1:2. 

H igh  F l u x  I so tope  Reactor  (HFIR), which a r e  mixed-spectrum r e a c t o r s ,  and i n  t h e  Experimental  Breeder  Reactor  
(EBR- II) ,  which i s  a f a s t  reac to r .  

t h e  f i r s t  e levated- temperature HFIR experiments w i t h  t e n s i l e  specimens o f  f e r r i t i c  a l l oys .  Experiment AD-2, 
c o n t a i n i n g  f e r r i t i c  a l l o y s ,  a l s o  completed i r r a d i a t i o n  i n  EBR-11. 
t a i n i n g  t e n s i l e  specimens of a u s t e n i t i c  and f e r r i t i c  a l l o y s  - HFIR-CTR-42 through -46 - were loaded i n t o  
HFIR. 

was removed f rom t h e  r e a c t o r  and disassembled i n  h o t  c e l l s .  
p r e s s u r i z e d  tube specimens and removal of some t r a n s m i s s i o n  e l e c t r o n  microscopy d i s k  specimens, t h e  specimens 
w i l l  be reencapsulated and t h e  assembly r e t u r n e d  t o  t h e  reac to r .  

The i n i t i a l  schedu l ing  o f  a new s e r i e s  of experiments f o r  t h e  HFIR, t h e  HFIR-JP s e r i e s ,  i s  shown on t h e  
f i n a l  page of Table  8.1.2. The experiments a r e  p a r t  of a j o i n t  program between t h e  U n i t e d  S ta tes  and Japan. 
They w i l l  c o n t a i n  specimens from b o t h  n a t i o n a l  programs, w i t h  t h e  f i r s t  e i g h t  experiments devoted t o  pa th  A 
a l l o y s .  I r r a d i a t i o n  w i l l  be i n  t h e  o u t e r  t a r g e t  rod  p o s i t i o n s  i n  t h e  f l u x  t r a p  r e g i o n  o f  HFIR. 

Experiments were under 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 Ridge Research Reactor  (ORR) and t h e  

D u r i n g  t h e  r e p o r t i n g  p e r i o d  experiments HFIR-CTR-39, -40, and -41 were removed f rom t h e  HFIR. These a r e  

F i v e  e levated- temperature experiments con- 

Two of these were j o i n t  experiments w i t h  t h e  European Community and Japan. 
The ORR-MFE-4B s p e c t r a l  t a i l o r i n g  experiment developed a containment l e a k  i n  October 1982. The capsule  

F o l l o w i n g  d iameter  measurements on t h e  

Tab le  8.1.1. D e s c r i p t i v e  parameters f o r  completed 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  experiments 

Experiment Temperature 
("C) dainage 

i d P d )  
Major object i Ye A1 1 oy Helium Duration 

(at .  ppm) (inonths) 
Date 

completed 

ORR-MFL-1 Scope the e f fec ts  of 
composition and 
in icrostructure on 
t e n s i l e ,  fat igue, 

creep 
Scope the e f fec ts  o f  
composition and 
microstructure on 
tens i le ,  fatigue, 
and i r r a d i a t i o n  
creep 

crack growth 

and i r r a d i a t i o n  

In- reactor fat igue 

5/78 

15 4/30 ORR-YFE-7 Paths A ,  6 ,  c 3OMflO 6 

3PR-MFC-5 Path A 3 2 5 4 6 0  1 2 2 /51  

Suhasseinhlj 
X- 264 

Effect of preinjected 
helium on micro- 
structure,  t ens i l e  
propert ies,  and  
i r r a d i a t i o n  creep 

Effect of preinjected 
helium on micro- 
structure,  t ens i l e  
propert ies,  and 
i r r d d i d t i o n  creep 

Stress re laxat ion 

Swell ing. fat igue 
crack qrowth, and 
tensi  I e propert ies 

4 1 1 7 1  

A A - I  
Subassembly 
X-297 

316, PC- 16,  4nrm10 zn 
'i-20A T i ,  
V-15% Cr-5% T i .  

23 1 2 / 7 8  

N b 1 %  2r  

Titanium a l l o y s  450 2 

T i t a n i u m  a l loys  3 7 ~ 5 5 0  25 

Suhdsse8nhlj 
x - 2 1 7 0  

Pins 6285, 
8286, a n d  
9284 

1 

14 

1 /78  

9 / 7 9  

! iFI I : -CTK-3 

H F I R - C T R - 4  

Swell inq and t ens i l e  
o r o w r t i p ?  

P E - 1 6 .  300-700 4. >9 

PC-16 30CL700 2.2-4 .5  
lnconel 600 

35hlR00 3 

10&350 2 

2 / 7 5  

3 / 7 7  
I ~I ~ ~ ~~ 

Swell ing and tens i l e  
propert ies 
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Table 8.1.1. (Cont inued) 

Temperature 
("C) Experiment Major object ive Alloy 

I 300-700 HFIR-CTR-5 

HFIR-CTR-6 

HFIR-CTR-7 

HFIR-CTR-8 

HFIR-CTR-9 

HFIR-CTR-10 

HFIR-CTR-11 

HFIR-CTR-12 

HFIR-CTR-13 

HFIR-CTR-14 
HFIR-CTR-15 
HFIR-CTR-16 

HFIR-CTR-17 

HFIR-CTR-18 

HFIR-CTR-19 

HFIR-CTR-20 
HFIR-CTR-21 
HFIR-CTR-22 
HFIR-CTR-23 
HFIR-CTR-24 

HFIR-CTR-26 

HFIR-CTR-27 

HFIR-CTR-28 

HFIR-CTR-29 

HFIR-CTR-30 

HFIR-CTR-31 

HFIR-CTR-32 

HFIR-CTR-33 

HFIR-MFE-TI 

HFIR-MFE-TL 

HFIR-MFE-T3 

Swell ing and tens i l e  

Swell ing and tens i l e  

Swell ing and tens i l e  

Swell ing and tens i l e  

Swell ing and tens i l e  

propert ies 

propert ies 

propert ies 

propert ies 

o r o w r t i  es 
Sweli ing and tens i l e  

Swell ing and tens i l e  

Swell ing and tens i l e  

Swell ing and tens i l e  

Fatigue 
Fatigue 
Weld character i-  

propert ies 

propert ies 

proper t i  es 

propert ies 

zation, swell ing, 
and tens i l e  
propert ies 

Weld character i-  
zat ion 

Swell ing and tens i l e  
propert ies 

Weld character i-  
zat ion 

Fatigue 
Fatigue 
Fatigue 
Fatigue 
Temperature 
c a l i b r a t i o n  and 
tens i  1 e propert ies 

Swell ing and tens i l e  
propert ies 

Swell ing and tens i l e  
propert ies 

Swell ing and tens i l e  
propert ies 

Swel l ing and tens i l e  
propert ies 

Swelling, micro- 
structure,  and 
d u c t i l i t y  

Swell ing, micro- 
structure,  and 
d u c t i l  i t v  

Swell ing, micro- 
structure,  and 
d u c t i l i t y  

Swell ing, t ens i l e  
propert ies,  weld 
character izat ion 

Swelling, t ens i l e  
f a t i gue  

Swelling, t ens i l e  
f a t i gue  

Impact propert ies 

PE- 16 ,  

PE-16, 

PE-I6 

PE-16 

316, 316 t T i  

316,  316 + T i  

lnconel 600 

lnconel 6OO 

316, 316 + T i  

316, 316 + T i  

316, 316 + T i  

316 
316 
316, 
PE-16, 
Inconel 600 

316 

316, 

316 

316 
316 
316 
PE-16 
316 

PE-16 

316 

316 

316 

316 

Paths A ,  5, C, 

Paths A ,  6, C, 

Paths A ,  8, C, 

Paths A and E 

D, E 

'J, E 

D, E 

Path E 

Path E 

Path E 

300-700 

300-700 

30&700 

280680 

28U80 

28U80 

280680 

280680 

430 
550 
55 

280420 

28C-700 

280620 

430 
550 
430 
430 

300420 

284420 

2 8 4 4 2 0  

370-560 

37k560 

300600  

30UOO 

30UOO 

55 

55 

55 

55 

Displacement Helium Duration Date 
damage (at. ppm) (months) completed Idpa) 

4. ?-9 

4.59 

9-1 8 

%18 

1C-16 

IC-16 

1C-16 

7-10 

7-10 

%I 5 
b-9 
b-9 

7-1 3 

1 7-2 7 

7-1 0 

b-9 
%15 
b-9 
b-9 
2.2 

30 

56 

30 

56 

40 

20 

10 

10 

30 

9 

10 

35k1800 

350-1800 

1250-3000 

125C-3000 

400-1000 

40k1000 

40k1000 

200-500 

200-500 

40&1000 
2 O M O O  
150-2700 

1 8 M 6 0  

1600-5600 

2 0 k 5 0 0  

2 O M O O  
400-1000 
2 O M O O  
370-1000 
30 

1900 

3500 

1900 

3500 

- t15.000 

- (7500 

(3000 - 

(510 - 

(300 

(75 

(85 

- 

- 

3 

3 

7 

7 

6 

6 

6 

4 

4 

7 
4 
4 

5.5 

12 

4 

4 
7 
4 
3.5 
1 

10 

18 

10 

18 

14 

8 

4 

4 

12 

3 

4 

4/75 

4/75 

8/77 

8/77 

5/77 

5/77 

5/77 

2/71 

217 J 

12/77 
10/78 
817 I 

10/77 

6/78 

12/77 

1/78 
7/78 
3/75 
2/79 
12/78 

4/80 

1/81 

12/80 

8/81 

11/8/81 

5/28/81 

12/81 

10/8O 

8/10/82 

5/3/81 

12/24/81 
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8.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - F. W. Wi f fen,  T. K. Roche [Oak Ridge Na t i ona l  
Labo ra to r y ) ,  J. W. Davis (McDonnell Douglas Company), and T. A. Lechtenberg ( G A  Technologies)  

8.2.1 A D I P  Tasks 

A D I P  Task I . D . l ,  M a t e r i a l s  S t o c k p i l e  f o r  MFE Programs. 

8.2.2 Ob jec t i ve  

Oak Ridge Nat iona l  Labora to ry  ma in ta ins  a c e n t r a l  i n ven to r y  o f  research m a t e r i a l s  t o  p rov ide  a common 
supp ly  o f  m a t e r i a l s  f o r  t h e  Fusion Reactor  M a t e r i a l s  Program. 
v a r i a t i o n s  and p rov i de  f o r  economy i n  procurement and f o r  c e n t r a l i z e d  r eco rd  keeping. I n i t i a l l y  t h i s  inven-  
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  research,  bu t  
va r ious  spec ia l  purpose m a t e r i a l s  may be added i n  t he  future.  

t e c h n i c a l l y  t o  t h e  Fusion Reactor  M a t e r i a l s  Program of DOE i s  encouraged. 

8.2.3 M a t e r i a l s  Requests and Release 

T h i s  w i l l  min imize unintended ma te r i a l  

The use o f  m a t e r i a l s  from t h i s  i n ven to r y  f o r  research t h a t  i s  c o o r d i n a t e d  w i t h  or otherw ise  r e l a t e d  

M a t e r i a l s  reauests s h a l l  be d i r e c t e d  t o  t he  Fusion Proaram Research M a t e r i a l s  I nven to r v  a t  ORNL 
( A t t e n t i o n :  F. W.' Wiffen). Y a t e r i a l s  w i l l  be re leased  d i r e c t l y  i f  

s i s t e n t  w i t h  t he  amroved  M a t e r i a l s  Proaram Plans of 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  Branch. 
( a )  t he  ma te r i a l  i s  t o  be used f o r  programs funded by t h e  Of f i ce  of Fusion Energy, w i t h  goals con- 

( b )  t h e  requested amount o f  m a t e r i a l  i s  a v a i l a b l e  w i t hou t  compromising o the r  in tended uses. 
M a t e r i a l s  requests t h a t  do no t  s a t i s f y  bo th  (a )  and (b)  w i l l  be d iscussed w i t h  t he  s t a f f  of 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  Branch, O f f i ce  of Fusion Energy, f o r  agreement on ac t ion .  

8.2.4 Records 

supp l i ed  t o  program users w i l l  be accompanied by summary c h a r a c t e r i z a t i o n  in fo rmat ion .  
Chemistry and m a t e r i a l s  p repa ra t i on  records  a re  ma in ta ined  f o r  a l l  i n ven to r y  m a t e r i a l .  A l l  m a t e r i a l s  

8.2.5 Summary of Current  I nven to r y  and M a t e r i a l  Movement Dur ing  Per iod  
October  1, 1982 , t o  March 31, 1983 

A condensed, q u a l i t a t i v e  d e s c r i p t i o n  o f  t he  con ten t  o f  m a t e r i a l s  i n  t he  Fusion Program Research 
M a t e r i a l s  I nven to r y  i s  g iven  i n  Table 8.2.1. Th is  t a b l e  i n d i c a t e s  t h e  nominal d iameter  of r o d  o r  t h i c kness  
of sheet f o r  product  forms of each a l l o y  and a l so  i n d i c a t e s  by weight  t h e  amount of each a l l o y  i n  l a r g e r  
s i z e s  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o the r  product  forms as  needed by t he  program. M a t e r i a l  rece ived  
i n t o  t he  i nven to r y  du r i ng  t h i s  r e p o r t i n g  i s  i d e n t i f i e d  i n  Table 8.2.2. Table 8.2.3 g ives  t he  m a t e r i a l s  
d i s t r i b u t e d  frorn t h e  inven to ry .  

A l l o y  composi t ions and more d e t a i l  on t h e  a l l o y s  and t h e i r  procurement and/or f a b r i c a t i o n  a re  g iven  i n  
t h i s  and e a r l i e r  A D I P  progress repor ts .  

Table 8.2.1 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 research m a t e r i a l s  i n ven to r y  

Product  form 

A l l o y  Th in- wa l l  
t u b i n g  Sheet 

(m) (ml 

I n g o t  o r  Rod 

we igh t  d iameter  t h i c kness  wall thickness 

(mm) ( kg )  

Path  A a l l o y s  

TvDe 316 SS 900 16 and 7.2 1 3  and 7.9 0.25 
P a t h  A PCRb 490 12 13 
USSR Cr-Mn S t e e l c  10.5 2.6 
NONMAGNE 30d 18.5 10 

Path a alloys 
PE-16 
8- 1  
8- 2 
8-3 
8- 4 
5-6 

0.25 

180 
180 
180 
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Table 8.2.1 (con t inued)  

Product  form 

A1 1 oy 
Th in- wa l l  

t ub i ng ,  
w a l l  t h i ckness  

Sheet I n g o t  o r  Rod 

we igh t  

A1 1 oy 
d iameter  t h i c kness  

(m)  (mm) (mm) k g )  

Th in- wa l l  
t ub i ng ,  

w a l l  t h i ckness  

Sheet I n g o t  o r  Rod 

we igh t  
( kq )  

d iameter  t h i c kness  

(m)  (mm) (mm) 

T i  - 64 

T i  -6242s 

Ti-56215 
T i  -38644 
N b l %  Z r  

N b 5 %  M+l% Z r  

V 4 0 %  T i  

V-15% Cr-5% T i  

VANSTAR- 7 

LRO-37e 

HT9 (A00 fus ion  hea t ) f  

HT9 (AOD/ESR 

HT9 
HT9 t 1% N i  
HT9 t 2% N i  
HT9 + 2% N i  t 

C r  ad j us ted  
T-9 modi f iedg 
T-9 mod i f i ed  + 2% N i  
T-9 mod i f ied  + 2% N i  + 

C r  ad jus ted  
2 1/4 C r - 1  Ma 

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 

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 18 
4.5 and 18 

9.5, and 3.1 

9.5, and 3.1 

h 

UGreater than  25 mn, minimum dimension. 

hPrime cand ida te  a l l o y .  
CRod and sheet o f  a USSR s t a i n l e s s  s t e e l  supp l i ed  under t he  U.S.-USSR 

dN0NMAGNE 30 i s  an a u s t e n i t i c  s t ee l  w i t h  base composi t ion Fe-14% M w  
It was supp l ied  t o  t h e  i nven to r y  by t h e  Japanese Atomic Energy 

Fus ion  Reactor  M a t e r i a l s  Exchange Program. 

2% N i l %  C r .  
Research I n s t i t u t e .  

Fe39.49. Ni-22.4% V-0.434 T i .  
eLR0-37 i s  t h e  o rdered  a l l o y  (Fe,Ni)3(V,Ti )  w i t h  composi t ion 

f A l l o y  12 C r - 1  MoYW, w i t h  compos i t ion  e q u i v a l e n t  t o  Sandvik a l l o y  HT9. 

ST-9 mod i f i ed  i s  t h e  a l l o y  9 C r - 1  MoVNb. 

hMa te 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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Table 8.2.2. Fusion program research  m a t e r i a l s  i n ven to r y  
r e c e i p t s  10-1-82 t o  3-31-83 

Q u a n t i t y  Product  Heat Product 
i d e n t i f i c a t i o n  form s i zes  ( m 2 )  ( i n . * )  

(m) ( i n . )  
A l l o y  Source 

Pa th  D a l l o y s  - i n n o v a t i v e  rmter-ial concepts 

LRO-37-HP EB11581-2-1630 Sheet 3.3 0.131 0.1 156  Cabot Corp. 
Sheet 1.6 0.065 0.18 279 Cabot Carp. 
Sheet 0.8 0.031 0.21 326 Cabot Corp. 

LRO-37-CG EB11681-2-0735 Sheet 3.3 0.131 0.29 450 Cabot Corn. 
Sheet 
Sheet 

1.6 0.065 0.32 496 
0.8 0.031 0.90 1395 

Cabot Corp. 
Cabot Corp. 

Tab le  8.2.3. Fus ion  program research  m a t e r i a l s  i n ven to r y ,  
disbursements 10-1-82 t o  3-31-83 

A l l o y  Heat 
Q u a n t i t y  

Sent t o  Product D i m e n s i o n 9  

(mm) ( m )  ( m 2 )  
form 

316 SS-Ref. heat 

Path A PCA 
P a t h  A PCA 

Path A PCA 

WO% T i  
V-15% Cr-5% T i  
Vanstar- 7 

HT-9 

Pa th  A a l l o y s  - 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  
X-15893 Sheet 0.76 0.046 

K-280 Bar 101 0.53 
K-280 Rod 4.17 9.59 

K-280 Sheet 0.25 0.023 

Pa th  C a l l o y s  - r e a c t i v e  and r e f r a c t o r y  a l l o y s  

CAM 833-10 Sheet 0.76 
CAM 835 A Sheet 0.84 
CAM 836 B O t . 4  Sheet 0.76 

0.046 
0.051 
0.072 

Path E a l l o y s  - f e r r i t i c  s t e e l s  

AOD/ESR-9607R2 P1 a te  16.3 0.061 

AODfESR-9607R P l a t e  28.5 0.23 

P l a t e  15.8 

P1 a te  15.8 

P l a t e  15.8 

0.09 

0.69 

0.29 

Rad ia t i on  E f fec ts  Group, 
M&C D i v i s i o n ,  ORNL 

HEDL 
Rad ia t i on  E f fec ts  Group, 

Argonne Nat iona l  
M&C D i v i s i o n ,  ORNL 

L a b o r a t o r y  

Westinghouse 
Westinghouse 
Westinghouse 

Culham Labora to ry ,  
Un i t ed  Kingdom 

Univ. of C a l i f o r n i a ,  
Santa Barbara 

Univ. o f  C a l i f o r n i a ,  
Santa Barbara 

Naval Research 
Labora to ry  

Sandia Nat iona l  
Labo ra to r i es ,  
L i  vermore 

O C h a r a c t e r i s t i c  dimension - th i ckness  f o r  p l a t e  and sheet, d iameter  f o r  r o d  and tub ing .  
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9.1 C O R R O S I O N  OF PATH A P C A ,  TYPE 316 STAINLESS STEEL, AND 12 Cr-1 MoVW STEEL I N  FLOWING L I T H I U M  - 
P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge Nat iona l  Labora to ry )  

9.1.1 A D I P  Task 

A D I P  Task l.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 o f  t h i s  task i s  t o  determine t h e  c o r r o s i o n  r es i s t ance  of 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 h e  presence o f  a temperature g rad ien t .  
measured as f unc t i ons  o f  t ime, temperature, a d d i t i o n s  t o  t h e  l i t h i u m ,  and f l o w  cond i t i ons .  These measure- 
ments a re  combined w i t h  chemical and me ta l l og raph i c  examinat ions o f  specimen sur faces  t o  e s t a b l i s h  t h e  mecha- 
nisms 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 d e p o s i t i o n  r eac t i ons .  

9.1.3 Sumnary 

and cold-worked path A pr ime candidate a l l o y  (PCA), were s l i g h t l y  h i ghe r  than  those of t ype  316 s t a i n l e s s  
s t e e l .  
600°C but not a t  570°C. N i t r ogen  l e v e l  between 9 and 130 w t  ppm i n  l i t h i u m  d i d  not a f f e c t  sho r t - t e rm  weight  
losses of t ype  316 s t a i n l e s s  s t ee l .  The 12 Cr-1 MoVW s t e e l  showed measurable bu t  small  weight  losses  i n  
t he rma l l y  convec t i ve  l i t h i u m  between 350 and 500°C. 

9.1.4 Progress and S ta tus  

Cor ros ion  and d e p o s i t i o n  r a t e s  a re  

__ 
I n  l i t h i u m  thermal  convec t ion  loop  (TCL) experiments, weight  losses and d i s s o l u t i o n  r a t e s  of annealed 

The depth o f  t h e  f e r r i t e  l a y e r  on t y p e  316 s t a i n l e s s  s t e e l  w a s  cons tan t  between 3700 and 9000 h a t  

We have con t inued  ou r  mass t r a n s f e r  s t ud i es  o f  candidate f i r s t - w a l l  m a t e r i a l s  i n  f l o w i n g  l i t h i u m  by use 
of p rev i ous l y  descr ibed1 TCLs w i t h  access ib le  specimens. 
can be taken  and c o r r o s i o n  coupons can be 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 h e  l i t h i u m  f low.  One 
such l i t h i u r r c t y p e  316 s t a i n l e s s  s t e e l  TCL i s  be ing  used t o  observe t h e  d i s s o l u t i o n  behav io r  of pa th  A PCA 
specimens w i t h  d i f f e r e n t  thermomechanical t reatments.  Our purpose i s  t o  s tudy t h e  e f f e c t s  o f  m i c r o s t r u c t u r e  
on c o r r o s i o n  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  by l i t h i u m  as w e l l  as t o  determine t h e  d i s s o l u t i o n  r a t e  of PCA 
r e l a t i v e  t o  t h a t  of s tandard t y p e  316 s t a i n l e s s  s t ee l .  
a l l o y s  A1  and A3 were p laced  a t  t h e  600 and 570°C p o s i t i o n s  i n  a t y p e  316 s t a i n l e s s  s tee l  TCL t h a t  had pre-  
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  g rea te r  than  10,000 h. Because of p r i o r  ope ra t i on  w i t h  l i t h i u m ,  t h e  h o t - l e g  
surfaces o f  t he  l oop  were known t o  have a cons iderab ly  h i ghe r  i r o n  concen t ra t i on  than  t h e  as- rece ived  PCA 
a l l o y s .  However, t h e  c o l d  l e g  o f  t h e  loop had been rep l aced  be fo re  ope ra t i on  w i t h  t h e  PCA specimens. 
Composit ion f o r  pa th  A PCA ( a l l o y s  A I ,  annealed, and A3, c o l d  worked) i s  as f o l l ows :  

These loops  a re  designed so that l i t h i u m  samples 

I n  t h e  i n i t i a l  exper iment ,  coupons of pa th  A PCA 

Composit ion Composit ion Composit ion 
___ Element (wt  %)  E l  ement (wt  % )  __ Element (wt  % )  

N i  15.9 Mn 1.9 A1 0.05 
C r  13.0 S i  1.7 C 0.05 
MO 1.9 T i  0.5 N (0.01 

Both a l l o y s  were annealed f o r  15  min a t  1175°C i n  argon and c o l d  r o l l e d  23 t o  25%. 
an a d d i t i o n a l  15 min a t  1175°C i n  argon. 

we igh t  l o s s  r e s u l t s  f o r  t h e  f i r s t  3000 h o f  expo- 
sure  of t h e  pa th  A PCA a l loys . '  The specimens 
were exposed an a d d i t i o n a l  4000 h be fo re  be i ng  
permanently removed from the  l oop  and rep laced  
w i t h  o t h e r  P C A  specimens. The cumula t i ve  weight  
l o s s  data  f o r  a l l o y s  A 1  and A3 a t  600°C are  shown 
i n  F i g .  9.1.1 (dashed l i n e s )  a s  a f u n c t i o n  of 
exposure t ime. 
t h e  weight  change i n  Fig. 9.1.1 i s  gene ra l l y  s im i -  
l a r  t o  t h a t  p r e v i o u s l y  found3 f o r  t ype  316 
s t a i n l e s s  s t ee l .  The r a t e  o f  weight  l o s s  
decreases w i t h  t ime  u n t i l  a steady s t a t e  o r  l i n e a r  
dependence on t i m e  i s  reached. Once a l i n e a r  
d i s s o l u t i o n  r a t e  has been a t t a i ned ,  t h e  s lope  o f  
t h e  we igh t  l o s s  versus t ime  curve y i e l d s  d i s s o l u -  
t i o n  r a t e s  o f  20.8 and 15.7 mgl(m2.h) f o r  A I  and DLPDSW~E n w  (h) 

A 3 ,  r e s p e c t i v e l y .  S i m i l a r  da ta  f o r  specimens o f  
these  a l l o y s  i n  t h e  570°C l o o p  p o s i t i o n  a re  shown 
i n  F ig.  9.1.2 (dashed l i n e s )  and y i e l d  steady- 
s t a t e  d i s s o l u t i o n  r a t e s  of 12.3 mgl(m2.h) f o r  A1  
and 12.1 mgl(m2.h) f o r  A3. 

A l l o y  A1  w a s  annealed f o r  

The p reced ing  p rogress  r e p o r t  gave i n i t i a l  

co'.L3w:, 839187 

Note t h a t  t h e  t i m e  dependence o f  

F ig.  9.1.1. Weight l oss  versus exposure t ime  
f o r  Path A PCA a l l o y s  A I  (annealed) and A3 ( co l d-  
worked) and annealed t y p e  316 s t a i n l e s s  s t e e l  i n  
t he rma l l y  convec t i ve  l i t h i u m  a t  600°C. 
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The d i f f e r e n c e s  i n  t h e  o v e r a l l  weight  l o sses  and 
d i s s o l u t i o n  r a t e s  between A 1  and A3 a f t e r  7000 h 
a r e  r e l a t i v e l y  smal l ,  a l though t h e  annealed speci-  
men had a h i g h e r  d i s s o l u t i o n  r a t e  t han  t h e  
25%-cold-worked a l l o y  a t  600'C. Note t h a t ,  a t  bo th  
600 and 570"C, t h e  cold-worked specimens i n i t i a l l y  
l o s t  more weight  than  those  t h a t  had been annealed. 
Du r i ng  t h i s  i n t e r v a l  ((3000 h), t h e  we igh t  l o s s  
r e s u l t s  a re  c o n s i s t e n t  w i t h  o t h e r  ( l owe r  
temperature)  da ta  on annealed versus cold-worked 
s t a i n l e s s  s t e e l  i n  l i t h i um .+  Nevertheless, any 
d i f f e r e n c e  between t h e  d i s s o l u t i o n  r a t e s  of A 1  and 
A3 i s  small  r e l a t i v e  t o  t h e  d i f f e r e n c e  between t h e  
PCA specimens and t y p e  316 s t a i n l e s s  s t ee l .  As 
shown i n  Fig. 9.1.1 which a l s o  compares weight  
l o sses  a t  600°C w i t h  s i m i l a r  da ta  f o r  t y p e  316 
s t a i n l e s s  s t ee l .  
measurably g r e a t e r  f o r  t h e  PCA specimens. Th i s  i s  
presumably r e l a t e d  t o  t h e  g rea te r  c o n c e n t r a t i o n  i n  
PCA of n i c k e l ,  which i s  p r e f e r e n t i a l l y  corroded by 
t h e  l i t h i um .5  However, t h e  d i f f e r e n c e  i n  d i s s o l u -  
t i o n  r a t e s  between t y p e  316 s t a i n l e s s  s t e e l  and t h e  
PCA a l l o y s  appears g r e a t e r  t han  e f f e c t s  merely  o f  
d i f fe rences  i n  t h e  r e l a t i v e  chemical a c t i v i t i e s  o f  
n i c k e l  i n  t h e  a l l o v s  and mav r e f l e c t  an e f f e c t  o f  

The o v e r a l l  we igh t  losses  a re  

0 tmo . g m u m  a m m &  
-mO 

Fig. 9.1.2. Weight l o s s  versus exposure t i m e  
f o r  Path A PCA a l l o y s  A 1  (annealed)  and A3 ( co l d-  
worked) and annealed t y p e  316 s t a i n l e s s  s t e e l  i n  
t h e r m a l l y  c o n v e c t i v e  l i t h i u m  a t  57OOC. 
s o l i d  l i n e s  represen t  da ta  f rom two d i f f e r e n t  
exper iments w i t h  t y p e  316 s t a i n l e s s  s t e e l .  

The two 

n i c k e l  concent ra t i ' bn  on t h b m o r p h o l o g y  o f  t h e  f e r r i t i c  l a y e r  t h a t  develops a t  t h e  l i th ium- exposed surface. 
(Sur faces of these  specimens a re  be ing  analyzed.) A t  570OC t h e  o v e r a l l  we igh t  losses  f o r  PCA a f t e r  7000 h 
a r e  comparable t o  those  measured f o r  t y p e  316 s t a i n l e s s  s t e e l  (see Fig. 9.1.2), a l though t h e i r  s teady- s ta te  
d i s s o l u t i o n  r a t e s  ( g i ven  above) aga in  a re  g r e a t e r  t h a n  t h a t  o f  t y p e  316 s t a i n l e s s  s t e e l  C8.5 mg/(mz*h)]. 

L i t h i u m  c o r r o s i o n  exper iments w i t h  t y p e  316 s t a i n l e s s  s t e e l  a r e  c o n t i n u i n g  and p rov i de  a b a s e l i n e  f o r  
comparison w i t h  r e s u l t s  f o r  o t h e r  a u s t e n i t i c  and f e r r i t i c  s tee ls .  
d e t a i l e d  unders tand ing  o f  t h e  p r e f e r e n t i a l  l each ing  process, whereby a porous, n i c k e l - d e p l e t e d  f e r r i t e  l a y e r  
forms on sur faces  exposed t o  h igh- temperature l i t h i u m .  The k i n e t i c s  o f  t h i s  process i s  impor tan t  i n  
i n t e r p r e t i n g  t h e  we igh t  change da ta  and i n  assessing t h e  t o t a l  e f f ec t  o f  c o r r o s i o n  on t h e  containment 
ma te r i a l .  
t h e r m a l l y  c o n v e c t i v e  l i t h i u m  a t  600°C was t h e  same a t  3000 and 10,000 h and t h a t  such an obse rva t i on  i s  con- 
s i s t e n t  w i t h  a d i s s o l u t i o n  r a t e  t h a t  i s  cons tan t  w i t h  t i m e  ( t h a t  i s ,  t h e  " s teady- s ta te ' '  r a t e  descr ibed  
above).' An e v a l u a t i o n  o f  a d d i t i o n a l  da ta  f rom more r ecen t  l o o p  experiments has con f i rmed t h e  e a r l i e r  
r e s u l t :  a t  600°C. verv  l i t t l e  chanqe i n  f e r r i t e  l a v e r  t h i c kness  i s  noted between 3700 and 9000 h o f  exposure. 

Such s t ud i es  a re  a l s o  be i ng  used t o  ga i n  a 

It was repo r t ed  e a r l i e r  t h a t  t h e  f e r r i t e  l a y e r  t h i c kness  on t y p e  316 s t a i n l e s s  s t e e l  exposed t o  

Th i s  i s  i l l u s t r a t e d  b, t h e  op t i ca l- mic rographs  i n  i i g .  9.1.3, which show c ross  sec t i ons  o f  t y p e  316 s t a i n l e s s  
s t e e l  specimens exposed a t  6 0 0 Y  i n  d i f f e r e n t  l o o p  experiments. 
another  do show some v a r i a t i o n s  i n  f e r r i t e  l a v e r  th ickness .  o a r t i c u l a r l v  i f  t h e  ~ O O D  s i zes  a re  d i f f e r e n t .  

Comparisons f rom one l o o p  experiment t o  

However, t h e  l a y e r  t h i c kness  a t  t h e  maximrm 6bO"C t e m p e r a t h e  i n  any one l o o p  i s  e f f e c t i v e l y  cons tan t  a f t e r  
about 3700 h. A t  specimen p o s i t i o n s  
away f rom t h e  6 0 0 Y  p o s i t i o n ,  f o r  example a t  570°C, a cons tan t  f e r r i t e  l a y e r  t h i c kness  does no t  appear t o  be 
reached u n t i l  a t  l e a s t  9000 h. A l though t h i s  would appear 
t o  be i n c o n s i s t e n t  w i t h  t h e  obse rva t i on  of l i n e a r  weight  
loss  k i n e t i c s  f o r  specimens a t  t h i s  l oop  p o s i t i o n ,  the Table 9.1.1. E f f e c t  of n i t rogen 
c o n t r i b u t i o n  of these  specimens t o  t h e  t o t a l  l o o p  we igh t  concen t ra t i on  i n  l i t h i u m  on 
l o s s  i s  no t  l a rge ,  and t h e  change i n  f e r r i t e  l a y e r  t y p e  316 s t a i n l e s s  s t e e l  i n  
t h i c k n e s s  a f t e r  t h e  onset of l i n e a r  k i n e t i c s  i s  a l s o  small .  
These r e s u l t s  do suggest t h a t  t h e  onset o f  l i n e a r  we igh t  
change k i n e t i c s  a t  temperatures below 550°C may r e q u i r e  a 
s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  r e a c t o r  o p e r a t i n g  t ime. 

P r e v i o u s l y  we repo r t ed  t h a t  s t a i n l e s s  s t e e l  loops  
o p e r a t i n g  a t  a maximum temperature o f  600°C showed no 
measurable e f f ec t  of t h e  i n i t i a l  n i t r o g e n  c o n c e n t r a t i o n  o f  
t h e  l i t h i u m  (below a maximum c o n c e n t r a t i o n  o f  130 wt ppm) on 
s h o r t - t e r m  we igh t  losses.6 More recen t  da ta  have con f i rmed 
t h i s  f i nd i nq .  Table 9.1.1. which con ta ins  a l l  t h e  r e l e v a n t  500 9 1 11.4 

L i n e a r  weight  l o s s  k i n e t i c s  i s  a l s o  observed a f t e r  t h i s  t ime  i n t e r v a l .  

t h e r m a l l y  c o n v e c t i v e  
l i t h i u m  a t  600°C 

N i t r ogen  i n  l i t h i u m  Weight 
(w t  PPm) l o s s  

(h ) I n i t i a l  F i n a l  (s/mZ) 

Exposure 
t i m e  

data, shows-no c o n s i s t e n t  t r e n d  between t h e  s t a r t i n g  n i t r o -  
gen c o n c e n t r a t i o n  o f  t h e  l i t h i u m  and t h e  500- and 1000-h 
we igh t  losses  of t y p e  316 s t a i n l e s s  s t e e l  a t  60OOC. O f  
course, t h e  c o n c e n t r a t i o n s  r epo r t ed  i n  Table 9.1.1 a re  r e l a -  
t i v e l y  low, and h i ghe r  c o n c e n t r a t i o n s  may produce a de le-  
t e r i o u s  e f f ec t .  I n  s t a t i c  l i t h i u m  t e s t s .  v i r t u a l l v  a l l  t h e  

26 11 10.5 
30 23.1 
44 59 20.2 

c o r r o s i o n  i s  n i t r o g e n - r e l a t e d  ( f o r  n i t r o g e n  l e v e l s - i n  l i t h i u m  1000 30 38 34.8 
g r e a t e r  t han  50L1000  wt ppm).7 A poss i b l e  d i f f e r e n c e  i n  124 48 14.0 
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Fig. 9.1.3. Po l i shed  c ross  sec t i ons  o f  t ype  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  convec t i ve  l i t h i u m  
a t  60OoC i n  severa l  d i f f e r e n t  experiments. ( a )  500 h. ( b )  3000 h. (c) 3500 h. ( d )  3700 h. (e )  7500 h. 
( f )  9000 h. 

n i t r o g e n  e f f ec t s  i n  these two types o f  experiments (as ide  f rom any due t o  d i f f e r i n g  concen t ra t i ons )  may be 
t h e  ex ten t  and r a t e  o f  n i c k e l  and chromium d e p l e t i o n  from t h e  h o t t e r  s t a i n l e s s  s t e e l  sur faces  i n  t h e  l oop  
t e s t s  such t h a t  a sma l l e r  dependence on n i t r o g e n  i n  t h e  60OoC convec t ion  loop system i s  assoc ia ted  w i t h  t h e  
r e l a t i v e l y  r a p i d  f e r r i t e  l a y e r  f o rma t i on  and t h e  concomitant  h igh  r a t e  of n i c k e l  and chromium d i s s o l u t i o n  
i n t o  t h e  l i t h i u m .  

I n  t h e  preceding progress repo r t ,  we presented c o r r o s i o n  r e s u l t s  f rom a l i t h i u w l 2  C r - 1  MoVW s t e e l  TCL 
o p e r a t i n g  a t  a mxirrmm temperature of 50OoC w i t h  a temperature d i f f e r e n c e  o f  15OoC (ref .  2). 
ment was con t inued u n t i l  a t o t a l  coupon exposure t ime  o f  10,088 h was accumulated. 
then  removed and are  be ing  d e s t r u c t i v e l y  examined. 
p rev ious l y : *  

The expe r i -  

The l o n g e r  te rm data have con f i rmed what was repo r ted  
The specimens were 

i n  c o n t r a s t  w i t h  t h e  general behav io r  observed i n  nonisothermal  l i q u i d  metal c o r r o s i o n  loops, 



Table 9.1.2. 

Coupon 

Weight losses of 12 C r - 1  MOW 
exposed t o  t h e r m a l l y  convec t i ve  l i t h i u m  

Weight l o s s  (g/m2) Coupon temperature  position 
("C) I n  522 h In 10,088 h 

500 
500 
480 
460 
440 
420 
400 

425 
~~ 

415 
400 
380 .~~ 
365 
350 

Hot l e g  
Hot l e g  
Hot l e g  
Hot l e g  
Hot l e g  
Hot l e g  
H o t  l e g  

Cold l e g  
Cold l e g  
Cold l e g  
Cold l e g  
Cold l e g  
Cold l e g  

5.7 
4.0 
6.6 ~~ 

6.8 
5.4 
5.7 
4.6 

6.3 
5.7 
4.3 
5.4 
4.6 
a. 3 

10.8 
6.8 
7.4 
9.4 
5.1 
7.7 
7.1 

8.0 
6.0 
5.4 
6.8 
6.8 

22.8 

i ' t  2 

0- 

bl - N ( h )  

Cr-1 MoVW s t e e l  i n  t h e r m a l l y  convec t i ve  l i t h i u m .  

OllNL DWG 83.918, 

I 

I 

I 

Fig. 9.1.6. Weight l o s s  versus exposure t i m e  
f o r  12 C r - 1  MoVW s t e e l  i n  t h e r m a l l y  convec t i ve  
l i t h i u m  a t  350°C (minimum l o o p  temperature).  
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U n l i k e  t h e  da ta  f o r  t h e  o t h e r  specimens, t h e  weight  l o sses  shown i n  F igs.  9.1.5 and 9.1.6 can be reason- 
a b l y  approximated by s t r a i g h t  l i n e s  determined by t h e  method o f  l e a s t  squares. 
l i n e a r  k i n e t i c  behav io r ,  t h e  s lopes of these  l i n e s  can t hen  be used t o  y i e l d  approximate d i s s o l u t i o n  r a t e s  of 
these  specimens (as was done above f o r  t h e  a u s t e n i t i c  a l l o y ) .  
1000 h, an average r a t e  of 0.4 mgf(m2.h) was determined f o r  t h e  500°C specimens (H2 and H3), w h i l e  t h e  r a t e  
f o r  t h e  350°C coupon was 1.0 mgf(mz*h). 
s t a i n l e s s  s t e e l  exposed t o  l i t h i u m  f o r  a l o n g  p e r i o d  o f  t ime  ( p a r t l y  a t  600"C).* 
s t e a d y- s t a t e  c o r r o s i o n  r a t e s  would indeed prove t o  be s i m i l a r  between t y p e  316 s t a i n l e s s  s t e e l  and t h e  
12 C r - 1  MoVW s t e e l ,  s i n c e  t h e  d i s s o l u t i o n  process c o n t r o l l i n g  t h e  weight  l o s s  o f  t h e  fo rmer  s t e e l  produces a 
f e r r i t e  su r f ace  l a y e r  s i m i l a r  i n  composi t ion t o  t h e  l a t t e r  s t ee l .  
around t h e  r e s p e c t i v e  loops  i n d i c a t e s  t h a t  t h e  c o r r o s i o n  mechanisms may not be t h e  same f o r  t h e  two s t e e l s  
under t h e  c o n d i t i o n s  t es ted ,  and t h e  s i m i l a r i t y  i n  c o r r o s i o n  r a t e s  may j u s t  be co i nc i den ta l .  

impor tan t  t o  understand t h e  c o r r o s i o n  mechanisms ope ra t i ng  i n  t h e  loop. I n  p a r t i c u l a r ,  we need t o  determine 
whether t h e  h i g h e r  c o r r o s i o n  r a t e  measured a t  350°C i n  t h i s  l oop  as compared w i t h  t h e  r a t e  a t  50OoC i s  symp- 
toma t i c  o f  a change i n  c o r r o s i o n  mechanism as system temperatures f a l l  below 500°C. 
t o  determine t h e  c o r r o s i o n  behav io r  of t h e  12 C r - 1  MoVW s t e e l  l o o p  i n  t h e  500 t o  600°C temperature range. 

9.1.5 Conclusions 

Under t h e  assumption of 

From t h e  da ta  f o r  exposure t imes  g r e a t e r  t han  

The 500°C r a t e  i s  t h e  same as t h a t  measured a t  500°C f o r  t y p e  316 
We had expected t h a t  t h e  

However, t h e  p a t t e r n  of we igh t  changes 

Al though t h e  we igh t  changes i n  t h e  12 C r - 1  MoVW s t e e l  l o o p  a re  r e l a t i v e l y  smal l ,  i t  i s  never the less  

Toward t h i s  end, we p l an  

1. Weight l o sses  and d i s s o l u t i o n  r a t e s  o f  path A PCA i n  t h e r m a l l y  convec t i ve  l i t h i u m  were g r e a t e r  t han  
those  o f  t y p e  316 s t a i n l e s s  s t e e l  and may be a t t r i b u t e d  t o  t h e  h i g h e r  n i c k e l  c o n c e n t r a t i o n  of PCA. 
t imes  and h i ghe r  temperature (600"C), t h e  annealed PCA s u f f e r e d  s l i g h t l y  more d i s s o l u t i o n  t han  d i d  
25%-cold-worked PCA. 

a t  6OO0C was approx imate ly  cons tan t  w i t h  exposure t i m e  between 3700 and 9000 h. 
depth was no t  cons tan t  d u r i n g  t h i s  t i m e  i n t e r v a l .  

s h o r t - t e r m  we igh t  l o sses  o f  t y p e  316 s t a i n l e s s  s t e e l  i n  a l i t h i u w t y p e  316 s t a i n l e s s  s t e e l  thermal  convec t ion  

A t  l o n g  

2. The depth o f  t h e  f e r r i t e  l a y e r  on t y p e  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  c o n v e c t i v e  l i t h i u m  

V a r i a t i o n s  i n  t h e  n i t r o g e n  c o n c e n t r a t i o n  o f  l i t h i u m  between 9 and 130 w t  ppm d i d  no t  a f fec t  t h e  

4. The d i s s o l u t i o n  orocess o f  12 C r - 1  MoVW s t e e l  i n  t h e n n a l l v  convec t i ve  l i t h i u m  between 500 and 3 5 0 Y  

A t  570"C, t h e  f e r r i t e  l a y e r  

3. 

loop. 

was s lugg ish .  
nism as temperatures decrease below 500°C. 

The p a t t e r n  of weight  changes around t h e  l i t h i u m  l & p  may suggest a change i n  c o r r o s i o n  mecha- 
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M-16847 M-16907 

, 20pm la ) l 20pm , 
M-16879 M-16876 

M.16890 M-16924 
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Fig. 9.2.1. Type 316 stainless steel exposed Fig. 9.2.2. Type 316 stainless steel exposed 
to  static Pb-17 a t .  % L i  for 5000 h at  (a) 400"C, 
( b )  500"C, and (c )  600'C. Letters denote features 
selected for x-ray analysis. 

to  static P b 1 7  a t .  % Li for 3000 h a t  (a) 5OO0C, 
(a) 600"C, and ( c )  7OOOC. 
selected for x-ray analysis. 

Letters denote features 
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2. Relative chromium enrichment was observed for those specimens suffering the highest weight losses. 
Such a result indicates possible corrosion product (oxide) formation during exposure. 
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9.3 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 0. K. Chopra and 0. L. Smith (Argonne 
National Laboratory) 

9.3.1 ADIP Task 

ADIP tasks I.A.3, Perform Chemical and Metallurgical Compatibility Analyses. 

9.3.2 Objective 

The objective of this program is t o  investigate the influence of chemical environment on the corrosion 
and mechanical properties of structural alloys under conditions of interest for fusion reactors. 
environments t o  be investigated include lithium, lead-lithium, helium, and water. Emphasis will be placed 
on the combined effect of stress and chemical environment on corrosion and mechanical behavior of 
materials. 
environments on corrosion and mechanical properties of structural materials. 

Test 

Initial investigations are focused on the influence of flowing lithium and lead-lithium 

anneale 
of magn 
11 thium 
the s t e  

Du 
f e r r i t i  
Tensi 1 e 
t o  invf 
773 K. 
tests. 

9.3.3 Summary 

Corrosion data are presented for several austenitic and f e r r i t i c  steels exposed a t  temperatures between 
7M) and 755 K in flowing lithium and Pb-17 Li environments. The results indicate t h a t  dissolution rates for 
bo th  steels are an order of magnitude greater in Pb-Li t h a n  i n  lithium. 
316 stainless steel show t h a t  a flowing environment has no effect on the tensile properties of Type 316 
stainless steel a t  temperatures between 473 and 773 K. 

9.3.4 Progress and Sta tus  

9.3.4.1 Lithium Environment 

The effects of a flowing lithium environment on the corrosion behavior and low-cycle fatigue properties 
of f e r r i t i c  and austenitic steels a r e  being investigated. Tests are conducted in a forced-circulation 
lithium loop equipped with a cold-trap purification system to control the concentration of nonmetallic 
elements, e.g., N, C, and H. The cold-trap temperature i s  maintained a t  498 K (225OC). By h o t  trapping with 
Ti or Zr foils  (o r  use of dissolved getters), the nitrogen level in lithium i s  reduced t o  -50 wppm, which is  
considerably below t h a t  attainable by cold t r a p p i n g  alone. 
and hydrogen in lithium was -8 and 120 wppm, respectively. 

Data obtained from corrosion tests (with or w i t h o u t  constant applied stress) and continuous-cycle 
fatigue tests indicate t h a t  the concentration of nitrogen in lithium i s  the single most important garameter 
i n  controlling the compatibility and mechanical properties of materials in lithium environments. - The 
fatigue l i f e  of HT-9 alloy a t  755 K in lithium containing 1000-1500 wppm nitrogen i s  a factor of 2 t o  10 
lower than  i n  lithium w i t h  (200 wppm nitrogen. Fagigue l i f e  o$ HI-9 alloy in low-nitrogen lithium is  
independent of strain rate in the range of 4 x 10- 
decrease in strain rate decreases fatigue l i fe .  
low-nitrogen lithium has no effect on the fatigue properties. The reduction in fatigue l i f e  in high- 
nitrogen lithium i s  attributed to internal corrosion of the material. Specimens tested in high-nitrogen 
lithium show internal corrosion along grain and martensitic lathe boundaries and intergranular fracture. 
Fatigue data also indicate t h a t  the fatigue lives of HT-9 alloy and Types 304 and 316 stainless steel in 
low-nitrogen l i t h i u m  a t  755 K are greater than i n  air.  

Corrosion data indicate t h a t  the dissolution rates of austenitic and fe r r i t i c  steels exposed a t  755 K 
in lithium containing -200 wppm nitrogen are a factor of 2 to 4 greater than i n  low-nitrogen (i.e.,  50 wppm) 
lithium. For identical lithium purity the dissolution rate of f e r r i t i c  HT-9 alloy and Fe-9Cr-1Mo steel i s  
an order of magnitude lower than for the Types 304 and 316 stainless steel.  
worked Type 316 stainless steel i s  a factor o f  2 to 3 greater than t h a t  for the annealed steel.  

d Type 316 stainless steel ,  the corrosion rate in cold-trapped flowina lithium a t  755 K i s  an order 

I,  the austenitic stainless steels develop a very porous fer r i te  1 
,el. The fe r r i t i c  steels show l i t t l e  or no internal penetration. 
iring the current reporting period, corrosion tests were conducteo ar 133 ana iuu K w i r n  several 
c and austenitic steels to stuQ the time and temperature dependence of corrosion i n  lithium. 
I tests were performed with 20% cold-worked Type 316 stainless steel in flowing lithium and in vacuum 
s t iga te  the possible embrittlement of the material i n  lithium a t  temperatures between 473 and 

Flat specimens, 5.59 x 1.27 mn in cross section and 22.23-mn gauge length were used for the tensile 
All tests  were performed a t  an ini t ial  strain rate of 4 x In and tensile 

The corrosion behavior was evaluated from measurements of weigm IUS, .mu urpru UI I r l ~ s l r l d l  penetration 

Tensile data for cold-worked Type 

During the tests, the concentration of carbon 

t o  4 x 10- s- , whereas, in high-nitrogen lithium a 
Furthermore, a 4.0-Ms (1100-h) preexposure of the alloy t o  

The dissolution rate for cold- 
For 

iitude greater than that observed i n  s ta t ic  lithium or thermal cor e t o  
from 

tests the nitrogen content in lithium was between 150 and 200 wppm 

(i.e., thickness of the fer r i te  layer for  austenitic stainless steels) .  
annealed Types 304L and 316 stainless steel,  20% cold-worked Type 316 stainless steel,  and Path-A PCA alloy 

The weight loss for solution- 

- ~~~ ~ 

ivection l 0 0 p s . ~ 1 ~  After exposur 
layer due t o  depletion of nickel 
. . --- 1 --" ., ~,I.~ 
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Table 9.3.1. Values o f  constant K f o r  a u s t e n i t i c  s ta in less  s tee ls  exposed a t  700 and 755 K 
t o  f l ow ing  l i t h i u m  o f  d i f f e r e n t  p u r i t i e s  

Mate r ia l  
Condi t ions of L i th ium Exposure 

755 K (482OC) 700 K (427OCI 

High N Low N High N 

3041 .~ .- 
316 SS 
316 CW 
PCA 

0.0460 0.01% - ..___. 
0.1732 0.1577 
0.2148 0.1577 

0.1732 
0.2183 

0.4974 - 0.3214 

The weight losses of f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-1Mo steel  exposed a t  700 and 755 K t o  f lowing 
l i t h i u m  of d i f f e r e n t  p u r i t i e s  are shown i n  Fig. 9.3.4. The r e s u l t s  i nd ica te  t h a t  the weight losses of 
s tee ls  are an order o f  magnitude lower than those o f  the a u s t e n i t i c  s ta in less  steels.  
weight losses o f  f e r r i t i c  s tee ls  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 constant value f o r  the 
d i s s o l u t i o n  rate.  

Furthermore, the 
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20% CW TYPE 316 SS 
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r a t e s  Of 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  i n  f l o w i n g  Pb-Li a re  an order  o f  magnitude g r e a t e r  than i n  
f l o w i n g  l i t h i u m .  The o v e r a l l  c o r r o s i o n  behavior  o f  the  va r i ous  a l l o y s  i n  Pb-Li i s  s i m i l a r  to t h a t  i n  

I I I I 
WEIGHT LOSS IN FLMVlNG 
Pb-1701% Li / TYPE 316 Sl 

90 

80- INTERN& CORROSW IN FLOWING LlTHlW 
755 K 1482°Cl 
0 316 SS 
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I I I I I 
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1 60- CLOSED SYMBOLS = 150-200 wm N 
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EXPOSURE TIME llOW hl 

Fig .  9.3.5. Depth of i n t e r n a l  c o r r o s i o n  f o r  F ig .  9.3.6. U l t i m a t e  t e n s i l e  s t r e n g t h  and 
Type 316 s t a i n l e s s  s t e e l  exposed t o  f l o w i n g  
l i t h i u m  a t  755 K. 

t o t a l  e l onga t i on  f o r  20% cold-worked Type 316 
s t a i n l e s s  s tee l  t e s t e d  i n  f l o w i n a  l i t h i u m  o r  ~ . .  
vacuum. 
i n  a i r .  

The curve  represents  t h e  average values 

" 
EXPOSURE TIME I1000 h) 

F ig .  9.3.7. Weight l o s s  versus exposure 
t ime  f o r  annealed and 20% cold-worked Type 316 
s t a i n l e s s  s t e e l  exposed a t  700 and 727 K t o  
f l ow ing  Pb-Li. Each symbol type  represents  we igh t  
l o s s  f o r  a s i n g l e  specimen a f t e r  va r i ous  
exposure t imes. 

25 I I I I I , WEIGHT LOSS IN FLoWlNG 
Pb-l7at% Li 
FERRITIC STEELS 

0 I 2 3 4 " 
EXPOSURE TIME IlWOhl 

Fig.  9.3.8. Weight l o s s  versus exposure t ime  
f o r  f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-1Mo s t e e l  
exposed a t  700 and 727 K t o  f l ow ing  Pb-Li. Each 
symbol type  represents  we igh t  l o s s  f o r  a s i n g l e  
specimen a f t e r  va r i ous  exposure t imes. 
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.4 COMPATIBILITY OF VANADIUM ALLOYS WITH HIGH-TEMPERATURE WATER - P. F. Tor to re l l i  and J. H. DeVan 
(Oak Ridge National Laboratory) 

.4.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility Analyses. 

9 .4.2 Objective 

The purpose of t h i s  task is t o  determine t h e  compatibil i ty of Path C vanadium al loys  w i t h  high- 
emperature water f o r  appl ica t ion t o  water-cooled fusion reactors.  
u r i ty  water in a s t a i n l e s s  s t ee l  autoclave ( w i t h  and without a hydrogen overpressure) t o  qua l i t a t ive ly  
etermine (1) the extent of oxidation of the a l loys  and (2) the tendency f o r  hydrogen uptake by these 
a t e r i a l  s. 

Candidate a l loys  a re  exposed t o  high- 

.4.3 Sumnary 

Weight gains of Path C vanadium al loys  (V-20% Ti ,  V-15% Cb5% T i ,  Vanstar-7) exposed t o  30OoC water f o r  
00 h were r e l a t i v e l y  small and not s ign i f i can t ly  af fec ted  by hydrogen overpressure. 1’ 

9 .4.4 Progress and Sta tus  

A recent investigation1 showed tha t  &15% Cr and W 5 %  C-5 Ti  undergo only l imited oxidation i n  high- 
u r i ty  water and therefore  may be considered f o r  use w i t h  a water coolant i n  a fusion reactor.  
e have conducted addit ional  experiments t o  examine the e f f e c t s  of oxygen suppressants,  pa r t i cu la r ly  
ydrogen, on t h e  oxidation r a t e  i n  water and on t h e  potential  f o r  hydrogen uptake by these  vanadium alloys.  
everal s e t s  of t e n s i l e  specimens of t h e  th ree  P a t h  C a l loys  - V-20% T i ,  V-15% Ct-5% T i ,  and Yanstar-7 
V-9% C-3% Fe-1.2% Zr) - were  exposed fo r  100 h t o  deaerated, deionized water i n  a s t a i n l e s s  s t ee l  autoclave 
t 300T t o  p a r t i a l l y  simulate pressurized water reactor  conditions. 
utoclave was about 9.0 MPa (1.3 ksi) .  
emoved from the  autoclave, dr ied ,  and then imnediately weighed and t e n s i l e  t e s t ed  i n  a i r  a t  room 
emperature. 
rom the autoclave) and hydrogen analys is  (within 30 h ) .  
o s s ib le  t o  avoid loss  of hydrogen. 
or detai  1 ed metal 1 ographic examination. 

Consequently, 

The average steam pressure in t h e  
After cooling from t h e  exposure temperature, the  specimens were 

Portions of t h e  specimens were used f o r  microhardness determination ( w i t h i n  12 h of removal 
These analyses were performed as  quickly as 

Cross sec t ions  o f  the  specimens were subsequently polished and etched 

The weight change, hardness, 

P 
f 

nd hydrogen~concentration data a re  
i s t e d  in Table 9.4.1, which a l so  
ontains data f o r  control specimens. 

Table 9.4.1. Weight change, hardness, and hydrogen 
concentration f o r  vanadium a l loys  exposed t o  

deaerated water f o r  100 h a t  300°C C, 
d 
r 

onsideration of the weight’ change 
a t a  shows t h a t ,  although the  growth 
a t e  of the  oxide sca le  was s i g n i f i -  
a n t  over the 100-h t e s t  duration,  
he sca le  appears extremely protec- 
ive. Longer term experiments 
i l l  be needed t o  assess  t h e  oxida- 
ion kinet ics .  Although the  weight 
a ins  per u n i t  time a r e  a t  l eas t  
0 times those reported previously1 
For an exposure temperature of 250°C 
a the r  than the  300°C of our 
xperiments), metallographic obser- 
at ion of polished and etched cross  
ec t ions  revealed 1 
xidation of the va 
igs. 9.4.1-9.4.3). 
y t h e  data in Tab1 
icrographs in Figs 
.4.3, t h e  hydrogen 
o e f fec t :  hardnes 
oncentrations,  and 
i e s  were s imi la r  f 
xposed t o  water re 
resence of added h 

Annealed, control 
Annealed 
Annealed 
Cold workr 
Cold work€“, C V l l L I Y l  

v 4 0 *  z”i 

0 0 +1.6 
256 
232 
230 
320 
313 

4 
28 
29 
22 
15 

4 
23 
23 
16 
17 

4 
17 
17 
9 
8 

83 12 +1.8 
83 12 +o. 2 e 

V 
S 
0 
F 
4 
m 
9 
n 
C 

i t t l e  apparent 
nadium al loys  (see  

Also, as  shown 
e 9.4.1 and t h e  . 9.4.1 through 
overpressure had 

s e s ,  hydrogen 
t e n s i l e  proper- 

o r  t h e  specimens 
gardless of the  
ydrogen. T h i s  
n t  because ther- 

V-15I Cz-5 Ti 
Annealed. control 276 
Annealed’ 
Annealed 

0 0 +1.7 217 
83 1 2  +0.8 209 

Cold worked 83 12 -0.5 336 
Cold worked, control  332 

Vans tar-7 
Annealed, control  23 1 
Annealed 0 0 +1.4 202 
Annealed 83 12 +0.9 198 

P 
r e s u l t  i s  s ign i f i ca  
od-ynarnic ca lcula t ions  of hydrogen m Cold worked 

Cold worked, control 
83 12 -0.7 280 

281 a r i i t i o n i n g  predict  a measurable 
ptake of hydrogen under equilibrium 
ondit ions w i t h  an 83-kPa (12-psi) C 
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Y-191325 

, m u m  , 

Fig. 9.4.1. Polished and etched cross sections 
(a) Control,  

( b )  Water, no hydrogen overpressure, 
of L 2 0 %  T i  exposed a t  3 0 0 Y  for  100 h. 
he ld  i n  vacuum. 
( e )  Water, 83 kPa hydrogen. 

Y-190301 Y-191329 

Ib) (al 

Y.191326 

, 200m , 

Fig.  9.4.2. Polished and etched cross sections 

( b )  Water, no hydrogen 
of V-15% 04% T i  exposed a t  3OO0C fo r  100 h. 
( a )  Control ,  held i n  vacuum. 
overpressure. ( c )  Water, 83 kPa hydrogen. 
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9.5 COMPATIBILITY STUDIES OF STRUCTURAL ALLOYS WITH SOLID BREEDER MATERIALS - 0. K. Chopra and 
D. L. S m i t h  (Argonne Na t i ona l  Labo ra to r y )  

9.5.1 ADIP Task 

ADIP 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  Analyses. 

9.5.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  task  i s  t o  eva lua te  the  c o m p a t i b i l i t y  o f  s o l i d  breeder m a t e r i a l s  w i t h  s t r u c t u r a l  
a l l o y s .  The i n t e r a c t i o n s  between breeder m a t e r i a l s  and a l l o y s  are  i n v e s t i g a t e d  as a f u n c t i o n  o f  
temperature, t ime, and envi ronmental  parameters (i.e., f l ow ing  he l ium environments w i t h  d i f f e r e n t  m i s t u r e  
con ten ts ) .  Reac t ion  r a t e s  are  determined by measuring the  weight  change, depth of i n t e r n a l  pene t ra t i on ,  and 
t h i ckness  o f  c o r r o s i o n  scales. 
surfaces, a re  used t o  e s t a b l i s h  the  mechanisms and r a t e - c o n t r o l l i n g  processes f o r  the  c o r r o s i o n  reac t i ons .  
Breeder m a t e r i a l s  t o  be i n v e s t i g a t e d  i nc lude  LiZO, LiAlOZ, Li2SiO3, L i2T i03 ,  and L izZr03.  

9.5.3 Sunmary 

C o m p a t i b i l i t y  t e s t s  between f e r r i t i c  HT-9 a l l o y  o r  Fe-9Cr-1Mo s tee l  and L i z 0  p e l l e t s  i n  a f l o w i n g  
he l ium environment 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  i n  he l ium c o n t a i n i n g  93 ppm H 0 are  g r e a t e r  than i n  
he l ium w i t h  1 ppm H 0. A l l  a l l o y  specimens ga in  we igh t  whereas t h e  L i z 0  p e l l e t s  ?os, we igh t  a f t e r  
exposure. Data on %he r e a c t i o n  k i n e t i c s  and me ta l l og raph i c  eva lua t i on  o f  the  a l l o y  specimens are presented. 

9.5.4 Progress and Sta tus  

t r i t i u m- b r e e d i n g  m a r e p a l s ,  such as L i20,  L iA lO , and Li2SiO3 a t  973 and 773 K (700 and 500OC) was presented 
i n  e a r l i e r  r epo r t s .  3 

and packed w i t h  the  ceramic m a t e r i a l .  
breeder  ma te r i a l s .  A l l o y  specimens packed w i t h  L i 2 0  developed an ad te ren t  r e a c t i o n  sca le  c o n s i s t i n g  of the  
ceramic m a t e r i a l  embedded w i t h  i r o n - r i c h  r e a c t i o n  products.  

A s i g n i f i c a n t  r e s u l t  from the capsule c o m p a t i b i l i t y  t e s t s  was t h a t  the  t h i ckness  of t h e  r e a c t i o n  sca le  
o r  depth o f  i n t e r n a l  p e n e t r a t i o n  was the  same a f t e r  3.6 and 7.2 Ms (1000 and 2000 h ) .  
suggests t h a t  t h e  i n t e r a c t i o n s  between a l l o y  and ceramic s top  a f t e r  a s h o r t  t ime. It i s  p robab le  t h a t  i n  a 
c l osed  system, such as i n  a sealed capsule, t h e  chemical a c t i v i t y  o f  the  r e a c t i v e  species decreases w i t h  
t ime. Fo r  a b e t t e r  understanding of the  na ture  o f  the  c o r r o s i v e  i n t e r a c t i o n s ,  c o m p a t i b i l i t y  t e s t s  were 
conducted i n  a f low ing- he l ium environment w i t h  c o n t r o l l e d  p a r t i a l  pressures o f  oxygen and hydrogen. 
exper iments s imu la te  t h e  c o n d i t i o n s  p r o j e c t e d  f o r  b l a n k e t  s t r u c t u r e s  du r i ng  r e a c t o r  o e r a t i o n .  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  c o m p a t i b i l i t y  t e s t  f a c i l i t y  was presented ea r l i e r . '  A l l o y  specimens 
-10 x 10 x 0.4 nm i n  s i z e  were sandwiched between two - 12- n- d iamete r  by - 2 . 4- n- t h i c k  p e l l e t s  o f  L i 2 0  (88% 
t h e o r e t i c a l  d e n s i t y )  and mounted i n  a specimen ho lde r  such t h a t  the  sur face  o f  the  ceramic p e l l e t s  was 
exposed to t h e  f lowing- gas environment. F i g u r e  9.5.1 shows the  specimen ho lde r  and the  va r i ous  
a l l oy / ce ram ic  r e a c t i o n  couples. A separate n i c k e l  f o i l  ( w i t h o u t  L i z 0  p e l l e t s )  was p laced downstream f rom 
t h e  couples t o  study t h e  depos i t i on  behavior .  The gas environment was prov ided by premixed gas m ix tu res  o f  
He, H 0, and H2. 
2000 f )  i n  f l ow ing  he l ium w i t h  93 ppm H20 and 1 ppm H and f o r  3.6, 9.0, and 14.4 Ms (1000, 2500, and 
4000 h)  i n  f l o w i n g  he l ium w i t h  1 ppm each o f  H20 and Dur ing  the  t e s t ,  the  f l o w  r a t e  of t h e  gas m i x t u r e  
th rough each specimen exposure tube was -0.45 cm3/s. 
-1.6 4 s .  Four r e a c t i o n  couples c o n s i s t i n g  of HT-9 a l l o y ,  Fe-9Cr-1Mo s tee l ,  20% cold-worked Type 316 
s t a i n l e s s  s t e e l ,  and e i t h e r  pure n i c k e l  o r  annealed Type 316 s t a i n l e s s  s t e e l  were i n c l u d e d  i n  each 
c o m p a t i b i l i t y  t e s t .  Data on the  r e a c t i o n  k i n e t i c s  and a me ta l l og raph i c  e v a l u a t i o n  of the  a l l o y  specimen 
exposed i n  f l ow ing  he l ium c o n t a i n i n g  93 ppm H20 and 1 ppm H2 were presented i n  t h e  l a s t  p rogress  repo r t .  

Du r i ng  t h e  c u r r e n t  r e p o r t i n g  per iod,  weight-change measurements and me ta l l og raph i c  examinat ion were 
performed on t h e  a l l o y  specimens exposed a t  823 K i n  f l o w i n g  he l ium c o n t a i n i n g  1 ppm each o f  H 0 and H2. 
F i gu re  9.5.2 shows t h e  a l l o y  and L i z 0  specimens f r a n  the  va r i ous  r e a c t i o n  couples exposed f o r  ?4.4 Ms. 
A f t e r  exposure, a l l  a l l o y s  gained weight, whereas t h e  L i z 0  p e l l e t s  l o s t  weight. There was a n e t  l o s s  i n  
we igh t  f o r  the  t o t a l  r e a c t i o n  couple. I n  some instances,  t h e  r e a c t i o n  sca le  on t h e  f e r r i t i c  HT-9 a l l o y  and 
Fe-9Cr-1Mo s t e e l  s p a l l e d  o f f  when the  specimens were removed from the ho lder ;  consequently, t h e  we igh t  ga in  
of t h e  a l l o y s  c o u l d  n o t  be determined fo r  several  r e a c t i o n  couples. The weight  changes f o r  the  d i f f e r e n t  
a l l o y s  are g iven i n  Table 9.5.1. 

sur face cons i s ted  of a very un i fo rm and dense l a y e r  of ou te r  sca le  and a porous l a y e r  o f  subscale. 
depth of i n t e r n a l  p e n e t r a t i o n  and the  t o t a l  sca le  th ickness  on f e r r i t i c  a l l o y s  exposed w i t h  L i z 0  i n  a 

These measurements, coupled w i t h  me ta l l og raph i c  e v a l u a t i o n  o f  t h e  a l l o y  

A comparat ive e v a l u a t i o n  of the  r e a c t i v i t y  o f  t h e  HT-9 a l l o y  and Type 316 s t a i n l e s s  s t e e l  w i t h  s o l i d  

Those t e s t s  were conducted w i t h  sealed capsules cons t ruc ted  from d i f f e r e n t  a l l o y s  
The r e s u l t s  i n d i c a t e d  t h a t  L i  0 i s  t h e  most r e a c t i v e  o f  the  t h r e e  

Th i s  behav io r  

Such 

C o m p a t i b i l i t y  t e s t s  were conducted a t  823 K f o r  1.8, 3.6, and 7.2 MS (500, 1000, and 

. 
Th is  f l o w  r a t e  corresponds t o  a v e l o c i t y  o f  

J 

Meta l l og raph i c  examinat ion of t h e  a l l o y  specimens revea led  t h a t  the  r e a c t i o n  sca le  on t h e  specimen 
The 
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F i g .  9.5.1. Specimen ho lder  and the F ig .  9.5.2. A l l o y  and ceramic specimens from 
va r i ous  a1 1 oy/ceramic r e a c t i o n  coup1 es. va r i ous  r e a c t i o n  couples a f t e r  a 14.4-Ms exposure 

a t  823 K i n  he l ium c o n t a i n i n g  1 ppm each of H20 and H2. 

Table 9.5.1. Weight change f o r  a l l o y s  exposed w i t h  L i 2 0  a t  823 K i n  a f l o w i n g  he l i um  
environment con ta in i ng  93 o r  1 ppm H20 and 1 ppm H2 

Exposure Weight Gain, mg 
Time, HT-9 
Ms ( h )  A1 1 oy Fe-9Cr-1Mo 316 CW 316 SS Pure N i  N i  F o i l a  

Hel ium w i t h  93 ppm H20 and 1 ppn H2 

1.8 (500) 2.7 3.6 6.3 b 0.1 b 
3.6 (1000) 2.3 3.5 6.2 4.6 b 0.6 
7.2 (2000) 17.6 C 19.2 b 6.0 0.4 

Hel ium w i t h  1 ppm H20 and 1 ppm H2 

3.6 (1000) 3.2 6.5 6.6 b 1 .o 0.1 
9.0 (2500) 7.3 2.5 7.2 C b 0.6 

14.4 (4000) 8.7 C 10.9 b 1.9 1.4 

aExposed w i t h o u t  t h e  L i z 0  p e l l e t s  and l o c a t e d  downstream fran the r e a c t i o n  couples. 
bNot tes ted .  
‘Weight change cou ld  n o t  be determined because t h e  sca le  s p a l l e d  o f f .  

f lowing- gas environment a re  p l o t t e d  as a f unc t i on  o f  t i m e  i n  Fig.  9.5.3. The depth o f  i n t e r n a l  p e n e t r a t i o n  
represents  t h e  ac tua l  metal l o s s  and was ob ta ined from the d i f fe rence between the  i n i t i a l  t h i ckness  and 
sound metal remaining, i.e.. the  unreacted metal .  The r e s u l t s  i n d i c a t e  t h a t  the  c o r r o s i o n  behav io rs  o f  
f e r r i t i c  HT-9 a l l o y  and Fe-9Cr-1Mo s t e e l  are s i m i l a r .  I n t e r n a l  p e n e t r a t i o n  and t o t a l  sca le  th ickness  under 
va r i ous  t e s t  c o n d i t i o n s  a r e  approximate ly  the  same f o r  bo th  s tee l s .  

c o n t a i n i n g  1 ppn H 0 reaches a cons tan t  value a f t e r  an i n i t i a l  p e r i o d  of r a p i d  i n t e r a c t i o n .  The average 
va lue  f o r  t h e  d e p t i  o f  i n t e r n a l  p e n e t r a t i o n  i s  -15 ,un a f t e r  3.6. 9.0, and 14.4 Ms exposure. The specimens 
exposed i n  he l ium c o n t a i n i n g  93 ppn H20 may e x h i b i t  s i m i l a r  behavior .  However, t h e  l onges t  d u r a t i o n  o f  t h e  
t e s t s  w i t h  93 ppm H20 was 7.2 Ms and t h e  p e n e t r a t i o n  depth inc reased g r a d u a l l y  w i t h  time. A f t e r  the  7.2-Ms 
exposure, t h e  average va lue  of p e n e t r a t i o n  i n  he l ium c o n t a i n i n g  93 ppn H20 was g rea te r  than t h a t  i n  he l ium 
w i t h  1 ppm H20. 

The t h i ckness  of t o t a l  r e a c t i o n  sca le  f o r  the  specimens exposed i n  he l ium w i t h  e i t h e r  93 o r  1 ppm H20 
inc reases  w i t h  t ime. As seen e a r l i e r  f o r  the  p e n e t r a t i o n  depth, the  t o t a l  sca le  t h i ckness  of t h e  specimens 
exposed i n  he l ium c o n t a i n i n g  93 ppn H20 i s  g r e a t e r  than t h a t  f o r  specimens exposed i n  he l ium w i t h  1 ppm 
H20. Fo r  b o t h  mo i s tu re  contents,  the  data f o l l o w  a power law and the  r e a c t i o n  r a t e  decreases w i t h  t ime. 
i s  p robab le  t h a t  t h e  t o t a l  sca le  t h i ckness  a l s o  reaches a s a t u r a t i o n  value a f t e r  l onge r  exposure t imes. 
However, the  sca le  t h i ckness  f o r  the  l ong- du ra t i on  t e s t s  cou ld  no t  be determined because the  sca les  had 

F i g u r e  9.5.3a i n d i c a t e s  t h a t  the  depth o f  i n t e r n a l  p e n e t r a t i o n  of t h e  specimens exposed i n  he l ium 

It 
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Fig.  9.5.3. ( a )  I n t e r n a l  p e n e t r a t i o n  and ( b )  t o t a l  sca le  t h i ckness  f o r  HT-9 and Fe-9Cr-1Mo s t e e l  
specimens exposed w i t h  L i 2 0  p e l l e t s  a t  823 K i n  f l o w i n g  he l ium c o n t a i n i n g  93 o r  1 ppm H20 and 1 ppm H2. 

s p a l l e d  off.  Measurements o f  the  depth o f  i n t e r n a l  p e n e t r a t i o n  and t o t a l  sca le  t h i ckness  f o r  the  Type 316 
s t a i n l e s s  s tee l  specimens are i n  progress.  

Micrographs of t h e  r e a c t i o n  sca les  on HT-9 a l l o y  and Fe-9Cr-1Mo s t e e l  specimens exposed w i t h  L iz0 a t  
823 K i n  f l ow ing  he l ium c o n t a i n i n g  1 ppm H 0 and H2 a re  shown i n  F igs .  9.5.4 and 9.5.5, r e s p e c t i v e l y .  A l l  
specimens show a very un i f o rm  and dense o u b r  scale,  a porous subscale. and c o r r o s i v e  p e n e t r a t i o n  i n  t h e  
bu l k  m a t e r i a l .  
1 ppm H2. 
However, bu l k  p e n e t r a t i o n  i n  the  HT-9 a l l o y  i s  un i f o rm  whereas the  Fe-9Cr-1Mo s tee l  e x h i b i t s  p e n e t r a t i o n  

S i m i l a r  behav io r  was observed f o r  specimens exposed i n  he l ium c o n t a i n i n g  93 ppn H20 and 
The ou te r  sca le  and subscale f o r  HT-9 a l l o y  and Fe-9Cr-1Mo s t e e l  show i d e n t i c a l  fea tures .  

(a) (b)  

Fig .  9.5.4. Micrographs o f  the  r e a c t i o n  scales on HT-9 a l l o y  exposed w i t h  L i z 0  p e l l e t s  a t  823 K f o r  
( a )  3.6 MS and ( b )  9.0 Ms i n  f l o w i n g  he l ium c o n t a i n i n g  1 ppm each H20 and H2. 
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( a )  ( b )  
F i  . 9.5.5. Micrographs of the reaction scales on Fe-9Cr-1Mo Steel exposed with Liz0 pellets a t  823 K 

for (a! 3.6 Ms and ( b )  9.0 ms in flowing helium containing 1 ppm each H20 and H2. 

along grain or martensitic lathe boundaries. The outer scale on both f e r r l t i c  steels has a dark surface 
layer (region A in Fig. 9.5.4) which often disintegrated during nmunt ing or polishing of the specimens. The 
entire outer scale spalled off in some specimens when the reaction couples were separated or removed from 
the specimen holder. Such specimens showed a net loss i n  weight  as well as i n  thickness. 

Energy dispersive x-ray analyses of the various regions of the reaction scale, on both of the f e r r i t i c  
steels exposed in helium containing 1 ppm H 0, fndicate t h a t  the outer scale i s  primarily lithium-iron 
oxide. The chemical composition of the d a 2  surface layer of the outer scale was 57% Fe and 0.3% Cr and the 
dense scale contained 69% Fe and 0.5% Cr. The porous subscale consisted of 48% Fe, 18% Cr, and 2% Mo. 
Enrichment of V (only for Fe-9Cr-1Mo steel)  and Si was also observed in the subscale. 
analyses o f  the reaction scale yielded oxygen concentrations between 25 and 30%. These results suggest -4% 
Li (obtained by difference) in the reaction scale. The dark surface layer m a y  contain -12% Li. 

The Liz0 pellets from the various reaction couples los t  weight after exposure and their weight loss in 
helium containing 93 ppn H 0 was greater than  in helium with 1 ppm H20. Figure 9.5.6 shows the weight loss, 
expressed as a percent of ?he ini t ial  weight, of the Li 0 pellets exposed with the f e r r i t i c  steels. The 
results can be expressed by a linear law and yfeld weigf~t losses of 12.2 and 3.8%/year of Liz0 exposed in 

Electron microprobe 

TIME l h l  

L i" 15 

alloys a t  823 K i n  flowing helium 
containing 93 or 1 p h  H20 and 1 pp?i H i .  
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he l ium w i t h  93 ppm and 1 ppm H20, r espec t i ve l y .  These values are  2 to 3 orders  o f  magnitude g rea te r  than 
those p r e d i c t e d  f r an  e q u i l i b r i u m  r e a c t i o n  k i n e t i c s .  However, two separate i n t e r a c t i o n s ,  viz., g a s - p e l l e t  
and a l l o y - p e l l e t  i n t e r a c t i o n s ,  c o n t r i b u t e  to the measured weight  loss .  The mo is tu re  i n  t h e  he l ium 
environment r e a c t s  w i t h  L i z 0  to form LiOH gas whfch i s  c a r r i e d  away by t h e  f l o w i n g  gas stream. T h i s  
r e a c t i o n  leads  to a n e t  we igh t  l o s s  f o r  L i z 0  as w e l l  as t o  t h e  t o t a l  r e a c t i o n  couple. The a l l o y - p e l l e t  
i n t e r a c t i o n s  i n  t h e  presence o f  mo i s tu re  l ead  to the  fo rmat ion  o f  t e r n a r y  ox ides  o f  L i  and Fe o r  C r  on the 
a l l o y  surface. 
n e t  weight  ga in  f o r  t h e  t o t a l  r e a c t i o n  couple. Data on weigh$ chanqe shcm between 1- and 12-mg (i.e., 0.1 

Such r e a c t i o n s  r e s u l t  i n  a weight  l o s s  f o r  L i  0, a we igh t  ga in  f o r  t h e  a l l o y  specimen, and a 

t o  1.2%) l o s s  i n  we igh t  f o r  the  va r i ous  r e a c t i o n  couples, i n d i c a t i n g  t h a t  t h e  g a s- p e l l e t  i n t e r a c t i o n s -  
dominate t h e  weight  l o s s  f o r  t h e  L i  0 p e l l e t s .  

The we iqh t  l o s s  f o r  LiqO pellets eXDOSed w i t h  Dure n i c k e l  sDecirnens i s  i nc l uded  i n  Fia.  9.5.6. The 
n i c k e l  specimens showed s i g h f i c a n t  i n t e r n a l  c o r r o s i v e  a t t a c k  and we igh t  gain, p a r t i c u l a r l y  a f t e r  l o n g  
exposure times. 
specimens was a f a c t o r  of 5 t o  10 lower than t h a t  f o r  the  f e r r i t i c  s tee l s .  

each of H2O and H2 i s  i n  progress. 
sca les  on both  f e r r i t i c  and a u s t e n i t i c  s t e e l s  are be ing  conducted to p o s i t i v e l y  i d e n t i f y  t h e  va r i ous  phases. 

9.5.5 Conclus ions 

However, the  dense ou te r  r e a c t i o n  sca le  was n o t  observed and the  we igh t  ga in  of t h e  n i c k e l  

Me ta l l og raph i c  examinat ion o f  Type 316 s t a i n l e s s  s t e e l  specimens exposed i n  he l ium c o n t a i n i n g  1 ppm 
X- r a y  d i f f r a c t i o n  and e l e c t r o n  microprobe analyses o f  t h e  r e a c t i o n  

Data from t h e  c o m p a t i b i l i t y  t e s t s  i n  a f low ing-  he l ium environment 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  i n  
he l ium c o n t a i n i n g  93 ppm H 0 are  g rea te r  than i n  he l ium w i t h  1 p p  H 0. 
a f t e r  exposure. Both f e r r ? t i c  s t e e l s  exposed i n  he l ium w i t h  e i t h e r  63 o r  1 ppm HzO develop a dense i r o n -  
r i c h  sca le  and a porous chromium-rich subscale. The dense ou te r  sca le  tends to spa11 o f f  e a s i l y .  The pure  
n i c k e l  specimens a l s o  show c o r r o s i v e  p e n e t r a t i o n  and weight  gain. However, t h e  we igh t  ga in  f o r  n i c k e l  i s  
s i g n i f i c a n t l y  lower  than t h a t  f o r  the  f e r r i t i c  s tee l s .  

Measurements o f  the  r e a c t i o n - s c a l e  th ickness  i n d i c a t e  t h a t  t h e  depth o f  i n t e r n a l  pene t ra t i on ,  i.e.. 
ac tua l  metal l oss ,  f o r  f e r r i t i c  specimens exposed i n  he l ium c o n t a i n f n g  1 p p  H 0 reaches a cons tan t  va ue 
a f t e r  -3.6 MS. A s i m i l a r  behavior  was observed e a r l i e r  f rom c o m p a t i b i l i t y  tesb w i t h  sealed capsules.' The 
specimens exposed i n  he l i um  c o n t a i n i n g  93 ppm H20 show a gradual inc rease i n  p e n e t r a t i o n  up to 7.2 Ms. The 
p e n e t r a t i o n  depth my reach a cons tan t  value f o r  longer  exposure t imes. For bo th  mo i s tu re  contents,  t h e  
t h i ckness  o f  t h e  t o t a l  r e a c t i o n  sca le  f o l l o w s  a power l a w  and the  r e a c t i o n  r a t e  decreases w i t h  t ime. 
A d d i t i o n a l  data are r e q u i r e d  to e s t a b l i s h  the  long- te rm r e a c t i o n  k i n e t i c s  as a f u n c t i o n  o f  mo i s tu re  con ten t  
i n  hel ium. 

The L i z 0  p e l l e t s  exposed w i t h  t h e  va r i ous  r e a c t i o n  couples show we igh t  l o s s  and t h e r e  i s  a n e t  l o s s  i n  
we igh t  f o r  t h e  t o t a l  r e a c t i o n  couple. 
he l i um  c o n t a i n i n g  1 ppm HzO. 
values o f  12.2 and 3.8%/year i n  he l ium w i t h  93 and 1 ppm H20? r e s p e c t i v e l y .  These values are  s i g n i f i c a n t l y  
g r e a t e r  than those p r e d i c t e d  from e q u i l i b r i u m  r e a c t i o n  k i n e t i c s .  However, t h e  we igh t- loss  f o r  t h e  L i 2 0  
p e l l e t s  r e s u l t s  fran both  gas- and a l l o y - p e l l e t  i n t e r a c t i o n s .  
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