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FOREWORD 

T h i s  r e p o r t  i s  t h e  n i n e t e e n t h  i n  a s e r i e s  of Techn ica l  Progress Repor ts  on “Al loy  Development f o r  
I r rad ia t i on  Performance“ (ADIP), which i s  one element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  
suppor t  of t h e  Magnet ic Fus ion  Energy Program of t h e  U.S. Department o f  Energy. Other  e lements  o f  t h e  
M a t e r i a l s  Program a r e  

Damage Analys is  and Fundamental Studies (DAFS) 

Plasm-Materials  I n t e rac t i on  (PMII 

Special-Purpose Materials  (SPM) - High Heat Flus  Components 

The f i r s t  seven r e p o r t s  i n  t h i s  s e r i e s  a r e  numbered DOE/ET-0058/1 t h r o u g h  7. Th is  r e p o r t  i s  t h e  
t w e l f t h  i n  a new numbering sequence t h a t  beg ins  w i t h  DOE/ER-0045/1. 

The A D I P  program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  from a number o f  N a t i o n a l  
L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was o rgan ized  
by t h e  M a t e r i a l s  and R a d i a t i o n  E f fec ts  Branch, O f f i c e  o f  Fus ion Energy, DOE, and a Task Group on Al loy  
Development f o r  I r rad ia t i on  Performance, which now opera tes  under t h e  auspices of t h e  Reactor  Technolog ies 
Branch. The purpose of t h i s  s e r i e s  of r e p o r t s  i s  t o  p r o v i d e  a work ing  t e c h n i c a l  r e c o r d  of t h a t  e f f o r t  f o r  
t h e  use o f  t h e  program p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program i n  genera l ,  and f o r  t h e  Department of 
Energy. 

T h i s  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 accompl ishments may be f o l l o w e d  r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. 
g i v e n  l a b o r a t o r y  may appear th roughou t  t h e  r e p o r t .  Chapters 1, 2, 8, and 9 r e v i e w  a c t i v i t i e s  on a n a l y s i s  
and e v a l u a t i o n ,  t e s t  methods development,  s t a t u s  o f  i r r a d i a t i o n  exper imen ts ,  and c o r r o s i o n  t e s t i n g  and 
hydrogen permeat ion s t u d i e s ,  r e s p e c t i v e l y .  
Chapters 3, 4,  5, 6, and 7 p resen t  t h e  ongoing work on each a l l o y  development path. The Table of  Contents  
i s  anno ta ted  f o r  t h e  convenience o f  t h e  reader .  

Thus, t h e  work of a 

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. 

T h i s  r e p o r t  has been compi led and e d i t e d  under t h e  gu idance o f  t h e  Secre ta ry  of t h e  Task Group on Alloy 
Development f o r  I r rad ia t i on  Perforrmnce. F. W. W i f fen ,  Oak Ridge N a t i o n a l  Labora to ry ,  and h i s  e f f o r t s  and 
t h o s e  o f  t h e  s u p p o r t i n g  s t a f f  of ORNL and t h e  many persons who made t e c h n i c a l  c o n t r i b u t i o n s  a r e  g r a t e f u l l y  
acknowledged. T. C. Reuther,  Reactor  Technolog ies Branch, i s  t h e  Department o f  Energy Coun te rpa r t  t o  t h e  
Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  A D I P  Program w i t h i n  DOE. 

G. M. Haas, C h i e f  
Reactor  Technolog ies Branch 
O f f i c e  o f  Fus ion  Energy 

i i l  
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The handbook e f f o r t  f o r  t h i s  repor t ing  period has been d i r ec t ed  toward rmintenance of a 
COntinuOUS f l ow  of data shee ts  i n t o  t h e  handbook. 
shee ts  are being monitored through the  various stages of preparation.  

One hundred and t h i r t y - f i v e  11351 new data 

1.2 L i f e t i m e  A n a l y s i s :  The rma l l y  D r i v e n  F a t i g u e  Crack Growth i n  an HT-9 F i r s t  Wall 
(GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
f i r s t  wal l .  

Fmc ture  mechanics ca l cu la t i ons  are used t o  predic t  crack growth behavior i n  an HT9 

2. TEST MATRICES, EXPERIMENT DESCRIPTIONS, AND METHODS DEVELOPMENT . . . . . . . . . . . . . . . . .  
2.1 Neut ron Source C h a r a c t e r i z a t i o n  f o r  M a t e r i a l s  Experiments (Argonne N a t i o n a l  L a b o r a t o r y )  . . .  

Dosimetry measurements were conducted i n  t h e  ORR during February 1984 t o  t e s t  t h e  
performance of a hafnium core p iece  f o r  t h e  MFE4 spec t ra l- ta i l o r ing  experiment. 
g m d i e n t s  were measured i n  pos i t i on  C3, both wi th  and without  t h e  hafnium l i n e r .  
agree m t h e r  wel l  wi th  expec ta t ions .  
a f t e r  424 f u l l  power days. The m x h u m  f l u e n c e  m s  1.9 x 1022 n/c& producing about 64 appm 
helium and 5.1 dpa i n  316 s t a i n l e s s  s t e e l .  

Flux 
The r e s u l t s  

Resu l t s  are a l s o  reported f o r  t h e  MFE4B experiment 

2.2 Neu t ron i cs  C a l c u l a t i o n s  i n  Support  o f  t h e  ORR-MFE-4A and -48 Spec t ra l  T a i l o r i n g  
Exper iments  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . .  
being scaled t o  agree w i th  experimental data. 
158.5 a t .  ppm He (not  inc luding  2.0 a t .  ppm He f rom '08) and 10.36 dpa f o r  t ype  316 s t a i n l e s s  
s t e e l  i n  ORR-IIFE-4A and 99.4 a t .  ppm He and 7.10 dpa in ORR-MFE-4B. 

Opera t i on  o f  t h e  ORR Spec t ra l  T a i l o r i n g  Experiments ORR-MFE-4A and ORR-MFE-48 

The calcu la ted  f l uences  f rom t h e  ongoing three-dimensional neutronics ca l cu la t i ons  are 
As of March 27 ,  1984, t h i s  treatment y i e l d s  

2.3 
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The specimens contained i n  t h e  ORR-MFE-4A experiment have operated f o r  an equivalent  of 
The specimens contained i n  833 d a t  30 MI reac tor  power wi th  temperatures of 330 and 400OC. 

t h e  ORR-MFE-48 experiment have opemted  f o r  an equivalent  of 634 d a t  30 Irw reac tor  power 
wi th  tempemtures  of 500 and GODOC. 

2.4 Summary o f  t h e  EBR-I1 An-2 F e r r i t i c s  I r r a d i a t i o n  Exper iment  
(West inghouse Hanford Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S i x  uninstrumented B-7e capsules were removed f rom t h e  EBR- 11 a f t e r  undergoing 
i r r a d i a t i o n  during Cycles 109-113 (August 1980 t o  June 19811. Seveml  specimens were 
removed and d i s t r i b u t e d  f o r  i n t e r i m  examination, while  t h e  remaining specimens were 
re-encapsulated i n t o  f o u r  new B-7c capsules.  
included i n  t h e  new capsules. 
during Cycles 118-121 and 123 (February 1982 t o  A p r i l  19831. 

In add i t i on ,  some un i rmd ia t ed  specimens were 
These capsules were removed a f t e r  undergoing i r m d i a t i a  

2.5 High- Fluence I r r a d i a t i o n  o f  F e r r i t i c  S t e e l s  i n  HFIR: HFIR-CTR-49 and -50 
(Oak Ridge Na t iona l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The HFIR-CTR-49 and -50 experiments contain t e n s i l e  specimens and tmnsmi s s ion  e l ec t ron  
microscopy (TEMI d i s k s  of car ious f e r r i t i c  s t e e l s .  
t o  hamage l e v e l s  of 50 and 100 dpa. 

I r m d i a t i a  i s  planned a t  400 and 600°C 

2.6 I r r a d i a t i o n  o f  M i n i a t u r e  Charpy Impact 12 Cr-1 MoVW Specimens a t  200 and 300°C: HFIR-CTR-53 
(Oak Ridge N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The HFIR-CTR-53 experiment Oil1 contain 16 miniature Charpy specimens of t he  national  
f u s i o n  heat of 12 C r - I  ,MOW. 
midplane damage l e v e l  of 8 dpa. 

I r rad ia t i on  will be a t  200 and 300OC and w i l l  achieve a 
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2.1 I n t r o d u c t i o n  t o  t h e  U.S./Japan C o l l a b o r a t i v e  T e s t i n g  Program i n  HFIR and O R R  
(Oak Ridge Na t iona l  Labora to ry  and Japan Atomic Energy Research I n s t i t u t e )  . . . . . . . .  

An implementing arrangement between WE and Japan Atomic Ewergy Research I n s t i t u t e  
on U.S.-Japan col laborat ive  t e s t i n g  of f i r s t  wall and blanket  s t r u c t u m l  m t e r i a l s  i j i t h  
mized-spectrum f i s s i o n  reac tors  i n i t i a t e d  co l laborat ive  t e s t s  of e igh t  HFIR capsules and two 
ORR spec t ra l- ta i l o r ing  capsules.  The implementing arrangement al.so serves as a veh i c l e  of 
f u t u r e  co l laborat ion  between DOE and JAERI on o ther  areas of f u s i o n  technology. 
ORR spec t ra l- ta i l o r ing  capsules w i l l  be equally  shared by t he  two programs. 

The HFIR and 

2.8 I r r a d i a t i o n  Exper iments  f o r  t h e  U.S./Japan C o l l a b o r a t i v e  T e s t i n g  Program i n  HFIR and ORR 
(Oak Ridge N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The & s i p  of a l l  e i gh t  capsules HFIR-JP-I through -JP-8 is completed, and t h e  par ts  f o r  
f o u r  capsules have been m d e .  Two capsules have been assembled and are nm being i r m d i a t e d .  
D e s i p  of t h e  ORR capsule t o  operate a t  60 and ZOllOC, designated ORR-MFE-GJ, is complete, and 
par t s  procurement f o r  a p roo f- o fdes ign  capsu le  is i n  progress.  

2 . 9  The U.S./Japan C o l l a b o r a t i v e  T e s t i n g  Program i n  HFIR and OUR: I r r a d i a t i o n  M a t r i c e s  
f o r  HFIR I r r a d i a t i o n  (Oak Ridge N a t i o n a l  Labora to ry  and Japan Atomic Energy 
Research I n s t i t u t e )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The f i r s t  f o u r  capsules i n  t h e  U.S./Japan col laborat ive  program are current ly  beingi 
i r m d i a t e d  i n  HFIR. The general ob j ec t i ve s  of t h e  experiments are out l ined  and t h e  de ta i l ed  
loading of each capsule described.  

3. PATH A ALLOY DEVELflPMENT - AUSTENITIC STAINLESS STEELS . . . . . . . . . . . . . . . . . . . . . .  
3.1 E f f e c t  o f  t h e  M i c r o s t r u c t u r e  on P o s t i r r a d i a t i o n  T e n s i l e  P r o p e r t i e s  o f  Type 316 S t a i n l e s s  

S tee l  (Oak Ridge N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
t rea tments  and i r rad ia t ed  i n  t h e  ORR a t  250,  290, 450,  and 50OoC t o  a f i s t  neutron f l uence  of 
about 6.8 x 1025 neutrons/m* (-5 dpa and 40 a t .  ppm He). 
determined a t  t he  i r m d i a t i o n  temperatures f o r  s t e e l  so lu t i on  annealed 1 h a t  105OoC, I h a t  
115OoC, and 1 h a t  1050°C fot lowed by IO h a t  800OC. 

Tens i l e  specimens of type  316 s t a i n l e s s  s t e e l  were g i v e n  d i f f e r e n t  solut ion-anneat  t e a t  

The t e n s i l e  proper t ies  were 

3.2 I r r a d i a t i o n  Creep i n  Path A A l l o y s  I r r a d i a t e d  t o  5 dpa i n  t h e  ORR-MFE-4B Spec t ra l  T a i l o r i n g  
Exper iment  a t  500 and 600°C (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . .  
Prime Candidate Alloy Were i r m d i a t e d  a t  500 and 600°C i n  t h e  Oak Ridge Research Reactor 
spec tra l  t a i l o r i n g  experiment t o  5.1 dpa. Diametral measurements were m d e  t o  determine 
i r m d i a t i o n  creep mtes. Both a l l o y s  behaved m t h e r  s i m i l a r l y  but  exhib i ted  lower creep 
m t e s  than. did t h e  Fast Flux Tes t  F a c i l i t y  f i r s t  core t ype  316 s t a i n l e s s  s t e e l  i r m d i a t e d  
in EBR- II .  

Pressurized tubes  of 20%-cold-worked t ype  316 s t a i n l e s s  s t e e l  and 25%-cold-worked 

3.3 S w e l l i n g  Behav ior  o f  Manganese - Bear ing  Stee l  A I S I  216 (West inghouse Hanford Company) . . .  
The i n c l u s i a  of 8.5 w t %  manganese i n  AlSI 216 IFe-6.7Ni-8.5Mn-20Cr-2.7Mo-0.32Si) does 

not appear t o  a l t e r  t h e  swel l ing  behavior f rom t h a t  found t o  be t y p i c a l  of a u s t e n i t i c  a l l o y s  
w i th  comparable l e v l e s  of ~ s t e n t i t e - s t a b i l i z i n g  elements .  
EER-II is q u i t e  i n s e n s i t i v e  t o  i r m d i a t i o n  temperature in t he  rnnge 400 - 65OoC. Microscopy 
reveals  t h a t  t h i s  my a r i s e  f rom t h e  low l e v e l  of p rec ip i t a t i on  t h a t  occurs i n  t h e  a l l o y .  

The swel l ing  i n  AISI 216 i n  

3.4 The Development o f  A u s t e n i t i c  S t e e l s  f o r  Fas t  I n d u c e d- R a d i o a c t i v i t y  Decay 
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A program was s ta r t ed  t o  develop a u s t e n i t i c  s t e e l s  f o r  f u s i o n  reac tors  i n  which t h e  
induced m d i o a c t i u i t y  decays t o  low l e v e l s  i n  a reasonable t ime.  
Fe4r-Mni ,  alloys were melted,  c a s t ,  and r o l l e d .  These heats  w i l l  be used t o  determine 
aus t en i t e- s tab l e  compositions t h a t  can serve as a h s e  composition f o r  f u r t h e r  a l l oy ing .  

Ten s m l l  button heats  of 

3.5 The T e n s i l e  P r o p e r t i e s  and Bend D u c t i l i t y  of PCA A f t e r  I r r a d i a t i o n  i n  HFIR 
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Three d i f f e r e n t  micros truc tures  of PCA were i r m d i a t e d  i n  t h e  High Flus I so tope  Reactor 
a t  temperatures from 300 t o  600OC t o  approzimately 22 dpa and a p p r o z i m t e l y  1750 a t .  ppm He. 
The E3 condi t ion  wi th  coarse Mc i n  t h e  grain boundaries and cold-worked m t r i x  r e s i s t e d  
hel ium embrit t lement  b e t t e r  than t h e  PCA- AI  ( s o l u t i o n  annealed) or PCA-A3 125% cold worked). 
Disk bend d u c t i l i t y  data were u se fu l  f o r  screening,  but cor re la t i on  wi th  t e n s i l e  d u c t i l i t y  
was poor. 
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4. PATH E ALLDY DEVELOPMENT - HIGHER STRENGTH Fe-Ni-Cr ALLOYS . . . . . . . . . . . . . . . . . . . .  
5. PATH C ALLOY DEVELDPMENT - R E A C T I V E  AND REFRACTORY ALLflYS . . . . . . . . . . . . . . . . . . . .  

5.1 S w e l l i n g  of V-15Cr-5Ti A l l o y  on S ing le-  and Dua l- Ion  I r r a d i a t i o n  
(Arqonne Na t iona l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The e f f e c t  of s i ng l e  1 5 8 N i + + i -  and dual- ion (58Ni++ + He+l- i rmdia t ion  a t h e  
micros truc ture  of t he  V - I S C r - S T i  a l l o y  a t  72S°C ms determined f o r  i r m d i a t i o n  damage l e v e l s  
of 125  and 205 dpa and f o r  e i t h e r  t he  pre-implnnted helium 1780 appml or simultaneously 
implanted helium (9.3 appddpal  condi t ion .  The s w e l l i n g  of t h e  a l l o y  t h a t  could be 
a t t r i b u t e d  t o  voids or c a v i t i e s  was neg l ig ib l e .  
of t h e  i r r a d i a t i o n  was t o  induce t he  formation of a high d e n s i t y  of d i s c- l i k e  p rec ip i t a t e s  i n  
t h e  v i c i n i t y  of grain boundaries and i n t r i n s i c  p r e c i p i t a t e s  and on t he  d i s loca t ion  s t ruc tu re .  

The p r inc ip l e  e f f e c t  on t he  microstructure 

5.2 He l i um Doping of  a Vanadium A l l o y  by a M o d i f i e d  T r i t i u m  Trick 
(f lak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Modif icat ions include 
wrapping specimens wi th  tantalum foil and decay hold a t  400OC. Removal of undecayed t r i t i u m  
a t  700oC m y  have been e sce s s iue ,  hecause large helium bubbles i n  t he  grain boundaries 
seuerely embrittled t he  V-15Cr-5Ti  a l l o y .  
be produced by reducing t h e  removal t e m p e m t i i r e .  
helium embrit t lement  arid provide a screening method f o r  a l l o y  development. 

A t r i t i u m  t r i c k  technique was irsed t o  implant 3He i n  V - I S C r - 5 T i .  

More r e a l i s t i c  helium d i s t r i b u t i o n s  ran probably 
The technique might f a c i l i t a t e  t h e  study of 

5.3 Environ!aenta! E f f e c t s  on t h e  P r o p e r t i e s  o f  Vanadium-Base A l l o y s  
(Argonne N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A pressurized-water refreshed autoclave system f o r  esper imenta l ly  i nues t i qa t i ng  t h e  
aqueous corrosion behauior of se l ec t ed  xmadium-Sase a l l o y s  lvls been designed,  cons truc ted ,  
and checked o u t .  
Research Materials  Inventory and sheared i n t o  corrosion coupons. 
s tudy of s u l f u r  segregation i n  uanadium-base a l l o y s  has a l s o  been i n i t i a t e d .  

Tes t  specimen r m t e r i a l  has k e n  obtained f rom t h e  ORNL Fusion Program 
A scanning Auger microprobe 

6. INNflVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
h.1 The T e n s i l e  P r o p e r t i e s  and Rend D u c t i l i t y  o f  (Fe,Ni)3V 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 (flak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . .  
approz-imately I D  dpa and approsimately ID00 a t .  ppm He. Addit ions of cerium or  carbon and 
t h e  use of cold-worke3 microstructures did not improve t he  embrit t lement  res i s tance  of t h e  
LRO a l l o y s .  The LRO-37-5RS a l l o y ,  wi th  a m ic ros t ruc tum produced by mpid s o l i d i f i c a t i o n ,  
e sh ib i t ed  t he  highest  d u c t i l i t i e s ,  and f u r t h e r  s tud2  of t he  S microstructure i s  warmnted .  
The cor re la t i on  hetweev hen? d u c t i l i t y  and t e n s i l e  d u c t i l i t y  was poor. 

S e v e m l  ( F e , , V i 1 3 V  LRO allogs  ere i r rad ia t ed  i n  HFIR-CTR-42 and -43 a t  400 t o  6DD°C, t o  

7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 . 1  P o s t i r r a d i a t i o n  F r a c t u r e  Toughness Tes ts  of ESK A l l o y  HT-9 and M o d i f i e d  9Cr-1Mo A l l o y  frofn 

Pcc, specimens of Alloy HT-9 and Modified SCr-1Mo a l l o y  were i r rad ia t ed  a t  300OC and 

URR Reactor  Experiments (Naval Research L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . .  
149Oc, r e s p e c t i v e l y ,  t o  -0.8 x loza  n/cmZ, F: .0.1 MeV. 
t e s t s  f o r  fracture tou,?hriess uere completed and r e s u l t s  oompared t o  notch d u c t i l i t 2  
determinations f rom standard Ckarpy-V IC,) specimens i r rad ia t ed  i n  t he  same rzac tor  
experiments .  Fracture surface examinations by are a l s o  reported.  

& r i n g  t h i s  per iod ,  pos t i r rad ia t i on  

1.2  Elevated-Temperature T e n s i l e  P r o p e r t i e s  of 9 Cr-1 MoVNb S tee l  I r r a d i a t e d  i n  t h e  EER-I1 AD-2 
Experi lnent (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . .  

Tens i l e  specimens of normlizsi-and- temper^,^ 9 Cr-1 ,YoVNh s t e e l  Were i r m d i a t e d  i n  
FBR-11 t o  10 t o  I Z  dpa at 390 t o  550OC. T e s t s  uere  conducted a t  room tempetwture and a t  the  
i m w d i a t i o n  tempemture  on i r rad ia t ed  and unirradia ted  specimens. I r rad ia t i on  at  390OC 
increased t h e  yield s t r e s s  nnd u l t ima te  t e n s i l e  s t r eng th .  
f o r  i r r a d i a t i o n  a t  450 ,  50D, and 5 5 0 T .  

No change i n  s t r eng th  was observed 
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7 . 3  F r a c t u r e  Toughness o f  I r r a d i a t e d  H i - 9  (West inghouse Hanford Company) . . . . . . . . . . . .  104 

Compact t e n s i o n  specimens of HT-9 from t h e  AD-2 recon ezper iment  were t e s t e d  a t  20SaCC. 
Specimens of base metal have two  d i f f e r e n t  g r a i n  s i z e s :  
of weld metal was a l s o  t e s t e d  a t  205OC. T e s t  resu l t s  showed that t h e  f r a c t u r e  toughmess of 
HT-9 w i t h  a targer grain size was lower and t h e  toughnens d e g r a d a t i o n  due t o  h i g h  f l u e  
was wre s e v e r e  f o r  t h e  YT-9 weld m t a l  t h a n  f o r  the  base metal .  

RSTV 8-9 and ASTM 3 - 4 .  One specimen 

7.4 V a r i a t i o n  o f  P o s t i r r a d i a t i o n  S t r e n g t h  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  w i t h  l r r a d i a t i o n  
Temperatures (Oak Ridge N a t i o n a l  Labora to ry )  . . . . . . . . . . . . . . . . . . . . . . . .  110 

i r r a d i a t i o n  t empera tu re ,  arid a consis tent  t r e n d  has been obse rved  f o r  t h e  t h r e e  f e r - r i t i c  
steels  under i n u e s t i g a t i n .  

Data on postirradiation s t r e n g t h  p r o p e r t i e s  have been p l o t t e d  as a f u n c t i o n  o.f 

7 .5  E v a l u a t i o n  of F e r r i t i c  A l l o y  Fe-2-1/4Cr-iMo A f t e r  Neutron 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  
M i c r o s t r u c t u r a l  nevelopment (West inghouse Hanford Company) . . . . . . . . . . . . . . . . .  113 

Yicros t ruc tura l  e m m i n a t i o n s  a r e  r e p o r t e d  f o r  n i n e  specimen c o n d i t i o n s  of 2-1/4Cr-I,?o 
s t e e l  ’rhich had been i r r a d i a t e d  by f a s t  neu t rons  over t h e  temperatiire mnge 390 t o  5100C. 
Void s w e l l i n g  is found fo l lowing  i r r a d i a t i o n  a t  400 t o  483oC. 
s t r u c t u r e  arid p r e c i p i t a t i o n  forme?. Peak void swelling, uoid d e n s i t y ,  dis locat io*  d e n s i t y  
and p r e c i p i t a t e  number d e n s i t y  developed a t  t h e  lowest  t empera tu re ,  approzimtel! ,  400°!?, 
whereas m a n  void size, am? m a n  m a c i p i t a t e  s i z e  i w r e a s e d  w i t h  iricreasing i r m d i i t i i n  
t empera tu re .  
d e n s i t y  change arid p o s t  irradiation t e n s i l e  behavior .  

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

The emminnt io?  r e s u l t s  a r e  used  t o  prov ide  i n t e r p r e t a t i o n  of i n- r e a c t o r  creep,  

7.6 M i c r o s t r u c t u r a l  Examinat ion of Several  Commercial 4 l l o y s  I r r a d i a t e d  t o  Very High Neutron 
F luence (Hanford Eng ineer ing  Developnent L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . .  138 

No c o n t r i b u t i o n .  

7 . 7  A l l o y  Development f o r  Improved S w e l l i n g  Res is tance  i n  F e r r i t i c  S t e e l s  (flak Ridge N a t i o n a l  
L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139 

sheet ,form. Transmission e l e c t r o n  microscopy d i s k s  of t h e s e  h e a t s  w i l l  he i r r a d i a t e d  i~ 
HiTh Flux I s o t o p e  Reactor, on? t h e i r  p o s t i r r o d i a t i o n  eiialwatior! is expected t o  prou ide  
i i s i g h t  toward improving t he  s w e l l i i q  y e s i s t a v c e  of ferritic s t e e l s .  

Eleven b u t t n  melt h e a t s  of fe r r i t i c  s t e e l  have been produced and a r e  being proce.sse.‘ ?o 

7.8 The I n f l u e n c e  o f  Step A u s t e n i t i z i n g  Treatment on t h e  Toughness and T e n s i l e  D u c t i l i t y  of 
Hydrogen Charged HT-9 (Sandia N a t i o n a l  L a b o r a t o r i e s ,  L i ve rmore )  . . . . . . . . . . . . . . .  141 

P r i o r  r e s e a r c h  on t h e  t e r i s i l e  behav io r  of t h e  qumched a d  te l ipered s t e e l  HT-9 has s h m v  
t h a t  t he  s t e e l  e x h i b i t s  mrr4ed s u s c e p t i b i l i t y  t o  hydrogen e m h r i t t l e m e ~ t  and hiydroaen indu”e3  
i n t e r g r a n u l a r  f r a c t u r e .  T h e  s e v e r i t y  0.f t h e  e r i h r i t t l e m e n t  he s i g n i f i c a w t l y  reduce? 3 r d  
the  i w t e r g r a n u l a r  f r a c t u r e  mode e r i t i r e l y  e l i m i n a t e d  h!g swagiqg nnd re temper ing  t h e  st 
These improvements a r e  a t t r i b u t e d  t o  a r eo r i en t a t i on  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  
k i t h  r e s p e c t  t o  t h e  t e n s i l e  n z i s  and to reduced c a r b i d e  a d  imprir i ty  coverigen of g r a i n  
houvdary i n t e r ? a c e s .  
c o u l d  be increased by reduein? t h e  gra in  size. 
d i f f e r e n t  a u s t e n i t i z i n g  t r e a t m e n t s  were employed. The f i r s t  employed r e d u c t i o n s  in 
a w s t e n i t i z i n g  t e m p e m t u r e  t o  ref ine  t h e  p r i o r  l i u s t e n i t e  ?rain size. 
m i c r o s t r u c t u r a l  f e a t u r e s  o t h e r  than  grain s i n e ,  a two step n u s t m i t i z i n g  t r e a t m e n t  m s  ~ ~ 3 1 .  
In t h e s e  treatments specimens w e ~ e  quenched from a f i r a i  im i t i a i ,  n u s t e n i t i a i r i ~  t e m p e m t w r e  
which de te rmines  t h e  nustesite qrain size t o  a .second, lower, aun te i i t i z i r i q  tenipernturs .  
The second a u s t e n i t i z i n p  t e m p e r a t u r e  w i 7 1  r e d i s t r i b u t e  t h e  carbides awd ~ j r a i n  houv3nq  s e i -  
regants .  As t h e  same temperatures Were used  i r i  var!(iqg t h e  a u s t e n  
t h e  second  a u s t e n i t i z i n q  temperature in t h e  s t e p  treatments, compa 
ments should prov ide  some i n s i a h t  as t o  t h e  r o t e  of I r n  
o.f t h i s  s t e a l .  T h e  m j o ~  effects of lowering t h e  czuste izin? temperitiire f r o m  :05t9OC m e  
t o  i n c r e a s e  t h e  hydrogen charged t ens i l e  d u c t i l i t y  and t o  r educe  t h e  y i e l d  s t r e n r t k .  
Decreas ing  t h e  a u p t e n i t i z i n g  t empera tu re  from 1050° t o  900°C i n o r e m s  the hydropen <char;-e.! 
t e n s i l e  d u c t i l i t y  from 13% t o  47% and d e c r e a s e s  t h e  y i e l d  s t ren: : th  from 110 k s i  to 72  bsi. 
Decreasing t h e  secomd austenitizinp t empera tu re  in the  s t e p  treatment does not l m e r  t h e  
y i e l d  s t r e n g t h  as much as 1.owe.rinp t h e  a u s t e n i t i z i ? : ?  tempe’ratxra. There fore ,  a t  t h e  save 
a u s t e n i t i z i n g  and second  austenitizinq t empera tu res ,  the carb ide  morpholoq!.es are nst the  
same a n d  comparison of t h e  t7do heat treatwrits snrrnot he used  to defiw t h e  ro le  of ?mi? 
size. 

The swaging r e su l t s  sugqest that t h e  hy.lrogea c o m p a t i b i l i t y  of i?-9 
To asse.ss t h e  ro le  of g r a i n  size, *do  

To asses8 t h e  r o k s  qf 

z i n g  t empera tu re  urd 
on of t h e  two t r e a t -  

size in t h e  hydrogen e v h r i t t l m e n t  
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7.9 Hydrogen- Induced D u c t i l i t y  Losses i n  t h e  Hea t- A f fec ted  Lone of HT-9 Weldments 
(Sandia  N a t i o n a l  L a b o r a t o r i e s ,  L i ve rmore )  . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

The e f f e c t  of i n t e rna l  hydrogen introduced by cathodic charging on t h e  t e n s i l e  hehavior 
of simulated HAZ microstructures has been evaluated.  The l o s s  i n  d u c t i l i t y  of t he  H A 2  a f t e r  
a postweld heat treatment a t  750°C i s  equivalent  to t h a t  observed i n  t he  quench-and-tempered 
base m t e r i a t .  A postweld heat treatment a t  600OC re su l t s  i n  t e n s i l e  d u c t i l i t i e s  which are 
i n f e r i o r  t o  those  of t he  hase metal a t  comparable charging l e v e l s .  

1.10 The Development of F e r r i t i c  S t e e l s  f-r Fast  I n d u c e d- R a d i o a c t i v i t y  Decay (Oak Ridge 
N a t i o n a l  Lahora to ry )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  156 

s t ruc tu ra l  rm te r ia l s  f o r  f u s i o n  reac tors ,  t he  molybdenum w i l l  form long- lived i so topes  t h a t  
w i l l  m k e  such a l l o y s  d i f f i c u l t  t o  dispose of a f t e r  reac tor  operation.  
element ,  t u y s t e n  is often similar t o  molybdenum. 
molyhdenum i n  t h e  f e r r i t i c  s t e e l s  of i n t e r e s t ,  e i qh t  18-kg heats  o f  chromium-tungsten s t e e l s  
have been prepared and are beinq i nves t i ga t ed .  

In t h e  2 1 / 4  C r - I  ,Yo, 9 C r- I  MoVNb, and 12 Cr-1  "loVW s t e e l s  current ly  of i n t e r e s t  as 

As an alloyirig 
T o  determine i f  tungs ten  can replace 

R. STATUS OF I R R A D I A T I O N  EXPERIMENTS AND MATERIALS INVENTORY . . . . . . . . . . . . . . . . . . . .  158 

8.1 I r r a d i a t i o n  Experiment S ta tus  and Schedule (Oak Ridge N a t i o n a l  L a h o r a t o r y )  . . . . . . . . .  159 

Principal  f e a t u r e s  o f  many A D I P  i r rad ia t i on  experiments are tabula ted ,  with schedules 
f o r  recen t ,  cu r ren t ,  nnd planned experiments .  Experiments i n  ORR, H F I R ,  E B R- I I ,  and FFTF are 
included.  

8.2 Fus ion Program Research M a t e r i a l s  I n v e n t o r y  (Oak Ridge N a t i o n a l  Lahora to ry ,  Mcnonnel l  
Douglas Company, and GA Technolog ies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1% 

Materials  research and development programs. 
of t he  inventory  in .given, nlonq wi th  a record of rmterialc; t m n s f e r s  i n  t h e  report ing 
per iod .  

A cen tra l  inventory  of research moter ia ls  is maintained f o r  use i n  t h e  Fusion Reactor 
A condensed, q u a l i t a t i v e  l i s t i n g  of t he  content  

9. MATERIALS COMPATIBILITY ANI) HYDROGEN P E R M E A T I O N  S T U D I E S  . . . . . . . . . . . . . . . . . . . . . .  169 

9 .1  

9.2 

9.3 

9.4 

C o r r o s i o n  o f  Type 316 S t a i n l e s s  S t e e l ,  Path A PCA, and 12 Cr-1 MoVW Stee l  i n  Therma l l y  
Convec t i ve  L i t h i u m  (Oak Ridge Na t iona l  L a h o r a t o r y )  . . . . . . . . . . . . . . . . . . . . .  170 

Resu l t s  ,from l i t h i u m  thermal convection loops are ( 1 )  micros truc tural  var ia t ions  o f  
prime candidate a l l o y  d i d  eot  s t rongly  i n f l uence  weight loss behavior,  (21 k i n e t i c  aea l y s i s  
of data ,from s i x  m n s  tnith type  316 s t a i n l e s s  ntee l  showed phase bouridary reac t ion  c m t r o l  
f o r  d i s s o l u t i o n ,  and 131 t he  mss t m n s f e r  of a 12 C r - 1  ,MoVW s t e e l  i n  l i t h i u m  changed 
s i g n i f i c a n t l y  hrhm the  loop tempemtures  w e ~ e  m i s e d .  

Envi ronmenta l  E f f e c t s  on P r o p e r t i e s  o f  S t r u c t u r a l  A l l o y s  i n  F low ing  L i t h i u m  
(Argonne N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

f e r r i t i c  s t e e l s  exposed for up to 5500 h i n  f tmdinn l i t h i u m  a t  tempemtures of 700 and 755 K. 
A f lowing l i t h i u m  environment has no e f f e c t  a t h e  t e n s i l e  proper t ies  o f  t he  HT-9 a l l o y  a t  
temperatures hetideen 505 a d  755 K .  

C o r r o s i o n  o f  S t r u c t u r a l  A l l o y s  i n  F low ing  Ph-17Li Environment (Argonne N a t i o n a l  
L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  183 

and Type 316 s t a i n l e s s  s t e e l  on? f e r r i t i c  H T - 8  and F e - 8 C r - I . M o  s t e e l  exposed i n  f lowing 
Ph-17Li up t o  3700 h a t  tempemtures of 700 and 727 X. 
s t e e l s  show s i g n i f i c a n t  dep l e t i on  of chromium and complete deple t ion  of n i cke l  from the  
s t e e l .  

Corrosion data m h, i? ight  loss and i n t e n a t  penetra t ion  are  presented f o r  a u s t e n i t i c  and 

Corro~ion data on mi ,ght  toss aed i n t e r n a l  penetra t ion  are  presented f o r  a u s t e n i t i c  PCA 

The f e r r i t e  sca les  on a u s t e n i t i c  

C o r r r o s i o n  o f  Type 316 S t a i n l e s s  Stee l  i n  F low ing  P L 1 7  a t .  ; Li 
(Oak Ridge Na t iona l  L a h o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . .  . . .  . . 190 

Resrrlts f rom the  szposure of t ype  3 I f i  s t a in le s s  s t e e l  t o  thermally convective 
?&17 a t .  % L i  at 2 m s i w i m  $evperat,ure o,? ,500OC are reported.  Weight losses  Were l a r g e ,  
hut  t h e  effects of t h e  pos t ewosu re  l i t h i u m  r i n s e  to remove t h e  lead- l i th ium needed t o  be 
taken  ?:-to account in t he  datn arra1,iqsis. 
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1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J .  W .  Dav i s  (McDonnell Douglas A s t r o n a u t i c s  
Company - S t .  L o u i s  D i v i s i o n )  

1.1.1 AUIP Task 

Task Number 1 . A . 1  - Def ine m a t e r i a l  p r o p e r t y  requ i remen ts  and make s t r u c t u r a l  l i f e  p r e d i c t i o n s  

1 .1 .2  O b j e c t i v e  

To p r o v i d e  a c o n s i s t e n t  and a u t h o r i t a t i v e  source o f  m a t e r i a l  p r o p e r t y  d a t a  f o r  use b y  t h e  f u s i o n  com- 
m u n i t y  i n  concep t  e v a l u a t i o n ,  des ign ,  s a f e t y  a n a l y s i s ,  and per for rnance jver i f i ca t ion  s t u d i e s  o f  v a r i o u s  
f u s i o n  energy systems. 
base where i n s u f f i c i e n t  i n f o r m a t i o n  o r  v o i d s  e x i s t .  

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

1.1.3 

D u r i n g  t h e  p a s t  s i x  months t h e  handbook e f f o r t  has been towards d e v e l o p i n g  da ta  sheets .  F o r  t h i s  
p e r i o d  t h e  e f f o r t  has been t o  m a i n t a i n  a con t inuous  f l o w  o f  da ta  sheets  i n t o  t h e  handbook. 
p r o g r e s s  has been made towards t h e  achievement o f  t h i s  goa l  by t h e  c a r e f u l  m o n i t o r i n g  o f  t h e  p r o c e s s i n g  o f  
new da ta  sheets  i n  v a r i o u s  s tages o f  p r e p a r a t i o n .  

1.1.4 Progress and S t a t u s  

S u b s t a n t i a l  

The M a t e r i a l s  Handbook f o r  Fus ion  Energy Systems (MHFES) c o n t i n u e s  t o  deve lop as a u s e f u l  t o o l  f o r  
t hose  work ing  i n  t h e  des ign  o f  f u s i o n  r e a c t o r s .  
i n  f i v e  o f  t h e  e i g h t  [major c h a p t e r s .  The l a t e s t  a d d i t i o n  t o  t h e  handbook c o n s i s t s  o f  d a t a  pages on a 
f e r r i t i c  s t e e l  d e s i g n a t e d  HT-9 p repared  b y  U .  8 .  G e l l e s  o f  West inghouse Han fo rd  Company. The HT-9 da ta  
c o n s i s t s  o f  s p e c i f i c  hea t  as a f u n c t i o n  of t empera tu re .  

t h e r e  a r e  135 da ta  sheets  i n  v a r i o u s  s tages o f  r e v i e w  p r i o r  t o  i n c o r p o r a t i o n  i n t o  t h e  handbook. 

P u b l i c a t i o n  package No. 9 c o n t i n u e d  t h e  expans ion  o f  da ta  

I n  a d d i t i o n  t o  t h e  da ta  sheet  t h a t  has 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  p e r i o d  

Twenty- two ( 2 2 )  da ta  sheets  on HT-9 and 316 s t e e l s  r n d  f i b e r g l a s s  epoxy have been approved and a r e  
a w a i t i n g  p u b l i c a t i o n  a t  West inghouse Hanford Company. The HT-9 d a t a  shee ts ,  p repared  b y  D.  8 .  G f l l e S  o f  
West inghouse Hanford Company, p r o v i d e  i n f o r m a t i o n  on t h e  e f f e c t  o f  t empera tu re  on P o i s s o n ' s  R a t i o ,  Young 's  
Modulus and Shear Modulus, as w e l l  as p h y s i c a l  p r o p e r t y  i n f o r m a t i o n  on s p e c i f i c  hea t ,  t he rma l  d i f f u s i v i t y ,  
t he rma l  e m i s s i v i t y  ( i n  vacuum and s t a b l y  o x i d i z e d )  and the rma l  c o n d u c t i v i t y .  The 316 s t a i n l e s s  s t e e l  da ta  
sheets ,  p repa red  by N .  J .  Simon o f  N a t i o n a l  Bureau of  Standards,  p r o v i d e  i n f o r m a t i o n  on impac t  energy, 
f a t i g u e  l i f e ,  f a t i g u e  c r a c k  g rowth  and f r a c t u r e  toughness a t  c r y o g e n i c  tempera tu res .  The f i b e r g l a s s  epoxy 
d a t a  sheets ,  p repa red  b y  C .  E .  Klabunde o f  Oak Ridge N a t i o n a l  Labora to ry ,  a r e  r e v i s i o n s  t o  da ta  sheets  
c u r r e n t l y  i n  t h e  handbook on t h e  e f f e c t  o f  i r r a d i a t i o n  on r e s i s t i v i t y  and w e i g h t  l o s s .  

p o l y i m i d e s  have been th rough  t h e  r e v i e w  c y c l e  and were r e t u r n e d  t o  t h e  a u t h o r s  t o  have t h e  r e v i e w e r s '  coin- 
ments i n c o r p o r a t e d .  The l i t h i u m  da ta  shee ts ,  p repa red  by W .  F. Brehni o f  West inghouse Hanford Cowpany, p r o -  
v i d e  the rma l ,  mechan ica l ,  and e l e c t r i c a l  p r o p e r t y  i n t o r m a t i o n  as a f u n c t i o n  o f  t empera tu re .  The HT-9 da ta  
sheets  p repared  b y  0. 8 .  G e l l e s  o f  Ues t inghouse  Han fo rd  Company p r o v i d e  i n f o r n ~ a t i o n  on i r r a d i a t i o n  induced 
s t r e s s - t r e e  s w e l l i n g .  The 316 s t a i n l e s s  s t e e l  da ta  shee ts ,  p repa red  by N .  J .  Simon of  NBS, p r o v i d e  
mechanica l  p r o p e r t y  i n f o r m a t i o n  on f r a c t u r e  toughness, u l t i m a t e  t e n s i l e  s t r e n g t h ,  t e n s i l e  y i e l d ,  t e n s i l e  
e l o n g a t i o n ,  t e n s i l e  r e d u c t i o n  o f  area and e n g i n e e r i n g  s t r e s s - s t r a i n ,  and thermal  p r o p e r t y  i n f o r n a t i o n  on 
s p e c i f i c  hea t ,  t he rma l  c o n d u c t i v i t y  and the rma l  expans ion,  as w e l l  as i r r a d i a t i o n  induced v o i d  s w e l l i n g  
( s t r e s s - f r e e  and s t r e s s - a f f e c t e d )  and p r e c i p i t a t e - r e l a t e d  d e n s i f i c a t i o n .  The f i b e r g l a s s  epoxy and p o l y i m i d e  
da ta  sheets ,  p repa red  b y  C .  E .  Klabunde o f  Oak Ridge N a t i o n a l  Labora to ry ,  p r o v i d e  mechanica l  p r o p e r t y  i n f o r -  
m a t i o n  on t h e  e f f e c t  o f  i r r a d i a t i o n  on f l e x u r e  and compress ive s t r e n g t h  f o r  s e v e r a l  epox ies  and p o l y i n i i d e s .  

These pages, p repa red  by E l .  J .  Sinion o f  NBS, p r o v i d e  genera l  and mechanica l  p r o p e r t y  i n f o r m a t i o n  on composi-  
t i o n  and t e n s i l e  s t r e n g t h .  

F i f t y - f i v e  (55)  d a t a  shee ts  on l i t h i u m  compounds (Li 0 and L i  Z r 3  ) ,  21Cr-6Ni-YMn, HT-9, 316 and s t a i n -  
l e s s  s t e e l  have been s u b m i t t e d  f o r  i n c l u s i o n  i n t o  t h e  hangbook. T8e l q t h i u m  o x i d e  da ta  sheet ,  p repa red  a t  
McDonnell Douglas, p r o v i d e s  the rma l  c o n d u c t i v i t y  i n f o r m a t i o n .  The l i t h i u m  o c t a r i r c o n a t e  da ta  shee t ,  p r e - 6  
pared by G. W .  H o l l e n b e r g  o f  West inghouse Han fo rd  Company, p r o v i d e s i n f o r m a t i o n  on t h e o r e t i c a l  d e n s i t y  vs L i  
enr ichment .  The 21Cr-6Ni-YMn da ta  sheets ,  p repa red  b y  N .  J .  Sinion o f  NBS, p r o v i d e  mechanica l ,  t he rma l  and 
e l e c t r i c a l  p r o p e r t y  i n f o r m a t i o n  a t  c r y o g e n i c  tempera tu res .  The 316 s t a i n l e s s  s t e e l  da ta  shee ts ,  p repa red  b y  
Bob Simons, M. L.  Hami l t on ,  J .  8 .  P i n t l e r ,  and D. K. G u t i e r r e z  o f  West inghouse Hanford Company, p r c v i d e  
mechanica l  and the rma l  p r o p e r t y  i n f o r m a t i o n  a t  e l e v a t e d  tempera tu res .  

Data sheets  c u r r e n t l y  i n  p r e p a r a t i o n  o r  p lanned w i l l  c o v e r  s t r u c t u r a l  m a t e r i a l s  (vanadiuln a l l o y s  and 
copper a l l o y s ) ,  supercanduc t ing  magnet case  m a t e r i a l s ,  ceramic  e l e c t r i c a l  i n s u l a t o r s  (MACOR, a lum ina )  and 

I n  a d d i t i o n ,  f i f t y - f o u r  ( 5 4 )  d a t a  sheets  on l i t h i u m ,  HT-9, 316 s t a i n l e s s  s t e e l ,  f i b e r g l a s s  epox ies ,  and 

Four ( 4 )  da ta  sheets  on 21Cr-6Ni-9Mn s t a i n l e s s  s t e e l  a r e  b e i n g  rev iewed  by t h e  MHFES a d v i s o r y  group.  
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n e u t r o n  m u l t i p l i e r s / b r e e d e r s  ( b e r y l l i u m  and l i t h i u m  l e a d ) .  
sheets  on s p e c i f i c  d e s i g n  r e l a t e d  i s s u e s  such as i r r a d i a t i o n  c reep  and i t s  t r e a t m e n t  i n  s t r u c t u r a l  des ign,  
s w e l l i n g ,  and magnet ic  e f f e c t s  when magnet ic  m a t e r i a l s  a r e  used (e.g. f e r r i t i c  s t e e l s ) .  

I n  a d d i t i o n ,  e f f o r t  i s  underway t o  deve lop  da ta  

I n  o u r  c o n t i n u i n g  e f f o r t  t o  make t h e  handbook more use fu l  t o  t h e  f u s i o n  energy community, we a r e  
d i r e c t i n g  o u r  e f f o r t s  towards i n c l u s i o n  o f  m a t e r i a l s  t h a t  a r e  c a n d i d a t e s  f o r  machines such as  TFCX. These 
e f f o r t s  i n c l u d e  reques ts  f o r  s u b m i t t a l s  o f  da ta  shee ts  f o r  copper  and magnesium o x i d e .  

1.1.5 Conc lus ions 

S u b s t a n t i a l  p r o g r e s s  has been made 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 .  A d d i t i o n a l  work i s  needed on t h e  p a r t  o f  everyone,  e s p e c i a l l y  r e v i e w e r s  and page p r e p a r e r s .  There 
a r e  s t i l l  a number o f  da ta  pages i n  t h e  r e v i e w  c y c l e  a w a i t i n g  approva l ,  however, once these  d a t a  pages a r e  
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 pages w i l l  be  needed if 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 .  
Researchers  i n  A D I P  and o t h e r  t a s k  groups 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  shee ts .  
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1.2 LIFETIME ANALYSIS:  THERMALLY DRIVEN FATIGUE CRACK GROWTH I N  AN HT-9 FIRST WALL - C. F. Dahms and 
T. A. Lech tenberg  ( G A  Techno log ies )  

1.2.1 AQlEaSk 

The Department of Energy, O f f i c e  o f  Fus lon  Energy, has c i t e d  t h e  need t o  l n v e s t l g a t e  f e r r i t i c  a l l o y s  
under t h e  ADlP Program Task, F e r r i t i c  S t e e l  Development (Pa th  E l .  

1.2.2 mJ@€th 
To develop a f r a c t u r e  management method w l t h  which 1 i f e t l m e  c a l c u l a t l o n s  can be per formed t o  assess 

t h e  e n g l n e e r l n g  f e a s i b l l l t y  of u s i n g  HT-9 as a f i r s t - w a l l  and b r e e d l n g  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 .  

1.2.3 

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

1.2.4.1 htmdudm t 

Body- centered c u b i c  a l l o y s  such as f e r r i t l c  s t e e l s  and vanadium base a l l o y s  e x h l b l t  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  c h a r a c t e r l s t l c s .  I n  d e s l g n i n g  w i t h  such m a t e r l a l s .  It Is necessary  t o  develop c r i t e r i a  
and des lgn  procedures t o  assure  t h a t  canponents made frm t h e s e  a l l o y s  w i l l  n o t  s u f f e r  f a s t  o r  b r l t t l e  
f r a c t u r e .  I n  o r d e r  t o  develop an e f f e c t l v e  f r a c t u r e  management, methodology for f u s i o n  f i r s t  w a l l / b r e e d -  
I ng  b l a n k e t s  (Fw/B), a d e f l n l t l o n  of t h e  c r i t l c a l  m a t e r i a l s  parameters  i s  r e q u l r e d  I n  c o n j u n c t i o n  w i t h  a 
s u i t a b l e  s t r e s s  a n a l y s i s  o f  s p e c i f i c  c o n f i g u r a t l o n s .  Then, t h e  a c c e p t a b l e  beginn ing- of- 1 I f e  (BOL) f l a w  
s i z e s  and shapes can be c a l c u l a t e d  f o r  v a r i o u s  l i f e t i m e s .  The r e s u l t s  fran t h e s e  s t u d i e s  can g u i d e  t h e  
manufactur lng,  q u a l i t y  assurance, i n s p e c t i o n ,  and a l l a a b l e  o p e r a t i n g  c o n d i t i o n s  of  t h e  canponent. T h i s  
c o n t r l b u t l o n  r e p o r t s  d a t a  on a I i f e t l m e  code u s l n g  HT-9 as a s t r u c t u r a l  m a t e r r a $  and r e l y i n g  on des ign  
g u l d e l l n e s  and c o n f l g u r a t l o n s  frm t h e  B l a n k e t  Camparison S e l e c t i o n  Study (BCSS). 

An i m p o r t a n t  I s s u e  i n v o l v e d  i n  u s l n g  BCC m a t e r l a l s  I n  a h i g h  energy n e u t r o n  env l ronment  1s t h e  
i n c r e a s e  I n  t h e  d u c t i l e - b r l t t l e  t r a n s i t i o n  tempera tu re  (DBTT) t h a t  r e s u l t s  frm I r r a d l a t l o n .  I n  o r d e r  t o  
f u l l y  demonst ra te  t h e  p o t e n t i a l  05 B C C  m a t e r i a l s  such as HT-9, a computer a n a l y s l s  t e c h n l q u e  based on t h e  
U n i v e r s i t y  of Wlscons ln  WISECRACK code has been developed I n  which c r a c k  g r a t h  i s  s t u d i e d  i n  a Fh'/B 
des ign  genera ted  by t h e  BCSS. Mechanlcal  p r o p e r t y  data, m o d i f l e d  for n e u t r o n  a f f e c t s  (such as changes i n  
s t r e n g t h ,  DBTT temperature,  upper and lower s h e l f  f r a c t u r e  toughness, and f a t l g u e  c rack  g r a t h  r a t e s )  a r e  
i n c o r p o r a t e d  i n t o  t h e  code which p e r m i t s  c a l c u l a t l o n s  of I l f e t i m e s  for v a r l o u s  load  c y c l e  t ypes .  

1.2.4.2 A n a l v l t l c a l  

w 
Design g u i d e l i n e s  a r e  s p e c i f i e d  I n  t h e  BCSS f o r  b o t h  tokamak and m l r r o r  c o n f i g u r a t i o n s .  The main 

d i f f e r e n c e  between t h e  two c o n f i g u r a t i o n s  Is t h a t  t h e  tokamak s u r f a c e  w a l l  l o a d l n g  i s  a p p r o x i m a t e l y  20 
t i m e s  g r e a t e r  t h a n  t h a t  f o r  t h e  mlrror. The l o a d i n g s  used for t h i s  a n a l y s l s  a r e  f o r  t h e  tokamak des ign  
on ly .  Tab le  1.2.1 d e s c r i b e s  t h e  l o a d i n g s  wh lch  were used t o  pe r fo rm t h e  thermal ,  s t r e s s ,  and f r a c t u r e  
ana lyses  o f  a tokamak f l r s t - w a l l  d e s i g n T .  

Tab le  1.2.1 Oeslgn load  g u i d e l i n e s  

Neutron Wal I Loadlng = 5 W/n? 
Sur face  Wal l  Loading = 1 MW/& 
I r r a d i a t i o n  Ra te  = 100 dpa/2 y r  I I f e  

Wal l  E r o s i o n  Rate = 2 m d 2  r I I f e  
Tokamak Burn Cyc le  = 1 x IO i sec ON. 30 sec OFF 

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

The plasma s i d e  of t h e  w a l l  i s  smooth and t h e  coo lan t- breeder  s l d e  1s a f l n n e d  o r  r i b b e d  c o n f i g u r a-  
t i o n .  T h i s  Is seen I n  F ig .  1.2.1. The c o o l a n t  i s  he1 ium and t h e  b r e e d i n g  m a t e r i a l  Is LI20.  On t h e  
plasma s i d e  t h e  w a l l  I s  a l l o w e d  t o  erode 0.1 cm per  year. A t  t h e  end o f  I I f e  (EOL), t h e  t h i c k n e s s  of  t h e  
f i r s t  w a l l  a t  t h e  minimum s e c t i o n  i s  0.15 cm The des lgn guide1 i n e  s p e c i f i e s  a minimum twc-$ear i i f e t i m e  
which corresponds t o  a p p r o x l m a t e l y  100 dpa. A psuedo s t e a d y- s t a t e  tokamak b u r n  c y c l e  of  10 sec w i t h  a 3 0  
sec o f f  t i m e  f o r  r e s e t t i n g  of t h e  OH co11, removal of  t h e  ash and r e c h a r g i n g  of t h e  f u e l  was assumed frm 
t h e  BCSS. 

w 
Because of t h e  l o s s  of  m a t e r i a l  ( e r o s i o n )  due t o  t h e  I n t e r a c t i o n  between t h e  plasma and f i r s t  w a l l ,  

a s a c r i f i c i a l  l a y e r  of 0.2 cm Is a l l a e d  f o r  t h e  two year  minimum l i f e t i m e  used I n  t h e  BCSS g u i d e l i n e s .  A 
thermal  a n a l y s i s  was performed f o r  bo th  t h e  BOL 0.35 cm f i r s t  w a l l  t h l c k n e s s  and an EOL geane t ry  w i t h  0.15 
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an t h i ckness .  
a t  BOL and EOL. 

l i n e s  show t h e  c o n f l g u r a t i o n  of t h e  models used I n  t h e  computer analyses.  
c o n d i t i o n s  assumed for t h e  s t r e s s  a n a l y s l s  models. 
z - d l r e c t l o n  by expans lon  j o i n t s  between t h e  module end p l a t e s  and t h e  f i r s t  w a l l .  
p l ane  Ir,&, 
and I s  n o t  a t r u e  c l r c u l a r  c y l i n d e r .  
c o n s e r v a t i v e  i n  c a l c u l a t i n g  d e t a i l e d  f i r s t  w a l l  s t r e s s e s  . 

F i g u r e  1.2.2 shows t h e  c a l c u l a t e d  s u r f a c e  tempera tures  a t  t h r e e  l o c a t l o n s  on t h e  f i r s t - w a l l  

F l g u r e  1.2.2 shows t h e  boundary 

A I l n e a r  d l s t r l b u t i o n  was assumed between these tempera tures .  
F i g u r e s  1.2.1 l b )  shows c r o s s- s e c t i o n s  of t h e  l obe  w a l l  a t  b e g l n n l n g  and end o f  I I f e .  The dashed 

The f i r s t  w a l l  i s  a l l owed  t o  expand f r e e l y  I n  t h e  
i n  t h e  c r o s s  s e c t i o n a l  

normal t o  t h e  r e a c t o r  t o r o i d a l  d i r e c t i o n ,  t h e  lobe i s  a t t a c h e d  t o  t h e  d l s t r l b u t l o n  d u c t l n g  
However, t h e  use 3 of an a x l s y m e t r l c  model has been shown t o  be 

649 “C i 

BO1 

541 “C \ 

RADIAL 489 o c  1 

t 
I 

X- 2 

THETA NORMAL TO A-2 

---- - - - - _  
338 “C ’ 

EO1 

F i g .  1.2.2. 
E n d- o f - l i f e  c o n d i t i o n .  

Ax lsymmet r ic  s t r e s s  model - f r e e  body dlagram f o r  t h e  B e g l n n l n g- o f - l i f e  and 

4 The thermal s t r e s s e s  c a l c u l a t e d  by TEPC a r e  shown for BOL ( F i g .  1.2.3) and EOL ( F l g .  1 .2 .4 ) .  The 
most c r l t l c a l  a rea of t h e  f l r s t  w a l l  i s  t h e  t h i n  w a l l  s e c t i o n  between t h e  c o o l i n g  f l n s .  The p r imary  
p ressu re  s t r e s s  caused by t h e  50 a h  c o o l a n t  p ressu re  Is superimposed on t h e  secondary thermal  s t r e s s e s  
r e s u l t i n g  i n  t h e  t o t a l  s t r e s s  d l s t r l b u t l o n s  shown i n  F ig .  1.2.5. The thermal s t r a i n s  a r e  Induced o n l y  
d u r i n g  a bu rn  c y c l e  (’On’ c y c l e )  as shown, b u t  t h e  c o o l a n t  p ressu re  s t a y s  c o n s t a n t  d u r i n g  a i l  load cond i -  
t l o n s .  The end p l a t e  s t r u c t u r e  (F ig .  1.2.11 I s  assumed t o  suppo r t  t h e  p ressu re  loads i n  t h e  2 - d i r e c t i o n  
and t h e r e f o r e  no p ressu re  s t r e s s e s  a r e  exper ienced by t h e  f l r s t - w a l l  I n  t h i s  d l r e c t l o n .  

These a r e  i n tended  t o  
b r a c k e t  ( o r  bound) t h e  p o s s l b l e  s t r e s s  s t a t e s  whlch w i l l  deve lop  d u r i n g  o p e r a t i o n  and a r e  summarized 
below. 

Assumlng an i n i t i a l l y  s t r e s s  f r e e  s ta te ,  t h e  a p p l l c a t l o n  o f  t h e  f i r s t  bu rn  c y c l e  w i l l  induce a 
s t r e s s  d l s t r l b u t l o n  whlch I s  e s s e n t i a l l y  I l n e a r  th rough t h e  wal l- - as l o n g  as no p l a s t i c i t y  occu rs  (1.e.. 
I l n e a r  e l a s t l c  m a t e r i a l ) .  D u r i n g  t h e  ‘on‘ p a r t  of t h e  b u r n  cyc le ,  temperatures,  and t h e r e f o r e  thermal  

Two d i f f e r e n t  s t r e s s  c y c l e s  were u t l l l z e d  for t h e  c rack  p r o p a g a t l o n  a n a l y s i s .  



s t r a l n s ,  a r e  h e l d  c o n s t a n t  and, i f  no c reep  occurs,  s t r e s s e s  w 1 1 I  remain cons tan t .  For  t h e  bu rn  ' o f f '  
cyc le ,  t h e  t empera tu re  g r a d i e n t s  a r e  removed and o n l y  t h e  p ressu re  s t r e s s  remalns.  T h l s  c y c l e  Is termed 
t h e  & t i c  s t r e s s  s t a t e  c v c l e  

I f ,  on t h e  o t h e r  hand, c reep occu rs  d u r l n g  t h e  bu rn  'on '  p a r t  o f  t h e  cyc le ,  s t r e s s  r e l a x a t i o n  w i l l  
occur .  The boundlng case f o r  t h i s  w 1 1 I  be I f  a l l  t h e r m a l l y  induced (secondary)  s t r e s s e s  r e l a x  t o  zero.  
I n  t h i s  case, a f t e r  a p e r i o d  o f  t i m e  t h e  s t r e s s e s  I n  t h e  " burn  on" p a r t  of t h e  c y c l e  w 1 1 I  s lmp ly  change t o  
t h o s e  caused by t h e  p ressu re  l p r l m a r y ) .  T h l s  I s  c a l l e d  t h e  -. Then, d u r l n g  t h e  
" burn o f f "  p a r t  of t h e  c y c l e  when t h e  t empera tu re  d l s t r l b u t l o n s  a r e  removed, a thermal  s t r e s s  d l s t r l b u t l o n  
equal and o p p o s i t e  t o  t h a t  l n l t l a l l y  Induced w i l l  be superimposed on t h e  p ressu re  s t r e s s .  T h i s  I s  c a l l e d  
t h e  -sed s f a t e  o f  s t r e s s  . Subsequent ly  d u r i n g  " burn on" and " burn o f f "  pe r l ods ,  t h e  s t r e s s  d l s t r l b u -  
t l o n s  w i l l  c v c l e  between t h e  r e l a x e d  s t a t e  and reve rsed  s t a t e  r e s p e c t i v e l y .  T h l s  c v c l e  I s  termed t h e  -. 

The e l a s t l c  s t a t e  s t r e s s  c y c l e  and t h e  r e l a x e d  s t a t e  s t r e s s  c y c l e  were used f o r  t h e  c r a c k  propaga- 
t i o n  analvses.  I n  s e r v l c e  ope ra t i on .  t h e s e  s t a t e s  w 1 1 I  be m o d i f l e d  bv t i m e  independent p l a s t i c  deforma- 
t i o n  and by t h e  f a c t  t h a t  100% c r e e p . r e l a x a t l o n  may n o t  occur.  However, t h e  assump t l ons ' a re  adequate for 
t h e  p r e l l m l n a r y  boundlng ana lyses  per fo rmed here. 

t h e  BOL model has a peak t empera tu re  o f  649OC whlch exceeds t h e  s t r u c t u r a l  m a t e r l a l  t empera tu re  I l m l t l  of 
550% by IOOOC. More r e c e n t  des lgns  for t h e  BCSS u t l l l z e  a "grooved" concept  for t h e  f l r s t  w a l l  I n  whlch 
t h e  m a t e r l a l  a t  t empera tu res  above 550% do n o t  expe r l ence  thermal  s t r e s s .  The m a t e r l a l  Is grooved t o  a 
depth  co r respond lng  t o  t h e  amount o f  w a l i  t h a t  may be eroded d u r l n g  t h e  module I I f e .  T h i s  t echn lque  Is 
used as necessary f o r  a l l  c a n d l d a t e  m a t e r l a l s .  For s l m p l l c l t y ,  t h e  groove was n o t  I nc luded  I n  t h i s  ana l-  

I t  must be no ted  t h a t  t h i s  smooth w a l l  des lgn  meets a l l  t h e  des ign  a l l o w a b l e  c r l t e r l a  except  t h a t  

ys is .  - 
The ccmputer  code "WISECRACKq12 was used t o  per fo rm t h e  f r a c t u r e  a n a l y s i s  of t h e  t h i n  wal I s e c t i o n  

The code u t i l l z e s  a m o d l f l e d  Forman equat lon ,  o r l g l n a l l y  u s l n g  t h e  s t r e s s  d l s t r l b u t l o n s  summarlzed above. 
proposed by Spelde15, 

da = B Am[ .\K - 
dN K l c  - Af AK 

Ko ln  

where h = I/(I-R) 
R = KmIn/KMAX 
f = E (To)/E,T 1 1 1 )  

AK = Kmax - Kmln 
KO = t h r e s h h o l d  s t r e s s  I n t e n s i t y  

K l c  = p l a n e s t r a i n  f r a c t u r e  toughness 
and where B = 1 . 3  x 

m = 1.0 
n = 1.65 

a r e  c o n s t a n t s  c a l c u l a t e d  fran t e s t  da ta  f o r  HT-9 a t  25OC and 600oc6. 
sented i n  F ig.  1.2.6. 

t h r e s h o l d  s t r e s s  1ntensI i -y  f a c t o r ,  KO. I t  
1s e s t l m a t e d  t h a t  i r r a d l a t l o n  w i l l  cause t h e  f r a c t u r e  toughness t o  decrease t o  a " lower  s h e l f "  v a l u e  o f  

app rox ime te l y  60 MPa dim7. The t i m e  r e r y l i r e d  f o r  t h e  toughness t o  decrease depends on t h e  neu t ron  f l u e n c e  
and damage b u t  I s  p robab !y  s h o r t  ( < l y r )  . Because t h e  f l u e n c e  Is n o t  w e l l  c h a r a c t e r i z e d  it c o n s e r v a t i v e l y  
was assumed t h a t  K l c  remalned c o n s t a n t  a t  a v a l u e  o f  60 MPa Jm fran t h e  b e g l n n l n g  of l i f e .  
chang ing  K l c  w 1 1 I  be I n c o r p o r a t e d  I n t o  t h e  model. The e f f e c t  of a lower K l c  v a l u e  can be I n c o r p o r a t e d  
I n t o  t h e  f a t l g u e - c r a c k  growth  e q u a t i o n  e l t h e r  by s h i f t i n g  t h e  whole c u r v e  t o  t h e  l e f t  o r  s lmp ly  d e f l n l n g  a 
c u t o f f  p o i n t  for t h e  u n l r r a d l a t e d  c u r v e  as shown s c h e m a t i c a l l y  I n  F l g u r e  1.2.7. The c o n s e r v a t i v e  assump- 
t i o n  o f  s h l f t l n g  t h e  whole cu rve  was assumed I n  t h l s  a n a l y s l s .  

The f r a c t u r e  a n a l y s l s  u t l l l z e d  both  t h e  e l a s t i c  s t r e s s  d l s t r l b u t i o n  and t h e  r e l a x e d  d l s t r l b u t l o n .  I t  
was assumed t h a t  t hese  two extreme cases would bound t h e  problem, and sane l n t e r p o l a t l o n  t o  a more r e a l -  
l s t l c  s t a t e  m l g h t  be per fo rmed u s l n g  t h e  r e s u l t s  o f  t hese  two c o n d l t l o n s .  l n l t l a l  f l aw  depths of 0.5, 
0.25. 0.10. and 0.05 of t h e  t o t a l  t h i c k n e s s  were assumed. The f l a w ' s  aspec t  r a t i o  ( c r a c k  depth C 1/2 
s u r f a c e  c r a c k  l e n g t h )  was taken  t o  be between 1.0 l s e m l - c i r c u l a r )  and 0.2 s l n c e  these  r e p r e s e n t  extremes. 
The canpu te r  code WISECRACK c a l c u l a t e s  t h e  v a r y i n g  K- va lue  ahead o f  t h e  c r a c k  f r o n t  as t h e  c r a c k  growth 
r a t e .  

1.2.4.3 lla.uJ& 

The r e s u l t l n g  da/dN mode Is p r e  

The va lues  o f  100 and 9MPa ,'i r e s p e c t l v e l y  were used for t h e  f r a c t u r e  toughness, K IC ,  and t h e  
A K l C  o f  100 MPa h I s  v a l i d  for u n l r r a d l a t e d  m a t e r l a l  only. 

La te r ,  a 

The f r a c t u r e  ana l yses  f o r  both  t h e  BOL and E N  showed ve ry  l i t t l e  c r a c k  growth  f o r  a c l r c u m f e r e n t l a l  
crack.  The s t r e s s  d i s t r i b u t i o n  I n  t h e  Z - d l r e c t i o n  (F ig .  1.2.5) was n o t  severe  enough In e l t h e r  t h e  e las-  
tic or r e l a x e d  s t a t e  t o  cause s i g n l f l c a n t  K- values f o r  f l a w s  on e i t h e r  t h e  plasma o r  c o o l a n t  s lde .  T h l s  
is due t o  t h e  way I n  whlch t h e  end p l a t e s  a r e  connected t o  t h e  f l r s t  w a l l  - both  p ressu re  loads and 
o v e r a l l  a x l a l  thermal  c o n s t r a i n t  loads a r e  minimized.  



R 

0.7 C M  1 0 . 3 5  C M  - 
I 

183 M P a  

Fig .  1.2.3. The f i n i t e  e lement  model ( a )  used for B e g i n n i n g - o f - l i f e  c a l c u l a t i o n s  i n c l u d i n g  t h e  
( b )  t e m p e r a t u r e  d i s t r i b u t i o n  and ( c )  r e s u l t i n g  t h e t a  d i r e c t i o n  s t r e s s e s  due t o  c y c l i c  the rma l  l o a d i n g  
and p r i m a r y  c o o l a n t  p r e s s u r e  s t r e s s .  

5 5 0 ° C  
3 3 0 ' C  

I 

57 M P a  

Fig .  1.2.4. The f i n i t e  e lement  model ( a )  used for E n d - o f - l l f e  (EOL) c a l c u l a t i o n s  i n c l u d i n g  t h e  
( b )  t e m p e r a t u r e  d l s t r l b u t i o n ,  and ( c )  EOL e l a s t i c  t h e t a  s t resses .  
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F lg .  1.2.5. The s t ress  d i s t r i b u t i o n s  fo r  t h e  Beglnning and End-o f - l I f e  fo r  t h e t a  and 
Z-d l rect ion stresses In HT-9 f l r s t  wal l  rnaterlal  fo r  the e l a s t l c  and re laxed  s t ress  condlt lons.  
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1.2.6. The f a t l g u e  c rack  growth c u r v e  f o r  HT-9 p l o t t e d  f rom a m o d l f l e d  Forman e q u a t i o n  
a t  25OC and 600°C (dashed I I n e s )  t o  c a l c u l a t e  cons tan ts .  
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I n  t h e  t h e t a- s t r e s s  d i r e c t i o n ,  
however, t h e  a n a l y s l s  p r e d i c t s  t h a t  
a x i a l  c r a c k s  can grow t h r o u g h  t h e  w a l l  
f rom e i t h e r  t h e  plasma s i d e  o r  t h e  
c o o l a n t  s i d e  depending on aspec t  r a t l o  
and l n l t l a l  f l a w  depth. The r e s u l t s  o f  
t h e  I l f e t i r n e  c a l c u l a t i o n s  a r e  g i v e n  I n  
Tab le  1.2.2 for t h e  b e g l n n l n g  of l i f e  
and end of  I I f e  c o n d i t i o n s ,  f o r  f l a w  
depths r a n g i n g  between .5 and . I  t i m e s  
t h e  t h i c k n e s s  of  t h e  w a l l ,  and for 
aspec t  r a t i o s  ( a / c )  between .2 and 1.0. 
R e s u l t s  a r e  g i v e n  for b o t h  t h e  e l a s t i c  
s t r e s s  and t h e  r e l a x e d  s t r e s s  cyc les .  

1.2.4.4 Conclusions 

S p e c i f i c  c o n c l u s i o n s  from t h e  
r e s u l t s  a re :  

( 1 )  I f  s l g n l f l c a n t  c r e e p  o c c u r s  
c rack  p r o p a g a t i o n  r a t e s  w i l l  be h l g h e r  
t h a n  If no c reep  occurs.  

(2) A c rack  l n l t i a t i n g  on t h e  
plasma s l d e  w i l l  p ropaga te  th rough  t h e  
w a l l  a t  a h l g h e r  r a t e  t h a n  a c r a c k  
I n i t i a t i n g  on t h e  c o o l a n t  s ide.  

( 3 )  Crack g rowth  r a t e s  a r e  h l g h e r  
I f  a t h i c k e r  w a l l  (BOL) Is used. 

( 4 )  I f  t h e  i n i t i a l  f l a w  s i z e  1s 
l e s s  t h a n  1/4 t h e  w a i l  th ickness,  t h e  
w a l l  e r o s l o n  w i l l  remove t h e  c rack  
d u r i n g  t h e  des ign I I fe .  

( 5 )  A t  no t i m e  d u r i n g  t h e  s e r v i c e  
c y c l i n g  d i d  t h e  f l a w  s i z e  exceed t h e  
c r i t i c a l  flaw s i z e  whlch would cause a 
b r i t t l e  f r a c t u r e .  

These c o n c l u s l o n s  may g i v e  sane 
I m p o r t a n t  gu idance t o  m a n u f a c t u r i n g  and 
qual  i t y  assurance r e q u i r e m e n t s  whlch 
must be i n c o r p o r a t e d  i n t o  a f r a c t u r e  
management scheme. 

F u t u r e  work w i l l  i n c l u d e  an 
a n a l y s i s  of  t h e  capabl  I l t l e s  of c u r r e n t  
NDE t e c h n i q u e s  w l t h  t h e  ca lcu la ted 
q u a l i t y  assurance needs. 

1.2.4.5 lMuQ&& 

Table 1.2.2. L l f e t i m e s  c a l c u l a t e d  f o r  v a r i o u s  aspec t  r a t i o s  
for plasma and c o o l a n t  s i d e s  of  f e r r i t i c  s t e e l  f i r s t  w a l l  

f o r  B e g l n n l n g- o f- L i f e  (BOL) and E n d- o f- L i f e  (EOL) 

L i f e t i m e  ( y r s )  

a / t  a /c  E l a s t i c  S t r e s s  Relaxed S t r e s s  

Plasma Coo lan t  Plasma Coo lan t  

BOL 0.50 

0.25 

0.10 

EOL 0.50 

0.25 

0.2 
0.4 
0.6 
0.8 
1 .o 
0.2 
0.4 
0.6 
0.8 
1 .o 

0.2 
0.4 
0.6 
0.8 
1 .o 

0.2 
0.4 
0.6 
0.8 
1 .o 

0.2 
0.4 
0.6 
0.8 
1 .o 

7.2 
18.7 
30.0 
30.0 
30.2 

30.1 
30.2 
30.3 
30.4 _-_ 

30.1 
30.4 
30.4 --- --- 
6.1 

28.1 
30.4 --- ___ 
30.4 --- -__ --- --- 

10.4 0.35 
30.0 1.3 

7.9 1 .o 
30.4 2.9 

1.37 
3.4 
6.8 

12.5 
22.3 

22.4 
30.4 --- --- 
_ _ _  

27.0 
30.4 --- --- --- 

1.5 
4.3 
9.1 

16.9 
29.0 

14.8 
30.2 --_ _-_ --- 

a = l e n g t h  o f  c rack  
c = dep th  of c r a c k  
t = wal I t h i c k n e s s  

C a l c u l a t i o n s  w I i I  c o n t i n u e  t o  de te rm ine  what t h e  lower  bound f r a c t u r e  toughness (Kit) must be t o  
p r e v e n t  b r l t t l e  f a i l u r e  I n  t h l s  des lgn  c o n f l g u r a t i o n .  Da ta  v11 I  be genera ted  and I n c o r p o r a t e d  I n t o  t h e  
f r a c t u r e  a n a l y s l s  t o  reduce t h e  u n c e r t a i n t y  of t h e  da/dn, c r a c k  growth r a t e s ,  and f r a c t u r e  toughness a l l  
of whlch have i m p o r t a n t  i n f l u e n c e  on t h e  l i f e t i m e .  
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2.1 NEUTRON SOURCE CHARACTERIZATION FOR MATERIALS EXPERIMENTS - 
L. R .  Greenwood and R. K. Smi ther  (Argonne Na t iona l  Labo ra to ry )  

2.1.1 AiIPIDAFS Tasks 

ADIP - Task I.A.2 - Def ine Tes t  M a t r i c e s  and Procedures 
DAFS - Task I I . A . 1  - F i s s i o n  Reactor Dos imet ry  

2.1.2 O b j e c t i v e  

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

2.1.3 Summary 
~ ._ 

Dosimetry measurements were conducted i n  t h e  ORR d u r i n g  February  1984 t o  t e s t  the performance o f  a 
ha fn ium c o r e  p i e c e  f o r  t h e  WE4 s p e c t r a l - t a i l o r i n g  exper iment .  F l u x  g r a d i e n t s  were measured i n  p o s i t i o n  C3, 
bo th  w i t h  and w i t h o u t  the hafnium l i n e r .  The r e s u l t s  agree r a t h e r  w e l l  w i t h  e x p e c t a t i o n s .  Resu l t s  a r e  a l so  
r e p o r t e d  f o r  t h e  MFE48 exper iment  a f t e r  424 f u l l  power days.  
duc ing  about 64 appm he l ium and 5 . 1  dpa i n  316 s t a i n l e s s  s t e e l .  

2.1.4 Progress  and S ta tus  - 

The maximum f l u e n c e  was 1.9 x l o z 2  n/cm2 p r o -  

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

Table 2.1.1. S ta tus  of Dos imet ry  Exper iments 

F a c i l i t y l E x p e r i m e n t  StatusIComments 

ORR 

HFIR 

- MFE 1 - MFE 2 
- MFE 4A1 - MFE 4A2 
- MFE 48 
- MFE 4C 
- TBC 07 - T R I O - l e s t  - TRIO-1 - H f  Tes t  
- CTR 32 - CTR 31, 34, 35 
- CTR 30 
- T2, RE1 
- T I ,  CTR 39 
- RB2. R83. T3 
- CTR'40-52 
- JP 1-8 

- H E D L l  - HEOL2 

m e g a  West - Spec t ra l  A n a l y s i s  

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
Comoleted 04/84 
I r r a d i a t i o n  i n  Progress 
Completed 07/80 
Completed 07/82 
Completed 12/83 
Completed 03/84 
Completed 04/82 
Completed 04/83 
I r r a d i a t i o n  i n  Progress 
Completed 09/83 
Completed 01/84 
I r r a d i a t i o n s  i n  Progress  
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 
Completed 10180 
Completed 05/81 
Samples Sent 05/83 

EBR I 1  - X287 Completed 09/81 
IPNS - Spec t ra l  Ana l ys i s  Completed 01/82 

- LANLl ( H u r l e y )  Completed 06/82 - Hur ley  Completed 02/83 
- Coltman Samples Received 08/83 
.~~ ._._ ~~ ..... . . ~ ~  ~~. . . . ~ ~ ~ ~ ~ ~ . .  
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2.1.4.1 Hafn ium Core ~~~~ P i ece  T e s t  i n  ORR 

Dos imet ry  measurements have been completed f o r  a t e s t  o f  t h e  hafn ium c o r e  p i e c e  des igned f o r  t h e  WE4 
s p e c t r a l - t a i l o r i n g  exper imen t  i n  t h e  Oak Ridge Research Reactor  I D R R ) .  
reduce t h e  thermal  f l u x ,  t h e r e b y  r e d u c i n g  h e l i u m  p r o d u c t i o n  f r o m  t h e  two- step thermal  c a p t u r e  on 5 8 ~ l i .  
r e c e n t  d e s c r i p t i o n  o f  t h e  exper imen t  has been p u b l i s h e d  by R .  A .  L i l l i e  (Neu t ron ic5  C a l c u l a t i o n s  i n  Suppor t  
o f  t h e  ORR-MFE-4A and 48 S p e c t r a l  -Ta i  l o r i n g  Exper iments .  A l l o y  Oevelopment f o r  I r r a d i a t i o n  Performance, 
Semiannual Progress Repor t ,  p p .  38-39, DOE/ER/-0045/11, September 19831. The p r e s e n t  t e s t s  were conducted 
i n  c o r e  p o s i t i o n  C 3  o f  t h e  ORR on February  2 5- 2 6 ,  1984, b o t h  w i t h  and w i t h o u t  t h e  H f  l i n e r .  Roth i r r a d i a -  
t i o n s  l a s t e d  f o u r  hours  a t  a reduced power l e v e l  of 330 kW. 

The purpose of the H f  l i n e r  i s  to 
A 

Dosimetry  tubes were p l a c e d  a t  f o u r  l o c a t i o n s  i n s i d e  t h e  c o r e  p i e c e ,  l a b e l e d  N o r t h ,  South,  E a s t ,  and 
West. 
w i r e s .  F o l l o w i n g  t h e  i r r a d i a t i o n s ,  t h e  tubes were sh ipped t o  Argonne f o r  a n a l y s i s .  Each w i r e  was c u t  i n t o  
17 p i e c e s ,  16 one- inch  p i e c e s ,  and one 1/2"  p i e c e .  
g a m a  spec t roscopy .  The Co and N i  w i r e s  were c o m p l e t e l y  ana lyzed  on t h e  N o r t h  s i d e .  
o n l y  e v e r y  t h i r d  s e c t i o n  of each w i r e  was analyzed.  

Each aluminum dos imet ry  t u b e  measured 18" i n  l e n g t h  and c o n t a i n e d  Fe. N i ,  T i ,  and Co-A1 dos imet ry  

The w i r e s  were then weighed and mounted for  G e ( L i )  
I n  a l l  o t h e r  cases 

The measured r a d i o a c t i v i t i e s  a r e  l i s t e d  i n  Tables 2.1.2-2.1.6 and p l o t t e d  i n  F igu res  2.1.1-2.1.2. The 
va lues  have an es t ima ted  accuracy o f  t1.59, i n  a l l  cases. As can be seen, t h e  bare w i r e s  i n d i c a t e  t h a t  the 
f l u x  peak occurs  a t  about 5" below midp lane .  The uncovered thermal  f l u x  a l s o  r i s e s  a t  about 4 "  above mid-  
p l a n e  co r respond ing  t o  t h e  t o p  o f  t h e  i n n e r  aluminum c o r e  p i e c e  which a l s o  c l e a r l y  a t t e n u a t e s  the thermal  
f l u x  by about  4 0 4 0 % .  

The ha fn ium covered  w i r e s  c l e a r l y  show a l a r g e  r e d u c t i o n  i n  t h e  thermal  f l u x .  Near t h e  bo t tom t h e  f l u x  
f a l l s  a s  we go up t h e  c o r e  p i e c e ,  t h e n  f l a t t e n s  o u t ,  and f i n a l l y  r i s e s  near  t h e  tap .  The seemingly  s t r a n g e  
b e h a v i o r  on t h e  ends i s  c l e a r l y  due t o  "end e f f e c t s " ,  s i n c e  our  d o s i m e t r y  w i r e s  a r e  l o n g e r  than  t h e  hafn ium 
s h i e l d .  The Hf p i e c e  measured 12-1/4"  i n  l e n q t h  and t h e  p o s i t i o n  r e l a t i v e  t o  our  w i r e s  i s  i n d i c a t e d  on 
F i g u r e s  2 .1 .1  and 2 .1 .2 .  

The r a d i a l  g r a d i e n t s  between t h e  f o u r  d i f f e r e n t  tubes a t  a g i v e n  h e i g h t  a r e  c e r t a i n l y  r a t h e r  s m a l l ,  
<IO'' i n  a l l  cases. The N o r t h  and E a s t  p o s i t i o n s  a r e  t y p i c a l l y  5-10:: h i q h e r  t h a n  t h e  South and 'West 
p o s i t i o n s ,  presumably due to t h e  f a c t  t h a t  t h e  c e n t e r  o f  the ORR c o r e  l i e s  N o r t h e a s t  o f  t h e  C 3  p o s i t i o n .  

The s h i e l d i n g  e f f e c t  o f  t h e  hafn ium l i n e r  i s  about  50% f o r  t h e  58Fe and 59Co(n,.r) r e a c t i o n s .  The f a s t  
r e a c t i o n s  a l s o  show an e f f e c t  o f  abou t  10%. p r o b a b l y  due to t h e  u n u s u a l l y  l a r g e  s c a t t e r i n g  cross Sec t ion  of  
H f  o f  about  7b i n  t h e  1-3 MeV energy  range .  

Table 2.1.2.  ~ ~ C O ( ~ , ~ ) ~ O C O  A c t i v i t i e s  Measured i n  O R R - H f  Tes t  
(Average power = 330 kW: c o r e  p o s i t i o n  C3) 

A c t i v a t i o n  Rate, x 10-11 atom/atom-s 

Average H e i g h t ,  i n  

-9.84 
-8.84 
-7.84 
-6 .R4 
-5 .R4 
-4.84 
- 3 .  84 
-2.84 
-1.  84 
-0, R4 
0.16 
1.16 
2.16 
3.16 
4.16 
5.16 
5.41 
5.91 

Rare 

7.22 6.71 6.71 
7.48 
7.87 
8 . 2 3  7.99 7.73 

7 .51  
6.78 6.56 6.66 
6.m 
5.58 
5.26 5.18 5.14 
4.84 
5.34 5.79 5.81 
7.12 

7.09 7.31 7.35 

6.85 

7.69 

7.93 

6.54 

5.07 

5.62 

6.93 

4.53 
3.91 
3.90 
3.94 
3.87 
3.91 
3.83 
3.69 
3.50 
3 .33  
3.09 
2.99 
3.41 
4.11 
5.25 
6.73 

6.237 

.~~ 
E 

4.55 

3.82 

3.83 

3.28 

3.41 

5.13 

7.16 

5 W 

4.36 4.46 

3.67 3.60 

3.62 3.60 

3.23 3.13 

3.65 3.44 

5.71 5.51 

6.93 6.83 
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Tab le  2.1.3. 58Ni(n,p)58Co A c t i v i t i e s  Measured i n  ORR-Hf Test  
A c t i v a t i o n  Rate, x 10-13 atom/atom-s 

Bare H f  S h i e l d  
~ __ ._ _______ 

Average He igh t ,  i n .  N E s W N E 5 W 

-9.84 1.78 1.72 1.64 1.65 1.59 1.55 1.45 1.50 
-8.84 1.90 1.71 
-7.84 1.97 1.78 
-6 .84 2.04 2.02 1.94 1.99 1.83 1.85 1.70 1.73 
-5.84 2.03 1.83 
-4.84 2.01 1.82 
-3.84 1.92 1.98 1.93 1.91 1.80 1.79 1.71 1.72 
-2. R4 1.81 1.69 
-1.84 1.70 1.65 
-0.84 1.55 1.73 1.68 1.62 1.48 1.53 1.52 1.51 
0.16 1.47 1.40 
1.16 1.34 1.28 
2.16 1.25 1.37 1.38 1.31 1.22 1.27 1.25 1.23 
3.16 1.17 1.12 
4.16 1.04 1.12 1.17 1.06 1.01 1.10 1.09 1.08 
5.16 0.945 0.927 
5.41 0.955 0.777 0.930 
5.91 0.883 0.934 0.982 0.871 0.959 

Tab le  2.1.4. 54Fe(n,p)54Mn A c t i v i t i e s  Measured i n  ORR-Hf Test  
A c t i v a t i o n  Rate,  x 10-13 atom/atom-s 

Ea re Hf  S h i e l d  
- -~ 

Average He igh t ,  i n .  N E S w N E 5 W 

-9.84 1.23 1.25 1.18 1.22 1.22 1.12 1.05 1.10 
-6.84 1.48 1.47 1.41 1.42 1.39 1.30 1.23 1.30 
-3.84 
-0.84 

1.43 1.45 1.45 1.40 1.33 1.28 1.22 1.25 
1.18 1.26 1.24 1.20 1.09 1.15 1.08 1.06 

2.16 0.936 0.996 0.985 0.954 0.893 0.928 0.909 0.852 
4.16 0.809 0.834 0.862 0.813 0.740 0.814 0.816 0.762 
5.41 0.759 0.702 0.751 0.709 
5.91 0.650 0.680 0.645 0.693 

Table 2.1.5. 58Fe(n,r)59Fe A c t i v i t i e s  Measured i n  ORR-Hf Test  
A c t i v a t i o n  R a t e ,  x 10-12 atomfatom-s 

Bare H f  S h i e l d  
__ ~ 

Average He igh t ,  i n .  N E s W N E 5 W 

-9.84 
-6.84 

2.20 2.12 2.07 2.06 1.32 1.29 1.27 1.31 
2.47 2.38 2.31 2.36 1.04 1.01 0.957 0.947 

-3.84 2.46 2.45 2.31 2.36 1.03 1.01 0.956 1.00 
-0.84 2.02 2.03 1.96 1.95 0.862 0.901 0.842 0.834 
2.16 1.49 1.58 1.54 1.50 0.976 1.01 1.05 1.04 
4.16 1.73 1.63 2.02 1.74 1.70 1.59 1.85 1.79 
5.41 2.42 2.11 2.13 2.21 
5.91 2.28 2.39 2.09 2.19 

~ ~ _ _ _ _ _ _ _ ~ ~ ~ _ ~  . 
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Table 2.1.6. 46Ti(n,p)46Sc A c t i v i t i e s  Measured i n  O R R- H f  Tes t  
A c t i v a t i o n  Rate,  x atorn/atom-s 

Average H e i g h t ,  

-9.84 
-6.84 
-3.84 

Bare 

i n .  N E S W 

1.60 1.62 1.62 1.57 
1.96 1.92 1.83 1.89 
1.87 1.93 1.88 1.82 
1.56 1.59 1.63 1.58 
1.28 1.43 1.34 1.25 
1.06 1.11 1.15 1.07 

0.920 0.961 
1.01 0.964 

N 

1.53 
1.75 
1.73 
1.46 
1.16 
1.00 

0.885 

H f  S h i e l d  

E S W 

1.50 1.42 1.47 
1.71 1.63 1.64 
1.69 1.64 1.64 
1.50 1.42 1.42 
1.23 1.21 1.16 
1.14 1.08 1.02 

0.956 
0.969 0.926 

BARE "CO (n,t~ 

Hf SHIELD 
-------I--- 

-12.0 -0.0 -4.0 0.0 4.0 
HEIGHT ABOVE HIDPLANE,Ln 

F i g .  2.1.1. Measured 59Co(n,y)60Co a c t i v i t i e s  f o r  t h e  H f  t e s t  i n  ORR. 
i n d i c a t e d .  

.-----I----.̂  
Hf SHIELD 

-12.0 -0.0 -4.0 0.0 4.0 
HEIGHT FWDVE HIDPLRNE,Ln 

0 

The p o s i t i o n  o f  t h e  H f  s h i e l d  i s  

0 

F i g .  2.1.2. Measured 58Ni(n,pl58Co 6 c t i v i t i e s  f o r  t h e  H f  t e s t  i n  ORR.  
i n d i c a t e d .  

The p o s i t i o n  o f  t h e  H f  s h i e l d  i s  
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The maximum bare  and s h i e l d e d  a c t i v i t i e s  were used t o  a d j u s t  t h e  neu t ron  f l u x  spectrum used p r e v i o u s l y  

T h i s  t r e a t m e n t  shou ld  
However, s c a t t e r i n g  

i n  t h e  ORR-MFE4 exper iments .1  
approx ima t ion2  was used t o  c a l c u l a t e  t h e  H f  s h i e l d i n g  due t o  t h e  40 m i l  t h i c k  l i n e r .  
be a good approx ima t ion  i n  t h e  p r e s e n t  case due t o  t h e  sma l l  t h i c k n e s s  o f  t h e  l i n e r .  
e f f e c t s  a r e  n o t  t r e a t e d  p r o p e r l y .  The s h i e l d e d  spectrum i s  compared t o  t h e  b a r e  spectrum i n  F i g u r e  2.1.3. 
As can be seen, t h e  ep i the rma l  s h i e l d i n g  i s  g r e a t e r  t h a n  t h e  thermal  s i n c e  t h e  resonance i n t e g r a l  i s  1900b 
compared t o  a thermal  c r o s s  s e c t i o n  of 104b. 

T a b l e  2.1.7 l i s t s  o u r  a d j u s t e d  f l u x e s  f o r  each case. A s i m p l e  a n a l y t i c a l  

Table  2.1.7. Ad jus ted  F l u x  Values-ORR-Hf T e s t  
Average Power 330 kW: Core C3 

Neutron F l u x ,  x 1012 n l cm2-s  

Bare H f  S h i e l d  S h i e l d I B a r e  
R a t i o  Energy Range _____--. 

- _-__ _.___ 

T o t a l  7.22 4.75 0.66 
Thermal * 2.36 1.41 0.60 
O.5eV-0.11MeV 2.40 1.05 0.44 
>O . 1 lMeV 2.46 2.29 0.93 

*To ta l  f l u x  <0.5eV assuming an average tempera tu re  of 95°C. 
~~ ~ ~ ~~ ---- 

F i g .  2.1.3. Comparison of t h e  u n s h i e l d e d  and Hf s h i e l d e d  n e u t r o n  s p e c t r a  d e r i v e d  by s p e c t r a l  ad jus tmen t  
w i t h  the STAYSL computer code. 

The n e t  e f f e c t  o f  t h e  H f  l i n e r  i s  to reduce t h e  thermal  f l u x  by 40%. t h e  e ip the rma l  f l u x  by 56%, and 
t h e  f a s t  f l u x  by abou t  7%. 
R. A. L i l l i e  (ORNL). 

2.1.4.2 

des igned t o  ach ieve  f u s i o n - l i k e  he l i um- to- dpa  r a t i o s  i n  s t a i n l e s s  s t e e l  .! The exper iment  i s  n e a r l y  
i d e n t i c a l  t o  t h e  MFE4A i r r a d i a t i o n  r e p o r t e d  e a r l i e r . 1  
A p r i l  22, 1981 t o  October 20, 1982 f o r  a t o t a l  exposure o f  424 f u l l  power days. 
based on f o u r  dos imet ry  tubes removed f r o m  t h e  assembly when i t  was repackaged. 
tubes  were i n s e r t e d  a t  t h a t  t i m e  and t h e  exper iment  i s  now undergo ing  f u r t h e r  exposure i n  ORR. The p r e s e n t  
i n t e r i m  measurements a r e  thus  des igned t o  check on t h e  p r o g r e s s  o f  t h e  exper imen t ,  e s p e c i a l l y  r e g a r d i n g  t h e  
c r i t i c a l  he l ium- to- dpa r a t i o  and t h e  subsequent i n s e r t i o n  o f  t h e  ha fn ium c o r e  p i e c e  to reduce t h e  h e l i u m  
accumu la t ion .  3 

These r e s u l t s  w i l l  be compared t o  a more e x a c t  n e u t r o n i c s  c a l c u l a t i o n  b y  

Dos imet ry  Measurements and Damage C a l c u l a t i o n s  f o r  t h e  ORR-MFE4B Exper iment  

The MFE48 exper imen t  i n  t h e  Oak Ridge Research Reactor  ( O R R )  i s  a s e c t r a l - t a i l o r i n g  i r r a d i a t i o n  

The i r r a d i a t i o n  took p l a c e  i n  co re  p o s i t i o n  E7 f rom 
The p r e s e n t  a n a l y s i s  i s  
New rep lacement  d o s i m e t r y  



The f o u r  s t a i n l e s s  s t e e l  dos imet ry  tubes measured 1/16" 0.0. x 2-314" l o n g  and c o n t a i n e d  sma l l  specimens 
o f  F e ,  N i ,  Co, T i ,  Nb, Cu, 80% Mn-Cu, and h e l i u m  accumu la t ion  m o n i t o r s  s u p p l i e d  by Rockwel l  I n t e r n a t i o n a l .  
A l l  o f  t h e  samples were g a m a  coun ted  by Ge(L i )  spect roscopy and t h e  measured a c t i v a t i o n  r a t e s  a r e  l i s t e d  i n  
Table  2.1.8. 
n o t  b e  removed from t h e  tube f o r  g a m a  a n a l y s i s .  
on t h e  l o w e r  l e v e l  o f  t h e  WE40 assembly. 
s t e e l  annulus su r round ing  t h e  NaK and exper imen ta l  samples. 
tubes were i n  t h e  500°C t empera tu re  r e g i o n .  

One d o s i m e t r y  t u b e  a p p a r e n t l y  b u r s t  d u r i n g  t h e  i r r a d i a t i o n  and some of t h e  dos imete rs  c o u l d  
Two of t h e  tubes were l o c a t e d  on t h e  upper  l e v e l  and two 

I n  each case ,  one tube was o u t s i d e  and one i n s i d e  o f  a s t a i n l e s s  
The t o p  tubes were a t  600°C w h i l e  t h e  l o w e r  

Table 2.1.8. A c t i v a t i o n  Rates Measured f o r  ORR-MFE4B 
Dosimeters  removed 10/82 a t  424 FPO; no rma l i zed  t o  30 MW 

Burnup c o r r e c t i o n s  i n c l u d e d :  accuracy ~ 2 %  un less  no ted  

Reac t ion  H e i g h t ,  i n .  A c t i v i t y  latom/atom-s) 

I n s i d e  Ou ts ide  
~ 

58Fe( n ,.r)59Fe -0.84 
(*4%) -2.41 

-4.03 
-5.72 

46Ti (n ,p)46Sc -1.31 
-4.37 
-4.62 

-5.12 
63~u(n ,o160co  -2.06 

- 5 .37  
58Ni(n.o)58Co* -2.25 

55Mn( n ,2n)54Mn -1.81 

-4.17 . .. 
-5.56 

6oN i  In.o)6OCo* -2.25 
-4.37 
-5.56 

1.60 E - I O  1.69 E-10 
1.68 E-10 1.78 E-10 

1.70 E - I O  ~~~ 

1.73 E-10 
1.49 E - I O  1.54 E-10 

5.52  E-9 
5.46 E-9 

5.10 E-9 
2.72 E - I O  2.89 E - I O  
2.72 E-10 2.77 E-10 
9.80 E-12 9.89 E-12 

10.48 E-12 10.22 E-12 
10.47 E-12 

10.76 E-12 
10.22 E - I 2  10.03 E- 12  

1.40 E-12 
1.37 E - I 2  1.45 E-12 
1.42 E-12 1.43 E-12 
3.71 E - I 4  3.96 E - I 4  
3.71 E - I 4  3.33 E- I 4  

6.94 E-14 
7.19 E- I 4  6.83 E - I 4  
3.96 E - I 2  4.29 E-12 

4.46 E- I 2  
4.76 E-12 5.00 E-12 
1.29 E-12 1.58 E-12 

1.57 E - I 2  
1.26 E- I 2  1.30 E-12 

~ ~ ___ ~ 

*Burnup c o r r e c t i o n s  n o t  i n c l u d e d  b u t  e s t i m a t e d  t o  be 50% 
o f  more f o r  b o t h  n i c k e l  r e a c t i o n s .  

The a c t i v i t i e s  l i s t e d  i n  Tab le  2.1.8 can a l l  be f i t  to a s imp le  po lynomia l  o f  form:  

f ( h )  = fmax [ I  + c ( x - x o ) 2 1  (1) 

where fmax = h i g h e s t  v a l u e  and xo = c e n t e r  o f  f l u x  g r a d i e n t .  The thermal  and f a s t  r e a c t i o n s  were f it 
s e p a r a t e l y  and t h e  r e s u l t a n t  parameters  a r e  l i s t e d  i n  Table  2.1.9. A s  can be seen, t h e  v e r t i c a l  g r a d i e n t  i s  
o n l y  abou t  15% o v e r  t h e  sample r e g i o n  w h i l e  t h e  i n n e r - t o - o u t e r  g r a d i e n t  i s  q u i t e  s m a l l ,  w i t h  a thermal  
d i f f e r e n c e  of  abou t  5% and no apparen t  f a s t  g r a d i e n t .  

spect rum c a l c u l a t e d  by R.  A .  L i l l i e . 3  
t h e  spect rum i s  shown i n  F i g .  2.1.4. 
MFE4A exper imen t  a f t e r  a s i m i l a r  exoosure.1 
b u t i o n  c e n t e r e d  a t  95°C. t h e  tempera tu re  of the s u r r o u n d i n g  modera to r .  
l i s t e d  f o r  comparison. 

The maximum a c t i v i t y  va lues  were used as i n p u t  t o  t h e  STAYSL computer code t o  a d j u s t  t h e  n e u t r o n  
The a d j u s t e d  f l u x  and f l u e n c e  va lues  a r e  l i s t e d  i n  Table  2.1.10 and 

These v a l u e s  a r e  q u i t e  s i m i l a r  t o  those r e p o r t e d  p r e v i o u s l y  for  t h e  

The d e r i v e d  2200 m/s  f l u x  i s  a l s o  
The thermal  f l u x  was c a l c u l a t e d  assuming a tempera tu re  d i s t r i -  
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Table 2.1.9. Maximum A c t i v i t i e s  f o r  ORR-MFE4B 
(Values Determined f rom Polynomia l  F i t )  

o u t  A c t i v a t i o n  Rate (atom/atom-s) 
R a t i o  (7) 

Reac t ion  I n s i d e  Outs ide  i n  

58Fe(n,y)59Fe 1.72 E-10 1.77 E - I O  1.03 

59co( n , ~  ) W o  5.75 E-9 5.70 E-9 1.08 

93Nb( n,y)94Nb 2.85 E-10 2.96 E-10 1.04 

54Fe ( n .p) 54Mn 1.07 E- 1 1  1.06 E- 11 0.99 

46Ti  (n,p)46Sc 1.42 E-12 1.43 E-12 1.01 

55Mn( n ,2n) 54Mn 3.85 E-14 3.85 E-14 1.00 

6 3 ~ u ( n , o ) 6 0 ~ o  7.20 E - I 4  7.20 E-14 1.00 

G r a d i e n t  Polynomia l  F u n c t i o n  

F l x )  = Fmax [l + c ( x - x o ) ~ ]  
where Fmax = maximum va lue  

____ 

xo = c e n t e r  o f  a c t i v i t y  ( i n c h e s )  

C __xa.. 
F a s t  -1.269 E-7 -3.35" 
Thermal -1.521 E-2 -2.81" 
Global  -1.395 E-2 -3.06 

Table 2.1.10. Maximum F l u x  and F luence  Values fo r  ORR-MFE4B 
(Values a t  30 MW a f t e r  424 FPD a t  - 3"  be low midplane)  

F l u x ,  x 1014 n/cm2-s Fluence, x l oz1  n/cm2 

Energy E r r o r ,  % I n s i d e  Outs ide  I n s i d e  Outs ide  
~ 

To ta l  6 5.19 5.36 19.0 19.6 
Thermal (<.5 eV) 6 1.70 1.83 6.24 6.72 

F a s t .  >.I1 MeV 10 1.76 1.70 6.43 6.43 
(2200 m / s )  

0.5 eV - 0.11 MeV 12 1.73 1.77 6.33 6.48 

X =% 22  3 
10-7 0~710~10"10~10~'10110~1100 io' ioa 

NEUTRON ENERGY,MeV 
F i g .  2.1.4. Ad jus ted  f l u x  spectrum f o r  t h e  ORR-MFE4B exper imen t  no rma l i zed  t o  30 MW a f t e r  474 f u l l  power 

days. The d o t t e d  and dashed l i n e s  i n d i c a t e  one s tandard  d e v i a t i o n :  however, t h e  f l u x  groups 
are h i g h l y  c o r r e l a t e d .  
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Displacement damage and he1 ium c a l c u l a t i o n s  were performed u s i n g  t h e  SPECTER computer code. Values a r e  
l i s t e d  f o r  a number of  e lements a t  t he  maximum f l u x  p o s i t i o n  i n  Table 2.1.11. 
h e i g h t s  i n  t h e  assembly can be determined u s i n g  Eq. ( 1 )  and t h e  maximum va lues  i n  Table 2.1.11. 

The He and dpd va lues  a t  o t h e r  

Table 2.1.11. Damage Parameters f o r  ORR-MFE4B (424 FPD) 
~~~~ 

Element He (apwn) DPA 
__ __.____ 

I n s i d e  Outs ide  I n s i d e  Outs ide 

A1 
T i  

3.91 3.92 8.65 8.65 
2.96 2.96 5.51 5.51 

V 0.14 0.14 6.12 6.12 
C r  0.97 0.97 5.48 5.48 
m a  0.81 0.81 5.R6 5.87 
Fe 1.68 1.68 4.57 4.87 
co a 0.81 0.81 5.61 5.66 

Thermal 457.0 517.8 0.81 0.91 
Nib F a s t  23.9 23.8 5.13 5.14 

~ __ ~- -~ 
Tota l  480.9 541.6 5.94 6.05 

cu 1.45 1.46 4.70 4.70 
2 r  
Nb 

0.15 0.15 5.08 5.08 
0.31 0.31 4.68 4.68 

MO _ _  -_  7.44  7.44 .. . . -. . . 
Ta _ _  -- 2.36 2.36 

316 ssc 63.8 71.7 5.10 5.12 

a S e l f - s h i e l d i n g  c o r r e c t i o n s  may be needed f o r  t h e  (n,y)  
damage i n  Mn (5%) and Co 117%). 

bSee re ferences 3 and 4 f o r  n i c k e l  c a l c u l a t i o n s .  

Hel ium and damage r a t e s  f o r  n i c k e l  and 316 5 s  were computed s e p a r a t e l y  and a r e  l i s t e d  i n  Table 2.1.12 
and shown i n  F i g .  2.1.5. The procedure  used i n  these c a l c u l a t i o n s  was desc r i bed  i n  d e t a i l  i n  a r e c e n t  
p u b l i c a t i o n . 4  The e x t r a  d a from t h e  56Fe r e c o i l s  i s  a l s o  i n c l u d e d  u s i n g  t h e  fo rmula  of  one d isp lacement  
f o r  every  567 appm he l ium.8  As shown i n  re ference 4, we expect  t he  he l i um c a l c u l a t i o n s  t o  be q u i t e  accu ra te  
(?5-10%1. O f  course ,  samples from t h i s  exper iment  w i l l  a l s o  be analyzed by Rockwell I n t e r n a t i o n a l  and 
measurements w i l l  t hen  become a v a i l a b l e  f o r  a number of  e lements .  These da ta  w i l l  be used t o  r e f i n e  our  
he l i um p r o d u c t i o n  c ross  sec t i ons  and t o  improve our  dos ime t r y  t echn ique .  

Table 2.1.12. HPl iun  and DPA Grad ients  f o r  ORR-MFE4R ( 4 2 4  FPD) 
(Values a re  l i s t e d  f o r  t h e  i n n e r  p o s i t i o n )  

F1 uence Hel ium, appm DPA 

f x  1022 n/cm2) N i  316 ss  N i  316 s s  
Height ,  i n .  . . -. . - 

0 1.67 381. 50.7 5.18 4.48 
-1 1.81 441. 58.5 5.61 4.85 
-2 
-3 
-4 
-5 
4 

1.88 472. 62.6 5.87 5.04 
1.90 481. 63.8 5.94 5.10 
1.86 463. 61.4 5.80 4.99 
1.76 419. 55 .7  5.46 4.72 
1.61 357. 47.5 4.93 4.30 
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F i g .  2.1.5. He l ium (appm) and dpa ( x  10) va lues  a r e  shown f o r  316 s t a i n l e s s  s t e e l  as a f u n c t i o n  of  the  
h e i g h t  above midp lane.  

2.1.5 Conc lus ions  

We w i l l  c o n t i n u e  to m o n i t o r  t h e  p r o g r e s s  o f  the  MFE4 s p e c t r a l - t a i l o r i n g  exper iment  i n  ORR. Samples were 
a l s o  p repared  f o r  f u r t h e r  exper imen ts  i n  HFIR. 

2.1.6 References 

1. L .  R .  Greenwood, Dos imetry  and Damage A n a l y s i s  f o r  t h e  MFE4A S p e c t r a l  T a i l o r i n g  Exper iment  i n  OUR, Damage 
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2.2 N E U T R O N I C S  CALCULATIONS I N  SUPPORT OF THE ORR-MFE-4A AND -48 SPECTRAL TAILORING E X P E R I M E N T S  
R. A. L i l l i e  (Oak Ridge Na t iona l  Labora to ry )  

2.2.1 A D I P  Task 

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

2.2.2 O b j e c t i v e  

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

2.2.3 Sunmary 

The c a l c u l a t e d  f luences from t h e  ongoing th ree- d imens iona l  n e u t r o n i c s  c a l c u l a t i o n s  a r e  be ing  sca led  t o  
agree w i t h  exper imen ta l  data.  As of March 27, 19R4, t h i s  t rea tmen t  y i e l d s  158.5 a t .  ppm He (no t  i n c l u d i n g  
2.n a t .  ppm He from l o g )  and 10.36 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 99.4 a t .  ppm He and 
7.10 dpa i n  ORR-MFE-40. 

2.2.4 Progress and S ta tus  

The o p e r a t i n g  and c u r r e n t  c a l c u l a t e d  da ta  based on t h e  f l u e n c e  s c a l i n g  f a c t o r s '  a r e  summarized i n  

The r e a l - t i m e  p r o j e c t i o n s  of t h e  he l i um- to- d isp lacemen t  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  da ta  as of 
Tab le  2.2.1 f o r  t h e  ORR-MFE-4A and -48 exper iments .  

March 27, 1984 a r e  p resen ted  i n  F ig .  2.2.1(") and ( h )  f o r  t h e  ORR-MFE-4A and -48 exper imen ts ,  r e s p e c t i v e l y .  
The p r o j e c t e d  dates were o b t a i n e d  by assuming an DRR d u t y  f a c t o r  o f  0.86. 
co rep ieces  were i n s e r t e d  i n  t h e  OUR-MFE-4A exper iment  on December 7 ,  1982 and i n  t h e  ORR-MFE- 40 exper iment  
on August 5, 19R3. The 1.0-mm-thick ha fn ium co rep iece  shou ld  be i n s e r t e d  i n  t h e  ORR-MFE-4A exper iment  
w i t h i n  t h e  nex t  month. The t a r g e t  da te  f o r  i n s e r t i o n  i n  t h e  ORR-MFE-46 exper iment  i s  c u r r e n t l y  p r o j e c t e d  
f o r  December 20, 1984. 

The e f f e c t  of d e l a y i n g  t h e  i n s e r t i o n  of t h e  f i r s t  ha fn ium c o r e p i e c e  u n t i l  t h e  15-dpa l e v e l  i s  o b t a i n e d  
i n  t h e  ORR-MFE-4A exper iment  has been es t ima ted .  Th i s  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  a t  50 dpa a h e l i u m  l e v e l  
a p p r o x i m a t e l y  19% above t h e  f i r s t  w a l l  l e v e l  would r e s u l t .  However, i f  t h e  hafn ium t h i c k n e s s  were i nc reased  
t o  1.25 m, a h e l i u m  l e v e l  comparable t o  t h e  l e v e l  p r o j e c t e d  w i t h  t h e  i n s e r t i o n  o f  t h e  1.0-mm-thick hafn ium 
c o r e p i e c e  a t  t h e  10-dpa l e v e l  would be ob ta ined .  Cur ren t  p l a n s  c a l l  f o r  i n s e r t i o n  o f  t h e  1.0-mm-thick ha f -  
nium c o r e p i e c e  as soon as p o s s i b l e  s i n c e  t h e  c a l c u l a t e d  da te  o f  o b t a i n i n g  t h e  10-dpa l e v e l  i n  t h e  ORR-MFE-4A 
exper iment  was February  20, 1984. 

As noted,  t h e  s o l i d  aluminum 

Tab le  2.2.1. O p e r a t i n g  and c a l c u l a t e d  da ta  f o r  
exper imen ts  ORR-MFE-4A and -40 as 

o f  March 27 ,  1984 

ORR-MFE-4A ORR-MFE-40 

O R R  c y c l e s  7 1  49 

Power (MWh) 591,022 453,614 

E q u i v a l e n t  f u l l - p o w e r  daysU 829.2 630.0 

Thermal f l l rence ( n e u t r o n s / n z )  1.27 x 1026 9.69 x In25 

T o t a l  f l uence  (neutrons/m')  4.27 x 1 0 2 6  3.111 x 1026  

He ( a t .  p ~ m ) ~  158.5 99.4 

dpah 10.36 7.10 

" F u l l  power f o r  O R R  i s  30 MW. 

hHelium and dpa va lues a re  f o r  t y p e  31h s t a i n l e s s  
s t e e l .  
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F i g .  2.2.1. Cur ren t  and p r o j e c t e d  h e l i u m  and d isp lacement  damage l e v e l s  i n  t h e  ( u )  ORR-MFE-4A and 
( h )  ORR-MFE-40 exper iments .  

2.2.5 F u t u r e  Work ___- 
The th ree- d imens iona l  n e u t r o n i c s  c a l c u l a t i o n s  t h a t  m o n i t o r  t h e  r a d i a t i o n  env i ronment  i n  t h e  ORR-MFE-4A 

and -48 exper iments  w i l l  c o n t i n u e  w i t h  each ORR cyc le .  The s c a l e  f a c t o r s  used t o  s c a l e  t h e  f l uences  
o h t a i n e d  f rom these  c a l c u l a t i o n s  w i l l  be updated as new exper imen ta l  da ta  become a v a i l a b l e .  

2.2.h Reference 

1. R. A. L i l l i e  and T. A. G a h r i e l .  "Neu t ron i cs  C a l c u l a t i o n s  i n  Support  o f  t h e  ORR-MFE-4A and  -48 
S p e c t r a l  T a i l o r i n g  Experiments ," pp. 19-20 i n  A D I P  Semiavnu. D r q .  i iep.  Var. 3!, 1983, nOE/ER-Q045/lfl, 
11.5. DOE O f f i c e  o f  Fus ion Energy. 
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7 .3  OPERATION OF THE O R R  SPECTRAL TAILORING E X P E R I M E N T S  OUR-MFE-4A and ORR-MFE-40 - J .  A. C o n l i n ,  
1. T. Oudley. and E. M. Lees (Oak Ridge Na t iona l  L a b o r a t o r y )  

2.3.1 A O I P  Task -~ 

AOlP Task I.A.2. Def ine Test M a t r i c p s  and Test  Procedurps. 

2.3.2 O b j e c t i v e s  

Experiments ORR-MFE-4A and -4R, which i r r a d i a t e  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  use neu t ron  s p e c t r a l  
t a i l o r i n g  t o  ach ieve  t h e  same he l i um- to- d isp lacemen t- pe r- a tom (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  s e r v i c e .  ExperimPnt ORR-MFE-4A c o n t a i n s  m a i n 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  tempera tu res  of 330 and 400°C. Exper iment  ORR-MFE-40 c o n t a i i s  s i m i l a r  
m a t e r i a l s  a t  i r r a d i a t i o n  tempera tu res  of i n n  and fiO0"C. 

2.3.3 Lu- 

The specimens c o n t a i n e d  i n  t h e  ORR-MFE-4A exper iment  have operated f o r  an e q u i v a l e n t  of 833 d a t  30 MW 
r e a c t o r  power w i t h  t empera tu res  of 330 and 400°C. The specimens c o n t a i n e d  i n  t h e  ORR-MFE-48 exper iment  have 
opera ted  f o r  an e q u i v a l e n t  o f  634 d a t  30 MW r e a c t o r  power w i t h  tempera tu res  of 500 and 600°C. 

2.3.4 E g r e s s  and Ssta 

prev ious l y . ' - '  

c a t e d ,  and t e s t e d .  The s l e e v e  was made from a sheet of hafnium 1.04 rn (0.041 i n . )  t h i c k  r o l l e d  i n t o  a 
c y l i n d r i c a l  shape 50.R m (2.0 i n . )  i n  d iamete r  by 311.2 m (17.25 i n . )  l o n g  and t h e n  seam welded. The 
s l e e v e  was f i t t e d  i n t o  an aluminum c y l i n d e r ,  which i n  t u r n  w a s  f i t t e d  i n t o  an aluminum c o r e  p i e c e  h a v i n g  t h e  
e x t e r n a l  shape of a fuel element .  ThP midp lane nf t h e  hafn ium s l w v e ,  which i s  l o c a t p d  76.2 rn f 3  i n . )  
be low t h e  O R R  c o r e  midp lane,  c o i n c i d e s  w i t h  t h e  midp lane of t h e  ORR-MFE-4A capsu le .  

f l u x ,  qamma h e a t i n g  r a t e ,  and r e a c t i v i t y .  The e f f e c t  on t h e  gamma h e a t i n g  r a t e  i s  o f  p a r t i c u l a r  impor tance  
t o  t h e  nRR-MFE-4A exppr iment  because i t  i s  c r i t i c a l  t o  thP capsu lp  t m p r r a t u r e  c o n t r o l .  The t e s t ,  wh ich was 
conducted i n  O R R  C-3 c o r e  p o s i t i o n  d u r i n g  t h e  week b e g i n n i n g  February  2 6 .  1984, c o n s i s t e d  o f  t h e  f o l l o w i n g  
s i x  s t e p s :  

1. qamma heat  measurements a t  z e r o  power and NL (330 kW) w i tho i r t  ha fn ium s leeve ,  
7. 4 h i r r a d i a t i o n  o f  dos ime te rs  a t  NL (330 kW) w i t h o u t  ha fn ium s lpeve ,  
3. gamma heat  measurements a t  zero  power and PI (330 kW) w i t h  hafn ium s leeve ,  
4. 4 h i r r a d i a t i o n  o f  dos ime te rs  a t  NL (330 kW\ w i t h  hafn ium s leeve ,  
5. heat  ba lance run a t  12 MW w i t h  hafn ium s leeve ,  and 
6. heat  ha lance run a t  12 MI4 w i t h o u t  hafnium s leeve.  

The dos ime te rs ,  which were s u p p l i e d  by Argonne Na t iona l  Lahora to ry ,  were r e t u r n e d  t h e r e  f o r  p o s t i r r a d i a t i o n  
a n a l y s i s .  

R e s u l t s  of t h e  gamma h e a t i n g  measurements shown i n  Table 2.3.1 i n d i c a t e  a r e d u c t i o n  o f  l e s s  t h a n  10% 
i n  t h e  gamma h e a t i n g  r a t e  due t o  t h e  hafn ium s leeve  i n s t a l l a t i o n .  A t e s t  was then  made on t h e  O2R-MFE-4A 
exper iment ,  o p e r a t i n g  i n  t h e  O R R  c o r e  p o s i t i o n  E-3, t o  determine whether o r  n o t  t h e  s p e c i f i e d  capsu le  tem- 
p e r a t u r e s  can he m a i n t a i n e d  w i t h  a In:', r e d u c t i o n  nf qamma h e a t i n g :  t h e  qamna h e a t i n g  r e d i i c t i o n  was 
accompl ished by s imp ly  rpduc inq  t h e  nRR power hy IO34 d u r i n q  t h e  t e s t .  We foirnd t h a t  t h e  capsu le  t e n -  
p e r a t u r e s  can be m a i n t a i n e d  even a t  t h e  reduced qamma h e a t i n q  r a t e .  

The d e t a i l s  of t h e  flak Ridge Research Reactor  ( O R R )  s p e c t r a l  t a i l o r i n g  exper iments  have been d e s c r i b e d  

A hafnium s leeve  f o r  neu t ron  s p e c t r a l  t a i l o r i n g  of t h e  ORR-MFE-4A exper iment  has been des igned,  f a b r i -  

A t e s t  was  conducted i n  t h e  ORR t o  s tudy  t h e  e f f e c t s  o f  t h e  a d d i t i o n  of t h e  hafnium s leeve  on neu t ron  

Tahle  7.3.1. Gamma h e a t i n q  mensurenents f o r  
ORR co re  p o s i t i o n  C-3 

Gamma h e a t i n g  (W/q) D is tance  from 
O R R  midp lane 

Wi thout  hafnium s leeve  Wi th  ha fn ium s leeve  
(mm) ( i n . )  

+??9 +9 2.4 

+76 L3 4.7 

0 n 4.9 

-7 6 -3 5.4 

-157 4 5.4 

-279 --9 4.7 

2.7 

3.9 

4.5 

4.9 

5.1 

4.3 
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A c o r e  f l u x  map of t h e  ORR was made f o l l o w i n g  t h e  r e f u e l i n g  shutdown on February  27, 1984, w i t h  t h e  
hafn ium s leeve  i n s t a l l e d  around t h e  ORR-MFE-4A exper iment  l o c a t e d  i n  c o r e  p o s i t i o n  E-3. The mapping was 
accompl ished by i r r a d i a t i n g  dos ime te r  w i r e s  a t  a r e a c t o r  power o f  NL (-330 k W ) .  
w i t h o u t  t h e  ha fn ium s leeve  i n  p lace .  The r e s u l t s  of t hese  t e s t s  w i l l  be a v a i l a b l e  i n  A p r i l  19114. 

p i e c e  c o n t a i n i n g  t h e  hafn ium s leeve  i n  t h e  E- 3  co re  p o s i t i o n  f o r  use w i t h  t h e  ORR-MFE-4A exper iment  d u r i n g  
t h e  r e f u e l i n g  shutdown scheduled f o r  A p r i l  22, 1984. R e a c t i v i t y  measurements w i t h  t h e  ha fn ium s l e e v e  i n  
p l a c e  w i l l  be made a t  t h a t  t ime .  
p l a c e  f o r  t h e  remainder  of t h i s  i r r a d i a t i o n  pe r iod ,  which w i l l  l a s t  u n t i l  about  October 1985. 

power w i t h  tempera tu res  o f  330 and 4flO"C. 

c a t e d  by thermocouples 4 and 5 c o n t i n u e  t o  f l u c t u a t e .  The f l u c t u a t i o n s  a r e  b e l i e v e d  t o  be caused by t h e  
movements o f  bubbles o f  argon cover  gas i n  t h e  NaK. Th i s  r e s u l t  i s  t e n t a t i v e l y  a t t r i b u t e d  t o  t h e  a b s o r p t i o n  
o f  argon cover  gas i n  t h e  upper  r e g i o n  NaK; c o n v e c t i o n  c u r r e n t s  (due i n  p a r t  t o  t h e  r a d i a l  t empera tu re  
g r a d i e n t )  c a r r y  t h i s  NaK i n t o  t h e  l ower  r e g i o n  where, i f  t h e  tempera tu re  i s  l o w e r ,  t h e  absorbed gas forms 
bubbles. A t h ree- day  t e s t  was made t o  de te rm ine  t h e  e f f e c t s  o f  l o w e r i n g  t h e  tempera tu re  o f  t h e  upper  cap- 
s u l e  r e g i o n  on gas bubble  format ion.  Reduc t ion  of t h e  upper  r e g i o n  tempera tu re  from 600°C t o  about  440°C 
d u r i n g  t h e  t e s t  d i d ,  as expected,  reduce t h e  f l u c t u a t i o n  of t empera tu res  i n d i c a t e d  by thermocouples 4 and 5 
t o  n e g l i g i b l e  l e v e l s .  There was a l s o  a r e d u c t i o n  i n  t h e  capsu le  l o w e r  r e g i o n  v e r t i c a l  t empera tu re  d i f f e r e n -  
t i a l .  It was lowered from t h e  normal d i f f e r e n t i a l  o f  127°C t o  only 36'C. A f t e r  t h e  upper  r e g i o n  tem- 
p e r a t u r e  was r e t u r n e d  t o  600°C t h e  f l u c t u a t i o n s  o f  t empera tu res  i n d i c a t e d  by thermocouples 4 and 5 resumed 
and t h e  v e r t i c a l  t empera tu re  d i f f e r e n t i a l  o f  t h e  l ower  capsu le  r e g i o n  r e t u r n e d  t o  t h e  normal value- of 127°C. 

power w i t h  tempera tu res  of 500 and 6Ofl'C. 

The c o r e  was a l s o  mapped 

Sub jec t  t o  approva l  by t h e  Reactor  Experiment Review Committee (RERC), we p l a n  t o  i n s t a l l  t h e  c o r e  

The ORR-MFE-4A exper iment  w i l l  t h e n  be opera ted  w i t h  t h e  hafn ium s leeve  i n  

The specimens c o n t a i n e d  i n  t h i s  exper iment  have opera ted  f o r  an e q u i v a l e n t  of 833 d a t  30 MW r e a c t o r  

The ORR-MFE-40 capsu le  exper iment  con t i nues  t o  ope ra te  s a t i s f a c t o r i l y ,  a l t hough  t h e  tempera tu res  i n d i -  

The specimens c o n t a i n e d  i n  t h i s  exper iment  have opera ted  f o r  an e q u i v a l e n t  of 634 d a t  30 MW r e a c t o r  
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2 . 4  S U M M A R Y  OF THE EQR-I1 AD-2 FERRITICS IRRADIATION EXPERIMENT - A. M. E r m i  
(West inghouse Hanford Company) 

2 .4 .1  A D I P  Task 

ADIP Program Task: F e r r i t i c  S t e e l s  Development [Path  E ) .  

2.4.2 O b j e c t i v e s  

The o b j e c t i v e  o f  t h e  AD-2 exper iment  i s  t o  p r o v i d e  b a s e l i n e ,  h i g h  f l u e n c e  d a t a  a t  s e v e r a l  tempera-  
t u r e s  f o r  t h e  f e r r i t i c  a l l o y s  HT-9 and 9Cr-1Mo. Deve lopmen ta l  Z - l I 4 C r - l M o  i s  a l s o  b e i n g  scoped i n  t h i s  
exper iment .  The AD-2 exper imen t  i s  des igned t o  y i e l d  d a t a  c o n c e r n i n g  t h e  i r r a d i a t i o n  e f f e c t s  on t h e  
mechanica l  p r o p e r t i e s  o f  t h e s e  a l l o y s  w i t h  emphasis on t h e i r  t e n s i l e  f a t i g u e ,  f r a c t u r e  toughness and w e l d  
p r o p e r t i e s .  C h a r a c t e r i z a t i o n  o f  t h e  i r r a d i a t i o n  e f f e c t s  on t h e  m i c r o s t r u c t u r e  o f  t hese  a l l o y s  , w i l l  a l s o  
be per formed.  

2.4.3 Summary 

S i x  un ins t rumen ted  B-7c c a p s u l e s  were removed f r o m  t h e  E Q R - I I  a f t e r  undergo ing  i r r a d i a t i o n  d u r i n g  
C y c l e s  109-113 (August 1980 t o  June 1981). S e v e r a l  specimens were removed and d i s t r i b u t e d  f o r  i n t e r i m  
examinat ion,  w h i l e  t h e  r e m a i n i n g  specimens were r e - e n c a p s u l a t e d  i n t o  f o u r  new 8-7c capsu les .  I n  a d d i -  
t i o n ,  some u n i r r a d i a t e d  specimens were i n c l u d e d  i n  t h e  new capsu les .  These c a p s u l e s  were removed a f t e r  
undergo ing i r r a d i a t i o n  d u r i n g  C y c l e s  118-121 and 123 (Feb rua ry  1982 t o  A p r i l  1983). 

2.4.4 P rog ress  and S t a t u s  

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

The AD-2 exper iment  has been des igned t o  p r o v i d e  mechanica l  p r o p e r t i e s  d a t a  on s e l e c t e d  f e r r i t i c  
a l l o y s  f o r  a p p l i c a t i o n  i n  f u s i o n  r e a c t o r  f i r s t  w a l l s  and b l a n k e t s .  O f  p a r t i c u l a r  concern a r e  t h e  i r r a -  
d i a t i o n  e f f e c t s  on t h e  f r a c t u r e  and w e l d  p r o p e r t i e s  o f  t h e  m a t e r i a l s .  A l l o y  s e l e c t i o n  and i r r a d i a t i o n  
temoera tu res  have  been s o e c i f i e d  bv  t h e  A l l o v  DeveloDment f o r  Near Term A D o l i c a t i o n s  Work inq Grouo. T h i s  
i s  t h e  f i n a l  r e p o r t  on t h e  A D- 2  ex.periment, wh ich  summarizes t h e  exper imen ' ta l  parameters  f o r  b o t h ' t h e  
i n i t i a l  and r e c o n s t i t u t i o n  t e s t  ma t r i ces .  

2.4.4.2 T e s t  M a t r i c e s  

D e t a i l s  r e g a r d i n g  specimen p r e p a r a t i o n ,  h e a t  t r ea tmen ts ,  t e s t  m a t r i c e s  and c a p s u l e  l o a d i n g s  have  
been r e p o r t e d  i n  p r e v i  us  A D I P  P rog ress  Repor ts .  The i n i t i d l  specimen p r e p a r a t i o n  and 1 a i n g  were 
r e p o r t e d  i n  June 1980,' w h i l e  t h e  r e c o n s t i t u t i o n  t e s t  m a t r i x  was r e p o r t e d  i n  March 1982.'.' The comp le te  
A D - 2  t e s t  m a t r i x  encompassing b o t h  i r r a d i a t i o n s  i s  d e t a i l e d  i n  T a b l e  2.4.1. 

2.4.4.3 I r r a d  i a t  i o n  Parameter s 

The i n i t i a l  i r r a d i a t i o n  u t i l i z e d  s i x  un ins t rumen ted  B - I C  capsu les ,  two a t  b o t h  390°C and 5 O O 0 C ,  and 
one a t  each 450°C and 5 5 O o C .  These c a o s u l e s  were i n s e r t e d  i n t o  t h e  EBR-I1 i n  Auoust 1980 f o r  C v c l e  109 
and were removed i n  June 1981 a f t  r Cyc e 113. 
o f  13.5 dpa  ( b a s e d  on  4.R d p a l 1 0 2 f  n l cm '  f o r  H i - 9 ) .  

Specimens i n  t h e  peak f l u x  posit;on accumulated 'a  f l u e n c e  

The second i r r a d i a t i o n .  i n c l u d i n a  r e c o n s t i t u t e d  soeciinens o l u s  new. u n i r r a d i a t e d  soecimens. u t i l i z e d  
f o u r  B-7c capsu les ,  one a t  each o f  t h e  f o u r  temperatures.  
f o r  C y c l e  118 and were removed i n  A p r i l  1983 a f t e r  C y c l e  123. [The c a p s u l e s  were removed d u r i n g  t h e  
t r a n s i e n t  c y c l e ,  122). Specimens i n  t h e  peak f l u x  p o s i t i o n  d u r i n g  t h e  second i r r a d i a t i o n  accumu la ted  a 
f l u e n c e  o f  16.2 dpa. R e c o n s t i t u t e d  specimens i n  t h e  peak p o s i t i o n s  f o r  b o t h  i r r a d i a t i o n s  accumu la ted  
29.7 dpa. 

A summary o f  t h e  e x p e r i m e n t a l  parameters  f o r  t h e  e n t i r e  AD-2 exper iment  i s  g i v e n  i n  T a b l e  2.4.2. 
I n c l u d e d  a r e  t h e  f l u e n c e s  f o r  each i r r a d i a t i o n  as  a f u n c t i o n  o f  t h e  seven l e v e l s  a l o n g  t h e  8-7c capsu les .  
D e t a i l s  o f  f l u e n c e s  f o r  p a r t i c u l a r  specimens a r e  a v a i l a b l e  from t h e  a u t h o r  on reques t .  

Specimens from t h e  AD-2 exper imen t  were d i s t r i b u t e d  as fa1  lows:  ORNL r e c e i v e d  a 1  1 t e n s i l e ,  G r o d r i n -  
s k i  f a t i g u e  and f a t i g u e  i n i t i a t i o n  specimens; WHC r e c e i v e d  a l l  f r a c t u r e  toughness and f a t i g u e  c rack  
g r o w t h  specimens; t h e  Charpy specimens were d i s t r i b u t e d  t o  b o t h  ORNL and WHC; and t h e  TEM d i s k  Specimens 
were d i s t r i b u t e d  t o  v a r i o u s  p a r t i c i p a n t s  i n  t h e  ADIP and O A F S  programs. 

These c d p s u l e s  were i n s e r t e d '  i n  Feb rba ry  1982 

2.4.5 F u t u r e  Work 

T h i s  conc ludes  t h e  i r r a d i a t i o n  phase o f  t h e  A D - 2  exper iment  
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2.4.6 References 

1. R. J. Puigh and N. F. Panayotou, "Specimen P r e p a r a t i o n  and Load ing  f o r  t h e  AD-2 F e r r i t i c s  
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Exper iment" ,  pp. 260-293 i n  AUTP .le.l%ann;c. .?ro:r. Rep.  Jimc 1980, DOEIER-0045-3, U.S. DOE, O f f i c e  o f  
F u s i o n  Energy. 

? r n , r .  K m .  Ma?d 1982, DOEIER-0045 /8 .  U.S. DOE. O f f i ce  o f  Fusion Enerov. 
3. ' A. M. E r m i ,   r reconstitution o f  t h e  Rb-2 F e r r i t i c s  Experiment', pp. 431-441 in ADT: s e m i m u .  
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Tab le  2.4.2. Summary o f  t h e  EBR-I1 A b 2  Exner i i i lent  

__.~__ _ _  ~ 

[ia-te I n  Reac to r :  

i C y c l e  Numbers: 

 reactor Power: 

1 Accumulated Exposure:  

_______.~_ ~ 

# - ~ ~ -  __ ~ 

-_____ - . ~ 

1 Capsules/ 
i Temperature:  

AD-2 
____ . -~ .~ 

~ ~~ 

Auqust 1980 - June 1981 

109 - 113 

0-317/39OoC 
8-318/500"C 
B-319/55OoC 
B-320/ 390°C 
8-321/450"C 
B - 3 2 2 / 5 O O 0 C  

!Subassembly:  I1 X-3440 ~--~+ ~~ 

( C o r e  Position: 

~ Peak F1 uencea: 

-~ ~ 

~ ~ ~- __ 
! 

AD-2 RECON 
~~~ - - 

February  1982 - A p r i l  1983 
~ 

118 - 121 R 123 
~~ . ~ , 

57.25 M W  
~~ . ~ ~- 

12,780 MWD 

8-317a/39a0c 
B-318af450"C 
B-319af 500°C 
B-321a/55OoC 

X-3440 
~ 

4C2 482 - ~ - -~ ~p~ ~ - - 
2.82 x l o z 2  n /ca2  

( 1 3 . 5  dpa)  
~ 3.37 x 10" n/cm2 

( 1 6  2 dpa)  I 

! 1 
2 
3 
4 

1, 

5 i 6 
7 

153 mm 1.88 (9 .0 )  ' 159 nini 2.24 
2 .35 (11.311 109 mmi 2 .80 ~~~ 

'I 56 mni 2.67 ( i2.pJj l  56 nmi 3.20 
3.37 
3.31 

102 mm 3 .02 
152 mm 2.48 

Ii 

(10.8); 
( 1 3 . 5 )  
( 1  5 . 4 )  ', 

( 1 6 . 2 ) ;  
( 1 5 . 9 ) ,  
( 1 4 . 5 )  ~ 

( 1 1 . 9 ) ,  

Based on a nomina l  v a l u e  o f  peak f l u x  f o r  Row 4 o f  1 .75  x l O I 5  n/cm2-s, E > 0 .1  MeV 
( f rom d o s i m e t r y ) ;  dpa v a l u e s  based on 4.8 dpa/1OZ2 n/cm2 f o r  tlT-9 
1974) .  

a 

(HEDL TC-160.1. 

%sed on t h e  Row 4 f l u x  p r o f i l e  from HEDL TME 78-84. 1979 
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2.5 HIGH-FLUENCE IRRAOIATI0N OF FERRITIC STEELS I N  HFIR: HFIR-CTR-49 AND -50 ~ J .  M. V i t e k  
(flak Ridge N a t i o n a l  Labora to ry )  

2.5.1 A D I P  Task -_ 
A D I P  Task I.A.2, f le f ine  Test M a t r i c e s  and Test Procedures. 

2.5.2 n b j e c t i v e  -__ 
These exper iments  a r e  i n t e n d e d  t o  e v a l u a t e  t h e  t e n s i l e  p r o p e r t i e s  and m i c r o s t r u c t u r e  o f  f e r r i t i c  s t e e l s  

a f t e r  h igh- f l uence  e leva ted- tempera tu re  i r r a d i a t i o n  i n  High F l u x  I s o t o p e  Reactor  (HFIR) ( t o  nominal damage 
l e v e l s  o f  50 and lo0 dpa) .  I n  c o n j u n c t i o n  w i t h  s i m i l a r  bu t  l ower  n e u t r o n  exposure exper iments  (HFIR-CTR-39, 
- 40,  and - 4 1 ) .  t h e  f l uence  dependence o f  t e n s i l e  p r o p e r t i e s  of f e r r i t i c  s t e e l s  w i l l  be determined.  
exper iment  w i l l  a l s o  be a f o l l o w u p  t o  exper iments  HFIR-CTR-30, -31, and -32, which e v a l u a t e d  t h e  m i c r o s t r u c -  
t u r a l  response of seve ra l  f e r r i t i c  s t e e l s  t o  damaqe l e v e l s  of up t o  40 dpa. 
t ypes  i s  planned: 2 114 Cr-1 Ma, 9 Cr-1 MoVNb, and 12 Cr-1 MoVW. A few samples of n i cke l - doped  a l l o y s  w i l l  
be i n c l u d e d  t o  assPss t h e  e f f e c t  of h e l i u m  on m i c r o s t r u c t u r e  and p r o p e r t i e s :  t h e  h e l i u m  l e v e l s  w i l l  v a r y  
w i t h  n i c k e l  l e v e l s  because o f  a he l i um- produc ing  t r a n s m u t a t i o n  r e a c t i o n  o f  n i c k e l  d u r i n g  HFIK i r r a d i a t i o n .  

2.5.3 Summary 

The HFIR-CTR-49 and - 50  exper iments  c o n t a i n  t e n s i l e  specimens and t r a n s m i s s i o n  e l e c t r o n  microscopy 
(TEM) d i s k s  o f  v a r i o u s  f e r r i t i c  s t e e l s .  I r r a d i a t i o n  i s  p lanned a t  400 and 600'C t o  damage l e v e l s  o f  50 and 
i o n  dpa. 

2.5.4 Progress and S ta tus  

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

Th i s  

I r r a d i a t i o n  o f  t h r e e  a l l o y  

~ 

-. _. 

Prev ious  i r r a d i a t i o n  exper iments  i n  HFIR were conducted t o  e v a l u a t e  t h e  p o s t i r r a d i a t i o n  t e n s i l e  p r o p e r -  
t i e s  o f  f e r r i t i c  s tee l s . '  
S w e r a l  n i cke l- doped  a l l o y s  were i r r a d i a t e d  i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t  o f  h e l i u m  on t h e  t e n s i l e  p r o p e r -  
t i e s .  As a r e s u l t  of a two- s tep  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  produces h e l i u m  f rom n i c k e l ,  t h e  h e l i u m  l e v e l  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  n i c k e l  c o n t e n t  o f  t h e  a l l o y s .  The HFIR-CTR-49 and -50 exper iments  a r e  
i n t e n d e d  t o  supplement t h e s e  e a r l i e r  i r r a d i a t i o n s  by p r o v i d i n g  p o s t i r r a d i a t i o n  t e n s i l e  da ta  on t h e  same 
a l l o y s  s u b j e c t e d  t o  c o n s i d e r a b l y  h i g h e r  damage l e v e l s  and h e l i u m  c o n c e n t r a t i o n s .  

s t e e l s  a f t e r  i r r a d i a t i o n  i n  HFIR t o  damage l e v e l s  o f  up t o  40 dpa ( r e f .  2). Transmiss ion e l e c t r o n  
m ic roscopy  d i s k  packets  c o n s i s t i n g  of app rox ima te l y  100 d i s k s  Pach a r e  a l s o  t o  be i r r a d i a t e d  i n  HFIR-CTR-49 
and -50 t o  e v a l u a t e  t h e  m i c r o s t r u c t u r a l  response 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  h i g h e r  f l u e n c e  i r r a d i a t i o n .  A 
v a r i e t y  of a l l o y s  w i l l  be i n c l u d e d  as TEM d i s k s ,  i n c l u d i n g  n i cke l- doped  f e r r i t i c  s t e e l s ,  a u s t e n i t i c  s t e e l s ,  
and exper imenta l  f e r r i t i c  a l l o y s .  

2 . 5 . 4 . 2  Experiment Design 

These exper iments  i n v o l v e d  i r r a d i a t i o n s  t o  a damage l e v e l  of 10 dpa o r  l e s s .  

Another  s e t  of e a r l i e r  exper iments  was c a r r i e d  o u t  t o  e v a l u a t e  t h e  m i c r o s t r u c t u r a l  response o f  f e r r i t i c  

Each exper iment  w i l l  c o n t a i n  a comb ina t i on  of I0 r o d  t e n s i l e  specimens and 1 packet  of TEM d i sks .  The 
des ign  f o r  t h e  t e n s i l e  specimen arrangement w i l l  be i d e n t i c a l  t o  t h a t  used s u c c e s s f u l l y  i n  t h e  p a s t  i n  
exper iments  HFIR-CTR-39, -40, and -41. The r o d  t e n s i l e  samples w i l l  be h e l d  i n  p l a c e  by spurs  a t  each end. 
A gas gap around t h e  sample gage s e c t i o n  and shou lde r  w i l l  p r o v i d e  f o r  t h e  e l e v a t e d  tempera tu res  r e q u i r e d .  
The gas gaps a r e  a d j u s t e d  f o r  each specimen t o  account ?or t h e  d i f f e r e n t  n u c l e a r  h e a t i n g  r a t e s  and d e s i r e d  
temperatures.  The des ign  f o r  t h e  one TEM d i s k  packe t  p o s i t i o n  w i l l  be b a s i c a l l y  t h e  same as t h a t  used 
before.2  A l o w- s w e l l i n g  9 Cr-1 MoVNh f e r r i t i c  a l l o y  w i l l  be used f o r  t h e  TEM d i s k  t u b e  e n c l o s u r e  t o  m i n i -  
m i z e  s w e l l i n g  and ensure t h a t  t h e  des igned gas gaps a re  m a i n t a i n e d  th roughou t  t h e  i r r a d i a t i o n .  

2.5.4.3 Tes t  M a t r i x  and I r r a d i a t i o n  - C o n d i t i o n s  

The t e s t  m a t r i c e s  of bo th  exper iments  a re  i d e n t i c a l  w i t h  r e g a r d  t o  t e n s i l e  specimens. F i v e  a l l o y s  w i l l  
be i n c l u d e d  as t e n s i l e  specimens: two 12 Cr-1 MoVW a l l o y s ,  two 9 Cr-1 MoVNb a l l o y s ,  and one 2 114 Cr-1 MO 
a l l o y .  Each o f  t h e  12 Cr-1 MoVW and 9 Cr-1 MoVNb a l l o y s  c o n t a i n s  two d i f f e r e n t  n i c k e l  l e v e l s  i n  o r d e r  t o  
produce two d i f f e r e n t  h e l i u m  c o n c e n t r a t i o n s  d u r i n g  i r r a d i a t i o n .  F i v e  t e n s i l e  specimens a re  t o  i r r a d i a t e d  a t  
40n0C, w h i l e  t h e  o t h e r  f i v e  specimens a re  t o  he i r r a d i a t e d  a t  t h e  r e l a t i v e l y  h i g h  i r r a d i a t i o n  tempera tu re  of 
60f1°C: t h i s  h i g h  tempera tu re  i s  hp inq  used t o  exaggerate  t h e  e f f e c t s  o f  he l i um.  The t e s t  m a t r i x ,  a l l o y  heat  
numbers, and heat  t r e a t m e n t s  a re  d p t a i l e d  i n  Table 2.5.1. A l l o y  c h e m i s t r i e s  f o r  t h e  9 Cr-1 MoVNb and 
12 Cr-1 MoVW a l l o y s  have been r e p o r t e d  e l ~ e w h e r e . ~  The 7 114 Cr-1 Mo a l l o y  (hea t  3R649) c o n t a i n s  2.16 C r ,  
0.97 Mo, 0.40 N i ,  0.52 Mn, n.nR7 C. 0.19 S i ,  o . n l i  P, and n.014 s (wt  %). 

The TEM d i s k  packet  w i l l  c o n t a i n  v a r i o u s  a l l o y s  and heat  t r e a t m e n t s  t o o  numerous t o  d e t a i l  he re .  
B a s i c a l l y ,  though, t h e  50-dpa capsu le  (HFIR-CTR-49) w i l l  c o n t a i n  d i s k s  o f  expe r imen ta l  a l l o y s  desc r ibed  
i n  Sect. 7.1 o f  t h i s  r e p o r t .  The l00-dpa capsu le  (HFIR-CTR-50) w i l l  c o n t a i n  d i s k s  of t h e  same a l l o y s  
a l r e a d y  i r r a d i a t e d  i n  HFIR t o  40 dpa and known t o  be l o w- s w e l l i n g  a l l o y s .  These w i l l  i n c l u d e  v a r i o u s  
f e r r i t i c  s t e e l s  and a l s o  19 a u s t e n i t i c  pr ime c a n d i d a t e  a l l o y  (PCA) samples. I r r a d i a t i o n  w i l l  be a t  400"C, 
t h e  peak s w e l l i n g  tempera tu re  f o r  f e r r i t i c ~ . ~  
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Tahle  2.5.1. Specimen m a t r i x  f o r  HFIR-CTK-43 and -50 

- 

A I  1 O)I 
Temperature Speci mpn 

("C) tYPP 
P o s i t i o n  HPat Heat t r e a t m e n t  

1 400 
2 4nn 
3 400 
4 400 
5 400 
6 400 
7 600 

in 6nn 
11 fin0 

8 fin0 
9 600 

T e n s i l e  2 114 Cr-1 Mo 
T e n s i l e  9 Cr-1 MoVNb-2 N i  
T e n s i l e  9 Cr-1 MoVNb 
T e n s i l e  12 Cr-1 MoVW-2 N i  
T e n s i l e  12 Cr-1 MoVW 
TEMa Var ious 
T e n s i l e  12 Cr-1 MoVW 
T e n s i l e  12 Cr-1 MoVW-2 N i  
T e n s i l e  9 Cr-1 MoVNb 
T e n s i l e  9 Cr-1 MoVNb-2 N i  
T e n s i l e  2 114 Cr-1 Mo 

38649 900°C/0.5 h/AC + ?0O"C/1 hlAC 

XA 3590 l04OoC/O.5 h/AC + 76O"C/1 h/AC 
X A  3591 in4n0c/n.5 h/Ac t ? o n o c / 8  h j a c  

XAA 35R9 1O5OoC/0.5 h/AC + ? D O " C / R  h/AC 
X A A  3587 lf150°C/0.5 h/AC + 78O"C/2.5 h/CC 

XAA 3587 l05OoC/fl.5 h/AC + 7RO0C/2.5 h/AC 
XAA 3589 1050"C/O.5 h/AC + ?OO"C/8 h/AC 
XA 3590 1040°C/0.5 hlAC + 760"CIi h/AC 
XA 3591 
38649 900"C/0.5 h/AC + 700"C/1 h/AC 

10403C;0.5 h;AC + ?0O"C/8 h)AC 

"T ransn iss ion  e l e c t r o n  microscopy.  

The 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  w i l l  be used. I r r a d i a t i o n  i s  p lanned t o  ach ieve midp lane 
exposures o f  55,fI00 and l l n , i l n 0  MWd, co r respond ing  t o  d isp lacement  damage l e v e l s  of 50 and 100 dpa and 
h e l i u m  c o n c e n t r a t i o n s  i n  t h e  n i cke l- doped  a l l o y s  o f  500 and 1000 a t .  ppm He, r e s p e c t i v e l y .  I r r a d i a t i o n  o f  
HFIR-CTR-50 began i n  A p r i l  1984, and i r r a d i a t i o n  o f  HFIR-CTK-49 w i l l  l i k e l y  b e g i n  i n  May 1984. 

2.5.5 References 

1. J .  M. V i t e k .  " F l ~ v a t P d - T e n p e r a t u r e  I r r a d i a t i o n  o f  F e r r i t i c  S t p e l  T e n s i l e  S p e c i m e n s :  Exppr impnts  
HF19-CTR-39 ,  -411, and -41."  pp. 91-95 i n  ADIP S e m i n n w .  P P O I I .  q e p .  'tor. 2 1 ,  18R2,  D0E/EH-004S/53, 11.5. Df lE ,  
O f f i c e  o f  Fus ion Energy. 

I r r a d i a t i o n  o f  Transmiss ion E l e c t r o n  Microscopy Disk  Specimens," pp. 3 M 4  i n  A D I P  Qumt.  P w ? .  
. e m + .  i , I ,  1990, DOE/ER-n045/4, !J.S. n O E .  n f f i c e  of Fus ion Energy. 

3. R. L. Klueh and J. M. V i t e k ,  " C h a r a c t e r i 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 , ' '  
pp. 29k3 f lR  i n  A D I D  Q u a r t .  P r o g .  Qep .  June 30,  1980, n n E / ~ ~ - n n 4 5 / 3 ,  1J.S. UOE,  n f f i c e  o f  Fus ion Fnprgy. 

4. J. M. V i t ek  and R. L. K lueh,  " M i c r o s t r u c t o r e  o f  9 Cr -1  MoVNb and 12 Cr-1 MoVW F e r r i t i c  S t e e l s  A f t e r  
I r r a d i a t i o n  a t  E leva ted  Temperatures i n  HFIR," pp. 10P-14 i n  ADI? Si.nrinn.ru. P F O , .  Re?. .Sep%. ?O, :?e.', 
nflE/ER-flO4S/Il, U.S. n n E ,  O f f i ce  of Fus ion Energy. 

2. M. L. Grossbeck, , I .  W. Woods, and G. A. P o t t e r ,  "Exper iments  HFIR-CTR-30, -31, and - 3 2  f o r  
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2.6 IRRADIATION OF M I N I A T U R E  CHARPY I M P A C T  12 Cr-1 MoVW SPECIMENS AT 200 AND 300°C: HFIR-CTR-53 - 
J .  M. V i t e k  (Oak Ridge Na t iona l  Labora to ry )  

2.6.1 A D I P  Task 

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

2.fi.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  exper iment  i s  t o  determine t h e  p o s t i r r a d i a t i o n  impac t  p r o p e r t i e s  of t h e  f u s i o n  

heat  of 12 Cr-1 MoVW a t  200 and 300'C. P rev ious  exper iments  t o  damage l e v e l s  g r e a t e r  t h a n  1 dpa have been 
a t  55 and 300"C, and h i g h e r .  Th i s  exper iment  w i l l  p r o v i d e  i n f o r m a t i o n  i n  t h e  c r i t i c a l  t empera tu re  range 
i nn  t o  3 n v c .  

2.fi.3 

The HFIR-CTR-53 exper iment  w i l l  c o n t a i n  16 m i n i a t u r e  Charpy specimens o f  t h e  n a t i o n a l  f u s i o n  heat  of 
12 Cr-1 MoVW. I r r a d i a t i o n  w i l l  he a t  200 and 300°C and w i l l  ach ieve  a m idp lane  damage l e v e l  o f  R dpa. 

2.6.4 Progress and S ta tus  

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

The 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  f e r r i t i c  s t e e l s  a r e  one o f  t h e  p r imary  concerns i n  t h e  A D I P  
f e r r i t i c 8  program. It has become c l e a r  t h a t  l ow- tempera tu re  i r r a d i a t i o n s  may he c r i t i c a l  i n  assess ing  t h e  
p o t e n t i a l  of t hese  s t e e l s .  
55°C and above 300-C. Wi th  t h e  i n t r o d u c t i o n  o f  o n e - t h i r d  s i z e  Charpy impac t  specimens, i t  has been d e t e r -  
mined t h a t  i r r a d i a t i o n  tempera tu res  between 55 and 300°C a r e  now a c h i e v a b l e  i n  t h e  High F l u x  I s o t o p e  Reactor  
(HFIR). Th is  exper iment  i s  i n tended  t o  p r o v i d e  t h e  f i r s t  impact da ta  a t  h i g h  damage l e v e l s  ( > I  dpa) a t  

specimens w i t h  p r e v i o u s  exper iments  on one- ha l f  s i z e  specimen8.I  
base of impact p r o p e r t i e s  on t h e  same a l l o y  w i t h  t h e  same heat  t r e a t m e n t  as a f u n c t i o n  o f  i r r a d i a t i o n  tem- 
p e r a t u r e  from 2fl0 t o  400°C. 

2.6.4.2 Ex p e r  i ment a1 DescgA 

t h e  p a r t s  s c a l e d  down t o  accommodate t h e  s m a l l e r  o n e - t h i r d  s i z e  specimens. The samples a r e  c o n t a i n e d  i n  
t y p e  31fi s t a i n l e s s  s t e e l  h o l d e r s ,  which a re  i n s e r t e d  i n  aluminum s leeves.  The gamma h e a t i n g  o f  t h e  specimen 
and h o l d e r  accounts  f o r  t h e  specimen hea t ing .  The specimen subassembl ies a r e  s tacked  i n  a wa te r- coo led  
aluminum conta inment  tube. 

c o r r e l a t e  t h e  p r o p e r t i e s  w i t h  t h o s e  ob ta ined  from a p r e v i o u s  exper iment  on t h e  same heat  o f  m a t e r i a l  a t  
300°C b u t  w i t h  o n e- h a l f  s i z e  

2.6.4.3 Specimen P r e p a r a t i o n ,  Test  M a t r i x ,  and I r r a d i a t i o n  C o n d i t i o n s  

P rev ious  i r r a d i a t i o n s 1 , 2  t o  damage l e v e l s  o f  g r e a t e r  t h a n  1 dpa have been a t  

200°C. 
The f u s i o n  heat  o f  12 Cr-1 MoVW w i l l  he (used i n  o r d e r  t o  c o r r e l a t e  t h e  i n f o r m a t i o n  on o n e - t h i r d  s i z e  

Th i s  w i l l  t h e n  r e s u l t  i n  an e x t e n s i v e  da ta  

The exper imen ta l  des ign  i s  b a s i c a l l y  t h e  same as t h a t  used i n  p r e v i o u s  HFIR exper iments ,2  w i t h  many o f  

Two i r r a d i a t i o n  tempera tu res  a r e  be ing  used. The 300°C tempera tu re  i s  b e i n g  i n c l u d e d  i n  o r d e r  t o  

The m i n i a t u r e  Charpy V-notch impact specimens a re  t o  be made from t h e  n a t i o n a l  f u s i o n  heat  o f  
The a l l o y  chemis t r y  i s  a v a i l a b l e  e lsewhere.2  12 Cr-1 MoVW, heat  9607.R2. The samples w i l l  be machined from 

normal ized- and- tempered p l a t e  s tock  (105n°C/n.5 hlAC + 780"C/2.5 h/AC), t h e  same c o n d i t i o n  used f o r  specimen 
p r e p a r a t i o n  i n  HFIR-CTR-46. 

The HFIR-CTR-53 capsu le  w i l l  c o n t a i n  16 m i n i a t u r e  Charpy V-notch specimens, 3.3 x 3.3 m (0.13 x 
0.13 i n . )  i n  c ross  s e c t i o n  and 25.4 m (1.0 i n . )  i n  l e n g t h .  O f  t h e  16 samples, e i g h t  a re  t o  be i r r a d i a t e d  
a t  200°C and e i g h t  a t  300°C. A specimen m a t r i x  i s  g i v e n  i n  Tab le  2.6.1. 

t h e  300°C i r r a d i a t e d  samples i n  t h i s  exper iment  w i t h  those  i n  t h e  HFIR-CTR-46 exper imen t ,  t h e  m idp lane  
damage l e v e l  w i l l  be about R dpa. I r r a d i a t i o n  of HFIR-CTR-53 i s  scheduled t o  b e g i n  i n  1984. 

The 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  w i l l  be used. I n  o r d e r  t o  have comparable i r r a d i a t i o n  doses f o r  
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Table 2.h.l M i n i a t u r e  Charpy V-notch specimen 
m a t r i x  f o r  HFIK-CTR-53 

Nominal 
P o s i t i o n  tempera tu re  

("C) 

1 ?on 1 i i  9 3nn 
_______ 

Nominal 
Posi  t i on tempera tu re  

("C) 

. .__ .L. 

2.6.5 Rrferences 

1. J .  M. V i t e k  and J. W. Woods, "Exper iments  HFIR-MFE-RR1, -RB2, and -RB3 f o r  Low Temperahre  
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2. J .  M. V i t e k ,  " I r r a d i a t i o n  o f  M i n i a t u r e  Charpy Specimens o f  I ?  Cr-1 MoVW: Experiment HFIR-CTR-46," 
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2.7 INTRODUCTION TO THE U.S./JAPAN COLLABORATIVE TESTING PROGRAM I N  HFIR AND ORR - J. L. S c o t t  
(f lak Ridge N a t i o n a l  L a b o r a t o r y )  and T. Kondo (Japan Atomic Energy Research I n s t i t u t e )  

2.7.1 A D I P  Task 

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

2.7.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  c o l l a b o r a t i v e  program i s  t o  des ign ,  conduct ,  and e v a l u a t e  j o i n t  i r r a d i a t i o n  
exper imen ts  i n  t h e  High F l u x  I s o t o p e  Reactor  (HFIR) and t h e  Oak Ridge Research Reactor  (ORR). The e x p e r i -  
ments w i l l  i n v e s t i g a t e  t h e  i r r a d i a t i o n  response of Japanese and U.S. s t r u c t u r a l  a l l o y s  t o  h i g h  l e v e l s  of 
a tom ic  d isp lacement  and he l i um c o n t e n t  i n  o r d e r  t o  e v a l u a t e  t h e i r  use f o r  f i r s t  w a l l  and b l a n k e t  s t r u c t u r a l  
a p p l i c a t i o n s  i n  f u t u r e  fus ion  r e a c t o r s .  

2.7.3 Summary 

An implement ing arrangement between DOE and Japan Atomic Energy Research I n s t i t u t e  (JAERI) on 
U.5.-Japan c o l l a b o r a t i v e  t e s t i n g  o f  f i r s t  w a l l  and b l a n k e t  s t r u c t u r a l  m a t e r i a l s  w i t h  mixed- spect rum f i s s i o n  
r e a c t o r s  i n i t i a t e d  c o l l a b o r a t i v e  t e s t s  of e i g h t  HFIR capsu les and two ORR s p e c t r a l - t a i l o r i n g  capsu les.  The 
imp lemen t ing  arrangement a l s o  serves as a v e h i c l e  of f u t u r e  c o l l a b o r a t i o n  between DOE and JAERI on o t h e r  
a reas  o f  f u s i o n  technology.  The HFIR and O R R  s p e c t r a l - t a i l o r i n g  capsu les  w i l l  be e q u a l l y  shared by t h e  two 
programs. 

2.7.4 Background 

There e x i s t s  an i n t e r n a t i o n a l  consensus t h a t  t h e  fus ion  m a t e r i a l s  t e s t  m a t r i x  of c a n d i d a t e  m a t e r i a l s ,  
m i c r o s t r u c t u r a l  c o n d i t i o n ,  t empera tu re ,  s t r e s s  s t a t e ,  and response i s  t o o  l a r g e  f o r  any one c o u n t r y  t o  
accompl ish a lone,  e s p e c i a l l y  i n  t h e  a l l o y  scop ing  stage. For t h i s  reason,  i n t e r n a t i o n a l  c o l l a b o r a t i o n  i s  
v iewed g e n e r a l l y  t o  be h i g h l y  d e s i r a b l e .  There a r e ,  however, many b a r r i e r s  t o  be overcome, i n c l u d i n g  
language, d i s t a n c e ,  i n s t i t u t i o n s ,  and f i nanc ing .  These b a r r i e r s  can he d i s c o u r a g i n g  a t  t i m e s ,  and p e r s e r -  
vance i s  r e q u i r e d  t o  overcome them. 

h e l i u m  e f f e c t s  t o  he i m p o r t a n t  and t e s t i n g  i n  mixed-spectrum f i s s i o n  r e a t o r s  t o  be one o f  t h e  b e s t  
a v a i l a b l e  s i m u l a t i o n  t e c h n i q u e s ,  e s p e c i a l l y  f o r  a u s t e n i t i c  s t e e l s  and f e r r i t i c  s t e e l s  c o n t a i n i n g  n i c k e l .  
Un fo r tuna te1  f o r  them, t h e r e  i s  no mixed-spectrum f i s s i o n  r e a c t o r  i n  Japan w i t h  t h e  f l u x  of HFIR 
(peak 5 x IOK9 neut rons/m2.s) ,  and use of o t h e r  thermal  r e a c t o r s  i s  such t h a t  t h e  s p e c t r a l  t a i l o r i n g  as we 
do i n  ORR i s  a l s o  n o t  p o s s i b l e .  I n  August 197R. or.  J. Shimokawa, Head, O i v i s i o n  of Nuc lear  Fuel Research 
a t  J A E R I ,  w ro te  t o  E. E. Bloom, ORNL, i n d i c a t i n g  t h a t  J A E R I  w ished t o  i r r a d i a t e  capsu les i n  HFiR and 
r e q u e s t i n g  i n f o r m a t i o n  about  c o s t s  and schedules. Th i s  l e t t e r  i n i t i a t e d  a l o n g  s e r i e s  of l e t t e r s ,  
d i s c u s s i o n s ,  meet ings,  and agreements l e a d i n g  t o  t h e  p resen t  c o l l a b o r a t i o n .  

It i s  unnecessary t o  g i v e  a blow-by-blow account o f  t h e  h i s t o r y  o f  t h e  n e g o t i a t i o n s ,  hu t  i t  m i g h t  be 
h e l p f u l  t o  l i s t  t h e  s e r i e s  o f  agreements t h a t  have been s igned.  I n  t h i s  l i s t i n g  i t  should  n o t  be i n f e r r e d  
t h a t  a l l  t h e  agreements came about  as a r e s u l t  o f  HFIR-ORR d i s c u s s i o n s ,  bu t  each agreement i s  an e s s e n t i a l  
s tep.  

America on c o o p e r a t i o n  i n  resea rch  and development i n  energy and r e l a t e d  f i e l d s .  

c o m m i 5 e  on f u s i o n  energy and p r o v i d e d  c o o p e r a t i v e  a c t i v i t e s  i n  (a )  exchange programs, (b )  a j o i n t  resea rch  
p r o j e c t  u s i n g  n o u b l e t t  111, ( c )  j o i n t  research f o r  plasma p h y s i c s ,  and (d )  p romot ion  of j o i n t  p lann ing .  

and development between U.S. DOE and Monbusho, t h e  Japanese M i n i s t r y  of I n t e r n a t i o n a l  Trade and I n d u s t r y ,  
and t h e  Japanese Science and Technology Agency. The c o o p e r a t i o n  may t a k e  t h e  f o l l o w i n g  forms: 

1. exchange of s c i e n t i f i c  and t e c h n i c a l  i n f o r i n a t i o n :  
2. h o l d i n g  o f  seminars and o t h e r  mee t ings ;  
3. s h o r t - t e r m  v i s i t s  o f  s c i e n t i s t s ,  eng inee rs ,  and o t h e r  e x p e r t s  t o  t h e  f a c i l i t i e s  of t h e  implement ing 

4. exchange and l o a n  of equipment,  i n s t r u m e n t s ,  and m a t e r i a l s  f o r  t e s t i n g ;  
5. exchange o f  s c i e n t i s t s ,  eng ineers ,  and o t h e r  e x p e r t s  f o r  p a r t i c i p a t i o n  i n  research,  development,  

The Japanese have recogn ized  t h e  va lue  of i r r a d i a t i o n s  i o n  HFIR and nRR f o r  a l o n g  t ime.  They c o n s i d e r  

May 2, 1979 - Agreement between t h e  government of Japan and t h e  government o f  t h e  U n i t e d  S ta tes  of 

August 24, 1979 - Exchange of notes  between t h e  two governments t h a t  e s t a b l i s h e d  a c o o r d i n a t i n g  

~~ 

January 23, 19R3 - Exchanqe of notes  between t h e  two governments on t h e  c o o p e r a t i o n  i n  f u s i o n  resea rch  

agenc ies o r  o f  t h e i r  des ignees:  

a n a l y s i s ,  des ign,  p l a n n i n g ,  and exper imen ta l  a c t i v i t i e s  conducted a t  t h e  f a c i l i t i e s  o f  t h e  implement ing 
agenc ies o r  o f  t h e  des ignees;  and 

6 .  o t h e r  forms o f  c o o p e r a t i v e  a c t i v i t i e s  as may be m u t u a l l y  agreed. 

November R, 19R3 ~ Implement ing arrangement between t h e  JAERI and nOE on c o o p e r a t i o n  i n  f u s i o n  research  
and devel  opment. 

November R, 1983 - Annex I t o  implement ing arrangement between J A E R I  and DOE on c o o p e r a t i o n  i n  f u s i o n  
research  and development - U.5.-Japan c o l l a b o r a t i v e  t e s t i n g  of f i r s t  w a l l  and b l a n k e t  s t r u c t u r a l  m a t e r i a l s  
w i t h  m i  xed- spect  rum f i s s i o n  r e a c t o r s .  

__  

March 15, 19R4 - Funds from Japan a r r i v e d  a t  ORNL. __ 
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EACTOR TASK 

- March 16, - 1984 -. - Personnel assignment a g r e m e n t  between JAERI and ORNL on c o l l a b o r a t i v e  t e s t i n g  o f  

March 19, 1%- S h i r o  J i tsukawa a r r i v e d  a t  O R N L .  

Now t h a t  a l l  e lements o f  t h e  c o l l a h o r a t i o n  a re  i n  p l a c e  t h e  work has commenced. 

f i r s t  w a l l  and b l a n k e t  s t r u c t u r a l  m a t e r i a l s  w i t h  mixed spectrum f i s s i o n  r e a c t o r s .  

a4 85 

2 . 7 . 5  Scope 
~ 

POSTI RRADIATION EXAMINATION 

COSTS I F Y  1984 DOLLARS I N  THOUSANDS1 

Th i s  expe r imen ta l  program c o n s i s t s  of e i g h t  HFIR capsules and two OUR s p e c t r a l - t a i l o r i n g  caps? l les  w i t h  
sample numbers e q u a l l y  shared hptween t h e  1J.S. and ,Japanese programs. Four H F I R  capsu les w i l l  be i r r a d i a t e d  
t o  peak exposures of 30 dpa, and four  capsu les w i l l  he i r r a d i a t e d  t o  50 dpa. I n  one capsu le  t h e  specimens 
w i l l  be exposed t o  HFIR c o o l i n g  water  a t  about 6n'C. The o t h e r  seven capsu les a re  designed so t h a t  specimen 
temperatures w i l l  he i n  t h e  range 300 t o  600°C. T e n s i l e ,  f a t i g u e ,  and t r a n s m i s s i o n  e l e c t r o n  n i c r o s c o p y  
specimens a re  i nc luded .  

examinat ions a t  10, 70, and 3fl dpa. Each capsu le  w i l l  have t w o  tempera tu res ,  so t h a t  spec inens w i l l  be 
i r r a d i a t e d  a t  h n ,  200. 300, and 400°C. There a re  about fi50 spec inens a t  each temperature.  Data w i l l  be 
o b t a i n e d  on s w e l l i n g ,  c reep ,  t e n s i l e  p r o p e r t i e r ,  f a t i g u e ,  f r a c t u r e  toughness,  and m i c r o s t r u c t i i r a l  
e v o l u t i o n .  

The two s p e c t r a l - t a i l o r i n g  capsu les w i l l  be i r r a d i a t e d  i n  (IRR t o  exposures o f  5 0  dpa w i t h  i n t e r i n  

The schedule  and cos t s  f o r  t h e  c o l l a b o r a t i o n  a re  shown i n  F ig .  2.7.1. 

1177 2 2065 2113.1 2064 5 

H F I R  CAPSULE ASSEMBLY 
TEMPERATURE EXPERIMENT 
IRRADIATION 

POSTI RRAOIATION EXAMINATION 

O R R  GO 200 DESIGN 

GO 200 ASSEMBLY A N D  CONNECTION 
60 200 IRRAOIATION 

60 200 REINCAPSULATION 
300 400 ASSEMBLY A N D  CONNECTION 
300 400 I R R A D I A T I O N  
300 400 REINCAPSULATION 

FACIL ITY PREPARATION NO 1 
FACIL ITY PREPARATION NO 2 F I t- 

FISCAL Y E  

86 

- - 

87 

F ig .  2.7.1. Schedule and c o s t s  f o r  il.S./Japan c o l l a b o r a t i o n  i n  t h e  High F l u x  I s o t o p e  Peactor  and t h e  
Oak Ridge Research Reactor.  
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2.R IRRADIATION EXPERIMENTS FOR THE U.S./JAPAN COLLABORATIVE TESTING PROGRAM IN H F I R  AND ORR - 
J. A. C o n l i n  and J. W. Woods (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

2.8.1 A D I P  Tasks 

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

2.8.2 - O b j e c t i v e s  

s t a i n l e s s  s t e e l  c a n d i d a t e  a l l o y s  f o r  use as f i r s t  w a l l  and b l a n k e t  s t r u c t u r a l  m a t e r i a l s  i n  f u s i o n  r e a c t o r s .  
They w i l l  be i r r a d i a t e d  w i t h  mixed- spect rum neu t rons  and w i t h  s p e c t r a l  t a i l o r i n g  t o  ach ieve h e l i u m - t o -  
d isp lacement- per- atom (He/dpa) r a t i o s  p r e d i c t e d  f o r  f u s i o n  r e a c t o r  s e r v i c e .  

2.8.3 

The exper iments  i n  t h e  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  program f o r  H I I R  and ORR i r r a d i a t e  a u s t e n i t i c  

The des ign  o f  a l l  e i g h t  capsu les HFIR-JP-1 th rough  -JP-8 i s  completed,  and t h e  p a r t s  f o r  f o u r  capsu les  
have been made. Two capsu les have been assembled and a re  now b e i n g  i r r a d i a t e d .  nes ign  of t h e  ORR capsu le  
t o  ope ra te  a t  60 and 200°C, des igna ted  ORR-MFE-6J, i s  complete, and p a r t s  procurement f o r  a p roo f- o f- des ign  
capsu le  i s  i n  progress.  

2.8.4 Progress and S ta tus  

2.R.4.1 I r r a d i a t i o n  Experiments f o r  t h e  HFIR 

The HFIR-JP exper iments  c o n s i s t  o f  e i g h t  i r r a d i a t i o n  capsu les  des igned t o  e v a l u a t e  t h e  t e n s i l e ,  
f a t i g u e ,  and m i c r o s t r u c t u r a l  p r o p e r t i e s  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  These capsu les a r e  t o  be i r r a d i a t e d  
i n  t h e  HFIR  t a r g e t  r e g i o n  i n  p o s i t i o n s  ad jacen t  t o  t h e  PIP p o s i t i o n s .  

Thermal des ign  and a s s o c i a t e d  e n g i n e e r i n g  drawings o f  a l l  capsu les  were completed. P a r t s  were f a b r i -  
c a t e d  f o r  t h e  f i r s t  f o u r  exper iments .  Two capsu les have been assembled and a re  p r e s e n t l y  b e i n g  i r r a d i a t e d .  
Assembly o f  two a d d i t i o n a l  capsu les i s  i n  progress.  I r r a d i a t i o n  o f  t h e s e  capsu les  i s  expected t o  beg in  i n  
May 1984. 

?.8.4.? I r r a d i a t i o n  Experiments f o r  t h e  ORR 

The U.S./Japan c o l l a b o r a t i v e  i r r a d i a t i o n  program i n  t h e  ORR c o n s i s t s  of two s p e c t r a l  t a i l o r e d  capsu les 
t o  i r r a d i a t e  m a t e r i a l s  specimens a t  60, 200, 300, and 400°C. The 300 and 400°C i r r a d i a t i o n s  w i l l  be c a r r i e d  
o u t  i n  an i r r a d i a t i o n  capsu le  (ORR-MFE-7J) s i m i l a r  i n  des ign  t o  t h a t  o f  t h e  ORR-MFE-4A i r r a d i a t i o n  capsu le .  
The o n l y  s i g n i f i c a n t  d i f f e r e n c e  i s  i n  t h e  l e n g t h  o f  t h e  specimen t e s t  r e g i o n ,  which i s  t o  be i n c r e a s e d  t o  
24 cm (9.5 i n . )  f rom 15.2 cm ( 6  i n . )  t o  accommodate t h e  l a r g e r  specimen complement. The des ign  i n o d i f i c a t i o n  
i s  t o  be done i n  t h e  l a s t  q u a r t e r  o f  I Y  1984. However, a number of p a r t s  t h a t  a r e  i d e n t i c a l  t o  those  of 
ORR-MFE-4A have a l r e a d y  been f a b r i c a t e d  f o r  t h e  capsule. I r r a d i a t i o n  i s  scheduled t o  b e g i n  i n  March 1985. 

f o r  a p r o o f - o f - d e s i g n  "dummy" capsu le  t o  be i r r a d i a t e d  e a r l y  i n  t h e  f o u r t h  q u a r t e r  o f  FY 1983. The i r r a -  
d i a t i o n  of t h e  r p a l  ORR-MFE-f iJ capsu le  i s  scheduled t o  beg in  i n  J u l y  19R5. 

un ins t rumen ted  capsu le  a t  60°C and t h e  i n n e r  i ns t rumen ted  capsu le  a t  200°C. The o u t e r  60°C assembly con- 
s i s t s  of  a s t a i n l e s s  s t e e l  c y l i n d e r  wi th a r e a c t o r  wa te r  c o o l a n t  annulus ove r  b o t h  t h e  i n n e r  and o u t e r  s u r -  
faces .  The t e s t  specimens occupy a 24-cm-long r e g i o n  o f  t h e  c y l i n d e r  cen te red  around t h e  peak f l u x  (7.6 cm 
be low t h e  0RR midp lane) .  The speciinen r e g i o n  o f  t h e  c y l i n d e r  has v e r t i c a l  grooves i n  which t h e  t e s t  
specimens a re  p o s i t i o n e d .  The speciinens a re  h e l d  i n  p l a c e  by a t h i n  s t a i n l e s s  s t e e l  sheath, which s l i p s  
ove r  t h e  specimen r e g i o n  t o  cover  t h e  grooves. 
access f o r  r e a c t o r  c o o l a n t  water  i n  d i r e c t  c o n t a c t  w i t h ,  and a t  t h e  same tempera tu res  as, t h e  r e a c t o r  
coo l  a n t  water .  

an aluminum c y l i n d e r ,  which p r o v i d e s  f o r  bo th  specimen suppor t  and heat  removal. The aluminum c y l i n d e r  has 
c l o s e  f i t t i n g  c a v i t i e s  machined i n t o  i t ,  i n  which t h e  specimens and thermocouples w i l l  be p o s i t i o n e d .  

The aluminum c y l i n d e r  i s  c o n t a i n e d  w i t h i n  a wa te r- coo led  t h i n - w a l l  s t a i n l e s s  s t e e l  vesse l  on t h e  o u t e r  
su r face  and by a r e e n t r a n t  c o o l a n t  t ube  t h a t  p e n e t r a t e s  t h e  i n n e r  w a l l  o f  t h e  assembly f o r  hea t  removal. 
Gas gaps c o n t a i n i n g  he l ium- argon gas m i x t u r e s  f o r  t empera tu re  c o n t r o l  a re  p r o v i d e d  between b o t h  t h e  i n n e r  
and o u t e r  wa te r- coo led  sur faces.  

The 60 t o  2OO"C capsu le ,  des igna ted  ORR-MFE-6J, has been des igned,  and p a r t s  procurement i s  i n  p rog ress  

The O R R - M I E - f i J  capsu le  i s ,  i n  e f f e c t ,  two independent  capsu les  i n  a c o n c e n t r i c  geolnetry, w i t h  t h e  o u t e r  

The grooves ex tend  beyond t h e  sheath  a t  bo th  ends t o  p r o v i d e  

The i n n e r  (20fl"C) capsu le  c o n s i s t s  of  a s i n g l y  c o n t a i n e d  vesse l  i n  which t h e  specimens a r e  suppor ted i n  
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2.9 THE !I.5./JAPAN COLLABORATIVE TESTING PROGRAM I N  HFIR AND O R R :  I R R A D I A T I O N  M A T R I C E S  FOR HFIX 
I R R A D I A T I O N-  A. F. R o w c l i f f e ,  M. L. Grossbeck (Oak Ridge N a t i o n a l  L a b o r a t o r y ) ,  and S. ,Jitsukawa 
(Japan Atomic Energy Research I n s t i t u t e )  

2.9.1 A D I P  Task 

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

2.9.2 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  program i s  t o  i n v e s t i g a t e  t h e  behav io r  and p r o p e r t i e s  o f  Japanese and 9 . 8 .  s t r u c -  

t u r a l  a l l o y s  a f t e r  i r r a d i a t i o n  i n  t h e  mixed-spectrum f i s s i o n  r e a c t o r s ,  t h e  High F l u x  I s o t o p e  Reactor  (HFIR) 
and t h e  Oak Ridge Research Reactor  (ORR). 

2.9.3 Summary 
~~ 

The f i r s t  f o u r  capsu les i n  t h e  U.S./Japan c o l l a b o r a t i v e  program a r e  c u r r e n t l y  be ing  i r r a d i a t e d  i n  H F I R .  
The genera l  o b j e c t i v e s  o f  t h e  exper iments  a r e  o u t l i n e d  and t h e  d e t a i l e d  l o a d i n g  o f  each capsu le  desc r ibed .  

2.9.4 Progress and S ta tus  - 

e q u a l l y  shared between t h e  two p a r t i c i p a n t s .  Th i s  c o n t r i b u t i o n  d e s c r i b e s  t h e  o b j e c t i v e s  of t h e  exper imen ts ,  
t h e  o v p r a l l  t e s t  m a t r i x ,  and t h e  d e t a i l e d  l o a d i n g  o f  t h e  f o u r  capsu les  t h a t  have been i n s e r t e d  i n t o  HFIK. 

2.9.4.1 General D e s c r i p t i o n  of _ _  HFlR Exper iments  

The U.S./Japan c o l l a b o r a t i v e  agreement' c a l l s  f o r  e i g h t  HFIR capsu les  t o  be b u i l t  i n  FY 84 w i t h  space 

The p r i m a r y  o b j e c t i v e  o f  t h e  exper iments  f o r  b o t h  t h e  U n i t e d  S ta tes  and Japan i s  t o  de te rm ine  t h e  t e n -  
s i l e .  f a t i g u e ,  and s w e l l i n g  p r o p e r t i e s  of t i t a n i u m - m o d i f i e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s  under c n n d l t i o n s  of 
moderate l e v e l s  o f  d isp lacement  damage and h i g h  r a t e s  o f  h e l i u m  genera t i on .  Ma jo r  emphasis i s  p l a c e d  on t h e  
b e h a v i o r  o f  t h e  Path  A pr ime c a n d i d a t e  a l l o y s  [PCA and Japanese PCA (JPCA)]. I n  a d d i t i o n ,  t h e  s w e l l i n g  and 
m i c r o s t r u c t u r a l  b e h a v i o r  of a range o f  PCA v a r i a n t s  w i l l  be s tud ied .  When space i s  a v a i l a b l e ,  d i s k  s p e c i -  
mens of o t h e r  a l l o y s  t ypes  (e.g., f e r r i t i c  a l l o y s )  w i l l  a l s o  he i n c l u d e d .  

The t e n s i l e  p r o p e r t i e s  o f  t h e  U.S. PCA were determined r e c e n t l y  f o l l o w i n g  i r r a d i a t i o n  i n  HFIR t o  22 dpa 
(Sect .  6.1 of t h i s  r e p o r t ) .  The U.S./Japan s e r i e s  o f  i r r a d i a t i o n s  w i l l  enab le  t h i s  da ta  base t o  be extended 
t o  30 and t o  50 dpa. I n f o r m a t i o n  on h e l i u m  e f f e c t s  w i l l  be o b t a i n e d  hy comparison w i t h  i d e n t i c a l  t e n s i l e  
specimens r e c e n t l y  i n s e r t e d  i n t o  t h e  Fas t  F l u x  Tes t  F a c i l i t y  (FFTF) M a t e r i a l s  Open T e s t  Rssembly (MOTA) 
above- core basket .  

(X15893) .  The l a t t e r  a re  i n c l u d e d  t o  a l l o w  comp le t i on  o f  a m a t r i x  o f  f a t i g u e  t e s t s  a t  30 dpa, which was 
i n i t i a t e d  w i t h  t h e  e a r l i e r  HFIR-CTR-36 exper iment .  
specimens i n  t h e  HFIR-JP capsules,  we w i l l  o b t a i n  a t o t a l  o f  f i v e  specimens a t  430°C and fou r  specimens d t  
550°C i r r a d i a t e d  t o  30 dpa. The HFIR-JP capsu les w i l l  p r o v i d e  a f u r t h e r  t h r e e  specimens a t  43fl'C i r r a d i a t e d  
t o  50 dpa. The combined PCA f a t i g u e  specimen m a t r i x  i s  a l s o  o f  l i m i t e d  scope and c o n s i s t s  of f o u r  Specimens 
a t  430'C and f i v e  specimens a t  500°C i r r a d i a t e d  t o  30 dpa. There w i l l  be o n l y  t h r e e  specimens i r r a d i a t e d  t o  
5 O  dpa a t  430°C. I n  t h e  Japanese program, t h e  t e n s i l e  and f a t i g u e  specimens i n  capsu les HFIR-JP-1, -JP-2, 
and -JP-3 are  devoted e n t i r e l y  t o  t h e  JPCA, and these  exper iments  w i l l  p r o v i d e  t h e  f i r s t  neu t ron  i r r a d i a t i o n  
d a t a  on t h i s  m a t e r i a l .  The d i s t r i b u t i o n s  o f  speciinens a t  each tempera tu re  and damage l e v e l  a r e  shown i n  
Tab le  2.9.1. 

d i v i d e d  e q u a l l y  between t h e  two programs. I n  t h e  11.5. program, t h e  TEM d i s k  packets  a re  b e i n g  used t o  
e x p l o r e  t h e  p r e c i p i t a t i o n  and s w e l l i n g  behav io r  and bend d u c t i l i t y  of a range o f  PCA compos i t i ona l  v a r i a n t s .  
These compos i t i ons  (Tab le  2.9.2) have been s e l e c t e d  t o  e x p l o r e  r e c e n t l y  deve loped i deas  on e x t e n d i n g  t h e  
l o w- s w e l l i n g  t r a n s i e n t  regime. F o l l o w i n g  HFIR i r r a d i a t i o n  t o  30 dpa t o  b u i l d  up h e l i u m  l e v e l s ,  i t  i s  
p lanned t o  c o n t i n u e  i r r a d i a t i n g  t h e  most p ro in i s i ng  compos i t i ons  i n  FFTF t o  ach ieve  t o t a l  doses i n  excess 
o f  IO0 dpa. Capsules HFIK-JP- I and -JP-2 a l s o  c o n t a i n  d i s k s  o f  a l l o y s  p r o v i d e d  by t h e  DAFS program 
(H. R. Wager ,  HEnL). n e t a i l s  o f  t hese  a l l o y s  w i l l  be p r o v i d e d  i n  t h e  n e x t  p rog ress  r e p o r t .  Fo r  Japan, 
5 i x  d i f f e r e n t  a l l o y s  a r e  be ing  i r r a d i a t e d  i n  t h e  form of TEM d i s k s .  Two d i f f e r e n t  hea ts  of JPCA a r e  b e i n g  
e v a l u a t e d  t o g e t h e r  w i t h  two low- carbon a u s t e n i t i c  a l l o y s .  Rlso i n c l u d e d  i s  a f e r r i t i c  a l l o y  of t h e  dup lex 
9 Cr-2 Mo t y p e  doped w i t h  a p p r o x i m a t e l y  1.4% N i .  The compos i t i ons  of t hese  a l l o y s  a r e  shown i n  Tab le  2.9.3. 

r e c t a n q u l a r  s t r i p  specimens. The Uni tPd S ta tes  prograin has i n c l u d e d  t e n s i l e  specimens of t h e  rianSanese 
s t e e l  E P - R 3 R  (USSR) and specimens o f  t h e  12 Cr-1 MoVW (HT9)  and 9 Cr-1 MoVNb (T9) f e r r i t i c  a l l o y s .  To 
s tudy  t h e  e f f e c t s  o f  i n c r e a s i n g  t h e  h e l i u n  q e n e r a t i o n  r a t e ,  hea ts  o f  t h e  f e r r i t i c  s t e e l s  doped w i t h  2% Ni  
a re  a l s o  be ing  i n v e s t i g a t e d  (Tab le  2.9.4). I n  t h e  Japanese program, t h i s  capsu le  i s  be ing  used t o  e v a l u a t e  
t h e  i r r a d i a t i o n  behav io r  of welds. The (5 -1  speciinens have been machined f ro in welded p l a t e s  of b o t h  
t y p e  316 s t a i n l e s s  s t e e l  and JPCA so t h a t  t h e  weld zone i s  i n  t h e  m i d d l e  o f  t h e  qage s e c t i o n .  

The U.S. f a t i g u e  specimens a re  d i v i d e d  between PCA and t h e  r e f e r e n c e  heat  o f  t y p e  31h s t a i n l e s s  S tee l  

By combin ing t h e  HFIR-CTR-36 specimens w i t h  t h e  

Each capsu le  c o n t a i n s  one d i s k  packet  c o n t a i n i n g  60 t o  70 t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM) d i s k s  

Capsule HFIR-JP-4 i s  be ing  i r r a d i a t e d  a t  55°C and c o n t a i n s  sheet  t e n s i l e  specimens ( S S - 1 )  and a s e t  o f  
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Table 2.9.1.  D i s t r i b u t i o n  o f  H F I R  specimens 

30 dpa SO dpa 

Tens i l ea  Fa t i guea  packet Disk T e n s i l e a  F a t i g u e a  packet 

I r r a d i a t i o n  
tempera tu re  

D i sk  (“C) 

55 

300 
4no 
430 

500 

550 

600 

TOTALS 

55 

300 
400 

500 

550 

600 

430 

TOTALS 

0 

2 

3 

0 

4 

0 

3 

12 
- 

0 
4 

4 
0 

4 

0 

2 

14 
- 

Specimens for U n i t e d  S t a t e s  

0 n 20h 

n 0.5 2 
0 0.5 2 

6 0 0 
n 0.5 3 
2 0 0 

2 0 0.5 

R 2. 0 9 
- - - 

Specimens for Japan 

n 0 20h 

0 0.5 3 

n n. s 3 

6 0 1 

0 0.5 3 
0 n n 
0 0.5 1 

6 2.0 11 
- - - 

0 6 c  
0 0.5 
0 0.5 

6 0 

0 0.5 

0 0 
0 0 

6 1.5 
- - 

0 8c 
0 0.5 
0 0.5 

4 0 
0 0.5 

0 0 

n n - - 
4 1.5 

“Rod specimens, i d e n t i c a l  t o  t h o s e  used i n  p r e v i o u s  HFIR e x p e r i -  

hSheet t e n s i l e  specimens ( S S - 1 ) .  
ORectangular  s t r i p s ,  42 x 1.5 x 0.25 mn. 

ments,  except  as  noted.  
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D e t a i l e d  l o a d i n g  l i s t s  f o r  capsu les HFIR-JP-1 th rough  -JP-4 a r e  p resen ted  i n  Tables 2.9.5 and 2.9.6. 
The compos i t i ons  of b o t h  t h e  U.S. and Japanese a l l o y s  used f o r  t h e  f a t i g u e  and t e n s i l e  specimens a re  shown 
i n  Tab le  2.9.4. The codes used t o  d e s i g n a t e  therm31 mechanical  c o n d i t i o n s  a re  e x p l a i n e d  i n  Tab le  2.9.7. 

Tab le  2.9.5. Loading l i s t  f o r  capsu les HFIK-JP-1, -JP-2,  and -JP-3" 

I d e n t i f i c a t i o n  
A l l o y  C o n d i t i o n  Specimen Temperature 

t y p e  ("C) HFIR-JP-1 HFIR-JP-2 HFIR-JP-3 
Leve l  

1 l e n s i  1 e 
2 T e n s i l e  
3 T e n s i l e  
4 F a t i g u e  
5 F a t i g u e  

300 

500 
430 

400 

430 

PCA 83  EL15 
P C A  83 EL21 
PCA 83 EL?!? 

EL3h e130 
EL37 e134 
EL39 EC29 

PCAh A3 A A 1  
Ref. 316 20% c n l d  AA2 

worked 
C C c 
JPCA PC2 FE1 

EC157 EC152 
AA3 AAR 

6 TEM 
7 F a t i u u e  

C C 
FE3 FE5 
FE4 FEfi 
784 TB7 
TB5 TBB 
TB6 TB9 

j .  I 

430 
430 

400 
500 

300 

R F a t i g u e  
9 T e n s i l e  

1n T e n s i l e  
11 T e n s i l e  

JPCA PC2 FEZ 
JPCA PS2 181 
JPCA PS2 TI32 
JPCA PS2 TE1 

nCapsules HFIK-JP- I and -JP-3 i r r a d i a t e d  t o  30 dpa; HFIR-JP-2 i r r a d i a t e d  t o  50 dpa. 

bReference heat  t y p e  316 20% c o l d  worked i n  HFIR-JP-1. 

CCapsules HFIR-JP-1 and -JP-2 a t  300°C; HFIR-JP-3 a t  400°C. See a l s o  Tables 2.9.2 
and 2.9.3. 

Tab le  2.9.6.  Loading l i s t  f o r  capsu le  HFIK-JP-4 ( 5 0  dpa) 

Leve l  Specimen A1 1 oy C o n d i t i o n  I d e n t i f i c a t i o n  Temperature 
( " C )  

1 S S- 1  l e n s i l e  

2 55-1 T e n s i l e  

3 S S - 1  T e n s i l e  

55  

55 

55  

Ref. 31h 
EP-83R 

20% cw 
20% cw 

83 

A3 
25% CW 
254. CW 
25% CW 

NT4 
NT4 
NT1 
N T 1  

NT2 
NT2 
NT3 
NT3 

20% cw 

AB-41, -42. -45 
EP05 

EP06, EPln  
ELD, EL2 

EC2R4 
H V O l  
HA1  
HT01 
TBOl 
I802 
sa2 
583 

SDOI 

EP-838 
P C A  

PCA 
PCA2D 
PCA13 
PCA19 

T9 M o d 2  N i  
T9 Mod-2 N i  
HT9 
HT9 

H T S - 2  N i  
HT9-2 N i  
T9 Mod 
T9 Mod 

( Va r i  ous ) 
J31fi 
5316 

4 SS-1 T e n s i l e  55 

5 S S - 1  T e n s i l e  55 
SDO2 
T A O l  
TA04 

55  

55  

6 rl 

7 S S - 1  T e n s i l e  15% CW weld  
SA weld  

SA weld  
SA weld  

SA we ld  
CW we ld  

0-46, -47, -4R 
0-16 

R S S - 1  T e n s i l e  

9 SS-1 T e n s i l e  

55  

55 

5316 
JPCP 

11-17, -18 
CLW-1, - 2  

JPCA 
JPCA 

J31K 
J316 

JPCA 
JPCA 

CLW-3 
DLW-1, -2, - 3  

10 S S- 1  T e n s i l e  

11  S S- 1  T e n s i l e  

55 

55 

SA 
CW 

D- 1 ,  -2 
D-31, -32 

SA 
cw 

C L - 1 ,  -2 
DL-I, - 2  

OFourteen s t r i p  specimens 42 x 1.5 x 0.25 mm. 
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Table  2.9.7. Thermal-mechanical  t r e a t m e n t  codes 
- 

Code A1 1 oy F i n a l  a l l o y  c o n d i t i o n  

P S - 1  
PS-2 
PS-3 

P C- 1  
PC-2 
PC-3 

AO 
A 1  
A3 
83 

NT-1 

NT-2 

NT-3 

NT-4 

JPCA 
JPCA 
JPCA 

JPCA 
JPCA 
JPCA 

U.S. PCA 
U.S. PCA 
U.S. PCA 
U.S. PCA 

U.S. f e r r i t i c  

U.S. f e r r i t i c  

U.S. f e r r i t i c  

a1 l o y s  

a1 1 oys 

a1 1 oys 
U.S. f e r r i t i c  

a1 1 oys 

S o l u t i o n  annealed 1175°C 
S o l u t i o n  annealed 1100°C 
S o l u t i o n  annealed 1050°C 

S o l u t i o n  annealed I l f l 0 "C  + 10% c o l d  worked 
S o l u t i o n  annealed 1100°C + 15% c o l d  worked 
S o l u t i o n  annealed 1100°C + 20% c o l d  worked 

S o l u t i o n  annealed 1050°C/1 h 
S o l u t i o n  annealed 11OO"C/O.5 h 
A I  t r e a t m e n t  + 25% c o l d  worked 
A 1  t r e a t m e n t  + 800"C/8 h + 25% c o l d  worked 

Normal ized 1OSO"C/0.5 h, 
tempered 7RO"C/2.S h 

Normal ized l050"C/O.5 h, 
tempered 70OoC/5 h 

Normal ized 1O4OoC/O.5 h, 
tempered 760°C/1 h 

Normal ized 1040°C/0.S h 
tempered 700"C/5 h 

2.9.4.2 C u r r e n t  S ta tus  

The f i r s t  f o u r  capsules HFIR-JP-1 th rough  -JP-4 were a l l  i n s e r t e d  i n t o  HFIR on schedule  and a r e  
o p e r a t i n g  s a t i s f a c t o r i l y .  
i n s e r t i o n  i n  August 19R4, and f o r  HFIR-JP-7 and -JP-8, which w i l l  commence i r r a d i a t i o n  i n  January 1985. 
D e t a i l s  o f  t hese  capsules w i l l  be presented i n  t h e  nex t  r e p o r t .  

2.9.4.3 Reference 

U n i t e d  S ta tes  Department o f  Energy on Cooperat ion i n  Fus ion  Research and Development (November 1983). 

Specimens a re  b e i n g  r e a d i e d  f o r  capsu les  HFIR-JP-5 and -JP-6, which a r e  due f o r  

1. Annex I t o  t h e  Implement ing Arrangement between t h e  Japan Atomic Energy Research I n s t i t u t e  and t h e  
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3.1 EFFECT OF THE MICROSTRUCTURE ON POSTIRRADIATION TENSILE PROPERTIES OF TYPE 316 STAINLESS STEEL - 
R. L. Klueh (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

3.1.1 A n I P  Task 

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

3.1.2 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  s tudy  i s  t h e  d e t e r m i n a t i o n  o f  t h e  e f f e c t  o f  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 r o p e r 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 e e l .  
work and d i f f e r e n t  hea t  t r e a t m e n t s  before i r r a d i a t i o n  i n  t h e  Oak Ridge Research Reactor  (ORR). 

3.1.3 Summary 

T e n s i l e  specimens of t y p e  316 s t a i n l e s s  s t e e l  were g i v e n  d i f f e r e n t  s o l u t i o n- a n n e a l  hea t  t r e a t m e n t s  and 
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 f a s t  n e u t r o n  f l u e n c e  o f  about  6.8 x 1025 neutronsfm2 
(-5 dpa and 40 a t .  ppm He). 
s t e e l  s o l u t i o n  annealed 1 h a t  1O5O0C, 1 h a t  115OoC, and 1 h a t  1050'C f o l l o w e d  by 10 h a t  800OC. 

The t e s t  m a t e r i a l  was g i v e n  d i f f e r e n t  l e v e l s  o f  c o l d  

The t e n s i l e  p r o p e r t i e s  were de te rm ined  a t  t h e  i r r a d i a t i o n  tempera tu res  f o r  

3.1.4 Progress and S ta tus  

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

The p r e s e n t  s t u d y  i s  p a r t  o f  an i n v e s t i g a t i o n  t o  de te rm ine  t h e  e f f e c t  o f  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 -  

I n  t h i s  r e p o r t ,  t h e  t y p e  316 s t a i n l e s s  s t e e l  g i v e n  t h e  d i f f e r e n t  s o l u t i o n- a n n e a l  t r e a t m e n t s  w i l l  

t u r e  of  t y p e  316 s t a i n l e s s  s t e e l  on t e n s i l e  p r o p e r t i e s .  Specimens w i t h  t h r e e  co ld-work l e v e l s  and t h r e e  
d i f f e r e n t  s o l u t i o n- a n n e a l e d  c o n d i t i o n s  were i r r a d i a t e d  i n  t h e  ORR. 
repor ted. '  
be discussed. 

3.1.4.2 Exper imenta l  Procedure 

re fe rence  h e a t  (X-15893). The chemical compos i t i on  (wt  1.) of  t h i s  hea t  i s  C r ,  17.3; Mn, 1.7; P, 0.03; 
N i ,  12.4; S i ,  0.7: S, 0.015; Mo, 2.2: C, 0.05; B, 0.0004; Co, 0.35; and Fe, b a l .  

i r r a d i a t e d  and t e s t e d :  1 h a t  1050°C, 1 h a t  1150°C, and 1 h a t  1050°C f o l l o w e d  by 10 h a t  800°C. 

l o n g  by 1.52 mn wide by 0.76 mn t h i c k  (F ig .  3.1.1). 
ORR i n  exper iment  ORR-MFE-2. 
The c y l i n d r i c a l  h o l d e r s  were con ta ined  i n  a wa te r- coo led  aluminum b l o c k :  each h o l d e r  c o n t a i n e d  a c e n t r a l  
h o l e  t h a t  c o n t a i n e d  an e l e c t r i c  hea te r .  
l o c a t e d  a t  t h e  p o s i t i o n  of t h e  c e n t e r  of t h e  gage s e c t i o n  i n  two unused sample p o s i t i o n s  l o c a t e d  180° apar t .  

The e f f e c t  o f  c o l d  work was p r e v i o u s l y  

The t y p e  316 s t a i n l e s s  s t e e l  used i n  t h i s  s tudy  was taken  from t h e  Magnet ic  Fus ion  Energy (MFE) 

T e n s i l e  specimens were machined from 0 .76 -m- th i ck  sheet. 

Sheet t e n s i l e  specimens i n  t h i s  exper iment  were of t h e  SS-1 t y p e  w i t h  a reduced gage s e c t i o n  20.3 mn 
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  of t h e  

These specimens were i r r a d i a t e d  i n  h o l d e r s  t h a t  c o n t a i n e d  22 sheet  samples. 

Three s o l u t i o n- a n n e a l e d  c o n d i t i o n s  were 

Temperature was measured and c o n t r o l l e d  by two thermocouples 

ORNL-DWG 78-7701R1 

I .. 

1.90 mrn DIAM' _.".I 

W1 = 1.52 mm 
W2 = 0.025 TO 0.038 mm 
GREATER THAN W1 

DIMENSIONS IN MILLIMETERS 

Fig.  3.1.1. The SS- 1  t y p e  t e n s i l e  specimen, 

U 
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I r r a d i a t i o n  tempera tu res  o b t a i n e d  i n  t h i s  exper iment  were a p p r o x i m a t e l y  250, 290, 450, and 500OC. The 
n e u t r o n  f l u e n c e  of approx imate ly  6.8 x loz5 neutrons/m2 00.1 MeV) produced a p p r o x i m a t e l y  5 dpa and a p p r o x i -  
m a t e l y  40 a t .  ppm He. 

T e n s i l e  t e s t s  were made on u n i r r a d i a t e d  and i r r a d i a t e d  specimens a t  t h e  i r r a d i a t i o n  temperatures.  
Tes ts  were conducted i n  a vacuum chamber on a 44-kN c a p a c i t y  I n s t r o n  u n i v e r s a l  t e s t  machine a t  a s t r a i n  r a t e  
o f  4.2 x 10-515. 

3.1.4.3 R e s u l t s  and D iscuss ion  

The m i c r o s t r u c t u r e s  a f t e r  t h e  d i f f e r e n t  s o l u t i o n- a n n e a l  hea t  t r e a t m e n t s  a r e  shown i n  F igs .  3.1.2 and 
The s t e e l s  g i v e n  o n l y  t h e  e leva ted- tempera tu re  s o l u t i o n  t r e a t m e n t  were d i f f i c u l t  t o  e tch ,  and 3.1.3. 

d i f f e r e n t i a l - i n t e r f e r e n c e  m ic roscopy  was used t o  make t h e  g r a i n  s t r u c t u r e  more e a s i l y  v i s i b l e  (F ig .  3.1.2). 

Y-189CQl Y-189000 

Fig .  3.1.2. 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  s o l u t i o n  annealed 1 h a t  ( u )  1050°C and 
( h )  115OOC. D i f f e r e n t i a l - i n t e r f e n c e  microscopy was used t o  show t h e  g r a i n  s i ze .  

Y-188995 

100grn 

F i g .  3.1.3. M i c r o s t r u c t u r e  o f  
t y p e  3115 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  1050'C and t h e n  
f u r t h e r  annealed 10 h a t  800°C. 

A f t e r  a s o l u t i o n  anneal o f  1 h a t  l05b o r  1150"C, t h e  m i c r o-  
s t r u c t u r e s  have r e l a t i v e l y  c l e a n  g r a i n  boundar ies,  and o n l y  a few 
l a r g e  p r e c i p i t a t e s  a r e  s c a t t e r e d  th rough  t h e  m a t r i x  ( F i g .  3.1.2). 
When t h e  s o l u t i o n  anneal f o r  1 h a t  1050°C was f o l l o w e d  by t h e  
anneal f o r  10 h a t  800"C, c o n s i d e r a b l e  p r e c i p i t a t e ,  which i s  taken  
t o  he Mq2Cc f r e f s .  2 and 3). formed on a r a i n  boundar ies  and w i t h i n  ~, 
t h e  m a t r i x u ( i i g .  3.1.3). 

Gra in  s i z e s  were d i f f i c u l t  t o  e s t i m a t e  because of t h e  d i f f i -  
c u l t i e s  w i t h  e t c h i n g  and because t h e  g r a i n  s i z e  v a r i e d  t h r o u g h  t h e  
specimen c ross  s e c t i o n .  The ASTM g r a i n  s i z e  number a f t e r  1 h a t  
1050°C was e s t i m a t e d  as 5 and a f t e r  1 h a t  1150°C as 4. A f t e r  1 h 
a t  1050°C and 10 h a t  ROO"C, an e s t i m a t e  o f  4 t o  5 was ob ta ined .  

T e n s i l e  da ta  f o r  t h e  specimens annealed 1 h a t  1050"C, 1 h a t  
115OoC, and 1 h a t  1050°C f o l l o w e d  hy 10 h a t  800°C a r e  p resen ted  
i n  Table 3.1.1. 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 ,  t h e r e  was l i t t l e  
e f f e c t  of t h e  hea t  t r e a t m e n t  over  t h e  range 250 t o  500°C f o r  t h e  
0.2% y i e l d  s t r e s s  ( Y S )  o r  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  (UTS) 
( F i g s .  3.1.4 and 3.1.5). Al though t h e r e  was c o n s i d e r a b l e  s c a t t e r  
i n  t h e  data,  t h e  u n i f o r m  and t o t a l  e l o n g a t i o n s  were a l s o  o n l y  
s l i g h t l y  a f f e c t e d  by t h e  hea t  t r e a t m e n t  (F ig .  3.1.6). 

A f t e r  i r r a d i a t i o n ,  t h e  YS va lues  of a l l  t h r e e  m a t e r i a l s  
were above t h e  u n i r r a d i a t e d  va lues  a t  a l l  t e s t  tempera tu res  
(F ig .  3.1.4). The most ha rden ing  o c c u r r e d  a t  250 and 29O"C, 
f o l l o w e d  by 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  t h e  
h i g h e r  i r r a d i a t i o n  and t e s t  tempera tu res .  

For  t h e  UTS a f t e r  i r r a d i a t i o n  (F ig .  3.1.5), a l a r g e  i n c r e a s e  
over  t h e  u n i r r a d i a t e d  s t r e n g t h  was a g a i n  observed a t  250 and 
290°C; t h e  s t r e n g t h  decreased r a p i d l y  w i t h  i n c r e a s i n g  i r r a d i a t i o n  
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100 
0 100 2m 500 d M  1"" 500 

T t S T T E M P E R c % T " R I I  C8 

F i g .  3.1.4. 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  s o l u t i o n - a n n e a l 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 s  were 
a t  t e s t  t empera tu res  t o  app rox ima te l y  5 dpa 
and 40 a t .  ppm He. 

:no 200 30" 400 5"" 6"" 
T i s ,  IIMPLR"T""I, L; 

F ig .  3.1.5. 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  
s o l u t i o n - a n n e a l 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 s  were a t  t e s t  t empera tu res  t o  
a p p r o x i m a t e l y  5 dpa and 40 a t .  ppm He. 

Tab le  3.1.1. 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  
and i r r a d i a t e d  s o l u t i o n - a n n e a l e d  t y p e  316 

s t a i n l e s s  s t e e l  (hea t  X-15893) 

Temperature ( " C )  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  
__ 

S o l u t i a  anneal 1 h at  lf15fl°C 

250 250 812 812 n.2 9.8 
75n 181 496 35.0 31.8 ~~ .. 
290 291) 830 (130 0.2 1.5 
290 157 479 36.5 38.8 
450 4511 288 556 22.5 24.3 
450 161 499 40.4 47.6 
500 500 255 315 2.8 4.4 
500 143 503 39.4 43.1 

So lu t ion  anneal I k a t  1150°C 

250 250 851  857 0.1 5.3 
250 183 481 36.7 39.9 
290 290 717 717 3.9 6.1 
290 160 475 33.1 35.3 
450 450 441 591 11.1 13.5 
450 148 486 39.0 42.8 
500 500 241 436 19.5 21.9 
500 206 514 26.3 29.5 

.Solution anneal 1 h at  1f15f1°C + lfl h a t  8flf1°C 

250 250 118 118 0.2 6.4 
250 115 487 36.6 38.1 
290 290 81)h 812 0.1 5.1 
290 177 419 29.8 30.1 
~~ ~ 

450 450 268 287 0.5 l.R 
450 151 494 38.6 40.1 
51)n 500 264 413 13.5 13.8 
500 153 460 32.0 35.0 

t e m p e r a t u r e  above 290°C. As opposed t o  t h e  YS behav- 
i o r ,  t h e  UTS f o r  t h e  i r r a d i a t e d  m a t e r i a l s  f e l l  below 
t h e  UTS of t h e  u n i r r a d i a t e d  m a t e r i a l  a t  t h e  h i g h e s t  
t e s t  t empera tu re  (5flO'C). The UTS of t h e  s t e e l  g i v e n  
t h e  10 h a t  1100°C was l e s s  t h a n  t h a t  o f  t h e  u n i r r a -  
d i a t e d  s t e e l  a t  b o t h  450 and 500°C. I n  a d d i t i o n ,  t h e  
s t r e n g t h  a t  500°C f o r  t h i s  hea t  t r e a t m e n t  exceeded t h a t  
a t  451)OC. The b e h a v i o r  o f  t h i s  s t e e l  a t  45OOC i s  t h e  
o n l y  i n d i c a t i o n  o f  a s t r e n g t h  d i f f e r e n c e  f o r  t h e  t h r e e  
d i f f e r e n t  heat  t rea tmen ts .  Because o n l y  one specimen 
was a v a i l a b l e  f o r  each t e s t  c o n d i t i o n ,  i t  i s  d i f f i c u l t  
t o  document t h e  meaning o f  t h i s  o b s e r v a t i o n .  W i thou t  
t h e  t e s t  a t  450"C, t h e  UTS behav io r  of t h e  s t e e l  g i v e n  
t h e  10 h a t  800OC anneal would  be s i m i l a r  t o  t h a t  f o r  
t h e  s t e e l  g i v e n  t h e  o t h e r  two hea t  t rea tmen ts .  

The o b s e r v a t i o n s  on u n i f o r m  and t o t a l  e l o n g a t i o n  
a f t e r  i r r a d i a t i o n  i n d i c a t e d  s l i g h t  d i f f e r e n c e s  f o r  t h e  
t h r e e  s t e e l s  (F ig .  3.1.6). The t o t a l  e l o n g a t i o n s  of 
a l l  t h r e e  m a t e r i a l s  were s i m i l a r  a t  250 and 290°C. The 
s t e e l s  w i t h  s o l u t i o n- a n n e a l  t r e a t m e n t s  o f  1 h a t  1050°C 
and 1 h a t  1150°C b o t h  had h i g h e r  d u c t i l i t y  a t  450°C 
t h a n  a t  t h e  l o w e r  temperatures.  Between 450 and 500"C, 
t h e  t r e n d  i n  t h e  d u c t i l i t y  f o r  t hese  two s t e e l s  
d i ve rged .  The 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  g i v e n  t h e  
1 h a t  1050°C decreased t o  l e s s  t h a n  5% a t  500"C, w h i l e  
t h a t  f o r  t h e  specimen w i t h  1 h a t  1150°C i n c r e a s e d  
f u r t h e r  t o  g r e a t e r  t h a n  21%. The t r e n d  f o r  t h e  duc-  
t i l i t y  f o r  t h e  specimens w i t h  t h e  800°C anneal showed 
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"RNL UWG e4 1861 a smal l  decrease between 250 and 4SO'C and t h e n  an 
i n c r e a s e  between 450 and 500°C. Because o f  t h e  
l a r g e  s c a t t e r  t h a t  i s  o f t e n  observed i n  d u c t i l i t y  
da ta ,  such t r e n d s  must be t r e a t e d  w i t h  c o n s i d e r a b l e  
c a u t i o n .  

Scanning e l e c t r o n  microscopy (SEM)  obser-  
v a t i o n s ,  showed t h a t  t h e  specimen annealed 1 h a t  
1050'C and i r r a d i a t e d  and t e s t e d  a t  500°C f r a c t u r e d  
i n t e r g r a n u l a r l y  [F ig .  3.1.7(a)] .  Th is  c o n t r a s t e d  
w i t h  a c o m p l e t e l y  t r a n s g r a n u l a r  f a i l u r e  f o r  t h e  
c o n t r o l  specimen t e s t e d  a t  500°C [F ig .  3 . 1 . 7 ( b ) l  
and t h e  c o n t r o l  and i r r a d i a t e d  specimens a t  t h e  
o t h e r  temperatures.  F i g u r e  3 .1 .7 (c )  shows t h e  
i r r a d i a t e d  specimen t e s t e d  a t  250°C; t h i s  specimen 
d i s p l a y e d  a l a r g e  amount o f  ha rden ing  and a f a i r l y  
l o w  d u c t i l i t y  (Tab le  3.1.1), hu t ,  n e v e r t h e l e s s ,  a 
d u c t i l e  f r a c t u r e .  

The specimens annealed 1 h a t  1150°C a l s o  
deve loped d u c t i l e  f r a c t u r e s .  A t  500"C, t h e r e  was 
a s l i g h t  amount of i n t e r g r a n u l a r  s e p a r a t i o n  on t h e  
f r a c t u r e  s u r f a c e ,  hu t  over  90% o f  t h e  f r a c t u r e  su r -  
face was t r a n s g r a n u l a r  (F ig .  3.1.8).  
b e h a v i o r  of t h e  s t e e l  s o l u t i o n  annealed a t  l05OYC 
and t h e n  annealed 10 h a t  800°C was s i m i l a r  t o  t h e  

The d u c t i l i t y  

TESTTEMPERATURE I CI 

F ig .  3.1.6. The u n i f o r m  and t o t a l  e longa-  
t i o n 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  s o l u t i o n -  
annealed t y p e  3115 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 e s t  t empera tu res  t o  app rox ima te l y  5 dpa 
and 40 a t .  ppn He. 

b e h a v i o r  o f  t h e  s t e e l  s o l u t i o n  annealed a t  1 1 S O 0 C .  
Most o f  t h e  p r e v i o u s  t e n s i l e  s t u d i e s  on 

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  have been 
on 20%-cold-worked m a t e r i a l .  O f  t h e  s t u d i e s  
on s o l u t i o n- a n n e a l e d  s t e e l  , 4 - 6  t h e  most d e t a i l e d  
appears t o  he t h a t  of F i s h  and Holmes,' who 
s t u d i e d  t h e  p o s t i r r a d i a t i o n  t e n s i l e  p r o p e r t i e s  
a f t e r  EBR-I1 i r r a i a t i o n  up t o  a maximum f l u e n c e  
o f  7 x IOz6 neutrons/m2 (>0.1 MeV) a t  430 t o  R2O"C. 
Th i s  i r r a d i a t i o n  r e s u l t e d  i n  a maximum o f  35 t o  
40 dpa and 15 t o  20 a t .  ppm He. The s o l u t i o n  anneal 
was 1 h a t  1065'C, which r e s u l t e d  i n  an ASTM g r a i n  
s i z e  number of 5 t h rough  6. Specimens i r r a d i a t e d  
and t e s t e d  a t  430, 480, and 540°C ( t empera tu res  
s i m i l a r  t o  those  used i n  t h e  p resen t  s t u d y )  were 
i r r a d i a t e d  t o  maximum f l u e n c e s  o f  o n l y  up t o  ahout 
o n e- h a l f  o f  t h e  maximum f l u e n c e ,  t h u s  c o n s i d e r a b l y  
dec reas ing  t h e  d isp lacement  damage and t h e  amount 
o f  he1 i um produced. 

e x c e l l e n t  Q u a l i t a t i v e  agreement w i t h  t h e  F i s h  and 
The r e s u l t s  from t h e  p resen t  t e s t s  a r e  i n  

Holmes r e ~ u ' l t s . ~  For tempera tu res  :JP t o  700"C, 
i r r a d i a t i o n  caused an i n c r e a s e  i n  YS ( r e f .  4). The UTS was i n c r e a s e d  by i r r a d i a t i o n  o n l y  a t  430 and 4RO"C, 
and n o t  a t  540°C and h i ~ h e r . ~  I n  t h e  o resen t  t e s t s .  t h e  Y S  a l s o  i n c r e a s e d  a t  a l l  t.emnpraturps. whprpns t h e  , ~ .~.  . r -  ~~~ ~~ 

~~~ ~~~ ~~ 

U T S  i n c r e a s e d  a t  t h e  th;ee l ower  temperatures,  h u t  decreased a t  500'C ( t h e  o n l y  e x c e p t i o n  was t h e  [ITS f o r  
t h e  t e s t  a t  450°C o f  t h e  s t e e l  g i v e n  t h e  800°C anneal ) .  

F i s h  and Holmes found t h a t  t h e  t o t a l  e l o n g a t i o n  becane a f u n c t i o n  of t h e  h e l i u m  c o n c e n t r a t i o n  a t  540°C 
and t h a t  f a i l u r e  was i n i t i a t e d  by g r a i n  boundary f r a c t u r e . '  
l e s s  t h a n  21) a t .  ppm He p r e s e n t ,  compared w i t h  about  40 a t .  ppm i n  t h e  p resen t  exper iment .  F i s h  and Holmes 
conc luded  t h a t  a t  540°C o r  h i g h e r  t h e  h e l i u m  i s  a b l e  t o  s t a r t  c o l l e c t i n g  a t  g r a i n  boundar ies  by d i f f u s i o n ,  
and t h i s  h e l i u m  can t h e n  a s s i s t  g r a i n  boundary s e p a r a t i o n  d u r i n g  deformat ion. '  The l o s s  of d u c t i l i t y  accom- 
pan ied  by a change i n  f r a c t u r e  mode a t  500°C i n  t h e  p resen t  s tudy  f o r  t h e  s t e e l  s o l u t i o n- a n n e a l e d  a t  1050°C 
appears s i m i l a r  t o  t h e  F i s h  and Hollnes o b s e r v a t i o n s  and i s  a t t r i b u t e d  t o  h e l i u m  e m b r i t t l e m e n t .  

be a prob lem below 0.6T, (550-700°C f o r  t y p e  316 s t a i n l e s s  s t e e l ) , 5  a l t h o u q h  f o r  h i g h  h e l i u m  c o n t e n t s ,  
n m b r i t t l e m e n t  a t  t empera tu res  as low as 550°C i s  t hough t  p o s s i b l e . 6  
as l ow  as 500°C. 
r u r t h e r q o r e ,  most s t u d i e s  on t y p e  3115 s t a i n l e s s  s t e e l  have heen on 20%-cold-worked m a t e r i a l .  

e n b r i t t l e m e n t  a t  500°C and one s o l u t i o n  annealed a t  1150°C would n o t .  
wo i i ld  no t  appear t o  o f f e r  an e x p l a n a t i o n .  
t h a t  c o u l d  occu r  because o f  d i f f e r e n t  s u p e r s a t u r a t i o n  c o n d i t i o n s  produced f o r  m a t e r i a l  coo led  from 1050 and 
l l S f l c C  (e.g., i f complete  c a r b i d e  d i s s o l u t i o n  d i d  n o t  occur  a t  105D°C). 
s t u d i e s  a r e  p lanned t o  examine t h i s  p o s s i b i l i t y .  The reason t h a t  t h e  specimen annealed 10 h a t  800°C a f t e r  
1 h a t  lr)50°C does no t  e m b r i t t l e  may De t h e  r e s u l t  of t h e  l a r g e  amount o f  g r a i n  boundary p r e c i p i t a t e  
observed i n  t h i s  m a t e r i a l  ( F i g .  3 .1 .3 ) .  
e l  evated- temperat , i re  he1 i un e n h r i  ttl ement .' 

I n  those  ERR- I1 s t u d i e s ,  t h e r e  was p r o b a h l y  

The ma jo r  d i f f i c u l t y  w i t h  t h e  ahove h y p o t h e s i s  i s  t h a t  h e l i u m  e m b r i t t l e m e n t  i s  g e n e r a l l y  n o t  f e l t  t o  

It i s  g e n e r a l l y  no t  h e l i e v e d  t o  occu r  
However, most h e l i u m- e m b r i t t l e m e n t  s t u d i e s  have heen conducted above approx ima ted ly  600'C. 

No e x p l a n a t i o n  i s  r e a d i l y  a v a i l a b l e  f o r  why a specimen s o l u t i o n  annealed a t  1050°C would e x h i b i t  h e l i u m  
The smal l  d i f f e r e n c e  i n  g r a i n  s i z e  

One p o s s i b i l i t y  n i g h t  he a d i f f e r e n c e  i n  p r e c i p i t a t e  s t r u c t u r e  

Transmiss ion e l e c t r o n  m ic roscopy  

It has been shown t h a t  g r a i n  boundary p r e c i p i t a t i o n  can i n h i b i t  
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20 pm 

Fig.  3.1.7. Scanning e l e c t r o n  micrographs of 
f r a c t u r e  su r face  o f  t e n s i l e  specimens o f  t y p e  316 
s t a i n l e s s  s t e e l  annealed 1 h a t  1050°C. ( a )  I r r a -  
d i a t e d  and t e s t e d  a t  500"C, ( b )  u n i r r a d i a t e d  and 
t e s t e d  a t  500"C, and ( e )  i r r a d i a t e d  and t e s t e d  a t  
z5n0c. 

M-15293 

Fig .  3.1.8. Scannir 
f r a c t u r e  s u r f a c e  o f  t e n s i  
s t a i n l e s s  s t e e l  annealed 
d i a t e d  and t e s t e d  a t  500' 

19 e l e c t r o n  m ic rog raph  o f  
# l e  specimen o f  t y p e  316 
1 h a t  115OOC and i r r a -  
'C. 

20 pm 
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The change i n  u n i f o r m  e l o n g a t i o n  w i t h  tempera tu re  (F ig.  3.1.6) i s  a l s o  s i m i l a r  t o  t h a t  observed by 
F i s h  and H01mes.~ A l though  t h e y  found t r a n s g r a n u l a r  f r a c t u r e s  below 540°C, l o w  u n i f o r m  and t o t a l  e longa-  
t i o n s  were observed - o f t e n  l o w e r  t h a n  f o r  specimens i n  which h e l i u m  e m b r i t t l e m e n t  occurred.  
e x p l a i n e d  by s t a t i n g  t h a t ,  a t  t h e  l o w e r  temperatures,  " d u c t i l i t y  l o s s  occurs  as a r e s u l t  of reduced work 
ha rden ing  wh ich  l e a d s  t o  premature p l a s t i c  i n ~ t a b i l i t y . " ~  Depending on t h e  f luence,  F i s h  and Holmes found 
t h a t  t h e  un i fo rm and t o t a l  e l o n g a t i o n s  decreased from va lues  near 10% a t  54OOC t o  va lues  as low as 0.9% a t  
430°C ( r e f .  4). Wi th  dec reas ing  temperature,  t h e  a u t h o r s  expected t h e  u n i f o r m  e l o n g a t i o n  t o  decrease t o  a 
low bu t  c o n s t a n t  va lue ,  s i m i l a r  t o  t h e  o b s e r v a t i o n s  i n  t h e  p resen t  work. 

t h e  work of Fahr, Bloom, and S t i e g l e r '  and Bloom and Wiffen.6 
l e s s  o v e r l a p  i n  t e s t  c o n d i t i o n s ,  and t h u s  a d e t a i l e d  d i s c u s s i o n  o f  t h o s e  r e s u l t s  w i l l  n o t  be presented. 

t h a t  c o n d i t i o n  i s  o f  most i n t e r e s t  f o r  n u c l e a r  a p p l i c a t i o n s ,  and t h a t  c o n d i t i o n  has been i n v e s t i g a t e d  most 
e x t e n s i v e l y  a f t e r  i r r a d i a t i o n .  
s t a i n l e s s  s t e e l  w i t h  20, 30, and 50% c o l d  work.' 
ZO%-cold-worked m a t e r i a l  a r e  compared w i t h  t h e  s t e e l  s o l u t i o n  annealed 1 h a t  1050°C. 

T h i s  was 

I n  a d d i t i o n  t o  t h e  agreement w i t h  t h e  F i s h  and Holmes s tudy ,4  t h e r e  i s  a l s o  q u a l i t a t i v e  agreement w i t h  

Because of t h e  g r e a t e r  r e s i s t a n c e  o f  20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  t o  s w e l l i n g ,  t h e  s t e e l  i n  

However, f o r  t h o s e  s t u d i e s  t h e r e  was much 

The ORR-MFE-2 exper iment  a l s o  c o n t a i n e d  t e n s i l e  specimens of t y p e  316 
I n  F igs.  3.1.9 t h r o u g h  3.1.11, t h e  t e n s i l e  d a t a  f o r  t h e  
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F i g .  3.1.9. The 0.2% y i e l d  s t r e s s  of  u n i r r a -  Fig.  3.1.10. 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 
d i a t e d  and i r r a d i a t e d  s o l u t i o n- a n n e a l e d  ( 1  h a t  u n i r r a d i a t e d  and i r r a d i a t e d  s o l u t i o n- a n n e a l e d  (1 h 
1050°C) and 20%-cold-worked t y p e  316 s t a i n l e s s  a t  1050°C) and 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 i o n s  were a t  t e s t  tempera tu res  t o  s t e e l .  I r r a d i a t i o n s  were a t  t e s t  tempera tu res  t o  
a p p r o x i m a t e l y  5 dpa and 40 a t .  ppn He. a p p r o x i m a t e l y  5 dpa and 40 a t .  ppm He. 

A f t e r  i r r a d i a t i o n  a t  250 and 290"C, t h e  YS and UTS of t h e  s o l u t i o n- a n n e a l e d  m a t e r i a l  showed a g r e a t e r  
i n c r e a s e  r e l a t i v e  t o  t h e  u n i r r a d i a t e d  c o n d i t i o n  t h a n  d i d  t h e  YS and UTS f o r  t h e  co ld-worked c o n d i t i o n .  
Between 290 and 45O0C, t h e  s t r e n g t h  o f  b o t h  t h e  co ld-worked and t h e  s o l u t i o n- a n n e a l e d  s t e e l  i n  t h e  i r r a -  
d i a t e d  c o n d i t i o n  decreased r a p i d l y  w i t h  temperature.  
l e s s  t h a n  t h a t  o f  t h e  u n i r r a d i a t e d  m a t e r i a l ,  w h i l e  t h a t  of t h e  i r r a d i a t e d  s o l u t i o n- a n n e a l e d  s t e e l  always 
remained above t h a t  o f  t h e  u n i r r a d i a t e d  s t e e l  (F ig.  3.1.9). 
became l e s s  t h a n  t h e  u n i r r a d i a t e d  va lues  f o r  t h e  500°C t e s t s .  S ince a t  some tempera tu re  t h e  co ld-worked 
m a t e r i a l  w i l l  r e c r y s t a l l i z e ,  t h e  s t r e n g t h s  o f  t h e  two s t e e l s  w i l l  e v e n t u a l l y  become equal .  However, as seen 
i n  F igs.  3.1.9 and 3.1.10, a t  500°C t h e r e  i s  s t i l l  a s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  s t r e n g t h  of t h e  S o l u t i o n -  
annealed and co ld-worked s t e e l s  b e f o r e  and a f t e r  i r r a d i a t i o n .  

The YS o f  t h e  i r r a d i a t e d  co ld-worked s t e e l  became 

The UTS a f t e r  i r r a d i a t i o n  f o r  b o t h  c o n d i t i o n s  
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F ig .  3.1.11. The u n i f o r m  and t o t a l  e longa-  
t i o n 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  s o l u t i o n -  
annealed (1 h a t  1O5O0C) and 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 i o n s  were a t  
t e s t  t empera tu res  t o  app rox ima te l y  5 dpa and 
40 a t .  ppm He. 

1 h a t  1050°C went th rough  a maximum, w i t h  t h e  d u c t i l i t y  
t i l i t y ,  wh ich was a t t r i b u t e d  t o  t h e  h e l i u m  e n b r i t t l e m e n t  
i n t e r g r a n u l a r  f r a c t u r e .  

If t h e  l o s s  of d u c t i l i t y  f o r  t h e  s t e e l  
s o l u t i o n- a n n e a l e d  a t  1050'C i s  a t t r i b u t e d  t o  h e l i u m  
e m b r i t t l e m e n t ,  as p o s t u l a t e d  above, F ig .  3.1.11 i s  
an i n d i c a t i o n  o f  t h e  d i f f e r e n c e  i n  t h e  p r o p e n s i t y  
o f  s o l u t i o n- a n n e a l e d  and co ld-worked t y p e  316 
s t a i n l e s s  s t e e l  t oward  h e l i u m  e m b r i t t l e m e n t  a t  
500'C. The co ld-worked specimen i r r a d i a t e d  a t  
500°C shows l i t t l e  change i n  d u c t i l i t y  ove r  t h e  
u n i r r a d i a t e d  specimen, and i t  f a i l e d  i n  a d u c t i l e .  
t r a n s g r a n u l a r  mode. 

Summary and Conc lus ions 

A s e r i e s  of s o l u t i o n- a n n e a l e d  t y p e  316 
s t a i n l e s s  s t e e l  t e n s i l e  specimens was i r r a d i a t e d  
i n  ORR a t  250, 290, 450, and 500°C t o  a neu t ron  
f l u e n c e  of app rox ima te l y  6.8 x l o z 5  neutrons/m2 
(>0.1 MeV). T h i s  produced a disp lacement  damage o f  
a p p r o x i m a t e l y  5 dpa and 40 a t .  ppm He. Specimens 
w i t h  t h r e e  d i f f e r e n t  hea t  t r e a t m e n t s  were i r r a -  
d i a t e d  and t e s t e d  1 h a t  1O5ODC, 1 h a t  1150°C, and 
1 h a t  1050°C f o l l o w e d  by 10 h a t  R0O"C. U n i r r a -  
d i a t e d  and i r r a d i a t e d  t e n s i l e  p r o p e r t i e s  were 
determined.  The f o l l o w i n g  i s  a summary of t h e  
o b s e r v a t i o n s  and conc l  u s i  ons. 

a t  1050 and 1150°C were r e l a t i v e l y  p r e c i p i t a t e -  
f ree ,  w i t h  t h e  ma jo r  d i f f e r e n c e  i n  t h e  two s t e e l s  
b e i n g  a s l i g h t  d i f f e r e n c e  i n  t h e  g r a i n  s i z e .  The 
s t e e l  w i t h  t h e  e x t r a  10 h a t  R0O"C had c o n s i d e r a b l e  
p r e c i p i t a t e  on t h e  g r a i n  boundar ies .  

2. A t  a l l  i r r a d i a t i o n  temperatures,  i r r a d i a -  
t i o n  i n c r e a s e d  t h e  YS f o r  each hea t  t r e a t m e n t  ove r  
t h e  Y S  of t h e  u n i r r a d i a t e d  c o n d i t i o n .  The r e l a t i v e  
i n c r e a s e  became s m a l l e r  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  
tempera tu re .  The UTS was i n c r e a s e d  by i r r a d i a t i o n  
f o r  a l l  b u t  t h e  specimens t e s t e d  a t  500°C f o r  t h e  
s t e e l s  annealed 1 h a t  1050 and 1150°C, and a l l  b u t  
450 and 5OO0C f o r  t h e  s t e e l  g i v e n  t h e  e x t r a  10 h a t  
80OOC. 

i r r a d i a t i o n - h a r d e n e d  s t e e l s  were l o w e s t  a t  t h e  
l o w e s t  i r r a d i a t i o n  tempera tu res ,  where ha rden ing  
was t h e  g r e a t e s t .  With t h e  e x c e p t i o n  o f  t h e  s t e e l  
g i v e n  t h e  1 h a t  1050'C anneal,  t h e  d u c t i l i t y  
i n c r e a s e d  w i t h  i n c r e a s i n g  tempera tu re  (dec reas ing  
s t r e n g t h ) .  The d u c t i l i t y  of t h e  s t e e l  annealed 
s m a l l e r  a t  500°C t h a n  a t  45OOC. The loss o f  duc- 
, was accompanied by a change f rom t r a n s g r a n u l a r  t o  

1. The m i c r o s t r u c t u r e s  o f  t h e  s t e e l s  annealed 

3. The un i fo rm and t o t a l  e l o n g a t i o n s  of t h e  
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3.2 IRRADIATION CREEP I N  PATH A ALLOYS IRRADIATED TO 5 dpa I N  THE ORR-MFE-4B SPECTRAL TAILORING EXPERIMENT 
AT 500 AND 600'C - M. L. Grossbeck and J. A. Horak (Oak Ridge N a t i o n a l  Labora to ry )  

3.2.1 A D I P  Task 
~~ 

ADIP Task 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  A l l o y s .  

3.2.2 O b j e c t i v e  

The exper iment  w i l l  de termine i r r a d i a t i o n  c reep  i n  an env i ronment  t h a t  produces h e l i u m  w i t h  t h e  He:dpa 
r a t i o  c h a r a c t e r i s t i c  o f  a f u s i o n  r e a c t o r .  

3.2.3 Summary 
~ 

P r e s s u r i z e d  tubes  of 20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  and 25%-cold-worked Prime Candidate  A l l o y  
(PCA) were i r r a d i a t e d  a t  500 and 600°C i n  t h e  Oak Ridge Research Reactor  (ORR)  s p e c t r a l  t a i l o r i n g  exper iment  
t o  5.1 dDa. D iamet ra l  measurements were made t o  de te rm ine  i r r a d i a t i o n  c reeo  ra tes .  Both  a l l o v s  behaved 
r a t h e r  s i m i l a r l y  b u t  e x h i b i t e d  l o w e r  creep r a t e s  t h a n  d i d  t h e  Fas t  F l u x  T e s i  F a c i l i t y  (FFTF) f i r s t  c o r e  
t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  EBR-11. 

3.2.4 Progress and S t a t u s  

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

The ORR-MFE-4 s p e c t r a l  t a i l o r i n g  exper iment  has been des igned t o  i r r a d i a t e  p a t h  A a l l o y s  under  con- 
d i t i o n s  p r o d u c i n g  an He:dpa r a t i o  c h a r a c t e r i s t i c  o f  a f u s i o n  r e a c t o r  f i r s t  w a l l .  T h i s  i s  ach ieved  by 
t a i l o r i n g  t h e  neu t ron  spectrum by changing t h e  immediate  env i ronment  o f  t h e  i r r a d i a t i o n  capsu le  as i r r a -  
d i a t i o n  proceeds. 
p r o g r e s s i v e l y  decrease t h e  the rma l  component of t h e  f l u x  as ' 9 N i  i s  produced f rom 5 8 N i .  The n i c k e l  produces 
h e l i u m  th rough  t h e  r e a c t i o n  sequence 

5 8 N i  ( n , ~ ) ~ ~ N i  

59Ni(n ,a)56Fe . 

The s u r r o u n d i n g  r e g i o n  i s  changed from water  t o  aluminum t o  ha fn ium i n  o r d e r  t o  

and 

A t  i n t e r v a l s  o f  app rox ima te l y  IO dpa t h e  capsu le  i s  removed f rom t h e  r e a c t o r ,  t h e  specimens a r e  
recove red  and e i t h e r  d e s t r u c t i v e l y  examined o r  examined and r e t u r n e d  t o  t h e  r e c o n s t i t u t e d  i r r a d i a t i o n  
v e h i c l e .  The i r r a d i a t i o n  creep exper iment  employs specimens t h a t  a r e  measured a t  each removal i n t e r v a l  and 
t h e n  r e t u r n e d  f o r  c o n t i n u e d  f l uence  accumulat ion.  It w i l l  p r o v i d e  da ta  on n e u t r o n  i r r a d i a t i o n  c reep  w i t h  
i n t e r n a l  h e l i u m  q e n e r a t i o n  and d isu lacement  damaqe D r o d u c t i o n  i n  t h e  D r o p o r t i o n  c h a r a c t e r i s t i c  o f  t h e  f u s i o n  
env i ronment .  
(330 and 400°C) was p r e v i o u s l y  repo r ted . '  

No-prev ious da ta  o f  t h i s  n a t u r e  e x i s t e d  p r i o r  t o  t h i s  exper imen t ,  t h e  f i r s t  phase o f  which 

3.2.4.2 Exper imen ta l  Procedure 

Commerc ia l ly  drawn t u b i n g  of 4.57-mm (0.180- in.) o u t s i d e  d iamete r ,  w i t h  0.25-mm (0.010- in.)  w a l l  
t h i c k n e s s ,  was p repared  from t h e  f u s i o n  program re fe rence  t y p e  316 s t a i n l e s s  s t e e l ,  hea t  X15893, and Path  A 
P C A ,  heat  K-280, i n  t h e  20- and 25%-cold-worked c o n d i t i o n s ,  r e s p e c t i v e l y .  Specimens o f  t h e  t y p e  shown i n  
F ig .  3.2.1 were p repared  and p r e s s u r i z e d  t o  t h e  s t r e s s  l e v e l s  i n d i c a t e d  i n  Tab le  3.2.1. 

o n N L  DWG 187704~ 

- 25 4 - 
102  - - 

0 25 

A 

4 51 DIA 

i 

F i g .  3.2.1. P r e s s u r i z e d  tube  specimen used i n  i r r a d i a t i o n  creep exper iments  i n  t h e  Oak Ridge Research 
Reactor  s p e c t r a l  t a i l o r i n g  exper iment .  Oimensions i n  m i l l i m e t e r s .  
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Tab le  3.2.1. I r r a d i a t i o n  creep measurements f o r  two 
p a t h  A a l l o y s  i r r a d i a t e d  i n  ORR-MFE-4B t o  4.9 dpa 

S t r a i n  (%) S t ress  (MPa) I r r a d i a t i o n  
Specimen _- - t e m p e r a t u r e  ni ~ - " + " .  

p E f f e c t i v e  ( " C )  

20%-Cold-worked t ype  316 s t a i n l e s s  s t e e l  (hea t  X15893) 

AC0l 80 69 500 0.033 0.044 
AC34 100 86.fi 500 0.048 0.064 
AC44 140 121 500 0.064 0.085 
AC05 170 147 500 0.067 0.089 
AC15 200 173 500 0.082 0.110 
AC45 240 20R 500 0.091 0.120 
AC36 270 234 500 4 . 0 2 1  4 . 0 2 8  

AC43 
AC13 
AC32 
ACfi1 
AC21 
AC50 
A C l O  

25% 

20 17 
35 30 
50 43 
65 56 
80 69 
90 78 

100 86.6 
-Cold-worked p r i m e  

600 4 . 0 2 0  4 . 0 2 7  
600 4 . 0 3 7  4 . 0 4 9  
600 0.048 0.064 
600 0.076 0.057 

600 0.044 0.059 
600 0.036 0.048 

600 4 . 0 0 8  4 . 0 1 1  

Candidate Alloy (heat  K-280) 

E666 80 69 500 4 . 0 1 1  4 . 0 1 5  
ER36 100 86.6 500 0.030 0.040 
E659 140 121 500 0.030 0.040 
E658 170 147 500 0.054 0.072 
E854 200 173 500 0.064 0.085 
E646 240 208 500 0.035 0.047 

AE 270 234 500 0.049 0.065 

ER71 20 17 
EB70 35 30 
E669 50 43 600 0.129 0.172 
EB68 65 56 600 0.085 0.113 
EBfi7 80 69 600 0.086 0.114 

600 0.021 0.028 
600 0.040 0.053 

ER71 20 17 600 0.021 0.028 

E669 50 43 600 0.129 0.172 
EB68 65 56 600 0.085 0.113 
EBfi7 80 69 600 0.086 0.114 

EB70 35 30 600 0.040 0.053 

EB65 90 78 600 0.049 0.065 
E664 100 86.6 600 0.216 0.287 - 

The specimens we re  i r r a d i a t e d  i n  t h e  ORR i n  t h e  ORNL-MFE-40 exper iment .  The tubes  were c o n t a i n e d  i n  
NaK a t  c o n t r o l l e d  tempera tu res  o f  500 and 600°C. The specimens were removed f o r  examina t ion  a t  a f l u e n c e  
l e v e l  o f  0.64 x I O z 6  neutrons/m2 (>0.1 M e V ) ,  wh ich had produced 5.1 dpa i n  b o t h  a l l o y s  and h e l i u m  l e v e l s  of 
67 a t .  ppm i n  t y p e  31fi s t a i n l e s s  s t e e l  2nd 87 a t .  ppm i n  Path  A PCA. 

P r o f i l o m e t r y  measurements were made by a c o m p u t e r - c o n t r o l l e d  s t y l u s - t y p e  l a s e r  i n t e r f e r o m e t e r .  A t o t a l  
o f  800 d i a m e t r a l  ,measurements on each tube  was used t o  c a l c u l a t e  an average d iamete r  f o r  t h e  c e n t r a l  t h r e e -  
f i f t h s  o f  t h e  tube. The i n s t r u m e n t  i s  capable  of a p r e c i s i o n  of $250 nm ( ? I  x i n . ) .  

3.2.4.3 R e s u l t s  
~ 

R e s u l t s  of t h e  d i a m e t r a l  measurements appear i n  Tab le  3.2.1 and a r e  p l o t t e d  i n  F ig .  3.2.2(a) and ( h ) .  
The s t r a i n  v a l u e s  have no t  been c o r r e c t e d  f o r  s w e l l i n g  because d e n s i t y  measurements i n d i c a t e  no measurab le  
s w e l l i n g  a t  t h i s  l ow  f l uence .  

E f f e c t i v e  s t r a i n  (1.33 A D f D O )  i s  p l o t t e d  as a f u n c t i o n  O f  e f f e c t i v e  s t r e s s  (0.8660hopp) i n  
F ig .  3 .2 .2 (a)  f o r  b o t h  a l l o y s  i r r a d i a t e d  a t  500°C. Both  s e t s  o f  d a t a  show a l i n e a r  r e l a t i o n  between 
e f f e c t i v e  s t r a i n  and e f f e c t i v e  s t r e s s ,  w i t h  s t r e s s  c o e f f i c i e n t s  of c reep  s t r a i n  o f  5.31 and 8.34 x 10-6/MPa 
f o r  2O%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  and 2%;-cold-worked PCA, r e s p e c t i v e l y .  The da ta  f o r  t h e  two 
h i g h e s t  s t r e s s  l e v e l s  ( f o r  PCA) have been n e g l e c t e d  i n  t h e  a n a l y s i s  s i n c e  t h e  tubes appear t o  have r u p t u r e d ,  
as ev idenced by t h e i r  p o s i t i o n s  s i g n i f i c a n t l y  below t h e  curve. These f a i l u r e s  a r e  l i k e l y  we ld  f a i l u r e s  
s i n c e  t h e y  occu r  w e l l  below t h e  expected r u p t u r e  l i f e .  

The r e s u l t s  f o r  600°C have been p l o t t e d  f o r  b o t h  a l l o y s  i n  F ig .  3 . 2 . 2 ( b ) ,  b u t  a curve appears o n l y  
f o r  PCA. The excess i ve  s c a t t e r  i n  t h e  t y p e  316 s t a i n l e s s  s t e e l  da ta  p rec ludes  d raw ing  a cu rve  a t  t h i s  l ow  
f l uence .  For PCA a t  600"C, t h e  s t r e s s  c o e f f i c i e n t  i s  2.17 x 10-5/MPa. 
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F i g .  3.2.2. E f f e c t i v e  s t r a i n  as a f u n c t i o n  o f  e f f e c t i v e  s t r e s s  f o r  t y p e  316 s t a i n l e s s  s t e e l  and Path A 
P C A  i r r a d i a t e d  i n  t h e  Oak Ridge Research Reactor  s p e c t r a l  t a i l o r i n g  exper iment  a t  ( u )  500°C and ( b )  600°C. 
The cross- hatched r e g i o n  i s  f o r  t h e  Fast  F l u x  Tes t  F a c i l i t y  f i r s t  c o r e  t y p e  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  
i n  EBR-11. 

3.2.4.4 D i s c u s s i o n  

As shown i n  F ig .  3 . 2 . 2 ( a ) ,  t y p e  31fi s t a i n l e s s  s t e e l  and PCA e x h i b i t  q u i t e  s i m i l a r  b e h a v i o r  a t  500°C. 
The PCA appears t o  have a t h r e s h o l d  s t r e s s  s i n c e  t h e  cu rve  does no t  pass th rough  t h e  o r i g i n .  However, t h i s  
s h i f t  i s  smal l  and m i g h t  s imp ly  r e s u l t  f rom s c a t t e r  o f  t h e  da ta  o r  f rom d e n s i f i c a t i o n .  A l though  t y p e  316 
s t a i n l e s s  s t e e l  and PCA e x h i b i t  s i m i l a r  c reep behav io r ,  t h e i r  behav io r  i s  s i g n i f i c a n t l y  d i f f e r e n t  f rom 
t h a t  o f  204-cold-worked t y p e  316 s t a i n l e s s  s t e e l ,  FFTF f i r s t  co re  h e a t ,  r e p o r t e d  by Pu igh and G i l b e r t , 2  
i l l u s t r a t e d  by t h e  cross- hatched band i n  F i g .  3 . 2 . 2 ( u ) .  The n o n l i n e a r  c reep  behav io r  o f  t h i s  m a t e r i a l  a t  
500°C appears t o  r e s u l t  f rom the rma l  creep. 

S i m i l a r  f e a t u r e s  a r e  demonst ra ted i n  F ig .  3 .2 .2 (b )  where da ta  f o r  600°C a r e  p l o t t e d .  S c a t t e r  o f  t h e  
d a t a  f o r  t y p e  316 s t a i n l e s s  s t e e l  does n o t  p e r m i t  a meaningfu l  comparison o f  t y p e  316 s t a i n l e s s  s t e e l  and 
P C A  a t  t h i s  temperature.  However, b o t h  a l l o y s  appear t o  have l o w e r  creep r a t e s  t h a n  t h e  FFTF f i r s t  c o r e  
hea t  of t y p e  316 s t a i n l e s s  s t e e l .  Again t h e  d i f f e r e n c e s  a r e  a t t r i b u t e d  t o  t h e  the rma l  c reep  b e h a v i o r  o f  t h e  
FFTF f i r s t  c o r e  s t e e l .  

The da ta  p resen ted  demonst ra te  a s i g n i f i c a n t  d i f f e r e n c e  between FFTF f i r s t  c o r e  s t e e l  i r r a d i a t e d  i n  
E B R - I 1  and t y p e  316 s t a i n l e s s  s t e e l  ( f u s i o n  h e a t )  and PCA i r r a d i a t e d  i n  t h e  ORR w i t h  a t a i l o r e d  spect rum t o  
ach ieve  t h e  f u s i o n  He:dpa va lue.  These d i f f e r e n c e s  can be caused e i t h e r  by hea t  t o  heat  v a r i a t i o n s  o r  by 
he l i um.  S ince h e l i u m  c o n t e n t s  a re  s t i l l  l ow  ( 6 7  and 87 a t .  ppm f o r  t y p e  316 s t a i n l e s s  s t e e l  and PCA, 
r e s p e c t i v e l y )  and s i n c e  t h e  creep s t r a i n  f o r  t h e  EBR- 11- i r rad ia ted  s t e e l  i s  n o n l i n e a r  w i t h  s t r e s s ,  i t  i s  
suggested t h a t  h i g h  the rma l  c reep i n  t h e  FFTF f i r s t  c o r e  s t e e l  i s  more l i k e l y  t o  account  f o r  t h e  d i f f e r e n c e s  
observed. Nonethe less,  t h e  r e s u l t s  i n d i c a t e  c l e a r l y  t h a t  f u r t h e r  exper imen ts  a r e  e s s e n t i a l .  The f u s i o n  
program heat  must be i r r a d i a t e d  i n  a f a s t  r e a c t o r  such as t h e  FFTF o r  E R R- 1 1 .  I n  a d d i t i o n ,  t h e  tubes  have 
been r e i n s e r t e d  i n t o  t h e  ORR f o r  f u r t h e r  i r r a d i a t i o n  and examina t ion  a t  i n t e r v a l s  o f  app rox ima te l y  10 dpa. 

3.2.4.5 Conc lus ions  

I r r a d i a t i o n  creep behav io r  i n  20%-cold-worked t y p e  316 s t a i n l e s s  s t e e l  (hea t  X15893) and 254- co ld-  
worked Path  A PCA under  i r r a d i a t i o n  i n  t h e  ORR s p e c t r a l  t a i l o r i n g  exper iment  i s  s i m i l a r  a t  500 and 600°C. A 
damage l e v e l  of 5.1 dpa and h e l i u m  l e v e l s  o f  67 and 87 a t .  ppm were a t t a i n e d  f o r  t y p e  31fi s t a i n l e s s  s t e e l  
and PCA, r e s p e c t i v e l y .  The c reep  r a t e s  were l o w e r  t h a n  those  f o r  FFTF f i r s t  c o r e  heat  i r r a d i a t e d  i n  EBR-11.  
Th i s  d i f f e r e n c e  i s  cons ide red  most l i k e l y  t o  r e s u l t  f rom d i f f e r e n c e s  i n  t he rma l  c reep  p r o p e r t i e s .  
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f o r  T e s t i n q  and M a t e r i a l s ,  P h i l a d e l p h i a ,  19R2. 



55 

3.3 SWELLING BEHAVIOR OF MANGANESE - B E A R I N G  STEEL A I S I  216 - D. S .  G e l l e s  and F .  A .  Garner  
(West inghouse Han fo rd  Company) 

3 .3 .1  A D I P  Task 

ADIP Tasks 1 . C . 1  M i c r o s t r u c t u r a l  S t a h i l i t y  and 1.C.7 M i c r o s t r u c t u r e  and S w e l l i n g  i n  A u s t e n i t i c  A l l o y s  
(Pa th  A) .  

3.3.2 O b j e c t i v e  

The o b j e c t  of t h i s  e f f o r t  i s  t o  p r o v i d e  an e a r l y  i n d i c a t i o n  o f  t h e  r a d i a t i o n  response o f  low 
aCt i va t iO l1  a u s t e n i t i c  a l l o y s  hased 011 inianganrsr s i j h s t i t u t i o n  f o r  n i c k e l ,  

3 . 3 . 3  Summary 

The i n c l u s i o n  o f  8 .5  w t %  manganese i n  AIS1 216 (Fe-6.7Ni-R.5Mn-ZOCr-?.7Mo-O,32Si) does n o t  appear t o  
a l t e r  t h e  s w e l l i n g  behav io r  f rom t h a t  f ound  t o  he t y p i c a l  o f  a u s t e n i t i c  ~lloys w i t h  comparahle l e v e l s  o f  
d u s t e n t i t e - s t a h i l i z i n g  e lements .  The s w e l l i n g  i n  A I S I  216 i n  EKR-I1 i s  n l i i t e  i n s e n s i t i v e  t o  i r r a d i a t i o n  
te l l lpera ture  i n  t h e  range  400 - 650°C. 
p r e c i p i t a t i o n  t h a t  occu rs  i n  t he  a l l o y .  

3.3.4  Progress and S t a t u s  

3 . 3 . 4 .  I I n t r o d u c t i o n  

M ic roscopy  r e v e a l s  t h a t  t h i s  may a r i s e  f r o m  t h e  l ow  l e v e l  o f  

The developii ient o f  low a c t i v a t i o n  a l l o y s  has heen accepted as one o f  t h e  q o a l s  o f  t h e  m a t e r i a l s  
program of t h e  U.S.  Magne t i c  F u s i o n  Enerqy Program. Toward t h i s  o h j r c t i v e ,  i r r a d i a t . i o n  n f  a 5 r r i e s  o f  c i i c h  
a l l o y s  has a l r e a d y  coiiimenced i n  FFTF, r r t i l i z i n q  t h e  MOTA-18 e x p e r i m e n t . ' - '  Onr group o f  t t iese a l lo .ys  i s  
based on t h e  s u h s t i t u t i o n  o f  manqanese f o r  n i c k e l  a ?  an a l t e r n a t e  P a t h  A deve lopmrnt  approach. 

s t e p s  have been taken.  One i n v o l v e s  t h e  [use of  a d i f f u s i v i t y - b a s e d  swrllins model t n  p r e d i c t  t h e  cnmnosi- 
t i o n a l  dependence o f  s w e l l i n g .  The second i n v o l v e s  t.he use o f  i o n  homhardment t o  p r o v i d e  a su rvey  o f  t'lr 
colnpusi t iona'# dependence uf s w e l l i n g  i n  t h e  Fe-Cr-Mn system. Tlle t h i r d  e f f o r t  c e n t e r s  on t h e  r x n m i n a t i o n  
of manganese- s tah i l i zed  a l l o y s  that. h a v r  a l r r a d y  heen s u h j r c t r r l  t o  i r r a d i a t i o n .  

s c i e n t i f i c  l i t e r a t u r e  and show t h a t  manaanese s u b s t i t u t i o n  does n o t  i n  opnera l  con fe r  immuni tv  f ro ln eithrr 

I n  o r d e r  t o  p r o v i d e  an e a r l y  f o r e c a s t  o f  t h e  hehav io r  of w c h  allovs i n  a r a d i a t i n n  env i ronment ,  t h r r e  

Several charged p a r t i c l e  i r r a d i a t i o n s  o f  manganese- s tah i l i zed  a k i s t e n i t i c s  have heen r e p o r t e d  i n  t h e  

s w e l l i n g  o r  phase i n ~ t a h i l i t i e s . ' - ~  
b e a r i n g  a l l o y  l ias  heen pub l i shed ,  however. 

aiid A A - I  exper iments  conducted i n  E R R - I I . 6  One of t h e  commercii.1 a l l o y s  was annealpd A I S I  716 which has 
a co inpos i t i on  ( w t % )  o f  Fe-6.7Ni-8.5Mn-2nCr-2.7Mo-0.37Si-0.07C-0. lhN. B s  shown i n  F i g .  3.3.1 and T a b l e  
3.3.1 .  t h i 5  a l l o v  s w e l l e d  inore t h a n  t h e  o t h e r  a l l o v s  i n  t h e  5109 exoer imen t .  Rates and Powel l  a t t r i t w t e r l  

O n l y  one s e t  o f  ne l l t r on - induced  s w e l l i n q  da ta  on a manganrce- 

Bates and Powe l l  r e p o r t e d  s w e l l i n g  d a t a  f o r  a l a r q e  range o f  commercial  a l l o y s  i r r a d i a t e d  in t h e  B109 

t h i s  h i g h e r  swel"1ing p r i n i a r i l y  t o  t h e  l ower  n i c k e 1 " c o n t e n t  o f  t h e  a ' l l o y .  

F i g .  3 

m o  30 20 a M YI M m sa 
NICKEL [WEIGHT PERCENT1 

.3 .1 .  Swel l i r i q  v s  n i c k e l  c o i i t e n t  and temperature f o r  t h r  s o l u t i o n - t r r n t r d  R109 a1 l o v s  . 
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Tahle  3 .3 .1 .  D e n s i t y  nieas\rrernrnt r e s i ! l t s  f o r  A I S 1  71h 
sppcin iens c o n t a i n e d  i n  t h e  R-1119 exper iment  

I r r a d i a t i o n  
Spec i nien Temperature F I uence Swel  I i n o  

I d e n t i f i c a t i o n  ("C) l0"nIcm' ( E  0 .1  MeV) (dpa )  ( % )  

NM 
N 1. 
N E  
F: F 
NK 
NG 
NJ 
N i i  

400 
427 
4 54 
482 
SI0 
538 
i Y 3  
650 

3.3 
4.3 
3.4 
4.4 
5.1 
5.1 
5.4 
5.4 

The p r e s e n t  r e p o r t  c o n s i d e r s  t.he response of 11151 216 fro111 t h e  8109 exper iment  i n  g r e a t e r  d e t a i l .  
Specimens i r r a d i a t e d  a t  417°C and a t  593°C have been exanllned b y  t r a n s m i s s i o n  e l e c t r o n  m ic roscovy  t o  dssess 
t i l e  consequences on v o i d  s w e l l i n g  and m i c r o s t r u c t u r a l  e v o l u t i o n  o f  manuanese suhs t i t l i t . i on  f o r  n i c k e l .  

3 . 3 . 4 . 1  Exper imen td l  Procedure 

a t  593°C t o  5.4 x 10" nlcm' ( E  > 0.1 MeV) were ob ta ine i !  f rorn z to rage .  
p r i o r  t o  i r r a d i a t i o n  Was 1066'C f o r  I hour ,  f o l l o w e d  b y  a wat.er w e n c h .  
5.0 rrim d i a l n r l . u r  x f l .3 nim t h i c k  d i i t s  wh ich  had lhern slicrd f r o m  t.he irradiated 1.3 cm l n n q  r o d s .  
p r e p a r a t i o n  f o r  t r a n S m 1 s s i o n  e l e c t r o n  r i i icrnscopy and exa in inat ion f o l l o w e d  r o u t i n e  ~ T O S P ~ I I T P S .  

3.3.4.3 K e s u l t s  

ipecir i lerls of AIS1 216 i r r a d i a t e d  i n  t h e  6109 T e s t  a t  427°C t o  4.3 x n /cm2 ( F  > 0 .1  tVe'J) and 

The specimens were i n  t h e  f o r m  o f  
The hea t  t r e a t m e n t  q i v e n  

Spcc.imr,n 

~ 

AI11 216 was found t o  have deve loped m i c r o s t r u c t u r e s  d u r i n a  i r r a d i a t i o n  s i m i l a r  t o  t hose  o f  o t h e r  
a u s t e n i t i c  s t a i n l e s s  s t e e l s .  
h i y i r e r  v o i d  s w e l l i n g  a s  a n t i c i p a t e d  f roni  t h e  d e n s i t y  measurPments. Both  Frank loops and p e r f e c t  d i s l o -  
c a t i o n  i ie tworks  were found i n  t h e  427'C specimen h u t  o n l y  p e r f e c t  d i s l o c a t i o n  networks were oh5erved a t  
593°C. 
were a s s o c i a t e d  w i t h  c a v i t i e s .  

s t r u c t u r e s  i n  t h e  v i c i n i t y  o f  g r a i n  houndar ies  f o r  specimens i r r a d i a t . e i i  a t  427  and 593°C. 
i i uu r l aa r i t s  t t n a  t o  be  aenuaeu o f  vo ids  and c o n t a i n  M : d c  p a r t i c l e s .  
v u i u 5  a re  un i f o r ,o l y  a i s t r i b u t e d .  
3.3.2d. 
i i v e r a i  exd inp ie5  can n e  i o e n t i f i e d  where p r e c i p i t a t e s  a re  a t t a c h e d  t o  v o i d s .  The d i s loCa t . i on  s t r t j c t u r e s  
a r e  shown under dark  f i e l d  imaging c o n d i t i o n s  i n  F i g s .  3.3.2e and 3.3.2f.  Two o f  t h e  f o u r  5Pts  o f  Frank 
l oops  a r e  v i s i b l e  as t r i n s e d  f e d t i i r e s  i n  F i g .  3.3.7e. I n  o r d e r  t o  eniphasize t h e  reduced p r e c i p i t a t i o n  i n  
t h l s  a l l o y ,  [micrographs of AISI 316 (20% CW) which w a s  i r r a d i a t e d  under i d e n t i c a l  c o n d i t i o n s  a r e  shown i n  
i l g s .  3.3.29 and 3.3.2h. 
p r i w  ( N i : S i j  and S-phase p r e c i p i t a t e s  a r e  p r e x e n t  a t  h i p h p r  nuniher d e n s i t i e s .  

3 . 3 . 5  3 i s c u s s i o c  

Voids were found i n  h o t h  specimens examined; t h e  5 9 3 T  c o n d i t i o n  c n n t a i n e d  

Ordy a few p r e c i p i t a t e s  were found i n  e i t h e r  o f  t h e  specimens. I n  genera l ,  t h r z e  few p r e c i p i t a t . e s  

Exai2ples o f  t hese  m i c r o s t r u c t u r e s  a r e  p r o v i d e 0  i n  F i g .  3 .3 .2 .  F i g s .  3.3.2a and 3.3.2h compare v o i d  
The grain 

A?uay f r o r  t h e  boundar ies ,  t h e  
The v o i d  s t r u c t u r e s  a r e  shown a t  h i g h e r  m a g n i f i c a t i o n  i n  F i g s .  3.3.2~ and 

The v o i d s  a r e  f a c e t t e d  and a r e  i n  t h e  shape o f  t r u r i ca ted  oc tah rd ra ,  t y p i c a l  o f  a u s t e n i t i c  steels. 

I t  i s  apparent. t h a t  t h e  s w e l l i n g  i s  n o t  o n l y  lower  i n  AIS1 316  b o t  t h Z t  gamma 

--__ 
If  the  r e s u l t s  o f  o e n s i t y  measurements f o r  A I S I  216 specimens, a s  g i v e n  i n  T a h l e  ? . 3 . 1 ,  a r e  nlotted a s  

The swellinq o f  annpalerl F,ISI 216 appears t o  e x l l i h i t  6 f u r l c t l o n  of neu t ron  f luer ice ,  a ne!q i n s i g h t  emerges. 
t i s e n t i a l l y  no dependence on i r r a d i a t i o n  ten ipera t i j re  hetween 400 and 650'C. T h i s  i s  consi5ten: w i t h  t h e  
t e n i p e r d t u r e - i n d ~ p e n d e n c e  o f  z w e l l i n g  o f t e n  observed i n  a i r s t e n i t i c  a l l o y s , '  a l thn l rqh i t  i s  s i l r p r i 5 i r q  t h a t  
i n ?  t r d n s i e n t  r e ~ ~ i l l l e  i s  i n s e n s i t i v e  ove r  such a l a r q e  repinie o f  temperat i i re .  T h i s  i n s e n s i t i v i t y  i s  l i k e l y  
dire t o  t he  l a c k  o f  p r e c i p i t a t i o n  i n  t he  alloy. The  s w e l l i n ?  c u r v e  f o r  AISI ; I l h  l i e s  i n  t h e  rr inqe i t t w e e n  
1.113: u s u d l l y  l l l l i d h i t e d  Ily a n n e a l e c  AIS1 304 ana 0181 316 d s  In igh t  h r  expected f r o m  t h e  t o t a l  t / i  + I/n l e v e l  
O f  the t h r e e  s t e e l s .  T h i s  i s  o n l y  a a u d l i t a t i v e  co lnpar ison s i n c e  t h e  t r a n s i e n t  d u r a t i o n  i s  a f f e c t e i i  n o t  
u11ly oy :he n i c k i . 1  dna nianqanese c o n t e n t  hut, a l s o  hy o t h e r  f a c t a r s  such a s  t h e  a n n e a l i n g  tempera tu re  and 
Lni s i l i c o r i  drill carbo i i  c o n t e n t .  

r e p l d c t a  by nidnganese t h a t  tl if s w e l l i n g  behav io r  i s  Q u i t e  t y p i c d l  o f  t h e  class o f  a u s t e n i t i c  s t a l n l e s 5  
: t e E l i  as  we c b r r r r l t i y  l u n o e r s t a n o  then].' 
I r i v b , i r ' t  :r'e r d a l d t l n r ~ - i n d u c e d  5 e j r e y d t i o n  and p l iase  e v o l u t i o n  a s  w e l l  d s  t he  e f f e c t  o f  manganeiF c o n t e n t  on  
i i r i  l i n g  i n h i b i t i o n .  
:d:irm III L t ie  sai ic  : i iani ier as i s  n i c k e l  i n  300 r e r l e s  alloys, manganese- s tab i l i zed  alloys ,nay i - i h l k i t  2 l o s s  
u t  dds t r t i i : i c  S t a S i l i t y .  i t  i s  hopec t h a t  niuch h i g h e r  levels o f  [manganese may p r o v i d e  s w l l l n s  suppress lon  

1 isr tu i h d t  u d s e r v t d  i n  F i i - C r - ! i i  t r r i i d ry  alloys w i t h  h i g h  n i c k e l  l e v e l s .  

:: i s  encourdg ing,  however, t o  n o t e  i n  a s t e e l  i n  which a s u b s t a n t i a l  p o r t i o n  o f  t h e  n i c k e l  has been 

The niajor  q u e s t i o n s  ren ia in inq  t o  he  p x p l o r e d ,  t h e r e f o r e ,  

I f ,  h w e v e r ,  t h e  ~ndnqanesc and n i c k e l  are  cventL ,a l ly  removed f r o m  s o l u t i o n  by o r e c i p i -  
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F i g .  3.3 .2 .  Examples o f  microstructures observed i n  A I S I  216 i r r a d i a t e d  a t  427 and 593OC. Figs.  
3.3.29 and 3.3.2h provide a comparison w i t h  20% cold-worked A IS I  316 specimens i r r a d i a t e d  under i d e n t i  
condit ions.  The dens i ty  changes o f  t h e  A I S I  316 specimens were -0.13% a t  427°C and 1.34% a t  593'C. 
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Fig. 3.3.3. 
strong dependence on irradiation temperature is observed. 

Swelling in AIS1 216 irradiated with the 6109 test plotted as a function of fluence. NO 

3.3.6 Conclusions ' 

Microstructural examinations of AIS1 216 specimens which had been neutron irradiated at 427 and 5 9 3 O C  
show that manganese levels of 8.5% do not alter the swelling response of the alloy compared to the behavior 
of other austenitic stainless steels. 
this alloy is independent of temperature, in good agreement with the observed behavior of other austenitic 
steels. Although a substantial fraction of the nickel content has been replaced by manganese, the swelling 
reponse remains typical of austenitic stainless steels. 

Post-irradiation density measurements demonstrate that Swelling Of 

3.3.7 Future Work 

This work is complete. 
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3.4 THE DEVELOPMENT OF AUSTENITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY - R. L. K lueh  and 
P. J. Maziasz (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

3.4.1 ADIP Tasks 

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

3.4.2 O b j e c t i v e  

n u r i n g  t h e  o p e r a t i o n  of a f u s i o n  r e a c t o r ,  t h e  s t r u c t u r a l  m a t e r i a l  of t h e  f i r s t  w a l l  and b l a n k e t  
s t r u c t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  from a c t i v a t i o n  by t h e  f u s i o n  neu t rons .  D i s p o s a l  of t h i s  m a t e r i a l  
a f t e r  t h e  s e r v i c e  l i f e t i m e  w i l l  be a d i f f i c u l t  r a d i o a c t i v e  waste  management prob lem.  
t h e  d i s p o s a l  p rob lem i s  t o  use s t r u c t u r a l  m a t e r i a l s  i n  wh i ch  r a d i o a c t i v e  i s o t o p e s  i n d u c e d  by i r r a d i a t i o n  
decay q u i c k l y  t o  l e v e l s  t h a t  a l l o w  s i m p l i f i e d  d i s p o s a l  t e c h n i q u e s .  
d e v e l o p i n g  such a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

One way t o  m i n i m i z e  

We a r e  a s s e s s i n g  t h e  f e a s i b i l i t y  o f  

3.4.3 Summary 

A program was s t a r t e d  t o  deve lop  a u s t e n i t i c  s t e e l s  f o r  f u s i o n  r e a c t o r s  i n  w h i c h  t h e  i n d u c e d  r a d i o -  
a c t i v i t y  decavs t o  l o w  l e v e l s  i n  a reasonab le  t ime .  Ten sma l l  b u t t o n  h e a t s  o f  Fe-Cr-Mn-C a l l o v s  wprp -* ~ - 
m e l t e d , - c a s t , - a n d  r o l l e d .  
s e r v e  as a base c o m p o s i t i o n  f o r  f u r t h e r  a l l o y i n g .  

These h e a t s  w i l l  be used t o  d e t e r m i n e  a u s t e n i t e - s t a b l e  c o m p o s i t i o n s  t h a t  can 

3.4.4 Prog ress  and S t a t u s  

f i r s t  w a l l  and b l a n k e t  s t r u c t u r e  undergo t r a n s m u t a t i o n  r e a c t i o n s  when i r r a d i a t e d  by h i g h- e n e r g y  neu t rons .  
A f t e r  t h e  s e r v i c e  l i f e t i m e  o f  t h e  r e a c t o r ,  t h e s e  r a d i o a c t i v e  components must he p r o p e r l y  d i s p o s e d  o f .  
c o m p l e x i t y  o f  t h i s  waste  d i s p o s a l  p rocedu re  depends on t h e  t i m e  r e q u i r e d  f o r  t h e  i nduced  r a d i o a c t i v i t y  t o  
decay t o  l e v e l s  t h a t  no l o n g e r  pose a t h r e a t  t o  peop le  and t h e  env i ronmen t .  
s i m p l e r  i s  t h e  d i s p o s a l  t a s k .  

It was conc luded  t h a t  f o r  an a l l o y  t o  meet 
t h e  Nuc lea r  R e g u l a t o r y  Commission 1OCFR61 g u i d e l i n e s  f o r  s i m p l i f i e d  n u c l e a r  waste  s t o r a g e  c r i t e r i a ,  c e r t a i n  
a l l o y i n g  e lemen ts  must he r e s t r i c t e d  and c e r t a i n  u n c o n t r o l l e d  i m p u r i t i e s  must be e l i m i n a t e d .  
s t a i n l e s s  s t e e l  and t h e  a u s t e n i t i c  p r i m e  c a n d i d a t e  a l l o y  (PCA) a r e  t h e  a u s t e n i t i c  s t e e l s  t h a t  a r e  c u r r e n t l y  
c a n d i d a t e s  f o r  f u s i o n  r e a c t o r  s t r u c t u r a l  a p p l i c a t i o n s .  For  t h i s  t y p e  of a l l o y  t o  meet t h e  10CFR61 g u i d e-  
l i n e s ,  n i c k e l ,  n i t r o g e n ,  and molybdenum would  need t o  be s e v e r e l y  r e s t r i c t e d  as a l l o y i n g  e lemen ts  and 
n i o b i u m  v i r t u a l l y  e l i m i n a t e d  as an i m p u r i t y .  Reduc ing n i c k e l  has t h e  g r e a t e s t  impac t ,  because i t s  p r i m a r y  
r o l e  i s  t h e  s t a b i l i z a t i o n  of t h e  a u s t e n i t e  phase. 

We p r e v i o u s l y  proposed an a l l o y  development program f o r  f a s t  i n d u c e d - r a d i o a c t i v i t y  decay (FIRD) 
v e r s i o n s  o f  p r e s e n t  f i r s t - w a l l  and b l a n k e t  s t r u c t u r a l  c a n d i d a t e  a l l o y s . 2  F o r  t h e  a u s t e n i t i c  a l l o y s ,  
manganese was proposed as a rep lacemen t  f o r  n i c k e l ,  a l t h o u g h  i t  was r e c o g n i z e d 2  t h a t  t h i s  may be d i f f i c u l t ,  
because manganese i s  n o t  as s t r o n g  an a u s t e n i t e  s t a b i l i z e r  as n i c k e l .  
r e p l a c e  n i c k e l  w i t h  equa l  amounts of manganese. It was proposed t h a t  an e f f o r t  be made t o  d e t e r m i n e  s t a b l e  
Fe-Cr-Mn-C c o m p o s i t i o n s  t h a t  c o u l d  t h e n  be f u r t h e r  a l l o y e d  t o  o b t a i n  t h e  s t r e n g t h  and i r r a d i a t i o n - r e s i s t a n t  
p r o p e r t i e s  r e q u i r e d  f o r  a f u s i o n  r e a c t o r  s t r u c t u r a l  m a t e r i a l . '  As a s t a r t  a t  d e t e r m i n i n g  t h e  s t a b l e  
a u s t e n i t e  c o m p o s i t i o n ,  t h e  f o u r  a l l o y s  i n  Tab le  3.4.1 were proposed. '  

D u r i n g  t h e  o p e r a t i o n  o f  a f u s i o n  r e a c t o r ,  t h e  v a r i o u s  e lemen ts  of t h e  a l l o y s  t h a t  a r e  proposed f o r  t h e  

The 

The more r a p i d  t h e  decay, t h e  

A U.S. Depar tment  of Energy pane l  s t u d i e d  t h i s  s u b j e c t . '  

Type 316 

Hence, i t  i s  n o t  p o s s i b l e  t o  s i m p l y  

Tab le  3.4.1. P o s s i b l e  a u s t e n i t i c  s t a i n l e s s  
s t e e l s  f o r  F a s t  I n d u c e d - R a d i o a c t i v i t y  

Decay A l l o y  Development Program 

Chemical  c o m p o s i t i o n ,  wt 4" 
A1 1 oy 

C r  Mn C N 

15 Cr-15 Mn 15 15 o.n%n.i a . n i  
15 Cr-20 Mn 1 5  20 n.nFtO.1 tn.ni 

aBalance i ran. 

F i v e  600-g b u t t o n  h e a t s  were m e l t e d  and c a s t  i n  t h e  c o m p o s i t i o n s  i n  Tab le  3.4.2. I n  a d d i t i o n  t o  t h e  
f o u r  a l l o y s  l i s t e d ,  a l o w e r  carbon (0.05%) v e r s i o n  of t h e  Fe-15 Cr-15 Mn a l l o y  was o b t a i n e d .  A f t e r  
c a s t i n g ,  t h e  i n g o t s  were r o l l e d  30 t o  50%. A ided by  t h e  S c h a e f f l e r  d i ag ram 3 and a d e t e r m i n a t i o n  o f  t h e  
magne t i c  c h a r a c t e r  o f  t h e  s t e e l s  (an i n d i c a t i o n  of & f e r r i t e  and m a r t e n s i t e )  and t h e  f a b r i c a b i l i t y ,  t h e  
number o f  a l l o y s  was expanded t o  a t o t a l  of t e n  ( T a b l e  3.4.2). These s t e e l s  have been r o l l e d  t o  t h i c k n e s s e s  
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Tab le  3.4.2. Goal c o m p o s i t i o n s  o f  
b u t t o n  h e a t s  m e l t e d  f o r  Fast. 

Induced R a d i o a c t i v i t y  Decay 
A1 l a y  Development Program 

Chemical c o m o o s i t i o n .  wt  %a 
A1 1 oy  __ 

Cr Mn C 

PCMA-0 15 15 0.1 
-1 15 15 0.05 
- 2  15 20 0.1 

- 4 i n  20 0.1 
- 3  10 15 n. 1 

- 5  15 15 n.7 ~~ 

- h  15 20 n. 2 

-9 20 20 0.4 

- 7  15 20 0.4 
-8 20 10 0.2 

aBalance i r o n .  

o f  6.3 t o  9.5 tnn. 
( 2 )  1 h a t  1150°C, ( 3 )  8 h a t  1050°C. and ( 4 )  168 h a t  RO0"C. 
mens w i l l  he examined by o p t i c a l  m e t a l l o g r a p h y  t o  d e t e r m i n e  t h e  phases p r e s e n t  i n  t h e  m i c r o s t r u c t u r e s .  

P ieces  of each heat  a r e  t o  be g i v e n  t h e  f o l l o w i n g  hea t  t r e a t m e n t s :  (I) 24 h a t  1275OC, 
F o l l o w i n g  t h e s e  heat  t r e a t m e n t s ,  t h e  s p e c i -  

3.4.5 F u t u r e  Work 

D u r i n g  t h e  n e x t  r e p o r t i n g  p e r i o d ,  t h e  h e a t - t r e a t e d  specimens w i l l  he examined by o p t i c a l  m e t a l l o g r a p h y .  
The t e n  h e a t s  w i l l  be r o l l e d  t o  0.25- and 0.76-mm shee t  t o  o b t a i n  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  ( T E M )  
d i s k s  and t e n s i l e  specimens, r e s p e c t i v e l y .  
i n s e r t e d  i n  t h e  Fas t  F l u x  Tes t  F a c i l i t y  f u s i o n  expe r imen t  i n  t h e  M a t e r i a l s  Open Tes t  Assembly (MOTA) i n  
June. A l t h o u g h  i t  i s  n o t  expec ted  t h a t  most o f  t h e s e  c o m p o s i t i o n s  c o u l d  se rve  as a base f o r  f u r t h e r  
a l l o y i n g ,  t h e  i r r a d i a t i o n  response s h o u l d  p r o v i d e  i n f o r m a t i o n  on t h e  e f f e c t  o f  manganese (as compared w i t h  
n i c k e l )  on s w e l l i n g  and phase s t a b i l i t y .  
manganese on c o m p a t i b i l i t y  w i t h  l i t h i u m .  

s u i t a b l e  base c o m p o s i t i o n  f o r  f u r t h e r  deve lopment .  
t h a t  have heen f u r t h e r  a l l o y e d  f o r  i r r a d i a t i o n  r e s i s t a n c e  and s t r e n g t h .  
deve lopment  o f  PCA,3  a d d i t i o n s  o f  t i t a n i u m ,  s i l i c o n ,  and p o s s i b l y  t u n g s t e n  as a s u b s t i t u t e  f o r  molybdenum' 
a r e  a n t i c i p a t e d .  

3.4.6 References 

T ransmiss ion  e l e c t r o n  m ic roscopy  d i s k s  a r e  schedu led  t o  be 

The 0.76-mm shee t  w i l l  a l s o  be used t o  d e t e r m i n e  t h e  e f f e c t  o f  

Based on t h e  r e s u l t s  of t h e  s c o p i n g  t e s t s ,  a d d i t i o n a l  h e a t s  w i l l  be o b t a i n e d  as r e q u i r e d  t o  deter rn ine a 
Once t h a t  base i s  o b t a i n e d ,  f u r t h e r  h e a t s  w i l l  be m e l t e d  

From t h e  p r e v i o u s  work on t h e  

1. R. L. Klueh  and E. E. Rloom, " A l l o y  Development f o r  Fas t  I n d u c e d - R a d i o a c t i v i t y  Decay f o r  Fus ion  
Reac to r  A p p l i c a t i o n s , "  pp. 11-20 i n  ADIP Semiannu. Proq. ?ap. S e p t .  30, 1983, nOE/ER-0045/11, 11.5. DOE,  
O f f i c e  o f  Fus ion  Fnprav.  ,< - ~ ~ ~~ 

2. 

3. P. J. Maziasz  and T. K. Roche, " 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  Development Designed t o  M i n i m i z e  

R. W. Conn e t  a l . ,  Pa*et .?eport on Low Activation Mater ia is  f o r  Fusiow Applications, UCLA Repor t  
PPG-72R. U n i v e r s i t y  of C a l i f o r n i a  a t  Lo8 Angeles ,  June 1983. 

P r o p e r t i e s  D e g r a d a t i o n  D u r i n g  I r r a d i a t i o n  i n  A u s t e n i t i c  A l l o y s , "  .I. mucl. M a t m .  104, 7 9 7 4 0 2  (1982 ) .  
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3.5 THE TENSILE PROPERTIES AND BEND DUCTILITY OF PCA AFTER IRRAOIATlON I N  HFIR - D. N. B r a s k i  and 
P. J. Maziasz  (f lak Ridge N a t i o n a l  L a b o r a t o r y )  

3.5.1 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 .  

3.5.2 O b j e c t i v e  

t i e s  of p r i m e  c a n d i d a t e  a l l o y  (PCA) i r r a d i a t e d  i n  s e v e r a l  d i f f e r e n t  i n i t i a 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 .  

3.5.3 Summary 

Three d i f f e r e n t  m i c r o s t r u c t u r e s  o f  PCA were i r r a d i a t e d  i n  t h e  H igh  F l u x  I s o t o p e  Reac to r  (HFIR) a t  tem- 
p e r a t i r r e s  from 300 t o  60fl'C t o  a p p r o x i m a t e l y  22 dpa and a p p r o x i m a t e l y  1750 a t .  ppm He. 
w i t h  c o a r s e  MC i n  t h e  g r a i n  bounda r i es  and co ld- worked  m a t r i x  r e s i s t e d  h e l i u m  e m b r i t t l e m e n t  b e t t e r  t h a n  t h e  
PCA-A1 ( s o l u t i o n  annea led )  o r  PCA-A3 (25% c o l d  worked) .  D i s k  bend d u c t i l i t y  d a t a  were u s e f u l  f o r  s c r e e n i n g ,  
h u t  c o r r e l a t i o n  w i t h  t e n s i l e  d u c t i l i t y  was poo r .  

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

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

___ 
The o b j e c t i v e  of t h i s  work i s  t o  d e t e r m i n e  t h e  e f f e c t  o f  n e u t r o n  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 -  

-~ 

The 83 c o n d i t i o n  

Seven m i c r o s t r u c t u r a l  v a r i a n t s  o f  t h e  PCA a u s t e n i t i c  s t a i n l e s s  s t e e l  were p r e v i o u s l y  e v a l u a t e d  w i t h  
r e g a r d  t o  t h e i r  r e s i s t a n c e  t o  v o i d  s w e l l i n g  i n  t h e  HFIR-CTR-30, -31, and - 32 i r r a d i a t i o n s . '  
t h r e e  PCA v a r i a n t s  were t h e n  i r r a d i a t e d  i n  t h e  HFIR-CTR-42 and -43 expe r imen ts  t o  d e t e r m i n e  t h e i r  p o s t i r r a -  
d i a t i o n  t e n s i l e  p r o p e r t i e s  and, more s p e c i f i c a l l y ,  t h e i r  r e s i s t a n c e  t o  h e l i u m  e m h r i t t l e m e n t .  
v a r i a n t s ,  t h e  PCA-B3, was des igned  as a m o d i f i c a t i o n  o f  PCA-82. The PCA-R2 e x h i b i t e d  e x c e l l e n t  performance 
i n  t h e  d i s k  bend t e s t s  f o r  HFIR-CTR-30, -31, and - 32 ( r e f .  2). 

3.5.4.2 

Specimens of 

One o f  t h e  

Ex p e r  i inent a 1- 

S tanda rd  HFIR " sub- min i "  t e n s i l e  specimens w i t h  an 18.3-mm gage l e n g t h  and a 2-mm gage d i a m e t e r  were 
mach ined f rom 5-mm-diam swaged r o d  s t o c k .  
t r a n s v e r s e l y ,  f r om 3-mm-diam swaged r o d  s t o c k  and hand ground t h r o u g h  f i n o - g r i t  pape rs  t o  a t h i c k n e s s  o f  
0.25 mm. 
p a r i s o n  between d i s k  bend and t e n s i l e  t e s t s .  
c o n d i t i o n s  : 

A 1  - t h e  50% co ld- swaged r o d  was annea led f o r  30 m i n  a t  1100°C. 
A3 - 25% c o l d  swaged a f t e r  t r e a t m e n t  A i ,  
83 - m a t e r i a l  f r om t h e  ( A l )  t r e a t m e n t  was aged f o r  R h a t  800°C and t h e n  c o l d  swaged an a d d i t i o n a l  25%. 

The specimens were p l a c e d  i n  t u b e s  such t h a t  t h e  d i f f e r e n c e  i n  specimen o u t s i d e  d i a m e t e r  and t u b e  i n s i d e  
d i a m e t e r  o r  "gas gap" was des igned  t o  produce t e m p e r a t u r e s  f r om 300 t o  600°C u n i f o r m l y  a c r o s s  t h e  specimenc 
by means o f  n u c l e a r  h e a t i n g .  
d i a t i o n  t e m p e r a t u r e s  o f  500 and 600°C. D e t a i l e d  c a l c u l a t i o n s  o f  t h e  n e u t r o n  f l u e n c e  and m a t e r i a l s  r e s p o n h  
f o r  t h e s e  expe r imen ts  a r e  n o t  y e t  a v a i l a b l e .  
t o  a damage l e v e l  of a p p r o x i m a t e l y  22 dpa (-1750 a t .  ppm He), t h e  t e n s i l e  specimens were t e s t e d  a t  t h e i r  
r e s p e c t i v e  i r r a d i a t i o n  t empera tu res .  S e l e c t e d  TEM d i s k s  were a l s o  bend t e s t e d  a t  t h e i r  i r r a d i a t i o n  tem- 
p e r a t u r e  by t h e  p r o c e d u r e  deve loped  a t  HEDL ( r e f .  3). The c rosshead  speed used i n  b o t h  t e n s i l e  and bend 
t e s t s  was 0.51 nn /m in  (0.02 i n . / m i n ) .  

3.5.4.3 R e s u l t s  and D i s c u s s i o n  

T h i n  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  (TEM) d i s k s  were c u t ,  

D i s k s  w i t h  t h e  same f a b r i c a t i o n  h i s t o r y  as t h e  t e n s i l e  specimens were used t o  p e r m i t  a b e t t e r  com- 
8 0 t h  t y p e s  o f  specimens were h e a t  t r e a t e d  t o  t h e  f o l l o w i n g  

The d i s k s  were p l a c e d  i n  two  s m a l l  c y l i n d e r s  t h a t  were des igned  f o r  i r r a -  

Approx ima te  v a l u e s  a r e  used i n  t h i s  r e p o r t .  A f t e r  i r r a d i a t i o n  

- 

The r e s u l t s  o f  t h e  p o s t i r r a d i a t i o n  t e n s i l e  t e s t s  a l o n g  w i t h  t h o s e  f o r  u n i r r a d i a t e d  and t h e r m a l l y  aged 
c o n t r o l s  a r e  g i v e n  i n  Tab le  3.5.1. 
c o n d i t i o n s  of HFIR-CTR-42 and -43 had no d e l e t e r i o u s  e f f e c t s  on PCA-A3. I n  f a c t ,  a t  300°C t h e  t o t a l  
e l o n g a t i o n  of u n i r r a d i a t e d  PCA-A3 i n c r e a s e d  from a p p r o x i m a t e l y  3.5% ( r e f .  4) t o  ove r  5% a f t e r  i r r a d i a t i o n  
( T a b l e  3.5.1). w i t h  c o n c u r r e n t  i n c r e a s e s  i n  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s ,  
specimens were "hardened"  by t h e  i r r a d i a t i o n  and demons t ra ted  l a r g e  l o s s e s  of t o t a l  e l o n g a t i o n  f r om a p p r o x i -  
m a t e l y  31% ( r e f .  3 )  t o  7.34. 
s l i g h t  d u c t i l i t y  l o s s e s ,  and P C A- A 1  a g a i n  e x h i b i t e d  s t r e n g t h e n i n g  a l o n g  w i t h  s u b s t a n t i a l  l o s s e s  i n  
d u c t i l i t y .  
compared w i t h  t h e  u n i r r a d i a t e d  m a t e r i a l .  
v a r i a n t s ,  b u t  TEM and scann ing  e l e c t r o n  m ic roscopy  (SEM) w i l l  be needed f o r  v e r i f i c a t i o n .  The r e l a t i v e  
per formance of t h e  t h r e e  PCA v a r i a n t s  a t  500 and 600°C i s  seen more c l e a r l y  i n  F i g .  3.5.1. 
e l o n g a t i o n  has been p l o t t e d  on a l o g a r i t h m i c  s c a l e  t o  p e r m i t  r e p r e s e n t a t i o n  o f  t h e  u n i r r a d i a t e d  P C A- A 1  
v a l u e s  a l o n g  w i t h  t h e  o t h e r s .  

A t  t h e  i n t e r m e d i a t e  t e m p e r a t u r e s  o f  300 t o  400"C, i r r a d i a t i o n  a t  t h e  

I n  c o n t r a s t ,  t h e  P C A- A 1  

A t  400 and 500"C, PCA-A3 showed i n c r e a s e d  s t r e n g t h  due t o  i r r a d i a t i o n  w i t h  

A f t e r  i r r a d i a t i o n  a t  5n0"C t h e  PCA-R3 demons t ra ted  b o t h  s t r e n g t h  and d u c t i l i t y  i n c r e a s e s  
A t  600°C. h e l i u m  e m h r i t t l e m e n t  p r o b a b l y  a f f e c t e d  a l l  t h r e e  PCA 

Note  t h a t  t o t a l  
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Tab le  3.5.1. 
_______ 
Specimen C o n d i t i o n  

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

T e s t  S t r e n g t h ,  MPa E l o n g a t i o n ,  % 

( " C )  Y i e l d  U l t i m a t e  U n i f o r m  T o t a l  
t e m p e r a t u r e  -- 

EL4 
E K4 
EK9 
E J l l  

EL7 
EK2 
EK5 
EJ6  

E K l 0  
EK5 
E KX 
EJ5  

EK6 
EJ1 

EL- 46 
EL- 42  
EL-40 
EL-41 

EC-68 
EC-69 

EC-67 
EC-66 

ED-X6 
En- 87 

ED-86 
~ n - 8 5  

E L I 0  
EL11  
EK13 
EK15 

PCA-B3 
PCA-A3 
PCA-A3 
PCA-A1 

PCA-B3 
PCA-A3 
PCA-A3 
PCA-A1 

PCA-A3 
PCA-A3 
PCA-A3 
PCA-A1 

PCA-A3 
PCA-A1 

PCA-R3 
PCA-R3 
PCA-53 
PCA-B3 

PCA-A3 
PCA-A3 

PCA-A3 
PCA-A3 

PCA-A1 
PCA-A1 

PCA-A1 
PCA-A1 

PCA-B3 
PCA-83 
PCA-A3 
PCA-A3 

Trrai f iated at t e s t  temperature 

600 508 579 
6 0 0  539  570  
f in0 513  548  
6 0 0  468  47 3 

500  659 745 
500  6 9 2  7 7 1  
500 767 8 4 2  
500  765 1 9 3  

4 0 0  9 5 0  9 5 1  
4 0 0  935  938  
400  976  9 8 0  
400 896  897  

300 973  973  
3 0 0  8 5 1  8 5  1 

l Inir . ldiated 

6 0 0  517 6 4 4  
6 0 0  5 9 1  6 4 4  
500  6 5 0  683 
500 6 6 0  679  

6 0 0  545 6 0 4  
f in0 466  514  

500 559 6 3 0  
500  5 2 1  575 

6 0 0  1 6 5  39 7 
6 0 0  1 7 5  403  

500  15R 447 
500 1qn 4 3 8  

A g ~ d  at 600OC f o r  5000 h 

6 0 0  549 6 0 4  
600 539 594  
6 0 0  587 628  
6 0 0  583  6 2 4  

3.2 
1.0 
1.2 
0.3 

5.3 
3 .4  

1.4 

0.2 
0.3 
0.3 
0.1 

0.2 
0.3 

2.0 

1.0 
0.8 
0.fi 

5.8 
5.R 

2.9 
5.4 

31.3 
27.5 

29.6 
27.8 

0. 4 

3.8 
2.6 
1.4 
2.7 

3 .8  
1.1 
1.7 
0.6 

8 .6  
6.2 
3.9 
3.3 

4.4 
4.1 
4.1 
s.5 
5.3 
1.3 

5.1 
5.0 
4.9 
4.6 

7.3 
7.4 

5.6 
7.3 

32 .5  
31.3 

33.8 
29.8 

R.5 
7.4 
7.0 
6.9 - 

a I r r a d i a t e d  i n  HFIR-CTK-42 and - 4 3  t o  a p p r o x i m a t e l y  22 dpd 
(- 1750 a t .  ppm He). 

The main  p o i n t  of F i g .  3.5.1 i s  t h a t  t h e  PCA-B3 c o n d i t i o n  e x h i b i t s  s u p e r i o r  r e s i s t a n c e  t o  h e l i u m  
e m b r i t t l e m e n t  compared w i t h  t h e  co ld- worked  and s o l u t i o n - a n n e a l e d  c o n d i t i o n s .  
s t r e n g t h  and d u c t i l i t y  were i-crensed i n  PCA-B3 by t h e  i r r a d i a t i o n  a t  500'C. 
l o s s  o f  s t r e n g t h ,  h u t  t h e  t o t a l  e l o n g a t i o n  of 3.8% was o n l y  s l i g h t l y  l e s s  t h a n  t h e  u n i r r a d i a t e d  v a l u e s  o f  
5.0 and 5.1%. 
compared w i t h  t h e  u n i r r a d i a t e d  m a t e r i a l .  
had b e t t e r  r e s i s t a n c e  t o  h e l i u m  e m b r i t t l e n e n t  t h a n  PCA-A3 o r  - A I .  
b e l i e v e  t h a t  t h e  enhanced r e s i s t a n c e  of PCA-R3 t o  h e l i u m  e m h r i t t l e m e n t  i s  qenu ine  and l i e s  i n  t h e  s t a b i l i t y  

As men t i oned  h e f o r e ,  both  t h e  

It i s  a l s o  s i g n i f i c a n t  t o  n o t e  t h e  improvement i n  u n i f o r m  e l o n g a t i o n  of t h e  i r r a d i a t e d  PCA-63 
C o n s i d e r a t i o n  of b o t h  s t r e n g t h  and e l o n g a t i o n  sugges ts  t h a t  PCA-R3 

A t  6OO"C, t h e r e  was a s l i g h t  

Based on t h e s e  and p r e v i o u s  r e s u l t s ,  we 

o f  t h e  r e l a t i v e l y  c o a r s e  g r a i n  boundary  MC p a r t i c l e s  and t h e i r  i n t e r a c t i o n - w i t h  he l i um.  
i n v e s t i g a t i o n s  of t h e  PCA specimens w i l l  s u p p l y  more i n f o r m a t i o n  on t h e  m i c r o s t r u c t u r a l  a s p e c t s  of h e l i u m  
e r n b r i t t l e m e n t  i n  t h i s  a l l o y  system. 

P lanned TEM and <EM 

Bend t e s t s  on TEM d i s k s  were s u c c e s s f u l l v  used as a s c r e e n i n o  method f o r  t h e  deve looment  o f  t h e  PCA-R? ~ ~~ ~ ~. 
m i c r o s t r u c t u r e . 2  I n  an a t t e m p t  t o  b e t t e r  co(re1ate bend and t e n s i l e  d u c t i l i t y ,  d i s k s  were c u t  f rom t h e  same 
swaged m a t e r i a l  as t h e  t e n s i l e  specimens and g i v e n  t h e  same hea t  t r e a t m e n t s .  The r e s u l t s  o f  t h o s e  t e s t s  a r e  
g i v e n  i n  Tab le  3.5.2. 
t h e  s t r a i n  E by 100 i n  t h e  e x p r e s s i o n 3  

The measured d e f l e c t i o n s  were c o n v e r t e d  t o  bend d u c t i l i t y  i n  p e r c e n t  by n u l t i p l y i n g  

E = t w / ( a 2  t 3 )  , 

where t and a a r e  t h i c k n e s s  and r a d i u s  of t h e  d i s k ,  r e s p e c t i v e l y ,  and w i s  t h e  d e f l e c t i o n  a t  f r a c t u r e .  
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ORNL DWG 84 1871 
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I 

- - - - -cb P C A ~ A 3  \./ P C A ~ B 3  

F i g .  3.5.1. T e n s i l e  d u c t i l i t y  o f  
u n i r r a d i a t e d  PCA and PCA i r r a d i a t e d  i n  H F l R  
t o  a p p r o x i m a t e l y  2 2  dpa (-1150 a t .  ppm He). 

Y 
J 

0 
*A P C A A l  

I R R A D I A T E D  
U N I R R A D I A T E D  

400 500 600 700 
I R R A D I A T I O N  A N D  TEST TEMPERATURE i"C1 

D i s k s  t h a t  were i r r a d i a t e d  and t e s t e d  a t  600°C had bend d u c t i l i t i e s  r a n g i n g  from 0.4 t o  1.8%. The 
c o r r e l a t i o n  of t h e s e  va lues  w i t h  t h e  average v a l u e s  o f  t e n s i l e  d u c t i l i t y  ( t o t a l  e l o n g a t i o n )  was poor.  Note 
a l s o  t h a t ,  w h i l e  t h e  P C A- A 1  t e s t e d  a t  50O'C had a l o w e r  t e n s i l e  d u c t i l i t y  t h a n  t h e  PCA-83 a t  fi00"C, i t  was 
ben t  t o  t h e  0.5-mm maximum d e f l e c t i o n  w i t h o u t  c r a c k i n g .  These i n c o n s i s t e n c i e s  d i s c o u r a g e  one f rom u s i n g  
t h e  bend t e s t  q u a n t i t a t i v p l y .  We s p e c u l a t e  t h a t  t h e  sou rce  a t  t h e  i n c o n s i s t e n t  b e h a v i o r  may be r e l a t e d  t o  
t h e  d i f f e r e n c e s  i n  d e f o r m a t i o n  and f r a c t u r e  modes between t h e  two  t y p e s  of t e s t .  I n  t h e  p a s t ,  bend t e s t s  of 
PCA d i s k s  t h a t  were n o t  c o m p l e t e l y  e m b r i t t l e d  (1004 i n t e r g r a n u l a r  f r a c t u r e )  y i e l d e d  l o a d - d e f l e c t i o n  c u r v e s  
t h a t  were v e r y  d i f f i c u l t  t o  i n t e r p r e t  w i t h  r e g a r d  t o  bend d u ~ t i l i t y . ~  

T a b l e  3.5.2. Pr ime c a n d i d a t e  a l l o y  d i s k  bend t e s t  r e s u l t s a  

D u c t i l i t y  ( 4 . )  

(mm 1 Bend T e n s i l e  

D e f l e c t i o n  
T e s t  

C o n d i t i o n  t e m p e r a t u r eh  D i s k  
d e s i g n a t i o n  

("C) 

E L- 1  
E K- 1  
EJ-4 

PCA-B3 
PCA-A3 
PCA-A1 

600 
fino 
6on 

0.114 1.3 3.8 
0.038 0.4 1.4 
0.163 1.8 n.fi 

EL-2 PCA-B3 500 Flaxirnum a.6 
EK-4 PCA-A3 500 Maxi inum 5.1 
EJ-7 P C A- A 1  500 Maximum 3.3 

a I r r a d i a t e d  i n  HFIR-CTR-42 and - 43 t o  a p p r o x i m a t e l y  22 dpa 

b I r r a d i a t e d  a t  t e s t  t empera tu re .  

(-1750 a t .  ppm He). 
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5.1.  SWELLING OF V-15Cr-STi ALLOY ON SINGLE- AND DUAL-ION IRRPUIATION - 8 .  A .  Loomis  and 0. L. S n i t h  
(Argonne N a t i o n a l  L a b o r a t o r y )  

5.1.1 PQIP Task 

A D I P  Task I . A . l .  D e f i n e  M a t e r i a l  P r o p e r t y  R e q u i r 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 a t i o n s .  

5.1.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  p r o v i d e  gu idance  on t h e  a p p l i c a b i l i t y  of vanadium-base a l l o y s  f o r  
s t r u c t u r a l  conponents  i n  a f u s i o n  r e a c t o r .  

5.1.3 

The e f f e c t  o f  s i n g l e  ( s 8 N i t + ) -  and d u a l - i o n  ("Nit ' + H e t ) - i r r a d i a t i o n  on t h e  m i c r o s t r u c t u r e  of t h e  
V-15Cr-5Ti  a l l o y  a t  725OC was d e t e r m i n e d  f o r  i r r a d i a t i o n  damage l e v e l s  o f  125 and 205 dpa and f o r  e i t h e r  t h e  
p r e - i m p l a n t e d  h e l i u m  (780 appn) o r  s i m u l t a n e o u s l y  i m p l a n t e d  h e l i u m  (9.3 appn ldpd )  c o n d i t i o n .  The s w e l l i n g  
of t h e  a l l o y  t h a t  c o u l d  b e  a t t r i b u t e d  t o  v o i d s  o r  c a v i t i e s  was n e g l i g i b l e .  The p r i n c i p l e  e f f e c t  on  t h e  
m i c r o s t r u c t u r e  of t h e  i r r a d i a t i o n  was t o  i n d u c e  t h e  f o n n a t i o n  o f  a h i g h  d e n s i t y  o f  d i s c - l i k e  p r e c i p i t a t e s  i n  
t h e  v i c i n i t y  o f  g r a i n  b o u n d a r i e s  and i n t r i n s i c  p r e c i p i t a t e s  and on t h e  d i s l o c a t i o n  s t r u c t u r e .  

5.1.4 P rog ress  and S t a t u s  

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

The V- ISCr-5T i  a l l o y  i s  c o n s i d e r e d  t o  be a c a n d i d a t e  a l l o y  f o r  s t r u c t u r a l  components i n  a i - ia - jne t ic  
f u s i o n  r e a c t o r  ( M F R ) .  The s i m u l t a n e o u s  p r o d u c t i o n  o f  d i sp lace inen t  dairiage and d e p o s i t i o n  of h e l i u m  atoil is 
w i t h i n  t h e  a l l o y  d u r i n g  t h e  r e a c t o r  l i f e t i m e  nay have a s i g n i f i c a n t  i n f l u e n c e  on t h e  a l l o y  m i c r o s t r u c t u r e  
and, t h e r e f o r e ,  on t h e  i n t e g r i t y  o f  t h e  s t r u c t u r a l  component. O b s e r v a t i o n s  o f  t h e  m i c r o s t r u c t u r e  i n  t h e  V- 
15Cr -5T i  a l l o y  a f t e r  n e u t r o n  o r  i o n  i r r a d i a t i o n  f o r  dailiage l e v e l s  u p  t o  60 dpa have s h w n  a rmd a l e  
absence of v o i d s  and h e l i u m - f i l l e d  c a v i t i e s  and t h e  presence o f  i r r a d i a t i o n - i n d u c e d  p rec ip i t a tes? . '  I n  
t h i s  r e p o r t ,  some j p r e l i i n i n a t y  r e s u l t s  a r e  p r e s e n t e d  on t h e  i n i c r o s t r u c t u r d l  changes t h a t  nay b e  x q e c t e d  t o  
o c c u r  28 a V-15 r 5T1 s t r u c t u r a l  component d u r i n g  t h e  l i f e t i m e  (-200 dpa )  o f  an MFR. S i n g l e  (5gN i++ ) -  and 
dua l  ( 
w i t h i n  t h e  a l l o y  i n  t h e  e n v i r o n i w n t  of an MFR. 

5.1.4.2 M a t e r i a l s  and P r o c e d u r e  

& -  ' . N i t +  + H e + ) - i o n  i r r a d i a t i o n s  we re  u t i l i z e d  t o  s i m u l a t e  t h e  i r r a d i a t i o n  damage and heliurL1 p r o d u c t i o n  

The V - lSCr -ST i  a l l o y  was s u p p l i e d  i n  t h e  f o rm of 0.81-nun t h i c k  s h e e t  ( i n e l t  number 834-6)  i r o n  t h e  
F u s i o n  Program Research M a t e r i a l s  I n v e n t o r y  a t  Oak R i d g e  N a t i o n a l  L a b o r a t o r y .  The chemica l  a n a l y s i s  o f  t h i s  
m a t e r i a l  i s  p r e s e n t e d  i n  T a b l e  5.1.1. The a s - r e c e i v e d  s h e e t  was r e  uced  i n  t h i c k n e s s  t o  0.25 i n r  and 
annea led  a t  l l O O ° C  f o r  two hou rs  i n  a sys tem evacuated t o  6.7 x 10- 9 Pa. 

T a b l e  5.1.1. Chemical  a n a l y s i s  of t h e  V-15Cr-5T i  a l l o y  

E 1 m e  n t  

C r  
T i  
C 
O 
N 

C o n c e n t r a t i o n  ( a / o )  

1 4 . 1  
6.6 
0.14 
0 .10 
0.18 

Speciinens of t h e  a l l o y ,  each w i  a d i a m e t e r  of 3.05 mm, were  $mounted i n  a t u n  t e n  h o l d e r  f o r  e i t  e r  

i o n s  o r  h e l i u m  i m p l a n t a t i o n  u s i n g  0.50-MeV He i o n s  f o l l c w e d  by  i r r a d i a t i o n  w i t h  4.3-Me') '%i+' i o n s .  
i r r  d i a t i o n s  of t h e  specimens a t  725OC were conduc ted  i n  a c r y o g e n i c a l l y  pumped chanbe r  evacua ted  t o  1.3 x 
10- Pa. The chamber was connec ted  by c r y o g e n i c a l l y  punped, i o n- b e a r  t r a n s p o r t  t u b e s  t o  t h e  2-!1e'V randel,! 
and 0.30-Ye'/ i o n  a c c e l e r a t o r s  a t  Argonne N a t i o n a l  L a b o r a t o r y .  A t e m p e r d t u r e  of 725Oc was s e l e c t e d  f o r  t h e  
p r e s e n t  s e r i e s  o f  i r r a d i a t i o n s .  T h i s  s e l e c t i o n  was based on  t h e  t m p e r a t u r e  f o r  1iiaxii:iun v o i d  s w e l l i n g  1 ' 1  

p u r e  V.3 F o l l o w i n g  i r r a d i  i o n  t h e  bpecimens were s e c t i o n e d  f r o m  t h e  i r r a d i a t e d  s u r f a c  t o  a de;jrh of I U ~ U  
ni l  i n  t h e  case  o f  4.0-MeV %i+' i o n  i r r a d i a t i o n s  and G50 nil1 i n  t h e  c a s e  o f  t h e  3.0-MeV '%it+ i o n  
i r r a d i a t i o n ,  t h e n  t h i n n e d  f rom t h e  b a c k s i d e  t o  p e r f o r a t i o n  i n  an 80% CHjOH-ZWo H2S04 s o l u t i o n  a t  -5%. 

9 d 0 .Zi-:W/ d.?+ 
The 

s i n g l e - i o n  i r r a d i a t i o n  w i t h  4.0-MeV S'Ni d tt 4 o n ~ , , d u a l b i o n  i r r a d i a t i o n  w i t h  3.0-MeV %it+ 

g 
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Deposited enerqy dens i t i e s  a s  a function of ion range i n  the  a l loy from a computerized TRIM code w$re 
converted t o  displacements per a t an  (dpa) and helium atom deposit ion using a threshold ene 
The depths i n  t he  V-15Cr-5Ti a l loy  for peak i r r a d i a t i o n  damage during 3.0-MeV and 4.0-MeV '&i++ ion 
i r r a d i a t i o n  were compu ed t o  be 900 and The depths f o r  peak deposit ion of helium 
atm during 0.25-MeV He+ and 0.50-MeV 
respectively.  The spe imns were i r r ad ia t ed  t o  d i sp lacemnt  damage l e v e l s  of e i t h e r  125 or 205 d88,;$+a, 
damage r a t e  of 5 x 10- 5 dpa/s. 
i r r a d i a t i o n ,  t h e  helium concentration was 780 appm. In  t h e  case of the dual-ion i r r a d i a t e d  specimen, t h e  
helium implantation r a t e  was 9.7 app idpa .  

e lec t ron microscopy (TEM) i n  a Ph i l ips  EM 400T e lec t ron  microscope operated a t  120 kV. The thickness of the  
specimens f o r  TEM was typ ica l ly  100 nm. 

of 40 eV. 

150 nm, respectively.  
He+ ion implantation were computed t o  be 670 and 1110 nm,  5 4 

In the case of the specimen implanted with helium p r i o r  t o  4-MeV 1 on 

The microstructure of the unir radia ted  and i r r a d i a t e d  a l loy specimens were observed by transmission 

5.1.4.3 Experimental Results  

TEM f o r  t h e  uni r radia ted  alloy 

The microstructure t h a t  was c h a r a c t e r i s t i c  f o r  the V-15Cr-5Ti a l loy  on inse r t ion  i n t o  t h e  i r r a d i a t i o n  
chamber i s  shown i n  Fig. 5.191. This  microstructure 's characterized by the  presence of p rec ip i t a t e s  with a 

and a number density of 3.6 x 10 
d i m e t e r  of 2-6 m (3.5 x 10 paf6ic jes  intersectedlm ?? ) and p rec ip i t a t e s  with an average diameter of 7.5 nm 

/m . The average gra in  diameter of the annealed material was 40 vm. 

F i g .  5.1.1 Microstructure of t h e  V-15C 
p r i o r  t o  i r r a d i a t i o n  (marker = 500 nm). 

Since the irradiation- induced change i n  t h e  
microstructure of t h e  a l loy  was r a t h e r  sub t l e ,  i t  was 
e s sen t i a l  t o  observe t h e  microstructure i n  t h e  a l loy  
a f t e r  f u r t h e r  annealing a t  725OC f o r  t h e  time of t h e  
i r r ad ia t ion ,  i.e. 2.5 x 104s (6.9 h )  f o r  125 dpa. 
microstructure of t h e  a l loy  a f t e r  t h e  addit ional  
annealing i s  shown i n  Fig. 5.1.2. The microstructure 
i s  characterized by t h e  presence within t h e  individual 
gra ins  of a l a rge  volume t h a t  has been c leared of t h e  
7.5-nm diameter p rec ip i t a t e s  (Fig. 5.1.2a) 
u rec iu i t a t e s  were transported during the  addi t ional  

The 

These 

anneaiing t o  the  gra in  boundaries by in t e rac t ions  with 
the  gl id ing d i s loca t ions  (Fig. 5.1.2b). 

TEM f o r  the i r r a d i a t e d  a l loy  

The microstructure i n  t h e  V-lZgr-STi a l loy  a f t e r  
i r r a d i a t i o n  a t  725OC w i t h  4.0-MeV 
dpa i s  shown i n  F i g .  5.1.3. The crys ta l lographic  
d i r ec t ion  normal t o  the  spec imn  surface  is  a <110> 
di rec t ion.  
shape can be observed i n  t h e  v ic in i ty  of t h e  gra in  
boundaries and t h e  i n t r i n s i c  p rec ip i t a t e s  and on the  

' cular-shape fea tu res  have a n  

5.1.2 and 5.1.3 show t h e  
725OC t o  a damage level  of 
t h e  c i r c u l a r  f ea tu res  located 

e v i c in i ty  of gra in  boundaries 
en. the c i r c u l a r  shaoes a m e a r  

N i + +  ions t o  205 

A high densi ty  of f ea tu res  with a c i r c u l a r  

.. . _. 
m. A comparison of t h e  

- "  aisIocations. lnese c i r  
.-' average diameter of 50 ni 

microstructures i n  Figs. 
:r-5Ti a l loy  e f fec t  of i r r a d i a t i o n  a t  

205 dpa. In t he  case  of 
on dis locat ions  or  i n  t h  
i n  the i r r a d i a t e d  specim 
t o  be contiguous with -7 

I u i r i n i t v  nf  t h a  i n t r i n c i r  nrnrinitatac 
.5inm di a m t e r  p rec ip i t a t e s .  

In contrast, the c i r c u l a r  shapes i n  t h e  .._..... y 1  -,.. 
diameter p r e c i p i t a t e s  within t h e  c i r c u l a r  shapes (Fig. 5.1.4). The dens i t  of t h e  c i r c u l a r  shapes within a 
50-nrn d is tance  from the boundary of the i n t r i n s i c  p rec ip i t a t e s  was -4 x 1or9/m3. The  change i n  shape of t h e  
c i r c u l a r  f ea tu res  on t i l t i n g  i s  especia l ly  notable i n  F i g .  5.1.4. 
chapes and t h e  appearance of white lobes a t  t h e  posit ion of the c i r c u l a r  shapes a r e  notable e f f e c t s  i n  Fig. 

~ 

~ : """ appear t o  contain s m l l  

Also, the disappearance of t h e  c i r c u l a r  

5.1.3. 

5.1.5. The microstructure i 
t o  i r r a d i a t i o n  with 4.0-MeV g8Ni*c ions t o  125 dpa i s  shown i n  F i g .  5.1.6. These microstructures a r e  
generally s imi la r  t o  the microstructure of the  specimen i r r ad ia t ed  t o  205 dpa. The cont igui ty  of t h e  
c i r c u l a r  shapes on t h e  d is locat ions  i s  especia l ly  evident i n  Figs. 5.1.5 and 5.1.6. Hwever, t h e  average 
diameter of t h e  c i r c u l a r  fea tures  i n  t h e  specimens i r r ad ia t ed  t o  125 dpa, with o r  without pre in jec t ion of 
helium, was approximately one-half t h e  d i m e t e r  i n  t h e  specimen i r r a d i a t e d  t o  205 dpa. 

The microstructure of a specimen a f t e r  4.0-MeV 5 8 N i t +  ion i r r a d i a t i o n  t o  125 dpa i s  s wn i n  Fig. 6 a specimn t h a t  was implanted with 780 appm helium (0.5-MeV He+ ions)  p r i o r  
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Fig.  5.1.2. 
700 nm). 

Microstructure of V-15Cr-5Ti a l l o y  a f t e r  addit ional  annealing a t  725'C f o r  2.5 x 104s (marker = 

( a )  (b 1 
Fig .  5.1.3. 
205 dpa f o r  specimen inc l ina t ions  of ( a )  -12.5O and ( b )  +3.5O (marker = 700 nm). 

Microstructure of  the  V-15Cr-5Ti a l l o y  a f t e r  i r r a d i a t i o n  a t  725OC with 4.0-MeV 58Ni++ ions t o  
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Fig .  5.1.5. Mic ros t ruc tu re  o f  V- 1 5- C r- 5 T i  F ig .  5.1.6. M i c ros t ruc tu re  of t h e  V- 1 5- C r- 5 T i  a f t e r  

"Ni 
te :+ i r radiat ion t o  125 dpa w i t h  4.0-Mev imp1 

MeV %it+ i o n  i r r a d i a t i o n  t o  125 dpa (marker = 400 nm). 
t a t i o n  w i t h  780 appm he l i um  and subsequent 4.0- 

i ons  (marker = 400 nm). 

The m ic ros t ruc tu re  o f  t h e  dua l- ion  i r r a d i a t e d  specimen (125 dpa, 9.3 appm He/dpa) i s  shown i n  F ig .  
5.1.7. 
spec imns (Figs. 5.1.3 and 5.1.5) and t h e  specimen implanted wi th  he l ium p r i o r  t o  i r r a d i a t i o n  (F ig.  5.1.6). 

Th i s  m i c ros t ruc tu re  i s  d i s t i n c t l y  d i f f e r e n t  from t h e  m ic ros t ruc tu res  o f  t h e  s i n g l e - i o n  i r r a d i a t e d  

Fig. 5.1.7. M i c ros t ruc tu re  of V-15Cr-5Ti a l l o y  a f t e r  i r r a d i a t i o n  t o  125 dpa and simultaneous imp lan ta t i on  
of hel ium a t  a r a t e  of 9.3 a p p  He/dpa (300 nm marker i n  ( a )  and 100 nm marker i n  ( b ) ) .  
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I n  t h e  case of t h e  dua l - i on  i r r a d i a t e d  specimen, t h e  f ea tu res  w i t h  a c i r c u l a r  shape have an average d iameter  
o f  < 8 nm and are  a l igned i n  sho r t  segiwnts a long or thogonal ,  (012) c r y s t a l l o g r a p h i c  d i r e c t i o n s .  
I n  add i t ion ,  t h e  presence of c a v i t i e s  w i t h  an average d iameter  of -8 nm i s  c l e a r l y  ev iden t  i n  
5.1.7.b. The number dens i t y  o f  t he  c a v i t i e s  i n  t h i s  m i c ros t ruc tu re  was est i i i ia ted t o  be 3 x 10 / m  . 
5.1.5 Discussion 

519.3 

Swe l l i ng  o f  t h e  V-15Cr-5Ti a l l o y  a t  725OC was n e g l i g i b l e  a t  an i r r a d i a t i o n  dainage l e v e l  of 1 2 5  dpa f o r  
e i t h e r  t he  pre- implanted he l ium 

dpa. Thus, t he  swe l l i ng  o f  t h e  V - l 5 C r - 5 T i  a l l o y ,  on t h e  bas is  of these i o n - i r r a d i a t i o n  r e s u l t s ,  should n t 
be a concern i n  an MFR f o r  i r r a d i a t i o n  damage l e v e l s  t o  a t  l e a s t  1 2 5  dpa, which corresponds t o  -11 M W * Y / m  . 

The de termina t ion  o f  t he  na ture  of t he  features with a c i r c u l a r  shape that were p ro fuse l y  s i t e d  on 
d i s l oca t i ons  i s  be l i eved  t o  be important  f o r  eva lua t i on  of t h e  p o t e n t i a l  usefu lness o f  t h e  V - I S C r - 5 T i  a l l o y  
i n  an MFR. The i n t e r a c t i o n  o f  these f ea tu res  w i t h  t he  d i s l o c a t i o n s  may r e s u l t  i n  e i i i b r i t t l e iwn t  of t h e  
a l l o y .  
of t he  c i r c u l a r  shapes and appearance o 
fea tu res  a re  t h i n  d i scs  of p r e c i p i t a t e . l  To cons ider  t he  cont iguous fea tu res  i n  l ong  s t r i nge rs ,  e.g., i n  
F ig .  5.1.5, t o  be vo ids  i s  incompat ib le  w i t h  t h e i r  25-nlri d iameter  and t h e  100-nm th ickness  of t h e  TEM 
specimen. 
est imated from the  d i scs  on edge i n  F i g .  5.1.4(a). This est i inate gives a th ickness  value of < 10 nm. 

from 125 dpa t o  205 dpa. 
p r e c i p i t a t e s  were extremely e f f e c t i v e  s i nks  f o r  t h e  mobi le s o l u t e  atoms. 
shape p r e c i p i t a t e s  i n  t h e  specinen i r r a d i a t e d  w i t h  dua l - ions  t o  125 dpa was < 8 nni. 
smal le r  d iameter  o f  t h e  d iscs  i n  t h e  dua l - i on  i r r a d i a t e d  m i c r o s t n t c t u r e  a t  125  dpa imp l i es  t h a t  t h e  hel ium 
atoms were extremely e f f e c t i v e  i n  l i m i t i n g  t h e  d i f f u s i o n  o f  so lu te  atoms. 

5.1.6 Conclusions 

1. 

780 appm) o r  s imul taneously implanted he l ium (9.3 appm/dpa) cond i t i ons .  
The s w e l l i n g  o f  t h e  a l l o y  a t  725 d C was a lso  n e g l i g i b l e  on s i n g l e - i o n  i r r a d i a t i o n  t o  a damage l e v e l  of 205 

9 

The change i n  shape o f  t h e  c i r c u l a r  fea tu res  (F igs.  5.1.3 and 5.1.4) t oge the r  w i t h  t h e  disappearance 
wh i te  lobes on TEM t i l t i n g  (F ig .  5.1.3) suggest s t r o n g l y  t h a t  these 

I f  i t  i s  asstnned t h a t  t h e  c i r c u l a r  f ea tu res  a re  d iscs  o f  p r e c i p i t a t e ,  t hen  t h e i r  t h i ckness  iriay be 

The average d iameter  o f  t h e  d iscs  increased f rom -25 nm t o  -50 nin w i t h  an inc rease of t h e  dainaye l e v e l  

The average d iameter  of t h e  d i s c -  
The magnitude o f  t h e  inc rease i n  diameter suggests t h a t  t he  disc-shape 

The s u b s t a n t i a l l y  

Swe l l i ng  of t h e  V - l 5 C r - 5 T i  a l l o y  a t  7 2 5 %  was n e g l i g i b l e  a t  an i r r a d i a t i o n  damage l e v e l  o f  125 dpa f o r  
e i t h e r  t he  pre- implanted he l ium (780 appm) o r  s imul taneously implanted he l ium (9.3 appII/dpa) 
cond i t ions .  
damage l e v e l  o f  205 dpa. 

The p r i n c i p l e  e f f ec t  on t h e  m ic ros t ruc tu re  of t h e  i r r a d i a t i o n s  was t o  induce t h e  fo rmat ion  of a h igh 
dens i t y  of disc-shape p r e c i p i t a t e s  i n  t h e  v i c i n i t y  of g r a i n  boundaries and i n t r i n s i c  p r e c i p i t a t e s  and 
on t h e  d i s l o c a t i o n  s t r uc tu re .  

The s w e l l i n g  o f  t h e  a l l o y  a t  725OC w a s  a l so  n e g l i g i b l e  on s i n g l e - i o n  i r r a d i a t i o n  t o  a 

2. 
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5.2 HELIUM DOPING OF A V A N A D I U M  ALLDY BY A MODIFIEn T R I T I U M  TRICK ~ D. N. B r a s k i  and D. W. Ramey 
(f lak Ridge N a t i o n a l  L a b o r a t o r y )  

5.2.1 A D I P  Task 

A D I P  Task 1.6.15 T e n s i l e  P r o p e r t i e s  of 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 .  

5.2.7 O b j e c t i v e  

The goa l  o f  t h i s  work i s  t o  deve lop  a s u i t a b l e  method o f  dop ing  vanadium t e n s i l e  specimens w i t h  he l i um.  
W i th  a success fu l  method, a b e t t e r  s i m u l a t i o n  of f u s i o n  c o n d i t i o n s  w i l l  be a t t a i n e d  f o r  specimens t h a t  a r e  
i r r a d i a t e d  i n  t h e  M a t e r i a l s  Open Tes t  Assembly (MOTA) expe r imen t  i n  t h e  F a s t  F l u x  Tes t  F a c i l i t y  (FFTF). 

5.2.3 Summary 

A t r i t i u m  t r i c k  t e c h n i q u e  was used t o  i m p l a n t  %He i n  V-15Cr-5Ti .  M o d i f i c a t i o n s  i n c l u d e  wrapp ing  s p e c i -  
mens w i t h  t a n t a l u m  f o i l  and decay h o l d  a t  400°C. Removal of undecayed t r i t i u m  a t  700°C may have been 
e x c e s s i v e ,  because l a r g e  h e l i u m  bubb les  i n  t h e  g r a i n  bounda r i es  s e v e r e l y  e m b r i t t l e d  t h e  V-1SCr-5Ti a l l o y .  
More r e a l i s t i c  h e l i u m  d i s t r i b u t i o n s  can p r o b a b l y  be produced by r e d u c i n g  t h e  removal t empera tu re .  The 
t e c h n i q u e  m i g h t  f a c i l i t a t e  t h e  s t u d y  o f  h e l i u m  e m b r i t t l e m e n t  and p r o v i d e  a s c r e e n i n g  method f o r  a l l o y  
deve lopment .  

5.2.4 P rog ress  and S t a t u s  

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

I n  o r d e r  t o  b e t t e r  s i m u l a t e  t h e  f i r s t  w a l l  c o n d i t i o n s  t h a t  a r e  expec ted  w i t h  f u s i o n  r e a c t o r  i r r a -  
d i a t i o n ,  i t  i s  sometimes necessa ry  t o  i m p l a n t  h e l i u m  i n  t h e  t e s t  a l l o y  b e f o r e  i r r a d i a t i o n .  
p r e i m p l a n t i n g  h e l i u m  i s  t h e  s o - c a l l e d  " t r i t i u m  t r i c k , "  where specimens a r e  s a t u r a t e d  w i t h  t r i t i u m ,  wh i ch  i s  
a l l o w e d  t o  decay t o  3He. 
MOTA expe r imen ts  i n  t h e  FFTF. 
i n e x p e n s i v e l y  dope l a r g e  numbers of specimens w i t h  h i g h  c o n c e n t r a t i o n s  o f  3He w i t h o u t  specimen t h i c k n e s s  
l i m i t a t i o n s .  T h i s  a l l o w s  use of t h i c k  mechan i ca l  p r o p e r t i e s  specimens.' An e x c e l l e n t  d e s c r i p t i o n  o f  t h e  
t r i t i u m  t r i c k  has been p r e s e n t e d  by Remark e t  a1.* 
i r r a d i a t i o n ,  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  3He i s  c o n v e r t e d  back t o  t r i t i u m .  

One method o f  

The t r i t i u m  t r i c k  was s e l e c t e d  a s  t he  method of i m p l a n t i n g  vanadium a l l o y s  f o r  t h e  
The t r i t i u m  t r i c k  t e c h n i q u e  has t h e  advantages of b e i n g  a b l e  t o  q u i c k l y  and 

A d i s a d v a n t a g e  o f  t h e  t e c h n i q u e  i s  t h a t ,  unde r  n e u t r o n  

I 
I 

T R I T l U ? l  I N S E R T I O k  
bo0 C R O k P a  

T R I P U k "  R E U O V A L  
I f i h  700'C i 10 " P i  
I f i h  700'C 

10 " P i  

5.2.4.2 Expe r imen ta l  

D i s k s  (3-mm d i a m e t e r )  and sma l l  shee t  t e n s i l e  specimens of t h e  55-3 t y p e  
(gage s e c t i o n  = 1.6 m l o n g  x 1.5 m wide  x 0.R4 rn t h i c k )  were f i r s t  c l e a n e d  
u l t r a s o n i c a l l y  i n  methanol  and t h e n  wrapped i n  t h r e e  s e p a r a t e  l a y e r s  of t a n t a l u m  
f o i l  (0.05 mm t h i c k )  t o  m i n i m i z e  oxygen c o n t a m i n a t i o n .  The wrapped specimens were 
p l a c e d  i n  t h e  t r i t i u m  chamber and t h e  chamber pumped down t o  l e s s  t h a n  0.5 Pa w i t h  
a mechan i ca l  pump. T h i s  s t e p  i s  r e p r e s e n t e d  by  t h e  f i r s t  b l o c k  o f  t h e  f l o w c h a r t  
shown i n  F ig .  5.2.1. Next ,  t h e  specimens were h e a t e d  t o  400°C f o r  16 h under  a 
vacuum ( - I@ Pa) p r o v i d e d  by i o n  pumping. 
good vacuum) has been shown t o  i n f l u e n c e  t h e  m e t a l  s u r f a c e s  and a i d  t r i t i u m  
takeup .  The t r i t i u m  was i n s e r t e d  a t  a p r e s s u r e  of 80 kPa (6f l0 m Hg) w h i l e  t h e  
specimens were s t i l l  a t  400°C. 
specimens (and a l s o  t h e  t a n t a l u m  f o i l ) ,  t h e  chamber p r e s s u r e  dropped. More t r i -  
t i u m  was b l e d  i n  t o  r a i s e  t h e  p r e s s u r e  above 53 kPa (400 m Hg) and i t  was a l s o  
absorbed. A f t e r  s e v e r a l  c h a r g i n g 8  o f  t r i t i u m ,  t h e  sys tem was c o n t r o l l e d  so t h a t  
an e q u i l i b r i u m  p r e s s u r e  of 53 kPa was e s t a b l i s h e d .  
t h e  53 kPa p r e s s u r e  and 400°C t o  a l l o w  t h e  absorbed t r i t i u m  t o  decay t o  3He. 
h a l f - l i f e  f o r  t r i t i u m  decay i s  12.26 y e a r s ,  wh i ch  y i e l d s  abou t  0.54 decay pe r  
month.2 
produce t h r e e  d i f f e r e n t  3He l e v e l s  i n  t h e  a l l o y s .  
p e r i o d ,  undecayed t r i t i u m  i n  t h e  vanadium a l l o y s  was removed by r e d u c i n g  t h e  
chamber p r e s s u r e  t o  abou t  Pa and pumping a t  700°C f o r  16 h. The specimens 
were subsequen t l y  c l eaned  i n  an a c i d  b a t h  c o n s i s t i n g  of one p a r t  c o n c e n t r a t e d  
"03, one p a r t  HF, and one p a r t  H20, by volume, t o  remove t r i t i u m  s u r f a c e  
c o n t a m i n a t i o n .  A n a l v s i s  i n v o l v i n a  me ta l  s o l u t i o n  and s c i n t i l l a t i o n  c o u n t i n o  

T h i s  p r e t r e a t m e n t  ( i .e . ,  h e a t i n g  unde r  

AS t h e  t r i t i u m  was absorbed by  t h e  vanadium a l l o y  

The specimens were h e l d  a t  
The 

I n  t h i s  expe r imen t ,  specimens were h e l d  f o r  20, 120, and 400 h t o  
4 t  t h e  end o f  t h e  decay 

showed t h a t  t h e  r e s i b u a l  r a d i o a c t i v i t y  l e v e l  i n  t h e  a l l o y  was o n l y  5 x I W 4 ' C i / g  
((1 a t .  ppm t r i t i u m ) .  

A C I D  C L t 4 k I Y G  

5.2.4.3 R e s u l t s  ___ 
F i g .  5.2.1. The a c t u a l  3He l e v e l s  i n  V-1SCr-5Ti f o r  t h e  20, 120, and 400 h decay t i m e s  

T r i t i u m  t r i c k  f l o w  were 14, RO, and 303 a t .  ppn, r e s p e c t i v e l y .  These v a l u e s  were de te rm ined  by  
c h a r t  f o r  vanadium B r i a n  O l i v e r  a t  Rockwel l  I n t e r n a t i o n a l ,  Canoga Park ,  C a l i f o r n i a ,  'using a 
a l l o y  specimens. h i g h - s e n s i t i v i t y  mass s p e c t r o m e t e r  system. Good 3He homogenei ty  t h r o u g h  t h e  



7 3  

I I I I I 
were e n t i r e l y  i n te rg ranu la r .  The m ic ros t ruc tu ra l  
observa t ion  of l a r g e  3He bubbles on t h e  g r a i n  
boundaries provides s t rong evidence t h a t  t h e  hel ium - 

thickness and across t h e  specimens was a t ta ined,  bu t  on a microscale, l a r g e r  'He bubbles were formed on 
g r a i n  boundaries than i n  t he  ma t r i x  [see Fig. 5.2.2(a)].  The 'He bubbles a lso  formed p r e f e r e n t i a l l y  a t  
p a r t i c l e - m a t r i x  in te r faces  [Fig. 5.2.2(b)]. 
The e f f e c t  of t h e  'He do i n g  on t he  t e n s i l e  p rope r t i es  o f  V-15Cr-STi t e n s i l e  specimens (SS-3 type) i s  shown 

s t r a i n  aging) and had a t o t a l  e longat ion  of approximately 24%. 

There was no s i gn  of t r i t i d e  format ion i n  t h e  mic ros t ruc ture .  

i n  Fig. 5.2.3. With no ! He, t h e  a l l o y  exh ib i t ed  a ser ra ted  s t r e s s - s t r a i n  curve (probably caused by dynamic 
This value was reduced on ly  s l i g h t l y  by 

E-46295 E46315 

0.1 prn 
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which hydrogen i ns tead  o f  t r i t i u m  was used i n  t h e  same system; V-15Cr-5Ti specimens showed on ly  s m e  minor 
losses i n  d u c t i l i t y  a f t e r  going through the  same procedure used t o  produce 303 at. ppm "e. 
oxygen l e v e l  i n  V-15Cr-5Ti specimens increased by about 500 at .  ppm a f t e r  annealing i n  hydrogen, and we have 
assumed t h a t  t he  2 t o  39, losses of t o t a l  e longat ion a t  600'C were due t o  t h i s  add i t i ona l  oxygen pickup. 
Since t h e  a l l o y  a lso  p icked up about 500 a t .  ppm oxygen dur ing  t he  t r i t i u m  t r i c k ,  a s i m i l a r  d u c t i l i t y  l oss  
can be a t t r i b u t e d  t o  t h a t  treatment. 

The measured 
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5.3 ENVIRONMENTAL EFFECTS ON THE PROPERTIES OF VANADIUM-BASE ALLOYS - D. R. Diercks and D. L. Smith 
(Argonne Nat ional  Laboratory)  

5.3.1 A D I P  Task 

ADIP Task I.A.3, Perform Chemical and Y e t a l l u r g i c a l  Compa t i b i l i t y  Analyses. 

5.3.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  task i s  t o  exper imenta l l y  evaluate the  co r ros i on  behavior  of se lec ted  vanadium- 
base a l l o y s  i n  a number of aqueous, l i q u i d  metal ,  and gaseous environments. 
t i o n s  w i l l  be u t i l i z e d  i n  the  se lec t i on  o f  appropr ia te  vanadium-base a l l o y s  f o r  s t r u c t u r a l  app l i ca t i ons  i n  
f us i on  reac to rs .  

5.3.3 Summary 

The r e s u l t s  o f  these i nves t i ga-  

- 
A pressur ized-water  re f reshed autoclave system fo r  exper imenta l l y  i n v e s t i g a t i n g  the aqueous co r ros i on  

behavior  of se lec ted  vanadium-base a l l o y s  has been designed, constructed,  and checked out .  Test specimen 
ma te r i a l  has been obta ined from the  ORNL Fusion Program Research e t e r i a l s  Inventory  and sheared i n t o  
co r ros i on  coupons. 
been i n i t i a t e d .  

5.3.4 Progress and Status 

5.3.4.1 

A scanning Auger microprobe study of s u l f u r  segregat ion i n  vanadium-base a l l o y s  has a l so  

Aqueous Corrosion Behavior o f  Vanadium-Base A l l oys  

B lanket  coo l i ng  by means of c i r c u l a t i n g  p ressur ized  water i s  being considered as a poss ib l e  f us i on  
A water coo lan t  o f f e r s  e x c e l l e n t  heat  t r a n s f e r  c h a r a c t e r i s t i c s ,  and i t  enjoys a r eac to r  con f i gu ra t i on .  

wel l- developed technology from commercial f i s s i o n  reac to r  experience. However, the  aqueous co r ros i on  
behavior  of vanadium-base a l l oys ,  p a r t i c u l a r l y  i n  oxygenated pressur ized-water  systems a t  e leva ted  
temperatures, i s  no t  we l l  known. Ava i l ab le  data and in fo rmat ion  w i l l  be b r i e f l y  reviewed here. 

U.  S. Bureau o f  Mines.',' 
aerated ocean water, a 3% N a C l  so l u t i on ,  and tap  water, w i t h  observed co r ros i on  ra tes  o f  0.018 mmly 
(0.7 m i l s l y )  or l e s s  i n  a l l  th ree  so lu t i ons .  For the  same so lu t i ons  i n  the nonaerated cond i t i ons ,  co r ros i on  
ra tes  were undetectable. A subsequent i n v e s t i g a t i o n  was conducted on the  s u s c e p t i b i l i t y  t o  s t ress- cor ros ion  
c rack ing  of unal loyed vanadium i n  a v a r i e t y  o f  organic and inorgan ic  ac ids and inorgan ic  s a l t   solution^.^ 
Vanadium was found t o  r e s i s t  s t ress- cor ros ion  c rack ing  i n  most o f  the  so lu t i ons  t es ted  a f t e r  30 days o f  
exposure a t  35'C; however, U-bend specimens showed evidence o f  t ransgranul  a r  s t ress- cor ros ion  c rack ing  i n  
6-N HC1 and 18-N H2S04 so lu t i ons .  

temperatures have recen t l y  been conducted a t  bo th  ANL4 and ORNL.' I n  the  f i r s t  i n v e s t i g a t i o n ,  V-15Cr-5Ti 
and V-15Cr were exposed f o r  about 85 h t o  pressur ized,  250°C water con ta i n i ng  0.04 ppm d isso lved  O2 i n  a 
re f reshed autoclave system. 
V-15Cr-STi specimens gained 23.0 uglcm2. I n  the  second i n v e s t i g a t i o n ,  V - 1 5 C r - S T i .  V-20Ti. and Vanstar-7 
specimens were exposed f o r  100 h i n  300°C water w i t h  hydrogen gas overpressures o f  0 and b3 kPa (12 p s i ) .  
Weight changes i n  a l l  cases were l e s s  than 200 uglcm2, and no e f f e c t  of the  hydrogen overpressure on 
co r ros i on  r a t e  was observed. 

The o b j e c t i v e  of the  present  a c t i v i t y  i s  t o  develop a more ex tens ive  data base on the  co r ros i on  
behavior  o f  candidate vanadium-base a l l o y s  i n  e levated- temperature p ressur ized  water con ta i n i ng  c o n t r o l l e d  
l e v e l s  o f  d isso lved  oxygen and o ther  i m p u r i t i e s .  As a f i r s t  step, a pressur ized-water  re f reshed autoclave 
system has been designed and constructed.  The bas ic  c o n f i g u r a t i o n  o f  t h i s  system i s  shown i n  F ig .  5.3.1. 
H igh- pu r i t y  d i s t i l l e d  water ( c o n d u c t i v i t y  -0.1 uS/cm) i s  Suppl ied t o  a 114-L (30-ga l ) -capac i ty  Type 304 
s ta i n l ess  s tee l  so lu t ion-mix ing  tank. Here the  d isso lved  oxygen conten t  o f  the  water can be c o n t r o l l e d  
w i t h i n  a range o f  about 10 ppb t o  40 ppm by bubb l ing  e i t h e r  NZ gas through i t  f o r  deaera t ion  or var ious  N2-  
O2 gas mix tu res  f o r  aera t ion .  
t o  the  autoclave by a low-capaci ty  h igh-pressure pump. 
through heat  exchanger and preheater  stages so t h a t  i t  enters  the  autoclave a t  approximately  the  des i r ed  
ope ra t i ng  temperature. 
two-zone furnace and an e l e c t r o n i c  c o n t r o l l e r  system. The water en te rs  t he  7.6-L ( 2 -ga l )  autoclave a t  the  
bottom and e x i t s  near the  top through a standpipe. 
proper c i r c u l a t i o n  of  the s o l u t i o n  ana good un i f o rm i t y  o f  temperature ( l e s s  than 2-C v a r i a t i o n  from top t o  
bot tom).  

Ear ly  s tud ies  were conducted on the  aqueous co r ros i on  behavior  of una l loyed vanadium a t  35°C by t he  
These s tud ies  determined the metal t o  be very r e s i s t a n t  t o  co r ros i ve  a t t ack  by 

P re l im ina ry  s tud ies  o f  the  aqueous co r ros i on  behavior  of se lec ted  vanadium-base a l l o y s  a t  e leva ted  

The V-15Cr a l l o y  specimens experienced about a 0.8 uglcm2 weight  ga in  wh i le  t he  

Through s u i t a b l e  va l v i ng ,  the  water s o l u t i o n  from the  tank i s  then supp l ied  
before en te r i ng  the autoclave,  the  water passes 

The s o l u t i o n  temperature i n  the autoclave i s  mainta ined w i t h i n  about t l " C  by a 

A convector  b a f f l e  p laced i n  the autoclave provides 

The co r ros i on  t e s t  specimens are suspended i n  the autoclave from a se l f - suppo r t i ng  rack.  
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A s e r i e s  o f  e l e c t r o c h e m i c a l  p o t e n t i a l  e l e c t r o d e s ,  n o t  shown i n  F ig .  5.3.1, i s  i n s t a l l e d  i n  t h e  e x i t  
water  l i n e  immediate ly  i n  f r o n t  o f  t h e  hea t  exchanger. These e l e c t r o d e s  i n c l u d e  an AgIAgCl r e f e r e n c e  
e l e c t r o d e ,  a P t  c o u n t e r  e l e c t r o d e ,  and V-15Cr-5Ti and V-20Ti work ing  e l e c t r o d e s  (Vans ta r  7 was n o t  a v a i l a b l e  
i n  a s u i t a b l e  form f o r  f a b r i c a t i n g  an e l e c t r o d e ) .  To h e l p  ga ther  p o t e n t i a l  data.  a h e a t i n g  e lement  and 
thermocouple a r e  i n s t a l l e d  near t h e  e l e c t r o d e s  t o  m a i n t a i n  the  same s o l u t i o n  temperature a s  i n  the  
au toc lave .  The s o l u t i o n  then passes th rough  t h e  hea t  exchanger t o  p rehea t  t h e  incoming s o l u t i o n  t o  t h e  
a u t o c l a v e  b e f o r e  b e i n g  d ischarged.  A backpressure r e g u l a t o r  i n s t a l l e d  i n  t h e  d ischarge  l i n e  m a i n t a i n s  
system p ressure .  

LOW PRESSURE 
GAS REGULATOR\ @ 

MIXING TANK 

DEAERATION 

BACKPRESSURE 

CHEMISTRY 
SAMPLING POINT 

F i g .  5.3.1. Diagram of p ressur i zed- wate r  r e f r e s h e d  au toc lave  system 
t o  be used f o r  ANL aqueous c o r r o s i o n  s t u d i e s  on vanadium-base a l l o y s .  

A f t e r  c o n s t r u c t i o n  o f  t h e  a u t o c l a v e  system was completed, t h e  system was r u n  f o r  two weeks a t  288°C 
(550°F) and 8.3 MPa (1200 p s i )  p ressure .  The purpose of  t h i s  r u n  was t o  p r e o x i d i z e  t h e  i n t e r n a l  components 
o f  t h e  system and t o  v e r i f y  i t s  l ong- te rm c o n t r o l  s t a b i l i t y .  D u r i n g  and a f t e r  t h i s  checkout  r u n ,  minor  
system l e a k s  were r e p a i r e d  and m isad jus tments  i n  t h e  system were c o r r e c t e d .  The p ressur i zed- wate r  r e f r e s h e d  
a u t o c l a v e  system i s  o p e r a t i o n a l  and t h e  f i r s t  s e r i e s  o f  c o r r o s i o n  t e s t s  has been i n i t i a t e d .  

as from the  o l d  ANL LMFBR i n v e n t o r y .  The m a t e r i a l  o b t a i n e d  from the  f u s i o n  hea t  c o n s i s t s  o f  0.76-mr (0.030- 
i n . ) - t h i c k  sheets  and 6.35-mm (0.250- in.1-d iameter  rods o f  V - l i C r - 5 T i .  V-20Ti. and Vanstar- 7.  The sheet  
m a t e r i a l  has been sheared i n t o  p e n e t r a t i o n  and weight-change c o r r o s i o n  coupons and has been c leaned and 
weighed i n  p r e p a r a t i o n  f o r  the  f i r s t  s e r i e s  o f  exposures. The r o d  w i l l  be used f o r  subsequent CERT 
( c o n s t a n t - e x t e n s i o n  r a t e )  s t r e s s - c o r r o s i o n  c r a c k i n g  t e s t i n g .  The m a t e r i a l  o b t a i n e d  from the  ANL LMFBR 
s tocks  c o n s i s t s  o f  1.52-mm ( 0 . 0 6 0 - i n . ) - t h i c k  sheets  o f  V-15Cr-5Ti and V-2OTi. Th is  m a t e r i a l  has a l s o  been 
sheared i n t o  p e n e t r a t i o n  and weight- change c o r r o s i o n  coupons. 

5.3.4.2 Segregat ion o f  S u l f u r  i n  Vanadium-Base A l l o y s  

t h e  ORR-MFE-2 i r r a d i a t i o n  exper iment  t h a t  had accumulated a damage l e v e l  o f  approx imate ly  5 dpa.6 
specimens were i r r a d i a t e d  a t  375, 550, and 600"C, and the  p o s t i r r a d i a t i o n  t e n s i l e ,  hardness, and m i c r o s t r u c-  
t u r a l  c h a r a c t e r i s t i c s  o f  the  t e s t  specimens were eva lua ted .  A number of n o n i r r a d i a t e d  c o n t r o l  specimens 
were a l s o  t e s t e d .  Because the  specimens had been i r r a d i a t e d  i n  a s tagnan t  s o d i u m- f i l l e d  s t a i n l e s s  s t e e l  
capsule,  t h e r e  was concern over whether n o n m e t a l l i c  con tamina t ion  m i g h t  have occur red  and a f f e c t e d  t h e  
r e s u l t s  of the  exper iment .  The specimen m a t e r i a l  f o r  t h i s  exper iment  was i d e n t i f i e d  as be ing  from hea t  
HSV-207, R1301, and a b u l k  chemical a n a l y s i s  i s  g i ven  i n  Table 5.3.1. 

Test  specimen m a t e r i a l  has been o b t a i n e d  from t h e  Fus ion  Program Research M a t e r i a l s  I n v e n t o r y  as w e l l  

Westinghouse has completed a s e r i e s  o f  post- exposure examina t ions  o f  V-15Cr-5Ti sheet  specimens from 
The 
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Table 5.3.1. B u l k  Chemical Analysis of V-15Cr-5Ti 
Material from Heat HSV-207, R1301. 
All compositions a r e  given i n  
weight percent. 

Cr 13.3 
Ti  4.07 
0 0.103 
C 0.016 
N 0.0087 
V Bal . 

Included i n  the Westinghouse examinations were a series of scanning Auger microprobe (SAM) analyses of 
f r ac tu re  surfaces  f m  i r r ad ia t ed  and nonirradiated sheet  specimens. The specimens were notched and subse- 
quently f rac tured by impact loading i n  s i tu  i n  the S A M  chamber a t  room temperature. 
specimen exhibited considerable deformation during f r ac tu re ,  whereas the i r r ad ia t ed  specimen f rac tured a t  a 
r e l a t i v e l y  low load w i t h  l i t t l e  deformation. 
analyses of these f reshly  formed f r ac tu re  surfaces  revealed somewhat h igher  l e v e l s  of oxygen, carbon, and 
nitrogen than would be expected based upon the bulk chemical analys is  of the  a l loy ,  suggesting some prefer-  
en t i a l  segregation of these i n t e r s t i t i a l  elements t o  the f r ac tu re  surface.  b s t  surpr is ing,  however, was 
the  detection of s i g n i f i c a n t  l eve l s  of sulfur a t  the  f r a c t u r e  surfaces.  Sulfur was detected a t  l e v e l s  of 
the  order of 3 t o  3.5 w t  % on the f r ac tu re  surfaces  of both the i r r ad ia t ed  and nonirradiated specimens, even 
though su l fu r  is not indicated i n  the  bulk analysis.  
f inding.  

experiments were conducted a t  ANL i n  an attempt t o  dupl ica te  the Westinghouse results. 
(1.75-in.)-long miniature t e n s i l e  specimens of nonirradiated V-15Cr-5Ti from heat  HSV-207, R1301 were 
obtained fran Westinghouse. The gauge sect ions  of these specimens were ca re fu l ly  cu t  out ,  notched, and 
mounted in the f r a c t u r e  s tage  of the SAM. 
situ. 
l i t t l e  d u c t i l i t y .  The typical  f r ac tu re  surface appearance is  shown i n  Fig. 5.3.2 w i t h  higher magnification 
views of transgranular and in tergranular  regions shown in Figs. 5.3.3 and 5.3.4. respect ively .  

r e s u l t  obtained f ran  a region of transgranular cleavage f r a c t u r e  is  shown i n  F i g .  5.3.5. 
chromium. and titanium peaks show up as  expected, and a prominent carbon peak i s  a l so  present (note t h a t  the  
ve r t i ca l  sca le  is  magnified by a f ac to r  of four fo r  Auger e lec t ron energies below 350 ev). 
su l fu r  peak, normally located a t  -140 t o  150 eV, i s  v i s ib l e .  

i n  the  transgranular region a re  present here, b u t ,  i n  addi t ion ,  a very prominent s u l f u r  peak i s  present.  
Based upon the r e l a t i v e  peak heights present i n  Fig. 5.3.6 and those obtained from ca l ib ra t ed  standards,  the  
su l fu r  content present on and within a few atom laye r s  of the  in tergranular  f r ac tu re  surface is  estimated t o  
be g rea te r  than 10 w t  %. 
t e n s i l e  specimens performed a t  ANL revealed the bulk s u l f u r  content of the a l loy t o  be l e s s  than 0.02 w t  %. 

Westinghouse results, however, segregation only t o  in tergranular  reaions was seen, w i t h  regions of trans- 
granular cleavage f r ac tu re  showing no detectable  su l f  Westinghouse study, the  specimens 
f rac tured transgranularly.  and r e l a t i v e l y  high su l fu r  a t  these f r ac tu re  surfaces.  

from the Fusion Program Research m t e r i a l s  Inventory a s  well a s  from the old ANL LMFBR inventory. 
SAM f rac tu re  specimens have been fabr ica ted  f r  

The nonirradiated 

Both specimens displayed transgranular cleavage. The S A M  

No explanation was offered f o r  t h i s  unexpected 

In view of the relevance of the Westinghouse findings t o  the  present vanadium a l loys  t e s t i n g  program, 
Two 44.45-mm 

Fracture was accomplished a t  l i qu id  nitrogen temperature i n  
Both  specimens displayed mixed intergranular/transgranular cleavage type f r ac tu res  w i t h  r e l a t i v e l y  

SAM analyses were performed on both transgranular and in tergranular  f r ac tu re  surfaces.  A typical  
Vanadium, 

However, no 

The same peaks seen A s imi lar  analys is  fo r  a region of in tergranular  f r ac tu re  is  shown i n  Fig. 5.3.6. 

By comparison, a chemical analys is  of the end pieces from the  twa miniature 

The ANL analyses t h u s  confirm a tendency fo r  su l fu r  segregation i n  t h i s  V-15Cr-5Ti a l loy .  Unlike the  

Follow-on s tudies  on su l fu r  segregation a re  planrtcu (IL ARL ual t t r~  vanadium-base a l loy  material obtained 
In situ 

- - 
ur l eve l s .  I n  the 

l e v e l s  were found 
-"A 4.1, .. ..i"" ., 

'an a l loys  obtained f r m  these twu sources. 
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F ig .  5.3.2. Region o f  mixed i n te rg ranu la r  and Fig.  5.3.3. Higher magni f icat ion (1500X) view 
of po r t i on  o f  f rac tu re  surface o f  Fig. 5.3.2, showing 
showing a reg ion of t ransgranular cleavage f rac ture .  

t ransgranular f rac ture  observed i n  specimen fractured 
i n  s i t u  i n  ANL scanning Auger microprobe. 

Fig. 5.3.4. Higher magni f ica t ion  (1500X) 
view of po r t i on  of f rac ture  surface o f  Fig. 5.3.2, 
showing a reg ion of i n te rg ranu la r  f rac tu re .  
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6. INNOVATIVE MATERIAL CONCEP'lS 

80 



8 1  

6.1 THE TENSILE PROPERTIES AND BEND DUCTILITY OF (Fe,Ni),V LONG-RANGE-ORDERED ALLOYS AFTER I R R A D I A T I O N  I N  
HFIR - D. N. B rask i  (Oak Ridge Na t iona l  Labora to ry )  

6.1.1 A D I P  Task 

A D I P  Task 1.8.13, T e n s i l e  P r o p e r t i e s  of Specia l  and I n n o v a t i v e  M a t e r i a l s .  

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  determine t h e  e f f e c t  o f  neu t ron  i r r a d i a t i o n  on t h e  t e n s i l e  p r o p e r t i e s  
and bend d u c t i l i t y  of (Fe,Ni)3V long- range-ordered (LRO) a l l o y s .  

6.1.3 Summary 

Several (Fe,Ni),V LRO a l l o y s  were i r r a d i a t e d  i n  HFIR-CTR-42 and -43 a t  400 t o  6D0°C, t o  approx imate ly  
10 dpa and approx imate ly  1000 a t .  ppm He. A d d i t i o n s  o f  cer ium o r  carbon and t h e  use of co ld-worked 
m i c r o s t r u c t u r e s  d i d  n o t  improve t h e  e m b r i t t l e m e n t  r e s i s t a n c e  of t h e  LRO a l l o y s .  The LRO-37-5RS a l l o y ,  w i t h  
a m i c r o s t r u c t u r e  produced by r a p i d  s o l i d i f i c a t i o n ,  e x h i b i t e d  t h e  h i g h e s t  d u c t i l i t i e s ,  and f u r t h e r  s tudy o f  
t h e  R S  m i c r o s t r u c t u r e  i s  warranted. The c o r r e l a t i o n  between bend d u c t i l i t y  and t e n s i l e  d u c t i l i t y  was poor.  

6.1.4 Progress and Status 

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

I r r a d i a t i o n  i n  t h e  HFIR-CTR-30 t o  -32 exper iments  produced severe e m b r i t t l e m e n t  i n  t h e  (Fe,Ni)3V LRO 
a l l o y s .  The e m b r i t t l e m e n t  was b e l i e v e d  t o  be caused by one or  more o f  t h e  f o l l o w i n g  f a c t o r s :  (1) h e l i u m  i n  
t h e  g r a i n  boundar ies,  (2 )  t h e  p r e c i p i t a t i o n  o f  VC i n  t h e  g r a i n  boundar ies,  and (3 )  segrega t ion  of elements, 
such as s u l f u r ,  t o  t h e  g r a i n  boundaries. ’  I n  t h e  HFIR-CTR-42 and -43 exper iments ,  severa l  changes i n  a l l o y  
compos i t i on  and/or m i c r o s t r u c t u r e  were made t o  determine i f  a more e m b r i t t l e m e n t - r e s i s t a n t  LRO a l l o y  c o u l d  
be designed. The f i r s t  a l l o y ,  LRO-42, was me l ted  w i t h  an a d d i t i o n  o f  0.16 w t  % Ce, designed t o  t i e  up any 
segrega t ing  e lementa l  species. The a l l o y  was i r r a d i a t e d  i n  bo th  t h e  annealed and cold-worked c o n d i t i o n s .  
The second a l l o y ,  LRO-37, was i r r a d i a t e d  i n  two d i f f e r e n t  c o n d i t i o n s :  (1 )  a r a p i d l y  s o l i d i f i e d  c o n d i t i o n  
(LRO-37-5RS) t o  r e f i n e  t h e  VC p a r t i c l e s  i n  t h e  m i c r o s t r u c t u r e ,  and (2) a h i g h e r  carbon (0.1 wt 9. C) con ten t  
v e r s i o n  (LRO-37C) t o  inc rease  t h e  number o f  VC p a r t i c l e s .  
a f t e r  i r r a d i a t i o n  t o  determine i f  any of these  LRO a l l o y s  r e s i s t e d  e m b r i t t l e m e n t  b e t t e r  than  d i d  those  p re-  
v i o u s l y  tes ted .  

6.1.4.2 Exper imenta l  

High F lux  I s o t o p e  Reactor (HFIR) t e n s i l e  specimens w i t h  a 18.3-mm gage l e n g t h  and a 2-mm gage d iameter  were 
machined from 5-mm-diam swaged s tock  f o r  t h e  LRO-42 a l l o y .  D isks  ( 3  mn diam x 0.25 IW t h i c k )  were c u t  from 
3-mm-diam rods o f  LRO-42 and -37C and e l e c t r i c a l  d i scharge  machined from gas- tungsten- arc (GTA) welds of  
LRO-37-5RS sheet m a t e r i a l .  

Both t e n s i l e  and d isk-bend t e s t s  were performed 

The compos i t i on  i n  we igh t  pe rcen t  and c o n d i t i o n  o f  each LRO a l l o y  a r e  g i ven  i n  Table 6.1.1. Standard 

The specimens were encapsulated i n  q u a r t z  tubes under 50 kPa (0.5 a t m )  He and 

Table 6.1.1. Composit ion o f  long- range-ordered a l l o y s  

Composit iona (wt  %) 

N i  V T i  C Ce 
A1 1 oy - C o n d i t i o n  

LRO-42 39.7 22.8 0.3 0.01 0.16 Annealed 15 min a t  1100°C. 
quenched i n t o  water ,  
t h e n  2 d a t  600°C 
(o rdered  s t r u c t u r e )  

254 c o l d  work 
Sane hea t  t r e a t m e n t ,  p l u s  

LRO-37-5RS 39.6 22.5 0.3 0.03 D isks  were c u t  from f u s i o n  
zone o f  a gas tungs ten  
a r c  weld ( d i s o r d e r e d )  

LRO-37C 40.0 22.0 0.4 0.1 Ordered - same heat 
t r e a t m e n t  as LRO-42 
above 

“Ea1 ance i ran. 
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annealed as shown i n  T a b l e  6.1.1. The LRO-37-517s d i s k s  were n o t  g i v e n  an o r d e r i n g  annea l  b u t  wou ld  have 
r e o r d e r e d  d u r i n g  t h e  i r r a d i a t i o n  a t  e l e v a t e d  tempera tu re .  The specimens were i r r a d i a t e d  a t  400 t o  600°C 
i n  t h e  HFIR-CTR-42 and -43 expe r imen ts  t o  a damage l e v e l  o f  a p p r o x i m a t e l y  10 dpa and a h e l i u m  l e v e l  o f  
a p p r o x i m a t e l y  1000 a t .  ppm. These v a l u e s  a r e  t h e  e s t i m a t e d  response t o  t h e  i r r a d i a t i o n .  D e t a i l e d  c a l c u l a -  
t i o n  o f  n e u t r o n  f l u e n c e  and m a t e r i a l  response w i l l  be r e p o r t e d  l a t e r .  A f t e r  i r r a d i a t i o n ,  t h e  t e n s i l e  
specimens were t e s t e d  unde r  vaciium The d i s k s  were bend t e s t e d z  
a t  t h e i r  i r r a d i a t i o n  t e m p e r a t u r e s  w i t h  t h e  same t e s t  appa ra tus .  
(0.02 i n . / m i n )  was used i n  b o t h  t y p e s  o f  t e s t .  

Pa) a t  t h e  i r r a d i a t i o n  t empera tu res .  
A c rosshead  speed of 0.51 m f m i n  

Bend d u c t i l i t y  was e s t i m a t e d  f rom t h e  e x p r e s s i o n : 2  

E = t w f ( a 2  + 3) , 

where 

c = s t r a i n ,  
t = d i s k  t h i c k n e s s ,  
n = d i s k  r a d i u s ,  and 
w = d e f l e c t i o n .  

6.1.4.3 R e s u l t s  __ 
The r e s u l t s  o f  t h e  p o s t i r r a d i a t i o n  t e n s i l e  t e s t s  a r e  l i s t e d  i n  Tab le  6.1.2. The t e n s i l 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  LRO-42 c o n t r o l  specimen t h a t  was aged a t  600'C f o r  5000 h i s  a l s o  g i ven .  At  60O"C, i r r a -  
d i a t i o n  caused t h e  y i e l d  s t r e n g t h  t o  n e a r l y  doub le ,  w i t h  a d r a s t i c  l o s s  i n  t o t a l  e l o n g a t i o n .  The i d e n t i c a l  
v a l u e s  o f  u n i f o r m  and t o t a l  e l o n g a t i o n  i n d i c a t e  t h a t  v i r t u a l l y  no n e c k i n g  t o o k  p l a c e  p r i o r  t o  f r a c t u r e .  
Note a l s o  t h a t  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  was o n l y  s l i g h t l y  g r e a t e r  t h a n  t h e  y i e l d  s t r e n g t h .  T h i s  t y p e  
o f  t e n s i l e  h e h a v i o r  wou ld  i n d i c a t e  t h a t  i r r a d i a t i o n  h a r d e n i n g  had o c c u r r e d ,  a l o n g  w i t h  a mechanism t h a t  
weakened t h e  g r a i n  bounda r i es .  It would  seem t h a t  t h e  c e r i u m  a d d i t i o n  t o  LRO-42 d i d  l i t t l e  t o  r e s i s t  t h e  
e m b r i t t l e m e n t .  The f r a c t u r e  su r faces  have n o t  y e t  been examined by scann ing  e l e c t r o n  m ic roscopy  ( S E M ) ,  b u t  
i t  i s  expec ted  t h a t  t h e y  w i l l  be c h a r a c t e r i s t i c  o f  i n t e r g r a n u l a r  f a i l u r e  because s i m i l a r  LRO a l l o y s  i n  
HFIR-CTR-30 t o  - 32 showed t h i s  t y p e  of f r a c t u r e  a t  a p p r o x i m a t e l y  10 dpa i n  HFIR ( r e f .  1). An e m b r i t t l e m e n t  
mechanism i n v o l v i n g  s t r e n  t h e n e d  o r  hardened g r a i n  m a t r i c e s  and weakened g r a i n  bounda r i es  was proposed f o r  
t h e  p a t h  B n i c k e l  a l l o y s . 9  The e f f e c t  of i r r a d i a t i o n  i n  t h e  25%-co ld-worked LRO-42 i s  shown i n  t h e  d a t a  a t  
500°C: as expec ted ,  t h e  s t r o n g e r  and l e s s  d u c t i l e  b e h a v i o r  was e x h i b i t e d  by  t h e  co ld- worked  specimens. 

T a b l e  6.1.2. T e n s i l e  t e s t  r e s u l t s  f o r  LRO-42 i r r a d i a t e d  
i n  HFIR-CTR-42 and -43 (-10 dpa) 

Tes t  (MPa)  E l o n g a t i o n  ( % )  

( "C)  t e n s i l e  
Specimen C o n d i t i o n  t e m p e r a t u r e  U l t i m a t e  uniform Total 

I r rad ia t ed  a t  test temperature 

VH- 1 Annealed 600 912 926 0.3 0.3 
VJ-2 254 c o l d  500 1241 1386 1.5 1.5 

VJ-3 254, c o l d  sno 1361 1390 1.7 1.7 
worked 

worked 
VH-2 Annealed 500 961  1128 2.9 2.9 
VJ-4 254, c o l d  400 1143 1269 1.7 2.3 

worked 
Aged a t  iiOO°C .for 5000 h 

VH-3 Annealed fino 534 1014 15.4 24.0 

The r e s u l t s  of t h e  d i sk- bend  t e s t s  f o r  a l l  f o u r  LRO a l l o y s  a r e  g i v e n  i n  Tab le  6.1.3. A l t h o u g h  t h e  

A t  

number o f  specimens was l i m i t e d ,  t h e r e  i s  a c l e a r  i n d i c a t i o n  t h a t  t h e  LRO-37 i n  t h e  r a p i d l y  s o l i d i f i e d  con-  
d i t i o n  o f f e r e d  c o n s i d e r a b l y  more r e s i s t a n c e  t o  e m b r i t t l e m e n t  t h a n  d i d  t h e  o t h e r  LRO a l l o y s .  
c e r i u m  o r  ca rbon  o r  u s i n g  a co ld- worked  m i c r o s t r u c t u r e  was n o t  e f f e c t i v e  i n  r e d u c i n g  e m b r i t t l e m e n t .  
600°C t h e  LRO-37-5RS d i s k  e x h i b i t e d  a 0.178-mm d e f l e c t i o n  and 2.0% bend d u c t i l i t y ,  and a t  500°C i t  went t o  
t h e  "maximum" d e f l e c t i o n  of 0.51 mr w i t h o u t  f r a c t u r i n g .  
t h o s e  measured f o r  LRO a l l o y s  i n  t h e  HFIR-CTR-30 t o  - 3 2  expe r imen ts . '  The e f f e c t  o f  t h e  r a p i d  s o l i d i f i c a -  
t i o n  i s  t o  r e f i n e  t h e  VC p a r t i c l e  s i z e  and d i s t r i b u t e  t h e  p a r t i c l e s  on m a t r i x  d i s l o c a t i o n s  as w e l l  as on 
t b e  g r a i n  bounda r i es ,  as shown i n  F i g .  6.1.1. 
n e l t i n g  and c o o l i n g  of t h e  me ta l  i n  a w e l d i n g  p r o c e ~ s , ~  b u t  i t  c o u l d  j u s t  as w e l l  be produced by  o t h e r  r a p i d  

The a d d i t i o n  o f  

These bend d u c t i l i t i e s  a r e  a l s o  g r e a t e r  t h a n  any of 

I n  t h i s  case, t h e  m i c r o s t r u c t u r e  was produced by r a p i d  
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s o l i d i f i c a t i o n  techniques. 
p a r t i c l e  s i z e  because, u n l i k e  T i c  p a r t i c l e s  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  VC i s  t o o  s tab le  t o  be d isso lved  
by a high- temperature s o l u t i o n  annealing treatment. 
encouraging and f u r t he r  study o f  t he  RS m ic ros t ruc tu re  i s  c e r t a i n l y  warranted. 
bend d u c t i l i t y  and t e n s i l e  d u c t i l i t y  was poor. 

A specia l  technique such as r a p i d  s o l i d i f i c a t i o n  i s  needed t o  r e f i ne  t he  VC 

In any case, t he  performance o f  t he  LRO-37-5RS i s  
The c o r r e l a t i o n  between 

Table 6.1.3. Disk bend t e s t  r e s u l t s  on long- range-ordered a l l o y s  
i r r a d i a t e d  i n  CTR-42 and -43 (-10 dpa) 

3 

‘- 1. J 

D u c t i l i t y  (%) I r r a d i a t i o n  

temperature 
and t e s t  De f l ec t i on  

(m 1 Bend Tens i le  
Oisk A1 1 oy Condi t ion 

(“C) 

VL-1 LRO-37-5RS Weld zone 600 0.178 2.0 
VK- 1 LRO-37C High C 600 0.051 0.6 
VK-2 LRO-37C High C 600 0.025 0.3 
VH- 1 LRO-42 Annealed 600 0 n 0.3 
VH-2 LRO-42 Annealed 600 0.013 0.1 
VJ-7 kO-42 25% Cold worked 600 0 
VJ-5 LRO-42 25% Cold worked 600 0 

0 
0 

VL-4 LRO-37-5RS Weld zone 500 Maximum 
VK-4 LRO-37C High C 500 0.038 0.4 
VK-5 LRO-37C High C 500 0.019 0.2 
VH-5 LRO-42 Annealed 500 0.025 0.3 2.9 
VH-6 LRO-42 Annealed 500 0.02R 0.3 
VJ-2 LRO-42 25% Cold worked 500 0.019 0.2 1.5 
VJ-4 LRO-42 25% Cold worked 500 0.030 0.3 1.7 

H-69594 H-69595 

0.3 pm ( b )  0.3 pm 

Fig.  6.1.1. M i c ros t ruc tu re  o f  LRO-37-5RS ( a f t e r  reorder ing  heat t rea tment )  showing small VC p a r t i c l e s  
decora t ing  a g r a i n  boundary and m t r i x  d is loca t ions .  ([I) B r i g h t - f i e l d .  ( b )  P r e c i p i t a t e  dark- f ie ld .  
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7 .  I P O S T l K R A l ~ I ~ \ T l ~ ~ ~  FKACTURE 'TOUC,llKESS TESTS OF ESR ALLOY HT-9 ANI) M D D I Y T E D  9Cr-1x0 A L L O Y  FKO?I UBR 
REACTOR EXPERIMENTS - 
J .  R .  Hawtliorne,  .J. R. Reed and J. A. Spragrie (Naval Resea rch  l a b o r a t o r y )  

7 .1 .1  ADIP Task 

The Department o f  Energy (DOE)/Off ice  l o r  Fus ion  Energy ( O P E )  h a s  s ta ted  t h e  need t o  i n v e s t i g a t e  
f e r r i t i c  a l l o y s  under  t h e  ADIP program task .  F e r r i t i c  S t e e l s  Development ( P a t h  E ) .  

7.1.2 O b j e c t i v e s  

A l l o y  HT-9 and Mod i f i ed  9Cr-IMo are b e i n g  e v a l u a t e d  f o r  p o t e n t i a l  a p p l i c a t i o n s  as f i r s t  wa l l  
m a t e r i a l s  i n  m a g n e t i c  f u s i o n  reactors.  Ohjectives of t h e  c u r r e n t  r e s e a r c h  t a s k  were t o  t e s t  f a t i p u -  
p r f c r a c k e d  Charpy-v (PCC,) s pec imens  from r e p r e s e n t a t i v e  p l a t e s  i r r a d i a t e d  i n  t h e  IJRR r e a c t o r  a t  149°C o r  
300°C, a n d ,  t o  compare t h e  r e s u l t s  a g a i n s t  p o s t i r r a d i a t i o n  notcli  d u c t i l i t y  d a t a  deve loped  p r e v i o u s l y  f o r  
t h e  m a t e r i a l s .  Both p l a t e s  represent  e l e c t r o s l s g  r e l i n e d  (ESR) m e l t  p r o c e s s i n g .  

7.1.3 Sllmmary 
~ 

PCC, spec imens  of Al lov HT-9 and Mod i f i ed  YCr-1Mo a l l o y  were i r r a d i a t e d  a t  300% and 1 4 9 O C ,  respec-  
t i v e l y ,  t o  4 . 8  X 
t o u g h n e s s  were comple t ed  and r e s u l t s  compared t o  n o t c h  d u c t i l i  t y  d e t e r m i n a t i o n s  from s t a n d a r d  Charpy-V 
(C,) spec imens  i r r a d i a t e d  i n  the same reactor e x p e r i m e n t s .  F r a c t u r e  s u r f a c e  e x a m i n a t i o n s  by SE?: are a l s o  
r e p o r t e d .  

nlcm', E >0.1 ?lev. l l u r i ng  t h i s  p e r i o d ,  p o s t i r r a d i a t i o n  tes ts  f o r  f r a c t u r e  

7.1.4 Progress and S t a t u s  

7 .1 .4 .  I I n t r o d u c t i o n  

The f e r r i t i c  s t a i n l e s s  s t e e l  c o m p o s i t i o n s ,  IIT-9 and 9Cr-1Mo (Ylod.), are be ing  a s s e s s e d  f o r  p o s s i b l e  
f i r s t  w a l l  a p p l i c a t i o n s  i n  m a g n e t i c  f u s i o n  r e a c t o r s  by t h e  E T g n e t i r  Fus ion  F a t e r i a l s  Program and f o r  d u c t  
a p p l i c a t i o n s  i n  l i q u i d  m e t a l  f a s t  breeder  r e a c t o r s  by tile C ladd ing IUuc t  A l loy  Development Program of tile 
Depar tment  OF Energy .  For  t h e s e  proposed u s e s ,  f r a c t u r e  r e s i s t a n c e  p r o p e r t i e s  b e f o r e  and a f t e r  e l e v a t e d  
t e m p e r a t u r e  i r r a d i a t i o n  are b e i n g  i n v e s t i g a t e d .  Specimen t y p r s  include C, spec imens  f o r  n o t c h  d u c t i l i t y  
d e t e r m i n a t i o n s  and PCCv spec imens  f o r  dynamic f r a c t u r e  t o u g h n e s s  ( K J )  d e t e r m i n a t i o n s .  T e n s i l e  p r o p e r t y  
changes w i t h  i r r a d i a t i o n  are k i n g  e s t a b l i s h e d  c o n c u r r e n t l y  f o r  use i n  f r a c t u r e  r e s i s t a n c e  assessnents. 

P r e v i o u s  r e p o r t s  d e s c r i b e d  e x p e r i m e n t a l  t e s t s  o f  t h e  p o s t i r r a d i a t i o n  no t ch  d u c t i l i t y  01 HT-9 
p l a t e s  representing I'SR and Argon-Oxygen Ueca rhu r i zed  ( M l D )  m e l t  p r o c e s s i n g ,  and an  ESR 9Cr-l\ro (>!mi.) 
p l a t e .  The HT-9 p l a t e s  were i r r a d i a t e d  a t  93,  149 ,  ZRRC and 3nn'C; t h e  9Cr-IMo (Mod.) p l a t e  was i r r a d i -  
a t e d  a t  149°C o n l y .  P l a t e  c o m p o s i t i o n s  and h e a t  t r e a t m e n t s  are l i s t e d  i n  T a h l e s  7.1.1 and 7.1.2,  
r e s p e c t i v e l y .  i r r a d i a t i o n  d e t a i l s  are g i v e n  i n  r e f .  2 .  

The C,, u p p e r  s h e l f  e n e r g y  l e v e l  (1.T o r i e n t a t i o n )  of t h e  ESR IIT-9 p l a t e  was found t o  k a b o u t  70 
p e r c e n t  h i g h e r  t h a n  t h a t  of t h e  An11 !IT-9 p l a t e  b u t  lower  t h a n  t h a t  o f  t h e  9Cr-1Mo (Mod.) p l a t e  (by  -R0 
. J ) .  The d l  .J t r a n s i t i o n  t e m p e r a t ~ r e s  o f  the t h r e e  m a t e r i a l s ,  t iowever,  w r e  n e a r l y  t h e  same (-411, - 23, 
-32°C r e s p e c t i v e l y ) .  Comparahle r a d i a t i o n  e m h r i t t l c m e n t  s e n s i t i v i t i e s  were obse rved  f o r  t h e  f!T-9 p l a t e s  
f o r  bo th  t h e  low and h i g h  e x p o s u r e  t rmpe ra t ! i r e s ,  revealing a "on-dependence on t lrr  method of m e l t  
p r i r ce s s ing .  on t h e  o t h e r  h a n d ,  t h e  r, d a t a  showed t h e  9Cr-IElo (Mod.) p l a t e  t o  have better r a d i a t i o n  
r r s i s t a n c c  a t  149'C t h a n  t i le A l loy  HT-9 p l a t e .  The d i f f e r e n c e  can be a t r r i h u t e d  t o  r e l a t i v e  a l l o y i n g  
l e v e l ,  i m p u r i t y  c o n t e n t  ( e s p e c i a l l y  phospi rorns  c o n t e n t )  or' t h e  swncra l  d i s s i m i l a r i t y  i n  m i c r n s t r i i c t u r e  
( s e e  F i c .  7.1.1).  

7.1.4.2 Ilynamic F r a c t u r e  Toughness  Tes t s  

P r e i r r a d i a t i o n  f r a c t u r e  t oughnes s  d e t c r m i n a t i o n s  f o r  t h e  HT-9 and 9Cr-lMo (Mod.) m a t e r i a l ?  are 
i l l u s t r a t e d  i n  F i g s .  7 .1 .2  and 7.1.3. The d e t e r m i n a t i o n s  were computed f rom e n e r g y  a b s o r b e d  t o  maximum 
l o a d  c o r r e c t e d  f o r  spec imen  and machine  compl i ance ,  and were deve loped  i i s ing  J - i n t e g r a l  a s s e s s m e n t  
p r o c c d u r e s .  It is recopnized t h a t  . J - f n t e g m l  d e t e r m i n a t i o n s  based  on mxinum l o a d  imply  a n  absence  of 
s t a b l e  ( r i s i n g  l o a d )  c rack  e x t e n s i o n .  laere  t h i s  i s  not  t h e  c;ise, KJ valties so d e t e r m i n e d  would t e n d  t o  
o v e r e s t i m a t e  t h e  K,, a t  c rack  i n i t i a t i o n .  
toughr i rss  t r a n s i t i o n .  

The I n n  b P ) a i m  1emper ; i ture  was a r b i t r a r i l y  se lec ted  t o  i n d e x  t h e  

.a m a j o r  d i f f e r e n c e  be tween mcter ia l s  is obse rved  r e l a t i v e  t o  t h e  c o r r e l a t i o n  o f  n o t c h  d u c t i l i t y  and 
n e s s .  I n  the rUloy 1IT-9, t h c  i ipswinp  i n  t o u g h n e s s  w i t h  t e m p e r a t u r e  c o i n c i d e s  a p p r o x i ~ a t e l p  
ng i n  r, e n e r g y  n h s n r p t i o n .  On t h e  o t h e r  h a n d ,  t h e  upswing i n  t oughnes s  for t h e  95r-l'fo 

A s  one r e s i i l t 2 ,  &. ( ' l o d . )  b e e i n s  w e l l  above  tire t e m p e r a t u r e  marking  t h e  r i se  i n  C ,  e n e r g y  a h s o r p t i o n .  
ener;:? v a l u e s  o f  120 .I are n o t  i n d i c a t i v e  of a lr igh tongl rness  l cve l  i s  i s  tire cas? witl!  t h e  A l l o y  117-9. 
Tn FiE. 7 . 1 . 2 ,  ii 120 .J e n e r p y  1rvi.l Tor t h e  9Cr - lVo  (?hi . )  mat i? r i a l  is seen t o  c o r r r s p o n d  to a t o u r h n e s q  
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Fig. 7.1.1 Microstructures of the test plates. 
Modified Alloy 9Cr-IMo (upper panel) 
ESR Alloy HT-9 (center panel) 
AOD Alloy HT-9 (lower panel). 
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of -33 WaJm (low). 

P o s t i r r a d i a t i o n  f r a c t u r e  toughness  and notch d u c t i l i t y  d e t e r m i n a t i o n s  f o r  t h e  9Cr-lXo (Xlod.) p l a t e  
are r e p o r t e d  i n  Fig. 7.1.4. The i r r a d i a t i o n  a t  149OC produced only  a s m a l l  d e c r e a s e  i n  upper s h e l f  
p r o p e r t i e s  but  a large e l e v a t i o n  of t h e  b r i t t l e l d u c t i l e  t r a n s i t i o n  i n d i c e s .  The i n c r e a s e  i n  100 % a i m  
t empera tu re  and t h e  i n c r e a s e  i n  t h e  41 J t empera tu re  are about  t h e  same; a c c o r d i n g l y ,  the  C, and PCCy 
methods are comparable i n  t h e i r  independent  a s sessment  of t h e  i r r a d i a t i o n  e f f e c t .  By t h e  same t oken ,  t h e  
p r e i r r a d i a t i o n  t empera tu re  d i f f e r e n c e  between t h e  100  MPaJm and 41 J i n d i c e s  was r e t a i n e d  a f t e r  
i r r a d i a t i o n .  The importance of t h i s  o b s e r v a t i o n  t o  t h e  p r o j e c t i o n  of p o s t i r r a d i a t i o n  f r a c t u r e  r e s i s t a n c e  
i s  obvious ,  Also,  wh i l e  t h e  41 J t empera tu re  remains well below 1 4 9 O C ,  t h e  p o s t i r r a d i a t i o n  100 MPaim 
tempera tu re  has been e l e v a t e d  t o  w i t h i n  42'C of the  s i m u l a t e d  s e r v i c e  t empera tu re .  The i n d i c a t e d  
toughness  reserve a g a i n s t  f u r t h e r  neu t ron  e f f e c t s ,  i n  t u r n ,  i s  not n e a r l y  as g r e a t  as  t h a t  sugges ted  by 
t h e  no tch  d u c t i l i t y  p r o p e r t i e s  a l o n e .  

F igure  7.1.5 p rov ides  a f r a c t u r e  toughness  V S .  notch d u c t i l i t y  comparison f o r  t h e  300°C i r r a d i a t e d  
ESR k l l o y  HT-9 p l a t e .  The r ad ia t ion- induced  i n c r e a s e  i n  t h e  100 Effadm tempera tu re  i s  somewhat l e s s  (by 
-17OC) than t h e  i n c r e a s e  i n  t h e  41 J t empera tu re .  With t h e  AOD p l a t e ,  t h e  100  m a i m  t empera tu re  
e l e v a t i o n  was t h e  g r e a t e r  of t h e  two s h i f t s  but some u n c e r t a i n i t y  e x i s t s  i n  i t s  exac t  p o s t i r r a d i a t i o n  
t r a n s i t i o n  t empera tu re  due t o  t h e  d a t a  s c a t t e r  and t h e  few t e s t  p o i n t s  ( s e e  Fig.  7.1.6). On b a l a n c e ,  i t  
can be concluded t h a t  C, performance f o r  t h i s  a l l o y  i s  a r e l a t i v e l y  good i n d i c a t o r  of PCC, performance 
f o r  bo th  " " i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n s .  I n  p a r t i c u l a r ,  t h e  u p t u r n  i n  toughness  wi th  t empera tu re  
f o r  t h i s  a l l o y  i s  c o i n c i d e n t  w i t h  t h e  " toe"  of t h e  Cv curve ( i . e . ,  s t a r t s  a t  38-41 -I) and a t t a i n s  a 
maximum w e l l  b e f o r e  t h e  onse t  of t h e  C, upper  s h e l f  regime. 

There  is no q u e s t i o n  t h a t  t h e  upper s h e l f  toughness  l e v e l s  of t h e  two HT-9 p l a t e s  a f t e r  i r r a d i a t i o n  
are e s s e n t i a l l y  t h e  same, i n  s p i t e  of t h e i r  obvious  d i f f e r e n c e  i n  C, upper  s h e l f  energy l e v e l s .  Thus ,  
i n i t i a t i o n  toughness  f o r  t h i s  compos i t ion  does  not  appea r  t o  be a f u n c t i o n  of me l t  p rocess ing  (AOD " 5 .  

ESR). 

7.1.4.3 F c a c t o g r a p h i c  Examinat ions  

7.1.4.3.1 General Observa t ions  

The expec ted  t r a n s i t i o n s  i n  f a i l u r e  mode w i t h  t empera tu re  (and t h e r e f o r e  C, energy  or  K J ~ )  were 
observed f o r  most cases i n  t h i s  s tudy .  F a i l u r e s  ranged from predominant ly  cleavage a t  lower- she l f  
t e m p e r a t u r e s  through mixed-mode f r a c t u r e s  i n  t h e  t r a n s i t i o n  regimes t o  f a i l u r e  dominated by microvoid 
coalescence a t  t h e  upper- shelf  t empera tu res .  R e p r e s e n t a t i v e  f r a c t u r e  s u r f a c e s  from upper-and lower- shelf  
t e s t s  of ESR HT-9 and 9Cr-1Mo (Mod.) a l l o y s  are shown i n  Fig .  7.1.7. A mix of i r r a d i a t e d  and 
" o n - i r r a d i a t e d  specimens are shown; appea rances  are r e p r e s e n t a t i v e  of both  c o n d i t i o n s .  

A t  lower- shelf  t e s t  t e m p e r a t u r e s ,  t h e  f r a c t u r e  surfaces of 9Cr-1Mo (Mod.) specimens e x h i b i t e d  l a r g e r  
cleavage f a c e t s  w i t h  l e s s  t e a r i n g  between t h e  f a c e t s  than  was observed f o r  the  HT-9. Th i s  can be seen by 
comparing Figs .7 .1 .7(a)  and 7.1.7(c) where t h e  C, energy  values of both  Specimens were 41 J ( 3 0  f t - l h . ) .  
A t  upper- shelf  t e m p e r a t u r e s ,  the p o p u l a t i o n s  of pr imary dimples  were q u a l i t a t i v e l y  the same, with the  
h i g h e r  upper- shelf  ene rgy  of t h e  9Cr-1Mo being r e f l e c t e d  i n  g r e a t e r  de fo rmat ion  hetween pr imary d imples .  
The ene rgy  a b s o r p t i o n  f o r  Fig. 7.1.7(d) was 217 J; t h a t  f o r  Fig. 7.1.7(b) was 115 J. The primary g e n e r i c  
d i f f e r e n c e  between the pre- cracked and b lun t- no tch  specimens was seen on t h e  lower s h e l f ,  we l l  below t h e  
t r a n s i t i o n  t empera tu re .  Here a 0.4-0.6 m r e g i o n  of d u c t i l e  f a i l u r e  by microvoids  was observed behind 
t h e  b l u n t  notch fol lowed by f a i l u r e  of t h e  remainder of t h e  specimen by cleavage. I n  c o n t r a s t ,  t h e  
Stress c o n c e n t r a t i o n  provided by t h e  sha rp  f a t i g u e  pre- crack a l lowed t h e  n u c l e a t i o n  of c l eavage  f r a c t u r e  
w i t h o u t  t h i s  i n i t i a l  d u c t i l e  f a i l u r e .  A m p l i f i c a t i o n s  o f ,  and e x c e p t i o n s  t o  t h e s e  g e n e r a l  o b s e r v a t i o n s  
are d i s c u s s e d  i n  t h e  f o l l o w i n g  pa ragraphs .  

7.1.4.3.2 Al lay  HT-9 

C o n s i s t e n t  w i t h  t h e  t r e n d s  i n  f r a c t u r e  ene rgy ,  t h e  p r i n c i p a l  d i f f e r e n c e  between AOD and ESK p l a t e s ,  
bo th  i n  t h e  n o n- i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n ,  was i n  upper- shelf  F r a c t u r e  appearance.  The ESR 
m a t e r i a l  e x h i b i t e d  none of t h e  s u r f a c e  roughness  and secondary cracking of t h e  AOD h e a t ,  which p r e v i o u s l y  
was a s s o c i a t e d  wi th  t h e  f e r r i t e  s t r i n g e r s  (Ref.  4 ) .  .Among specimens of the  ESR m a t e r i a l ,  no d i f f e r e n c e s  
i n  f r a c t u r e  appea rance  were d e t e c t e d  between TL and 1.T o r i e n t a t i o n s ,  o r ,  between n o n- i r r a d i a t e d  and 
i r r a d i a t e d  c o n d i t i o n s  f o r  e i t h e r  upper-  or lower- shelf  t empera tu re  regimes.  Fol lowing i r r a d i a t i o n  none 
of t h e  m a t e r i a l s  e x h i b i t e d  t h e  f r a c t u r e- s u r f a c e  roughness  or  secondary  c r a c k i n g  on tire sca le  of the  p r i o r  
a u s t e n i t e  g r a i n  s i z e  which was r e p o r t e d  by Smidt ,  e t  a 1  ( 5 )  f u r  a HT-9 rod m a t e r i a l  i r r a d i a t e d  a t  427 'C.  
Presumably t h e  lower fluence and i r r a d i a t i o n  t empera tu re  of t h e  p r e s e n t  s e t  of exper imen t s  produced l e s s  
i r r a d i a t i o n- e n h a n c e d  s e g r e g a t i o n  t o  p r i o r  a u s t e n i t e  boundar i e s .  

7.1.4.3.3 Xodi f i ed  9Cr-1Mo 

The most n o t a b l e  o b s e r v a t i o n  of t h e  f r a c t o g r a p h y  of t h i s  a l l o y  was t h a t  t h e  f r a c t u r e  modes of 
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( 4 )  Al loy HT-9 i n  p l a t e  form appear s  unaccep tab le  f o r  93'C h i g h  f l u e n c e  s e r v i c e  unless  t h e  
component d e s i g n  r e q u i r e s  on ly  e l a s t i c  f r a c t u r e  r e s i s t a n c e .  

( 5 )  A l l  t h r e e  t e s t  m a t e r i a l s  e x h i b i t e d  good r e t e n t i o n  of C,, upper  s h e l f  and KJd upper  s h e l f  
toughness  f o l l o w i n g  i r r a d i a t i o n  t o  -1 x IOzo n/cm2, E >0.1 MeV. 

( 6 )  The upswing i n  KJd t oughness  w i t h  t empera tu re  c o i n c i d e s  w i t h  t h e  upswing i n  C,, no tch  d u c t i l i t y  
For t h e  l a t t e r ,  t h e  t o e  of t h e  K J ~  t r a n s i t i o n  was f o r  Al l ay  HT-9 but  not  f o r  t h e  modi f i ed  Al loy 9Cr-1Mo. 

45OC h i g h e r  i n  t empera tu re  t h a n  t h e  t o e  of t h e  C,, energy  curve. 
compos i t ion  i s  h i g h l y  s e n s i t i v e  t o  specimen no tch  a c u i t y .  

The d a t a  i n d i c a t e  t h e  modi f i ed  9Cr-1Mo 

( 7 )  The C,, and PCC, d a t a  show a g e n e r a l  agreement of t h e s e  test methods i n  t h e i r  iqdependent  
a s s e s s m e n t s  of r ad ia t ion- induced  e m b r i t t l e m e n t .  D i f f e r e n c e s  between t h e  K i ~  100 MPaJm and 41 3 "" 
t r a n s i t i o n  t e m p e r a t u r e  e l e v a t i o n s  by i r r a d i a t i o n  were observed (Al loy  HT-9) bu t  do not  show a c o n s i s t e n t  
t r e n d  vs. t e s t  method. 

( 8 )  PCC, specimens o f  modif ied Al loy 9Cr-IMo can f a i l  p redominan t ly  by c l eavage  a t  t empera tu res  
where C,, specimens f a i l  predominant ly  by s h e a r .  SEM o b s e r v a t i o n s  d id  not  d i s c e r n  o t h e r  major d i f f e r e n c e s  
i n  f r a c t u r e  mode c h a r a c t e r i s t i c s  among t h e  m a t e r i a l s  i n  u n i r r a d i a t e d  o r  i r r a d i a t e d  c o n d i t i o n s .  
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7.2 ELEVATED-TEMPERATURE TENSILE PROPERTIES OF 9 C r - 1  MoVNb STEEL IRRADIATED I N  THE EBR-11 AO-2 
E X P E R I M E N T  - R. L. Klueh and J. M. Vi tek  (Oak Ridge Nat iona l  Labora to ry )  

7.2.1 A O I P  Task 

A O I P  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.  

7.2.2 O b j e c t i v e  

The goal o f  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  of 9 C r - 1  MoVNb s t e e l  i r r a d i a t e d  a t  
e l e v a t e d  temperatures i n  EBR-11. I n  t h e  fu tu re ,  t h e  r e s u l t s  w i l l  be compared w i t h  e levated- 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  t h e  High F lux  I so tope  Reactor (HFIR), where much more he l ium 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 
~ 

T e n s i l e  specimens of normalized-and- tempered 9 Cr-1 MoVNb s t e e l  were i r r a d i a t e d  i n  EBR-I1 t o  
10 t o  12 dpa a t  390 t o  550°C. Tests were conducted a t  room temperature and a t  t h e  i r r a d i a t i o n  temperature 
on i r r a d i a t e d  and u n i r r a d i a t e d  Specimens. I r r a d i a t i o n  a t  390°C inc reased  t h e  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 reng th .  No change i n  s t r e n g t h  was observed f o r  i r r a d i a t i o n  a t  450, 500, and 550°C. 

7.2.4 Progress and Status 

The t e n s i l e  specimens descr 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  of t h e  l a r g e  AD-2 
experiment conducted by HEOL ( re f .  1). The experiment i n c l u d e d  12 C r - 1  MoVW, 9 C r - 1  MoVNb, and 2 1/4 C r -  
1 Mo s t e e l s ,  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  tough- 
ness, f a t i g u e ,  and crack growth. Disks of each m a t e r i a l  were 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 f e c t s  o f  i r r a d i a t i o n .  

7.2.5 Exper imenta l  Procedure 

The 9 Cr-1 MoVNb s t e e l  (heat 30182) used i n  t h i s  experiment was ob ta ined  from t h e  Carpenter  Technology 
Corpora t ion  and had t h e  composi t ion g iven  i n  Table 7.2.1 ( r e f .  1). The specimens were f a b r i c a t e d  from an 
ESR i n g o t  t h a t  had been r o l l e d  t o  0.76-m sheet. The sheet was heat t r e a t e d  as f o l l o w s :  1 h a t  1038"C, a i r  
cool  ; 1 h a t  760"C, a i r  cool .  

l o n g  by 1.5-mm wide by 0.76-mm t h i c k  (Fig. 7.2.1). The specimens were machined w i t h  t h e i r  gage l e n g t h s  per-  
p e n d i c u l a r  t o  t h e  r o l l i n g  d i r e c t i o n  of t h e  sheet.' 

Four specimens were i r r a d i a t e d  a t  390 and 500"C, t h r e e  a t  550"C, and one a t  450OC. I r r a d i a t i o n  was i n  
row 4 o f  EER-11. 
approx imate ly  2.1 x loz6 neutrons/m2 0 0 . 1  MeV) ,  which produced a displacement damage of about 10 dpa. 

Sheet t e n s i l e  specimens i n  t h i s  experiment were of an SS- 1  t ype ,  w i t h  a reduced gage s e c t i o n  20.3-m 

Specimens were i r r a d i a t e d  i n  capsules designed t o  m a i n t a i n  temperatures of 390, 450, 500, and 550°C. 

A l l  b u t  two o f  t h e  specimens were i n  l e v e l  7 o f  t h e  capsules'  and were exposed t o  
One 

Table 7.2.1. Chemical composi t ion o f  9 C r - 1  MoVNb 
s t e e l  (heat 30182) 

Composit ion (wt  %) 

Element 
Carpenter HEOL 

Technology Overcheck 

C 0.086 0.08 
Mn 0.37 0.37 
P 0.012 0.011 
S 0.003 0.004 
S i  0.16 0.19 
N i  0.11 0.090 
C r  8.44 8.47 
Mo 0.89 0.88 
V 0.24 0.21 

S i  0.16 0.19 
N i  0.11 0.090 
C r  8.44 8.47 
Mo 0.89 0.88 
V 0.24 0.21 
Nb 0.08 0.07 
T i  (0.02 0.001 
co 0. n2 0.017 

Composit ion ( w t  4.)  

Element 
Carpenter HEOL 

Technology Overcheck 

cu 0.03 0.03 
A1 0.014 0.009 
B <0.001 (0.001 
As (0.001 
Sn 

N 
0 
Pb 

I =r 

Sb 
W 
Fe 

0.002 
(0.001 

0.054 
0.008 

<0.001 
(0.001 
<0.001 

Balance 
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Fig. 7.2.1. Geometry of SS-1  t e n s i l e  specimens used i n  these experiments. 

specimen each a t  390 and 500°C was exposed t o  approximately 2.5 x loz6 neutrons/mz, which produced a d i s -  
placement damage o f  approximately 12 dpa. 
temperature u n c e r t a i n t i e s  as 390 ? l V C ,  450 t_ 15°C. 500 4 20T ,  and 550 k 30°C (ref .  2). 

were ava i l ab le ,  a t  room temperature. As-heat- t reated as we l l  as t he rma l l y  aged con t ro l  samples were a l so  
t e s t e d  t o  separate t he  e f f e c t  o f  i r r a d i a t i o n  from thermal-aging e f f ec t s .  
d i a t i o n  temperature f o r  5000 h - t h e  approximate t ime of t he  i r r a d i a t i o n .  
vacuum chamber on a 44-kN-capacity I ns t r on  un iversa l  t e s t i n g  machine a t  a crosshead speed of 8.5 w / s ,  which 
r e s u l t s  i n  a nominal s t r a i n  r a t e  of 4.2 x 1 0 - ~ / s .  

The unce r ta i n t y  i n  f luence has been est imated as i 10% and t he  

A f te r  i r r a d i a t i o n ,  t e n s i l e  t e s t s  were conducted a t  t he  i r r a d i a t i o n  temperature and, where specimens 

Thermal aging was a t  the  i r r a -  
The t e n s i l e  t e s t s  were made i n  a 

7.2.6 * 
The mic ros t ruc tu re  of t he  normalized-and- 

tempered 9 Cr-1 MoVNb s tee l  was tempered marten- 
s i t e  (F ig.  7.2.2). The p r i o r  aus ten i t e  g ra i n  
s i z e  was est imated as being between ASTM numbers 
8 and In; t he  microhardness was 221 DPH (1000 g 
load).  Thermal aging fo r  5000 h produced l i t t l e  
change i n  t he  o p t i c a l  m ic ros t ruc tu re ,  t he  micro- 
hardness. o r  t he  amount of p r e c i p i t a t e  present 
(as determined by e l e c t r o l y t i c  e x t r a c t i o n ) .  
A f t e r  5000 h a t  550°C. t he  microhardness was 
218 DPH. Before aging, approximately 2.0 w t  % 
p r e c i p i t a t e  was ex t rac ted ;  a f t e r  5000 h a t  
55OoC, approximately  2.1% p r e c i p i t a t e  was 
ex t rac ted .  

The t e n s i l e  r e s u l t s  f o r  the  as-heat-  
t r ea ted ,  thermal ly  aged, and i r r a d i a t e d  
9 C r - 1  MoVNb s tee l  are g iven i n  Tables 7.2.2 
t o  7.2.4. I n  Figs. 7.2.3 and 7.2.4, the  
t e n s i l e  p rope r t i es  f o r  these t h ree  cond i t ions  
a re  compared f o r  t e n s i l e  t e s t s  conducted a t  
t he  i r r a d i a t i o n  temperature. Because of the  
l i m i t e d  number o f  con t ro l  specimens provided,' 
on ly  a few room-temperature t e s t s  were 
conducted. 

V-194866 

10 urn 

Fig. 7.2.2. M i c ros t ruc tu re  o f  normalized-and- 
tempered 9 Cr-1 MoVNb s tee l  used i n  these experiments. 

I r r a d i a t i o n  a t  390°C resu l t ed  i n  hardening as measured by both the  0.2% y i e l d  s t r ess  and t he  u l t i m a t e  
t e n s i l e  s t r eng th  (F ig.  7.2.3). A t  450, 500, and 550°C. no change i n  y i e l d  s t r ess  o r  u l t i m a t e  t e n s i l e  
s t r eng th  occurred t h a t  could be a t t r i b u t e d  t o  i r r a d i a t i o n  o r  thermal aging. There was e s s e n t i a l l y  no 
d i f fe rence i n  t he  s t reng th  a t  any of these t h ree  temperatures. 
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Table 7.2.2. Tens i le  p rope r t i es  of un i r r ad ia ted  
9 Cr-1 MoVNb s tee l  

Table 7.2.3. Tens i le  p rope r t i es  of 9 Cr-1 MaVNb 
s tee l  aged f o r  5000 h 

Test Strength (MPa) Elongat ion (7,) 

("C) Y ie l d  U l t imate  Uniform Tota l  
temperature 

Temperature ("C) Strength (MPa) Elongat ion (%) 

Aging Test Y ie ld  U l t imate  Uniform Total 

22 547 697 7.3 11.9 
400 474 553 2.5 5.9 
son 438 517 3.6 7.2 
550 440 49 7 3.6 10.3 

400 400 460 555 3.3 6.0 
450 450 473 570 3.0 5.6 
500 500 45 1 522 2.9 6.1 
550 550 414 467 2.9 7.8 

Table 7.2.4 Tens i le  p rope r t i es  o f  i r r a d i a t e d  
9 Cr-1 MoVNb s tee l  

Temperature ( " C )  Strength (MPa) Elongat ion (%) 

I r r a d i a t i o n  Test Y ie l d  U l t ima te  Uniform Total 

390 22 881 933 3.6 7.0 
390 400 781 R08 1.4 4.1 
4 50 450 48 0 575 3.6 6.9 
500 22 558 712 7.9 12.4 
500 500 445 536 3.3 6.8 
550 22 544 697 6.1 10.0 
550 550 429 49 5 3.1 9.9 

F i g .  7.2.3. The 0.2% y i e l d  s t ress  and u l t i m a t e  
t e n s i l e  s t r eng th  of 9 C r - 1  MoVNb s tee l  as a func t ion  of 
t e s t  temperature f o r  i r r a d i a t e d  specimens, as-heat- 
t r e a t e d  con t ro l s ,  and thermal ly  aged cont ro ls .  The 
t e s t  temperature equals t he  i r r a d i a t i o n  and aging tem- 
peratures:  specimens were aged 5000 h. 

O R N L D W ' M  
12 I I I I 

Q C r ~ 1  MoVNbSTEEL 

A UNIRRAOIATED 
---.--AGED 
-0- IRRADIATE0 1 I TESTTEMPERATURE * IRRAOlATlON 

TEMPERATURE 
Z A G I N G T E M P E R A W R E  

0 - 
400 500 600 

TESTTEMPERATURE r C I  

F ig.  7.2.4. The uniform and t o t a l  elonga- 
t i o n s  of 9 Cr-1 MoVNb s tee l  as a f unc t i on  o f  
t e s t  temperature f o r  i r r a d i a t e d  specimens, as- 
hea t - t r ea ted  c o n t r o l s ,  and t he rma l l y  aged 
con t ro l s .  
i r r a d i a t i o n  and aging temperatures: specimens 
were aged 5000 h. 

The t e s t  temperature equals the  
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The e f f e c t  o f  i r r a d i a t i o n  on d u c t i l i t y  r e f l e c t e d  t h e  e f f e c t  on s t r e n g t h  (Fig. 7.2.4). The u n i f o r m  and 
t o t a l  e longa t ions  o f  t h e  specimen i r r a d i a t e d  a t  390°C were s l i g h l y  l e s s  than  those  o f  t h e  unaged and aged 
c o n t r o l s .  
o f  i r r a d i a t i o n .  

For t h e  12 C r - 1  MOVW, t h e  i r r a d i a t e d  and unaged c o n t r o l s  had s i m i l a r  s t r e n g t h s  when i r r a d i a t e d  and t e s t e d  a t  
450, 500, and 550°C; no data were r e p o r t e d  on t h e r m a l l y  aged  control^.^ 
s t e e l  was decreased by thermal ag ing a t  a l l  four  temperatures. The s t r e n g t h  of t h e  i r r a d i a t e d  and aged 
2 114 Cr-1 Mo s t e e l  specimens were s i m i l a r  a t  450 and 500°C. However, a t  55OoC, i r r a d i a t i o n  l e d  t o  an 
enhanced s o f t e n i n g  over  t h a t  caused by thermal aging.4 

I n  t h e  next  A D I P  semiannual r e p o r t ,  t h e  t e n s i l e  data f o r  t h e  12 C r - 1  MoVW s t e e l  aged specimens w i l l  be 
repor ted ,  and t h e  r e s u l t s  f o r  t h e  i r r a d i a t e d  specimens, unaged c o n t r o l s ,  and t h e r m a l l y  aged c o n t r o l s  f o r  t h e  
2 114 Crl Ma, 9 Cr-1 MOVNb, and 12 Cr-1 MoVW s t e e l s  w i l l  be compared i n  more d e t a i l .  

7.2.7 References 

A t  t h e  t h r e e  h i g h e s t  i r r a d i a t i o n  and t e s t  temperatures,  however, t h e r e  appeared t o  be no e f f e c t  

I r r a d i a t i o n  i n  ERR-I1 a t  390°C a l s o  caused hardening i n  12 Cr-1 MOVW s t e e l 3  and 2 114 Cr-1 Mo s t e e l . 4  

The s t r e n g t h  of t h e  2 114 Cr-1 Mo 
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7.3 FRACTURE TOUGHNESS OF IRRADIATE0 HT-9 - F. H. Huang (Westinghouse Hanford Company) 

7.3.1 ADIP Task 

alloys under the ADIP program task Ferritic Steels Development (Path E ) .  

7.3.2 Objective 

on the fracture toughness of HT-9 irradiated to a fluence of 5.5 x 10" n/cm2. 
characterize the fracture behavior of fusion first wall ferritic materials. 

7.3.3 Summary 

The Department of EnergylOffice of Fusion Energy (DOEIOFE) has cited the need to investigate ferritic 

The objective of this work is to evaluate the effects of neutron irradiation, grain size and welding 
The goal is to 

Compact tension specimens of HT-9 from the AD-2 recon experiment were tested at 205°C. Specimens Of 
base metal have two different grain sizes: 
tested at 205°C. 
lower and the toughness degradation due to high fluences was more severe for the HT-9 weld metal than for 
the base metal. 

7.3.4 Introduction 

ASTM 8-9 and ASTM 3-4. One specimen of weld metal was also 
Test results showed that the fracture toughness of HT-9 with a larger grain size was 

The AD-2 experiment has been designed to study the mechanical properties, particularly the fracture 
and weld properties, of ferritic alloys such as Hi-9 and 9Cr-1Mo which are candidate materials for the 
first wall or blanket of a fusion reactor. 
meet requirements for testing prototypic component thickness. 

specimen electropotential techniques. 
technique have been reported.' 

3 x 10" n/cm', the rest were reconstituted to a fluence of 6 x 10" n/cm2. 
austenitizing and tempering treatments to give different grain sizes. 
of grain size on the degree of temper embrittlement. 
mens machined from HT-9 welded material to investigate the properties of the fusion metal and the heat 
affected zone. 

Unirradiated weld specimens and those irradiated to a fluence of 3 x loz2 n/cm* were already 
tested and results reported.',' 
and more are to be tested at a later date. 

7.3.5 Progress and Status 

7.3.5.1 Experimental Procedure 

Subsized specimens were used to save irradiation space and to 

The number of specimens required to ohtain fracture toughness data was reduced by using single 

Some of the fracture toughness specimens from the AD-2 experiment were irradiated to a fluence of 

Results of fracture toughness tests on unirradiated HT-9 using the 

Specimens were given various 
The purpose was to study the effect 

The experiment also included fracture toughness speci- 

Only a few specimens of base metal from the AD-2 experiment were tested, 

The base metal specimens were machined directly from the 33.3 mm diameter, heat number 91354, bar 
stock. 
for one hour, and air cooled. 
from slices of the bar stock (Fig. 7.3.la) was ASTM 8-9. 
experiment. 
specimens to increase the grain size to ASTM 3-4, it was designated TMT 114. 

orientation of the weld specimen is parallel to the fusion line of the welded material. 
specimen fabrication were reported in Reference 4. 
tension specimen and the test procedures for in-cell fracture toughness using electropotential techniques 
were given in References 2 and 3. 

Irradiated specimens were first precracked using the electropotential technique to monitor the 
precrack length. After the test, they were heat tinted and broken at room temperature for crack extension 
measurements. 
and the potential output and the load-time were recorded. 

7.3.5.2 Results and Discussion 

The bar stock was hot worked after soaking at 1149°C for a minimum of one hour, tempered at 750°C 
The prior austenitic grain size of the compact tension specimens fabricated 

This treatment was designated TMT h3 in the A D- 2  
An additional heat treatment: 1050"C/O.5 h/AC + 78O"C/2.5 h/AC was given to these TMT #3 

The weld specimen was fabricated from 6.35 mm thick welded plates as shown in Fig. 7.3.1b. The notch 
Details of AD- 2 

The configuration of the 2.54 mm thick circular compact 

During the precracking and test a constant DC current of 13 amp was applied to the specimen, 

The load and electropotential output versus displacement curves of irradiated Hi-9 are plotted in 
Fig. 7.3.2. The values of J were calculated from load versus displacement records, and the crack exten- 
sions were obtained from electropotential via the electropotential calibration curves. Figs. 7.3.3 and 
7.3.4 show J versus pa curves for irradiated HT-9 base and weld metal tested at 205'C. The critical 
fracture toughness, Jlc. was determined from J versus &a curves and the blunting lines and are listed 
i n  Table 7.3.1. 

7.3.5. 

Also given in Table 7.3.1 are the values of tearing modulus (T). 
The effect of grain size on the fracture toughness of HT-9 irradiated at 390°C can be seen in Fig. 

Since there were only two grain sizes, the relationship between fracture toughness and grain size 
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33.3 m m  diam. 
BAR STOCK 

F i g .  7.3. la.  P r o c e s s i n g  o f  HT-9 specimens F i g .  7.3.lb. O r i e n t a t i o n  o f  f r a c t u r e  t o u g h -  
f rom a l l o y  s t o c k .  ness specimen w i t h  r e s p e c t  t o  

w e l d  m a t e r i a l .  

was n o t  e s t a b l i s h e d  i n  d e t a i l .  However, i t  i s  c l e a r  t h a t  t h e  t oughness  w i t h  an ASTM g r a i n  s i z e  o f  8-9  i s  
h i g h e r  t h a n  t h a t  w i t h  an ASTM g r a i n  s i z e  o f  3-4. 
a g r e a t e r  p l a s t i c  d e f o r m a t i o n  and t h e r e f o r e  a h i g h e r  f r a c t u r e  toughness.  

t e m p e r a t u r e  f o r  Fe-25Cr f e r r i t i c s '  and f r a c t u r e  appearance t r a n s i t i o n  t e m p e r a t u r e  f o r  2-1/4Cr- lMo 
s t e e l . '  M a t e r i a l s  h a v i n g  second phase p a r t i c l e s  may be t o u g h e r  t h a n  a s o l i d  s o l u t i o n ,  because t h e  
p a r t i c l e s  g e n e r a l l y  r e t a r d  g r a i n  growth .  I n  HT-9, s m a l l  q u a n t i t i e s  o f  t i t a n i u m ,  aluminum and t a n t a l u m  t e n d  
t o  fo rm c a r b i d e s  and a c t  as g r a i n  r e f i n e r ,  p r o m o t i n g  a h i g h e r - f r a c t u r e  toughness.  
t i o n  t e m p e r a t u r e  on t h e  f r a c t u r e  toughness i s  a l s o  shown i n  F i g .  7.3.5. 
i n d i c a t e d  b y  t h e  o n l y  two  d a t a  p o i n t s .  

m e t a l .  F r a c t u r e  toughness t e s t s  on HT-9 welds  i r r a d i a t e d  t o  a f l u e n c e  o f  3 x l o z z  n /cm2 (E > 0.1 MeV) 
were per formed and r e s u l t s  r e p 0 r t e d . l  
a b i l i t y  o f  HT-9 w e l d  t o  r e s i s t  c r a c k  p r o p a g a t i o n  was i m p a i r e d  s e v e r e l y  a f t e r  i r r a d i a t i o n .  
was i n c r e a s p d  t o  abou t  6 x 10'' n/cm2, t h e  t r e n d  was reve rsed ,  t h e  t oughness  was reduced  s i g n i f i c a n t l y  
( F i g .  7.3.6) w h i l e  t h e  r e s i s t a n c e  t o  c r a c k  p r o p a g a t i o n  was s l i g h t l y  i n c r e a s e d  ( F i g .  7.3.7). 
on  l o w e r  f l u e n c e  specimens showed t h a t  i r r a d i a t i o n  has n o t  a f f e c t e d  t h e  f r a c t u r e  mode o n  a c o a r s e  s c a l e .  
The f r a c t u r e  mode o f  HT-9 w e l d  may be changed a f t e r  i r r a d i a t i o n  t o  a f l u e n c e  o f  6 x 10" n/cm2. 
w i l l  be c o n f i r m e d  b y  s c a n n i n g  e l e c t r o n  m ic roscope  f r a c t o g r a p h y .  

The 2.54 mm t h i c k  specimens t e s t e d  i n  t h i s  work a r e  s m a l l  compared t o  t h e  c o n v e n t i o n a l  one ( 2 5  mm 
t h i c k ) .  
space. 
a r e  n o t  f a v o r a b l e .  E x p e r i m e n t a l  r e s u l t s ' , '  have shown t h a t  t h e  specimen s i z e  used i n  t h i s  work i s  
s a t i s f a c t o r i l y  o p t i m i z e d  f o r  d a t a  v a l i d i t y .  

A m a t e r i a l  w i t h  s m a l l e r  g r a i n  s i z e  i s  e x p e c t e d  t o  e x h i b i t  

E x p e r i m e n t a l  e v i d e n c e  shows t h a t  a dec rease  i n  g r a i n  s i z e  l o w e r s  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  

The e f f e c t  o f  i r r a d i a -  
The e f f e c t  i s  i n s i g n i f i c a n t  as  

As t h e y  u s u a l l y  c o n t a i n  d e f e c t s ,  we lds  a r e  expec ted  t o  b e  more s u s c e p t i b l e  t o  f r a c t u r e  t h a n  t h e  base 

It was found  t h a t  t h e  f r a c t u r e  toughness was n o t  degraded b u t  t h e  
As t h e  f l u e n c e  

F r a c t o g r a p h y  

T h i s  

The i n t e n t i o n  o f  u s i n g  s m a l l  specimen and a s i n g l e  specimen method was t o  economize i r r a d i a t i o n  
However, w h i l e  a s m a l l  specimen s i z e  i s  d e s i r a b l e ,  i n v a l i d  d a t a  produced b y  an u n d e r s i z e d  specimen 

S i n c 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  touqhness was reduced  and 
t h e  y i e l d  s t r e s s  was i n c r e a s e d  b y  i r r a d i a t i o n ,  t h e  t h i c k n e s s  c r i t e r i o n  f o r  a v a l i d  J i C  t e s t  was met  f o r  
t h e  2.54 mm t h i c k  specimens used i n  i r r a d i a t e d  t e s t i n g .  

7.3.6 C o n c l u s i o n s  

( 1 )  
s i z e  o f  8-9.  

(2) 
modulus o f  HT-9. 

The f r a c t u r e  toughness o f  HT-9 w i t h  a g r a i n  s i z e  o f  3- 4 i s  l o w e r  t h a n  t h a t  o f  HT-9 w i t h  a g r a i n  

I r r a d i a t i o n  t e m p e r a t u r e  has a weak e f f e c t  on t h e  toughness  h u t  a s t r o n g  e f f e c t  on  t h e  t e a r i n g  

( 3 )  The f r a c t u r e  toughness o f  HT-9 w e l d  m e t a l  was degraded b y  40% as t h e  f l u e n c e  was i n c r e a s e d  f r o m  3 
t o  6 x l o z 2  nlcm'. 

7.3.7 F u t u r e  Work 

F r a c t u r e  toughness t e s t s  on i r r a d i a t e d  specimens o f  HT-? f rom t h e  AD- 2 e x p e r i m e n t  w i l l  be c o n t i n u e d .  
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Table 7.3.1. Fracture toughness test results o f  HT- 9 base  and weld metals 

Irradiation Fluence J l C  Tearing Grain S i r e  
Material Temp. ("C) (10" n/cml) (kJ/m2) Modulus ( ASTM) 

Base 390 5 .5  62.1 37 8-9 

Rase 390 5.2 53.0 54  3- 4  
Base 500 s.7 54.2 140 3-4 
Weld 390 5.2 57.8 A4 . 

HT-9 WELD 
IRRAD. TEMP. = 390% 

SYMBOL FLUENCE ll@ n/cm2l 

A 0 

A 2.8 

a 5.2 

, 1 

100 2w 300 400 500 
TEST TEMPERATURE, "C 

" E D L W r n 2  

Fig. 7 . 3 . 6 .  Temperature dependence of fracture toughness f o r  irradiated and unirradiated HT- 9 weld 
metal. 
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I I I 

HT-9 WELD 
IRRAD. TEMP, = 390'C 

SYMBOL FLUENCE (IOU n/cm*1 
a 0 
A 2.8 
0 5.2 

I I I I 
100 200 300 400 

TEMPERATURE, "C 
0 

F ig .  7.3.7. Temperature dependence of t e a r i n g  modulus f o r  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 .  
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7.4 V A R I A T I O N  OF POSTIRRADIATION STRENGTH PROPERTIES OF FERRITIC STEELS WITH IRRADIATION TEMPERATURES - 
J .  M. V i tek  and R. L. Klueh (Oak Ridge Nat iona l  Labora to ry )  

7.4.1 A D I P  Task 

A O I P  Tasks a re  no t  de f 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. 

7.4.2 O b j e c t i v e  

f u s i o n  program on f e r r i t i c  s t k e l s  t o  determine t h e  e f f e c t  o f  i r r a d i a t i o n  temperature on t h e  s t r e n g t h  
p r o p e r t i e s .  

7.4.3 Summary 

and a c o n s i s t e n t  t r e n d  has been observed f o r  t h e  t h r e e  f e r r i t i c  s t e e l s  under i n v e s t i g a t i o n .  

7.4.4 Progress and S ta tus  

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

The o b j e c t i v e  of t h i s  work i s  t o  combine c u r r e n t l y  a v a i l a b l e  p o s t i r r a d i a t i o n  s t r e n g t h  da ta  i n  t h e  

Data on p o s t i r r a d i a t i o n  s t r e n g t h  p r o p e r t i e s  have been p l o t t e d  as a f u n c t i o n  o f  i r r a d i a t i o n  temperature,  

Several experiments have been conducted e v a l u a t i n g  t h e  p o s t i r r a d i a t i o n  s t r e n g t h  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  f o r  a v a r i e t y  o f  i r r a d i a t i o n  temperatures. 
s t r e n g t h  versus i r r a d i a t i o n  temperature f o r  each o f  t h e  t h r e e  f e r r i t i c  s t e e l s  under i n v e s t i g a t i o n  - 
2 1/4 C r - 1  Mo, 9 Cr-1 MoVNb, and 12 Cr-1 MoVW ( r e f .  1). However, severa l  o b j e c t i o n s  a r i s e  regard ing  t h e  
methods used i n  t h i s  ana lys is .  F i r s t ,  t h e  p l o t s  combine p o s t i r r a d i a t i o n  hardness t e s t  r e s u l t s  w i t h  
p o s t i r r a d i a t i o n  y i e l d  s t r e n g t h  p r o p e r t i e s .  This  i s  i n a p p r o p r i a t e  s ince  t h e  former i n v o l v e s  s i g n i f i c a n t  
p l a s t i c  deformat ion w h i l e  t h e  l a t t e r  r e l a t e s  t o  p r i m a r i l y  e l a s t i c  deformat ion.  Ins tead ,  a v a l i d  comparison 
would be between 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 s  and hardness. Th is  view i s  supported hy t h e  f a c t  t h a t  con- 
v e r s i o n  t a b l e s  r e l a t e  u l t i m a t e  t e n s i l e  s t r e n g t h  t o  hardness, and no t  y i e l d  s t r e n g t h  t o  hardness.’ 

convers ion between s t r e n g t h  and hardness i s  no t  l i n e a r .  For example, pos t-  and p r e i  r r a d i a t i o n  hardness 
va lues f o r  9 Cr-1 MoVNb were 25.3 and 15.2, r e s p e c t i v e l y ,  y i e l d i n g  a hardness r a t i o  of 1.66 whereas conver-  
s i o n  t o  t e n s i l e  s t r e n g t h s  and then  t a k i n g  t h e  r a t i o  o f  pos t-  t o  p r e i r r a d i a t i o n  va lues r e s u l t s  i n  a r a t i o  of 
o n l y  1.25. 

temperature,  any comparison wi th  t e n s i l e  data should be w i t h  t e n s i l e  data taken  a t  room temperature. 
I n c l u s i o n  o f  data from e levated- temperature t e s t s  i s  i n a p p r o p r i a t e  and compl icates any c o r r e l a t i o n .  

c o r r e l a t i o n  of t e n s i l e  and hardness r e s u l t s  taken on severa l  a l l o y s  i r r a d i a t e d  under a v a r i e t y  of con- 
d i t i o n s .  These r e s u l t s  a re  presented i n  t h i s  r e p o r t .  

7.4.4.2 R e s u l t s  and D iscuss ion  

t h e  a p p r o p r i a t e  data p r e v i o u s l y  used‘.”’ as w e l l  as r e c e n t l y  acqu i red  data.*-) ’  
Fig. 7.4.1 f o r  t h e  t h r e e  f e r r i t i c  a l l o y s  - 12 Cr-1 MoVW, 9 Cr-1 MoVNb, and 2 114 Cr-1 Mo. These curves 
p resen t  t h e  r a t i o  o f  pos t-  t o  p r e i r r a d i a t i o n  s t r e n g t h  versus t h e  i r r a d i a t i o n  temperature f o r  t e s t s  a t  room 
temperature.  Where hardness data were used, t h e  hardness va lues were f i r s t  conver ted t o  u l t i m a t e  t e n s i l e  
s t reng ths .2  

hardening a t  low i r r a d i a t i o n  temperatures,  and t h i s  hardening remains n e a r l y  cons tan t  t o  about 400°C. With 
i r r a d i a t i o n  temperatures of 500°C o r  h i g h e r ,  some 
s o f t e n i n g  i s  found. The temperature of r e v e r s a l  from 
hardening t o  s o f t e n i n g  i s  e s s e n t i a l l y  t h e  same f o r  Table 7.4.1. Sources of data used 
a l l  t h r e e  a l l o y s .  i n  Fig. 7.4.1 

Many o f  these  data were r e c e n t l y  compiled i n t o  p l o t s  of 

Second, i t  i s  i n v a l i d  t o  c o r r e l a t e  hardness r a t i o s  w i t h  s t r e n g t h  r a t i o s  as done e a r l i e r , ‘  s ince  t h e  

F i n a l l y ,  s ince  a l l  hardness measurements were made a t  room temperature,  regard less  o f  t h e  i r r a d i a t i o n  

The e a r l i e r  data,  where appropr ia te ,  were r e p l o t t e d  i n  an e f f o r t  t o  achieve a c o n s i s t e n t  and v a l i d  

The data base i n  t h i s  s tudy  i s  taken from v a r i o u s  sources as l i s t e d  i n  Table 7.4.1. These i n c l u d e  a l l  
The r e s u l t s  a re  p l o t t e d  i n  

Several p o i n t s  a re  wor thy o f  d iscuss ion.  F i r s t ,  a l l  t h r e e  s t e e l s  show b a s i c a l l y  t h e  same degree o f  

The s c a t t e r  i n  F ig.  7.4.1 i s  c o n s i d e r a b l y  l e s s  - 
I r r a d i a t i o n  References t h a n  t h a t  shown e a r l i e r . ’  With t h e  more c o n s i s t e n t  

p r o p e r t i e s  w i t h  i r r a d i a t i o n  seems t o  be much more 
p r e d i c t a b l e  and fu r thermore  seems t o  be s i m i l a r  f o r  
a l l  t h r e e  a l l o y s .  Much of t h e  s c a t t e r  that  remains, 
p a r t i c u l a r l y  i n  F ig.  l . b . l ( a ) ,  i s  due t o  t e n s i l e  
s t r e n g t h  p r o p e r t i e s  o f  12 Cr-1 MOVW w i t h  two d i f -  
f e r e n t  heat  t rea tments  i r r a d i a t e d  i n  E R R- I 1  AD-2. 

curves,  t h e  change i n  room-temperature s t r e n g t h  Symbol Test t y p e  experiment 
__- - - 

T e n s i l e  HFIR-CTR-33 3, 4, 5 

Tensi 1 e EBR- I I-AD-2 8, 9, 10 
Tensi 1 e EBR-I1 X-322 6 : 

A Tens i 1 e HFIR-MFE-RB1 11 
0 Hardness HFIR-MFE-RR1 1 ~. 
0 Hardness EBR-11-AD-2 7 
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Fig. 7.4.1. Ra t i o  o f  i r r a d i a t e d  t o  u n i r r d -  
d i a t e d  s t reng th  p l o t t e d  aga ins t  i r r a d i a t i o n  tem- 
pe ra tu re  f o r  ( a )  12 Cr-1 MoVW, ( 6 )  9 Cr-1 MoVNb. 
and ( e )  2 114 Cr-1 Mo. A l l  s t r eng th  values are 
from room-temperature t es t s .  

0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  600  

(C) IRRADIATION TEMPERATURE ("C) 

Gel les e t  a l .  suggested' t h a t  t he  Charpy p rope r t i es  were not  sa tu ra ted  i n  t he  HFIR-MFE-RBI experiment, 
i r r a d i a t e d  t o  an approximate damage l e v e l  of 5 dpa. The l a r g e  d i f f e r e n c e  i n  s t r eng th  r a t i o s  between hard- 
ness r e s u l t s  from HFIR-MFE-RBI and y i e l d  s t reng th  values from HFIR-CTR-33 was taken as a d d i t i o n a l  evidence 
t h a t  sa tu ra t i on  was not  achieved i n  HFIR-MFE-REI. However, t h i s  discrepancy i s  s u b s t a n t i a l l y  reduced when 
hardness i s  p rope r l y  compared w i t h  u l t i m a t e  t e n s i l e  s t reng th .  The d i f f e r e n c e  between s t rength  r a t i o s  from 
HFIR-MFE-RE1 i r r a d i a t e d  samples ( z 5  dpa) and those i r r a d i a t e d  i n  HFIR-CTR-33 (210 dpa) i s  not  r e a l l y  any 
g rea ter  than t he  s c a t t e r  found elsewhere. I n  add i t i on ,  t he  f a c t  t h a t  s t r eng th  r a t i o s  from hardness measure- 
ments o f  RB1- i r radiated samples were lower may not  r e l a t e  t o  s a t u r a t i o n  e f f e c t s  s ince lower values from 
hardness readings were a l so  found i n  F i g .  7 . 4 . l ( h )  fo r  samples i r r a d i a t e d  a t  390°C i n  EER-11 t o  i d e n t i c a l  
fluences. Furthprmore, recent  t e n s i l e  r e s u l t s  i n d i c a t e  the  same p o s t i r r a d i a t i o n  p rope r t i es  are found fo r  
specimens from HFIR-MFE-RE1 ( re f .  11) and HFIR-CTR-33. (The same r a t i o s  are not  found s ince  i n i t i a l  proper-  
t i e s  d i f f e r e d . )  Therefore, i t  i s  l i k e l y  t h a t  t e n s i l e  p roper ty  s a t u r a t i o n  i s  near, i f  not  a l ready achieved. 
Nonetheless, t he re  i s  a chance t h a t  sa tu ra t i on  of t e n s i l e  p rope r t i es  has not  been achieved i n  HFIR-MFE-RB1. 
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Th is  would be i n d i c a t e d  by t h e  f a c t  t h a t  t e n s i l e  p r o p e r t y  r a t i o s  f o r  HFIR-MFE-RBI i r r a d i a t e d  samples a re  
c o n s i s t e n t l y  lower  than r a t i o s  f o r  HFIR-CTR-33 samples. I n  t h e  case t h a t  s a t u r a t i o n  has no t  been reached, 
Fig. 7.4.1 i n d i c a t e s  t h a t  a l l  t h e  a l l o y s  f a l l  e q u a l l y  s h o r t  o f  s a t u r a t i o n .  

The s t r e n g t h  p r o p e r t i e s  p l o t t e d  i n  F ig.  7.4.1 cannot be r e a d i l y  assoc ia ted  w i t h  impact behav io r  s i n c e  
impact p r o p e r t i e s  a re  r e l a t e d  t o  y i e l d  s t r e n g t h  behavior .  However, i t  i s  not  c l e a r  t h a t  s i m i l a r  curves 
p l o t t i n g  t h e  r e l a t i v e  inc rease  i n  y i e l d  s t r e n g t h  aga ins t  i r r a d i a t i o n  temperature a re  p a r t i c u l a r l y  use fu l  i n  
p r e d i c t i n g  Charpy impact p r o p e r t i e s .  Th is  i s  because t h e  u n i r r a d i a t e d  y i e l d  s t r e n g t h  va lues vary  con- 
s i d e r a b l y  w i t h  heat t rea tment ,  and t a k i n g  r a t i o s  of pos t -  t o  p r e i r r a d i a t e d  p r o p e r t i e s  may be mis lead ing .  I n  
f a c t ,  t h e  j u s t i f i c a t i o n  f o r  us ing  r e l a t i v e  s t r e n g t h s  as an i n d i c a t i o n  o f  s a t u r a t i o n  i s  not  obvious. Because 
o f  v a r i a t i o n s  i n  t h e  i n i t i a l  m a t e r i a l  c o n d i t i o n s ,  e q u i v a l e n t  r e l a t i v e  s t r e n g t h  increases may be a m is lead ing  
i n d i c a t o r  w i t h  regard  t o  s a t u r a t i o n .  
somewhat d i f f e r e n t  a l l o y s  w i t h  s i m i l a r  m i c r o s t r u c t u r e s  bu t  s i g n i f i c a n t l y  d i f f e r e n t  i n i t i a l  s t reng ths .  
However, t h e  use o f  such r e l a t i v e  increases f o r  a g iven  a l l o y  w i t h  d i f f e r e n t  u n i r r a d i a t e d  s t r e n g t h s  (and 
presumably d i f f e r e n t  m i c r o s t r u c t u r e s )  may not  be appropr ia te .  
r e f l e c t i n g  s a t u r a t i o n  i n  s t r e n g t h  p r o p e r t i e s  w i l l  be t h e  s u b j e c t  o f  f u t u r e  work. 
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7.5 EVALUATION OF FERRITIC ALLOY Fe-2-1/4Cr-lMo AFTER NEUTRON IRRADIATION - MICROSTRUCTURAL DEVELOPMENT 
0. S .  Gelles (Westinghouse Hanford Company) 

7.5.1 ADIP Task 

The Department of Energy (DOE) Office of Fusion Energy (OFE) has cited the need to investigate ferritic 
alloys under the ADIP Program task, Ferritic Steels Development (Path E ) .  
task number l.C.2, Microstructures and Swelling in Austenitic Alloys and task number 1.C.1, Microstructural 
Stability. 

The tasks involved are akin to 

7.5.2 Objective 

The objective of this work is to provide guidance on the applicability of martensitic stainless steels 
for fusion reactor structural components. 

7.5.3 Summary 

Microstructural examinations are reported for nine specimen conditions of 2-1/4Cr-lMo steel which had 
been irradiated bv fast neutrons over the temoerature ranae 390 to 510°C. Two heats of material were 
involved, each with a different preirradiation heat treatkent, one irradiated to a peak flunce of 
5.1 x 10" nlcm' (E > 0.1 MeV) or 24 dpa and the other to 2.4 x 10l '  n/cm' ( E  > 0 . 1  Mey) or 116 dpa. Void 
swelliria is found followina irradiation at 400°C in both conditions and to 480°C in the hioher fluence con- - - 
ditions. 
aislocation density and precipitate number density developed at the lowest temperature, 400°C. whereas mean 
void size, and mean precipitate size increased with increasing irradiation temperature. The examination 
results are used to provide interpretation of in-reactor creep, density change and post irradiation tensile 
behavior. 

7.5.4 Progress and Status 

7.5.4.1 Introduction 

Concurrently dislocation structure and precipitation formed. Peak void swelling, void density, 

The Electric Power Research Institute of P a l o  Alto, CA has funded a program entitled Evaluation of 
Irradiation Metal Samples for Use in Fusion Components under contract RP-1597-1 with McDonnell Douqlas 
Astronautics Company. 
Y3E052R entitled Evaluation of Ferritic Alloy Fe-2-1/4Cr-IMo After Neutron Irradiation - Irradiation Creep 
and Swelling. 
of that effort to the fusion materials community in the shortest possible time, a version of the summary 
report is being included in the Alloy Development for Irradiation Performance Semiannual Progress Report. 
This report provides results of microstructural examinations on irradiated 2-1/4Cr-lMo steel. 

change' and postirradiation tensile properties' for 2-1/4Cr-lMo. Pressurized tube specimens in a normalized 
and tempered bainitic condition were measured for diameter chanqe following irradiation at 390, 480 and 
570°C to 5.5 x 10" n/cm' (E > 0.1 MeV) or 2h dpa.' It was found that the creep rate was greatest at 57O0C 
but the creep rate at 390°C was slightly higher than at 480°C. 
unstressed pressurized tubes, void swelling of about 0.3% was predicted and creep at 3%*C was i n  part 
attributed to swelling enhanced creep. 

ing irradiation at 400, 425, 450, 480. 510 and 540Y to fluences hetween 1.55 x 10" n/cm' and 
2.41 x 10" n/cmz ( E  > 0.1 MeV) or 74 to 116 dpa.' The heat treatment condition was complex and was 
believed to have contained tempered proeutectoid ferrite, overtempered bainite, proeutectoid ferrite and 
untempered bainite. 
peak density change, 0.28% swelling, occurred following irradiation at 400°C to 1.6 x 10" nlcm'or 77 dpa. 
This peak was attributed to void swelling whereas a lesser peak of 0.22% swelling at 540°C was attributed 
to orecioitation causes. 

Westinghouse Hanford Company has been a participant in that program under contract 

In order to disseminate the results The second phase o f  that effort has now been completed. 

Previous experiments in this series have provided irradiation creep,' irradiation induced density 

Based on diameter change measurements on 

Density change measurements were made on slug specimens in an unusual heat treatment condition follow- 

This condition was found to be highly resistant to irradiation induced swelling. The 

Miniature sheet tensile specimens in a normalized and tempered bainitic condition were irradiated at 
390, 450, 500 and 550°C to about 1.9 x 10" nlcm' (E > 0.1 MeV) or 9 dpa. Following irradiation, tensile 
tests were conducted at the irradiation temperature and in a few cases at room temperature.' Thermal con- 
trol specimens aged far 5000 hours to duplicate the irradiation condition were also tested. 
showed that thermal aging reduced strength moderately for all testing conditions but that reactor irradia- 
tion increased yield strength by 25% at 390°C and decreased yield strength by 40% at 550°C for tests run at 
the irradiation temperature. These results were interpreted as follows. Reductions in strength due to 
thermal aging at 390 and 450°C were attributed to loss of interaction solid-solution hardening ( I S S H ) ,  
whereas at 500 and 550°C a combination of loss o f  I S S H  and precipitate coarsening were responsible. Similar 
explanations were used to explain effects of irradiation at 450 and 500'C hut the increase in strenqth 
following 390°C irradiation was attributed to the development of dislocation-loop structure and the decrease 
in strength following irradiation at 550°C was concluded to he due to the enhanced kinetics of the precipi- 
tation coarsening reaction during irradiation. 

on several specimens of interest. The specimens examined were either sections from the density change 

The results 

The present effort is intended to support the previous studies by providing microstructural information 
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specimens or were unstressed disks which matched the irradiation conditions of the pressurized tube speci- 
mens. The disk specimens had been irradiated to twice the exposure received by the tensile specimens. 
Therefore, microstructural information from these specimens should he able to answer several questions 
raised in previous work. For example, is the mechanism, swelling enhanced creep, applicable in pressurized 
tubes irradiated to only 25 dpa? 
explanation for post irradiation tensile behavior reasonable? 

task paralleling the irradiation effects data base development is to provide a hasis for extrapolating that 
data base to irradiation regimes and doses which more closely duplicate fusion first wall conditions.' The 
objectives of that task are threefold: 1) to compare microstructural evolution under ion homhardment with 
that under neutron bombardment in order to accurately model void, dislocation and precipitate evolution dur- 
ing irradiation, 2) to develop theoretical models to predict radiation damage and, 3) to generate lifetime 
dnalyses of Tokamak and Tamdem Mirror Ferromagnetic Reactor Structures. 
tural studies are expected to provide both a basis for comparison of microstructural evolution between ion 
and neutron bombardment and quantitative information which should be directly applicable to theoretical 
model calculations. 

7.5.4.2 Experimental Procedures 

Could a density change peak at 5 4 0 Y  be due to void swelling? I s  the 

The present effort is also applicahle to a companion study of irradiation effects in 2-1I4Cr-iMo. A 

Therefore, the present microstruc- 

Specimens of 2-1/4Cr-lMo selected for microstructural examination were obtained from three irradiation 
tests. 
heats of material are involved and alloy chemistries are reproduced in Table 7.5.1. 
tions are given in Table 7.5.2. All tests were irradiated in the Experimental Breeder Reactor ( E R R- 1 1 )  
located in Idaho Falls, Idaho. The first test designated AAI contained rod specimens 1.25 cm x 0.3 cm in 
diameter. Details of the irradiation test are given in Reference 1. The second test called AAXIV Phase 2 
contained, among other conditions, both pressurized tubes and disk specimens of 2-1/4Cr-lMo. The disk 
Specimens were 0.03 cm x 0.3 cm in diameter and were included to provide specimens for microstructural exam- 
ination t o  match irradiation conditions for mechanical properties samples. However, the disk specimens were 
n o t  in the same pin as the pressurized tubes. The disks were contained in pins 8326 and 8326a. Pin 8326 
received an accumulated fast fluence of 2.6 x loz1 n/cm' (E 0.1 MeV) or 12.5 dpa and was a weeper design 
which allowed flowing sodium coolant from the reactor to directly contact the specimens. The design temper- 
ature was 400'C and thermal expansion devices (TEDs) indicated that the actual temperature was 395 % 5°C. 
Disk specimens were then reconstituted into pin B236a. Pin 0326a received an accumulated fast fluence of 
2.5 x 10" n/cm' ( E  > 0.1 MeV) or 12 dpa and was of 07 design which employed gas gap regulation of g a m a  
heating losses in order to obtain the desired temperature in an internal subcapsule. The design temperature 
was 412°C but TED8 indicate that the actual temperature was 425 + 10°C. Therefore, the temperature is given 
as 410 + 20°C for the entire AAXIV Phase 2 irradiation experimenf. The specimens irradiated in the third 
test, dFsignated Am, involved pins 8317, 8319, 8321, B317a, B318a and 0319a. Each was a 87 design and the 
accumulated fast fluence was estimated at 6.1  x 10" n/cm' ( E  > 0.1 MeV) or 29 dpa. Design temperatures 
were 400, 450 and 500°C but TED results are not yet available for verification. 
tions do not exactly match the tensile specimen conditions irradiated in the same experiment. 
specimens were more central in the reactor core and therefore received a higher neutron flux by ahout 25%. 
Specimens selected for examination are listed by sample identification number in Tahle 7.5.3. 

into disks 0.025 cm x 0.3 cm in diameter using a slow speed saw with diamond impregnated blades. 
mens were briefly electropolished in a 5% perchloric acid, 95% butanol solution at 30 V to remove surface 
corrosion. At least two foils of each condition were prepared. Thin foil specimens were then produced 
using a Metalthin twin jet electropolishing machine which was located in a radiation shielded facility 
equipped with manipulators. The polishing solution was the same with polishing conditions at 65 V and 
moderate pump speed. As is often found to be the case for lower chromium alloys, surface staining was often 
found to be a problem in which case, a very brief "flash polish" was helpful. 

Microstructural examinations were performed for the most part on a JEOL 1200EX electron microscope 
Operating at 120 KeV. One specimen of 94L6 was also examined on a JEOL 100 C X  electron microscooe operating 
at 100 KeV. The general procedure involved examination of a number of areas of interest, and then following 
d known tilt of the specimen, a reexamination o f  those areas. This generally provided void and precipitate 
information, and in several cases dislocation structure information in areas for which foil thickness could 
be measured stereoscopically. 
for the area of interest on a stereo viewer and then computation of the foil thickness from the relationship 

Details regarding alloy chemistry and specimen fabrication have been previously descrihed. ' Two 
Heat treatment condi- 

The disk specimen condi- 
The disk 

Specimens were prepared for transmission electron microscopy as follows. Rod specimens were sliced 
All speci- 

Thickness determination required measurement of the maximum parallax, LH, 

where t is the foil thickness, M is the magnification of the images and P is angle of tilt between the 
images. 

coupled directly to a minicomputer. With the push of a foot pedal, a void imaqe width in the rl10. direc- 
tion, a precipitate diameter (or length in the case of rod specimens) or a dislocation intersection with a 
line grid was input to the computer. 
and given the foil thickness, compute the size distributions, total volume fraction and numher densities for 
the input data on request. 
shape and was able to allow large variation in truncation in a given area of interest with a maximum error 

Quantitative measurements of void, precipitate and dislocation structures employed a measurement device 

The computer was programed to accept a large number of measurements 

For void swelling, the program accounted for the faceted nature o f  the void 



Tab le  7.5.1 Chemical a n a l y s i s  o f  2-1/4Cr-lMo h e a t s  as s u p p l i e d  by t h e  vendors 
( i n  we igh t  p e r c e n t )  

Rod Specimens D isk  Specimens 
Element Heat 38649 Heat C4337-145 

C 0.12 0.093 

Mn 

P 

S 
S i  

N i  

C r  

MO 

cu 

A 1  

Fe 

0.42 

0.21 

0.16 

2.17 

0.93 

b a l  

0.52 

0.011 

0.011 

0.17 

0.40 

2.15 

0.95 

0.16 

0.003 

b a l  

T a b l e  7.5.2. Heat t rea tments  g i v e n  r o d  and d i s k  specimens p r i o r  t o  i r r a d i a t i o n  

Specimen Type Heat # Heat Treatment* 

Rod Specimens C4337-145 1010"C/1 h r l w  + 843"C/2 h r / W  

D i s k  Specimens 38649 90O"C/30 min/AC + 7OO"C/1 hr/AC 

*Temperature/ t ime a t  t e m p e r a t u r e l c o o l i n g  procedure where AC = a i r  coo led,  
Wq = water  quenched 

T a b l e  7.5.3. I r r a d i a t i o n  c o n d i t i o n s  of specimens s e l e c t e d  f o r  m i c r o s t r u c t u r a l  examina t ion  

I r r a d i a t i o n  
I emperature t luence 

I D  Exper iment  "C x 10"  n/cm' (dpa) 

94M6 

94L6 

94E7 

94F6 

94K6 

NUYL 

31CP 

31CV 

31CR 

AA 1 

A A I  

AA I 

AA I 

A A I  

A A X I V  

ADZ 

AD2 

ADZ 

400 

425 

4 50 

480 

5 10 

410 + 20 

390 

450 

500 

- 

16.0 ( 7 6 )  
20.7 (99 1 
15.5 (74 )  

19.8 (95 )  

24.1 (116)  

5 . 1  (24)  

5.0 (24) 

5.0 ( 2 4 )  

5.0 (24 )  
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due t o  t r u n c a t i o n  o f  20%. 
t o  p reven t  c o u n t i n g  t h e  same f e a t u r e  t w i c e .  

As each f e a t u r e  w a s  measured on a 3X p r i n t ,  t h e  apparatus p i n  p r i c k e d  t h e  f e a t u r e  

7.5.4.3 Results 
R e p o r t i n g  of t h e  r e s u l t s  of m i c r o s t r u c t u r a l  examinat ions w i l l  be d i v i d e d  i n t o  t h r e e  s e c t i o n s .  F i r s t  

t h e  m i c r o s t r u c t u r e s  of t h e  A A I  specimens w i l l  he desc r ibed .  Then t h e  m i c r o s t r u c t u r e  of  t h e  no rma l i zed  and 
tempered b a i n i t e  (AAXIV and ADZ) w i l l  be desc r ibed .  F i n a l l y  t h e  r e s u l t s  o f  q u a n t i t a t i v e  measurements f o r  
b o t h  specimen c o n d i t i o n s  w i l l  be g i ven .  

A A I  Specimens 

The hea t  t r e a t m e n t  g i v e n  t h e  A A I  specimens (Tab le  7.5.2) produced a complex m i c r o s t r u c t u r e .  The mate- 
r i a l  was i n  t h e  form of 1.2 cm t h i c k  p l a t e  when hea t  t r e a t e d  and t h e  water  quenches c a l l e d  f o r  a t  t h e  end of 
each t rea tment  s t e p  would have r e s u l t e d  i n  cooldown w i t h i n  about 100 seconds. P r i m a r i l y  upper b a i n i t e  w i t h  
no p r o e u t e c t o i d  f e r r i t e  i s  expected when c o o l i n g  f rom t h e  a u s t e n i t e  r e g i o n  under such c o n d i t i o n s  a s  can b e  
shown f r o m  t h e  con t inuous  c o o l i n g  t r a n s f o r m a t i o n  (CCT) diagram‘ g i v e n  i n  F i g .  7.5.1. The f i r s t  s t e p  of t h e  
t rea tment ,  n o r m a l i z a t i o n  a t  1010°C f o r  one hour fo l l owed  b y  a water  quench should produce d 5 %  upper b a i n i t e  
w i t h  t h e  remainder  lower  b a i n i t e  and m a r t e n s i t e .  
r e g i o n  (between t h e  Ac t  a t  74OOC and t h e  Ac, a t  880°C). There fo re ,  a u s t e n i t e  formed and some f e r r i t e  was 
r e t a i n e d .  However, a l l  c a r b i d e s  shou ld  be d isso lved .  Water quenching should aga in  cause t h e  a u s t e n i t e  t o  
t r a n s f o r m  p r i m a r i l y  t o  upper b a i n i t e  w i t h  no p r o e u t e c t o i d  f e r r i t e  formed d u r i n g  c o o l i n g .  
produced b y  t h i s  t rea tment  i s  shown i n  F i g s .  7 .5 .2~  and 7.5.3. F i g .  7.5.2 g i v e s  o p t i c a l  me ta l l og raphy  a t  a 
s e r i e s  o f  m a g n i f i c a t i o n s  f o r  t h e  p r e i r r a d i a t i o n  s t r u c t u r e .  
s i z e  ASTM X B )  w i t h  a t  l e a s t  two phases e a s i l y  i d e n t i f i e d :  
which appears as gray  r e g i o n s  w i t h  i n t e r n a l  l i n e a r  s t r u c t u r e  and nonequiaxed f e r r i t e  which appears as w h i t e ,  
s u b s t r u c t u r e- f r e e ,  r e g i o n s .  F i g .  7.5.3 p r o v i d e s  examples o f  t r a n s m i s s i o n  e l e c t r o n  microscopy f o r  t h i s  
s t r u c t u r e .  Three d i s t i n c t l y  d i f f e r e n t  r e g i o n s  can he i d e n t i f i e d .  L a r g e  p r e c i p i t a t e - f r e e  r e g i o n s  w i t h  low 
d i s l o c a t i o n  d e n s i t i e s  a r e  r e g i o n s  which were r e t a i n e d  f e r r i t e  a t  843’C. The rema in ing  s t r u c t u r e  w a s  
a u s t e n i t e  a t  843’C wh ich  t rans fo rmed t o  b a i n i t e  on c o o l i n g .  Bo th  upper and lower  b a i n i t e  a r e  p r e s e n t .  I n  
upper b a i n i t e ,  t h e  c a r b i d e  p a r t i c l e s  f r e q u e n t l y  fo rm i n  e longa ted  c o n f i g u r a t i o n s  between t h e  h a i n i t e  
( f e r r i t e )  g r a i n s  whereas i n  lower b a i n i t e  t h e  c a r b i d e s  tend  t o  p r e c i p i t a t e  a t  an i n c l i n e d  ang le  t o  t h e  ma jo r  
growth d i r e c t i o n ,  o r  l o n g i t u d i n a l  a x i s ,  o f  t h e  b a i n i t i c  f e r r i t e  g r a i n s . I  I n  F i g ,  7.5.3, examples o f  
r e t a i n e d  f e r r i t e ,  upper b a i n i t e  and lower  b a i n i t e  have been labe led .  There fo re ,  p o s t  i r r a d i a t i o n  m ic ro-  
s t r u c t u r a l  examinat ion o f  A A I  c o n d i t i o n s  shou ld  i n c l u d e  each o f  these  r e g i o n s .  

Specimen Y4M6, i r r a d i a t e d  a t  400°C t o  1.6 x l o 2 ’  n/cm’ ( E  0.1 MeV) o r  76 dpa was found t o  r e t a i n  t h e  
p r e i r r a d a t i o n  m i c r o s t r u c t u r e  b u t  v o i d  s w e l l i n g ,  d i s l o c a t i o n  network e v o l u t i o n  and p r e c i p i t a t i o n  occur red  as 
a r e s u l t  o f  i r r a d i a t i o n .  An example of t h e  m i c r o s t r u c t u r e  a t  low m a g n i f i c a t i o n  i s  shown i n  F i g .  7.5.4.  A t  
t h e  upper r i g h t  a r e t a i n e d  f e r r i t e  r e g i o n  i s  shown i n  d i s l o c a t i o n  c o n t r a s t .  Small v o i d s  can he seen b u t  t h e  
p r e c i p i t a t e  s t r u c t u r e  i s  n o t  v e r y  apparent .  In comparison, a t  t h e  lower  r i g h t  a r e g i o n  co r respond ing  t o  
upper b a i n i t e  can be seen i n  heavy s t r a i n  c o n t r a s t .  The v o i d  d e n s i t y  i s  lower ,  aild e longa ted  c a r b i d e  p a r t i -  
c l e s  s e p a r a t i n g  b a i n i t e  p l a t e s  can be seen. A t  t h e  lower  l e f t  a r e g i o n  of lower  b a i n i t e  i s  p r e s e n t .  
p r e c i p i t a t e  p a r t i c l e s  a r e  l a r g e r  and more numerous than  i n  t h e  r e t a i n e d  f e r r i t e  r e g i o n ,  and t h e  v o i d  d e n s i t y  
appears t o  be lower .  Examples o f  t h e  t h r e e  s t r u c t u r e s  a r e  shown a t  h i g h e r  m a g n i f i c a t i o n s  i n  F i g .  7.5.5.  
The most n o t a b l e  d i f f e r e n c e s  between them a r e  i n  p r e c i p i t a t e  s i z e  and d i s t r i b u t i o n  and v o i d  d i s t r i b u t i o n .  
P r e c i p i t a t e  number d e n s i t y  i s  g r e a t e s t  i n  t h e  r e t a i n e d  f e r r i t e  r e g i o n  and lowes t  i n  t h e  upper h a i n i t e  
r e g i o n .  However, b o t h  t h e  upper b a i n i t e  and lower  b a i n i t e  r e g i o n s  c o n t a i n  t h e  e longa ted  p r e c i p i t a t e  p a r t i -  
c l e s  c h a r a c t e r i s t i c  o f  t h e  r e t a i n e d  f e r r i t e  r e g i o n .  I t  i s  a n t i c i p a t e d  t h a t  such p a r t i c l e s  have formed 
d u r i n g  i r r a d i a t i o n  whereas t h e  l a r g e r  p a r t i c l e s  o r i g i n a t e d  i n  t h e  p r e i r r a d i a t i o n  hea t  t r e a t m e n t .  Voids a r e  
u n i f o r m l y  d i s t r i b u t e d  i n  r e t a i n e d  f e r r i t e  r e g i o n s  and lower  b a i n i t e  r e g i o n s  whereas t h e y  a r e  n o n- u n i f o r m l y  
d i s t r i b u t e d  i n  t h e  upper b a i n i t e  r e g i o n .  Some areas i n  the  upper b a i n i t e  r e g i o n  c o n t a i n  v e r y  few vo ids .  

One a rea  o f  r e t a i n e d  f e r r i t e  i n  specimen 94M6 was used t o  examine t h e  i r r a d i a t i o n  induced d i s l o c a t i o n  
network i n  d e t a i l .  An area o r i e n t e d  near  [ O i l ]  was imaged u s i n g  g = 011, 211 and 200 f o r  d i s l o c a t i o n  con- 
t r a s t  as shown i n  F i g .  7.5.6. Comparison o f  t h e  images f rom < = 01T and 200 r e v e a l s  t h a t  few d i s l o c a t i o n s  
appear i n  b o t h  micrographs.  Th is  i n d i c a t e s  t h a t  these  d i s l o c a t i o n s  a r e  p redominan t l y  o f  a<100> c h a r a c t e r  
- because i f  t h e y  were o f  t ype  a/2 <ill>, t h e n  a l l  would show up f o r  9 = 200 and h a l f  would show up for-  - 
g = 017. A t a b l e  which can be used t o  demonstrate t h i s  p o i n t  i s  p r o v i d e d  i n  Tab le  7.5.4.  Fo r  those  g -b  
p r o d u c t s  equa l  t o  zero, d i s l o c a t i o n s  o f  t h a t  Burqers v e c t o r  should be i n v i s i b l e  whereas p r o d u c t s  which a r e  
nonzero should a l l o w  v i s i b i l i t y .  Note t h a t  f o r  g = 200 o n l y  d i s l o c a t i o n s  w i t h  Burgers v e c t o r  a[100] s h o u l d  
b e  v i s i b l e ;  a[010] and a[001] shou ld  be i n v i s i b l e .  (However, a l l  a/2 11111 should be v i s i b l e . )  From 
F i g .  7.5.6 i t  can be shown t h a t  p e r f e c t  d i s l o c a t i o n  loops a r e  p resen t ,  t h a t  t h e y  tend  t o  be on a 0 1  1 p lanes  
and t h a t  t h e y  a r e  pu re  edge i n  c h a r a c t e r .  Many examples of ad )O l>  d i s l o c a t i o n  segments can a l s o  be found. 
Therefore.  t h e  d i s l o c a t i o n  s t r u c t u r e  i s  i n  t h e  Drocess o f  t r a n s f e r r i n g  f rom a 1000 dominated s t r u c t u r e  t o  a 

Reheating t o  843°C p u t  t h e  specimens i n  t h e  two phase 

The m i c r o s t r u c t u r e  

The s t r u c t u r e  i s  f i n e  ( p r i o r  a u s t e n i t e  g r a i n  
a b a i n i t e  s t r u c t u r e  s i m i l a r  t o  l a t h  m a r t e n s i t e  

The 

network dominated s t r u c t u r e .  
Specimen 94L6. i r r a d i a t e d  a t  4 2 5 O C  t o  2.1 x 1CI2’ n/cm’ i E  > 0.1 MeV) o r  99 doa i n  manv ways resembled 

specimen Y4M6 i r r a d i a t e d  a t  400°C.  
i d e n t i f i e d ,  and v o i d  s w e l l i n g  was p resen t .  However, t h e  amount o f  s w e l l i n g  was reduced due t o  reduced v o i d  
number d e n s i t i e s  and v o i d s  were absent i n  upper b a i n i t e  r e g i o n s .  A l s o  t h e  p r e c i p i t a t e s  i n  r e t a i n e d  f e r r i t e  
‘-eqions were l a r g e r  s o  t h a t  d i f f e r e n t a t i o n  between r e t a i n e d  f e r r i t e  and lower  b a i n i t e  r e g i o n s  was much more 

Regions o f  r e t a i n e d  f e r r i t e ,  upper b a i n i t e  a n d  l ower  b a i n i t e  c o u l d  be 

l +  An example o f  t h e  s t r u c t u r e  a t  low m a g n i f i c a t i o n  i s  shown i n  F i g .  7.5.7. The c e n t r a l  r e o i n n  
and b y  comparison w i t h  F i g s .  7.5.3 and 7 . 5  it :- 
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F i g .  7.5.4.  Microstructure i n  specimen 94M6 i r r a d i a t e d  a t  400°C t o  1.6 x 10" n/crn2 ( E  > 0.1  MeV 
1 ow m a g n i f i c a t i o n .  
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Table 7.5.4. The 4‘6 imaging criterion for various imaging conditions and 
burgers vectors possible in 2-1I4Cr-lMo steel 

li 

a[ 1001 a[0101 a[0011 

200 1 
020 1 
002 1 
0 IT 0 

T10 0 
1 01 0 
1 17 0 
IT1 0 

TI 1 0 
zT1 1 
2 17 1 
IT2 1 
1 2-i 1 

1 1 
1 1 
1 1 
0 1 
1 1 
1 0 
1 1 
1 2 
2 1 
1 2 
1 0 

0 2 
0 1 

1 
1 
1 
1 
0 
1 
2 
1 
1 
0 
2 
1 
2 

2 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
1 
1 

0 
2 
0 
1 
1 
0 
1 
2 
1 
1 
1 
1 
2 

0 
0 

2 
1 
0 
1 
2 
1 
1 
1 
1 
2 
1 

1 ow 
Fig. 7.5.7. 
magnification. 

Microstructure o f  ipecimen 94Lfi irradiated at 425°C to 2.1 x lo2’ n i c m ’  (E .0.1 MeV) at 
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Fig. 1 .5 .13 .  Optical metallography o f  specimen NU prior to irradiation. Specimen 31 was similar. 
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5.14. Microstructures prior to irradiation for specimen NU at a) l o w  magnification and 
ate magnification and for specimen 31 at c) intermediate magnification. 
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The microstructure of specimen 31CV irradiated at 450°C to 5.0 x 10" nlcm' was quite different. No 

This 
voids were found. Precipitates which formed during irradiation could be identified but the density was 
lower than the 40OoC sample and the dislocation structure consisted of a loose tangle with no loops. 
microstructure is shown at low magnification in Fig. 7.5.19. 
tify. However, at higher magnification, as shown in Fig. 7.5.20, a low density of precipitate particles can 
be seen and examples of a dislocation network can be found. 

The precipitate structure may have contained somewhat more acicular precipitate (a tendency which can also 
be observed in AAI specimens irradiated at 600°C) but this may be a consequence of statistical uncertainty 
and not a true effect. An example of this structure is given in Fig. 7.5.21 showing a prior austenite grain 
boundary node at low magnification and examples at higher magnification are given in Fig. 7.5.22. 
Fig. 7.5.22b shows a region in strong strain contrast. 
found in several places. 

Quantitative Microstructural Measurements 

The preceeding results have shown that the major consequences of fast neutron irradiation on 
2-1I4Cr-lMo microstructures are the formation and development of voids, precipitates and dislocations. 
Voids were only found for irradiation temperatures below 500°C with swelling apparently at a maximum for the 
lowest temperature examined, 400OC. 
diation. This was most noticeable at the lowest irradiation temperature, 400 to 450'C whereas at a higher 
temperature it was often not possible to easily differentiate between precipitates which formed during irra- 
diation and those which were present prior to irradiation and only grew during irradiation. Both equiaxed 
and rod-shaped precipitates were present, but no attempt was made in this study to identify either the 
crystal structures or compositions of these phases. 
precipitates and M'C or Mzds for the equiaxed precipitates. However, it is conceivable that equiaxed pre- 
cipitates of two types coexist. Dislocation structures which developed due to the agglomeration of irradia- 
tion induced point defects could be identified only at 400OC. At higher temperatures, a dislocation network 
was formed which was difficult to distinguish from the dislocation structure present prior to irradiation or 
the scale of the dislocation structure was obscured by the precipitate structure. 
tion is to present results of quantitative measurements of voids, precipitates and dislocations made from 
micrographs of these structures. 

The results of quantitative measurements on micrographs of AAI specimens are given in Table 7.5.4 and 
similar measurements on AAXIV and AD2 specimens which were examined are provided in Table 7.5.5. Both 
tables ioentify the micrograph negative number from which measurements were made, provide swelling, number 
density and mean diameter for void populations, volume fraction, number density and mean diameter for 
equiaxed particles, number density and mean particle length for rod shaped particles and dislocation 
density. 
single micrograph. 
the tables. 
ferrite, upper bainite and lower bainite. 
and lower bainite following irradiation at higher temperature, lower bainite results are reported as 
measurements in ferrite. This is the case for 94E6, 94F6 and 94K6. 

measured in specimen 94ffi irradiated in AAI at 400°C but large variations in swelling were found from area 
to area with median values of 0.22% in ferrite, 0.06% in lower bainite and 0.045% in upper bainite. 
densities in this specimen condition were on the order of 1 x 10'' cm-' in ferrite, 3 x 10" cm-' in lower 
bainite and 1.3 x 10'' cm" in upper bainite. 
bainitic condition, 2 x 10" cm-', but swelling was lower, with peak swelling measured of 0.23% and median 
swelling measured of 0.10% following irradiation at 400OC. Fig. 7.5.23 has been constructed to show the 
temperature dependence of void development. Fig. 7.5.23a gives the swelling as a function of irradiation 
temperature for ferrite in AAI specimens. Results for AO2lAAXIV specimens at 400 and 450'C are also given. 
Swelling is highest at 400T but void measurements indicate a secondary peak occurs at 48OoC in the AAJ 
specimen condition. OenSity change measurements did not show this secondary peak. 
that the peak appears due to area to area variation and a resultant statistical bias in measurement which 
arose due to specimen preparation difficulties. Further examinations would be required to eliminate this 
possiblity. 
void density is much higher at 400OC. 

Precipitate development follows similar trends. With increasing temperature, precipitate number 
density decreases and mean precipitate size, or length for rod shaped precipitates increases. However 
estimates of precipitate volume fraction for spherical precipitates does not vary systematically with tem- 
perature. 
interest which are included in some measurements. The results of precipitate measurements in ADZIAAXIV 
specimens and in ferrite in AAI specimens are shown in Fig. 7.5.24. Comparison of Figs. 7.5.22 and 7.5.24 
indicates that precipitate size and number densities of spherical precipitates are at least as large as 
those for voids. 

higher than the AAI condition but both followed the same trend with temperature: 
was increased the dislocation density decreased. Fig. 7.5.25 has been prepared to demonstrate this 
behavior. 

Effects of irradiation are difficult to iden- 

Specimen 31CR irradiated at 500OC to 5.0 x 10" nlcm' was not very different. No voids were found. 

Examples of subgrain boundary development can be 

In both heat treatment conditions new precipitates formed during irra- 

A possible identification is M O L  for the rod shaped 

The intent of this sec- 

In many cases, micrographs did not provide clear images of all the features of interest in a 

In Table 7.5.4, measurements are reported for the three microstructural areas of interest: 
Therefore, features which were out of contrast were not measured and there are gaps in 

However, because of difficulty differentiating between ferrite 

The results of Tables 7.5.4 and 7.5.5 may be interpreted as follows. Void swelling as high as 0.5% was 

Void 

Void densities were similar in specimens NUYL and 31CP in the 

It is therefore possible 

The void density results shown in Fig. 7.5.23b also show a secondary maximum at 480Y but the 

This is believed to be a consequence of precipitates present prior to irradiation in the area of 

Dislocation densities are found to be between 10' and 10" cml'. The AD2lAAXIV condition was sanewhat 
as irradiation temperature 
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F i g .  7 . 5 . 2 3 .  Void measurements in ferrite AAI and ADZIAAXIV specimen conditions as  a function of 
temperature. Only results for ferrite in AAI silecimens are shown. 
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Fig. 7 . 5 . 2 5 .  Measurements of dislocation density plotted as a function o f  irradiation temperature. 
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7.5.4.4 D i s c u s s i o n  

The p r e s e n t  r e s u l t s  p r o v i d e  i n f o r m a t i o n  wh ich ans!qers s e v e r a l  q u e s t i o n s  c o n c e r n i n g  t h e  b e h a v i o r  of 
i r r a d i a t e d  2-1/4Cr-IMo s t e e l  h u t  w h i c h  a l s o  r a i s e s  s e v e r a l  f u r t h e r  q u e s t i o n s .  I t  i s  now demons t ra ted  t h a t  
v o i d  s w e l l i n y ,  d i s l o c a t i o n  l o o p  deve lopment  and p r e c i p i t a t i o n  o c c u r  as a r e s u l t  of f a s t  n e u t r o n  i r r a d i a t i o n  
i n  t h e  t e m p e r a t u r e  range  400 t o  480'C i n  2-1 /4Cr- lMo s t e e l .  The pu rpose  o f  t h i s  d i s c u s s i o n  w i l l  b e  t o  sum- 
i na r i ze  t h e s e  r e s u l t s  and t o  assess t h e  i m p l i c a t i o n s  of t h e s e  r e s u l t s  on t h e  i n t r e p r e t a t i o n  o f  i n - r e a c t o r  
c reep,  d e n s i t y  change dnd p o s t  i r r a d i a t i o n  t e n s i l e  b e h a v i o r  

E f f e c t s  o f  I r r a d i a t i o n  on M i c r o s t r u c t u r e  

F a s t  n e u t r o n  i r r a d i a t i o n  o f  2-1/4Cr-IMo produces m i c r o s t r u c t u r a l  f e a t u r e s  wh i ch  a r e  s i m i l a r  t o  t h o s e  
found i n  o t h e r  s t e e l s ' .  
f l u e n c e  l e v e l s ,  5 x 10" n/cm', 1.8 x l o * >  n/cm' and 2.5 x 10" n/cm'.& l t  i s  f ound  t h a t  f o r  i r r a d i a t i o n  a t  
425'C, p r e c i p i t a t i o n  and d i s l o c a t i o n  e v o l u t i o n  o c c u r  r a p i d l y ,  b y  5 x 10" n l c m '  b u t  v o i d  f o r m a t i o n  i s  only 
found a f t e r  1.6 x I O "  n/cm2 and f u r t h e r  v o i d  deve lopment  a f t e r  2 . 1  x 10" n /cm2  i s  f o u n d  t o  have produced 
l i t t l e  f u r t h e r  s w e l l i n g . '  
an i n c r e a s e  i n  s w e l l i n g  of o n l y  0.16% f rom 1.4 x 10" n/cm' t o  1.6 x 10 "  nlcrn '  a t  400°C. '  T h e r e f o r e ,  
2-1/4Cr-IMo i s  h i g h l y  s w e l l i n g  r e s i s t a n t  b u t  s w e l l i n g  does o c c u r  i n  t h e  a l l o y .  

The r e a s o n  f o r  t h i s  d i f f e r e n c e  canno t  b e  de te rm ined  a t  t h i s  time: s e v e r a l  p o s s i b i l i e s  e x i s t .  
i s  l i k e l y  t o  be a consequence o f  e i t h e r  d i f f e r e n c e s  i n  h e a t  t r e a t m e n t  p rocedu re  o r  h e a t - t o - h e a t  v a r i a t i o n .  
Heat  t r e a t m e n t  d i f f e r e n c e s  p r o v i d e  t h e  p o s s i b l e  c o r r e l a t i o n  t h a t  more c a r b o n  i n  s o l u t i o n  d e l a y s  t h e  o n s e t  o f  
s w e l l i n g  whereas c o m p o s i t i o n a l  d i f f e r e n c e s  such as n i c k e l  o r  m i n o r  i m p u r i t y  e f f e c t s  may have c o n t r o l l e d  t h e  
s w e l l i n g  response .  E x a m i n a t i o n  of a l t e r n a t e  h e a t  t r e a t m e n t  c o n d i t i o n s  i n c l u d e d  i n  t h e  AD7 t e s t  may p r o v i d e  
t h e  answer.  

I m p l i c a t i o n s  f o r  I r r a d i a t i o n  Creep M o d e l i n g  

t u b e s . '  That  s t u d y  c o n c l u d e d  t h a t  a t  480°C and below, e f f e c t s  o f  i r r a d i a t i o n  c o n t r o l l e d  b e h a v i o r  where a t  
57U"C t h e  t h e r m a l  c r e e p  c o n t r i b u t i o n s  were s i g n i f i c a n t .  
390°C was i n c r e a s e d  compared w i t h  t h a t  a t  480"C, p r o b a b l y  due t o  s w e l l i n g  enhanced c r e e p .  The m i c r o s t r u c -  
t u r a l  r e s u l t s  of t h i s  s t u d y  have shown v o i d  s w e l l i n g  i n  2-1 /4Cr- lMo a t  t empera tu res  as  h i g h  as 480°C whereas 
no i r r a d i a t i o n  i nduced  m i c r o s t r u c t u r e  c o u l d  he i d e n t i f i e d  i n  a specimen i r r a d i a t e d  a t  510'C. T h e r e f o r e ,  t h e  
t r a n s i t i o n  f r o m  i r r a d i a t i o n  i nduced  m i c r o s t r u c t u r e  c o n t r o l l e d  t o  t h e r m a l l y  c o n t r o l l e d  b e h a v i o r  o c c u r s  a t  
-500°C f o r  2-114Cr-1Mo. 
t i o n  o f  c o m p o s i t i o n  and i r r a d i a t i o n  h i s t o r y  as  t h e  p r e s s u r i z e d  t u b e s  i r r a d i a t e d  a t  390'C. The re fo re ,  s w e l l -  
i n g  enhanced i n - r e a c t o r  c r e e p  compared t o  t h e  480°C c o n d i t i o n  and v o i d  s w e l l i n g  causes f o r  d i a m e t e r  change 
i n  u n s t r e s s e d  t u b e s  can be v a l i d a t e d .  

For example,  t h e  AAI m a t e r i a l  has now been examined f o l l o w i n g  i r r a d i a t i o n  a t  t h r o e  

The peak s w e l l i n g  t e m p e r a t u r e  i s  a t  400°C o r  be low  and d e n s i t y  measurements show 

The o n s e t  o f  s w e l l i n g  o c c u r r e d  a t  much l ower  f l u e n c e  f o r  specimens i n  h o t h  t h e  AD2 and A A X I V  t e s t s .  
However, i t  

The p r e s e n t  r e s u l t s  v a l i d a t e  two  assumpt ions drawn i n  t h e  companion s t u d y  of i r r a d i a t e d  p r e s s u r i z e d  

The s t u d y  a l s o  conc luded  t h a t  i n - r e a t o r  c r e e p  a t  

A l s o ,  v o i d  s w e l l i n g  i s  f o u n d  i n  d i s k  specimens w h i c h  c o r r e s p o n d  t o  t h e  same c o n d i -  

I n t e r p r e t a t i o n  of D e n s i t y  Change Measurements 

M i c r o s t r u c t u r a l  e x a m i n a t i o n s  r e v e a l  two  mechanisms which can  cause t h e  d e n s i t y  changes obse rved  i n  
i r r a d i a t e a  AAI specimens. 
480°C o r  be low.  V o i d  volume f r a c t i o n  i s  g r e a t e s t  a t  t h e  l o w e s t  i r r a d i a t i o n  t e m p e r a t u r e  examined, 400°C, h u t  
t h e  accumula ted s w e l l i n g  i s  low, on t h e  o r d e r  o f  0.2% o r  l e s s  even a t  400°C. 
o c c u r s  d u r i n g  i r r a d i a t i o n .  P r e c i p i t a t i o n  can he expec ted  t o  l e a d  t o  changes i n  d e n s i t y  and e f f e c t s  as l a r g e  
as 0.2% a r e  n o t  un reasonab le .  The re fo re ,  d e n s i t y  change measurenients f o r  7-114Cr- lMo specimens i r r a d i a t e d  
i n  t h e  AAI t e s t  a r e  expec ted  t o  i n c l u d e  c o n t r i h u t i o n s  due t o  v o i d  s w e l l i n g  and p r e c i p i t a t i o n .  However, 
f u r t h e r  work w i l l  h e  r e q u i r e d  i n  o r d e r  t o  d e t e r m i n e  wh ich  p r e c i p i t a t e  phases have formed,  whe the r  t h o s e  
phases a l s o  f o r i n  d u r i n g  t h e r m a l  a g i n g  and whe the r  t h o s e  phases can e x p l a i n  t h e  d i f f e r e n c e s  between d e n s i t y  
change measurements and v o i d  s w e l l i n g  measurements.  

I n t e r p r e t a t i o n  of T e n s i l e  T e s t  R e s u l t s  

V o i d  s w e l l i n g  c a n  c o n t r i b u t e  t o  d e n s i t y  change f o r  i r r a d i a t i o n  t e m p e r a t u r e s  o f  

C o n c u r r e n t l y ,  p r e c i p i t a t i o n  

The p r e s e n t  m i c r o s t r u c t u r a l  r e s u l t s  demons t ra te  t h a t  i n t e r p r e t a t i o n  o f  p o s t i r r a d i a t i o n  t e n s i l e  t e s t s  
f o r  2 -1 /4Cr- IMo speci inens must  i n c l u d e  e f f e c t s  due t o  i r r a d i a t i o n  i nduced  ( o r  enhanced) p r e c i p i t a t e  deve lop-  
inent.  The p r e c i p i t a t e  s t r u c t u r e s  r e p r e s e n t  t h e  most  d e n s e l y  packed o b s t a c l e s  f o r  d i s l o c a t i o n  m o t i o n  i n  
specimens i r r a d i a t e d  a t  400°C. The re fo re ,  t h e y  l i k e l y  c o n t r o l  p l a s t i c  f l o w  b e h a v i o r .  Vo id  may c o n t r i b u t e  
b u t  a r e  expec ted  t o  l iave a s m a l l e r  e f f e c t ;  t h e  number d e n s i t y  i s  l ower ,  and i t  i s  l i k e l y  t h a t  t h e  l o w e r  
f l u e n c e  c o n d i t i o n  of t h e  t e n s i l e  specimens (compared t o  t h o s e  used f o r  m i c r o s t r u c t u r a l  e x a m i n a t i o n )  w i l l  
c o n t a i n  no v o i d  s w e l l i n g  whereas i r r a d i a t i o n  induced p r e c i p i t a t e s  w i l l  be p r e s e n t .  D i s l o c a t i o n  l o o p s  w i l l  
a l s u  c o n t r i b u t e  t o  p l a s t i c  f l o w  b e h a v i o r .  
a b a s i s  f o r  compar ing t h e  e f f e c t  o f  t h e s e  d i f f e r e n t  m i c r o s t r u c t u r a l  components on s t r e n g t h .  However, such 
a co inpars ion i s  c o n s i d e r e d  t o  be beyond t h e  scope o f  t h e  p r e s e n t  e f f o r t .  

M i c r o s t r u c t u r a l  s t u d i e s  c o n f i r m  t h a t  i r r a d i a t i o n  a t  550'C l e a d s  t o  decreases i n  p o s t  i r r a d i a t i o n  
s t r e n g t h  as a consequence o f  o v e r a g i n g  of t h e  p r e c i p i t a t e  s t r u c t u r e  and t h e  c o n c u r r e n t  loss  o f  I S S H .  How-  
e v e r ,  because m i c r o s t r u c t u r a l  compar isons w i t h  t h e r m a l l y  aqed specimens have n o t  y e t  been made, t h e  reason 
f o r  s t r e n g t h  d i f f e r e n c e s  between specimens t h e r m a l l y  aqed and i r r a d i a t e d  a t  550°C c a n n o t  be i d e n t i f i e d .  

The p r e s e n t  q u a n t i t a t i v e  m i c r o s t r u c t u r a l  measurements can  p r o v i d e  
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Possibilities are that different precipitation reaction sequences apply for the two environments or that 
the kinetics are different. 

1.5.5 Conclusion 

A series of nine specimen conditions of 2-1/4Cr-lMa have been examined by transmission electron micro- 
scopy following irradiation by fast neutrons over the temperature range 390 to 510°C. 
t o  produce void swelling, precipitation and dislocation network development at temperatures of 480OC or 
below whereas at 500°C and above, behavior can best be described as precipitate averaging. Void swelling 
varied as a function of irradiation temperature, preirradiation microstructure and possibly heat treatment 
or composition differences with peak swelling on the order of 0.2% found following irradiation at 400OC. 
The dislocation structure in a retained ferrite grain following irradiation at 400°C was found to contain 
predominantly a<100> dislocations with some a/2~111> dislocations also present. 

distinctly different microstructural regions. 
a dominant feature which should affect properties. 
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7.6 MICROSTRUCTURAL EXAMINATION OF SEVERAL COMMERCIAL ALLOYS IRRADIATED TO VERY H I G H  NEUTRON FLUENCE - 
D. S. G e l l e s  (Hanford E n g i n e e r i n g  Development L a b o r a t o r y )  

No c o n t r i b u t i o n .  
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7.7 ALLOY DEVELOPMENT FOR IMPROVED SWELLING RESISTANCE I N  F E R R I T I C  STEELS - J. M. V i t e k  and R. L. Klueh 
(flak Ridge Nat iona l  Labora to ry )  

7.7.1 A D I P  Task 

A D I P  t a s k s  a re  no t  d e f i n e d  f o r  Path E F e r r i t i c  S tee ls  i n  t h e  1978 program plan.  

7.7.2 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  i n v e s t i g a t e  t h e  f a c t o r s  t h a t  r e s u l t  i n  d i f f e r e n t  s w e l l i n g  charac-  
t e r i s t i c s  of f e r r i t i c  s t e e l s .  
s t e e l s .  

These r e s u l t s  should pave t h e  way f o r  improved s w e l l i n g - r e s i s t a n t  f e r r i t i c  

7.7.3 Summary 

Eleven b u t t o n  m e l t  heats  o f  f e r r i t i c  s t e e l  have been produced and a r e  be ing  processed t o  sheet form. 
Transmission e l e c t r o n  microscopy (TEM) d i s k s  o f  these heats w i l l  be i r r a d i a t e d  i n  t h e  High F lux  I so tope  
Reactor (HFIR), and t h e i r  p o s t i r r a d i a t i o n  e v a l u a t i o n  i s  expected t o  p r o v i d e  i n s i g h t  toward improv ing  t h e  
s w e l l i n g  r e s i s t a n c e  o f  f e r r i t i c  s t e e l s .  

7.7.4 Progress and Status 

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

Several s t u d i e s  have been conducted t o  e v a l u a t e  t h e  s w e l l i n g  response o f  9 Cr-1 MoVNb and 12 Cr-1 MoVW 
t o  i r r a d i a t i o n .  
d isks.2 
t h e  presence o f  he l ium enhances s w e l l i n g .  
even though t h e  s w e l l i n g  observed was min imal ,  an apparent t r e n d  e x i s t e d .  
g r e a t e r  tendency f o r  s w e l l i n g  than 12 Cr-1 MoVW. 

t h e  s w e l l i n g  v a r i a t i o n .  
s t e e l s ,  i t  i s  hoped an even more s w e l l i n g - r e s i s t a n t  a l l o y  can be developed. 

7.7.4.2 A l l o y  Design Cons idera t ions  

These i n v e s t i g a t i o n s  have been on ERR-I1 i r r a d i a t e d  specimens' as w e l l  as H F I R- i r r a d i a t e d  

The 9 Cr-1 MoVNb a l l o y  showed a 

I n  t h e  l a t t e r  case, t h e  simultaneous p r o d u c t i o n  o f  he l ium w i t h  i r r a d i a t i o n  damage i n d i c a t e d  t h a t  
Regardless o f  which r e a c t o r  was used f o r  t h e  i r r a d i a t i o n ,  and 

Rased on t h i s  evidence, a s e r i e s  o f  a l l o y s  was designed t o  address t h e  q u e s t i o n  of what accounts f o r  
By l e a r n i n g  more about t h e  a l loy- dependent  c h a r a c t e r i s t i c s  of s w e l l i n g  i n  f e r r i t i c  

Although t h e  9 Cr-1 MoVNb and 12 Cr-1MoVW a l l o y s  a re  s i m i l a r  i n  s t r u c t u r e  and composi t ion,  severa l  
fea tu res  are d i f f e r e n t .  
one a l t e r a t i o n  a t  a t ime. 
comparisons poss ib le .  

An at tempt  was made t o  separate these  v a r i a t i o n s  and produce a l l o y s  t h a t  cons ider  
Eleven d i f f e r e n t  a l l o y  composi t ions were designed i n  an e f f o r t  t o  make s p e c i f i c  

The nominal a l l o y  composi t ion v a r i a t i o n s  a re  g i v e n  i n  Table 7.7.1. 
"Wandr l rd"  9 C r - 1  MoVNb and 12 Cr-1 MOVW a l l o y s  -. . . . . . 

were i n c l u d e d  t o  ensure t h a t  t h e  d i f fe rences  obser ied  
o r p v i o u s l v  s t i l l  e x i s t e d  i n  t h e  s m a l l - s c a l e  b u t t o n  Table 7.7.1. Nominal composi t ional  v a r i a t i o n s  

~ ~~~ 

me l t s .  i h e s e  a l l o y s  a re  a l l o y s  R and F, r e s p e c t i v e l y .  (wt  %) o f  exper imenta l  hea ts  
Several elemental v a r i a t i o n s  were considered. 

e f f e c t  of Cr i n  9 Cr-1 MoVNb - a l l o y s  B and L 
These inc luded :  Heat I D  C r  MO N i  C Nb W 

i n  12 Cr-1 MoVW - a l l o y s  D and F R 9 1 0.1 0.1 0.06 
I 0.4 0.1 0.06 

i n  12 Cr-1 MoVNb - a l l o y s  F, J ,  and K E 9 1 0.1 0.1 

e f f e c t  of Nb i n  9 C r - 1  MoVNb - a l l o y s  R and E H 12 1 0.4 0.2 

e f f e c t  of W i n  12 Cr-1 MoVW - a l l o y s  F and H C 9 
e f f e c t  o f  N i  i n  9 C r - 1  MoVNb - a l l o y s  B and C D 9 1 0.4 0.2 0.5 

F 12  I 0.4 0.2 0.5 
i n  12 Cr-1 MoVW - a l l o y s  F and G I; 12 I 0.4 0.1 0.5 

Several composi t ional  v a r i a t i o n s  are expected t o  J 12 1 0.5 0.2 0.5 
have s ide  e f fec ts .  For example, i t  i s  known2 t h a t  not  K 12 1 0.6 0.2 0.5 

and 
somewhat. 
c o n c e n t r a t i o n  of ca rb ides  a t  p r i o r  a u s t e n i t e  g r a i n  
boundaries. Th is  i s  l i k e l y  t o  be due t o  t h e  presence 
of n iob ium i n  9 Cr-1 MoVNb. Hence t h e  e f f e c t  o f  carbon l e v e l  i s  be ing eva lua ted  i n  both a l l o y s ,  so t h a t  
presumably bo th  ca rb ide  d i s t r i b u t i o n s  w i l l  be inc luded .  For a f i x e d  carbon l e v e l ,  t h e  e f f e c t  of ca rb ide  
d i s t r i b u t i o n  i s  expected t o  be covered by t h e  n iob ium :omparison. 

With i r r a d i a t i o n  i n  HFIR, t h e  amount o f  he l ium produced d u r i n g  i r r a d i a t i o n  i s  r e l a t e d  t o  t h e  n i c k e l  
content .  Therefore, a comparison of d i f f e r e n t  n i c k e l  con ten ts  w i l l  a l s o  i n c l u d e  a comparison w i t h  d i f f e r e n t  
h e l i u m  l e v e l s .  
cons tan t  he l ium l e v e l s  w i l l  be p o s s i b l e  by comparing a l l o y s  C and F. 

e f f e c t  o f  C i n  9 Cr-1 MoVNb - a l l o y s  R and I 

I 9 I 0.1 0.2 0.06 

I 0.1 0.1 0.06 o n l y  a re  t h e  ca rb ide  l e v e l s  d i f f e r e n t  i n  9 Cr-1 MoVNb L 12 12 Cr-1 MoVW, bu t  t h e i r  d i s t r i b u t i o n s  a l s o  vary - ~.. 
The 9 Cr-1 MoVNb a l l o y  has a much g r e a t e r  

To separate these e f f e c t s  somewhat, t h e  e f f e c t  of m u l t i p l e  element v a r i a t i o n  b u t  w i t h  
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7.7.4.3 A l l o y  P r e p a r a t i o n  and E v a l u a t i o n  

Combustion Eng ineer ing  t o  p r o v i d e  a common b a s i s  f o r  a l l  t h e  a l l o y  b u t t o n  m e l t s ,  so o n l y  m inor  f u r t h e r  a l l o y  
a d d i t i o n s  were needed. 
sheet. Each b u t t o n  m e l t  w i l l  c o n s i s t  o f  approx imate ly  0.5 kg (1 l b )  of m a t e r i a l .  

These a l l o y s  a r e  in tended  t o  p r o v i d e  i n f o r m a t i o n  on t h e  s w e l l i n g  response o f  f e r r i t i c  s t e e l s .  
w i l l  be accomplished by i r r a d i a t i n g  TEM d i s k s  i n  HFIR a t  t h e  peak s w e l l i n g  tempera tu re  of 400°C t o  a damage 
l e v e l  o f  50 dpa. The HFIR-CTR-49 exper iment ,  desc r ibed  elsewhere i n  t h i s  r e p o r t ,  w i l l  be used. I n  o r d e r  
n o t  t o  de lay t h e  s t a r t  of t h i s  exper iment ,  and u n t i l  more i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  hea t  t r e a t m e n t  
response of these  a l ? o y s ,  a s tandard heat  t rea tment  of 1n5floC/0.5 h/AC + 760"C/1 h/AC w i l l  be used f o r  
a l l  a l l o y s .  

However, t h e  
e f f e c t  of heat  t rea tment  v a r i a t i o n s  on t h e  s w e l l i n g  response o f  f e r r i t i c s  w i l l  be examined f o r  t h e  s tandard 
9 Cr-1 MoVNb and 12 Cr-1 MoVW a l l o y s  by i r r a d i a t i n g  these  m a t e r i a l s  i n  t h e  HFIR-CTR-50 experiment t o  100 dpa 
a t  400°C. 

An 18-kg ( 4 0- l b )  master  a l l o y ,  w i t h  t h e  minimum a l l o y  con ten t  common t o  a l l  a l l o y s ,  was p rocured  from 

The e leven b u t t o n  m e l t s  a r e  be ing  me l ted  and r o l l e d  down t o  2.25-mm (0.010- in.) 

Th is  

The i n f l u e n c e  of heat  t rea tment  on s w e l l i n g  behav io r  w i l l  n o t  be addressed i n  t h i s  s tudy.  
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7.8 The I n f l u e n c e  of S tep  A u s t e n i t i z i n g  T rea tmen t  on  t h e  Toughness and T e n s i l e  D u c t i l i t y  o f  
Hydrogen Charged HT-9, W .  M. G a r r i s o n ,  Jr. (SNL-L), J .  M .  Hyzak ( S N L - L )  

7.8.1 AOIP Task 

The Depar tment  o f  Energy  (DOE)  O f f i c e  of F u s i o n  Energy (OFE) has c i t e d  t h e  need f o r  t h e s e  
d a t a  unde r  t h e  A D I P  Program Task,  F e r r i t i c  A l l o y  Development ( P a t h  E). 

7.8.2 O b j e c t i v e  

The g o a l  o f  t h i s  s t u d y  i s  t o  e v a l u a t e  t h e  hydrogen c o m p a t i b i l i t y  o f  t h e  12Cr-1Mo f e r r i t i c /  
m a r t e n s i t i c  s t e e l  HT-9 f o r  u s e  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 .  Th i s  r e p o r t  summarizes 
d a t a  on t h e  e f f e c t  o f  i n t e r n a l  hydrogen on t h e  room t e m p e r a t u r e  t e n s i l e  p r o p e r t i e s  o f  t h i s  ESR 
p rocessed  12Cr-1Mo s t e e l .  

7.8.3 Summary 

P r i o r  r e s e a r c h  on  t h e  t e n s i l e  b e h a v i o r  o f  t h e  quenched and tempered s t e e l  HT-9 has shown t h a t  t h e  
s t e e l  e x h i b i t s  marked s u s c e p t i b i l i t y  t o  hydrogen e m b r i t t l e m e n t  and hyd rogen  i nduced  i n t e r g r a n u l a r  
f r a c t u r e  ( 1 , 2 ) .  The s e v e r i t y  of t h e  e m b r i t t l e m e n t  can be s i g n i f i c a n t l y  reduced  and t h e  i n t e r -  
g r a n u l a r  f r a c t u r e  mode e n t i r e l y  e l i m i n a t e d  by swaging and r e t e m p e r i n g  t h e  s t e e l  ( 3 ) .  
improvements a r e  a t t r i b u t e d  t o  a r e o r i e n t a t i o n  o f  t h e  p r i o r  a u s t e n i t e  g r a i n  bounda r i es  w i t h  r e s p e c t  
t o  t h e  t e n s i l e  a x i s  and t o  reduced  c a r b i d e  and i m p u r i t y  cove rages  o f  g r a i n  boundary  i n t e r f a c e s .  

These 

The swaging r e s u l t s  sugges t  t h a t  t h e  hyd rogen  c o m p a t i b i l i t y  o f  HT-9 c o u l d  be i n c r e a s e d  by 
r e d u c i n g  t h e  g r a i n  s i z e .  To assess t h e  r o l e  o f  g r a i n  s i z e ,  two d i f f e r e n t  a u s t e n i t i z i n g  t r e a t m e n t s  
were employed. The f i r s t  employed r e d u c t i o n s  i n  a u s t e n i t i z i n g  t e m p e r a t u r e  t o  r e f i n e  t h e  p r i o r  
a u s t e n i t e  g r a i n  s i z e .  
two s t e p  a u s t e n i t i z i n g  t r e a t m e n t  was used.  I n  t h e s e  t r e a t m e n t s  specimens were quenched f r o m  a 
f i x e d  i n i t i a l  a u s t e n i t i z i n g  t e m p e r a t u r e  w h i c h  d e t e r m i n e s  t h e  a u s t e n i t e  g r a i n  s i z e  t o  a second, 
l o w e r ,  a u s t e n i t i z i n g  t e m p e r a t u r e .  The second a u s t e n i t i z i n g  t e m p e r a t u r e  w i l l  r e d i s t r i b u t e  t h e  
c a r b i d e s  and g r a i n  boundary  seg regan ts .  As t h e  same t e m p e r a t u r e s  were used i n  v a r y i n g  t h e  
a u s t e n i t i z i n g  t e m p e r a t u r e  and t h e  second a u s t e n i t i z i n g  t e m p e r a t u r e  i n  t h e  s t e p  t r e a t m e n t s ,  
compar i son  o f  t h e  two t r e a t m e n t s  s h o u l d  p r o v i d e  some i n s i g h t  as  t o  t h e  r o l e  o f  g r a i n  s i z e  i n  
t h e  hydrogen embri  t t l e m e n t  of t h i s  s t e e l .  

To assess t h e  r o l e s  o f  m i c r o s t r u c t u r a l  f e a t u r e s  o t h e r  t h a n  g r a i n  s i z e ,  a 

The m a j o r  e f f e c t s  o f  l o w e r i n g  t h e  a u s t e n i t i z i n g  t e m p e r a t u r e  f r o m  1050° C a r e  t o  i n c r e a s e  
t h e  hyd rogen  cha rged  t e n s i l e  d u c t i l i t y  and t o  r e d u c e  t h e  y i e l d  s t r e n g t h .  
i t i z i n g  t e m p e r a t u r e  f r o m  1050" t o  9000 C i n c r e a s e s  t h e  hydrogen cha rged  t e n s i l e  d u c t i l i t y  
from 135: t o  47% and dec reases  t h e  y i e l d  s t r e n g t h  f r om 110 k s i  t o  72  k s i .  Dec reas ing  t h e  second 
a u s t e n i t i z i n g  t e m p e r a t u r e  i n  t h e  s t e p  t r e a t m e n t  does n o t  l o w e r  t h e  y i e l d  s t r e n g t h  as much as 
l o w e r i n g  t h e  a u s t e n i t i z i n g  t e m p e r a t u r e .  
i t i z i n g  t empera tu res ,  t h e  c a r b i d e  m o r p h o l o g i e s  a r e  n o t  t h e  same and compar i son  o f  t h e  two h e a t  
t r e a t m e n t s  c a n n o t  be used t o  d e f i n e  t h e  r o l e  o f  g r a i n  s i z e .  

D e c r e a s i n g  t h e  a u s t e n-  

The re fo re ,  a t  t h e  same a u s t e n i t i z i n g  and second a u s t e n-  

7.8.4 P roq ress  and S t a t u s  

7 . 8 . 4 . 1 I n t r o d u c t i o n  

P r e v i o u s  work has shown t h a t  t h e  i n t r o d u c t i o n  o f  6 wppm hyd rogen  by  c a t h o d i c  c h a r g i n g  reduces  
t h e  t e n s i l e  r e d u c t i o n  i n  a r e a  of HT-9 from a b o u t  59% t o  1396 and a l t e r s  t h e  f r a c t u r e  mode f r o m  
d u c t i l e  r u p t u r e  t o  one s u b s t a n t i a l l y  i n t e r g r a n u l a r  a l o n g  p r i o r  a u s t e n i t e  g r a i n  bounda r i es  (1,Z). 
The s u s c e p t i b i l i t y  o f  HT-9 t o  hydrogen i nduced  e m b r i t t l e m e n t  and g r a i n  boundary  f r a c t u r e  can  be 
v i r t u a l l y  e l i m i n a t e d  by swaging and r e t e m p e r i n g  t h e  quenched and tempered s t r u c t u r e  ( 3 ) .  The 
improved hydrogen c o m p a t i b i l i t y  o f  swaged and re tempered  HT-9 i s  a t t r i b u t e d  t o  b o t h  a r e o r i e n t a t i o n  
of p r i o r  a u s t e n i l e  g r a i n  bounda r i es  w i t h  r e s p e c t  t o  t h e  t e n s i l e  a x i s  and t o  r e d u c t i o n s  i n  t h e  
cove rage  of t h e  g r a i n  bounda r i es  by b o t h  c a r b i d e s  and i m p u r i t i e s .  The success o f  t h e  swaging 
t r e a t m e n t  sugges ts  t h a t  h e a t  t r e a t m e n t s  d e s i g n e d  t o  b o t h  v a r y  t h e  p r i o r  a u s t e n i t e  g r a i n  s i z e  and 
t h e  e: . tent  of c a r b i d e  and i m p u r i t y  coverages of t h e s e  bounda r i es  m i g h t  be employed t o  improve  t h e  
hydrogen c o m p a t i b i l i t y  o f  t h e  HT-9 and t o  d e f i n e  t h e  r e l a t i v e  i m p o r t a n c e  of g r a i n  boundary c a r b i d e s  
and seg regan ts  i n  c a u s i n g  t h e  e m b r i t t l e m e n t .  
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Two t y p e s  o f  v a r i a t i o n s  i n  h e a t  t r e a t m e n t  were employed. 
were v a r i e d ;  t h e  a u s t e n i t i z i n  

a u s t e n i t e  g r a i n  s i z e .  

I n  t h e  f i r s t ,  a u s t e n i t i z i n g  t e m p e r a t u r e s  
t empera tu res  used were 10500 C, t h e  cus tomary  a u s t e n i t i z i n g  

t empera tu re ,  1000° C, and 950 3 C. Lower ing  t h e  a u s t e n i t i z i n g  t empera tu re  w i l l  r educe  t h e  

The second n e a t  t r e a t m e n t  v a r i a t i o n  u t i l i z e d  a s t e p  a u s t e n t i t i z i n g  t r e a t m e n t  i n  wh i ch  specimens 
were h e l d  a t  1050° C and t h e n  t r a n s f e r r e d  t o  a f u r n a c e  a t  a t e m p e r a t u r e  of e i t h e r  10000 C, 
9500 C o r  900° C.  
second a u s t e n i t i z i n g  t e m p e r a t u r e  w i l l  change c a r b i d e  and s e g r e g a n t  d i s t r i b u t i o n .  

The i n i t i a l  a u s t e n i t i z i n g  t e m p e r a t u r e  w i l l  f i x  t h e  g r a i n  s i z e ,  w h i l e  t h e  

7.8.4.2 E x p e r i m e n t a l  P rocedu re  

The 12Cr-1Mo s t e e l  used i n  t h i s  s t u d y  was 1 . 5 9  cm t h i c k  ESR p rocessed  p l a t e  w i t h  chemica l  
c o m p o s i t i o n :  

P - - C C r  Ma V W S i  Mn s __ 
0.20 12.1 1.04 0.28 0.45 0.17 0.57 .003 .016 

The t r a n s v e r s e  t e n s i l e  p r o p e r t i e s  were de te rm ined  f o r  t h e  f o l l o w i n g  two t y p e s  o f  a u s t e n i t i z i n g  
t r e a t m e n t s .  For  t h e  f i r s t ,  spec imen b l a n k s  were a u s t e n i t i z e d  f o r  45 m i n u t e s ,  a i r  c o o l e d ,  
tempered a t  7500 C f o r  one hour  and t h e n  wa te r  quenched; a u s t e n t i z i n g  t e m p e r a t u r e s  of 
10500, 1000°, 950° and 900' C were used.  
specimens were a u s t e n i t i z e d  a t  1050° C f o r  45 m i n u t e s ,  i m m e d i a t e l y  t r a n s f e r r e d  t o  a n o t h e r  
f u r n a c e  a t  t h e  second a u s h i t i z i n g  t e m p e r a t u r e  and h e l d  f o r  45 m i n u t e s .  
a u s t e n i t i z i n g  t e m p e r a t u r e s  were 1000°, 950°, and 900° C.  
tempered f o r  one hour  a t  750° C and t h e n  wa te r  quenched. 

For  t h e  second t y p e  o f  a u s t e n i t i z i n g  t r e a t m e n t  

The second 
The specimens were t h e n  a i r  c o o l e d ,  

Round t e n s i l e  specimens were t h e n  mach ined f r o m  t h e  h e a t  t r e a t e d  specimen b l a n k s .  
specimens had a gage d i a m e t e r  and l e n g t h  o f  0.28 cm and 2.0 cm r e s p e c t i v e l y .  

The t e n s i l e  

T e n s i l e  specimens were c a t h o d i c a l l y  cha rged  w i t h  hydrogen a t  room t e m p e r a t u r e  a t  a c u r r e n t  d e n s i t y  
o f  0.006 A/cm2 f o r  2.5 hours  i n  a 4% s u l p h u r i c  a c i d  s o l u t i o n  c o n t a i n i n g  5 mg/o f  sodium 
a r s e n a t e  as  a r e c o m b i n a t i o n  p o i s o n .  When cha rged  f o r  2.5 hou rs  t h e  quenched-and- tempered m a t e r i a l  
a u s t e n i t i z e d  a t  10500 C and tempered c o n t a i n e d  6-8 wppm o f  hyd rogen  as measured by a LECO 
hyd rogen  d e t e r m i n a t o r .  
coppe r  and t h e n  e q u i l i b r a t e d  24  hou rs  b e f o r e  t e s t i n g .  A l l  t e n s i l e  t e s t s  were r u n  a t  room tempera-  
t u r e  a t  a n  i n i t i a l  s t r a i n  r a t e  of 0.025/min. 

A f t e r  c h a r g i n g ,  t h e  specimens were i m m e d i a t e l y  p l a t e d  w i t h  0.004 cm o f  

The e x t e n t  o f  c a r b i d e  g r a i n  boundary  coverage was d e t e r m i n e d  f r o m  ca rbon  r e p l i c a s  o f  p o l i s h e d  
specimens e t c h e d  w i t h  V i l e l l a ' s  r e a g e n t .  
t a k e n  and t h e  t o t a l  l e n g t h  o f  t h e  bounda ry  and t h e  t o t a l  d i s t a n c e  between c a r b i d e s  were measured 
f o r  each. 
l e n g t h  was t a k e n  as t h e  f r a c t i o n  o f  t h e  g r a i n  boundary  a r e a  c o v e r e d  by  c a r b i d e s  ( 4 ) .  
t e n  a c c e p t a b l e  m i c r o g r a p h s  were used t o  d e t e r m i n e  an ave rage  c a r b i d e  g r a i n  boundary  cove rage  f o r  
each  c o n d i t i o n .  
c l e a r l y  d e f i n e d  a l o n g  t h e i r  e n t i r e  c i r c u m f e r e n c e .  

M i c r o g r a p h s  o f  p r i o r  a u s t e n i t e  g r a i n  bounda r i es  were 

The r a t i o  o f  t h e  g r a i n  boundary  l e n g t h  c o n t a i n i n g  c a r b i d e s  t o  t h e  t o t a l  g r a i n  boundary  
A minimum o f  

An a c c e p t a b l e  m i c r o g r a p h  was one i n  wh i ch  t h e  g r a i n  boundary  c a r b i d e  images were 

7.8.4.3 R e s u l t s  

The e f f e c t s  o f  v a r i a t i o n s  i n  a u s t e n i t i z i n g  t e m p e r a t u r e  on t h e  mechan i ca l  p r o p e r t i e s  o f  HT-9 a r e  
summarized i n  T a b l e  I. 
cha rged  t e n s i l e  d u c t i l i t y  and Charpy i m p a c t  e n e r g y  b u t  s i g n i f i c a n t l y  l owered  t h e  y i e l d  s t r e n g t h  
and i n c r e a s e d  t h e  t e n s i l e  d u c t i l i t y  a f t e r  hyd rogen  c h a r g i n g .  The y i e l d  s t r e n g t h  i s  110 k s i  a f t e r  
a u s t e n i t i z i n g  a t  1050° C ,  and dec reases  t o  72  k s i  on a u s t e n i t i z i n g  a t  900' C .  
d u c t i l i t y  a f t e r  hyd rogen  c h a r g i n g  i s  13% a f t e r  a u s t e n i t i z i n g  a t  1050O C ,  i n c r e a s e s  as t h e  
a u s t e n i t i z i n g  t e m p e r a t u r e  i s  l owered  and i s  47.8% a f t e r  a u s t e n i t i z i n g  a t  900° C. The i n t e r -  
g r a n u l a r  f r a c t u r e  mode observed on an a u s t e n i t i z i n g  a t  10500 C d i s a p p e a r s  a t  t h e  a u s t e n i t i z i n g  
t e m p e r a t u r e  i s  dec reased  ( F i g u r e  1). 

Reduc ing  t h e  a u s t e n i t i z i n g  t e m p e r a t u r e  d i d  n o t  m a r k e d l y  change t h e  un-  

The t e n s i l e  
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The e f f e c t s  of t h e  two- s tep  a u s t e n i t i z i n g  t r e a t m e n t  a r e  summarized i n  Table  2. 
do n o t  s i g n i f i c a n t l y  a l t e r  t h e  uncharged t e n s i l e  d u c t i l i t y .  
t empera tu re  does reduce t h e  y i e l d  s t r e n g t h  b u t  n o t  as marked ly  as s i m p l y  d e c r e a s i n g  t h e  aus ten-  
i t i z i n g  , temperature.  
t e n s i l e  d u c t i l i t y ;  however, i t  does r e s u l t  i n  a s i g n i f i c a n t  d r o p  i n  t h e  Charpy i m p a c t  toughness. 
The Charpy impac t  toughness of HT-9 i s  reduced from 86 f t - l b s  t o  44 f t - l b s  when t h e  second 
a u s t e n i t i z i n g  tempera tu re  i s  gooo C. 

These t r e a t m e n t s  
Lower ing t h e  second a u s t e n i t i z i n g  

Reducing t h e  second a u s t e n i t i z i n g  tempera tu re  does n o t  improve t h e  hydrogen 

7.8.4.4 D i s c u s s i o n  

The s i g n i f i c a n t  r e s u l t  i s  t h a t  as t h e  a u s t e n i t i z i n g  tempera tu re  i s  lowered,  t h e  hydrogen charged 
t e n s i l e  d u c t i l i t y  i n c r e a s e s  and b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e  i s  e l i m i n a t e d .  
due i n  p a r t  t o  a marked r e d u c t i o n  i n  g r a i n  s i z e .  
i t i z i n g  a t  10500 C and a b o u t  1 5  um a f t e r  a u s t e n i t i z i n g  a t  1000° C ( F i g u r e  2 ) .  
does n o t  seem t o  decrease a p p r e c i a b l y  on dec reas ing  t h e  a u s t e n i t i z i n g  tempera tu re  below 1000° C. 
The re fo re ,  t h e  i n c r e a s e  i n  hydrogen t e n s i l e  d u c t i l i t y  observed as t h e  a u s t e n i t i z i n g  tempera tu re  
i s  lowered below 1000° C i s  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  r e d u c t i o n  i n  y i e l d  s t r e n g t h .  
r e d u c t i o n  i n  y i e l d  s t r e n g t h  i s  due t o  t h e  reduced s o l u b i l i t y  of t h e  a l l o y  c a r b i d e s  a s s o c i a t e d  
w i t h  l ower  a u s t e n i t i z i n g  temperatures.  

The s t e p  a u s t e n i t i z i n g  t rea tmen ts  were employed t o  e l i m i n a t e  g r a i n  s i z e  v a r i a t i o n s  b u t  a l l o w  
v a r i a t i o n s  i n  o t h e r  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 c a r b i d e  s o l u b i l i t y  and d i s t r i b u t i o n  as 
w e l l  as t h e  e x t e n t  of i m p u r i t y  s e g r e g a t i o n .  The r e s u l t s  o f  t h e  s t e p  a u s t e n i t i z i n g  t r e a t m e n t s  
c o u l d  t h e n  be compared w i t h  those from t h e  v a r i a t i o n s  i n  a u s t e n i t i z i n g  tempera tu re  t o  p r o v i d e  
some i n s i g h t  as t o  t h e  r o l e  o f  g r a i n  s i z e .  
d i s t r i b u t i o n  e s t a b l i s h e d  a t  a p a r t i c u l a r  a u s t e n i t i z a t i o n  tempera tu re  and t h e  same second 
a u s t e n i t i z i n g  tempera tu re  were i d e n t i c a l .  
have v e r y  d i f f e r e n t  y i e l d  s t r e n g t h s .  

Th is  p r o b a b l y  i s  

The g r a i n  S ize  
The g r a i n  s i z e  i s  abou t  150 pm a f t e r  austen-  

The 

Th is  compar ison w u l d  be v a l i d  if t h e  c a r b i d e  

However, t h i s  i s  n o t  t h e  case, as these temperatures 

W h i l e  t h i s  comparison canno t  be made, i t  i s  c l e a r  t h a t  l o w e r i n g  t h e  second a u s t e n i t i z i n g  temp- 
e r a t u r e  i n  t h e  s t e p  t r e a t m e n t s  r e s u l t s  i n  a d d i t i o n a l  g r a i n  boundary s u s c e p t i b i l i t y  t o  f r a c t u r e .  
Wh i le  n o t  r e f l e c t e d  i n  t h e  hydrogen charged t e n s i l e  d u c t i l i t y  t h i s  i s  r e f l e c t e d  on t h e  Charpy 
r e s u l t s .  
reduced and t h e  f r a c t u r e  becomes i n c r e a s i n g  i n t e r g r a n u l a r .  Th is  i n c r e a s e d  tendency f o r  i n t e r -  
g r a n u l a r  f r a c t u r e  canno t  be a t t r i b u t e d  t o  changes i n  t h e  f r a c t i o n  o f  t h e  p r i o r  a u s t e n i t e  g r a i n  
boundar ies  covered by c a r b i d e s .  
a u s t e n i t i z i n g  t rea tmen ts  used. 

The Charpy impact  toughness decreases as t h e  second a u s t e n i t i z i n g  tempera tu re  i s  

The e x t e n t  of t h i s  coverage remains a b u t  85% f o r  t h e  f o u r  Step 

7.8.5 

7.8.6 

Conc lus ions 

The use of  lower  a u s t e n i t i z i n g  tempera tu res  i n c r e a s e s  t h e  hydrogen charged t e n s i l e  d u c t i l i t y  
o f  HT-9. 

S tep  a u s t e n i t i z i n g  t r e a t m e n t s  do n o t  a l t e r  t h e  hydrogen c o m p a t i b i l i t y  o f  HT-9, b u t  r e d u c i n g  t h e  
second tempera tu re  i n  these t r e a t m e n t s  does reduce t h e  Charpy impac t  toughness. 
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Table 1 

Effect of Austenitizing Temperature on Mechanical Properties 

Austenitizing Yield 
Temperature Strength 

(OC) (ksi) 

1050 110 

1000 92 

950 84 

900 72 

Charpy X Reduction in area 
Toughness Uncharged' Charged 
(ft-lbs) 

86 59 13 

90 65.6 20.7 

87 68.7 40 

83 63.5 47.8 

Table 2 

Effect of Step Austenitizing Treatment on Mechanical Properties 

Second Yield Charpy %Reduction i n  area 
Temperature Strength Toughness uncharged charged 

1050 110 86 59 13 

1000 103 80 62.4 7.3 

950 96 65 59.9 9.2 

900 96 44 60.4 6.2 

(OC) (ksi) (f t- 1 bs ) 
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Figure 1 
Fractographs o f  hydrogen charged HT-9 t e n s i l e  specimens a u s t e n i t i z e d  a t  

a )  10500 C ,  b) 10000 C, c )  9500 C.  and d )  9000 C. 

F iaure 2 
Opt ical  micrographs-of HT-9 a u s t e n i t i z e d  a t  

a )  10500 C, b )  10000 C, c )  9500 C, and d )  900° C .  
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7.9 HYDROGEN- INDUCED DUCTILITY LOSSES I N  THE HEAT-AFFECTED ZONE OF HT 9 WELDMEXTS - J. C .  LIPPOLD AND 
J. M. H Y Z A K .  SANDIA NATIONAL LABORATORIES, LIVERMORE 

7.9.1 ADIP T a s k  

The Department of Energy (DOE)/Office of F u s i o n  Energy (OFE)  has c i t e d  the  need t o  inves t iga te  
f e r r i t i c  a l l o y s  under the A D I P  progpam t a s k ,  F e r r i t i c  S t e e l s  Development (Path E ) .  

7.9.2 Objective 

Resul ts  reported previously have demonstrated the  de le t e r ious  e f f e c t  of i n t e r n a l  hydrogen on the  
t e n s i l e  d u c t i l i t y  oP quench-and-tempered HT 9 .  
degradation i n  d u c t i l i t y  occurs i n  the  weld heat- affected zone ( H A Z )  and t o  study the  e f f e c t  of postweld 
heat  treatment on the hydrogen-charged t e n s i l e  behavior. 

The goals  of t h i s  task  a r e  t o  determine if  similar 

7.9.3 Summary 

The e f f e c t  of i n t e r n a l  hydrogen introduced by cathodic charging on the  t e n s i l e  behavior of simulated 
HAZ micros t ructures  has been evaluated. The l o s s  i n  d u c t i l i t y  of the HAZ a f t e r  a postweld heat  treatment 
a t  75OoC is equivalent  t o  t h a t  observed i n  the  quench-and-tempered base mater ia l .  A postweld heat  
treatment a t  600'C r e s u l t s  i n  t e n s i l e  d u c t i l i t i e s  which a r e  i n f e r i o r  t o  those of t h e  base metal a t  
comparable charging levels. 

7.9.4 Progress and S t a t u s  

7.9.4.1 In t roduct ion 

Previous work [ l - 4 1  has shown t h a t  hydrogen introduced by cathodic charging severely reduces the  
t e n s i l e  d u c t i l i t y  of quench-and-tempered ( Q / T )  HT 9. The reduction i n  a rea  ( R A )  decrease associa ted  with 
i n t e r n a l  hydrogen is summarized i n  Figure 7.9.1 for both t h e  AOD-melted and ESR vers ions  of the  National 
Fusion Heat [51. Therm-mechanical treatment has been shown t o  influence the behavior of HT 9 i n  
hydrogen. For example, cold swaging and retempering the i n i t i a l  Q/T mater ia l  was found t o  s u b s t a n t i a l l y  
improve the hydrogen charged t e n s i l e  d u c t i l i t y  r e l a t i v e  t o  the P I T  microstructure C41. I n  addi t ion ,  t h i s  
t reatment was e f f e c t i v e  i n  suppressing the in tergranular  f r a c t u r e  mode which accompanied the loss i n  
d u c t i l i t y .  More recent ly ,  the a u s t e n i t i z i n g  temperature has been shown t o  influence the d u c t i l i t y  of HT 9 
i n  hydrogen [61. 
s t ra ignt forward,  but appears t o  be control led  by the amount and morphology of the carbides  and segregation 
of impur i t ies  t o  p r i o r  a u s t e n i t e  gra in  boundaries t2.3.71. 

The r e l a t ionsh ip  between heat  treatment and resistance t o  hydrogen embrittlement is not 

4s 
0 ,  

0 0.1 02 0.3 0.4 O S  0.6 0.7 0.8 
CHARGWG LML - 

m n n  

Figure 7.9.1. Reduction in Area [ RA 1 versus Hydrogen Charging Level c current  density X t i m e  1 POP ESR 
and AOD Processed 12Cr-lMo s t e e l  [ Ref. 2 1. 
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Within t h e  h e a t - a f f e c t e d  zone ( H A Z )  of HT 9 weldments,  t h e  r e g i o n  which e x p e r i e n c e s  a t h e r m a l  
e x c u r s i o n  i n t o  t h e  t e m p e r a t u r e  r a n g e  between t h e  a l l o y  m e l t i n g  p o i n t  ( f u s i o n  l i n e )  t o  t h e  lower c r i t i c a l  
t e m p e r a t u r e  (pic,) is a u s t e n i t i z e d  and s u b s e q u e n t l y  forms untempered m a p t e n s i t e  upon c o o l i n g .  S i n c e  the  
a u s t e n i t i z i n g  t e m p e r a t u r e  var ies  a s  a f u n c t i o n  o f  d i s t a n c e  from t h e  f u s i o n  l i n e ,  t h e  p r i o r  a u s t e n i t e  g r a i n  
s i z e  and c a r b i d e  d i s t r i b u t i o n  changes  s i g n i f i c a n t l y  a c r o s s  t h i s  r e g i o n .  
have shown t h a t  d u r i n g  welding t h e  r e g i o n  a d j a c e n t  t o  t h e  f u s i o n  l i n e  c o n s i s t s  of a two phase  m i x t u r e  of 
a u s t e n i t e  and d e l t a  f e r r i t e .  The d e l t a  f e r r i t e  fo rms  a l o n g  t h e  a u s t e n i t e  g r a i n  b o u n d a r i e s  and is  r e t a i n e d  
a s  t h e  s u r r o u n d i n g  m i c r o s t r u c t u r e  t r a n s f o r m s  t o  m a r t e n s i t e  upon c o o l i n g .  Ad jacen t  t o  t h i s  r e g i o n ,  t h e  HAZ 
e x h i b i t s  a c o a r s e  p r i o r  a u s t e n i t e  g r a i n  s i z e  and a m i c r o s t r u c t u r e  which is  e s s e n t i a l l y  f r e e  of c a r b i d e s .  
As t h e  d i s t a n c e  from t h e  f u s i o n  l i n e  i n c r e a s e s ,  t h e  p r i o r  a u s t e n i t e  g r a i n  s i z e  g r a d u a l l y  d e c r e a s e s  and  t h e  
volume f r a c t i o n  o f  u n d i s s o l v e d  c a r b i d e s  i n c r e a s e s .  

HT 9 f o l l o w i n g  welding.  T h i s  m i c r o s t r u c t u r a l  complex i ty  is e x a c e r b a t e d  when a pos twe ld  h e a t  t r e a t m e n t  
(PWHT) is employed t o  temper t h e  m a r t e n s i t e .  A s  a r e s u l t ,  p r e d i c t i n g  t h e  hydrogen c o m p a t i b i l i t y  of t h e  
H A Z  r e l a t i v e  t o  t h e  base meta l  is n e a r l y  i m p o s s i b l e .  The p u r p o s e  of t h i s  s t u d y  i s  t o  assess t h e  hydrogen- 
cha rged  t e n s i l e  b e h a v i o r  O F  t h e  HAZ and compare t h e  b e h a v i o r  w i t h  t h a t  of t h e  Q/T  base  material. 

P r e v i o u s  i n v e s t i g a t i o n s  18 .91  

I t  is e v i d e n t  from t h e  above d i s c u s s i o n  t h a t  a complex m i c P o s t r u c t u r a 1  g r a d i e n t  e x i s t s  i n  t h e  HA2 Of 

7 . 9 . 4 . 2  Exper imen ta l  P rocedure  

The material used i n  t h i s  i n v e s t i g a t i o n  was i n  t h e  form of 10 mm (-3/8 i n . )  t h i c k  p l a t e .  T h i s  p l a t e  
was a p a r t  o f  t h e  o r i g n i a l  N a t i o n a l  Fus ion  Heat Which was mel t ed  u s i n g  t h e  argon-oxygen d e c a r b u r i z a t i o n  
( A O D )  p r o c e s s  [51. The chemica l  compos i t ion  o f  t h e  material i s  l i s t e d  i n  Tab le  7 .9 .1 .  The h e a t  t r e a t m e n t  
c o n s i s t e d  o f  a u s t e n i t i z i n g  a t  1040OC f o r  0.5 h o u r s ,  a i r  c o o l i n g ,  and t h e n  tempering a t  750'C f o r  o n e  hour .  
The tempered h a r d n e s s  of t h e  p l a t e  was on t h e  o r d e r  o f  A C  22-24. 

T a b l e  7.9.1 

Chemical Composi t ion of HT 9 ( A O D )  

S - P - N - W - Y - Mo - Mn - S i  - N i  - C3- - C - 
0.20 11.64 0 .52  0.24 0.57 1.01 0.30 0 .57  .Ob4 ,018 .007 

H A Z  M i c r o s t r u c t u r e  S i m u l a t i o n  

Droblem of UnambimoUslV e v a l u a t i m  i n d i v i d u a l  m i c r o s t r u c t u r e s  w i t h i n  t h e  H A Z .  In t h i s  s t u d y ,  as i n  
The micPos tmctu i -a l  g r a d i e n t  which e x i s t s  o v e r  t h e  narrow e x t e n t  o f  t h e  v e l d  HAZ C 2-3 m m l  p o s e s  t h e  

p r e v i o u s  i n v e s t i g a t i o n s - C 1 0 . 1 1  I ,  the C l e e b l e  h a s  been s u c c e s s f u l l y  used  t o  s i m u l a t e  t h e  d e s i r e d  
m i c r o s t r u c t u r e  i n  a bulk  sample. Specimen b l a n k s  9.5 mm [ 3 /8  i n . ]  s q u a r e  and 100 mm l o n g  were machined 
from t h e  Q/T  p l a t e .  These  b l a n k s  Were t h e n  t h e r m a l l y  c y c l e d  i n  t h e  Cleeble t o  s i m u l a t e  two d i s t i n c t  H A Z  
m i c r o s t r u c t u r e s ,  d e s i g n a t e d  H A Z O I  and HAZi/2. The t h e r m a l  c y c l e s  used  t o  p roduce  t h e s e  m i c r o s t r u c t u r e s  a r e  
i l l u s t r a t e d  i n  F i g u r e  7 .9 .2 .  

which is a d j a c e n t  t o  t h e  f u s i o n  line i n  a c t u a l  weldments. T h e  H&ZW c y c l e  [peak t e m p e r a t u r e  1150'C 
rep roduced  t h e  coarse p r i o r  austenite g r a i n  s t r u c t u r e  f a r t h e r  from t h e  f u s i o n  l i n e .  The G l e e b l e  
s i m u l a t i o n s  were performed i n  s u c h  a manner t h a t  a un i fo rm m i c r o s t r u c t u r a l  r e g i o n  a p p r o x i m a t e l y  30 mm long 
was produced a l o n g  t h e  a x i s  o f  t h e  specimen.  T e n s i l e  b a r s  were t h e n  machined from t h e s e  samples  s u c h  t h a t  
t h e  gage S e c t i o n  of t h e  t e n s i l e  bar c o n t a i n e d  the  UnifoPm miCPOStruCtUi-e. 

specimens were tempered a t  t h e s e  t e m p e r a t u r e s  f o r  1 hour  and then  water quenched. 

C a t h o d i c  Charging 

T a b l e  1 .9 .2 .  Charg ing  was performed i n  a 4 %  s u l f u r i c  a c i d  s o l u t i o n  c o n t a i n i n g  5 m g l l i t e r  of sodium 
a r s e n a t e  as a r e c o m b i n a t i o n  po i son .  A f t e r  c h a r g i n g ,  t h e  spec imens  were immediate ly  p l a t e d  wi th  0.04 mm of 
copper  t o  p r e v e n t  e g r e s s  o f  t h e  hydrogen. The c h a r g e d / p l a t e d  samples  were  e q u i l i b r a t e d  fo r  24 h o u r s  a t  
room t e m p e r a t u r e  and t h e n  t e n s i l e  t e s t e d  u s i n g  an e x t e n s i o n  r a t e  of 0.51 mm/min CO.02 i n / m i n l .  

The HAZlll c y c l e  a c h i e v e d  a peak t e m p e r a t u r e  of 1350'C and reproduced t h e  two-phase m i c r o s t r u c t u r e  

A number of t h e  HA2 if1 and 82 samples  were s u b j e c t e d  t o  a PWHT a t  e i t h e r  600OC or  7 5 O O C .  The 

T e n s i l e  spec imens  were c a t h o d i c a l l y  cha rged  w i t h  hydrogen u s i n g  t h e  c h a r g i n g  c o n d i t i o n s  l i s t e d  i n  
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Tab le  7 . 9 . 2  

C a t h o d i c  Charg ing  C o n d i t i o n s  

Time [min l  2 C u r r e n t  Dens i ty  [amps/cm 1 

0.003 1 5  

0.006 15  

0.006 150 

? . 9 . 4 . 3 .  

The h a r d n e s s  Of t h e  v a r i o u s  HAZ/PWHT combina t ions  are  l i s t e d  i n  Tab le  7 . 9 . 3 .  Note t h a t  t h e  i n i t i a l  
h a r d n e s s  of t h e  H A Z  lil m i c r o s t r u c t u r e  is s l i g h t l y  lower  t h a n  t h a t  Of HAZ 112. T h i s  d i f f e r e n t i a l  is p robab ly  
due t o  t h e  small amount of f e r r i t e  i n t e r s p e r s e d  w i t h i n  t h e  m a r t e n s i t e .  There  is e s s e n t i a l l y  no d i f f e r e n c e  
i n  h a r d n e s s  between t h e  HAZ m i c r o s t r u c t u r e s  f o l l o w i n g  t h e  PWHT a t  a g i v e n  t e m p e r a t u r e  CbOO or 75O'Cl. 
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H A Z  Region 

2 

Table  7 .9 .3  

Hardness  o f  HA2 MicrOStruCtureS 

PWHT i OC f o r  1 hrl  Hardness  C R . 1  
none 47-49 ~ 

600 

750 

none 

600 

750 

37-38 

24-25 

49-51 

38-39 

21-22 

R e s u l t s  of t h e  t e n s i l e  tests of t h e  i n d i v i d u a l  HAZ/PWHT c o m b i n a t i o n s  are l i s t ed  i n  T a b l e  7.9.4. H A Z  
It1 and It2 samples  which were n o t  s u b j e c t e d  t o  a PWHT were  t e s t e d  a t  o n l y  one  c h a r g i n g  l e v e l .  I n  g e n e r a l ,  
t h e  i n d i v i d u a l  HAZ/PWHT combina t ions  were t e s t e d  i n  t h e  uncharged c o n d i t i o n  and a t  t h r e e  c h a r g i n g  l e v e l s .  

Tab le  7 .9 .4  

T e n s i l e  T e s t  R e s u l t s  * 
U.T.S., MPa Cksil R . A .  C 4 1 Chars ing  C o n d i t i o n  ** PWHT [ 'C]  Y.S.. MPa [ k s i l  

3.1 uncharged 1889 C2741 - 2 
none 1448 I2101 

745 [ l o 8 1  0.0 

600 

750 

1048 11521 . ~ .  
1117 I1621 
1089 11581 - 

676 C981 
703 [ I021  
690 C l O O l  
696 C l O l I  

1262 C1831 62.7 

1214 C1761 25.3 
1296 C1881 42.0 

965 [1401 4.8 

875 11211 58.0 
869 C1261 60.3 
875 11271 42.7 
862 C1051 17.1 

uncharged  
1 
2 
3 

uncharged 
1 
2 
3 

3.1 uncharged 1882 C2731 
1221 [1781 0.0 1 - 1393 [2021  

none 

600 
1145 [1661 
1130 I1641 
1117 11621 

696 I1011 
738 [ l o 7 1  

750 730 C1061 
738 C1071 

1317 11911 
1276 l l 8 5 l  
1227 C1781 5.6 

896 i i 3 o i  
910 11321 
890 i l 2 9 l  

58.5  
41.8 
35.0 

uncharged 
I 
2 

uncharged 

2 
3 

a l l  values a re  t h e  a v e r a g e  of two tests e x c e p t  fo r  samples  wi thou t  PWHT 
* *  s e e  T a b l e  7 .9 .2  f o r  c h a r g i n g  c o n d i t i o n  
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:n both t h e  H A Z  lil and It2 m i c r o s t r u c t u r e s  t h e  d u c t i l i t y  d e c r e a s e s  as t h e  i n t e r n a l  hydrogen level  
i n c r e a s e s .  A t  t h e  h i g h e s t  c h a r g i n g  l e v e l  [ C o n d i t i o n  31 t h e  d u c t i l i t y  d r o p s  p r e c i p i t o u s l y ,  aar t ;e , , :ar iy  i n  
samples  which were g i v e n  a PWHT a t  500'C. The HA2 I t 1  and li2 samples  s u b j e c t e d  t o  t h e  7.joo,:.pd~:: e x n i b i t e d  
n e a r l y  e q u i v a l e n t  hydrogen- charged t e n s i l e  b e h a v i o r .  

T h e  d u c t i l i t y  l o s s  of t h e  H A Z  microStruCtUreS r e l a t l v e  t o  t h e  Q / T  AOD Sase  m a t e r i a l  is shod2 i n  
Figure 7.9.3. A f t e r  a PWHT a t  600'C t h e  hydrogen- charged d u c t i l i t y  is d r a m a t i c a l l y  less tiqd? tna: t h e  
:IT vase m a t e r i a l  [ F i g .  7 .9.3a1.  A P'dHT a t  754'C r e s t o r e s  t h e  d u c t i l i t y  t o  a l e v e l  i h l c h  is a t  l e a s t  
e q u i v a l e n t  o r ,  i n  t h e  c a z e  of H A L  112, s u p e r i o r  t o  t h e  base  m a t e r i a l  d u c t i l i t y  [ ~ i g .  7.9.3b;. 

DUCTlLiTY VS.  CATHODIC C M R G I N G  CONDITIONS 
in 

PWHT:  t O O ° C l l h r  

O M Z  # 1  

A M 2  X ?  

A 0 

o 0.1 0.2 0.3 0.4 0.5 0 . 6  0.7 0.8 0.9 1.0 
n 

Cathodic Charg ing  Level I A m p - M i n i c m  2 I 

O U C T l L l l Y  VS CATHODIC C M R G I N G  CONDITIONS 
i o  

Cathodic Charg ing  Level I Amps-Min  I cm 2 I 

- .  - 1 g u r e  7.9.3. Reduc t ion  i n  Area R A  1 v e r s u s  Hydrogen Charging Level for  t h e  S imula ted  HA2 
m i c r o s t r u c t u r e s  r e l a t i v e  t o  t h e  AOD Q / T  behav io r .  A ,  600' C PWHT; B. 750' C PWHT. 



151 

Fractogra h 

shown i n  Figure 7.9.4. The t e n s i l e  bars were given a PWHT a t  750'C. The RA of both samples was on the  
order  of 60% [Table 7.9.41 and they exh ib i t  a CUP-cone type f a i l u r e .  Secondary cracking on the f r a c t u r e  
su r face  is both r a d i a l  and v e r t i c a l  i n  Fig .  7.9.4. The Ver t ica l  cracks  a r e  associa ted  wi th  f e r r i t e  and/or 
s u l f i d e  s t r i n g e r s  i n  the o r ig ina l  p l a t e ;  Cracking of t h i s  type is  a l s o  observed i n  the uncharged HAZ 
t e n s i l e  samples and in the  Q/T AOD base mater ia l  C1.31. 

AS the  d u c t i l i t y  decreases with the  increase i n  i n t e r n a l  hydrogen concentration.  the tendency f o r  the  
r a d i a l  and or ienta t ion- type cracking is reduced. A t  the h ighes t  charging l e v e l  [Condition 31 the  
macroscopic f r a c t u r e  surfaces  a r e  r e l a t i v e l y  f l a t  and the  degree of surface  cracking along the  gage length 
increases s ign i f i can t ly .  

M a c r ~ f ~ a c t o g r a p h s  of both a H A Z  I 1  and (12 t e n s i l e  sample charged w i t h  Condition 1 [Table 7.9.21 a r e  

Figure 7.9.4 Macrofractographs of t e n s i l e  samples charged t o  Condition 1 .  A .  HAZ #I ;  8 ,  HAZ #2 

HAZ microstructures which have been given a PWHT [ e i t h e r  600 or  750'Cl and a r e  t e s t ed  in t h e  
uncharged condi t ion  o r  a t  the  lowest charging l e v e l  [Condition 1 3  genera l ly  exh ib i t  a d u c t i l e  dimple 
f a i l u r e  mode. AS the  hydrogen concentration i n  the  samples increases.  the f r a c t u r e  mode s h i f t s  t o  quasi- 
cleavage, whereby f r a c t u r e  occurs along martensite l a t h  boundaries. Ultimately, a t  the h ighes t  charging 
l e v e l ,  f a i l u r e  is by an in t e rg ranu la r  mode along p r io r  aus ten i t e  gra in  boundaries. The quasi-cleavage 
f a i l u r e  mode is evident in a HAZ #1/750°C sample which was charged using Condition 2 [Figure 7.9.51. 
Fa i lu re  is primarily along l a t h  boundaries w i t h  some evidence of secondary cracks  along gra in  boundaries. 
The smooth f ea tu re  running v e r t i c a l l y  i n  Figure 7.9.5 is  a region along a f e r r i t e  S t r inge r  where local ized 
melting occurred during the  HAZ t l  thermal cycle.  

microstructures subjected t o  a 600'C PWHT and t e s t ed  i n  e i t h e r  the  charged [condit ion 21 or  uncharged 
condi t ion  a r e  contras ted .  Note tha t  the  uncharged sample f a i l s  by d u c t l l e  rupture [Fig. 7.9.6al while the  
charged sample exh ib i t s  a l a r g e  degree of in tergranular  f a i l u r e  [Fig. 7.9.6bl. Again. the  v e r t i c a l  crack 
associa ted  with the f r a c t u r e  surface  i n  Figure 7.9.6b is  the r e s u l t  of local ized melting along s t r i n g e r s  
during t h e  HAZ L1 thermal cycle.  

l e v e l s  [Conditions 1 and 21. The f r ac tu re  morphology of HAZ #2 samples given a FWHT a t  e i t h e r  600 or  
750'Cand charged t o  the  same l e v e l  [Condition 23 a r e  contras ted  in Figure 7.9.7. Both f r a c t u r e s  occur 
p r i m a r i l y  by quasi-cleavage, although some in tergranular  f r a c t u r e  is evident on the  600'C PWHT Surface. 
Secondary cracking along p r io r  a u s t e n i t e  gra in  boundaries is more pronounced i n  the  75OoC sample. 
Typically,  the  secondary cracking along g ra in  boundaries is more prevalent  i n  HT 9 t e n s i l e  samples [ e i t h e r  
charged or  uncharged1 which exh ib i t  reasonable d u c t i l i t y .  A s  the  d u c t i l i t y  decreases,  the ove ra l l  f r a c t u r e  
tends t o  be f l a t t e r  and the  secondary cracking is suppressed. The l a r g e  d i f f e rence  i n  R A  d u c t i l i t y  between 
the  600 and 750'C samples i n  Figure 7.9.7 C5.6 and 41.8 $. respect ively]  corroborates t h i s  hypothesis. 

The tendency fo r  hydrogen t o  promote in tergranular  f r a c t u r e  is demonstrated in Figure 7.9.6. HAZ t l  

The e f f e c t  Of the  PWHT temperature on the  f r a c t u r e  mode was r e l a t i v e l y  sub t l e  a t  t h e  lowest charging 
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Figure 7 . 9 . 5 .  Fracture surface of HA2 #l/PWflT 750' C sample charged a t  Condition 2. Arrows indicate 
melted region along f e r r i t e  stringer.  

(AI 

Figure 7 . 9 . 6 .  The e f f e c t  of hydrogen charging on the fracture mode of the H A Z  U I  microstructure which has 
been subjected to a 600' c PUHT. A .  uncharged; 8. charged to Condition 2. 
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(A) PWHT: 600' 
-a' 
'C I 1 hr PWHT : 75OoC I 1 hr 

Figure 1.9.7. The e f f e c t  of PWHT on the f r a c t u r e  mode of the  HAZ 02 microstructure charged t o  Condition 
2. A .  600' C /  1 h r :  B, 150' C/  1 hr. 

7.9.4.4 Discussion 
The f i r s t  wall of MFE r eac to r s  w i l l  be sub jec t  t o  a build-up of i n t e r n a l  hydrogen over the  course of 

its operating l i f e t ime .  The hydrogen r e s u l t s  from both d i r e c t  i n j ec t ion  from the plasma and transmutation 
of a l loying elements [n,p react ions] .  The a c t u a l  concentration of hydrogen i n  t h e  first wall is d i f f i c u l t  
t o  c a l c u l a t e ,  but  it is reasonable t o  expect tha t  the hydrogen [ t r i t i um]  inventory may be r e l a t i v e l y  
large.  The hydrogen concentration i n  HT 9 a f t e r  charging a t  Condition 3 is on the  order of 5-10 wpm [121. 
Thus, the  hydrogen l e v e l s  which were a t t a ined  i n  t h i s  and previous inves t iga t ions  [1-4,6,71 a r e  probably 
in the  range of those which will actual ly  be present in the  f i r s t  Wall of fusion reactors .  Unfortunately, 
there  a r e  seve ra l  important d i f f e rences  between the labora tory  t e s t s  reported here  and ac tua l  r eac to r  
condit ions.  First ,  the  s teady- sta te  f i r s t  wall temperature w i l l  be in t h e  range of 100-400OC: the  e levated  
temperature should reduce the s u s c e p t i b i l i t y  t o  hydrogen-induced d u c t i l i t y  l o s s  relative t o  room 
temperature behavior C131. Second, a s i g n i f i c a n t  amount of r ad ia t ion  damage occurs during the  reactor 
l i f e t ime .  This damage r e s u l t s  i n  the production of in t e rna l  de fec t s  and subsequent hardening of the 
s t ruc tu re .  Thus, r ad ia t ion  damage would be expected t o  contr ibute  t o  the  s u s c e p t i b i l i t y  t o  hydrogen 
embrittlement. F inal ly ,  the ac tua l  therm-mechanical h i s t o r y  or the f irst  w a l l  is d l r f i c u l t  t o  model: it 
is l i k e l y  tha t  the simple tensile tests performed in t h i s  i nves t iga t ion  a r e  not  t r u l y  representa t ive  of 
the  condi t ions  which w i l l  be experienced i n  service .  

carbide  p rec ip i t a t ion  occurs along the  f e r r i t e- mar tens i t e  i n t e r f a c e  due t o  the enrichment of chromium i 
molybdenum i n  the f e r r i t e .  The HAZ 12 microstructure exhibited the  h ighes t  hardness i n  the HA2 of HT 9 
contained the coarses t  p r i o r  aus ten i t e .  Garrison and Hyzak C61 have shown t h a t  t h e  s u s c e p t i b i l i t y  t o  
hydrogen-induced d u c t i l i t y  loss i n  QIT base material  is r e l a t e d  t o  the g ra in  s i ze :  as the p r i o r  austen! 
g ra in  s i z e  increases the  d u c t i l i t y  decreases and the  tendency f o r  in t e rg ranu la r  f r a c t u r e  increases.  

Despite the  d i f ference  i n  microstructure.  the simulated HAZ t e n s i l e  Samples showed l i t t l e  va r i a t io r  
hydrogen-charged d u c t i l i t y  a t  equivalent PWHT temperatures. When the microstructures were subjected  t o  
7 5 0 ° P  PWHT P n r  oramnlrr thera  1 9  .ssanrl?.llv nn rllPPemenro In the iP  t e n s i l e  hehavinn r P i m  7 9 ?a1 

Effect  of HA2 Microstructure 

po ten t i a l  s u s c e p t i b i l i t y  t o  hydrogen embrittlement r e l a t i v e  t o  the o ther  HAZ regions  [10,111. The HAZ I1 
microstructure contains a two-phase mixture of d e l t a  f e r r i t e  and untempered martensite a f t e r  welding. The 
tempering time is s u f f i c i e n t l y  shor t  t o  prevent transformation of the f e r r i t e .  al though s i g n i f i c a n t  

md 
and 

The two HAZ miCroStPUCtUres which were evaluated i n  t h i s  inves t iga t ion  were se lec ted  due t o  t h e i r  

Lte 

1 i n  
a . _ -  - ....... ~ - - ,  - _I _-_-, _.. L. _o. , .,.-- ~, 

p a r t i c u l a r l y  a t  the  lowest charging l eve l s  [Conditions 1 and 21. After a 600'C PWHT t h e  r e l a t i v e  
d i f f e rence  between the two micros t ructures  is g rea te r  [Fig. 1.9.3bl. This d i f f e r e n t i a l  may be due i n  p a r t  
t o  the  va r i a t ion  i n  carbide  p rec ip i t a t ion  k i n e t i c s  a t  600'12 or t o  t h e  d i f f e rence  i n  p r i o r  a u s t e n i t e  gra in  
s i z e .  The formation of d e l t a  f e r r i t e  along a u s t e n i t e  g ra in  boundaries a t  high temperatures in the HAZ I1 
region tends t o  pin these  boundaries, t h u s  r e su l t ing  in a f i n e r  gra in  s i z e  than t h a t  Of the  lower 
temperature HAZ #2 microstructure.  
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Effect  of PWHT 
The PWHT temperature e x e r t s  the g r e a t e s t  influence on the hydrogen-charged t e n s i l e  d u c t i l i t y  of t h e  

HAZ i n  HT 9 weldments. A PWHT a t  600' c is not s u f f i c i e n t  t o  r e s to re  the  NAZ d u c t i l i t y  t o  the  l e v e l  of the  
surrounding Q/T microstructure [Fig. 7.9.3al. A t  t h i s  PWHT temperature t h e  microstructure is much harder 
i s t ronger l  than the  PIT base mater ia l  due t o  the incomplete tempering of the  martensite.  The r e s u l t a n t  
f r a c t u r e  occurs e i t h e r  by quasi-cleavage along martensite l a t h  boundaries a t  the low charging l e v e l s  o r  by 
an  in tergranular  mode a t  higher charging l eve l s  [Fig. 7.9.6bl. 

A t  t h i s  temperature the  hardness of the martensite approachs tha t  of the base material  [Table 7.9.31. The 
r e s u l t a n t  hydrogen-induced d u c t i l i t y  loss is comparable t o  tha t  of the  Q/T microstructure.  The f r a c t u r e  
behavior a l s o  mirrors  the base material; a t  the lowest charging l e v e l s  f a l l u r e  is by a mixed quasi-  
cleavage/ducti le rupture  mode. A t  the  highest  charging level ,  f a i l u r e  occurs by a mixed cleavage/ 
in tergranular  mode. The s h i f t  t o  the in tergranular  mode a t  the higher hydrogen concentra t ions  h a s  been 
associa ted  with both t h e  extent  of grain  boundary carbide coverage and the  degree of impurity segregat ion 

After a PWHT a t  75OOc the  mechanical proper t ies  of the HAZ approach those of the  Q/T base material. 

o these boundaries C3.4.71. With the exception of the  d e l t a  f e r r i t e  i n  the HA2 R1 microstructure.  both 
kZ regions resemble Q/T microstructures which have been aus ten i t i zed  a t  a high temperature. S ince  t h e  
50' C PWHT is e s s e n t i a l l y  the  same a s  the base metal tempering temperature, i t  is not su rp r i s ing  t h a t  the  
ydrogen-charged t e n s i l e  d u c t i l i t y  and f r a c t u r e  behavior of the HAZ and Q/T base metal a r e  similar. 

.9.5 Conclusions 

. Hydrogen-induced t e n s i l e  d u c t i l i t y  losses in the  HAZ of HT 9 weldments a f t e r  a Pwm a t  75OOC are 
iu ivalent  t o  those exhibited by the  Q/T base material IAOD]. 

. A PWHT a t  600' C results in hydrogen-charged t e n s i l e  d u c t i l i t i e s  which a r e  s i g n i f i c a n t l y  l e s s  than 
lose Of the Q/T base material  a t  comparable hydrogen concentrations.  

. The va r i a t ion  i n  microstructure w i t h i n  the  HAZ had Only a small e f f e c t  on the Suscep t ib i l i t y  t o  
idrogen embrittlement f o r  a given PWHT. 

. A t  the highest  hydrogen charging l e v e l s ,  H A Z  tensi le  samples subjected t o  a 750' C PWHT f a i l e d  by a 
ixed quasi-cleavage/intergranular f r a c t u r e  mode. A t  the lowest charging l e v e l s  f a i l u r e  occurred i n  a 
Leavage/ductile rupture  mode. 

. After a 600°C PWHT. HA2 tensile samples exhibi ted  varying degrees of in tergranular  f a i l u r e  a t  the 
west hydrogen charging levels. 
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7.10 THE DEVELOPMENT OF FERRITIC STEELS FOR FAST IN~UCED-RADI0ACTIVITY DECAY - R. L. Klueh  and J. M. V i t e k  
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  

7.10.1 ADIP Tasks 

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

7.10.2 O b j e c t i v e  

D u r i n g  t h e  o p e r a t i o n  o f  a f u s i o n  r e a c t o r ,  t h e  s t r u c t u r a l  m a t e r i a l  o f  t h e  f i r s t  w a l l  and b l a n k e t  s t r u c -  
t u r e  w i l l  become h i g h l y  r a d i o a c t i v e  from a c t i v a t i o n  by t h e  h igh- ene rgy  f u s i o n  neu t rons .  A d i f f i c u l t  
r a d i o a c t i v e  waste  p rob lem w i l l  be i n v o l v e d  i n  t h e  d i s p o s a l  of t h i s  m a t e r i a l  a f t e r  t h e  s e r v i c e  l i f e t i m e  i s  
comple te .  One way t o  m i n i m i z e  t h e  d i s p o s a l  p rob lem i s  t h e  use of s t r u c t u r a l  m a t e r i a l s  i n  wh ich  t h e  i nduced  
r a d i o a c t i v e  i s o t o p e s  decay r a t h e r  q u i c k l y  t o  l e v e l s  t h a t  a l l o w  f o r  s i m p l i f i e d  d i s p o s a l  t e c h n i q u e s .  We a r e  
e x p l o r i n g  t h e  deve lopment  o f  f e r r i t i c  s t e e l s  t o  meet t h i s  o b j e c t i v e .  

7.10.3 

I n  t h e  2 114 Cr-1 Mo, 9 Cr-1 MoVNb, and 12 Cr-1 M n V W  s t e e l s  c u r r e n t l y  o f  i n t e r e s t  as s t r u c t u r a l  
m a t e r i a l s  f o r  f u s i o n  r e a c t o r s ,  t h e  molybdenum w i l l  f o rm  l o n g - l i v e d  i s o t o p e s  t h a t  w i l l  make such a l l o y s  
d i f f i c u l t  t o  d i s p o s e  of a f t e r  r e a c t o r  o p e r a t i o n .  As an a l l o y i n g  e lemen t ,  t u n g s t e n  i s  o f t e n  s i m i l a r  t o  
molybdenum. To de te rm ine  i f  t u n g s t e n  can r e p l a c e  molybdenum i n  t h e  f e r r i t i c  s t e e l s  o f  i n t e r e s t ,  e i g h t  18-kg 
h e a t s  o f  chromium- tungsten s t e e l s  have been p repa red  and a r e  b e i n g  i n v e s t i g a t e d .  

7.10.4 P rog ress  and S t a t u s  

The s a f e t y  and e n v i r o n m e n t a l  concerns  t h a t  r e s u l t  f r o m  t h e  r a d i o a c t i v i t y  i n d u c e d  i n  t h e  f i r s t  w a l l  and 
b l a n k e t  s t r u c t u r e  d u r i n g  o p e r a t i o n  o f  f u s i o n  r e a c t o r s  were p r e v i o u s l y  d iscussed. '  
m ized  by t h e  use of s t r u c t u r a l  m a t e r i a l s  t h a t  form r a d i o a c t i v e  i s o t o p e s  t h a t  r a p i d l y  decay t o  l e v e l s  t h a t  
a l l o w  f o r  s i m p l i f i e d  w a s t e - d i s p o s a l  p rocedures .  For  a s t e e l  t o  have " f a s t "  i n d u c e d - r a d i o a c t i v i t y  decay 
(FIRD) c h a r a c t e r i s t i c s ,  t h e  Mo, Nb, N i ,  N, and Cu must be m in im ized .2  

a p p l i c a t i o n s .  These i n c l u d e  2 114 C r - 1  Mo, 9 C r - 1  MoVNb, and 12 Cr-1 M n V W  s t e e l s .  Because o f  t h e  
molybdenum i n  a l l  t h r e e  s t e e l s  and t h e  n i o b i u m  i n  t h e  9 C r - 1  MoVNb s t e e l ,  t h e y  a r e  non-FIRO a l l o y s .  I n  
t h e  p r e v i o u s  r e p o r t ,  t u n g s t e n  was proposed as a s u b s t i t u t e  f o r  molybdenum and t a n t a l u m  as a s u b s t i t u t e  
f o r  n iobium. '  A s e r i e s  o f  e x p e r i m e n t a l  s t e e l s  was proposed t o  examine such e lemen ta l  s u b s t i t u t i o n s  
( T a b l e  7.10.1). The c o m p o s i t i o n s  f o r  t h i s  s e r i e s  o f  s t e e l s  were based on v a r i a t i o n s  of t h e  t h r e e  s t e e l s  
c u r r e n t l y  of i n t e r e s t  i n  t h e  f u s i o n  r e a c t o r  m a t e r i a l s  program. The c o m p o s i t i o n s  were a l s o  chosen t o  deve lop  
i n f o r m a t i o n  on t h e  e f f e c t  o f  C r ,  W, and V on t h e  p r o p e r t i e s  of t h i s  c l a s s  of s t e e l s .  S t u d i e s  of t h e  u n i r r a -  
d i a t e d  and i r r a d i a t e d  p r o p e r t i e s  of t h e s e  a l l o y s  shou ld  a l s o  p r o v e  u s e f u l  i n  u n d e r s t a n d i n g  t h e  chromium- 

Th i s  p rob lem can he m i n i -  

The chromium-molybdenum s t e e l s  a r e  c u r r e n t l y  t h e  f e r r i t i c  s t e e l s  o f  most i n t e r e s t  f o r  f u s i o n  r e a c t o r  

molybdenum s t e e l s .  

s i m i l a r  t o  t h o s e  g i v e n  i n  Tab le  7.10.1 were p repa red  
b y  Combust ion E n g i n e e r i n g ,  Inc. ,  Chat tanooga,  
Tennessee. The o n l y  d i f f e r e n c e  from Tab le  7.10.1 i s  
t h a t  no 2 114 Cr-0.5 V s t e e l  was me l ted .  It was 
r e p l a c e d  by a 9 Cr- 2 W-0.25 V-0.07 Ta s t e e l .  The 
m e l t  c o m p o s i t i o n s  a r e  g i v e n  i n  Tab le  7.10.2. I n  
a d d i t i o n  t o  t h e  nomina l  C r ,  V ,  W, C, and Ta g i v e n  i n  
T a b l e  7.10.1, t h e  c o n c e n t r a t i o n s  o f  o t h e r  e lemen ts  
such as Mn, P ,  S i ,  e t c . ,  were a d j u s t e d  t o  l e v e l s  
t y p i c a l  o f  commercial  p r a c t i c e  ( T a b l e  7.10.2).  

wh i ch  were t h e n  e l e c t r o s l a g  r e m e l t e d  (ESR) t o  o b t a i n  
abou t  18 k g  o f  u s a b l e  m a t e r i a l .  The ESR i n g o t  was 
h o t  r o l l e d  t o  15.9- and 3.2-mm-thick p l a t e s .  The 
15.9-mm p l a t e  w i l l  be hea t  t r e a t e d  and used f o r  mak ing 
s t a n d a r d  Charpy V-notch specimens t o  d e t e r m i n e  t h e  
i m p a c t  b e h a v i o r  o f  t h e s e  m a t e r i a l s .  The 3.2-mm p l a t e  
i s  t o  be f u r t h e r  r o l l e d  i n t o  0.25- and 0.76-mm shee t  
f o r  t r a n s m i s s i o n  e l e c t r o n  m ic roscopy  (TEM) and t e n s i l e  
specimen f a b r i  c a t i o n ,  r e s p e c t i v e l y  . 
7.10.5 F u t u r e  Work 

E i g h t  h e a t s  o f  C r - W ,  C r - V ,  and C r - W- V  s t e e l s  

A l l  t h e  h e a t s  were p r e p a r e d  as a i r - m e l t e d  h e a t s ,  

To de te rm ine  t h e  t e m p e r i n g  c h a r a c t e r i s t i c s  o f  
t h e s e  new s t e e l s ,  p i e c e s  o f  t h e  15 .9 -m p l a t e  f r om 
each hea t  were n o r m a l i z e d  and a r e  b e i n g  tempered f o r  
2 h a t  600, 650, 700, 750, and 780°C. A f t e r  t h e  tem- 
p e r i n g  t r e a t m e n t s ,  hardness measurements w i l l  be 

T a b l e  7.10.1. P o s s i b l e  f e r r i t i c  s t e e l s  f o r  
F a s t  I n d u c e d - R a d i o a c t i v i t y  Decay 

a l l o y  development program 

Chemical  c o m p o s i t i o n"  ( w t  4 , ]  
A1 1 ny 

Cr V W C - 
2 114 Cr-114 V 2-2.5 0.25 0.14.15 

2 1 /4  Cr- 2 W 2-2.5 2 0 .14 .15  
2 114 ~ r - 1 1 2  ~h 2-2.5 0.5 0.14.15 

2 114 C r - 1  W-114 V 2-2.5 0.25 1 0 . 1 4 . 1 5  
2 114 Cr- 2 W-1/4 V 2-2.5 0.25 2 0 .14.15 
5 C r- 2  W-114 V 5 0.25 2 n . 1 4 . 1 5  
9 Cr- 2 W-114 C C  9 0 .25  2 n.14.15 
12 Cr- 2 W-114 C 12 0.2 2 0 .14 .15  

=Balance i r o n .  

'A l l oys  w i t h  0.nR and 0.154, C s h o u l d  be 

CAn a l l o y  w i t h  0.12% Ta s h o u l d  be 

t e s t e d .  

c o n s i d e r e d  t o - c o m p l e t e  t h e  ana logy  w i t h  
9 Cr-1 MoVNb s t e e l .  
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Table 7.10.2. Composition o f  Fast Induced-Rad ioac t i v i t y  Decay f e r r i t i c  Steels  

Chemical comoosi t iona ( w t  %I 

5 C r -  9 C r -  9 C r -  12 C r -  2 114 C r -  2 114 C r -  2 114 C r -  2 114 C r -  

heat 3785 heat 3786 heat 3787 heat 3788 heat 3789 heat  3790 

E l  e -  
rnent 1 w-114 v, 2 w, 2 W-114 V, 2 W-114 V, 2 W-114 V, 2 W-114 V-Ta, 2 W-114 V, 

heat 3791 heat 3792 
114 V, 

C 0.11 
Mn 
P 
S 
$i n.17 

n. 10 0.11 0.11 0.13 0.12 
0.34 0.39 0.42 0.47 0.51 
0.015 0.016 0.016 0.015 0.014 
0.006 0. 005 0.006 0.005 n.005 

- .  0.13 0.15 0.20 0.25 0.25 
N i  0.01 0.01 a . 0 1  I" " 3  

C r  2.36 2.30 2.4R 

n. 10 0.11 0.11 0.13 0.12 0.10 0.10 

0.014 c . m  0.006 0. 005 0.006 0.005 n.005 0.005 0.005 
0.15 0.20 0.25 0.25 0.23 0.24 

0.01 0.01 a . 0 1  <n.m 

0.11 
0.46 

C 

P 0.~115 0.015 0.016 0.016 0.015 0.014 0.015 
S 
S i  0. 17 0.13 
N i  
C r  2.36 2.30 2.4R 2.42 5.00 8.73 8.72 

Mn 0.40 0.34 0.39 0.42 0.47 0.51 0.43 

11.49 
Ma o.ni a . 0 1  
V 0.25 0.25 
Nb a.01 to.01 
Ta < o . n i  tn.01 
T i  a n 1  t 0 . m  
Cn 0.005 0.006 ~~~~~ .~ 
cu 0.02 0.025 
A1 0. 02 0.02 
B <o.nni <n.nni 
W 0.93 

(0.01 
0.009 

<0.01 
(0.01 
tn.01 
0.008 
0.03 
0.02 
0.001 
1.99 

0.24 

0.021 

1.98 

0.25 

0.03 

2.07 

0.10 
0.43 

0.005 
0.015 

0.23 

0.014 
0.005 
0.24 

0.24 0.23 0.23 

0.075 

0.03 0.03 0.028 

2.09 2.09 2.12 

aBalance i r on .  

obta ined and se lec ted  specimens w i l l  be examined by o p t i c a l  meta l lography.  
obta ined,  TEM d i sks  w i l l  be punched and heat t rea ted .  
FFTF fus ion experiment i n  t h e  Ma te r i a l s  Open Test Assembly (MOTA) i n  June 1984. 
be obtained. 
W, V ,  and Ta and t o  determine a s u i t a b l e  heat t reatment  f o r  each s t ee l .  

7.10.4.4. References 
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Once t h e  0.25-mm sheet i s  
Disks from each of t h e  heats w i l l  be inc luded i n  t h e  

Tens i le  specimens w i l l  a l s o  
Un i r r ad i a ted  t e n s i l e  and impact p rope r t i e s  w i l l  be obta ined t o  determine the  e f f e c t  o f  the  C r ,  

1. 

2. 
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak R idge  N a t i o n a l  L a b o r a t o r y )  

A l a r g e  number o f  p lanned,  i n - p r o g r e s s ,  and comple ted r e a c t o r  i r r a d i a t i o n  expe r imen ts  s u p p o r t  t h e  
ADIP program. T a b l e  8.1.1 summarizes t h e  pa rame te rs  t h a t  d e s c r i b e  comp le ted  expe r imen ts .  Expe r imen ts  
t h a t  have been removed f rom the r e a c t o r  only r e c e n t l y ,  a r e  c u r r e n t l y  u n d e r g o i n g  i r r a d i a t i o n ,  o r  a r e  
p l a n n e d  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  schedu le  b a r  c h a r t s  o f  Tab le  8.1.2. 

Expe r imen ts  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 R idge  Research Reac to r  (ORR)  and 
t h e  High F l u x  I s o t o p e  Reac to r  (HFIR),  wh i ch  a r e  mixed- spect rum r e a c t o r s ,  and i n  t h e  F a s t  F l u x  T e s t  
F a c i l i t y  (FFTF), wh i ch  i s  a f a s t  r e a c t o r .  

The i r r a d i a t i o n  of HFIR-CTR-47 and -48 was i n t e r r u p t e d  b u t  c o n t i n u e d  on s c h e d u l e  upon s t a r t u p  on 
Janua ry  4, 19R4. Three HFIR c a p s u l e s  began i r r a d i a t i o n ,  a l l  o f  wh i ch  were p a r t  o f  i n t e r n a t i o n a l  
c o o p e r a t i v e  programs. The expe r imen t  HFIR-CTR-52 c o n t a i n e d  f a t i g u e  specimens from t h e  European Community 
( E t ) .  
F u s i o n  Energy. The expe r imen ts  HFIR- JP- I and -2 were t h e  f i r s t  i r r a d i a t i o n  expe r imen ts  conduc ted  under  a 
j o i n t  p rogram between t h e  U.S. and Japan. 
i n  Tab le  8.1.2. A f u s i o n  i r r a d i a t i o n  expe r imen t  i n  t h e  FFTF M a t e r i a l s  Open Tes t  Assembly (MOTA) f a c i l i t y  
a l s o  began i r r a d i a t i o n  d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  Emphasis i n  t h i s  expe r imen t  has been p l a c e d  on 
vanadium a l l o y s ,  b u t  p a t h  A and E a l l o y s  a r e  a l s o  i n c l u d e d .  
a c t i v a t i o n  a l l o y s  a r e  among t h o s e  i n c l u d e d .  

d e c i d e d  t o  postpone e x a m i n a t i o n  u n t i l  e a r l y  i n  FY 86 a t  a damage l e v e l  o f  15 dpa. T h i s  w i l l  p e r m i t  com- 
p a r i s o n  w i t h  t h e  FFTF expe r imen t .  

D u r i n g  t h i s  r e p o r t i n g  p e r i o d  t h e  HFIR r e f l e c t o r  change was s u c c e s s f u l l y  comp le ted  on schedu le .  

T h i s  was p a r t  of a j o i n t  p rogram conducted unde r  Annex I 1  o f  t h e  IEA Imp lemen t i ng  Agreement on 

The expe r imen ts  i n  t h e  f i r s t  phase o f  t h i s  program a r e  shown 

C o n t r o l s  f o r  t h e  ORR-MFE-4 expe r imen t  and l o w  

The s p e c t r a l  t a i l o r i n g  expe r imen t ,  ORR-MFE-4 was due t o  be examined i n  FY 84 a t  10 dpa, but i t  was 

T a b l e  8.1.1. D e s c r i p t i v e  pa rame te rs  f o r  comple ted A D I P  program f i s s i o n  r e a c t o r  i r r a d i a t i o n  expe r imen ts  

Experiment Major ob jec t  i v e  

ORR-MFE-1 

ORR-MFE-2 

OUR-MFE-5 

Subassembly 
X - 2 6 4  

A A- X  
Subassembly 
X-287 

Subassembly 
X-217D 

Pins 62R5, 
8286, and 
B284 

H F I R- C T R- 3  

HFIR-CTR-4 

Scope the e f f ec t s  of 
composi t ion and 
m ic ros t ruc tu re  on 
t e n s i l e ,  f a t i gue ,  
and i r r a d i a t i o n  
CPeeO ~ ~~ 

Scope' the  e f fec ts  of 
composi t ion and 
m ic ros t ruc tu re  on 
t e n s i l e ,  f a t i gue ,  
and i r r a d i a t i o n  
creep 

c r a c k  growth 
I n - r e a c t o r  f a t i g u e  

E f fec t  of p re in jec ted  
hel ium on micro-  
s t r u c t u r e ,  t e n s i l e  
p rnpe r t i es ,  and 
i r r a d i a t i o n  creep 

Ef fec t  of p re in jec ted  
hel ium on micro-  
s t ruc tu re ,  t e n s i l e  
p r o p e r t i e s ,  and 
i r r a d i a t i o n  creep 

Stress r e l a x a t i o n  

Swell i ng, f a t i g u e  
crack growth, and 
t e n s i l e  p rope r t i es  

Temperature nisplacement damage 
(dpa) ( " e )  A1 1 oy 

Espperiments in DRfi 

Paths A ,  R ,  C 25Mflfl  2 

Paths A ,  R ,  C 3 0 M 0 0  6 

Path A 3 2 W 6 0  1 

316, PE-16, 400-700 20 
v-20% T i ,  
iL1-59: Cr-5% T i ,  
Nbl% Zr 

Ti tanium a l l o y s  450 2 

Ti tanium a l l o y s  37b-550 25 

PE- 16,  30@-700 4 . 3 9  

PEL16 3nc-70fl 2.2-4.5 
Inconel 600 

Helium Durat ion  
( a t .  ppm) (months) 

4 

15 

2 

4 

23 

1 

14 

3 

2 

Date 
completed 

6/78 

4/80 

2/81 

1/77 

1 2 / 7 8  

1/78 

9/79 

2/75 

3 /11  
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T a b l e  8.1.1. ( C o n t i n u e d )  

Exper iment  Temperature 
("C) 

D u r a t i o n  Date 
(months)  completed 

Oisplacemeot  
damage 
(dpa)  

4.L9 

4 . L 9  

9-1 8 

(t18 

1&16 

1&16 

1&16 

7-10 

7-10 

Hel ium 
( a t .  ppm) 

35n-1800 

350-1800 

125&3000 

1250-3000 

400-1000 

400-1000 

400-1000 

20n-500 

200-500 

Major  o b j e c t i v e  

- 
S w e l l i n g  and t e n s i l e  

S w e l l i n g  and t e n s i l e  

S w e l l i n g  and t e n s i l e  

S w e l l i n g  and t e n s i l e  

S w e l l i n g  and t e n s i l e  

S w e l l i n g  and t e n s i l e  

p r o p e r t i e s  

p r o p e r t i e s  

p r o p e r t i e s  

p r o p e r t i e s  

p r o p e r t i e s  

D r o n e r t i  es 

A I  I oy 

PE-16, 

PE-16, 

PE-16 

PE-1fi 

316, 316 + Ti 

316, 316 t T i  

316, 316 + T i  

316, 316 + T i  

316, 316 + Ti 

I n c o n e l  600 

Incone l  600 

HFIR-CTR-5 

HFIR-CTR-6 

HFIR-CTR-7 

HFIR-CTR-8 

3 0 ~ 0 0  

300-700 

300-700 

30c-700 

2 8 0 4 8 0  

2 8 h d R 0  

280480 

28LL680 

28LL680 

430 
550 

5 5  

3 4/75 

3 4/75 

7 R / 7 7  

7 8/71 

6 5/77 

6 5/77 

6 5/77 

4 7/ 77 

4 2/77 

HFIR-CTR-9 

HFIR-CTR-lfl 

HFIR-CTR-11 

HFIR-CTR-12 

HFIR-CTR-13 

HFIR-CTR- 14 
HFIR-CTR-15 
HFIR-CTR-16 

S w e l l i n g  and t e n s i l e  

F a t i g u e  
F a t i g u e  
Weld c h a r a c t e r i -  

p r o p e r t i e s  

z a t i o n ,  s w e l l i n g ,  
and t e n s i l e  
p r o p e r t i e s  

Weld c h a r a c t e r i -  

?-I5 
6-9 
6-9 

7 17/77 
4 10178 
4 8/77 

HFIR-CTR-17 

HFIR-CTR-18 

HFIR-CTR-19 

316 2 R M 2 0  

280-700 

280420 

430 
550 
430 
430 

300420 

7-1 3 

17-27 

7-10 

e 4  
9 1  5 
6-9 
6-9 
2.2  

1 R W 6 0  

1600-5600 

2n0--500 

20w00 
400-1000 
2 0 r u n o  
370-1000 
30 

5.5 10177 

12 6 / 7 8  

4 12/77 

4 1/78 

4 3/78 
3.5 7/79 
1 12/70 

7 7\78 

z a t i o n  
S w e l l i n g  and t e n s i l e  316, 

31fi 
PE-16 p r o p e r t i e s  

Weld c h a r a c t e r i -  
z a t i o n  

Fa t  i que 316 
F a t i g u e  
F a t i g u e  
F a t i g u e  
Temperature 

c a l i b r a t i o n  and 
t e n s i  1 e p r o p e r t i e s  

S w e l l i n g  and t e n s i l e  
p r o p e r t i e s  

S w e l l i n g  and t e n s i l e  
p r o p e r t i e s  

S w e l l i n g  and t e n s i l e  
p r o p e r t i e s  

HFIR-CTR-20 
HFIR-CTR-21 
HFIR-CTR-22 
HFIR-CTX-23 
HFIR-CTR-24 

316 
316 
PE-16 
316 

HFIR-CTR-26 

HFIR-CTR-27 

HFIR-CTR-2R 

316 

316 

316 

2 R 4 6 7 0  

2 8 4 6 2 0  

370-560 

30 

56 

30 

1900 

3500 

1900 

10 4/ 80 

18 1 / 8 1  

10 17/80 
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Table  8.1.1. ( C o n t i n u e d )  

D i s p l  acement He l ium D u r a t i o n  Date 
Experi inent Ma jo r  o b j e c t  i ve A I  1 oy damage ( a t .  ppm) (months) completed 

(dpa)  ("C) 
~~ 

HFIR-CTR-29 

HFIR-CTR-30 

HFIR-CTR-31 

HFI  R-CTR- 32 

HFIR-CTR-33 

HFIR-CTR-34 
HFIR-CTR-35 
HFIR-CTR-39 

HFIR-CTR-40 

HFIR-CTR-41 

HFIR-MFE-RBI 

HFIR-MFE-RE2 

HFIR-MFE-TI 

HFIR-MFE-T2 

HFIR-MFE-T3 

S w e l l i n g  and t e n s i l e  
p r o p e r t i e s  

S w e l l i n g ,  m i c r o-  
s t r u c t u r e ,  and 
d u c t i l i t y  

S w e l l i n g ,  m i c r o-  
s t r u c t u r e ,  and 
d u c t i l i t y  

S w e l l i n g ,  m i c r o-  
s t r u c t u r e ,  and 
d u c t i l i t y  

S w e l l i n g ,  t e n s i l e  
p r o p e r t i e s ,  weld 
c h a r a c t e r i z a t i o n  

Charov 
Char& 
S w e l l i n g  and 

Swel l  i ng and 

Swell  i ng and 

Swell  i ng , m i c r o  

t e n s i l e  

t e n s i  I e 

t e n s i l e  

s t r u c t u r e ,  c rack  
growth,  f r a c t u r e  
toughness,  Charpy, 
t e n s i l e ,  and 
f a t i g u e  

s t r u c t u r e ,  c rack  
growth,  f r a c t u r e  
toughness,  Charpy, 
t e n s i l e ,  and 

Swell  i ng , m i c r o-  

f a t i g u e  
Impact p r o p e r t i e s  

316 

Paths A ,  R ,  C, 
0, E 

0, E 

0 ,  E 

Paths A ,  8, C,  

Paths A ,  8, C,  

Paths A and E 

Path E 
Path E 
Path E 

Path E 

Path E 

Path E 

Path E 

P a t h  E 

Path E 

Path E 

56 

40 

2n 

10 

i n  

i n  
i n  
12 

12 

12 

10 

2n 

30 

9 

10 

18 8/81 

14 11/8 /81  

8 5/28/81 

4 12 /81  

4 10/80 

5 12/82 

5 1/83 

8 7/82 

17 7/83 

12 R / i n / 8 2  

3 5 /3 /81  

4 12 /24 /81  
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8.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - T. K. Roche, F. W. Wi f fen (Oak Ridge Nat ional  
Laboratory) ,  J. W. Davis (McDonnell Douglas Company), and T. A. Lechtenberg (GA Technologies) 

8.2.1 A D I P  Tasks 

A D I P  Task I . D . l ,  Ma te r i a l s  S tockp i le  f o r  MFE Programs. 

8.2.2 Ob jec t i ve  

Oak Ridge Nat ional  Laboratory mainta ins a cen t ra l  i nven to r y  o f  research ma te r i a l s  t o  p rov ide  a common 
supply o f  ma te r i a l s  f o r  t he  Fusion Reactor Ma te r i a l s  Program. This w i l l  minimize unintended ma te r i a l  
v a r i a t i o n s  and prov ide  f o r  economy i n  procurement and fo r  c e n t r a l i z e d  record keeping. 
t o r y  i s  t o  focus on ma te 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  app l i ca t i ons  and r e l a t e d  research, but  
var ious  specia l  purpose ma te 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 he  Fusion Reactor Ma te r i a l s  Program o f  DOE i s  encouraged. 

I n i t i a l l y  t h i s  inven-  

The use of ma te r i a l s  from t h i s  inventory  f o r  research t h a t  i s  coordinated w i t h  o r  otherwise r e l a t e d  

8.2.3 Ma te r i a l s  Requests and Release 

Ma te r i a l s  requests sha l l  be d i r e c t e d  t o  t he  Fusion Program Research Ma te r i a l s  Inventory  a t  ORNL 
( A t t e n t i o n :  F. W. Wiffen). Ma te r i a l s  w i l l  be re leased d i r e c t l y  i f  (a) t he  ma te r i a l  i s  t o  be used f o r  
programs funded by t he  Off ice of Fusion Energy, w i t h  goals cons is ten t  w i t h  t he  approved Ma te r i a l s  Program 
Plans o f  t he  Ma te r i a l s  and Radiat ion Ef fects Branch and f b l  t he  reouested amount of ma te r i a l  i s  a v a i l a b l e  

I ,  

wi thout  compromising o the r  in tended uses. 
Ma te r i a l s  requests t h a t  do not  s a t i s f y  both (a )  and (b)  w i l l  be discussed w i t h  t he  s t a f f  o f  t he  

Reactor Technologies Branch, O f f i ce  of Fusjon Energy, for.agreement on ac t ion .  

8.2.4 Records 
Chemistry and ma te r i a l s  p repara t ion  records are mainta ined f o r  a l l  i n ven to r y  ma te r i a l .  A l l  ma te r i a l s  

supp l ied  t o  program users w i l l  be accompanied by summary cha rac te r i za t i on  informat ion.  

8.2.5 Summary of Current Inventory and Mater ia l  Movement During Period 
October 1, 1983 through March 31, 1984 

A condensed, q u a l i t a t i v e  desc r i p t i on  o f  t he  content of ma te r i a l s  i n  t he  Fusion Program Research 
Ma te r i a l s  Inventory  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 diameter of rod or th ickness  
of sheet f o r  product forms o f  each a l l o y  and a l s o  i nd i ca tes  by weight t he  amount o f  each a l l o y  i n  l a r g e r  
s izes  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 ther  product forms as needed by t he  program. 
ma te r i a l  added t o  t he  i nven to r y  dur ing  t h i s  r epo r t i ng  per iod.  Table 8.2.2 g ives t he  ma te r i a l s  d i s t r i b u t e d  
from the  inventory .  

A l l o y  composit ions and more d e t a i l  on t he  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  ADIP progress reports .  

There was no 

Table 8.2.1 Summary s ta tus  o f  ma te r i a l s  a v a i l a b l e  i n  t he  
fus ion  program research ma te r i a l s  i nven to r y  

Product form 

A l l o y  Thin-wal l  
t ub ing  Rod Sheet 

(mm) (mm) 

Ingo t  or 
bar"  

weight  thickness w a l l  th ickness diameter 

(mm) (kg)  

Type 316 S S  900 16 and 7.2 13 and 7.9 0.25 
Path A PCAb 490 12 13 0.25 
USSR Cr-Mn Stee lC 10.5 2.6 
NONMAGNE 3nd 18.5 i n  

Path B alloys 

PE-16 140 16 and 7.1 13 and 1.6 0.25 
B- 1 180 
8-2 
8-3 
8-4 

180 
im  
180 

8-6 180 
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Table 8.2.1 (con t inued)  

Product form 

Sheet Th in- wa l l  
t u b i n g ,  

I n g o t  o r  

weight  bara  d iameter  t h i c k n e s s  thickness 
A1 1 oy 

(mm) (mm) (m) (kg)  

Path C alloys 

T i  -64 

T i  -62425 

T i  -5621s 
T i  -38644 
N&1% Z r  

Nt-59. M&l% Z r  

&20% T i  

&15% Cr-5% T i  

VANSTAR-7 

LRO-37e 

63 

6.3 

5.3 

6.3 

6.3 

6.3 

Path D alloy 

2.5 and 
0.76 

6.3, 3.2, 
and 0.76 

2.5 and 0.76 
0.76 and 0.25 
2.5, 1.5,  
and 0.76 

2.5,  1.5, 
and 0.76 

2.5, 1.5, 
and 0.76 

2.5, 1.5, 
and 0.76 

2.5, 1.5, 
and 0.16 

3.3, 1.6, 
and 0.8 

Path F alloys 
HT9 (A0D f u s i o n  hea t ) f  3400 28.5, 15.8, 

9.5, and 3.1 

f u s i o n  hea t )  and 75 9.5, and 3.1 
HT9 (AOD/ESR 7000 25, 50. 28.5, 15.8, 

HT9 4.5 and 18 
HT9 + 1% Ni 
H i 9  t 2% N i  
HT9 + 2% N i  4 

C r  ad jus ted  
T-9 m o d i f i e d g  
T-9 m o d i f i e d  + TI. N i  

4.5 and 18 
4.5 and 18 
4.5 and 18 

4.5 and 18 
4.5 and 18 

T-9 m o d i f i e d  + Z% Ni + 4.5 and 18 

2 1/4 Cr-1 Mo h 
Cr ad jus ted  

aGreater than  25 mn, minimum dimension. 

hPrime cand ida te  a l l o y .  

CRod and sheet of a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  U.S.-USSR 

*NONMAGNE 30 i s  an a u s t e n i t i c  s t e e l  w i t h  base compos i t i on  Fe-14% Mn- 

Fus ion Reactor M a t e r i a l s  Exchange Program. 

2% Ni-2% C r .  
Research I n s t i t u t e .  

Fe-39.49. Ni-22.4% \co.43% T i .  

It was s u p p l i e d  t o  t h e  i n v e n t o r y  by t h e  Japanese Atomic Energy 

eLR0-37 i s  t h e  ordered a l l o y  (Fe,Ni )3(V,Ti )  w i t h  compos i t i on  

fA1loy 12 Cr-1 MoVW, w i t h  composi t ion e q u i v a l e n t  t o  Sandvik a l l o y  HT9. 

RT-9 mod i f ied  i s  t h e  a l l o y  9 Cr-1 MoVNb. 

hMate r ia 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. Fus ion program research  m a t e r i a l s  i n v e n t o r y  d isbursements 
October 1, 1983 th rough  March 31, 1984 

A1 1 oy Heat 
Q u a n t i t y  Product  Dimensiona 

( m )  W) form (mm) 
Sent t o  

Path A a l loy 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  

316 S S  re f .  heat  X-15893 Sheet 0.25 0.068 

Path A PCAb K-280 Rod 6.91 7.72 

K-280 Sheet 0.25 0.082 

R a d i a t i o n  E f f e c t s  Group, 
MEC D i v i s i o n .  ORNL 

R a d i a t i o n  E f f e i t s  Group, 

R a d i a t i o n  E f fec ts  Group, 
M&C n i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

Path C a l l o y s  - m a c t i u e  and r e f rac to ry  a l l o y s  

K 2 O %  T i  CAM 832 Top-5 

CAM 833-7 

V-15% Cr-5% Ti CAM 8356-2 

CAM 835A-6 

CAM 834-3 

Vans t a r- 7 

2 114 C r - 1  Ma 

T-9 mod i f i ed C 

T-9 m o d i f i e d  + 

HT-9 

HT-9 + 2% N i  

HT-9 

2% N i  

T-9 

CAM 836 Top-4 

CAM 836 Bot- 3 

CAM 031-7 

38649 

38649 

ESR-XA-3590-9 

ESR-XA-3591-9 

ESR- XAA-3587-4 

ESR-XAA-3589-9 

AOD-ESR-9607R2 

AOD-ESR-9607R2 

AOD-ESR-9607R2 

AOD-ESR-9607R2 

AOD-ESR-9607R2 

AOD-ESR-9607R2 

30176 

Rod 6.35 1.04 

Sheet 0.76 

Rod 6.35 1.05 

Sheet 0.76 

Sheet 0.76 

Rod 6.35 0.98 

Sheet 0.76 

Sheet 0.84 

Path E a l l o y s  - f e r r i t i c  s t e e t s  

Rod 4.57 1.96 

Sheet 0.25 

Rod 4.57 1.61 

Rod 4.57 1.54 

Rod 4.57 1.70 

Rod 4.57 1.82 

Rod 4.57 3.35 

Sheet 0.76 

Sheet 0.76 

Sheet 0.38 

Sheet 0.25 

Sheet 0.25 

Sheet 0.76 

0.013 

0.013 

0.008 

0.014 

0.012 

0.04 

0.037 

0.006 

0.12 

0.037 

0.01 

0.006 

Argonne Na t iona l  

Argonne Na t iona l  

Argonne Na t iona l  

Araonne Na t iona l  

Labora to ry  

L a b o r a t o r y  

Labora to ry  
~ 

Labora to ry  
R a d i a t i o n  E f fec ts  Group, 

M&C D i v i s i o n ,  ORNL 

Argonne Na t iona l  
Labora to ry  

Argonne Na t iona l  

R a d i a t i o n  E f f e c t s  Group, 
Labora to ry  

M&C D i v i s i o n ,  ORNL 

R a d i a t i o n  E f f e c t s  Group, 
M&C D i v i s i o n .  ORNL 

R a d i a t i o n  E f f e c t s  Group, 

R a d i a t i o n  E f fec ts  Group, 
M&C D i v i s i o n ,  ORNL 

. .  
M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

Santa Barbara 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

Santa Barbara 

Santa Barbara 

R a d i a t i o n  E f fec ts  Group, 

R a d i a t i o n  E f fec ts  Group, 

R a d i a t i o n  E f f e c t s  Group, 

R a d i a t i o n  E f fec ts  Group, 

R a d i a t i o n  E f f e c t s  Group, 

U n i v e r s i t y  of C a l i f o r n i a ,  

R a d i a t i o n  E f fec ts  Groups, 

R a d i a t i o n  E f f e c t s  Groups, 

U n i v e r s i t y  of C a l i f o r n i a ,  

U n i v e r s i t y  of C a l i f o r n i a ,  

= C h a r a c t e r i s t i c  d imension:  t h i c k n e s s  f o r  p l a t e  and sheet ,  d iameter  f o r  r o d  and tub ing .  

hPrime cand ida te  a l l o y .  

cT-9 m o d i f i e d  i s  t h e  a l l o y  9 Cr-1 MoVNb. 
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9.1 CORROSION OF TYPE 316 STAINLESS STEEL, PATH A PCA, AND 12 C r - 1  MoVW STEEL I N  THERMALLY C O N V E C T I V E  

9.1.1 A D I P  Task 

LITHIUM - P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge Nat ional  Laboratory)  

ADIP  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  Compa 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 he  co r ros i on  res is tance  o f  candidate f i r s t - w a l l  ma te r i a l s  t o  
s low ly  f lowing l i t h i u m  i n  the  presence o f  a temperature gradient. 
measured as func t ions  o f  time, temperature, add i t ions  t o  the  l i t h i u m ,  and f l ow  condi t ions.  These measure- 
ments are combined w i t h  chemical and meta l lograph ic  examinations o f  specimen surfaces 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  d i s s o l u t i o n  and depos i t ion  react ions.  

9.1.3 Summary 

a l l o y  (PCA) d i d  not s t r ong l y  i n f l uence  weight loss  behavior, ( 2 )  k i n e t i c  ana lys is  o f  data from s i x  runs w i t h  
type  316 s t a i n l e s s  s tee l  showed phase boundary reac t i on  con t ro l  f o r  d i sso lu t i on ,  and (3 )  t he  mass t r ans fe r  
of a 12 Cr-1 MoVW s tee l  i n  l i t h i u m  changed s i g n i f i c a n t l y  when the  loop  temperatures were ra ised.  

9.1.4 Progress and Status 

One l i t h i u m  type 316 s t a i n l e s s  s tee l  thermal convect ion loop  w i t h  accessib le specimens ( o f  a type 
descr ibed p r e v i o u s l y l )  has been used t o  measure weight losses of pa th  A PCA specimens with d i f f e r e n t  thermo- 
mechanical treatments. I n  t he  f i r s t  experiment, coupons of path A PCA a l l o y s  A I  and A3 were p laced a t  the  
600 and 570OC pos i t i ons  i n  the  thermal convect ion loop, which had prev ious ly  c i r c u l a t e d  l i t h i u m  fo r  g rea ter  
than 10,000 h. The second experiment, which has j u s t  been completed, used specimens of PCA a l l o y s  A 3  and 
A3A i n  these loop  pos i t ions .  While A I  (annealed), A3 ( co ld  worked), and A3A ( co ld  worked, n i t r i d e  s t r i n g e r s )  
d i f f e r e d  m i c r o s t r u c t u r a l l y ,  they a l l  had the  same composi t ion as seen below. 

Corrosion and depos i t ion  ra tes  are 

__ 
Resul ts  from l i t h i u m  thermal convect ion loops are (1) m ic ros t ruc tu ra l  v a r i a t i o n s  of prime candidate 

Content Content Content 
Element (wt  % )  Element (wt  %) Element (wt %) 

N i  15.9 M n 1.9 A1 0.05 
C r  14.0 S i  0.4 C 0.05 
Mo 1.9 T i  0.3 N a . 0 1  
Fe 65.0 

Because o f  p r i o r  opera t ion  w i t h  l i t h i u m  and associated p r e f e r e n t i a l  leach ing  of n i cke l  and chromium, the  
ho t - l eg  surfaces o f  the  loop were known t o  have a considerably h igher  i r o n  concent ra t ion  than the  a s -  
rece ived  PCA a l loys .  
specimens. 

The i n i t i a l  r e s u l t s  from t h i s  second PCA loop  experiment were repor ted  i n  the  preceding progress 
report .2 There was no d i f f e r e n c e  i n  weight loss  behavior  of A3 and A3A fo r  up t o  5000 h of exposure, and 
t h e  t o t a l  weight losses f o r  t he  A3 specimens i n  t he  f i r s t  and second experiinents were s im i l a r .  Fur ther  
data now obta ined over about 2000 h of add i t i ona l  exposure confirmed these observations. 
specimens a t  600°C showed t he  same weight l oss  behavior  w i t h  t ime over the  e n t i r e  exposure i n t e r v a l  of 
6631 h [Fig. 3,l . l (a)] .  Furthermore, the  t o t a l  cumulat ive weight loss  of the  A3 specimen exposed 6696 h a t  
600°C i n  the  f i r s t  experiment was 148 g/m2, t he  same as t h a t  o f  A3 i n  the  second experiment exposed 6691 h. 
While the  agreement i s  not  as  exact as t he  600°C data, the  weight losses f o r  the  A3 and A3A specimens 
exposed a t  570OC were a l so  q u i t e  s i m i l a r  t o  each o ther  [see Fig. 3. l . l (b) ] .  
desp i t e  the  known i n f l uence  o f  n i t r ogen  on the  co r ros i on  o f  fe r rous  a l l o y s  by l i th ium,3  t he  presence of the 
n i t r i d e s  i n  A3A d i d  not  lead t o  accelerated o v e r a l l  d i sso lu t i on .  

When compared w i t h  t he  base l ine  type  316 s ta i n l ess  s tee l  data, the  weight losses and d i s s o l u t i o n  ra tes  
of PCA-A3 are g rea ter  (see Table 9.1.1). However, wh i le  the  cumulat ive weight losses of A3 and A3A were 
l ess  than t h a t  o f  A I  a t  600"C, the  most recent  data i n d i c a t e  no d i f f e r e n c e  i n  t he  s teady- s ta te  d i s s o l u t i o n  
ra tes  of the  annealed and c o l d  worked versions o f  the  PCA a l l o y  a t  600 and 5 7 O O C .  
evidence t h a t  t he  co r ros i on  r a t e  of A 1  was greater .* )  
of PCA do not s t r o n g l y  in f luence weight loss  behavior i n  l i t h i u m .  

However, the  co ld  l e g  of the  loop had been replaced be fore  opera t ion  wi th  t he  PCA 

The A3 and A3A 

I t  there fo re  appears t h a t ,  

(There was some previous 
It the re fo re  appears t h a t  m i c ros t ruc tu ra l  v a r i a t i o n s  
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F i g .  9.1.1. Weight loss  versus t ime f o r  co ld  worked prime candidate a l l o y  i n  thermal ly  convect ive 
l i t h i um.  ( a )  GOO'C. ( b )  570°C. 

Table 9.1.1. Weight losses and steady- state d i s s o l u t i o n  Much of t he  i n i t i a l  work i n  t he  area o f  
r a tes  o f  prime candidate a l l o y  and type 316 l i q u i d  metal co r ros i on  invo lved  type  316 

s t a i n l e s s  s tee l  exoosed t o  thermal lv  s t a i n l e s s  s tee l  as a base l ine  ma te r i a l  and 
convect ive 1 i t h i  um 

Cumul a t i  ve Steady - s t a t e 
weight lossa d i s s o l u t i o n  ra teb  

Ma te r i a l  (g/m2) Cmg/ (m2- h)  1 
600°C 570°C 600°C 570°C 

Type 316 s ta i n l ess  119 78 13 8 

A3C 148 97 16 12 

s tee l  

A3d 

A3A 

model a u s t e n i t i c  a l l oy .  Recently, weight 
change data from a number of thermal convect ion 
loop  experiments were assessed as a whole fo r  
t he  f i r s t  t ime i n  o rder  t o  do a more comprehen- 
s i ve  k i n e t i c  ana lys is  o f  the  mass t r a n s f e r  
reac t ions .  Weight loss  and ga in  measurements as 
a func t ion  o f  t ime and temperature from s i x  loop  
runs were considered. Such data a re  shown i n  
Fig. 9.1.2, and a d d i t i o n a l  r e s u l t s  can be found 
e l ~ e w h e r e . ~  The weight l oss  data were analyzed 
by performing a se r i es  o f  curve f i t s  f o r  each 
soecimen i n  o rder  t o  a r r i v e  a t  a s u i t a b l e  
mathematical form t o  descr ibe  t he  r e l a t i o n s h i p  
between t he  weight losses and time. A power 148 101 20 14 

145 93 20 13 law o f  the  form 

A 1  170 97 21 13 w1= atb,  ( 1 )  
where w 1  i s  the  weight loss ,  t i s  t ime, and a 
and b are constants der ived  from the  fit, was 
found t o  be appropr ia te  when both long- and 

aMeasured a t  7000 + 10 h. 
bObtained from s lope o f  l i n e a r  po r t i ons  o f  weight 

l oss  versus t ime curves. shor t- te rm data were inc luded i n  each ana lys is  

C F i r s t  experiment 

dSecond exoeriinent 

( i n c l u d i n g  w 1  = 0 a t  t = 0). The f i t t e d  expo- 
nents ( b )  were found t o  range between 0.68 and 
0.75 f o r  t he  specimens exposed a t  600°C (Tmax) 
f o r  var ious Deriods of time. iiowever. when 
on ly  l o n g - t e h  data were inc luded i n  t he  

analyses ( t h a t  i s ,  w1 f o r  t > 2100 h) ,  the  data c o r r e l a t e d  equa l l y  we l l  w i t h  a l i n e a r  regress ion  ( s t r a i g h t  
l i n e )  f i t  o f  t he  form 

w z = c + d t ,  ( 2 )  
where c and d are  constants. 

A l i n e a r  t ime 
dependence was i n i t i a l l y  assumed from observat ion o f  such weight l o s s  p l o t s  such a s  shown i n  Fig. 9.1.2 and 
t he  p r e d i c t i o n  o f  several models (such as t h a t  o f  Brushs). Therefore, t he  assumed at ta inment  o f  a s t r i c t  
l i n e a r  t ime dependence may indeed not  be v a l i d  f o r  t he  t imes involved.  
t he re  i s  l i t t l e  d i f f e r e n c e  between a l i n e a r  and t o e 7  dependence a t  t he  exposure t imes (500&10,000 h )  and 
system cond i t i ons  o f  i n t e r e s t  here. 
y e t  reached because o f  complex morphological e f f e c t s  i n f l u e n c i n g  t he  d i s s o l u t i o n  process. For example, t he  
po ros i t y  t h a t  develops on a u s t e n i t i c  a l l o y s  exposed t o  l i t h i u m  may i n h i b i t  t he  at ta inment  o f  s teady- state 
behavior  by a l l ow ing  some p r e f e r e n t i a l  leaching t o  pe rs i s t .  Also, s lugg ish  depos i t ion  k i n e t i c s  may extend 
t he  t ime needed t o  reach e q u i l i b r i u m  d i s s o l u t i o n  cond i t ions .  
experiments, s p a l l a t i o n  o f  pa r t s  o f  the  f e r r i t e  l aye r ,  which has occurred under more aggressive 
cond i t ions ,6  ,' cou ld  renew the  p re fe ren t i a l  leach ing  process and delay t r u e  s teady- s ta te  behavior. 

The c o r r e l a t i o n  o f  t he  long- term weight losses  w i t h  a power curve f i t  was unexpected. 

However, i t  should be noted t h a t  

Perhaps, i n  t he  present experiments, a t r u e  steady- state regime was not  

F i n a l l y ,  w h i l e  not  observed i n  t he  present 
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I n  agreement w i t h  t h e  p resen t  r e s u l t s ,  power cu rve  t ime  exponents between 0.5 and 0.7, i n c l u s i v e ,  have 
been observed i n  o t h e r  l i t h i u m  loops6,* when e n t i r e  exposure i n t e r v a l s  have been i n c l u d e d  i n  t h e  ana lys i s .  
A 0.7 exponent f o r  a power curve law f o r  t h e  weight  loss,  as found i n  t h i s  work, can rep resen t  a mixed r a t e  
c o n t r o l  process. A p o s s i b l e  example of such would be where t h e  d i s s o l u t i o n  process c o n s i s t e d  of r e a c t i o n s  
c h a r a c t e r i z e d  by a to.5 and t ( l i n e a r )  behavior ,  t h a t  i s ,  

If d i s s o l u t i o n  i s  t h e n  cons ide red  as i n i t i a l l y  dominated by s e l e c t i v e  l e a c h i n g  and u l t i m a t e l y  by s teady-  
s t a t e  c o r r o ~ i o n , ~ ~ ~ ~ ~ ~  i t  would be expected t h a t  a t ime  dependence o f  t o e 5  would dominate a t  f i r s t  (as 
observed by Baue$ f o r  t < 500 h ) ,  w h i l e  t h e  l i n e a r  p a r t  would become t h e  p r i n c i p a l  t e r m  a t  l o n g  t imes. A 
c o r r e l a t i o n  o f  Eq. (3 )  w i t h  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  p r e f e r e n t i a l  l e a c h i n g  and s t e a d y- s t a t e  d i s s o l u t i o n  
would t h e n  i m p l y  a s o l i d - s t a t e  d i f f u s i o n  r a t e - c o n t r o l l i n g  s t e p  f o r  t h e  p r e f e r e n t i a l  l e a c h i n g  process w h i l e  
r a t e  c o n t r o l  f o r  t h e  s t e a d y- s t a t e  o r  " s t o i c h i o m e t r i c "  d i s s o l u t i o n  would be elsewhere i n  t h e  process. 

h o l d  a t  l o n g e r  t imes  i n  o r d e r  t o  c a l c u l a t e  s t e a d y- s t a t e  d i s s o l u t i o n  r a t e s  d e s p i t e  t h e  above ev idence t h a t ,  
even though a s t r a i g h t  l i n e  f i t  i s  adequate, t h e  p resen t  l ong- te rm da ta  may n o t  be a t  e q u i l i b r i u m  b u t  j u s t  
approaching it. 
s t e e l  a t  600°C maximum l o o p  temperature (Tmax) were found t o  be 11.2 and 13.3 mg/(m2*h).  
t h e  s lopes of t h e  l i n e s  f i t t e d  by l i n e a r  r e g r e s s i o n  a n a l y s i s  were used t o  determine t h e  d i s s o l u t i o n  r a t e s  as  
t h e  maximum temperature of a l o o p  was changed. These r a t e s  were t h e n  used i n  an Ar rhen ius  a n a l y s i s  assuming 
a f u n c t i o n a l  form o f  

(3) W L  = ft0-5 + gt . 

For  t h e  sake of s i m p l i c i t y  and c o n s i s t e n c y  w i t h  o t h e r  work, a l i n e a r  t ime  dependence was assumed t o  

When t h i s  was done f o r  t h e  long- te rm l o o p  t e s t s ,  d i s s o l u t i o n  r a t e s  o f  t y p e  316 s t a i n l e s s  
In a s i m i l a r  manner, 

d q l d t  = A exp(-Q/wr)  , (4) 
where Q i s  t h e  a c t i v a t i o n  energy f o r  t h e  r a t e - c o n t r o l l i n g  s t e p  o f  t h e  s t e a d y- s t a t e  d i s s o l u t i o n  process o r  
t h e  sum of such an a c t i v a t i o n  energy and a hea t  of s o l u t i o n  (as desc r ibed  p r e v i o u s l y" ) .  
y i e l d e d  va lues  of Q t h a t  were 196, 188, and 11A  kJImol  (47,  45, and 28 k c a l / m o l )  f o r  t h e  specimens i n  
t h e  t h r e e  h o t t e s t  l o o p  p o s i t i o n s .  
two h o t t e s t  l o o p  p o s i t i o n s  a r e  e s s e n t i a l l y  t h e  same. If we assume t h a t  Q i s  a combinat ion of an a c t i v a t i o n  
energy and a hea t  of s o l u t i o n  ( A H )  and t h a t  t h e  r e l e v a n t  AH i s  t h a t  f o r  i r o n  i n  l i t h i u m ,  we can e s t i m a t e  t h e  
AH t o  be about 60 kJ/mol (14 kca l /mo l )  from s o l u b i l i t y  data.12 Th is  would t h e n  r e s u l t  i n  a minimum a c t i v a -  
t i o n  energy of about 134 kJ/mol ( 32  k c a l / m o l ) ,  which i s  somewhat h i g h e r  t h a n  t y p i c a l  va lues f o r  l i q u i d  phase 
d i f f u s i o n  ( ~ 4 0  kJ/mol)."  However, t h i s  v a l u e  i s  c o n s i s t e n t  w i t h  a phase boundary r e a c t i o n  and w i t h  s o l i d -  
s t a t e  d i f f u s i o n  as r a t e - l i m i t i n g  processes. It would t h e r e f o r e  appear t h a t ,  r e g a r d l e s s  o f  whether Q i s  j u s t  
an a c t i v a t i o n  energy o r  a sum of two terms, t h e  r a t e  c o n t r o l l i n g  process i s  a phase boundary r e a c t i o n  s i n c e  
s o l i d - s t a t e  d i f f u s i o n  can be e l i m i n a t e d  by t h e  l i n e a r  t i m e  dependence of s t e a d y- s t a t e  d i s s o l u t i o n  (see 
above). 
a l t h o u g h  i t  may be due t o  a change i n  t h e  r a t e - c o n t r o l l i n g  s t e p  i n  t h e  d i s s o l u t i o n  process as t h e  tempera- 
t u r e  i s  lowered. 
decreased t o  5 0 0 T  (where, over  c e r t a i n  i n t e r v a l s ,  we igh t  ga ins  were measured). 
c o u l d  t h u s  be done o n l y  f o r  t h e  two h i g h e r  temperatures f o r  t h i s  specimen and may n o t  be accura te .  

Such a procedure 

Note t h a t  t h e  va lues o f  Q f o r  t h e  d i s s o l u t i o n  o f  t h e  specimens a t  t h e  

The reason f o r  t h e  lower  a c t i v a t i o n  energy f o r  t h e  lower  tempera tu re  specimen i s  not  known, 

However, t h e  we igh t  changes a t  t h i s  p o s i t i o n  were smal l ,  p a r t i c u l a r l y  when Tmax was  
The Ar rhen ius  a n a l y s i s  
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While t he  above ana lys is  may i n d i c a t e  t h a t  t he  r a t e - c o n t r o l l i n g  s tep  f o r  h igher  temperature d i s s o l u t i o n  
i s  a r eac t i on  a t  the  s o l i d - l i q u i d  i n t e r f a c e ,  t he  data repor ted  here cannot be used t o  determine t he  exact 
t ype  o f  such a reac t ion .  However, i t  i s  i n t e r e s t i n g  t o  speculate t h a t  j u s t  as oxygen a f f e c t s  t he  steady- 
s t a t e  d i s s o l u t i o n  r a t e  o f  s tee l  i n  sodium,'0 n i t r ogen  may p l ay  a c o n t r o l l i n g  r o l e  i n  one of t he  surface 
reac t ions  i n  l i t h i u m ,  no tw i ths tand ing  t he  r e l a t i v e l y  low l e v e l s  o f  t h i s  i m p u r i t y  i n  t he  present experiments. 
Recent work has shown t h a t  n i t r ogen  can reac t  w i t h  l i t h i u m  and se lec ted  s t e e l  components t o  form s tab le  
t e r n a r y  compounds (Li9CrNS) and/or t o  simply acce le ra te  t he  d i s s o l u t i o n  p r o c e ~ s . ~  Such reac t ions  would a l so  
i n f l u e n c e  t h e  d i s s o l u t i o n  of f e r r i t i c  (Fe-Cr-Mo) s tee l s  i n  l i t h i u m ,  and, i n  t h i s  regard, i t  i s  i n t e r e s t i n g  
t h a t  such s t e e l s  apparent ly  do not  show a non l inear  cor ros ion  r a t e  a t  e a r l y  times,b u n l i k e  t h e  n i c k e l -  
con ta i n i ng  s tee ls .  

As w i t h  the  weight l o s s  data, weight gains were found t o  c o r r e l a t e  we l l  w i t h  a power law of t he  form 

wg = mt" , ( 5 )  
where wg i s  the  weight gain, t i s  the exposure time, rn i s  t he  c o e f f i c i e n t  obta ined from fit, and n i s  0.60 
t o  0.68 depending on the  loop  run. 
expression and a l i n e a r  l a w  were adequate i n  descr ib ing  t he  data. 
l i n e a r  t ime dependence can charac te r ize  depos i t ion  under c e r t a i n  cond i t i ons  such as laminar  boundary l a y e r  
con t ro l .  
d i s s o l u t i o n ,  s teady- s ta te  depos i t ion  ra tes  can be obta ined from the  slopes of the  l i n e a r  po r t i ons  of weight 
ga in  versus exposure t ime curves f o r  the  long exposure loop runs. 
specimens a t  the  t h ree  co ldes t  loop  pos i t ions .  Note t h a t ,  i n  bo th  cases, t he  maximum s teady- s ta te  deposi-  
t i o n  r a t e  i s  not a t  t he  co ldes t  coupon p o s i t i o n  i n  the  loops. Th is  may be ascr ibed t o  t he  competing 
i n f l uence  of parameters t h a t  depend on temperature i n  opposi te ways. For example, wh i l e  t he  d r i v i n g  f o r ce  
f o r  depos i t ion  ( t h a t  i s ,  the  degree of supersa tura t ion  of a g iven element i n  l i t h i u m )  increases w i t h  
decreasing temperature, a thermal ly  ac t i va ted  depos i t ion  step would be more s lugg ish  a t  lower temperature. 
Such a dependence of depos i t ion  on temperature may have s i g n i f i c a n t  imp l i ca t i ons  f o r  methods t o  con t ro l  
depos i t ion  i n  l i t h i u m  by c o l d  t rapping.  

When only longer  term data were considered, both a power curve 
Po l l ey  and Skyrme" have shown t h a t  a 

Therefore, again assuming l i n e a r i t y  a t  e q u i l i b r i u m  i n  a s i m i l a r  manner t o  what was done f o r  

These are shown i n  Table 9.1.2 f o r  

Table 9.1.2. Steady- state depos i t i on  Resul ts  from previous  report^^,'^ have shown t h a t  the  cor ro -  
r a tes  f o r  t ype  316 s ta i n l ess  steel-  s ion  o f  a 12 Cr-1 MoVW s tee l  i n  t he rma l l y  convect ive l i t h i u m  
l i t h i u m  thermal convect ion systems between 500 and 350°C was not  excessive a f t e r  10,088 h. The 
operated a t  a maximum temperature g rea tes t  specimen weight l oss  was a t  t he  minimum temperature 

of 600°C and a temperature (Tmin) p o s i t i o n  (350"C), co r ros i on  ra tes  were s m a l l ,  and t he  
d i f f e r e n t i a l  o f  150°C m ic ros t ruc tu re  was no t  a l t e r e d  by the  co r ros i on  process t o  any 

g rea t  depth. The reac t i ons  were s luggish;  most loop  specimens 
d i d  not  e x h i b i t  much change i n  weight o r  surface s t r uc tu re ,  
p a r t i c u l a r l y  a f t e r  t he  f i r s t  few thousand hours of exposure. 
small  amount o f  mass t r a n s f e r  o f  chromium and n i c k e l  was detected, 
bu t ,  from a cons idera t ion  o f  t he  weight change data, sur face 

carbon and n i t r ogen  were deduced t o  be the  p r i n c i p a l  co r ros i on  

c a n t l y  g rea ter  than 500"C, convent ional  mass t r ans fe r  may become 
much more important  i n  nonisothermal 12 C r - 1  MoVW s tee l- l i t h i um 
systems w i t h  a concomitant decrease i n  t he  r e l a t i v e  c o n t r i b u t i o n  
o f  i n t e r s t i t i a l  react ions.  Consequently, a loop  experiment w i t h  a 
maximum temperature o f  600°C and a AT o f  150Y  was s t a r t e d  t o  
determine i f  t h i s  i s  t he  case. The coupons of t h i s  second exper i -  

exposure t ime t o  l i t h i u m  and t he  corresponding weight change 

A Depos i t ion  r a t e  
Cmg/W.h )I Specimen 

se t  

4900c 470"c 450"c ana lys is ,  and p r i o r  r e s u l t s  f o r  a u s t e n i t i c  a l l oys ,  r eac t i ons  w i t h  

3'3 processes. It was t he re fo re  thought t h a t  a t  temperatures s i g n i f i -  

3 * 7  

l a  3.2 4.3 

26 4.8 5.3 

aExposed f o r  a t o t a l  o f  

bExposed f o r  a t o t a l  o f  

9034 h. 

7488 h. ment, which uses the  same loop, have r e c e n t l y  reached 3605 h of 

r e s u l t s  f o r  t he  specimen a t  t he  T~~~ p o s i t i o n  (600°C) are shown i n  Fig. 9.1.3, which a lso  con ta ins  t he  data 
from the  T~~~ specimen of the  f i r s t  experiment (500°C). As expected, t he  600°C weight l oss  i s  g rea ter  than 

Fig. 9.1.3. Weight l oss  versus t ime f o r  12 C r - 1  MoVW 
s t e e l  i n  t he rma l l y  convect ive l i t h i u m  a t  maximum loop tem- 
oeratures of  500 and 600°C. 
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t h a t  measured a t  a Tmax o f  500°C, and i t  appears t h a t  the  d i s s o l u t i o n  r a t e  (as determined by t h e  s lope  o f  
t he  curve)  w i l l  be g rea ter  a t  the  h igher  temperature. Furthermore, wh i le  t he  co ldes t  (350'C) coupon i n  the  
f i r s t  experiment showed weight losses, the Tmin specimen i n  the  second experiment (450'C) c o n s i s t e n t l y  
gained weight (see Fig. 9.1.4) such t h a t  a imre convent ional  mass t r a n s f e r  p r o f i l e  was observed by weight 
change measurements i n  the  Tmax = 600°C experiment. It i s  i n t e r e s t i n g  t o  note, however, t h a t  the  absolute 
values o f  the  weight losses a t  350°C are g rea ter  than t he  weight gains o f  the  Tmin specimen of the  second 
experiment and are a lso  g rea ter  than t he  absolute values o f  the  weight losses measured a t  600°C (see 
Fig. 9.1.3). Such observat ions suggest t h a t  the  (presumably i n t e r s t i t i a l )  reac t ions  t h a t  l ed  t o  s i g n i f i c a n t  
co r ros i on  a t  350°C are not  occur r ing  t o  the  same ex ten t  a t  h igher temperatures (>45O"C). 

L" w l  I F i g .  9.1.4. Weight change versus t ime f o r  
12  Cr-1 MoVW s tee l  i n  t he rma l l y  convect ive l i t h i u m  a t  
minimum loop temperatures of 350 and 450°C (maximum 
loop  temperatures o f  500 and 600°C. r espec t i ve l y ) .  

4 
Tm, -  = 3 5 0  d e q  C 

c- 

I 

1 , I 
0 I000 2ona 3oaa 4000 

EXPOSURE T I M E  f h )  

9.1.5 Conclusions 

1. Longer- term exposure of cold-worked PCA confirmed t h a t  the  presence o f  n i t r i d e  s t r i n g e r s  d i d  not 
in f luence t he  weight loss  behavior  o f  t h i s  mater ia l  a t  600 and 570% Furthermore, very l i t t l e  d i f fe rence 
i n  weight loss  behavior  was noted between the  annealed and cold-worked PCA specimens. The e f f ec t s  of 
m i c r o s t r u c t u r a l  va r i a t i ons  on t he  d i s s o l u t i o n  of t h i s  a l l o y  i n  l i t h i u m  appear minimal. 

loop  experiments revealed t h a t  d i s s o l u t i o n  was c o n t r o l l e d  by a phase boundary reac t ion .  
t i o n  r a t e  was genera l l y  not  a t  t he  minimum temperature. 

t he rma l l y  convect ive l i t h i u m  c i r c u l a t i n g  between 600 and 450°C showed subs tan t i a l  changes i n  t he  mass 
t r a n s f e r  p r o f i l e  when compared w i t h  data from a lower temperature loop  experiment w i t h  t h i s  a l l o y .  I t  
appeared t h a t  r a i s i n g  the  system temperature changed the  r e l a t i v e  c o n t r i b u t i o n s  o f  d i f f e r e n t  co r ros i on  
reac t i ons  such t h a t  convent ional  mass t r ans fe r  became more important. 

2. A k i n e t i c  ana lys is  o f  base l ine  type 316 s t a i n l e s s  s tee l  data from s i x  l i t h i u m  thermal convect ion 

3. I n i t i a l  weight change r e s u l t s  from a loop experiment i n  which 12 Cr-1 MoVW s tee l  i s  exposed t o  

The maximum deposi-  
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9.2 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS I N  FLOWING LITHIUM - 0. K. Chopra and 
0. L. Smith (Argonne Nat iona l  Labora to ry )  

9.2.1 ADIP Task 

A O I P  Task I.A.3, Per form Chemical and P e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.2.2 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  program i s  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  a f l o w i n g  l i t h i u m  environment on t h e  
c o r r o s i o n  behav io r  and mechanical p r o p e r t i e s  o f  s t r u c t u r a l  a l l o y s  under c o n d i t i o n s  o f  i n t e r e s t  f o r  f u s i o n  
r e a c t p r s .  Cor ros ion  r a t e s  a re  determined by measuring t h e  we igh t  change and depth of i n t e r n a l  c o r r o s i v e  
p e n e t r a t i o n  as a f u n c t i o n  o f  t ime  and temperature.  
e v a l u a t i o n  o f  t h e  a l l o y  su r face  a r e  used t o  e s t a b l i s h  the  mechanism and r a t e - c o n t r o l l i n g  process f o r  t h e  
c o r r o s i o n  r e a c t i o n s .  I n i t i a l  e f f o r t  on mechanical p r o p e r t i e s  i s  focused on f a t i g u e  and t e n s i l e  t e s t s  i n  a 
f l o w i n g  l i t h i u m  environment o f  c o n t r o l l e d  p u r i t y .  

These measurements coupled w i t h  m e t a l l o g r a p h i c  

9.2.3 Sunnary 

C o r r o s i o n  data on we igh t  l o s s  and i n t e r n a l  p e n e t r a t i o n  a re  presented f o r  a u s t e n i t i c  and f e r r i t i c  s t e e l s  
A f l o w i n g  l i t h i u m  envi ronment  exposed f o r  up t o  6500 h i n  f l o w i n g  l i t h i u m  a t  temperatures o f  700 and 7 5 5  K. 

has no e f f e c t  on t h e  t e n s i l e  p r o p e r t i e s  o f  t h e  HT-9 a l l o y  a t  temperatures between 505 and 755 K. 

9.2.4 Progress and S ta tus  

9.2.4.1 C o r r o s i o n  Behavior  

The e f f e c t s  o f  a f l o w i n g  l i t h i u m  environment on t h e  c o r r o s i o n  behav io r  o f  a u s t e n i t i c  and f e r r i t i c  
Tests  a r e  conducted i n  a f o r c e d - c i r c u l a t i o n  l i t h i u m  l o o p  equipped w i t h  a 
The l i t h i u m  l o o p  has operated a t  a maximum temperature o f  755 o r  700 K (482 

s t e e l s  a re  be ing  i n v e s t i g a t e d .  
c o l d - t r a p  p u r i f i c a t i o n  system. 
o r  427°C) and a minimum temperature o f  593 K (32O'Cl. 
(225'Cl. By h o t  t r a p p i n g  w i t h  T i  o r  Zr f o i l s  ( o r  use of d i s s o l v e d  g e t t e r s ) .  t h e  n i t r o g e n  l e v e l  i n  l i t h i u m  
i s  reduced t o  < l o 0  wppm, which i s  c o n s i d e r a b l y  below t h a t  a t t a i n a b l e  by c o l d  t r a p p i n g  alone. 
t i o n s  o f  carbon and hydrogen i n  l i t h i u m  are  8 t o  12 and -120 wppm, r e s p e c t i v e l y .  F l a t  c o r r o s i o n  coupons 
-70 x 11 x 0.25-0.4 mr i n  s i ze ,  a re  exposed t o  f l o w i n g  l i t h i u m  and t h e  c o r r o s i o n  behav io r  i s  eva lua ted  f rom 
measurements of we igh t  l o s s  and depth o f  i n t e r n a l  p e n e t r a t i o n  f o r  specimens exposed f o r  d i f f e r e n t  t imes.  

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  reach a s t e a d y- s t a t e  va lue  a f t e r  an i n i t i a l  p e r i o d  o f  h i g h  r a t e s .  
l o s s e s  f o r  a u s t e n i t i c  s t e e l s  may be represen ted  by a power- law r e l a t i o n s h i p  w i t h  t ime, whereas we igh t  l o s s e s  
of f e r r i t i c  s t e e l s  f o l l o w  a l i n e a r  V a r i a t i o n s  i n  t h e  l i t h i u m  p u r i t y ,  p a r t i c u l a r l y  t h e  c o n c e n t r a t i o n  
of n i t r o g e n  i n  l i t h i u m ,  l e a d  t o  s i g n i f i c a n t  v a r i a t i o n s  i n  we igh t  l o s s  f o r  b o t h  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 .  F o r  i d e n t i c a l  exposure c o n d i t i o n s .  we igh t  l o s s e s  f o r  t h e  d i f f e r e n t  a u s t e n i t i c  s t e e l s  inc rease  i n  
t h e  f o l l o w i n g  o rder :  annealed Type 304L. annealed Type 316, 20% cold-worked Type 316, and 25% cold-worked 
PCA.  
than f o r  a u s t e n i t i c  s t e e l s .  The s t e a d y- s t a t e  d i s s o l u t i o n  r a t e  o f  Type 316 s t a i n l e s s  s t e e l  i n  c o l d - t r a p  ed 
c i r c u l a t i n g  l i t h i u m  i s  an o rder  o f  magnitude g r e a t e r  than t h a t  observed i n  t h e  thermal convec t ion  loop.  
The a u s t e n i t i c  s t e e l s  develop a porous f e r r i t e  sca le  a f t e r  exposure t o  l i t h i u m  w h i l e  t h e  f e r r i t i c  s t e e l s  
show l i t t l e  o r  no i n t e r n a l  c o r r o s i o n .  
s t a i n l e s s  s t e e l  i nc reases  l i n e a r l y  w i t h  time.' 

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  t o  e v a l u a t e  t h e  long- te rm c o r r o s i o n  behav io r  i n  l i t h i u m .  Data f o r  we igh t  
l o s s  and depth o f  i n t e r n a l  p e n e t r a t i o n  were ob ta ined  from specimens exposed t o  l i t h i u m  f o r  up t o  6500 h. 
Energy d i s p e r s i v e  x- ray analyses (EOAXI were per formed t o  determine t h e  d i s t r i b u t i o n  o f  s u b s t i t u t i o n a l  
elements, e.g., i r o n ,  chromium, and n i c k e l ,  i n  t h e  l i t h ium- exposed  specimens. 

a t  755 and 700 K i n  f l o w i n g  l i t h i u m  are  shown i n  F igs .  9.2.1-9.2.3. Each symbol t ype  shown i n  t h e  f i g u r e s  
represen ts  we igh t  l o s s  f o r  a s i n g l e  specimen a f t e r  v a r i o u s  exposure t imes.  The f e r r i t i c  s t e e l s ,  HT-9 and 
Fe-gCr-lMo, were exposed i n  t h e  norma l i zed  and tempered c o n d i t i o n .  
employed f o r  t h e  a u s t e n i t i c  s t e e l s ,  v i z . ,  s o l u t i o n  annealed and s o l u t i o n  annealed p l u s  20% c o l d  work f o r  
Type 316 s t a i n l e s s  s t e e l  and s o l u t i o n  annealed p l u s  25% c o l d  work ( t r e a t m e n t  A31 and s o l u t i o n  annealed p l u s  
8 h a t  1073 K p l u s  25% c o l d  work p l u s  2 h a t  1023 K ( t r e a t m e n t  821 f o r  PCA. The r e s u l t s  show t h e  f o l l o w i n g  
s i g n i f i c a n t  f e a t u r e s :  

The c o l d - t r a p  temperature i s  ma in ta ined  a t  498 K 

The concentra-  

The c o r r o s i o n  da ta  i n  f l o w i n g  l i t h i u m  a t  700 and 755 K i n d i c a t e  t h a t  t h e  d i s s o l u t i o n  r a t e s  f o r  
The we igh t  

The d i s s o l u t i o n  r a t e s  o f  t h e  f e r r i t i c  HT-9 a l l o y  and Fe-gCr-lMo s t e e l  a re  an o r d e r  of magnitude lower  

! 
L i m i t e d  da ta  i n d i c a t e  t h a t  t h e  t h i c k n e s s  of f e r r i t e  sca le  on Type 316 

D u r i n g  t h e  c u r r e n t  r e p o r t i n g  per iod ,  c o r r o s i o n  t e s t s  were con t inued  a t  700 and 755 K w i t h  severa l  

The we igh t  l o s s e s  f o r  Type 316 s t a i n l e s s  s t e e l ,  PCA, and t h e  f e r r i t i c  HT-9 and Fe-9Cr-lM3 s t e e l  exposed 

Two d i f f e r e n t  hea t  t rea tments  were 
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F i g .  9.2.1. 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  
exposed a t  ( a )  755 K and (b )  700 K t o  f low ing  l i t h -  
ium. Each symbol type  represents weight  l o s s  f o r  a 
s i n g l e  specimen a f t e r  var ious  exposure t imes. 
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OO I 2 3 

EXPOSURE TIME IlCOOhl 

2or 0 , I I 
3 4 I 5 I 1 6 

00 I 2 
EXPOSURE TIME 11000 h i  

7 W  K 14227"CI 
HEAT TREATMENT 
A3-OPEN SYMBOLS 
82-  CLOSE0 SYMBOLS 

, 

-~- 00 I 2 3 4 5 6 

EXPOSURE TIME I IWO h l  

F ig .  9.2.2. Weight l o s s  versus exposure t ime 
f o r  PCA (hea t  t reatment  A3 and 82)  exposed a t  ( a )  
755 K and (b )  700 K t o  f low ing  l i t h i u m .  Each 
symbol type  represents weight  l o s s  f o r  a s i n g l e  
specimen a f t e r  var ious  exposure t imes. 

I I I I I 
WEIGHT LOSS IN ;LOWlffi L l i "  150-2W Q Q ~  N i  
FERRITIC STEELS 
100 K 1427TI  
W E N  SYMBOLS HT-9 
CLOSED SYMBOLS Fa-9Cr-IMo 1 
. 
lo I I I I I 1 7 

OO I 2 3 4 5 6 
EXPOSURE TIME I1000 h i  

F ig.  9.2.3. Weight l o s s  versus exposure t ime f o r  HT-9 a l l o y  and F e - g C r - l b  s tee l  exposed t o  (a )  755 K 
and ( b )  700 K t o  f low ing  l i t h i u m .  
var ious  exposure times. 

Each symbol type  represents weight  l o s s  f o r  a s i ng le  specimen a f t e r  
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( a )  The d i s s o l u t i o n  ra tes  f o r  a u s t e n i t i c  Type 316 s t a i n l e s s  s tee l  and PCA decrease r a p i d l y  dur ing  the 
The ra tes  con t inue  to decrease f o r  longer  exposure t imes i n i t i a l  pe r i od  o f  -2000 h of exposure t o  l i t h i u m .  

b u t  the  weight  l o s s  data may be represented by a s teady- s ta te  d i s s o l u t i o n  ra te .  
( b l  For a u s t e n i t i c  s t a i n l e s s  s tee l s .  the weight l o s s  a t  700 K (427"Cl i s  comparable or grea ter  than 

( c )  A t  bo th  temperatures, the  weight  l oss  o f  a u s t e n i t i c  s t ee l s  increases i n  the  f o l l o w i n g  order :  
t h a t  a t  755 K (482°C). 

annealed Type 316, 20% cold-worked Type 316, and PCA. 
cond i t i ons  of hea t  t rea tment  shows i n c o n s i s t e n t  r e s u l t s ,  i .e.,  a t  700 K the  weight  l o s s  of 82 i s  g rea ter  
than t h a t  f o r  A3 whereas a t  755 K. A3 shows grea ter  weight  l o s s  than 82. 

( d )  The weight  l o s s  o f  f e r r i t i c  HT-9 and Fe-9Cr-lMo s tee l  i s  more than an order  o f  magnitude lower 
than t h a t  f o r  Type 316 s t a i n l e s s  s tee l .  

( e l  The weight  l o s s  o f  f e r r i t i c  s t ee l s  increases l i n e a r l y  w i t h  exposure t ime.  However, a l l  specimens 
show s i g n i f i c a n t  weight  l o s s  a f t e r  the  i n i t i a l  p e r i o d  o f  -500 h of exposure t o  l i th ium. 
a t  700 K are lower than a t  755 K.  

s i g n i f i c a n t  d i f fe rences  i n  weight  l oss .  For example, the two sets o f  PCA specimens (heat  t reatment  A3 and 
82) exposed t o  l i t h i u m  a t  755 K show a f a c t o r  o f  two d i f f e rence  i n  weight  l o s s  ( F i g .  9.2.2.a). The speci-  
mens shown by square symbols were exposed -500 h a f t e r  the  specimens represented by c i r c l e s .  However. 
d u p l i c a t e  specimens exposed a t  the  same t ime show comparable values o f  weight  l oss ,  e.g., f e r r i t i c  s t ee l s  
and PCA exposed t o  l i t h i u m  a t  700 K (F igs .  9.2.2b and 9.2.3b). The d i f f e rences  i n  weight  l o s s  probably 
r e s u l t  from v a r i a t i o n s  i n  the  impu r i t y  con ten t  i n  l i t h i u m ,  p a r t i c u l a r l y  t he  concent ra t ion  of n i t r o g e n  i n  
1 i t h i  urn. 

The weight  losses  f o r  f e r r i t i c  s t ee l s  can be expressed by a l i n e a r  r e l a t i o n s h i p  w i t h  t ime, g iven by 

The d i s s o l u t i o n  behavior  of PCA i n  the  two d i f f e r e n t  

The weight  losses  

( f )  For both a u s t e n i t i c  and f e r r i t i c  s t ee l s ,  specimens t h a t  were exposed a t  d i f f e r e n t  per iods  show 

W = A t R t ,  (1) 

where we igh t  l o s s  W i s  given i n  g/m2, R i s  the  s teady- s ta te  d i s s o l u t i o n  ra te ,  A i s  the  i n t e r c e p t ,  and t ime t 
i s  i n  hours. The data fo r  a u s t e n i t i c  s t a i n l e s s  s tee l s  may be expressed by a power-law r e l a t i o n s h i p  between 
weight  l o s s  and time, g iven by 

W = K t n ,  ( 2 1  

where K and n are constants.  
between 0.16 and 0.31 a t  755 K and between 0.38 and 0.52 a t  700 K. However, exc lud ing  the shor t - te rm data 
( i . e . ,  exposure t imes <1000 h) a t  700 K, analyses gave an average n value o f  0.2 + 0.04 f o r  the  data 
ob ta ined  a t  d i f f e r e n t  temperatures and ma te r i a l  cond i t ions .  The values o f  the  constants i n  Eqs. ( 1 )  and ( 2 1  
and the  d i s s o l u t i o n  ra tes  f o r  a u s t e n i t i c  and f e r r i t i c  s t ee l s  are g iven i n  Table 9.2.1. 
curves, p l o t t e d  i n  F igs .  9.2.1-9.2.3. show good agreement w i t h  the  experimental data. The d i s s o l u t i o n  ra tes  
f o r  the  a u s t e n i t i c  s t a i n l e s s  s tee l s  were obta ined from Eq. (21  by c a l c u l a t i n g  the  s lope o f  the  curve a t  
5000 h. The r e s u l t s  show t h a t  the  d i s s o l u t i o n  ra tes  f o r  Type 316 s t a i n l e s s  s tee l  i n  l i t h i u m  a t  700 K are 30 
t o  40% h igher  than a t  755 K .  
d i s s o l u t i o n  r a t e  a t  700 K i s  lower than a t  755 K.  

co r ros i ve  penet ra t ion .  The a u s t e n i t i c  s t a i n l e s s  s tee l s  developed a porous f e r r i t e  l aye r ,  whereas t he  
f e r r i t i c  s t ee l s  showed l i t t l e  o r  no cor ros ion .  Micrographs o f  the  f e r r i t e  l a y e r s  formed on the  a u s t e n i t i c  
s t ee l s  exposed t o  f l ow ing  l i t h i u m  a t  700 K are shown i n  Fig. 9.2.4. 
across the  f e r r i t e  l a y e r s  on PCA and Type 316 s t a i n l e s s  s tee l  i s  shown i n  F ig .  9.2.5. Both s tee l s  show an 
-10-um-thick sur face reg ion  depleted i n  chromium and complete ly  depleted o f  n i c k e l  aver the  e n t i r e  co r ros i on  
scale. The concent ra t ion  o f  n i cke l  decreases ab rup t l y  across the  scale lmetal  i n t e r f ace .  

th ickness  o f  the  specimen and t he  sound metal remain ing ( i  .e., t he  unreacted meta l )  a f t e r  exposure t o  
l i t h i u m .  
and depth o f  i n t e r n a l  co r ros i ve  pene t ra t i on  ( i . e . ,  th ickness  o f  f e r r i t e  l a y e r )  f o r  a u s t e n i t i c  s t a i n l ess  
s t e e l s  exposed i n  l i t h i um  f o r  va r i ous  t imes a t  755 or 700 K are g iven i n  Table 9.2.2. 
t he  values o f  depth o f  pene t ra t i on  f o l l ow  t he  weight  l o s s  data, i .e.,  specimens t h a t  show l a r g e  weight  l oss  
a l so  develop a t h i c k  f e r r i t e  scale.  For a g iven amount o f  weight  loss ,  the th ickness  o f  the  f e r r i t e  sca le  
i s  smal le r  a t  700 K than a t  755 K; a lso,  t he  scales formed on the  var ious  a l l o y s  decrease i n  th ickness i n  
the  f o l l ow ing  order :  For  a weight  l o s s  o f  10 g/m2, 
t he  average th icknesses o f  the  f e r r i t e  scale on annealed Type 316, cold-worked Type 316, and PCA are 15.1, 
10.4, and 8.2 um, r espec t i ve l y .  a t  755 K and 9.4, 8.5, and 6.6 um, r espec t i ve l y ,  a t  700 K. 

Least  squares analyses of the  data y i e l d e d  values o f  the  t ime exponent, n, 

The c a l c u l a t e d  

For PCA, a l though the  weight  losses a t  700 and 755  K a re  comparable, the  

Specimens exposed t o  l i th ium were examined me ta l l og raph i ca l l y  f o r  measurements o f  the  depth of i n t e r n a l  

The d i s t r i b u t i o n  o f  major elements 

The depth of i n t e r n a l  co r ros i ve  pene t ra t i on  was determined from the d i f ferenge fetween the  i n i t i a l  

A t  l e a s t  10 measurements were made t o  ob ta i n  an average value f o r  penet ra t ion .  The weight  l o s s  

The r e s u l t s  show t h a t  

annealed Type 316, 20% cold-worked Type 316, and P C A .  
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Table 9.2.1. Dissolution Rates and Values of the  Constants i n  
Eqs. (1)  and (2)  fo r  Alloys Exposed t o  Flowing L i t h i u m  

Constants Dissolution 
Temp. n A Ratsa 

Material (K) ( x  h - 3 )  ( xR10-3) (mglm .h )  

316 SS 755 5.80 0.2 - - 1.27 
700 7.50 0.2 - - 1.65 

6.27 0.2 - - 1.38 
700 9.10 0.2 - - 2 .oo 316 CW 755 

15.60 0.2 - 3.43 - 
700 11.67 0.2 - - 2.56 
PCA (A3) 755 

7.02 0.29 - 4.82 - 
700 14.30 0.2 - - 3.14 
PCA (82) 755 

HT-9 755 - - 0.159 1.067 0.159 
700 - - 0.063 0.791 0.063 

9Cr-lMo 755 - - 0.159 1.067 0.159 
700 - - 0.066 0.784 0.066 

aDissolution r a t e s  fo r  austenitic s t a i n l e s s  s t e e l s  ca lcula ted  a t  
5000 h.  

The in ternal  corros ive  penetration f o r  annealed and cold-worked Type 316 s t a i n l e s s  s t ee l  exposed t o  
l i t h i u m  a t  700 or 755 K is plot ted  as a function of time i n  Fig. 9.2.6. 
i n i t i a l  period of -1000 h ,  the increase i n  the  depth of penetration is  slow. 
represented by a power-law relationship. Least-squares analys is  of the data y i e l d s  a value of 0.34 f o r  the 
time exponent n. 

9.2.4.2 Tensile Proper t ies  

The results show t h a t  a f t e r  an 
MOst of the  data can be 

Tensile t e s t s  a r e  being conducted on 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  a flowing l i t h i u m  environment t o  
study the  possible embrittlement of the material  i n  l i t h i u m .  
sec t ion and 22.23 inn i n  gauge length,  a re  used f o r  the tests. Tensile data on 20% cold-worked Type 316 
s t a i n l e s s  s t ee l  indica te  t h a t  a t  temperatures between 480 and 755 K (207 and 482'C) 
environment has no e f f e c t  on t h e  t e n s i l e  s t rength  o r  t o t a l  elongation of the s t ee l .2  Tensile proper t ies  a t  
s t r a i n  r a t e s  between 4 x 

i n  flowing l i t h i u m  a t  temperatures between 505 and 755 K and strain rates of 4 x 

The curves f o r  ult imate and y i e l d  s t rengths  p lo t ted  i n  the  f igu re  represent  the average values in a i r .  The 
results show t h a t  a t  a l l  s t r a i n  rates, a l i t h i u m  environment has no e f f e c t  on the tensile properties of the 
s t e e l .  

9.2.5 Conclusions 

F l a t  specimens, 5.59 x 1.22 inn i n  c ross  

a flowing l i t h i u m  

and 4 x s-l i n  flowing l i t h i u m  and i n  vacuum a re  comparable. 
During the current reporting period, tensile tests were performed on normalized and tempered HT-9 a l loy  

s-l. 
4 x and 4 x 

The t e n s i l e  s t rength  and t o t a l  elongation of the material  i n  l i t h i u m  a re  shown i n  Fig. 9.2.7. 

The corrosion data i n  flowing l i t h i u m  a t  700 and 755 K indica te  t h a t  the weight lo s ses  of f e r r i t i c  HT-9 
and Fe-9Cr-lM3 s t ee l  follow a l i n e a r  law w i t h  time and y i e l d  a constant d issolut ion r a t e .  
r a t e s  a t  700 K a re  a f ac to r  of 2 lower than those a t  755 K. 
Type 316 stainless s t ee l  decrease s ign i f i can t ly  during the  i n i t i a l  -2000-h exposure period. 
lo s ses  and s teady- sta te  d issolut ion r a t e s  of Type 316 s t a i n l e s s  s t ee l  a t  700 and 755 K a re  anomalous; weight 
lo s s  as well as dissolut ion rate a t  700 K is  greater  than a t  755 K. The data a t  700 and 755 K were obtained 
i n  two separate vesse ls  of the l i t h i u m  loop, i n  which the  l i thium flow was from the high- t o  low-temperature 
vesse l .  
anomalous results. 

The d i s so lu t ion  

The weight 
The d issolut ion rates of a u s t e n i t i c  PCA and 

I t  i s  possible t h a t  d i f ferences  i n  l i t h i u m  pur i ty  or  downstream e f f e c t s  are responsible f o r  the 
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( C )  

Fia. 9.2.4. Microaraohs o f  the f e r r i t e  layers  formed on aus ten i t i c  s ta in less s tee ls  exposed t o  f lowing 
l i t h i u m- a t  700 K. 
(5739 h), ( c )  PCA A3 (5521 h) ,  and (d)  PCA 62 (5521 h). 

(a )  h e a l e d  Type 316 s ta in less (2138 h), ( b )  20% cold-worked Type 316 s ta in less s tee l  

Measurements of the depth of i n te rna l  corrosive penetrat ion f o r  aus ten i t i c  steels show good c o r r e l a t i o n  
w i t h  the trends ind icated by the weight l oss  data, i.e., specimens t h a t  show la rge  weight l oss  develop a 
t h i c k  f e r r i t e  layer.  
decreases i n  the fo l lowing order: annealed Type 316, cold-worked Type 316, and PCA. 
and in te rna l  penetrat ion fo l l ow  a power-law re la t i onsh ip  w i th  time. 

For a given weight loss, the thickness o f  the f e r r i t e  l aye r  on aus ten i t i c  s tee ls  
Data on weight loss 
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Fig. 9.2.6. I n te rna l  penetrat ion versus expo- 
sure time f o r  annealed and 20% cold-worked Type 316 
s ta in less  s tee l  exposed t o  l i t h i u m  a t  700 o r  755 K. 
Each symbol type represents penetrat ion fo r  a s ing le  
specimen a f t e r  various exposure times. 

HT-9 NIDl 
TESTED IN FLOWING LlTHlUk A 4x10'2 

0 410-4 

. ULTIMATE STRENGTH 

n , 
io0 300 400 500 600 

TEMPERATURE ("CI 

Fig. 9.2.1. Tensi le strength and t o t a l  elon- 
gat ion f o r  normalized and tempered HT-9 a l l o y  
tes ted i n  f lowing l i t h ium.  
mate and y i e l d  strengths represent the average 
values i n  a i r .  

The curves f o r  u l t i -  

Specimens o f  aus ten i t i c  and f e r r i t i c  s tee ls  exposed t o  l i t h i u m  a t  d i f f e r e n t  periods show s ign i f i can t  
va r ia t i ons  i n  weight loss. 
p u r i t y  dur ing the tes t .  
Corrosion tes ts  a t  700 and 644 K (427 and 371OC) are i n  progress t o  es tab l ish  d i sso lu t i on  rates o f  mater ia ls 
as a funct ion o f  temperature. 

ra tes  i n  the range o f  4 x 
the t e n s i l e  strength or  t o t a l  elongation o f  the s tee l .  
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9.3 CORROSION OF STRUCTURAL ALLOYS I N  FLOWING Pb-17Li ENVIRONMENT - 0. K. Chopra and D. L. Smith 
(Argonne Nat ional  Laboratory)  

9.3.1 ADIP  Task 

A D I P  Task I.A.3, Perform Chemical and k t a l l u r g i c a l  Compa t i b i l i t y  Analyses. 

9.3.2 Objec t i ve  

on the  co r ros i on  behavior  and mechanical 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  under cond i t i ons  o f  i n t e r e s t  f o r  
fus ion  reac to rs .  
co r ros i ve  pene t ra t i on  o f  a l l o y  specimens exposed t o  f l ow ing  Pb-17Li f o r  var ious  t imes. The d i s s o l u t i o n  
r a t e s  are determined as a f unc t i on  o f  temperature. 
t o  e s t a b l i s h  the  mechanism and r a t e - c o n t r o l l i n g  process f o r  the  co r ros i on  reac t i ons .  I n i t i a l  e f f o r t  on 
mechanical p rope r t i es  i s  focused on t e n s i l e  t e s t s  i n  a f l ow ing  Pb-17Li environment. 

The o b j e c t i v e  of t h i s  program i s  t o  i n v e s t i g a t e  the  i n f l uence  o f  a f l ow ing  Pb-17 a t .  % L i  environment 

Corrosion behavior  i s  evaluated by measuring the  weight  change and depth o f  i n t e r n a l  

Meta l lograph ic  examination o f  the  a l l o y  surface i s  used 

9.3.3 Sumnary 

Corrosion data on weight  l o s s  and i n t e r n a l  pene t ra t i on  are presented f o r  a u s t e n i t i c  PCA and Type 316 
s t a i n l e s s  s tee l  and f e r r i t i c  HT-9 and Fe-9Cr-lM3 s tee l  exposed i n  f l o w i n g  Pb-17Li up t o  3700 h a t  tempera- 
tu res  o f  700 and 1 2 7  K. 
complete dep le t i on  o f  n i cke l  from the  s t e e l .  

9.3.4 Progress and Status 

The f e r r i t e  scales on a u s t e n i t i c  s t ee l s  show s i g n i f i c a n t  dep le t i on  o f  chromium and 

The e f f e c t s  o f  a f l ow ing  Pb-17Li environment on the  corros:.,n behavior  and mechanical p rope r t i es  o f  
a u s t e n i t i c  and f e r r i t i c  s t ee l s  are being i nves t i ga ted .  
l oop  opera t ing  a t  temperatures between 727 and 573 K (454 and 300°C). 
a l l o y  show t h a t  the  a l l o y  composi t ion i s  Pb-16.3 a t .  % L i  and the  concent ra t ions  o f  0, H, and N are 260, 22, 
and 4 0  wppm, respec t i ve l y .  The measured l e v e l  o f  hydrogen i s  s i g n i f i c a n t l y  h igher  than the  p red i c ted  
values. 
t r a t i o n  of hydrogen. 
the  co r ros i on  behavior  i s  evaluated by measurements of weight  l o s s  and depth o f  i n t e r n a l  pene t ra t i on .  
Weight l o s s  data f o r  Type 316 s t a i n l e s s  s tee l  and f e r r i t i c  HT-9 and Fe-9Cr-lbb s tee l s  i n  f l ow ing  Pb-17Li a t  
727 and 700 K (454 and 427°C) were presented earl ier. ' , '  
specimens were examined me ta l l og raph i ca l l y  t o  determine the  depth o f  i n t e r n a l  c o r r o s i v e  penet ra t ion .  
d i spe rs i ve  x- ray analyses were performed t o  determine the  d i s t r i b u t i o n  o f  major elements i n  the  Corrosion 
l a y e r  on the  exposed specimens. 

are p l o t t e d  as a f u n c t i o n  o f  t ime i n  Figs. 9.3.1 and 9.3.2, r espec t i ve l y .  The r e s u l t s  i n d i c a t e  t h a t  t he  
weight  loSSes and d i s s o l u t i o n  ra tes  of bo th  a u s t e n i t i c  and f e r r i t i c  s t ee l s  i n  f lowing Pb-17Li a re  an order  
of magnitude grea ter  than i n  f l ow ing  l i t h i u m .  However, the  o v e r a l l  co r ros i on  behavior  o f  the  var ious  a l l o y s  
i n  Pb-17Li i s  s i m i l a r  t o  t h a t  i n  l i t h i u m ,  i.e., the  d i s s o l u t i o n  r a t e s  f o r  Type 316 s t a i n l e s s  s tee l  reach a 
s teady- state value (shown by the  chain-dashed l i n e s  i n  the  f i g u r e s )  a f t e r  an i n i t i a l  pe r i od  o f  h i gh  d i sso lu-  
t i o n  rates,  whereas the  weight  losses  f o r  f e r r i t i c  s t e e l s  e x h i b i t  a l i n e a r  increase w i t h  t ime. The w i g h t  
losses  f o r  PCA exposed t o  Pb-17Li f o r  r e l a t i v e l y  sho r t  t imes ( i . e . ,  -1350 h) show a l i n e a r  increase w i t h  
t ime. 

Tests are conducted i n  a f o r c e d - c i r c u l a t i o n  Pb-17Li 
Several analyses o f  t he  e u t e c t i c  

Thin f o i l s  o f  y t t r i u m  and vanadium are being exposed t o  the  Pb-17Li a l l o y  t o  determine t he  concen- 
F l a t  co r ros i on  coupons, -13 x 10 x 0.26 mn i n  s ize,  a re  exposed t o  f low ing  Pb-17Li and 

Dur ing the  c u r r e n t  r e p o r t i n g  per iod,  the  exposed 
Energy 

The weight  losses o f  a u s t e n i t i c  and f e r r i t i c  s t ee l s  i n  f l ow ing  Pb-17Li a t  700 and 721 K (427 and 454'C) 

The weight  losses  f o r  the  var ious  a l l o y s  can be expressed by a l i n e a r  r e l a t i o n s h i p  w i t h  t ime, g iven by 

W = A + R t ,  ( 1 )  

where weight  l o s s  W i s  g iven i n  g/m2, R i s  the  s teady- s ta te  d i s s o l u t i o n  rate,  A i s  the  i n te r cep t ,  and t ime t 
i s  i n  hours. The data f o r  Type 316 s t a i n l e s s  s tee l  may a l so  be expressed by a power-law r e l a t i o n s h i p  
between weight  loss and time, g iven by 

W = K t " ,  ( 2 1  

where K and n are constants.  
s t a i n l e s s  s tee l  y i e l d  an average value o f  0.65 f o r  the  t ime exponent n. E a r l i e r  analyses o f  the  data up t o  
-3000 h of exposure i nd i ca ted  t h a t  the weight  losses  f o r  Type 316 s t a i n l e s s  s tee l  f o l l o w  a pa rabo l i c  law 
w i t h  t ime [i.e., t ime exponent of 0.5 i n  Eq. (2)1.2.3 

Least-squares analyses o f  the  data f o r  annealed and cold-worked Type 316 
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F i g .  9.3.1. Weight l o s s  versus exposure t ime f o r  PCA and Type 316 s t a i n l e s s  s t e e l  exposed a t  l a )  700 K 
and l b l  727 K t o  f l o w i n g  Pb-17Li. 
v a r i o u s  exDosure t imes.  

Each symbol t ype  represen ts  we igh t  l o s s  f o r  a s i n g l e  specimen a f t e r  

EXPOSURE TIME (1000 h l  

F i g .  9.3.2. Weight l o s s  versus exposure t ime f o r  HT-9 
and Fe-9Cr-lMo s t e e l  exposed a t  700 and 727 K t o  f l o w i n g  Pb-17Li.  
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The values of the  constants i n  Eqs. ( 1 )  and ( 2 )  and t he  d i s s o l u t i o n  ra tes  f o r  t he  var ious  a l l o y s  a re  
g iven i n  Table 9.3.1. 
experimental data. The weight  l o s s  f o r  20% cold-worked Type 316 s t a i n l e s s  s t ee l ,  however, shows a s i g n i f i -  
cant  increase a f t e r  a 3000-h exposure a t  727 K (454'C). 
i n d i c a t e s  t h a t  t h i s  increase i n  weight  l o s s  i s  caused by the  l o s s  of p o r t i o n s  of t he  degraded f e r r i t e  l a y e r  
on the  specimen surface and i s  no t  r ep resen ta t i ve  o f  the  d i s s o l u t i o n  of s u b s t i t u t i o n a l  elements from the  
s tee l .  

The ca l cu la ted  curves, p l o t t e d  i n  F igs.  9.3.1 and 9.3.2, show good agreement w i t h  the  

Meta l lograph ic  eva lua t i on  o f  t he  exposed specimen 

Table 9.3.1. D i s s o l u t i o n  Rates and Values of the  Constants i n  Eqs.  ( 1 )  and 
( 2 )  f o r  A l l oys  Exposed t o  Flowing Pb-17Li 

Maximum Constants D i s s o l u t i o n  
Temp. Time n R A RatFa 

Mater ia l  ( K )  ( h )  ( x  :o-3) ( x  10-3) (mglm .h) 

316 SS 727 3663 1.28 0.65 50.1 70.9 50.1 (54.0) 
700 3663 0.48 0.65 26.1 13.1 26.1 (20.3) 

316 CW 727 3663 1.76 0.65 75.9 59.5 75.9 (73.8) 
700 2310 0.65 0.65 27.4 30.5 27.4 (27.2) 

PCA (A3) 727 1353 - - 309 .O -181.4 309.0 
700 1353 - - 69.8 0 69.8 

700 1356 0 0 94.3 0 94.3 

HT-9 727 3663 - 9.0 0 9.0 
700 3663 - - 5.1 0 5.1 

9Cr-1Mo 727 3663 - - 8.2 0 8.2 
700 3663 - - 4.9 0 4.9 

PCA ( 8 2 )  727 1353 309.3 -181.4 309 .O 

~~ 

aD i sso lu t i on  ra tes  f o r  Type 316 s t a i n l e s s  s tee l  represent  s teady- state values, 
numbers w i t h i n  parentheses are the  slope o f  t he  power-law curve a t  2500 h. 

The Arrhenius p l o t s  of the  d i s s o l u t i o n  ra tes  f o r  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 low ing  Pb-17Li a t  

Data f o r  Type 316 s t a i n l e s s  s tee l  a t  773 and 748 K (500 
700 and 727 K are shown i n  Fig.  9.3.3. 
(413'C) f o r  -600 h i s  a l so  p l o t t e d  i n  F ig .  9.3.3. 
and 473°C) i n  a Pb-17Li thermal convect ion loop  are inc luded i n  the  f i g ~ r e . ~  
d i s s o l u t i o n  ra tes  of the  f e r r i t i c  s t ee l s  are a f ac to r  of -6 lower than f o r  Type 316 s t a i n l e s s  s tee l .  The 
ra tes  f o r  Type 316 s t a i n l e s s  s tee l  are a f ac to r  of -5 lower than f o r  PCA. 
s t ee l  and the  HT-9 a l l o y  y i e l d  an a c t i v a t i o n  energy o f  -38 kca l lmo le .  

The exposed specimens were examined me ta l l og raph i ca l l y  t o  determine t he  depth o f  i n t e r n a l  c o r r o s i v e  
penet ra t ion .  
s t ee l s  showed l i t t l e  o r  no cor ros ion .  
s t a i n l e s s  s tee l  exposed t o  f low ing  Pb-17Li a t  727 and 700 K are shown i n  Figs. 9.3.4 and 9.3.5. 
d i s t r i b u t i o n  of major elements, i .e.,  N i ,  C r ,  and Fe across the  f e r r i t e  l a y e r s  on PCA exposed t o  Pb-17Li a t  
727 and 700 K i s  shown i n  F ig .  9.3.6. 
dep le t i on  of n i cke l  from the e n t i r e  co r ros i on  scale. 
ab rup t l y  across the  scale lmetal  i n t e r f ace .  
annealed Type 316 s t a i n l e s s  s tee l  and f e r r i t i c  HT-9 i s  shown i n  Fig.  9.3.7. 
across the  f e r r i t e  scale on Type 316 s t a i n l e s s  s tee l  are s i m i l a r  t o  those f o r  PCA. 
shows no i n t e r n a l  co r ros i on  and a s l i g h t  dep le t i on  o f  chromium from the  sur face.  

are d i f f e r e n t  from those observed i n  s t ee l s  exposed t o  a f l o w i n g  l i t h i u m  environment. 
Type 316 s t a i n l e s s  s tee l  exposed t o  l i t h i u m  show s l i g h t  dep le t i on  o f  chromium near t he  sur face  reg ion  of the 
f e r r i t e  scale.5 Specimens exposed t o  Pb-17Li show s i g n i f i c a n t  l o s s  o f  chromium over t he  e n t i r e  f e r r i t e  
scale.  Furthermore, the  f e r r i t e  scales formed i n  the  Pb-17Li environment a re  very porous and break o f f  f rW 
the  specimens e i t h e r  dur ing  exposure o r  the c lean ing  process. 

The d i s s o l u t i o n  r a t e  f o r  the  HT-9 a l l o y  exposed t o  Pb-17Li a t  686 K 

The r e s u l t s  show t h a t  the 

The data f o r  Type 316 s t a i n l e s s  

The a u s t e n i t i c  s t a i n l e s s  s tee l s  developed a very porous f e r r i t e  l aye r ,  whereas the  f e r r i t i c  
Micrographs o f  t he  f e r r i t e  l a y e r s  formed on PCA and Type 316 

The 

The r e s u l t s  show a s i g n i f i c a n t  dep le t i on  of chromium and complete 
The concent ra t ions  o f  chromium and n i cke l  decrease 

The d i s t r i b u t i o n  o f  N i ,  C r ,  and Fe across the  sur face  reg ions  of 
The composi t ional  changes 

However, t he  HT-9 a l l o y  

The composi t ional  changes i n  the  f e r r i t e  scales formed on a u s t e n i t i c  s t ee l s  exposed t o  f low ing  Pb-17Li 
A u s t e n i t i c  PCA and 
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Fig .  9.3.3. Arrhenius p l o t  of d i s s o l u t i o n  
r a t e  data f o r  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  
exposed t o  f l ow ing  Pb-17Li. 

The Q p t k  of i a t e r n a l  co r ros i ve  pene t ra t i on  was determined from the  d i f f e r e n c e  between the  i n i t i a l  
Y k k n e s s  of t he  specimen and the  sound metal remaining ( i .e . ,  t he  unreacted meta l )  a f t e r  exposure t o  
Db-t7Li .  The weight  l o s s  
d depth of i n t e r n a l  pene t ra t i on  1 i .e. .  th ickness  of the  f e r r i t e  l a y e r )  f o r  a u s t e n i t i c  s t ee l s  exposed t o  
* -17L i  a t  700 and 727 K are g iven i n  Table 9.3.2. 
h l kw the t rends  i n i d i c a t e d  by h e i g h t  l o s s  data. For  a weight  l o s s  of 10 g/m2, the  average th ickness  of 

f l e d n  
wale.' These r e s u l t s  i n d i c a t e  t h a t  the  measured weight  losses represent  d i s s o l u t i o n  o f  a l l o y  elements as 
rll as l o s s  o f  p o r t i o n s  o f  the  f e r r i t e  scale.  

A t  l e a s t  10 measurements were made t o  ob ta i n  an average value f o r  pene t ra t i on .  

The r e s u l t s  show t h a t  the  values o f  depth o f  pene t ra t i on  

Corrosion data i n  
l i t h i u m  a t  700 K i n d i c a t e  t h a t  a 10 g/m2 loss i r i  weight  corresponds t o  an - 7-  t o  10-urn-thick f e r r i t e  

f e r r i t i c  sca le  f o r  the  var ious  a l l o y s  and d i f f e r e n t  exposure temperatures i s  - 2.2 urn. 

9.3.5 Conclusions 

Cor ros ion  data i n  a f low ing  Pb-17Li environment i n d i c a t e  t h a t  t he  d i s s o l u t i o n  ra tes  f o r  both a u s t e n i t i c  
imd f e r r i t i c  s t ee l s  are an order  o f  magnitude grea ter  than i n  f l ow ing  l i t h i u m .  
*rature.  and a l l o y  composi t ion on t he  co r ros i on  behavior  i n  Pb-17Li i s  s i m i l a r  t o  t h a t  i n  f low ing  
l i t h i u m .  
n e  f e r r i t i c  s t ee l s  show a l i n e a r  increase i n  weight  l o s s  w i t h  t ime.  
s l l . y s  increase i n  the  f o l l o w i n g  order :  Fe-9Cr-lMo, HT-9. Type 316 SS, and PCA. The l i m i t e d  data i n  
pC->7Li i n d i c a t e  t h a t  the  Arrhenius p l o t s  o f  d i s s o l u t i o n  ra tes  f o r  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  may be 
ropvesented by an a c t i v a t i o n  energy o f  38 kca l jmo le ,  a value i d e n t i c a l  t o  t h a t  obta ined f o r  Type 316 
s t a i n l e s s  s tee l  i n  l i t h i u m  o r  sodium environments. 

The in f luence of t ime,  

The weight  losses  f o r  Type 316 s t a i n l e s s  s tee l  f o l l o w  a power-law r e l a t i o n s h i p  w i t h  t ime, wh i l e  
The d i s s o l u t i o n  ra tes  f o r  the  var ious  

A f t e r  exposure t o  f l ow ing  Pb-17Li, the  a u s t e n i t i c  s t e e l s  develop a very porous and weak f e r r i t e  
wale. 
Richel  from the f e r r i t e  scale. kasurements  of t he  th ickness  of t he  f e r r i t e  sca le  i n d i c a t e  t h a t  the  
r o r m s i o n  data f o r  a u s t e n i t i c  s t a i n l e s s  s tee l s  i n  Pb-17Li represent  l o s s  i n  weight  due t o  s e l e c t i v e  
t i s s u l u t i o n  o f  s u b s t i t u t i o n a l  elements as we l l  as l o s s  o f  the  degraded f e r r i t e  l a y e r  from the  specimens. 
The f e r r i t i c  s t ee l s  show no i n t e r n a l  co r ros i ve  pene t ra t i on  and a s l i g h t  dep le t i on  o f  chromium from the 
smwrCue. 

Energy d i spe rs i ve  x- ray analyses show s i g n i f i c a n t  dep le t i on  o f  chromium and complete dep le t i on  of 
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TYPE 316 SS HT-9 

Fig.  9.3.7. Micrographs and concentrat ion p r o f i l e s  fo r  major elements across the f e r r i t e  l aye r  o f  
Type 316 s ta in less  s tee l  and the surface region of the HT-9 a l l o y  exposed t o  Pb-17Li f o r  3663 h a t  727 K. 

Table 9.3.2. Weight LOSS and Depth of I n te rna l  Pent ra t ion  f o r  Aus ten i t i c  
Stain less Steels Exposed t o  Flowing Pb-17Li 

727 K (454OCI 700 K (427°C) 
Exposure Weight P e i g h t  

A1 1 oy ( h l  (g/m I (urn1 ( g l m  I (urn1 
Time Los5 Penetrat ion L O S ~  Penetrat ion 

14 t 3 

22 t 6 

- 316 SS 1405 150.3 26 t 2 45.9 
3258 224.7 33 T6 - - 
3663 261.7 47 T l l  110.4 - - 

16 t 2 - 316 CW 1405 167.2 29 t 4 66.6 
3663 482.7 72 T 16 - - - 

PCA (A31 905 92.3 19 t 3 58.2 10 t 2 
1353 217.9 37 T 4  86.5 21 7 4  
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9.4 CORROSION OF TYPE 316 STAINLESS STEEL I N  FLOWING P b 1 7  at. X L i  - P. F. T o r t o r e l l i  and J. H. DeVan 
(Oak Ridge Nat ional  Laboratory)  

9.4.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and Me ta l l u rg i ca l  C w n p a t i b i l i t y  Analyses. 

9.4.2 Ob jec t i ve  

The purpose of t h i s  task  i s  t o  determine t he  cor ros ion  res is tance  o f  candidate f i r s t - w a l l  m a t e r i a l s  t o  
s l ow l y  f lowing Pt-17 at .  % L i  i n  t h e  presence of a temperature gradient .  
a re  measured as funct ions of t ime,  temperature, and add i t i ons  t o  t he  lead- l i th ium.  
cmb ined  with chemical and meta l lograph ic  examinations of specimen sur faces t o  e s t a b l i s h  t he  mechanisms and 
r a t e - c o n t r o l l i n g  processes fo r  t he  d i s s o l u t i o n  and depos i t ion  react ions.  

D i s s o l u t i o n  and depos i t i on  ra tes  
These measurements a re  

9.4.3 Sumnary 

Resu l ts  from the  exposure of t ype  316 s t a i n l e s s  s tee l  t o  t he rma l l y  convect ive Pb-17 at. X L i  a t  a 
maximum temperature o f  500°C are reported. 
l i t h i u m  r i n s e  t o  remove t h e  l e a d - l i t h i u m  needed t o  be taken i n t o  account i n  t he  data analys is .  

9.4.4 Progress and Status 

A thermal convect ion l oop  (TCL) study o f  t ype  316 s t a i n l e s s  s tee l  i n  Pt-17 at .  % L i  was cont inued 
du r i ng  t h e  cu r ren t  r e p o r t i n g  per iod.  The type  o f  l oop  used i n  t h i s  experiment has been descr ibed 
previously, '  and t he  d e t a i l s  of t h e  l e a d - l i t h i u m  prepara t ion  were g iven i n  t h e  preceding progress report.' 
The l oop  a l lowed co r ros i on  coupons t o  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 he  l e a d- l i t h i u m  f low 
and was one of t ype  316 s t a i n l e s s  s tee l  t h a t  had p rev ious l y  c i r c u l a t e d  l i t h i u m  f o r  over 10,000 h. The 
i n t e r i o r  sur face  of i t s  ho t  l e g  was there fo re  depleted i n  n i cke l .  While t h e  presence o f  t he  r e s u l t a n t  
f e r r i t i c  sur face  may a f f e c t  d i s s o l u t i o n  o f  t h e  f r esh  a u s t e n i t i c  l oop  coupons, t h i s  e f f e c t  has been measured 
f o r  l i t h i u m ,  was found t o  be no t  la rge ,  and was taken i n t o  account when we compared t h e  present d isso-  
l u t i o n  data w i t h  p r i o r  r e s u l t s  f o r  t ype  316 s ta i n l ess  s tee l  i n  l i t h i u m  by using on l y  data t y p i c a l  of such 
l oop  cond i t ions .  The maximum loop  temperature was 500"C, and i n i t i a l l y  a temperature d i f f e r e n c e  of 15OoC 
was maintained. However, a f t e r  a few hundred hours o f  exposure, s u f f i c i e n t  mass t r a n s f e r  had occurred t o  
i n i t i a t e  sane p lugg ing  i n  t he  co ld  leg. It was, there fo re ,  necessary t o  r a i s e  t he  minimum temperature t o  
about 430°C t o  prevent  severe f l ow  r e s t r i c t i o n s  by mass t r a n s f e r  deposi ts .  

coupons by us ing  a l i t h i u m  soak a t  about 250°C for about 6 h fo l lowed by a r i n s e  i n  water t o  remove t h e  
l i t h i u m .  The procedure was then repeated u n t i l  t he  weights became constant. 
changes o f  t he  specimen se t  were determined f o r  each exposure period. 
es tab l i shed  t h a t  such a l i t h i u m  soak removes much o f  t h e  corroded sur face l aye r ,  which i s  depleted i n  n i c k e l  
and ch rm ium and penetrated by l e a d - l i t h i ~ m . ~ , ~  
n i n e  t h e  t o t a l  amount of corroded s t r u c t u r a l  metal by sub t rac t i ng  t h e  specimen weight a f t e r  l oop  exposure t o  
l e a d- l i t h i u m  and subsequent l i t h i u m  soak(s) from t h e  s t a r t i n g  coupon weight. When t he  same specimen i s  then 
r e i n s e r t e d  i n t o  t he  loop, a f r esh  a u s t e n i t i c  sur face  i s  again exposed t o  t h e  c i r c u l a t i n g  Pb-17 at .  X L i .  
Th is  i s  thus somewhat d i f f e r e n t  from many l i t h i u m  l oop  experiments, where most of t he  co r ros i on  l a y e r  i s  no t  
l o s t  du r i ng  t h e  process o f  l i t h i u m  removal p r i o r  t o  weighing. 
specimens does not  expose a f resh a u s t e n i t i c  surface. A weight l oss  versus t ime  curve generated by exposure 
o f  t h e  same specimen set  i s  t he re fo re  fundamental ly d i f f e r e n t  f o r  t h e  l i t h i um  and l e a d - l i t h i u m  experiments. 
In  t h e  former, t h e  continuous d i s s o l u t i o n  o f  an a u s t e n i t i c  a l l o y  i s  approximated by weight changes measured 
a t  var ious  t imes dur ing  a l oop  run. On t he  o the r  hand, i n  a Pt-17 at. X L i  TCL experiment, such data as a 
f u n c t i o n  o f  t i m e  represent  a c o l l e c t i o n  o f  d i s c r e t e  weight losses measured from specimens whose sur faces 
have been repeatedly s t r i pped  of most o f  t h e i r  co r ros i on  layers.  I n  t h e  l a t t e r  case, each exposure i n t e r v a l  
i s  e s s e n t i a l l y  independent of t h e  preceding one, and t h e  cumulat ive exposure t ime  i s  se t  back t o  zero each 
time. Therefore, i n  o rder  t o  generate a proper weight l o s s  ( o r  ga in )  versus t ime  curve, d i f f e r e n t  specimens 
need t o  be exposed t o  t he  P b 1 7  at. $ L i  f o r  d i f f e r e n t  leng ths  of times. 
being generated. However, t h e  i n i t i a l  loop  run was w i t h  specimens t h a t  were re i nse r t ed  several  t imes over a 
4125 h per iod.  The data were o r i g i n a l l y  p l o t t e d  versus t ime  on one curve,2 bu t ,  as descr ibed above, t h i s  
does no t  g i v e  a t r u e  k i n e t i c  dep i c t i on  o f  t he  d i s s o l u t i o n  and depos i t i on  processes (and, indeed, probably 
exp la ins  t he  a t y p i c a l  shape o f  such a curve). Rather, such data should be d isp layed as i n  Fig. 9.4.1, where 
t h e  weight  changes over each exposure i n t e r v a l  a re  p l o t t e d  from t h e  o r i g i n .  
these weight  losses  a re  s t i l l  much l a r g e r  than those f o r  exposure o f  t ype  316 s t a i n l e s s  s tee l  t o  pure 
l i th ium over s i m i l a r  t ime  i n t e r v a l s .  

Examination of po l i shed cross sec t ions  o f  t he  t ype  316 s t a i n l e s s  s tee l  loop  specimens exposed t o  
-17 at .  % L i  revealed very l i t t l e  evidence of co r ros i on  l aye rs  desp i t e  t h e  l a r g e  weight losses (see 
Fig. 9.4.2). 
rtmscs. 
the var ious  g ra i ns  (see Fig. 9.4.3). However, energy d i spe rs i ve  x- ray ana l ys i s  revealed very  l i t t l e  
p r e f e r e n t i a l  leach ing  o f  n i cke l  o r  chromium occurred. 
bu l k  ma te r i a l .  

Weight losses were la rge ,  bu t  t h e  e f f e c t s  o f  t h e  postexposure 

I n  o rder  t o  acqu i re  weight change data, i t  was necessary t o  remove t h e  res idua l  l e a d - l i t h i u m  from t h e  

However, i t  has now been d e f i n i t e l y  
I n  t h i s  way, t h e  weight 

Therefore, t he  l i t h i u m  soak procedure a l lows one t o  de te r -  

I n  t h e  case o f  l i t h i u m ,  r e i n s e r t i o n  of t h e  

This t ype  o f  data i s  c u r r e n t l y  

It i s  i n t e r e s t i n g  t o  note t h a t  

Such observat ions a re  cons is ten t  with a removal o f  t he  co r ros i on  l aye rs  du r i ng  t h e  l i th ium 
Scanning e l ec t ron  microscopy o f  t he  corroded specimens showed sur face  roughening t h a t  de l inea ted  

The sur face  composit ions were s i m i l a r  t o  t h a t  o f  t h e  
Th is  i s  a f u r t h e r  i n d i c a t i o n  t h a t  t he  cor ros ion  l a y e r  has been removed p r i o r  t o  examination. 





192 

M.17043 

40pm , 
Fig. 9.4.3. Scanning e lec t ron  micrograph of t he  surface of type  316 s t a i n l e s s  s tee l  exposed t o  

t he rma l l y  convect ive Pb-17 at .  % L i  f o r  4125 h a t  500Y  and then r insed i n  molten l i t h i u m .  

9.4.5 Conclusions 

1. Molten Pt-17 a t .  % L i  i s  an aggressive environment f o r  a u s t e n i t i c  s t a i n l e s s  s tee l .  
2. Resul ts  frm meta l lograph ic  examination and energy d i spe rs i ve  x- ray ana lys is  of type  316 s t a i n l e s s  

s tee l  exposed t o  t he rma l l y  convect ive Pt- 17 at. 'b L i  were cons is ten t  w i t h  a s t r i p p i n g  of t he  cor ros ion  l a y e r  
dur ing  t h e  r i n s i n g  of specimens i n  l i t h i u m  t o  remove t h e  res idua l  l ead- l i t h i um from t h e  exposed specimens. 

The removal o f  t he  cor ros ion  l a y e r  dur ing  t h e  l i t h i u m  r i n s e  al lows t h e  t o t a l  cor ros ion  weight l oss  
t o  be determined. However, s ince a f r esh  a u s t e n i t i c  surface i s  then present on t he  specimens, f u r t he r  
exposure of t he  same coupons i n  t h e  loop y i e l d s  data t h a t  are no t  representa t ive  o f  a cont inu ing  cor ros ion  
process. 
exposures of t h e  same specimens. 

9.4.6 References 

3. 

As such, t he  data are not d i r e c t l y  comparable w i t h  those obtained i n  l i t h i u m  by using m u l t i p l e  

1. J. H. @Van and J. R. DiStefano, "Thermal-Convection Loop Tests o f  Type 316 Sta in less  Steel i n  
Lithium." pp. 200-208 i n  A D P  Wrt. B o g .  R e p .  Mar. 31, 1978, DOE/ET-0058/1, U.S. DOE, Off ice of Fusion 
Energy. 

2. P. F. T o r t o r e l l i  and J. H. DeVan, "Corrosion of Type 316 Sta in less  Steel i n  Flowing 
P b 1 7  at .  % Li," pp. 2 0 3 4  i n  A D P  Semiannu. B o g .  R e p .  S e p t .  30, 1983, DOE/ER-0045/11, U.S. DOE, 
Off ice of Fusion Energy. 

3. 0. K. Chopra and 0. L. Smith, "Corrosion o f  Ferrous A l loys  i n  Eu tec t i c  Lead-Lithium Environment," 
t o  be publ ished i n  t he  proceedings of t h e  Th i rd  Topical Meeting on Fusion Reactor Mater ia ls ,  September 1983. 

4. P. Fauvet, G. Santar in i ,  and G. Sannier, CEA, Fontenay-aux-Roses, France, t o  be published. 



193 

DOE/ER-0045/12 
D i s t r i b u t i o n  
Category 
uc-20, 2oc 

D I S T R I B U T I O N  

1 6 .  

7-8. 

9. 

10. 

11. 

12-195. 

19G202. 

203. 

204. 

205406.  

207-209. 

210. 

211. 

Argonne Nat ional  Laboratory,  9700 South Cass Avenue, Argonne, It 60439 

L. Greenwood 
V. Maroni 
R. F. Mattas 
R. E. Nygren 
D. L. Smith 
H. Wiedersich 

B a t t e l l e - P a c i f i c  Northwest Laboratory, P.O. Box 999, Richland, IIA 99352 

J. L. Br imhal l  
0. Dingee 

Brookhaven Nat ional  Laboratory, Upton, NY 11973 

C. L. Snead, Jr. 

Carnegie-Mellon U n i v e r s i t y ,  P i t t sburgh ,  PA 15213 

J. C. Wi l l iams 

Colorado School of Mines, Golden, CO 80401 

6 .  R. Edwards 

Department of Energy, Technical In format ion Center, O f f i c e  o f  In format ion Services, P.O. Box 62, 

For  d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category, UC-20 (Magnetic Fusion Energy), 
and UC-2Oc (Reactor Ma te r i a l s )  

Oak Ridge, TN 37830 

Oepartment o f  Energy, O f f i c e  o f  Fus ion Energy, Washington, DC 20545 

M. M. Cohen 
G. M. Haas 
T. C. Reuther, J r .  ( 5  copies)  

Department of Energy, Oak Ridge Operations O f f i ce ,  P.O. Box E, Oak Ridge, TN 37830 
O f f i c e  o f  Assistant  Manager f o r  Energy Research and Development 

Energy Technology Engineering Center, P.0. Box 1449, Canoga Park, CA 91304 

ETEC L i b r a r y  

GA Technologies, Inc., P.O. Box 81608, San Diego, CA 92138 
T. A. Lechtenberg 

D. I.  Roberts 

Lawrence Livermore Nat ional  Laboratory, P.O. Box 808, Livermore, CA 94550 

E.N.C. Dalder 
M. Guinan 
C. M. Logan 

Los Alamos Nat ional  Laboratory, Mai l  Stop H809, Los Alamos, NM 87545 

M. S. Wechsler 

Massachusetts I n s t i t u t e  of Technology, 138 A1 bany St ree t ,  Cambridge, MA 02139 

0. K. Har l i ng  



194 

212-213. Massachusetts I n s t i t u t e  of Technology, 77 Massachusetts Ave., Cambridge, MA 02139 

N. J. Grant 
V. 8. Vander Sande 

214-215. McDonnell Douglas A s t r o n a u t i c s  Company, East ,  P.O. Box 516, S t .  Lou is ,  MO 63166 

J .  W. Dav is  
0. A. DeFreece 

216. N a t i o n a l  M a t e r i a l s  Adv iso ry  Board, 2101 C o n s t i t u t i o n  Ave., Washington, DC 20418 

K. M. Z w i l s k y  

217-218. Naval Research Labora to ry ,  Washington, DC 20375 

Super in tenden t ,  M a t e r i a l s  Science and Technology D i v i s i o n  
J .  A. Sprague 

219-258. Oak Ridge N a t i o n a l  Labora to ry ,  P.O. Box X ,  Oak Ridge, TN 37831 

C e n t r a l  Research L i b r a r y  ( 2  cop ies )  
Document Reference Sec t ion  
L a b o r a t o r y  Records Department ( 2  c o p i e s )  
Labora to ry  Records Department,  RC 
ORNL Pa ten t  S e c t i o n  
E. E. Bloom (10 c o p i e s )  
0. N. B rask i  
W. R. Corwin 
J. H. DeVan 
I.  T. Dudley 
M. L. Grossbeck 
R. L. Klueh 
R. A; L i l l i e  
C. T. L i u  
K. C. L i u  
L. K. Mansur 
P. J. Maziasz 
C. J. McHargue 
T. K. Roche 
A. F. R o w c l i f f e  
M. J. Saltmarsh 
J .  L. S c o t t  
P. T. Thornton ( 3  c o p i e s )  
P. F. T o r t o r e l l i  
J .  M. V i t e k  
F. W. W i f f e n  

P r i n c e t o n  U n i v e r s i t y ,  Plasma Phys ics  Labora to ry ,  P.O. Box 451, P r i n c e t o n ,  NJ 08544 259. 

P. Bonanos 

26C-261. Rensselaer  P o l y t e c h n i c  I n s t i t u t e ,  Troy,  NY 12181 
D. S t e i n e r  
N. S t o l o f f  

262-263. Sandia N a t i o n a l  L a b o r a t o r i e s ,  L i ve rmore  D i v i s i o n  8316, L ivermore,  CA 94550 

W. Bauer 
J .  C. L i p p o l d  

2 6 L 2 5 5 .  Sandia N a t i o n a l  L a b o r a t o r i e s ,  P.0. Box 5800, A1 buquerque, NM 87185 

M. J. Davis  
W. B. Gauster 

266. Science A p p l i c a t i o n s ,  Inc.,  1200 Prospect ,  La J o l l a ,  CA 92031 

H. Gurol  



195 

267-268. U n i v e r s i t y  of C a l i f o r n i a ,  Department o f  Chemical, Nuclear, and Thermal Engineering, 
Los Angeles, CA 90024 

M. A. Abdou 
R. W. Conn 
N. M. Ghoniem 

269. U n i v e r s i t y  of C a l i f o r n i a ,  Santa Barbara, CA 93106 

G. R. W e t t e  

270. U n i v e r s i t y  o f  M issour i ,  Department o f  Mechanical and Aerospace Engineer ing,  Columbia, MO 65211 

M. J o l l e s  

271. U n i v e r s i t y  o f  V i r g i n i a ,  Department o f  M a t e r i a l s  Science, C h a r l o t t e s v i l l e ,  VA 22901 

W. A. Jesser 

272. U n i v e r s i t y  of Wisconsin, 1500 Johnson Dr ive ,  Madison, W I  53706 

W. G. Wol fer  

273. Westinghouse E l e c t r i c  Company, Advanced Energy Systems D i v i s i o n ,  P.O. Box 10864, 
P i t t s b u r g h ,  PA 15236 

R. B a j a j  
W. A. Bo l tax  

274-281. Westinghouse Hanford Company, P.O. Box 1970, Rich land,  WA 99352 

H. R. Brager 
D. G. Doran 
A. M. E r m i  
F. A. Garner 
D. S. Gel les 
E. C. Opperman 
R.  W. Powell 
J. L. Straalsund 

i U  S GOVERNMENT PRINTING OFFICE 1984 746 067,4105 






