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FOREWORD 

T h i s  r e p o r t  i s  t h e  t w e n t y - f i r s t  i n  a s e r i e s  o f  T e c h n i c a l  P r o g r e s s  R e p o r t s  on " A l l o y  Development fop 

Irradiatiorl  Performance" (ADIP) ,  wh ich  i s  one e lement  o f  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, conducted i n  
s u p p o r t  o f  t h e  Magnet i c  F u s i o n  Energy Program of t h e  U.S. Department  of Energy. 
M a t e r i a l s  Program a r e  

O t h e r  e lements of t h e  

. Damage A n a l ~ a i s  nnri Fundammtal Stud ies  IDAF.7 )  

Plasma-Yaterials I*teraction I P M I  

. Speoial-Purpose ?+zterials I S P M )  

* H i g h  Heat Flux Comporients 

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 UOE/ET-O058/1 t h r o u g h  7.  T h i s  r e p o r t  i s  t h e  
f o u r t e e n t h  i n  a new number inq sequence t h a t  beg ins  w i t h  UOE/ER-0045/1. 

The ADIP prograin e lement  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  f rom 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  qoverniaent 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 r g a n i z e d  
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 f e c t s  Branch, O f f i c e  o f  Fus ion  Energy,  DOE, and a Task Group on A l l o y  
Development for Irradiation Performanae, which  now o p e r a t e s  under  t h e  ausp ices  of t h e  Reac to r  Technologi  es 
Branch. The purpose of t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p r o v i d e  a w o r k i n g  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  
t h e  use of t h e  progrdin 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  g e n e r a l ,  and f o r  t h e  Department of 
Eneryy. 

Th is  r e p o r t  i s  o r y a n i z e d  a l o n g  t o p i c a l  l i n e s  w i t h  Chapters 3 t h r o u g h  8 devo ted  t o  t h e  v a r i o u s  a l l o y  
c l a s s e s  t h a t  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  Thus t h e  work of a g i v e n  l a b o r a t o r y  may appear a t  s e v e r a l  
d i f f e r e n t  p l a c e s  i n  t h e  r e p o r t .  The m a t e r i a l s  c o m p a t i b i l i t y  and env i ron inen ta l  e f f e c t s  work on a l l  a l l o y  
c l a s s e s  i s  c o l l e c t e d  t o g e t h e r  i n  Chapter  9. The Tab le  o f  Conten ts  i s  a n n o t a t e d  f o r  t h e  conven ience  of t h e  
reader .  

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  guidance o f  t h e  Chairman of t h e  Task Group on A l l o y  
Development f o r  Irradiation Performance. A. F. R o w c l i f f e ,  Oak Ridge N a t i o n a l  L a b o r a t o r y ,  and h i s  e f f o r t s  
and t h o s e  of t h e  s u p p o r t i n g  s t a f f  o f  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. Reu ther ,  Reac to r  Techno log ies  Branch, i s  t h e  Depart inent of Energy C o u n t e r p a 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, Ch ie f  
Reac to r  Techno log ies  Branch 
O f f i c e  o f  Fus ion  Energy 
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Company) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Subs tant ia l  progress has been m d e  towards reducing t he  backlog o f  data p y e s  with 

In  add i t i on ,  the  handbook now has 

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

t h e  re lease  of t he  t en th  and e leventh  data packages. 
t h e  capab i l i t y  of t o t a l  computer generation of data pages with a q u a l i t y  su i t ab l e  f o r  
p r in t i ng .  

2. TEST MATRICES, EXPERIMENT DESCRIPTIONS, AND METHODS DEVELOPMENT . . . . . . . . . . . . . . . .  
N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The specimens contained i n  t he  ORR-M.cE-4A experiment have operated f o r  a t o t a l  of 
1077 d a t  30 MCI reac tor  power with temperatures of 350 and 400°C. 
i n  t he  ORR-MFE-4B experiment have operated f o r  an equivalent  of 916 d at  30 hW reac tor  
power lthrough March 2 4 ,  19851 with temperatures of 500 and 600OC. 

2.1 O p e r a t i o n  o f  t h e  O R R  S p e c t r a l  T a i l o r i n g  Exper iments O R K- M F E- 4 A  AND - 48 (Oak Ridge 

The specimens contained 

2.2 I r r a d i a t i o n  Exper iments f o r  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  HFIK 
and ORR (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . .  

The assembly of JP-7 and -8 lias completed. Capsules JP-2 through -8 are being i r r a-  
d ia t ed  i n  t he  HFIR. 
100 M4 reac tor  power. 

nearing completion. 
March. 

Capsule JP- I  completed i t s  i r r a d i a t i o n  f o r  a t o t a l  of 336.40 d a t  

The assembly of IdFE-7J i s  The f abr i ca t i on  and assembly of ORR-MFti-6J are i n  progress.  
The specimens are expected t o  be de l ivered  f o r  loading by t he  end of 

2.3 P r e p a r a t i o n  f o r  P o s t i r r a d i a t i o n  Examina t ion  Of U.S./Japan HFIR Capsules 
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The f i r s t  U.S./Japan HFIR capsule,  JP-I, has completed i t s  i r rad ia t i on  campaip  and 
i s  cooling down. 
Laboratory, Inc .  ( J E O L l  JEM-20OOFX microscope has been de l ivered  t o  ORNL and i s  
operat ional .  

Preparations f o r  PIt i  are under m y .  The ne@ Japan Electron Optical 

2.4 D e s c r i p t i o n  o f  t h e  U.S./Japan S p e c t r a l  T a i l o r i n g  Exper iment  i n  ORR (Oak Ridge N a t i o n a l  
L a b o r a t o r y  and Japan Atomic Energy Research I n s t i t u t e )  . . . . . . . . . . . . . . . . . .  

TWO spec tra l  t a i l o r i n g  capsules MFE-6J and -7J are being assembled and i r rad ia t ed  in 
ORR a8 a p r t  of the  U.S./Japan program of col laborat ive  t e s t i n g  i n  mized-spectrum f i s s i o n  
r eac to r s .  The t e s t  mtAz inc ludes  conventional 1J.S. and Japanese s t ruc tu ra l  a l l o y s  p lu s  u 
wide m r i e t y  of research a l l oy s  t ha t  lead t o  (1 h s i c  understanding of a l loy  response t o  the  
fufusion reac tor  environment. 

2.5 N e u t r o n i c s  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  
Exper iments  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . .  

The calculated f l uences  from the  ongoing three-dimensional neutronics ca lcu la t ions  are 
being scaled t o  agree with ezperimental data. A8  of March 32, 1985, t h i s  treatment y i e l d s  
201.9 a t .  ppm He (not  inc luding  2.0 a t .  ppm He from ' O B 1  and 13.19 dpa for t ype  316 
stainless s t e e l  in ORR-MFE-4A arid 155.9 a t .  ppm He and 10.60 dpa i n  ORR-MPE-4B. 

2.6 Neutron Dos imet ry  and Damage C a l c u l a t i o n s  f o r  t h e  HFIR-CTR-30, -36, and -46 Exper iments 
(Argonne N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Dosimetry measurements and damge ca l cu la t i ons  have been completed f o r  t he  CTR 30, 
36, and 46 experiments i n  HFIR. 
wi th  f l uences  of 1 . 9 5 ~ 1 0 ~ ~ n / c m ~  and 1 . 6 1 ~ 1 O ~ ~ n / c m ~ ,  r e spec t i ve l y .  
on the  RE:! and T3 experiments i n  HFIK and a prototype of the  Japanese experiments i n  
OHR. 

CTR 30 and 36 have the  h ighes t  exposures seen t o  date  
Work i s  i n  progress 
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provided. 
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which w r y  C, Si, Mo, and Ti a l l o y  concentratiows toge ther  w i th  F and Nh add i t ions .  
So lu t iondnnea led  fSA)  a l l o y s  wi th  ( T i  t Nbl, or Nb a d  lower Si l e u e l s ,  exh ib i t ed  $'rain 
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d i t i o n  showed e x c e l l e n t  re s i s tance  t o  r e c r y s t a l l i z a t i o n  wher: cold worked ( C W I .  
phase composition w s  q u i t e  s e n s i t i v e  t o  a l l o y i r 3  c h a n p s ;  combimtions  of Nb, C, ami P 
a l loy ing  add i t ions  lowered t h e  iMo + C r )  content of the  Ti-rich MC phase, p a r t i c u l a r l y  i r i  
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500 ANU 600°C TO 19 dpa (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . .  
The 18Cr/23Mn/4Ni s t e e l  ihent IP-838, m d e  ava i lab le  through an eschange wi th  the  

The X 
S m a l l  laboratory mel ts  were nude 

The IIC 

3.2 M i c r o s t r u c t u r a l  Development i n  Manganese- Stab i l i zed  A u s t e n i t i c  S t e e l  I r r a d i a t e d  i n  HFIR a t  

Sov ie t  Union) WIS i r rad ia ted  i n  H F I K  t o  19 dpa and 220 u t .  ppm He. 
d i spers ion  of voids f ? l Y  rim i n  d iameter)  developed a t  500°C, but none formed a t  GODOC. 
Many f i n e  (2.5-6 nm i n  d iameter)  m t r i x  bubbles were a l s o  observed a t  both temperatures.  
dense t a n j l e  of d i s l o c a t i m  netuork and F r a n k  loops m s  observed a t  500°C, but 0'113 loose 
rietijork w s  found a t  600°C. There w s  considerable p r e c i p i t a t i o n  a t  600°C, but nuch l e s s  
a t  50OOC. 
peratiures, hut 7ang  meiz?-um-coarse l a t h s  iprobablg Lavesi were found i n  t h e  mtrir a t  600°C, 
whereas o n l y  some fine p u r t i c l e s  (probably ,MC) were found a t  SODOC. 

A s p a t i a l l y  nommi form 

A 

Coarse :dZ3C6,,and/or ,M6C were found along subcjrain boundaries a t  both tem- 
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s t e e l  has l e s s  p r e c i p i t a t i o n ,  but a larger f r a c t i o n  of f i n e  Mc. Both s t e e l s  doped with 
2 ut % N i  have m r e  re f ined  p r e c i p i t a t e  and/or subgrain s t ruc tu re s  and higher d i s loca t ion  
concentra t ions ,  but these  changes are cons is ten t  with t h e i r  lower tempering temperatures 
r e l a t i v e  t o  undoped rmte r ia l s .  
observed IM2?C6 and K )  or t he  r e l a t i v e  phase f r a c t i o n s ,  and does not appreciably a f f e c t  
phase composztrons. 

C 3 .'5 and MC prec ip i t a t e  and a few d i s toca -  

Nickel doping does not change t he  p r e c i p i t a t e  phases 

7.3 Some E f f e c t s  o f  Inc reased  Hel ium Genera t ion  on M i c r o s t r u c t u r e  and S w e l l i n g  of Nickel-Uoped . . . . . . . . . . . .  9Cr-1MoVNb S t e e l  I r r a d i a t e d  i n  HFIR (Oak Ridge N a t i o n a l  L a b o r a t o r y )  8 1  

Considerable void formation ms found o t  400 and 5 0 0 T  i n  SCr-1MoVNb-2Ni a f t e r  -38 dpa 
1-400 a t .  ppm HeJ i n  HFIR, ahereas some voids were found only a t  40OOC f o r  s imi lar  i r r a -  
d i a t i o n  of t he  same s t e e l  without n icke l  doping lonly  -30 a t .  ppm He) .  Increased helium 
generation tremendously increased bubble nucleation ouer t he  m n g e  from 300 t o  600OC. 
i r r a d i a t i o n  a l s o  produced considerable p rec ip i t a t i on  i n  t he  9Cr-lMoVNb-Z.lii at  400 and 500°C 
i n  conjunction with void formation.  

The 

7.4 P o s t i r r a d i a t i o n  T e n s i l e  Behav io r  o f  Nickel-Doped 9Cr-1MoVNb and 12Cr-1MoVW S t e e l s  
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

Tens i l e  specimens of normalized-and-tempered 9Cr-IMoVNb, 3Cr-lMoVNb-2Ri, l2Cr-IMoVW, 
12Cr-IMoVW-lNi, and lZCr-lMoVW-ZNi s t e e l s  were i r rad ia t ed  i n  ERR-II  t o  -16 dpa a t  390 t o  
SSOOC. T e s t s  were conducted a t  mom temperature and t he  i r r a d i a t i o n  temperature on unirra-  
d i a t e d ,  thermally aged, and i rradia ted  specimens. The e f f e c t  of i r r a d i a t i o n  depended on 
temperature and on t he  tempering treatment t ha t  t he  s t e e l  m s  given. 

7.5 E leva ted- Tempera tu re  T e n s i l e  P r o p e r t i e s  of 2 114 Cr-1Mo S t e e l  I r r a d i a t e d  i n  t h e  EBR-11, 
AD-2 Exper iment  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . .  99 

The e f f e c t  of i r rad ia t i on  on t he  t e n s i l e  proper t ies  of 2 1/4 Cr-l,vo s t e e l  m s  de t e r-  
Unirradiated control  mined f o r  specimens i rradia ted  i n  EBR-11 t o  23 dpa a t  390 t o  550OC. 

specimens and specimens aged f o r  10,000 h at  the  i r rad ia t i on  temperature Were a l s o  t e s t e d .  
I r rad ia t i on  a t  390°C increased the  s t rength  and decreased t he  d u c t i l i t y  of the  samples 
whi le  so f ten ing  occurred i n  those  i rradia ted  and t e s t ed  a t  4 5 0 ,  500, and S50OC. 

7.6 I r r a d i a t i o n  E f f e c t s  i n  F e r r i t i c  S t e e l s  ( G A  T e c h n o l o g i e s )  . . . . . . . . . . . . . . . . .  109 

Since 1980 the  Alloy Development f o r  I r rad ia t i on  Performance iADIPI task  funded by 
t h e  U.S. Department of Energy ha6 been studying t he  2-12Cr c la s s  of f e r r i t i c  s t e e l s  t o  
e s t a b l i s h  t he  f e a s i b i l i t y  of using them i n  f u s i o n  reac tor  f i r s t  m l l / b r e e d i n g  blanket  
1FW/B)  app l i ca t i ons .  The advantages of f e r r i t i c  s t e e l s  inc lude  superior swell ing 
r e s i s t a n c e ,  low thermal s t r e s s e s  compared t o  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 ,  a t t m c t i v e  
mechanical p roper t i e s  up t o  60OoC, and serv ice  h i s t o r i e s  ezceeding 100,000 hours. 
s t e e l s  are commonly used i n  a mnge  of m ic ros t ruc tuml  condi t ions  which include f e r r i t i c ,  
mar t ens i t i c ,  tempered r m r t e n s i t i c ,  t a i n i t i c ,  e t c .  Throughout t h i s  paper where t he  term 
" f e r r i t i c "  i s  used it should be taken t o  mean any of these  micros truc tures .  
t a s k  i s  s tudying several  candidate a l l o y  systems inc luding  12Cr-1MoWV IHT-81,  modified 
9Cr-lMo, and dual. phased s t e e l s  such as EM-12 and 2 1/4Cr-lMo. 
ferromagnetic  I F M I ,  body centered cubic I B C C ) ,  and contain chromium addi t ions  between 
2 and 12 ut.% and molybdenum addi t ions  usual ly  below 2%. 

These 

The ADIP 

These m t e r i a l s  are 

The perceived i s sues  associated 

v i  i 



with the  appl ica t ion  of t h i s  c la s s  of s t e e l  t o  fusion reac tors  are t he  increase in t he  
d u c t i l e - b r i t t l e  t r a m i t i o n  t e m p r a t u r e  (DBTTj with neutron damage, t he  compat ib i l i ty  of 
t he se  s t e e l s  with l i qu id  metals and so l i d  breeding m t e r i a l s ,  and t h e i r  we ldab i l i t y .  
The feferromapetic character of these  s t e e l s  can a l s o  be important i n  reac tor  design.  
I t  is t he  purpose of t h i s  paper t o  review the  current understanding of these  BCC s t e e l s  
m d  the  e f f e c t s  of i r rad ia t i on .  
induced or enhanced dimensional changes such as swelling and creep,  mechanical proper t ies  
such as t e n s i l e  s t rength  and carious measurements of toughness,  and ac t i va t i on  by 
neutron i n t e rac t i ons  i d t h  s t ruc tu ra l  m t e r i a l s .  

The nnjor po in t s  of d i scuss ion  will be i r r a d i a t i o n  

7.7 M e l t i n g  and F a b r i c a t i o n  o f  Low A c t i v a t i o n  F e r r i t i c  A l l o y s  f o r  FFTF I r r a d i a t i o n s  
(GA T e c h n o l o g i e s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  117 

Two expeAmental  hents  of W-stabil ized loid ac t i va t i on  f e r r i t i c  s t e e l s  have been 
mel ted ,  the  chemis tr ies  analyzed,  arid t he  heats  fabr ica ted  i n t o  specimens t o  be included 
in an FFTF i r rad ia t i on .  
Specimens include 1 / 3  PCVR specimens f o r  toughness ani]’ DBTT evaluat ions  and TEI4 d i s k s .  
A l l  specimens idere $“en a heat treatment of 1#5#oC f o r  1 hr fol lowed by  an air cool, 
7#U°C for 1 hr fol lowed by an a i r  cool .  

P r e l i m i n a r y  E v a l u a t i o n  o f  M i c r o s t r u c t u r e  and Mechanical  P r o p e r t i e s  on Low A c t i v a t i o n  

A control  heat of HT-Y u s  melted and fabr ica ted  i n  t h e  Same m y .  

7.8 
120 F e r r i t i c  S t e e l s  ( G A  Techno log ies )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A prel iminary evaluation of t he  microstrucbure and mechanical p roper t i e s  of a 
YCr-Z.SW-0.3V-D.15C (GA3Xj l ow  ac t i va t i on  f e r r i t i c  s teel  has been performed. An 
optimum heat treatment condit ion has been def ined f o r  GA3X s t e e l .  The proper t ies  and 
microstructure of t he  quenched and tempered specimens were characterized via hardness 
measurement and op t i ca l  metallographic observation.  

Quenched flOO#°C/lhr) and tempered (700oC/lhrl specimens were t he rnu l l y  aged a t  
600OC up t o  1,000 hrs t o  examine t he  phase s t a b i l i t y  of t h e  a l l o y .  
ana l y s i s  of the  p r e c i p i t a t e s  ex trac ted  from the  thermally aged samples revealed nearly 
100% !423C6 carbides l a  = l 0 . G 4 A I ,  wi th  no indication of F e 2 M - t y p e  Laves phase which 
ma9 a u s e  embrit t lement  oia segregation of de tr imenta l  impurity  elements and a trength-  
ening.  The impurity  elements f F ,  S, Sbj are i n  small, concentrat ion and t h i s ,  combined 
wi th  a f i n e  grain size, lead us t o  conclude l i t t l e  temper embrit t lement  will occur. 

t he  t e n s i l e  proper t ies  a t  elevated temperatures. 
G A J X  s t e e l  a t  elevated temperatilres are comparable t o  both SCr-1Mo and the  modified 
YCr-1,Wo s t e e l s .  
s u i t a b l e  low ac t i va t i on  a t l o y s  can be succes s fu l l y  produced in t h i s  f e r r i t i c  a l l o y  
C l a 8 s .  

7.9 M i c r o s t r u c t u r a l  Comparison o f  HT- 9 I r r a d i a t e d  i n  HFIK and EBR-I1 (West inghouse Hanford 

X-ray d i f f r a c t i o m  

The hot-microhanjness a.id d u c t i l i t y  parameter memurements were used t o  es t imate  
The est imated t e n s i l e  s t rengths  of 

These prel iminary r e s u l t s  are encouraging in t h a t  they 6UgpSt  t ha t  

Coinpany) 129 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A ser i e s  of specimens of HT-Y heat $1354 have been examined following i r r a d i a t i o n  i n  

H F I H  t o  39 dpa a t  300, 40#, 500 and 600°C and fo l lowing  i r r a d i a t i o n  in E B H - 1 1  t o  25 ?pa 
a t  393 and 5#O0C, 
a t  a l l  temperatures and voids at  4000C. 
f l u e n c e ,  nor m s  it f o m d  in EL%-11 i r rad ia t ed  specimens. 
NFIIi is a t t r i bu t ed  t o  helium y m e r a t i o n .  
saturtrt ion of d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature s h i f t s  wi th  increas ing  f l uence .  

F r a c t o  r a g h i c  Examina t ion  o f  F e r r i t i c  A l l o y  Charpy Specimens a t  a Fluence  of 

HFIli i r r a d i a t i o n  m s  found t o  have promoted helium bubble formation 
Cavi ta t ion  had not been observed a t  lower 

The Onset of void swelliwg in 
The observations provide an explanation f o r  

7.10 
137 6 x 1052 n/crn2 (West inghouse Hanfo rd  Company) . . . . . . . . . . . . . . . . . . . . . .  

The f r a c t u r e  surfaces of t h i r t e e n  Charpy specimens have been ezamined by scannivg 
e l ec t ron  microscopy and seueral of these  have been measured f o r  hardne.ss. 
s e r i e s  i r rad ia t ed  i n  t he  AD-2 t e s t ,  second discharge inc ludes  HT-Y base metal i n  two 
product forms,  and Modified YCr-1Mo base metal and weld meta l ,  f l uences  inc lude  13 and 
26 dpa and i r m d i a t i o n  temperctures cover t he  runge 390V t o  55OoC. Fracture appeamnce 
i s  found t o  be i n s e n s i t i u e  t o  i r rad ia t i on  fluence, ijhereas s i g n i f i c a n t  d i f f e r e n c e s  could 
be foulid in product form. 
f m c t u r e  mechanism such as temper embrit t lement .  
s t ruc tu re  generated prior t o  i r r a d i a t i o n .  

The specimen 

I t  i s  concluded t ha t  i r r a d i a t i o n  does not encourage a new 
Fai ture  i r  contro l led  by the  micro- 

. . .  
v 1 1 1  



8. COPPER AND ITS ALLOYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8.1 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  of Neutron I r r a d i a t e d  Copper A l l o y s  f o r  H igh  Heat F l u x  

Four commercial copper a l l o y s  and two elemental coppers were i r rad ia t ed  t o  EBR-11 

A p p l i c a t i o n s  (Lo8 Alamos N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . .  

f l u e n c e s  of 3 and 15 dpa a t  385OC. 
showed large swell ing a t  t he  high f l uence .  The two p r e c i p i t a t i o n  hardened and cold 
worked a l l o y s  (AMZIRC and MZC1 Were sof tened s i g n i f i c a n t l y  by t he  i r rad ia t i on .  
a luminadispersed  a l l o y s  ( A I - 2 0  and AI- 601 re ta ined  t h e i r  mechanical s t rength  a f t e r  
i r rad ia t i on .  

The AMZIRC a l l o y  and t he  two elemental coppers 

The two 

8.2 N e u t r o n- R a d i a t i o n  Induced Changes i n  E l e c t r i c a l  R e s i s t i v i t y  of Copper A l l o y s  f o r  MFE 
A p p l i c a t i o n s  (Lo8 Alamos N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . .  

Values of Pe were nraasured for two elemental f h i3h -pur i t y )  coppers and f o u r  commercial 
copper a l l o y s  subjected i n  EBR- 11 t o  neutron fluences of 0.4 arid 2.0 x 
Re la t i ve  t o  annealed con t ro l s ,  two alumina-dispersed a l l o y s  gaue t he  hes t  r e s u l t s :  
Increases  i n  pe (and l / K 1  of 6- 7% a t  t h e  high f lwence ,  with no s i p i f i c a n t  changes (per  
paper 8.1 preceding) i n  t he  corresponding y i e l d  s t r e s s e s .  

n/m2 a t  658X. 

8.3 Dual I on  I r r a d i a t i o n  S t u d i e s  of High S t r e n g t h  Copper A l l o y s  (Westinghouse RED Center  and 
U n i v e r s i t y  of P i t t s b u r g h ,  and McDonnell Douglas Company) . . . . . . . . . . . . . . . . .  

Microstructural  changes are reported for a prec ip i t a t i on  strengthened Cu-0.4 wt 5 
Be- 1 .9  w t  % N i  a l l oy  and a dispers ion  hardened Cu-0.6 w t  % A1 i A l 2 O j l  a l l o y  a f t e r  dual ion  
i r r a d i a t i o n  a t  f l uences  up t o  -20 dpa a t  Z50°C, 300OC and 350OC. 
swel l ing  r e s i s t ance .  Peak siwelling temperature f o r  t he  alirmina d ispers ion  hardened allog 
(AI- 601 is -350OC. For fluences of 10-20 dpa average swel l ing  m t e s  of 0.01% pe r  dpa and 
0.05% per dpa have been measured for i r r a d i a t i o n  without simultaneous helium i n j e c t i o n  and 
w i th  a gas atom implantat ion Pate of Kg ~3 x l o r 3  appm.,s-1. 
neous and is mst pronounced i n  grains wtth low 10. d e n s i t i e s  of A 1 2 0 3  p a r t i c l e s .  The 
beryllium-copper a l l o y  s h m s  almost no swell ing wi th  t he  ezception of a few narrow and 
widely spaced transgranular bands of voids a t  25O0C-350OC. 
r e f l e c t i o n s  in t he  Latter  a l l o y  is fluence and temperature dependent and r e f l e c t s  loss  of 
coherency of t he  C.P. zones, p a r t i c l e  r e s t ruc tu r ing  and/or loss  of i m g i n g  condi t ions  due 
t o  s t r a i n  f i e l d  overlap from the  d i s loca t ion  network. 
y - A l 2 0 ?  p a r t i c l e s  in t he  A 1 4 0  i s  observed under ce r ta in  condi t ions .  The impact of t he se  
phase z n s t a b i l i t i e s  m mechanical and thermal p roper t i e s  i s  not knorm. I t  is recommended 
t h a t  neutron i r rad ia t i on  s tud i e s  a t  105oC-300oC be conducted t o  asaess t h e i r  importance. 

Both a l l oy s  shot2 good 

Void forrmt ion  i s  heteroge- 

Loss of the  (100) relrod 

RecoiL r e so lu t i on  of the  cubic 

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION S T U D I E S  . . . . . . . . . . . . . . . . . . . .  

L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.1 Env i ronmenta l  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  (Aryonne N a t i o n a l  

Ezposures of V-ISCr-STi, V - Z O T i ,  and VANSTAR-7 specimens t o  pressurized f l o w i n g  
water  containing 0.03 ppm d isso lved  O2 a t  288oC i nd i ca t e  tha t  V-15Cr-5Ti again has 
t h e  bes t  corrosion r e s i s t ance .  Further s c a n n i n g  Auger nrlcroprobe s tudies  of sulfur 
segregation i n  vanadium-base a l l o y s  reveal no c l ear  corre la t ion  between segregation 
and t he  var iables  examined. 

9.2 C o r r o s i o n  of A u s t e n i t i c  and F e r r i t i c  S t e e l s  i n  F l o w i n g  L i t h i u m  Envi ronlnent  (Argonne 
N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Corrosion data a weight loss  and i n t e rna l  penetra t ion  are presented f o r  f e r r i t i c  
and a u s t e n i t i c  s t e e l s  i n  f lowing l i t h i u m  a t  372, 4 2 7 ,  and 482OC. Resul t s  from 
metallographic ezamination of t he  lithium-exposed specimens are presented.  
i n f l uence  of t ime ,  temperature, and l i t h i u m  p u r i t y  on t he  d i s so lu t i on  behavior of 
t h e  a l l o y s  i s  d iscussed .  

The 

9.3 Env i 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 l o w i n g  Pb-17Li (Argonne 
N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Corrosion data are pmsented  f o r  f e r r i t i c  HT-9 and Fe-9Cr-IMo and a u s t e n i t i c  
Type 316 s t a i n l e s s  s t e e l  i n  f lowing Pb-17Li a t  423 ,  4 2 7 ,  and 454OC. 
of HT-9 a l l o y  i n  a flowing Pb-17Li environment a t  temperatures between 270 arid 450OC are 
a l s o  reported.  

T e n s i l e  proper t ies  
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9.4 Thermal Convec t ion  Loop S t u d i e s  o f  t h e  L i t h i u m  C o r r o s i o n  o f  Low A c t i v a t i o n  A u s t e n i t i c  
A l l o y s  and S tandard  Fe-12Cr-1MoVW Stee l  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . .  

Further data f o r  Cr-Mn s t e e l s  in thermally convective l i t h i u m  showed tha t  corposion 
The domi- i v  such sgstems m s  complicated by m l t i p l e  simultaneous corrosion processes.  

nant corrosion reac t ion  during higher temperatiire exposure of 1ZCr-IMoVW s t e e l  t o  t he r-  
mally convective l i t h i u m  m s  t h e r m 1  T o d i e n t  m s s  t r a n s f e r .  

197 

9.5 C o r r o s i o n  o f  Type 316 S t a i n l e s s  S tee l  and 12Cr-1MoVW Stee l  i n  T h e r m a l l y  C o n v e c t i v e  
Pb- I7  a t .  % L i  (Oak Ridge N a t i o n a l  L a b o r a t o r y )  . . . . . . . . . . . . . . . . . . . . . .  205  

Observations of the  e f f e c t s  of the  cleaning procedure used t o  remove res idual  
Pb-17 a t .  % L i  from type  316 s t a i n l e s s  s t e e l  revealed a considerable v a r i a b i l i t y  i n  t he  
amouqt of corrosion layer  t ha t  w~ls a l s o  removed. No local i zed  corrosion or l ead- l i th ium 
p e n z t m t i o n  m s  noted f o r  I2Cr-IMoVW s t e e l  exposed t o  t h e r m l l y  convective Pb-17 a t .  % L i  
f o r  3078 h a t  temperatures u p  t o  5OO0C. 
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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- 

1.1.1 A D I P  Task 

S t .  L o u i s )  

Task Number I . A . l ,  D e f i n e  m a t e r i a l  p r o p e r t y  r equ i r emen 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  of m a t e r i a l  p r o p e r t y  da ta  f o r  use by  t h e  f u s i o n  
communitv i n  conceot  e v a l u a t i o n .  des iun .  and oerformancelverification s t u d i e s  o f  t h e  v a r i o u s  f u s i o n  enerav  
systems.. A s e c o n d ' o b j e c t i v e  i s . t h e  e a r i y  i d e n t i f i c a t i o n ' o f  a reas  i n  t h e  m a t e r i a l s  da ta  base where insuf:. 
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 .  

1 .1.3 Summary 

D u r i n g  t h e  p a s t  s i x  months t h e  handbook has undergone a s e r i e s  o f  changes wh i ch  w i l l  h o p e f u l l y  h e l p  t o  
improve i t  and a l s o  t o  speed up t h e  r e l e a s e  o f  d a t a  pages.  Two o f  t h e  more s i g n i f i c a n t  changes a r e  a 
c o n s o l i d a t i o n  of t h e  handbook r e s p o n s i b i l i t i e s  under  one o r g a n i z a t i o n  and t h e  i n c o r p o r a t i o n  o f  t o t a l  com- 
p u t e r  g e n e r a t i o n  of t h e  approved da ta  pages w i t h  a q u a l i t y  s u i t a b l e  f o r  d i r e c t  p r i n t i n g .  

1.1.4 ProJress and S t a t u s  

When t h e  handbook was o r i g i n a l l y  conce ived ,  a p p r o x i m a t e l y  f i v e  y e a r s  ago, t h e  r e s p o n s i b i l i t y  f o r  pub- 
l i c a t i o n  and d i s t r i b u t i o n  was ass i gned  t o  T. K. B i e r l e i n  of t h e  Hanford E n g i n e e r i n g  and Development Labora-  
t o r y  and t h e  r e s p o n s i b i l i t y  f o r  management and handbook scope was ass i gned  t o  J .  W .  Dav i s  o f  McDonnell  
Douglas A s t r o n a u t i c s  Company. 
a b l e  t o  t a k e  advantage o f  t h e  expe r i ence  ga ined  by Ted B i e r l e i n  o v e r  t h e  y e a r s  i n  t h e  p u b l i c a t i o n  and d i s -  
t r i b u t i o n  o f  da ta  pages f o r  o t h e r  handbooks. 
c u r v e  t h a t  u s u a l l y  accompanies t h e  l a u n c h i n g  o f  new i n i t i a t i v e s .  U n f o r t u n a t e l y ,  abou t  two y e a r s  ago, Ted 
dec i ded  t o  r e t i r e  from HEDL and s i n c e  t h a t  t i m e  i t  has been d i f f i c u l t  t o  l o c a t e  someone w i t h  t h e  expe r i ence  
and d e d i c a t i o n  t o  c o n t i n u e  on i n  t h i s  a rea  and as a r e s u l t  t h e  p u b l i c a t i o n  o f  t h e  da ta  pages went i n t o  a 
temporary  h i a t u s  w i t h  t h e  l a s t  r e l e a s e  o f  da ta  pages i n  January  1984. 
reduce  c o s t s  t h rough  e f f i c i e n c y  o f  o p e r a t i o n ,  i t  was dec i ded  by  t h e  Reac to r  Techno log i es  b ranch  o f  OF€ t o  
c o n s o l i d a t e  a l l  o f  t hese  a c t i v i t i e s  w i t h  t h e  e x c e p t i o n  o f  page p r e p a r a t i o n  under  t h e  r e s p o n s i b i l i t y  o f  one 
o r g a n i z a t i o n .  

T h i s  arrangement was a p r o f i t a b l e  one i n  t h e  sense t h a t  t h e  handbook was 

H i s  expe r i ence  and e f f o r t s  h e l p e d  t o  a v o i d  t h e  c o s t l y  l e a r n i n g  

To r e c t i f y  t h i s  s i t u a t i o n  and t o  

T h e r e f o r e ,  t h e  o r i m a r v  t h r u s t  o f  t h e  handbook a c t i v i t i e s  f o r  t h e  p a s t  s i x  months has been d i r e c t e d  
towards  c o n s o l i d a t i n g  t h e  i i l e s  between t h e  two o r g a n i z a t i o n s  and t o  de te rm ine  t h e  e x a c t  s t a t u s  o f  t h e  
r o u g h l y  40 da ta  pages t h a t  have been approved and a w a i t i n g  p u b l i c a t i o n  a l o n g  w i t h  t h e  r o u g h l y  80 da ta  pages 
t h a t  were i n  v a r i o u s  s tages  o f  t h e  p r e p a r a t i o n ,  r ev i ew ,  and app rova l  c y c l e .  Some p rog ress  has been made i n  
t hese  a reas  w i t h  t h e  r e l e a s e  i n  June o f  t h e  1 0 t h  p u b l i c a t i o n  package. T h i s  p u b l i c a t i o n  package was d i v i d e d  
i n t o  two sepa ra te  r e l e a s e s ,  one i n  June and t h e  o t h e r  i n  J u l y .  The June r e l e a s e  was p r i m a r i l y  devo ted  t o  
t h e  u n i r r a d i a t e d  p r o p e r t i e s  o f  t h e  Fe-12 Cr-1Mo a l l o y  known as HT-9 and were p repa red  by J. E .  W a t t i e r  o f  
GA Techno log ies ,  I n c . ,  0. 8. G e l l e s  o f  HEDL, and C.  Y .  Ho o f  TPRC a t  Purdue U n i v e r s i t y .  These d a t a  pages 
covered  t h e  t empe ra tu re  dependence o f  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 ,  y i e l d  s t r e n g t h ,  modulus o f  e l a s t i c i t y ,  
shear  modulus, t i m e  t o  1:: c reep ,  t i m e  t o  t e r t i a r y  c reep ,  and s t r e s s  r u p t u r e  as w e l l  as t h e  t he rma l  conduc- 
t i v i t y  and t h e  t he rma l  e m i s s i v i t y .  The J u l y  d a t a  package c o n t a i n e d  i n f o r m a t i o n  deve loped by C.  E .  K labunde 
of ORNL and i n c l u d e d  t h e  a d d i t i o n  o f  more da ta  t o  t h e  f i b e r g l a s s  epoxy d a t a  shee t s  p r e v i o u s l y  p repa red  by 
h i m  a l o n g  w i t h  new d a t a  pages on f i b e r g l a s s  p o l y i m i d e s .  A l s o  i n c l u d e d  i n  t h i s  r e l e a s e  a r e  p r e d i c t i v e  equa- 
t i o n s  f o r  t h e  s w e l l i n g  o f  HT-9, wh i ch  were p repa red  by D. 8. G e l l e s ,  and t h e  s w e l l i n g  and d e n s i f i c a t i o n  o f  
207; c o l d  worked t y p e  316 s t a i n l e s s  s t e e l  wh ich  was a j o i n t  c o n t r i b u t i o n  between F. A .  Garner  (HEDL), 
A .  F. R o w c l i f f  (ORNL), and R .  b l .  C l a r k  ( U n i v e r s i t y  of M i s s o u r i - R o l l a ) .  An 1 1 t h  p u b l i c a t i o n  package i s  
p lanned f o r  l a t e  August  wh i ch  w i l l  c o n t a i n  i n f o r m a t i o n  on magnet s t r u c t u r a l  m a t e r i a l s .  

t y p e  f o n t s .  
can e i t h e r  i n p u t  e q u a t i o n s  o r  da ta  i n t o  t h e  code and gene ra te  d a t a  sheets  and t a b l e s  i n  a f o r m  s u i t a b l e  f o r  
d i r e c t  p r i n t i n g .  T h i s  c a p a b i l i t y  o f f e r s  s e v e r a l  advantages p a r t i c u l a r l y  i n  t h e  a rea  o f  sav i ngs  i n  p roduc-  
t i o n  c o s t s  s i n c e  changes and r e v i s i o n s  can  e a s i l y  be  i n c o r p o r a t e d .  Secondly,  t h e  handbook can o f f e r  a se r-  
v i c e  o f  g e n e r a t i n g  compar ison  cu r ves  w i t h  d i f f e r e n t  m a t e r i a l s  p l o t t e d  on t h e  same cu rve .  T h i s  c a p a b i l i t y  i s  
u s e f u l  f o r  peop le  d o i n g  des i gn  s t u d i e s  and t h e  i n f o r m a t i o n  can be  r a p i d l y  t r a n s f e r r e d  t o  t h e  u s e r  v i a  t h e  
MFE ne twork .  
app rova l  o f  t h e  da ta  sheets  and e q u a t i o n s  has n o t  changed. 

For  t hose  who r e c e i v e  t h e  handbook da ta  packages, you  w i l l  n o t i c e  a s l i g h t  change i n  t h e  f o r m a t  and t h e  
T h i s  change was b r o u g h t  about  by  c o m p l e t e l y  c o m p u t e r i z i n g  t h e  handbook t o  t h e  e x t e n t  t h a t  we 

Even though we a r e  chang ing  some o f  t h e  s t y l e  o f  t h e  handbook, t h e  method o f  r e v i e w  and 

1.1.5 Conc lus i ons  

W i t h  t h e  r e l e a s e  of t h e  1 0 t h  and 1 1 t h  da ta  packages, s u b s t a n t i a l  p rog ress  shou ld  be made towards  reduc-  
A t  t h i s  t i m e  e f f o r t s  w i l l  a g a i n  be  d i r e c t e d  towards  t h e  g e n e r a t i o n  o f  d a t a  i n g  t h e  b a c k l o g  o f  da ta  pages. 

pages. C u r r e n t l y ,  F. W .  W i f f e n  i s  a s s i s t i n g  i n  t h i s  a rea  by d e v e l o p i n g  da ta  shee t s  on t h e  e f f e c t s  o f  
i r r a d i a t i o n  on m a t e r i a l s  wh ich  i s  one a rea  i n  wh ich  t h e  handbook can  use d a t a  sheets .  A l so ,  t o  be 
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r e s p o n s i v e  t o  t h e  new des i gn  s t u d i e s ,  t h e  handbook i s  i n  t h e  p rocess  o f  deve lop i ng  d a t a  sheets  on h i g h  con 
d u c t i v i t y  copper  a l l o y s  wh ich  shou ld  be of use i n  compact r e a c t o r  s t u d i e s  and h i g h  h e a t  f l u x  component 
s t u d i e s .  
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2.1 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A AND -48 - I. I .  Siman-Tov, 
J. A. C o n l i n ,  and I. T. Dudley - (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

2.1.1 A D I P  Task 

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

2.1.2 O b j e c t i v e s  

t a i l o r i n g  t o  a c h i e v e  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 .  
Cand ida te  A l l o y  (PCA) a t  i r r a d i a t i o n  tempera tu res  o f  330 and 400°C. 
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  o f  500 and 600°C. 

2.1.3 Summary 

The specimens c o n t a i n e d  i n  t h e  ORR-MFE-4A exper imen t  have o p e r a t e d  f o r  a t o t a l  o f  1077 d a t  30 MW 
r e a c t o r  power w i t h  tempera tu res  of 330 and 400°C. 
have opera ted  f o r  an e q u i v a l e n t  of 916 d a t  30 MW r e a c t o r  power ( t h r o u g h  March 24, 1985) w i t h  tempera tu res  
o f  500 and 600°C. 

2.1.4 Progress and S t a t u s  

p r e v i o u s l y .  1-9 

c o r e ,  d i sconnec ted ,  and i s  now s t o r e d  i n  t h e  ORR poo l  a w a i t i n g  d isassembly .  
t o t a l  e q u i v a l e n t  o f  1071 d a t  30 MW r e a c t o r  power. 

January  1985. 
months, i t  was dec ided  t o  use i t  f o r  t h e  -48 exper iment .  
f o r  a t  l e a s t  f o u r  months. 
t e m p e r a t u r e s  of 500 and 600°C. 

Exper iments  ORR-MFE-4A and -48, which i r r a d i a t e  a u s t e n i t i c  s t a i n l e s s  s t e e l ,  use n e u t r o n  s p e c t r a l  

Exper iment  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 Pr ime 
Exper iment  ORR-MFE-48 c o n t a i n s  s i m i l a r  

The specimens c o n t a i n e d  i n  t h e  ORR-MFE-48 exper imen t  

The d e t a i l s  o f  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 imen ts  have been documented 

The MFE-4A i r r a d i a t i o n  exper imen t  was t e r m i n a t e d  on January  5, 1985. 

A ha fn ium s l e e v e  was f a b r i c a t e d  f o r  t h e  ORR-MFE-48 exper iment  t o  c o n t i n u e  i r r a d i a t i o n  s t a r t i n g  i n  

The capsu le  was removed from t h e  
The capsu le  ope ra ted  f o r  a 

However, s i n c e  t h e  ha fn ium s l e e v e  o f  -4A was used f o r  o n l y  seven o f  t h e  p r o j e c t e d  t w e l v e  

The ORR-MFE-48 c o n t i n u e s  t o  o p e r a t e  w i t h  t h e  ha fn ium s l e e v e  a t  t h e  s p e c i f i e d  
R. A. L i l l i e  e s t i m a t e d  t h i s  s l e e v e  t o  be u s a b l e  

2.1.5 References 

1. K. R. Thoms and M. L. Grossbeck, " Opera t i on  o f  t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iment  ORR-MFE-4A," 
pp. 2 0 7 4  i n  A D I P  Q u a r t .  Prog. Rep. Sept. 30, 1980, DOE/ER-0045/4, U.S. DOE, D f f i c e  o f  Fus ion  Energy. 

2. K. R. Thoms, " Opera t i on  of t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iment  ORR-MFE-4A," pp. 18-21 i n  - A D I P  
Quar t .  Prog. Rep. Mar. 31, 1981, DOE/ER-0045/6, U.S. DOE, O f f i c e  of Fus ion  Energy. 

3. I. T. Dudley, " Opera t i on  o f  t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments  ORR-MFE-4A and ORR-MFE-48," 
pp. 24-29 i n  A D I P  Semiannu. Prog. Rep. Sept. 30, 1981, DOE/ER-0045/7, U.S. DOE, O f f i c e  o f  Fus ion  Energy. 

4. I.  7. Dudley and J .  A. Con l i n ,  " Opera t i on  o f  t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments  ORR-MFE-4A and 
MFE-4B," pp. 1 W 1 2  i n  A D I P  Semiannu. Prog. Rep. Mar. 31, 1982, DOE/ER-0045/8, U.S. DOE, O f f i c e  o f  Fus ion  
Energy. 

5. J. A. C o n l i n ,  I .  T. Dudley, and E. M. Lees, " O p e r a t i o n  of t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments  
ORR-MFE-4A and ORR-MFE-48," pp. 17-20 i n  A O I P  Semiannu. Prog. Rep. Sept. 30, 1982, DOE/EK-D045/9, U.S. DOE, 
O f f i c e  of Fus ion  Energy. 

6. J. A. C o n l i n ,  I .  T. Dudley, and E. M. Lees, " Opera t i on  o f  t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments  
ORR-MFE-4A and ORR-MFE-OB," pp. 21-22 i n  A D I P  Semiannu. Prog. Rep. Mar. 31, 1983, DOE/ER-0045/10, U.S. DOE, 
O f f i c e  of Fus ion  Energy. 

7. J .  A. C o n l i n ,  I .  T. Dudley. and E. M. Lees, " O p e r a t i o n  of t h e  ORR S p e c t r a l  T a i l o r i n g  Exper iments  
DRR-MFE-4A and ORR-MFE-48," pp. 40-41 i n  A D I P  Semiannu. Prog. Rep. Sept. 30, 1983, DOE/ER-OD45/11, U.S. DOE, 
O f f i c e  of Fus ion  Energy. 

8. J. A. C o n l i n  and J. W. Woods, " 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  i n  
HFIR and ORR," p. 37 i n  A D I P  Semiannu. Prog. Rep. Mar. 31, 1984, DOE/ER-0045/12, U.S.  DOE, O f f i c e  o f  Fus ion  
Energy. 

9. 
Program i n  HFIR and ORR," pp. 66-67 i n  A D I P  Semiannu. Prog. Rep. Sept. 30, 1984, DOE/ER-0045/13, U.S. DOE, 
O f f i c e  of Fus ion  Energy. 

J. A. C o n l i n  and J .  W. Woods, " 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  
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2.2 IKKADIATION EXPERIMENTS FOR THE U.S./JAPAN COLLABORATIVE TESTING PROGRAM I N  HFIR AND ORK - 
I. I. Siman-Tov, 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 )  

2.2.1 A D I P  Task ___ 
ADIP Task 1.A.2, D e f i n e  Tes t  M a t r i c e s  and Tes t  Procedures 

2.2.2 0b:ectives 

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  HFIK and ORR i r r a d i a t e  a u s t e n i t i c  
s t a i n l e s s  s t e e l  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- spectrum n e u t r o n s  and w i t h  s p e c t r a l  t a i l o r i n g  t o  a c h i e v e  h e l i u m - t o -  
d i s p l a c e m e n t - p e r - a t o m  (He idpa)  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 .  

2.2.3 Sunmary 

The assembly o f  JP-7 and -8 was completed. 

The f a b r i c a t i o n  and assembly of ORR-MFE-6J a r e  i n  p rogress .  

Capsules JP-2 t h r o u g h  -8 a r e  b e i n g  i r r a d i a t e d  i n  t h e  HFIR. 

The assembly o f  MFE-7J i s  n e a r i n g  comple-  
Capsule J P- I  completed i t s  i r r a d i a t i o n  f o r  a t o t a l  of 336.40 d a t  10D MW r e a c t o r  power. 

t i o n .  The specimens a r e  expec ted  t o  be d e l i v e r e d  f o r  l o a d i n g  by t h e  end of March. 

2.2.4 Progress  and S t a t u s  

The d e t a i l s  of t h e  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 have been d e s c r i b e d  p r e v i o u s l y . ' - z  
HFIR capsu les  JP-7 and - 8 were assembled and i n s t a l l e d  ahead of schedule.  

i r r a d i a t i o n  p e r i o d  on February 7, 1985. It i s  now s t o r e d  i n  t h e  poo l  g o i n g  t h r o u g h  a cooldown process .  
ORR-MFE-6J: 

Greenwood a t  ANL f o r  a n a l y s i s .  
assembly. Components f o r  t h e  -6J c a p s u l e  a r e  b e i n g  f a b r i c a t e d .  ___ OKR-MFE-7J: F a b r i c a t i o n  and procurement  of p a r t s  were completed.  Assembly i s  n e a r i n g  c o m p l e t i o n  [see 
F igs .  2.2.1, 2.2.2, and 2.2.3 f o r  some of t h e  assembled components). 
t u b e  ( I t e m  1 on DWG. X2E-11837-084) over  t h e  i n n e r  t u b e  ( I t e m  1 on DWG. X2E-11837-082) has been s l o w i n g  t h e  
assembly down c o n s i d e r a b l y ;  however, if t h e  n e x t  a t t e m p t  a t  t h e  assembly i s  s u c c e s s f u l ,  it i s  expec ted  t h a t  
t h e  o r i g i n a l l y  p lanned i n s e r t i o n  d a t e  w i l l  be met. 
ready  f o r  l o a d i n g  by t h e  end of March. 

Speedomax 2500 m u l t i p o i n t  t e m p e r a t u r e  r e c o r d e r .  T h i s  change w i l l  p r o v i d e  s t a t e - o f - t h e - a r t  c a p a b i l i t y  
i n  t h e  t e m p e r a t u r e  i n o n i t o r i n g  and c o n t r o l  system. 

t h e  v a l v e  box, c o u p l i n g  box, and exper iment  room i s  complete.  I d e n t i f i c a t i o n  o f  a v a i l a b l e  w i r i n g  and 
j u n c t i o n  p o i n t s  was completed,  and t h e  w i r i n g  o f  i n s t r u m e n t s  and s a f e t y  system c i r c u i t s  i s  i n  p rogress .  
F i g u r e s  2.2.4, 2.2.5, and 2.2.13 show a genera l  v iew of t h e  v a l v e  box on t h e  ba lcony  and t h e  p a n e l s  i n  t h e  
e x p e r i m e n t  rooin. 

2.2.5 References 

Capsule JP-1 comple ted  i t s  

The "duminy" capsu le  was removed, d isassembled,  and t h e  f l u x  m o n i t o r s  were sh ipped  t o  L. R. 
M inor  changes i n  d e s i g n  have been i n c o r p o r a t e d  m a i n l y  t o  f a c i l i t a t e  

A d i f f i c u l t y  i n  assembl ing  t h e  o u t e r  

The specimens a r e  b e i n g  assembled and a r e  expec ted  t o  be 

The f a c i l i t i e s  f o r  b o t h  MFE-6J and -75 a r e  b e i n g  m o d i f i e d  t o  i n c o r p o r a t e  t h e  use o f  an  LEN 

The p r e p a r a t i o n  o f  t h e  second f a c i l i t y  i s  p r o c e e d i n g  as p lanned.  P r e p a r a t i o n  o f  most o f  t h e  t u b i n g  i n  

1. J. A. C o n l i n  and J. W. Woods, " I r r a d i a t i o n  Exper i inents 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  i n  
HFIK and ORR," p. 37 i n  ADIP Semiannu. Prog. Rep. Mar. 31, 1984, DOE/ER-0045/12, U.S. DOE, O f f i c e  of Fus ion  
Ene r gy . 

2. J .  A. C o n l i n  and J. W. Woods, " 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  HFIK and ORR,"  pp. 6-7 i n  &P Semiannu. Prog. Rep. Sept. 30, 1984, DCE/ER-0045/13, U.S. DOE, 
O f f i c e  o f  Fus ion  Energy. 
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ORNL-PHOTO 6766-85 

Fig.  2.2.1. P a r t i a l  assembly - ORR-MFE-7J capsule  t e s t  region.  

ORNL-PHOTO 6768-85 

F ig .  2.2.2. P a r t i a l  assembly - i n n e r  tube  w i t h  s e a l i n g  r i n g  and r e t u r n  cont ro l  gas groove. 
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ORNL-PHOTO 6764-85 
~~ 

Fig.  2.2.3. P a r t i a l  assembly - out- o f- core  l eads  assembly. 

c 

F i g .  2.2.4. Coupl ing box from experiment t o  va lve  box A(3 ) .  
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2.3 PREPARATION FOR POSTIRRADIATION EXAMINATION OF U.S./JAPAN HFIR CAPSULES - J. L. S c o t t  
(Oak Ridge N a t i o n a l  L a b o r a t o r y )  and M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  
ass igned t o  ORNL) 

2.3.1 A O I P  Task 

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

2.3.2 O b j e c t i v e s  

The o b j e c t i v e  o f  t h i s  work i s  t o  c a r r y  o u t  t h e  p o s t i r r a d i a t i o n  exam ina t i on  (P IE )  o f  U.S./Japan capsu les  
JP-1  t o  - 8 i r r a d i a t e d  i n  HFIR f o r  t h e  purpose of i n v e s t i g a t i n g  t h e  i r r a d i a t i o n  response o f  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 tomic  d i sp l acemen t  and h e l i u m  con ten t .  

2.3.3 Sumnary 

The f i r s t  U.S./Japan HFIR capsu le ,  JP-1, has comple ted  i t s  i r r a d i a t i o n  campaign and i s  c o o l i n g  down. 
P r e p a r a t i o n s  f o r  P I E  a r e  under  way. 
m ic roscope has been d e l i v e r e d  t o  ORNL and i s  o p e r a t i o n a l .  

2.3.4 Progress  and S t a t u s  

d i f f e r e n t  phases i s  r e p o r t e d  s e p a r a t e l y  below. 

2.3.4.1 

The new Japan E l e c t r o n  O p t i c a l  Labo ra to r y ,  Inc.  (JEOL) JEM-2000FX 

The scope of t h e  c o l l a b o r a t i v e  program was r e p o r t e d  p rev i ous l y . ' - *  The s t a t u s  o f  t h e  work f o r  t h e  

HFIR I r r a d i a t i o n  Exper iments  and P o s t i r r a d i a t i o n  Examina t ion  

The f i r s t  H F I R  capsu le ,  JP-1, completed i t s  campaign February  1, 1985, and i s  now c o o l i n g  down i n  t h e  
HFIR pool .  The exposures r e c e i v e d  by t h e  specimens i n  JP-1 a r e  shown i n  Tab le  2.3.1. 
o t h e r  seven capsu les ,  which a r e  s t i l l  be ing  i r r a d i a t e d .  i s  shown i n  Tab le  2.3.2. The p r e s e n t  i r r a d i a t i o n  
schedu le  f o r  t h e  HFIR capsu les  i s  shown i n  Fig.  2.3.1. A f t e r  i r r a d i a t i o n ,  each capsu le  i s  a l l o w e d  t o  COO1 
down a t  l e a s t  t h r e e  months p r i o r  t o  d isassembly.  The d isassembly  schedu le  i s  shown i n  Fig.  2.3.2. A f t e r  
d isassembly ,  t h e  P I E  r e q u i r e s  f ou r  t o  s i x  months e x c l u s i v e  o f  t r a n s m i s s i o n  e l e c t r o n  mic roscopy  (TEM) exami-  
n a t i o n .  The p r e s e n t  schedu le  
f o r  t h e  e i g h t  HFIR capsu les  i s  shown i n  Fig.  2.3.4. 

The s t a t u s  of t h e  

A t y p i c a l  P I E  schedu le  i n d i c a t i n g  i n d i v i d u a l  t a s k s  i s  shown i n  Fig.  2.3.3. 
A l l  capsu les  a r e  now on schedule.  

Tab le  2.3.1. D isp lacements  pe r  atom and h e l i u m  c o n t e n t s  i n  
HFIR JP-1 capsu le  

D i s t a n c e  D isp lacements  He1 i um 
p e r  atom c o n t e n t  f r om HFIR Specimen 

c e n t e r l i n e  
(dpa 1 ( a t .  ppm) t y p e  

P o s i t  i on 

(cm) 

1 23.20 T e n s i l e  PCA 15.90 1062 
2 18.76 T e n s i l e  PCA 22.19 1621 
3 14.31 T e n s i l e  PCA 27.14 2049 

4 9.59 F a t i g u e  316 30.00 1891 
5 4.58 F a t i  que 316 32.27 2049 

6 0.00 TEM d i s k s  J316a 33.22 2224 

7 4.58 F a t i g u e  JPCA 33.12 2522 
8 9.59 F a t i g u e  JPCA 30.77 2326 
9 14.31 T e n s i l e  JPCA 27.01 2008 

10  18.76 T e n s i l e  JPCA 22.09 1585 
11 23.20 Tensi 1 e JPCA 15.84 1046 

aTh i s  h o l d e r  c o n t a i n e d  s e v e r a l  a l l o y s .  

2.3.4.2 JEOL Mic roscope I n s t a l l a t i o n  

The new JEOL JEM-2000FX a n a l y t i c a l  e l e c t r o n  mic roscope was d e l i v e r e d  t o  ORNL on February  7, 1985. 
An acceptance ceremony was h e l d  March 15, 1985, w i t h  M. W. 

I t  
has been assembled and i s  now o p e r a t i o n a l .  
Rosentha l  and T. Kondo as speakers. 
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J P ~ ,  

I P ~ i  

J P ~ ,  

JP 4 

J P ~ 5  

J P . 6  

JP-7 

JP.8 

m i 4  1 Ij , I,. ~ .,, ,. Tab le  2.3.2. S t a t u s  of U.S./Japan 
U 5. FISCAL Y E A R  HFIR capsu les  

- 
Reactor  Presen t  Goal 

Capsule ExposureaSb L e v e l C  L e v e l d  
(@a)  (dpa)  - 

J P- 3  

JP-4 JP- le  33,644 33.22 30 
J P- 5  JP-2 40,206 39.77 50 
J P - 6  JP-3 29,818 29.38 30 
JP- 7 JP-4 29,818 29.38 50 

JP-5 19,459 18.96 50 
30 JP-6 19.459 18.96 

JP-8 + 

w 

H 

3 

I 

I - 
3 - 

Fig .  2.3.1. HFIR-JP i r r a d i a t i o n  schedule.  

2.3.5 C o n c l u s i o n s  

P r e p a r a t i o n s  f o r  t h e  P I E  of U.S./Japan 
JP capsu les  a r e  now under  nay. 
been deve loped f o r  t h e  e i g h t  capsules.  

A schedu le  has 

2.3.6 References 

JP-7 171351 16.84 30 
JP-8 17,351 16.84 50 __ 

aDate :  A p r i l  11, 1985. 

h e a c t o r  power:  100 MW. 

CPeak dpa l e v e l  i n  t y p e  5316 s t a i n -  

dAverage. 

eRernoved f rom r e a c t o r  February  1, 

l e s s  s t e e l  (13.5% N i ) .  

1985. 

1. J. L. S c o t t  and T. Kondo, " 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 ORR," pp. 35-36 i n  ADIP Semiannu. 

DOE, O f f i c e  o f  Fus ion  Energy. 

Tanaka. and S. J i t sukawa.  "The U.S./Japan 

Prog. Rep. Mar. 31, 1984, DOE/Ek-0045/12 , U.S. 

2. A. F. R o w c l i f f e ,  M. L. Grossbeck, M. 

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: 
Specimen M a t r i c e s  f o r  HFIR I r r a d i a t i o n , "  

. 1 P ~ 6  

J Y  7 J p ~ s  ~ 

pp. 61-62 i n  A D I P  Semiannu. Prog. Rep.Sept. 30, 
1984, DOE/ER-0045/13, U.S. DOE, O f f i c e  of Fus ion  
Energy .  d P ~ 8  ! 

I 

F i g .  2.3.4. HFIK-JP P I E  schedu le .  
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2.4 DESCRIPTION OF THE U.S./JAPAN SPECTRAL TAILORING EXPERIMENT I N  ORR - J. L. S c o t t ,  L. K. Mansur, 
M. L. Grossbeck, E. H. Lee, K. F a r r e l l ,  L. L. Hor ton ,  and A. F. R o w c l i f f e  (Oak Ridge N a t i o n a l  
L a b o r a t o r y )  and M. P. Tanaka (Japan Atomic Energy Research I n s t i t u t e ,  a s s i g n e d  t o  ORNL) 

2.4.1 A D I P  Task 

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

2.4.2 O b j e c t i v e s  

t u r a l  a l l o y s  t o  h i g h  f l u e n c e s  w i t h  a he l iumfdpa  r a t i o  s i m i l a r  t o  t h a t  expec ted  i n  a f u s i o n  r e a c t o r .  
a d d i t i o n ,  t h e  exper iment  i s  used t o  s t u d y  fundamental r a d i a t i o n  processes under  w e l l - c o n t r o l l e d  c o n d i t i o n s .  

2.4.3 

The p r i m a r y  o b j e c t i v e  of t h i s  exper iment  i s  t o  s t u d y  t h e  response o f  U.S. and Japanese f u s i o n  S t ruC-  
In 

Two s p e c t r a l  t a i l o r i n g  c a p s u l e s  MFE-6J and -75 a r e  b e i n g  assembled and i r r a d i a t e d  i n  ORR as a p a r t  O f  
t h e  U.S./Japan program of c o l l a b o r a t i v e  t e s t i n g  i n  mixed- spectrum f i s s i o n  r e a c t o r s .  
c l u d e s  c o n v e n t i o n a l  U.S. and Japanese s t r u c t u r a l  a l l o y s  p l u s  a w i d e  v a r i e t y  o f  r e s e a r c h  a l l o y s  t h a t  l e a d  t o  
a b a s i c  u n d e r s t a n d i n g  o f  a l l o y  response t o  t h e  f u s i o n  r e a c t o r  env i ronment .  

2.4.4 Progress  and s t a t u s  

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

The t e s t  m a t r i x  i n -  

S p e c t r a l  t a i l o r i n g  exper iments  i n  t h e  ORR a r e  a p a r t  o f  t h e  program o f  U.S./Japan c o l l a b o r a t i v e  t e s t i n g  
The 

I n i t i a l l y ,  t h e  spec i inen- con ta in ing  c a p s u l e  i s  su r rounded 
i n  HFIK and ORR. 
p r i n c i p l e  o f  t h e  t e c h n i q u e  i s  shown i n  F ig.  2.4.1. 
w i t h  w a t e r  t o  t h e r m a l i z e  as many n e u t r o n s  as p o s s i b l e .  The t h e r m a l  n e u t r o n s  r e a c t  w i t h  n i c k e l  t o  form 
he l ium.  
F i n a l l y ,  i n  t h e  t h i r d  phase, a hafn ium s l e e v e  i s  p l a c e d  a round t h e  c a p s u l e  t o  absorb  t h e r m a l  neu t rons .  
e f f e c t s  o f  s p e c t r a l  t a i l o r i n g  i n  ORR on h e l i u m  g e n e r a t i o n  i n  t y p e  316 s t a i n l e s s  s t e e l  a r e  shown i n  
F i g .  2.4.2. 
abou t  14. 
p roduced a f t e r  about  3 dpa. 

MFE-7J w i l l  o p e r a t e  a t  330 and 400'C and has t h e  same b a s i c  d e s i g n  of MFE-4A ( re f .  3).  
i s  t h a t  each t e m p e r a t u r e  zone has been l e n g t h e n e d  by 4.4 cm t o  accommodate a d d i t i o n a l  specimens. 
MFE-6J w i l l  o p e r a t e  a t  60 and 200°C. 
a r e  i n  c o n t a c t  w i t h  ORR c o o l i n g  wate r .  

T h i s  e x p e r i m e n t a l  t e c h n i q u e  was e s t a b l i s h e d  e a r l i e r  as a p a r t  o f  t h e  ADIP 

L a t e r  a s o l i d  aluminum c o r e p i e c e  sur rounds  t h e  specimen capsu le ,  making t h e  f l u x  somewhat h a r d e r .  
The 

I n  a f u s i o n  r e a c t o r  t h e  Hejdpa r a t i o  has a c o n s t a n t  v a l u e  dependent upon t h e  b l a n k e t  d e s i g n  O f  
I n  a f a s t  r e a c t o r ,  such as EBR-11, v e r y  l i t t l e  h e l i u m  i s  produced,  and i n  HFIR t o o  much h e l i u m  i s  

I n  t h e  ORR, a c l o s e  a p p r o x i m a t i o n  t o  t h e  c o r r e c t  Hefdpa r a t i o  can be achieved.  
Capsule 

The o n l y  d i f f e r e n c e  

The 60°C r e g i o n  i s  t h e  r e a c t o r  c o o l a n t  t e m p e r a t u r e ,  and t h e  speci!nens 

Under t h e  U.S./Japan c o l l a b o r a t i o n ,  two new s p e c t r a l  t a i l o r i n g  c a p s u l e s  a r e  b e i n g  i r r a d i a t e d .  

Capsule 

I O C I  L "$40 81 3636 iT > 

CORE PIECE DESIGN 

FlRST PHASE 
WATER FILLED 

F i g .  2.4.1. P r i n c i p l e  of 
t h e  s p e c t r a l  t a i l o r i n g  method. 

zw r 
160 

'Eo I 

OPO 

F i g .  2.4.2. Hel iumfdpa r a t i o  i n  t y p e  316 
s t a i n l e s s  s t e e l  i n  ORR w i t h  s p e c t r a l  t a i l o r i n g  
and i n  o t h e r  f i s s i o n  r e a c t o r s .  
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The 200°C r e g i o n  i s  e s p e c i a l l y  c h a l l e n g i n g .  Since NaK does no t  wet s t a i n l e s s  s t e e l  below 300°C. it 
wou ld  no t  be a good h e a t - t r a n s f e r  medium. The des ign  approach s e l e c t e d  was t o  use a s o l i d  p i e c e  o f  aluminum 
as  t h e  h e a t - t r a n s f e r  medium w i t h  c a r e f u l l y  machined s l o t s  t o  c o n t a i n  f l a t  t e n s i l e  specimens and round h o l e s  
c o n t a i n i n g  p r e s s u r i z e d  tubes  and TEM d i s k  packe ts .  It was  a l s o  found conven ien t  t o  p u t  t h e  60°C r e g i o n  o u t -  
s i d e  t h e  200OC zone i n s t e a d  of hav ing  one above t h e  o t h e r .  A schemat ic  r e p r e s e n t a t i o n  of MFE-6J i s  shown i n  
F ig .  2.4.3. 

CRACK GROWTH- 

ORNL-DWG 84-6518R ET0 

rTENSlLE OR 

... 
7 i ir I:;.. j ALUMINUM 

Fig .  2.4.3. Cross s e c t i o n  of t h e  MFE-6J capsu le  w i t h  t y p i c a l  t e s t  specimen l o c a t i o n s .  

2.4.4.2 Exper iment  O b j e c t i v e s  

When t h e  U.S./Japan s p e c t r a l  t a i l o r i n g  capsu les  were o r i g i n a l l y  conce ived  (October 1981), t h e  emphasis 
i n  t h e  U n i t e d  S t a t e s  was focused on o b t a i n i n g  an e n g i n e e r i n g  da ta  base f o r  t h e  n e x t - g e n e r a t i o n  f u s i o n  reac-  
t o r ,  e s p e c i a l l y  t h e  Eng inee r i ng  Power Reac to r  (EPR). L i k e w i s e  i n  Japan t h e  f ocus  was t o  o b t a i n  a da ta  base 
f o r  t h e  s t r u c t u r a l  a l l o y  t o  be used i n  t h e  Fus ion  Eng inee r i ng  Reac to r  (FER). 
t empe ra tu re  capsu le  (60/200°C) was e s p e c i a l l y  i m p o r t a n t  because t h e  h i g h e r  t empe ra tu re  da ta  (300/400/ 
500/6OO0C) were a l r e a d y  be ing  o b t a i n e d  i n  t h e  U S .  s p e c t r a l  t a i l o r i n g  capsu les  MFE-4A and -48. Thus, t h e  
o r i g i n a l  o b j e c t i v e s  were p r i m a r i l y  t owa rd  an e n g i n e e r i n g  d a t a  base and on a d i r e c t  compar ison o f  U.S. and 
Japanese a l l o y s  under  t h e  same t e s t  c o n d i t i o n s .  

More r e c e n t l y  (-1984) t h e  focus of t h e  U.S. f u s i o n  m a t e r i a l s  program has been r e d i r e c t e d  t owa rd  b a s i c  
f u s i o n  m a t e r i a l s  r esea rch  l e a d i n g  t o  t h e  development of new m a t e r i a l s  w i t h  p r o p e r t i e s  t h a t  enhance t h e  eco- 
nomic and env i r onmen ta l  p o t e n t i a l  of fus ion .  L o w- a c t i v a t i o n  a l l o y s  w i t h  good i r r a d i a t i o n  p r o p e r t i e s  which 
a r e  r e l a t i v e l y  easy t o  d i spose  of a r e  e s p e c i a l l y  a t t r a c t i v e  e n v i r o n m e n t a l l y .  

On t h e  U.S. s i d e  t h e  l ow -  
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The U.S. t e s t  m a t r i x  f o r  MFE-6J and -75 c o n t a i n s  specimens focused  a t  b o t h  t h e  o r i g i n a l  and new o b j e c -  
t i v e s .  E n g i n e e r i n g  d a t a  a r e  b e i n g  o b t a i n e d  on t y p e  316 s t a i n l e s s  s t e e l ,  U.S. PCA, and on HT-4. A t  t h e  same 
t i m e ,  d a t a  w i l l  be o b t a i n e d  on a v a r i e t y  of r e s e a r c h  and l o w  a c t i v a t i o n  a l l o y s  a t  b o t h  ORNL and HEDL. The 
o b j e c t i v e s  o f  t h e  J A E R I  specimens a l s o  encompass b o t h  t h e  o r i g i n a l  and new f o c i ,  b u t  p r i o r i t y  i s  g i v e n  t o  
t h e  e n g i n e e r i n g  d a t a  base f o r  t h e  FER. A compar ison of r e s u l t s  o b t a i n e d  i n  NFE-6J and -73 w i t h  MFE-4A and 
-48 w i l l  p r o v i d e  t h e  needed d i r e c t  compar ison between U.S. and Japanese s t r u c t u r a l  a l l o y s .  

The b a s i c  s t u d i e s  i n  t h e  ORNL program a r e  a c o l l a b o r a t i v e  e f f o r t  between t h e  ORNL BES R a d i a t i o n  E f f e c t s  
program, A D I P ,  and DAFS. As p a r t  o f  t h i s  c o l l a b o r a t i o n ,  t h e  programs have under taken  an e f f o r t  i n  p r e p a r i n g  
a combined exper iment  t o  c o n s t i t u t e  a p a r t  o f  t h e  U.S. s i d e  o f  t h e  IJ.S./JAPAN ORR t e s t .  The exper iment  con- 
s i s t s  o f  a j o i n t  e f f o r t  w i t h  t h e  f u s i o n  program on fundamental s t u d i e s  o f  i r r a d i a t i o n  c reep  and ceramics  
i r r a d i a t i o n ,  t o g e t h e r  w i t h  o t h e r  r e s e a r c h  on s w e l l i n g ,  m i c r o s t r u c t u r a l  development ,  and mechan ica l  p r o p e r -  
t i e s  research .  

I r r a d i a t i o n  Creep - The i r r a d i a t i o n  c reep  b e h a v i o r  under n e u t r o n  i r r a d i a t i o n  of m t e r i a l s  of i n t e r e s t  
i s  r e l a t i v e l y  unknown a t  low tempera tu res ,  such as a r e  a v a i l a b l e  i n  t h i s  exper iment .  As f a r  as we a r e  
aware, t h e r e  a r e  no d a t a  a t  t e m p e r a t u r e s  as low as 60 and 200°C. Fur thermore ,  s y s t e m a t i c  d a t a  c o v e r i n g  
c reep ,  s w e l l i n g ,  and m i c r o s t r u c t u r e s  i n  h i g h - p u r i t y  s i m p l e  a l l o y s  a r e  a l s o  l a c k i n g .  Such d a t a  a r e  h i g h l y  
d e s i r a b l e  i n  our  t h e o r e t i c a l  e f f o r t s  t o w a r d  a q u a n t i t a t i v e  u n d e r s t a n d i n g  of mechanisms of i r r a d i a t i o n  c reep  
and i n  p a r t i c u l a r  i n  t h e  r e l a t i o n s h i p s  o f  i r r a d i a t i o n  c reep  t o  s w e l l i n g .  

a r e  t u b e s  o f  t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l  PCA and t h e  f e r r i t i c  s t a i n l e s s  s t e e l  HT-9. Cor respond ing  
u n s t r e s s e d  t u b e s  and TEM specimen d i s k s  a r e  p a r t  of t h e  exper iment  t o  p r o v i d e  b a s e l i n e  d a t a  on s w e l l i n g  and 
m i c r o s t r u c t u r e s .  The f o u r  s i m p l e  a l l o y s  a r e  t h e  f e r r i t i c  Fe-1hCr and t h e  a u s t e n i t i c 8  Fe-13Cr- I5Ni ,  
Fe-13Cr-35Ni, and Fe-13Cr-15Ni w i th  T i  and C added. 

t h i s  t y p e  e x h i b i t  s w e l l i n g  and s i g n i f i c a n t  d i s l o c a t i o n  e v o l u t i o n  a t  l o w e r  t e m p e r a t u r e s  t h a n  a u s t e n i t i c  
a l l o y s .  
a s i m p l e  p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  and t h u s  f a c i l i t a t e  i n t e r p r e t a t i o n  o f  t h e  exper iment  w i t h  model ing.  
The chromium c o n t e n t  was d i c t a t e d  by t h e  l o w- c o r r o s i o n  r e q u i r e m e n t s  f o r  i n a t e r i a l s  p l a c e d  i n  t h e  c o o l i n g  
w a t e r  of ORR (60°C i r r a d i a t i o n ) .  A min i inun l e v e l  o f  15% C r  was sugges ted  t o  a v o i d  any p o s s i b l e  contamina-  
t i o n  o f  t h e  r e a c t o r  pool .  The a l l o y  was a r c- m e l t e d  f rom s t a r t i n g  m a t e r i a l s  of MARL-grade i r o n  (Yg.YY%+) and 
IOCHROME chromium (99.9961t). For  a p r e l i m i n a r y  t e s t  hea t  f a b r i c a t e d  i n  t h e  same manner as t h e  f i n a l  a l l o y ,  
m e t a l l i c  i m p u r i t y  c o n c e n t r a t i o n s  were l e s s  t h a n  5 w t  ppm and t o t a l  i n t e r s t i t i a l  i m p u r i t y  c o n c e n t r a t i o n  was 
about  100 w t  ppm. Planned p o s t i r r a d i a t i o n  a n a l y s e s  i n c l u d e  c o r r e l a t i o n  o f  t h e  c reep  r e s u l t s  w i t h  t h e  
m i c r o s t r u c t u r e s .  

i n t e r a c t i o n .  Comparisons o f  t h e  15Ni t e r n a r y  w i t h  t h e  35Ni t e r n a r y  w i l l  p r o v i d e  i n f o r m a t i o n  on r e l a t i v e  
c r e e p  r a t e s  i n  two  a l l o y s  known t o  e x h i b i t  l a r g e  d i f f e r e n c e s  i n  s w e l l i n g  and m i c r o s t r u c t u r e .  I n  o u r  p r e -  
v i o u s  work t h e  35Ni t e r n a r y  p r o v e d  h i g h l y  r e s i s t a n t  t o  S w e l l i n g ,  w h i l e  t h e  15Ni t e r n a r y  s w e l l e d  r e a d i l y .  
The 15Ni t e r n a r y  w i l l  a l s o  p r o v i d e  a good compar ison w i t h  t h e  c reep  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 t h e  
f e r r i t i c  a l l o y .  The a l l o y  c o n t a i n i n g  T i  and C i s  expec ted  t o  fo rm a f i n e  d i s p e r s i o n  o f  T i c  p r e c i p i t a t e s  
d u r i n g  i r r a d i a t i o n .  T h i s  i s  a m i c r o s t r u c t u r a l  f e a t u r e  t h a t  i m p a r t s  s w e l l i n g  r e s i s t a n c e ,  as o u r  p r e v i o u s  
work has shown. The c reep  response of t h i s  s w e l l i n g - r e s i s t a n t  a l l o y  w i l l  t h e r e f o r e  be of g r e a t  i n t e r e s t .  

The a l l o y s  PCA and HT-9 were i n c l u d e d  i n  t h i s  c reep  exper iment  t o  p r o v i d e  f u r t h e r  d e t a i l e d  i n f o r m a t i o n  
on a l l o y s  o f  d i r e c t  i n t e r e s t  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n .  

E m b r i t t l e m e n t  - Severa l  d i s t i r l c t  e m b r i t t l e m e n t  s t u d i e s  a r e  under  way. Some o f  t h e  specimens f o r  
i r r a d i a t i o n  a t  t h e  400°C l e v e l  compr ise  t h r e e  exper iments  on r a d i a t i o n - i n d u c e d  s o l u t e  s e g r e g a t i o n  e m b r i t t l e -  
ment and h e l i u m  e m b r i t t l e m e n t .  The f i r s t  exper iment  c o n s i s t s  o f  a s e r i e s  o f  b i n a r y  n i c k e l - b a s e  a l l o y s  con- 
t a i n i n g  t h e  y ’ - fo rming  e lements  S i ,  A l ,  and T i  a t  l e v e l s  o f  1 and 8 a t .  % ( S i  o n l y ) ,  wh ich  a r e  below t h e  
s o l u b i l i t y  l i m i t s  b u t  wh ich  a r e  adequate f o r  r a d i a t i o n - i n d u c e d  f o r m a t i o n  o f  t h e  y‘ phase. T h i s  N i , X  phase, 
e s p e c i a l l y  N i , S i ,  i s  sometimes c l a i m e d  t o  be t h e  p r i m a r y  source  o f  e m b r i t t l e m e n t  i n  i r r a d i a t e d ,  commercial 
n i c k e l - b a s e  a l l o y s  and p o s s i b l y  i n  s t a i n l e s s  s t e e l s .  The purpose o f  t h i s  exper iment  i s  t o  i s o l a t e  t h e  S i ,  
A l ,  and T i  y’ phases and measure t h e i r  c o n t r i b u t i o n s  t o  e m b r i t t l e m e n t .  The second exper iment  i s  s i m i l a r  t o  
t h e  f i r s t ,  e x c e p t  t h a t  t h e  base m a t e r i a l  i s  a nominal  Fe-15Ni-15Cr a l l o y  t o  e x p l o r e  whether  t h e  e f f e c t s  of 
y’ f o r m a t i o n  a r e  a l t e r e d  when t h e  m a t r i x  c o m p o s i t i o n  i s  s i m i l a r  t o  t h a t  of s t a i n l e s s  s t e e l s .  The t h i r d  
e x p e r i m e n t  i s  t o  measure t h e  response of bcc f e r r i t i c  i r o n  t o  h e l i u m  e m b r i t t l e m e n t .  F e r r i t i c  i r o n  i s  
c l a i m e d  w i d e l y  t o  be much more r e s i s t a n t  t o  h e l i u m  e m b r i t t l e m e n t  t h a n  i s  f c c  s t a i n l e s s  s t e e l ,  b u t  d e f i n i t i v e  
d a t a  a r e  sparse.  
w h i c h  i s  a ma jo r  source  of h e l i u m  i n  commercial f e r r i t i c  a l l o y s .  The p r e s e n t  exper iment  i s  des igned t o  
s t u d y  e m b r i t t l e m e n t  i n  p u r e  i r o n  and i n  two boron-doped m e l t s  o f  t h e  same pui‘e i r o n .  The r o l e  of l i t h i u m ,  
t h e  s i s t e r  p r o d u c t  of He i n  l a g  burnup, w i l l  be e x p l o r e d  i n  a b o r o n- f r e e  m e l t  c o n t a i n i n g  a few ppm l i t h i u m .  

Some o f  t h e  m a t e r i a l s  i n s e r t e d  a t  t h e  300°C l e v e l  c o n s i s t  o f  z i rcon ium- base a l l o y s  i n t e n d e d  f o r  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 .  Z i r c o n i u m  i s  known t o  be h i g h l y  r e s i s t a n t  t o  i n t e r g r a n u l a r  c reep  c a v i t a t i o n a l  
f a i l u r e .  T h i s  r a i s e s  t h e  q u e s t i o n  o f  whether  z i r c o n i u m  w i l l  a l s o  r e s i s t  i n t e r g r a n u l a r  h e l i u m  e m b r i t t l e m e n t  
w h i c h  shares  many c h a r a c t e r i s t i c s  o f  c reep  c a v i t y  e m b r i t t l e m e n t .  
z i r c o n i u m  a r e  r e p o r t e d  by C. E. E l l s  o f  Atomic Energy of Canada who i r r a d i a t e d  Z i r c a l o y - 2  doped w i t h  B and 
found severe  e m b r i t t l e m e n t  i n  t e n s i l e  t e s t s  even when t h e  specimens were t e s t e d  a t  room tempera tu re .  
p o s t - t e s t  s t u d i e s  o r  m i c r o s t r u c t u r d l  d a t a  were r e p o r t e d .  S ince  h e l i u m  e m b r i t t l e m e n t  i s  u s u a l l y  worse under  
s low,  e l e v a t e d  t e m p e r a t u r e  creep t e s t s ,  t h e s e  r e s u l t s  suggest  t h a t  something o t h e r  t h a n  s i m p l e  h e l i u m  bubb le  

Four s i m p l e  a l l o y s  a r e  i n c l u d e d  i n  t h e  fo rm of p r e s s u r i z e d  t u b e s  f o r  t h i s  exper iment .  A l s o  i n c l u d e d  

The f e r r i t i c  a l l o y  s h o u l d  be p a r t i c u l a r l y  i n t e r e s t i n g  a t  t h e  l o w e r  tempera tu res ,  s i n c e  m a t e r i a l s  o f  

A h i g h - p u r i t y  b i n a r y  a l l o y  was s e l e c t e d  i n  o r d e r  t o  s t u d y  t h e  i r r a d i a t i o n  response i n  an a l l o y  w i t h  

The s i m p l e  a u s t e n i t i c  a l l o y s  s i m i l a r l y  were s e l e c t e d  t o  f a c i l i t a t e  u n d e r s t a n d i n g  o f  t h e  c r e e p - s w e l l i n g  

I n  p a r t i c u l a r ,  t h e r e  i s  no i n f o r m a t i o n  on e m b r i t t l e m e n t  a s s o c i a t e d  w i t h  burnup  of l a g ,  

The o n l y  d a t a  on h e l i u m  e m b r i t t l e m e p i  o f  

No 
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coa lescence  i s  i n v o l v e d .  Two p o s s i b i l i t i e s  a re  m a t r i x  ha rden ing  and e m b r i t t l e m e n t  by l i t h i u m  which i s  
produced as a s i s t e r  p roduc t  of t h e  h e l i u m  c r e a t e d  by burnup o f  t h e  'OB.  
e m b r i t t l e m e n t  w i l l  be e x p l o r e d  i n  m a t e r i a l s  Zr-1, Zr-81, and Zr-B2 wh ich  a r e  a l l o y s  o f  pure  z i r c o n i u m  and 
1 0 0  (up t o  40 a t .  ppm). Creep t e s t s ,  Auger spec t roscopy  of f r a c t u r e  su r f aces ,  and TEM exam ina t i ons  a r e  
p lanned.  
made Z i r c a l o y - 4  a l l o y ,  and L r 4 - L i 3  i s  t h e  same m a t e r i a l  doped w i t h  a s m a l l  q u a n t i t y  o f  l i t h i u m .  Under-  
s t a n d i n g  t h e  behav io r  o f  Z r  and i t s  a l l o y s ,  m a t e r i a l s  known t o  be r e s i s t a n t  t o  r a d i a t i o n  e f f e c t s ,  i s  
expec ted  t o  l e a d  t o  p r i n c i p l e s  by which r a d i a t i o n - r e s i s t a n t  m a t e r i a l s  o f  o t h e r  c l asses  can be designed.  

A l so  i n c l u d e d  i n  t h i s  exper iment  on mechanical  p r o p e r t i e s  a r e  t e n s i l e  specimens of a l l o y s  based on 
Fe-13Cr-15Ni and Fe-15Cr-15Ni. These compr ise bo th  s i n g l e  a l l o y s  ( w i t h  one o r  more m ino r  a d d i t i o n s )  
d e s i g n a t e d  as t h e  B -se r i es ,  and more complex e n g i n e e r i n g - t y p e  a l l o y s ,  des i gna ted  as t h e  E- se r i es ,  as w e l l  as 
L i- doped a l l o y s .  
ma t i on  on t h e  fundamental  bases o f  changes i n  mechanical  p r o p e r t i e s  as a f f e c t e d  by a l l o y i n g  a d d i t i o n s  o r  
d e l e t i o n s .  We a r e  now accumu la t i ng  e x t e n s i v 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  da ta  on t hese  a l l o y s  under 
n e u t r o n  i r r a d i a t i o n ,  i o n  i r r a d i a t i o n ,  and thermal  aging.  By compar ing t h i s  a v a i l a b l e  i n f o r m a t i o n ,  we expec t  
t o  b u i l d  a more comple te  p i c t u r e  o f  r a d i a t i o n- i n d u c e d  changes. 

M i c r o s t r u c t u r e s  - M i c r o s t r u c t u r a l  i n f o r m a t i o n  w i l l  be o b t a i n e d  f r om specimens d e s c r i b e d  above by 
a n a l y t i c a l  e l e c t r o n  microscopy.  A d d i t i o n a l  specimens a r e  i n c l u d e d  i n  t h e  f o rm  o f  TEM d i s k s .  These c o n s i s t  
o f  specimens based on t h e  B- se r i es  and E- se r i es  a u s t e n i t i c s  d e s c r i b e d  above and a s e r i e s  o f  h i g h - p u r i t y  
i r o n - c a r b o n  and i ron- chromium- carbon a l l o y s .  
i t s  i n t e r a c t i o n s  w i t h  s w e l l i n g  and mechanical  p r o p e r t y  changes. I n  p a r t i c u l a r ,  t h e  a s s o c i a t i o n  o f  c a v i t i e s  
w i t h  p r e c i p i t a t e s  and t h e  e f f e c t s  o f  p r e c i p i t a t e  i n t e r f a c i a l  a rea  on s w e l l i n g  f o r  p r e c i p i t a t e s  such as  T i c  
and Fe2P a r e  o f  g r e a t  i n t e r e s t  f o r  c o n t r o l l i n g  s w e l l i n g .  The f e r r i t i c  specimens were i n c l u d e d  t o  s t udy  t h e  
e f f e c t s  of  carbon on s w e l l i n g  and d i s l o c a t i o n  e v o l u t i o n .  The d i s l o c a t i o n  s t r u c t u r e s  a r e  p a r t i c u l a r l y  
i n t e r e s t i n g  i n  f e r r i t i c  m a t e r i a l s .  
i r r a d i a t e d  f e r r i t i c  m a t e r i a l s  w h i l e  l oops  i n  o t h e r  bcc m a t e r i a l s  have b = a/2<111>. 
a<100> l o o p s  on t h e  n u c l e a t i o n  and growth of c a v i t i e s  i s  no t  known. 
f e r r i t i c  m a t e r i a l s  i s  r e l a t i v e l y  l a r g e  and may r e s u l t ,  i n  p a r t ,  from t h e  unusual  d i s l o c a t i o n  e v o l u t i o n .  
I m p u r i t y  s e g r e g a t i o n  a t  t h e  d i s l o c a t i o n  loops  and c a v i t i e s  may a l s o  i n f l u e n c e  t h e  damage e v o l u t i o n .  
i n  p a r t i c u l a r ,  i s  known t o  segregate  t o  (100) p lanes ,  as ev idenced by t h e  o b s e r v a t i o n  of c a r b i d e s  on t h e s e  
p lanes .  
mined. 
s t e e l s .  
t a t e s .  The r e l a t i v e l y  low i r r a d i a t i o n  tempera tu res  200, 300, and 400"C, complement t h e  i r r a d i a t i o n  tempera-  
t u r e s  i n  a s i m i l a r  exper iment  conducted i n  FFTF. For t h e  FFTF exper iment ,  t h e  same a l l o y s  were i r r a d i a t e d  
a t  tempera tu res  o f  470 t o  585'C. Whi le t h e  FFTF exper iment  p r i m a r i l y  w i l l  address t h e  h i gh- tempe ra tu re  
s t r u c t u r e s  and t h e  s w e l l i n g  v a r i a t i o n ,  t h e  lower  tempera tu res  i n  ORR shou ld  p e r m i t  compar isons o f  t h e  d i s -  
l o c a t i o n  l o o p  s t r u c t u r e s  and e a r l y  s tages  o f  c a v i t y  n u c l e a t i o n .  

f o r  a v a r i e t y  of f u s i o n  a p p l i c a t i o n s ,  b u t  
t h e r e  a r e  a lmost  no i r r a d i a t i o n  da ta  on Tab le  2.4.1. Ceramics be ing  i r r a d i a t e d  i n  
most ceramics  a t  t h e  f l uences  and tempera-  MFE-6J and -75 
t u r e s  o f  i n t e r e s t .  Since t h e  s p e c t r a l  
t a i l o r i n g  capsu les  o f f e r  t h e  range of Number Compos i t ion  Form I n v e s t i g a t o r  
f l u e n c e s  (up t o  30 dpa) and t empe ra tu res  
(6C-400°C) o f  g r e a t e s t  i n t e r e s t ,  i t  was 1 S i  jNrt P o l y c r y s t a l l i n e  F. W. C l i n a r d ,  Jr. 
dec i ded  t o  i n c l u d e  s e l e c t e d  ceramic  2 MgAl 0, P o l y c r y s t a l l i n e  F. W. C l i n a r d ,  Jr. 
m a t e r i a l s  i n  t h e  fo rm o f  TEM d i s k s  i n  3 ~ 3 ~ 1 0 ,  S i n g l e  c r y s t a l  F. W. C l i n a r d ,  Jr .  
MFE-6J and -75. The compos i t ions ,  forms, 4 MgO + 0.1Li S i n g l e  c r y s t a l  L. L. Hor ton  
and i n v e s t i g a t o r s  a r e  l i s t e d  i n  Tab le  5 MgO + O.1Ni S i n g l e  c r y s t a l  L. L. Hor ton  
2.4.1. Ceramic Nos. 1-3 and 6-7 a re  com- 6 Mg 0 S i n g l e  c r y s t a l  L. L. Ho r t on  
p o s i t i o n s  and forms of d i r e c t  r e l evance  7 2'3 S i n g l e  c r y s t a l  P. F. Becher 
f o r  f u s i o n  a p p l i c a t i o n .  Ceramics 4 and 5 
w i l l  o r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  about  

I n  t h e  p resen t  exper iments ,  

The e f f e c t s  of l i t h i u m  w i l l  be p roved w i t h  m a t e r i a l s  Z r4  and Z r4- L i3 ,  where Zr4  i s  a l a b o r a t o r y -  

The e x t e n s i v e  da ta  t h a t  w i l l  be produced f r om these  specimens a re  expec ted  t o  g i v e  i n f o r -  

The a u s t e n i t i c s  a r e  aimed a t  s t u d i e s  o f  phase s t a b i l i t y  and 

I n t e r s t i t i a l  d i s l o c a t i o n  l oops  w i t h  b. = a<100> a r e  o f t e n  observed  i n  
The e f f e c t  of t h e  

T'iie dose t o  t h e  onset  o f  s w e l l i n g  i n  

Carbon, 

I n  t h i s  exper iment ,  t h e  e f f e c t s  o f  bo th  i n t e r s t i t i a l  carbon and c a r b i d e  p r e c i p i t a t e s  w i l l  be d e t e r -  
The a l l o y s  w i t h  t h e  h i g h e r  carbon c o n c e n t r a t i o n s  approach t h e  carbon l e v e l s  con ta i ned  i n  f e r r i t i c  

These a l l o y s  c o n t a i n  p r e c i p i t a t e s ;  t h e  a l l o y s  w i t h  low carbon c o n c e n t r a t i o n s  c o n t a i n  no p r e c i p i -  

Ceramics - Ceramics have been proposed 

- . - .  ~~ ~~~ ~ ~ ~ 
.. . .  
t h e  e f f e c t s  o f  h e l i u m  on s w e l l i n g .  
i s  produced e i t h e r  by l i t h i u m  f i s s i o n s  ( compos i t i on  No. 4) o r  by t h e  t w o - s t e p  n e u t r ~ n - ~ ~ N i  r e a c t i o n  t h a t  
produces 56Fe and h e l i u m  ( compos i t i on  No. 5). Examina t ion  by TEM a f t e r  i r r a d i a t i o n  w i l l  p r o v i d e  i m p o r t a n t  
d a t a  on s w e l l i n g  and m i c r o s t r u c t u r a l  changes, and mic rohardness  t e s t i n g  w i l l  p r o v i d e  i n f o r m a t i o n  about  

He l ium 

i r r a d i a t i o n - i n d u c e d  changes i n  t h e  f r a c t u r e  toughness.  

t e n s i l e  specimens of expe r imen ta l  f e r r i t i c  a l l o y s ,  and TEM d i s k s  o f  s imp le  Fe-Ni-Cr and Fe-Cr-Mn t e r n a r i e s  
t o g e t h e r  w i t h  s o l u t e  m o d i f i c a t i o n s  t o  t h e s e  t e r n a r i e s .  
t y p e  316 s t a i n l e s s  s t e e l  (X-15893) and 25%-CW PCA (K-280). 
-48, t h e  da ta  can now be expanded over  a w i d e r  t empe ra tu re  range. 
o f  a s e r i e s  of l o w - a c t i v a t i o n  f e r r i t i c  a l l o y s  w i t h  chromium c o n t e n t s  between 2 114 and 12%. w i t h  V, W, and 
Mn as a l l o y i n g  a d d i t i o n s .  
a c t i v a t i o n  a l l o y s .  

O b j e c t i v e  of t h e  HEDL Test  M a t r i x  - The HEDL t e s t  m a t r i x  c o n s i s t s  o f  c rack  g rowth  specimens, SS-3 

The c rack  g rowth  specimens c o n s i s t  of 2O%-CW 
Since  t h e s e  a l l o y s  were i r r a d i a t e d  i n  MFE-4A and 

The m a t r i x  o f  t e n s i l e  specimens c o n s i s t s  

These specimens w i l l  p r o v i d e  i n f o r m a t i o n  on i r r a d i a t i o n  e m b r i t t l e m e n t  of low-  
The TEM d i s k  a r r a y s  a re  des igned t o  e x p l o r e  t h e  s w e l l i n g  behav io r  of h i g h - p u r i t y  
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Fe-Ni-Cr and Fe-Cr-Mn a l l o y s  w i t h  and w i t h o u t  l o w - a c t i v a t i o n  s o l u t e  a d d i t i o n s .  
i n f o r m a t i o n  on t h e  fundamental mechanisms of s w e l l i n g  and t h e  e f f e c t s  o f  hel ium. 
t i o n  of t h e  fundamental a l l o y  t e s t  m a t r i x  i s  g i v e n  i n  r e f .  4. 

c a p s u l e  i s  t o  o b t a i n  e n g i n e e r i n g  d a t a  on c a n d i d a t e  s t r u c t u r a l  m a t e r i a l s  f o r  t h e  n e x t  f u s i o n  r e a c t o r  i n  
Japan. M a j o r  emphasis i s  p l a c e d  on t h e  u n d e r s t a n d i n g  o f  t h e  i r r a d i a t i o n  response o f  t y p e  316 s t a i n l e s s  
s t e e l  and t h e  Japanese Prime Cand ida te  A l l o y  (JPCA) w i t h  r e s p e c t  t o  s w e l l i n g ,  i r r a d i a t i o n  creep,  t e n s i l e  
p r o p e r t i e s ,  and f r a c t u r e  behav io r .  It i s  expec ted  t h a t  JPCA w i l l  show more improved  r e s i s t a n c e  t o  s w e l l i n g  
and  h e l i u m  e m b r i t t l e m e n t  a t  e l e v a t e d  t e m p e r a t u r e  t h a n  does t y p e  316 s t a i n l e s s  s t e e l .  
b e h a v i o r ,  JPCA i s  b e i n g  t e s t e d  i n  t h e  15- t o  ZO%-cold-worked c o n d i t i o n  and/or  hea t  t r e a t e d  so as t o  c o n t r o l  
s o l u t e s  and p r e c i p i t a t e  d i s t r i b u t i o n s .  S o l u t i o n- a n n e a l e d  JPCA i s  a l s o  b e i n g  t e s t e d .  
r e q u i r e d  f o r  b l a n k e t  assembly, welded j o i n t s  made by t h e  TIG method a r e  a p a r t  o f  t h e  JAERI t e s t  m a t r i x .  

A second o b j e c t i v e  of t h e  J A E R I  t e s t  program i n  ORR i s  t o  c a r r y  o u t  fundamental  s t u d i e s  l e a d i n g  t o  a 
f u r t h e r  u n d e r s t a n d i n g  of r a d i a t i o n - i n d u c e d  s e g r e g a t i o n ,  s w e l l i n g ,  e m b r i t t l e m e n t ,  and r e s i s t a n c e  t o  s t r e s s  
c o r r o s i o n  c r a c k i n g .  
i n c l u d e d .  
s t r e s s  c o r r o s i o n  c r a c k i n g  i n  wate r ,  a p o s s i b l e  c o o l a n t  f o r  n e x t - g e n e r a t i o n  f u s i o n  r e a c t o r s .  
have  l o w e r  carbon c o n t e n t s  and sma l l  amounts o f  T i  and /o r  Nb t o  compensate f o r  s t r e n g t h  r e d u c t i o n .  
n i c k e l  and chromium c o n t e n t s  a r e  a l s o  a d j u s t e d  t o  m a i n t a i n  phase s t a b i l i t y .  
9Cr-2Mo a l l o y s  a r e  b e i n g  compared w i t h  Hi- 9.  
e f f e c t s  o f  V and I4 on HT-9. 

S ince  a u s t e n i t i c  a l l o y s  s u f f e r  h e l i u m  
e m b r i t t l e m e n t  and f e r r i t i c  a l l o y s  show a 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 ,  one i s  s e e k i n g  an a l l o y  r e s i s t a n t  t o  
b o t h  phenomena. S t r a i n- a g e d  and r e c r y s t a l l i z e d  (SAR) aus ten-  
i t i c  s t e e l s  a r e  a l s o  p o s s i b l y  r e s i s t a n t  t o  h e l i u m  e m b r i t t l e m e n t ;  t h e s e  a l l o y s  a r e  c o l d  worked 50% and t h e n  
aged a t  6 5 0 Y  f o r  15 h and 775°C f o r  5 h. Th is  t r e a t m e n t  reduces t h e  g r a i n  s i z e  t o  ASTM 1Cr-11 and p r o v i d e s  
many g r a i n  boundar ies  t o  t r a p  he l ium.  A pure  Fe-Ni-Cr t e r n a r y  i s  b e i n g  i r r a d i a t e d  t o  d e t e r m i n e  t h e  s w e l l i n g  
b e h a v i o r  of s i m p l e  t e r n a r i e s .  
r e a c t o r  a l l o y ,  a r e  b e i n g  e v a l u a t e d .  

m i c r o s t r u c t u r a l  a n a l y s i s  w i l l  be t h e  p r i m a r y  e v a l u a t i o n  t e c h n i q u e .  

These specimens w i l l  p r o v i d e  
A more d e t a i l e d  d e s c r i p -  

O b j e c t i v e s  of t h e  JAERI Program - The p r i m a r y  o b j e c t i v e  o f  t h e  J A E R I  p a r t  o f  t h e  ORR s p e c t r a l  t a i l o r i n g  

To f u r t h e r  enhance i t s  

S ince  w e l d i n g  i s  

Not o n l y  t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  b u t  a l s o  f e r r i t i c  and dual- phase a l l o y s  a r e  
A l l o y s  d e s i g n a t e d  C and K a r e  c o m p o s i t i o n a l  m o d i f i c a t i o n s  t o  JPCA w i t h  improved r e s i s t a n c e  t o  

A l l o y s  C and K 
The 

I n  t h e  case o f  f e r r i t i c  s t e e l s ,  
One a l l - m a r t e n s i t i c  a l l o y  i s  i n c l u d e d  t o  d e t e r m i n e  t h e  

The fundamental s t u d i e s  i n c l u d e  a s e r i e s  of dua l- phase  a l l o y s .  

Dual-phase a l l o y s  [nay o f f e r  t h i s  p o s s i b i l i t y .  

F i n a l l y ,  l o w - a c t i v a t i o n  manganese s t e e l s  and I n c o l o y  800, a good b r e e d e r  

Because of t h e  l i m i t e d  a v a i l a b i l i t y  of space t h e  fundamental s t u d i e s  a r e  l i m i t e d  t o  TEM d i s k s ,  and 

2.4.4.3 T e s t  M a t r i x  

A l l o y  c o m p o s i t i o n s  a r e  g i v e n  i n  Tables 2.4.2 t o  2.4.4. The t e s t  m a t r i x  f o r  t h e  MFE-6J and -75 capsu les  
i s  shown i n  Table 2.4.5. 
semiannual  r e p o r t  a f t e r  c a p s u l e  MFE-6J has been loaded.  

A d e t a i l e d  d e s c r i p t i o n  of t h e  speci inens and t e s t  a r r a y  w i l l  be g i v e n  i n  t h e  n e x t  
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Table  2.4.2. Alloys i n  the  ORNL t e s t  m a t r i x  f o r  MFE-6J and -75 

Compai> t lon .  "I I 

B C N 0 ill 8)  P 8 T i  V C r  Hn Fe C o  N i  C u  I r  i ib 110 i n  Ta '81 

. . . .  2 . 1  0.0004 0.061 - -  0.67 0.037 0.02 - -  --  17.3 1.7 ha1 0.3 12.4 0.3 - -  - -  . . . . . .  
0.0005 0.0411 0.009 - -  0.03 0.42 0.00'1 0.003 0.24 0.02 14.0 1.8 D a l  - -  1 6 . 2  0.05 -- 0.02 2 . 3  --  0.001 - -  

13.5 -- ha,  -- 15.0 - -  - -  - -  0.0, . . . . . .  
35.0 ...... 0.0: .~ ~~ ~~ 

.. 0.04 - -  .~ .~ 0.04 0.003 0.007 0.25 - -  13.5 - -  b a l  - -  15.0 .~ ~~ ~~ 0 . 0 1 . .  . . . .  

. . . . . .  0.2  0.027 --  0.0060.17 0.016 0.003 0.001 0.20 12.1 0.57 bal  .. 0.51 1.04 ~~ ~~ 0.45 

0.008 0.012 -- ~~ 0.04 0.001 0.007 -~ .. 13.5 - -  b a l  - -  

.. 
0.008 0.012 - -  - -  0.04 0.003 0.007 .. . . . .  

.. 

316 SI 
PCA 
"1-9 
10 
28 
38 
SA ba I . . . . . . . .  16.0 - -  
B 1  
02 
81 
85 
116 
87  
89 
810 
811 
B1L 
811 

0.03 
0.01 
0.02 
0.004 
0 .003  
0.004 
0.01 
0.020 
0.013 
0.004 
0 .005  

1 3 . 8  - -  
13.7 - -  
11.7 - -  
13.7 -- 
13.4 -- 
13.6 -- 
11.1 - -  
13.6 - -  
13.6 - -  
13.6 - -  
13 .4  - -  

.... 0.01 
0.01 
0.01 
0.01 
1.97 
0.01 
0.01 
0.01 
0.01 
0.01 

.. 0.40 0.01 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.... 

.. 

E l  
E 2  
E 1  
t 4  
E 5  
E6 

E9 
El0 
E 1 1  
112 
L13  
El4 

i a  

0.001 
.. 
.. 
.. 
.. 
.. 
.. 
.. 

0.001 

0.002 
~. 

.~ 

.. 

0.004 
0.003 
0 . 0 0 4  
0.006 
0.008 

0.004 
0.003 
".om 
0.003 
".O"b 
0.009 
0.003 

0.003 

13.1 2.1 
13.4 2 . 2  
13.2 - -  
13 .2  2 . 1  
13.2 2.1 
13.2 2.1 
13 .1  7 . 1  
13.2 2 . 1  
13 .3  2 .1  
13.2 2.1 
13.2 2.1 
13.2 2.1 
11.2 2 . 1  

.... 0.01 1.98 
0.01 
1.91 
1.98 
1.98 

. ... 0.01 1.91 

.... 0.01 1.V" 
1.97 

- -  ~~ 0.01 I .% 
.. ~~ 0.45 i .94 
.... 0.42 1.91 
.. ~~ 0.41 1.9, 
.... 0.2, 1.97 

.~ ~~ ~~ 

. ..... 

...... 

.. ~~ .~ 

. . . . . .  

.. 

.. .. 

MI 
H I  
n4 
H6 
"9 
MI1 

.. .. 

.. .. 

.. .~ 

.~ .. 

.. .. 

.. ~. 

.. 0.01 

.. 0.02 

.. 0.04 

.. 3.13 

.. 0.15 

.. 0.x 

. . . .  

. . . .  
~~ .. 
. . . .  
. . . .  
. . . .  

. . . .  

. . . .  

. . . .  

.. ~. 
~~ .. 
.. ~~ 

.. ~~ 

7.0 - -  
7.0 - -  
7.0 - -  

15.0 - -  
2.0 -- 
. . . .  

b d l  - -  15.0 
ha1 - -  35.0 
-- - -  45.0 
-- - -  45.0 

35.0 
bd l  - -  35.0 
. . . .  

.. ~. 

.... 

.. ~. 

.... 

.... 

.... 

. . . .  

. . . .  

. . . .  

. . . .  

.~ ~~ 

~~ .. 
. . . .  
.. ~. 

~~ ~. 
. . . .  
. . . .  
. . . .  

" . 4 t  

. . . . . . . .  F* . . . . . . . . . . . . . . . . . .  b a , . . ~ ~  . . . . . . . . . . . . . .  
i e - t , ,  8t.4 t i l  . . . . . . . . . . . . . . . . . .  

13I.46 b d ,  . . . . . . . . . . . . . . . . . .  
ie-HiyhR .. 0.010 -- --  . . . . . . . . . . . . . . . . . .  b r ,  

. . . . . .  . . . . . . . . . . . . . . . . . .  
. . . .  . . . . . . . . . . . . . . . . . .  Fe-LauB .. 

. . . . . . . . . . . . . . . . . .  
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Table 2.4.3. Alloys i n  the HEDL t e s t  matrix fo r  MFE-6J and -75 

Campar i t ion,  wt a 

0 C N A I  S i  P S T r  V Cr M n  Fe N i  Cu Nb HO Td Y A l l o y  

Low A c t i v a t i o n  

0.086 - -  
0.093 -- 
0.096 -- 
0.197 -- 
0.097 -- 
0.089 - -  
0.101 - -  
0.097 - -  
0.11 - -  
0.15 -- 

0.08 
0.00 
0.09 
0.09 
0.09 
0.10 
0.10 
0.11 
0.30 

. . . .  _ _  ba i  0.02 -- 
ba l  0.01 -- 
ba l  -- 
ba l  -- 
bal  -- 
bal  0.01 - -  
bal  - -  
bal  - -  
bdl 0.05 0.04 -- 0.02 -- 
bal  -- 
ba l  -- -- -- - -  0.14 
ba l  0.02 -- 0.02 -- 
ba l  - -  .. --  - -  0.2 
bal  - -  .. ._ .. 0.2 

bdl 0.01 - -  -- -- 
ba l  -- 

.. -. -- 
. . . . . . . .  
.. .... .. 
.. .. -. .. 

. . . .  .. 
_. . . . .  .. 
-. . . . .  .. 
. . . . . .  .. 

.. 

.. 
.. . . . .  .- 

.. 

.. 

.. 

.. 

.. 

.. 

.. 
-. 
.. 
.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.- 

.. 

.. 

.. 

.. 

.. 

.. 
-. 
.. 
-. 
.. _ _  
.. 
.. 
.. 
.. 

0.005 

0.005 

0.005 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 

.. 
-. 

0.007 
.. 

.. 

.. 
0.02 
1.08 
2.68 
6.47 
2.44 
6.47 
0.30 

-. 
0.89 
0.89 

2.5 

0.82 

1.0 
0.2 

.- 

.. 

0.043 
.. .. --  0.30 .. 

0.004 -- 0.23 
0.005 -- 1.00 
.. -- 0.3 

12.0 
12.0 
12.0 
12.0 

11.8 
12.0 

6.56 
6.50 
6.5 
8.0 

0.093 - -  
0.111 - -  
0.1 -- 

.. 0.10 
0.11 

-. 
.. 
.. 
.. 

.. _ _  .. 
.. 0.1 .. 1.0 .. 

0.005 -- 0.21 
0.006 - -  0.20 

Special  A l loys  

10996 
10998 

0.10 -- 
0.11 -- 

0.12 
0.10 

0.007 
0.007 

3.33 
6.57 .. 

ba l  12.0 .- --  - -  .. 
bal  15.0 -- 
bal  20.0 -- 
bal  25.0 -- 
bal  35.0 -- 
bdl 45.0 -- 
b a l  60.0 -- 
ba l  35.0 -- 
ba l  35.0 -- 
b a l  45.0 -- 
ba l  60.0 - -  
bal  75.0 - -  
bal  35.0 - -  
bal  45.0 - -  
bal  45.0 -- 
bal  -- 
bal  -- 
bdl -- 
ba l  0.5 -- 
bdl  -- 
ba l  0.5 -- 
ba l  -- 
ba l  0.5 -- . . . . . .  
ba l  -- 
ba l  -- 
bal  -- 
bdl -- 

. ... .. 

. . . .  .. 

. ... .. 

.. _ _  .. 

.... .. 

. . . .  .. 

.. -. .. 

. . . .  .. 

. ... .. 

. . . .  .. 

. . . .  .. 

.. _. .- 

. . . .  .- 

. . . .  .. 
-. ._ .. .. _ _  ._ .. .. 
.. . . . .  .. 

._ .. .. 
.- . . . .  .. 

.. _. .. 
.. . . . . . .  
.. . . . .  .- 
.. . . . .  .- 
._ . . . .  .. 
.. ._ .. .. 

.. 

.- 

.. 
20.0 

5.0 
10.0 .. 

.. 

.. 
_. 

0.4 

1.0 
.. 

.. 
_. 

.. 
.. 
.. 

0.05 

0.05 

0.05 

.. 

.. 

.. 

.. 

.. 

._ 

.. .. 
0.60 0.05 

0.60 0.05 

0.10 0.10 

.. .. 

.. .. 

.. .. 

.. 
-. 
.. 

.. 
1.0 
.. 
.. 
.. 
.. 

.. 

.. _ _  .. 
_. 

.. 

._ 
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Table 2.4.4. Allays i n  t h e  J A E R I  t e s t  m a t r i x  fo r  MFE-6J and -75 

Compos i t ion ,  w t  % 
A l l o y  

C N 0 A1 S i  P S T i  V C r  Mn Fe 

JPCA 0.06 0.0039 
C 0.02 0.0018 -- -- 0.51 0.017 0.007 0.25 -- 15.4 1.56 b a l  
K 0.02 0.004 _ _  ._ 0.48 0.015 0.005 0.29 -- 18.0 1.46 b a l  
316 0.058 -- _ _  -. 0.61 0.028 0.003 0.005 -- 16.7 1.80 b a l  

H i g h  N i  
A l l o y  I 0.06 -- 

0 0.007 -- 
F e r r i t i c  0.056 0.0069 

HT-9 0.198 0.0104 
S t e e l  

- -  0.50 0.027 0.005 0.24 --  14.2 1.77 b a l  

_ _  .. 0.31 --  .. 0.23 -- 12.9 1.78 b a l  
.. _ _  0.16 0.003 0.003 0.01 - -  13.0 1.50 b a l  

.. 0.04 0.74 0.008 0.0059 

.. .. 0.32 0.009 0.0013 

.. 0.022 0.13 --  0.005 -- 0.016 0.13 --  0.005 
-- 0.006 0.16 --  0.006 
--  0.004 0.17 --  0.005 --  0.005 0.17 --  0.005 

K 0.012 0.024 --  0.004 0.18 --  0.004 
G 0.004 0.004 --  0.005 0.15 --  0.006 
I 0.004 0.003 -- 0.005 0.18 -- 0.005 
J 0.004 0.006 -- 0.007 0.16 -- 0.005 

SAR 
Type 304 0.06 --  
Type 316 0.06 -- 
SN-1 0.01 --  
SN-5 0.013 0.01 

H i g h  Mn 
Steel 1 0.006 0.30 

Pure  S t a i n l e s s  
S t e e l  ~ ~~ 

HP 12 N i  0.005 0.02 
HP 35 N i  0.003 0.01 
HP 50 N i  0.003 0.007 

_ _  .. 0.25 0.034 0.023 _ _  -. 0.39 0.032 0.012 

.. .. 1.22 0.023 0.005 _ _  -. 0.58 0.028 0.001 

0.013 --  0.50 0.003 0.004 
0.021 --  0.48 0.003 0.002 

.. .. 0.004 _ _  .. 

-. .. 0.4 --  0.002 0.5b 

_ _  _ _  0.005 --  .- .. 
0.006 --  

.. .. 0.007 --  .. _ _  .. .. _. .. 

0.11 8.9 0.70 b a l  

0.22 11.7 0.55 bal  

_ _  23.2 - -  b d l  
.. 23.2 --  bal  
.. 23.1 0.05 bal  _ _  22.9 0.11 bdl  _ _  23.0 0.05 bal  _ _  23.1 0.17 bal  
.. 23.1 0.06 bdl  
.. 23.2 0.04 b a l  
_. 23.2 0.03 bal  

--  18.2 0.75 bal  
.. 16.1 0.84 bal  

_ _  16.9 0.94 b a l  
.. 26.7 1.15 bal  

.. 18.0 17.2 b a l  

.. 18.0 16.8 b a l  
0.13 8.4 0.83 bal  

.. 20.8 0.9 b a l  

.. 17.1 -- b a l  

.. 17.1 - -  b a l  
-- 17.1 -- b a l  

Co N i  Cu Nb MO W 

0.002 15.6 -- --  2.28 --  _ _  15.6 -- 0.08 2.4 - -  
.. 17.6 -- --  2.6 - -  
.. 13.5 -- --  2.46 --  
.. 24.9 -- 0.03 5.43 --  _ _  20.0 -- .. 4.94 4.94 

-- 1.37 0.02 0.06 2.46 0.01 

0.01 0.65 -- --  1.06 0.44 

0.01 17.9 - -  --  .. 
0.01 16.0 - -  --  .- 
0.01 15.0 - -  --  _ _  
0.01 11.9 --  --  
0.01 8.31 -- --  
0.01 9.62 -- - -  .. 
0.01 16.0 - -  --  _ _  
0.01 15.3 - -  - -  

.. 

.. 

0,Ol 15.2 - -  --  .. 
.. 

.. 8.1 --  - -  0.13 

.. 10.0 --  -- 2.01 

--  13.9 0.07 --  0.09 _ _  8.49 _ _  ._ .. 

.. 0.01 -- -- 0.01 _ _  2.01 -. .. 0.01 

.. -- 0.29 0.055 1.79 

.- _ _  .. 33.3 --  

_ _  11.8 - -  -. _. 
.- 35.3 --  -. _ _  
.. 49.9 --  .. .. 

Table 2.4.5. Test m a t r i x  for the  MFE-6J and -75 capsules 

Number of specimens 
Specimen type  Source 

60Y 200-C 330°C 400°C 

Pressur ized  tubes ORNL 34 15 39 33 
JAERI 4 10 6 6 

JAERI 3 3 3 3 
Disk packets ORNL 4 4 R 9 

Tube blanks ORNL 6 6 6 6 

- 
HEDL 0 0 4 4 
JAERI 5 7 6 6 

S S 1  t e n s i l e s  ORNL 29 34 11 13 
JAERI 64 56 73 65 

HEDL 35 35 30 30 
Grodzinsk i  f a t i g u e  JAERI 56 24 56 40 

553 t e n s i l e s  ORNL 44 44 16 22 

Crack growth J A E R I  18 18 10 10 
HEDL 18 18 0 0 

Rod t e n s i l e s  JAERI 0 0 4 0 
Hourg lass  f a t i gue  J A E R I  0 0 0 5 



2.5 NEUTRONIC8 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 N a t i o n a l  L a b o r a t o r y )  

2.5.1 A D I P  Task 

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

2.5.2 O b j e c t i v e s  

t h e  Oak Ridge Research Reac to r  (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 t h e r m a l  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 i sp lacemen t  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 .  

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  d e s i g n  f o r  m a t e r i a l s  i r r a d i a t i o n  expe r imen ts  i n  

2.5.3 Summary 

The c a l c u l a t e d  f l u e n c e s  from t h e  ongo ing  t h r e e- d i m e n s i o n a l  n e u t r o n i c 8  c a l  a t i o n s  a r e  b e i n g  s c a l e d  t o  9 agree  w i t h  e x p e r i m e n t a l  da ta .  As of March 31, 1985, t h i s  t r e a t m e n t  y i e l d s  201.9 a t .  ppm He ( n o t  i n c l u d i n g  
2.0 a t .  ppm He f rom 1°8 )  and 13.19 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 155.9 a t .  ppm He and 
10.60 dDa i n  ORR-MFE-4B. \ 

a 05 2.5.4 P rog ress  and S t a t u s  

The o p e r a t i n g  and c a l c u l a t e d  d a t a  f o r  t h e  ORR-MFE-4A expe r imen t  a r e  summarized i n  Tab le  2.5.1. The 
c a l c u l a t e d  d a t a  f o r  Al-H,O and s o l i d  aluminum c o r e p i e c e s  a r e  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  g i v e n  p r e -  
v i o u s l y . 1  
t h e  e x p e r i m e n t a l l y  measured ha fn ium induced  f l u e n c e  r e d u c t i o n s  r e p o r t e d  l a s t  p e r i o d . 2  

froin t h e  ORR on January  20. 19R5. The 

The c a l c u l a t e d  d a t a  f o r  t h e  ha fn ium c o r e p i e c e  i s  based on t h e s e  same s c a l i n g  f a c t o r s  f o l d e d  w i t h  

The ORR-MFE-4A expe r imen t  was reinoved 
. .  

d a t a  i n  Tab le  2.5.1 a r e  l i s t e d  f o r  each 
c o r e p i e c e .  The exposure  and f u l l  power 
days i n d i c a t e  t h e  amount o f  t i m e  each 
c o r e p i e c e  was i n  t h e  r e a c t o r .  The t h e r m a l  
and t o t a l  f l u e n c e s  r e p r e s e n t  t h e  r a d i a t i o n  
l e v e l s  seen by each co rep iece .  However, 
t h e  h e l i u m  l e v e l  and d i s p l a c e m e n t  l e v e l  
r e p r e s e n t  t h e  c u m u l a t i v e  h e l i u m  p r o d u c t i o n  
and dpa l e v e l s  ( i .e . ,  t h e  h e l i u m  p roduc-  
t i o n  and dpa l e v e l s  when t h e  r e s p e c t i v e  
c o r e p i e c e  was removed). The f i n a l  e n t r y  
i n  Tab le  2.5.1 i n d i c a t e s  t h e  " c loseness"  
o f  t h e  e x p e r i m e n t a l  h e l i u m  t o  dpa r a t i o  t o  
t h a t  expec ted  i n  a f u s i o n  d e v i c e  f i r s t  
w a l l .  When t h e  A1-H20 c o r e p i e c e  was 
r e p l a c e d ,  t h e  h e l i u m  t o  dpa r a t i o  was 
a p p r o x i m a t e l y  2.6% above t h a t  expec ted  i n  
a f i r s t  w a l l .  The r a t i o  was 10% h i g h  a t  
t h e  i n s e r t i o n  o f  t h e  h a f n i u m  c o r e p i e c e ,  
b u t  dropped t o  9.6% when t h e  expe r i i nen t  
was removed f rom t h e  r e a c t o r .  

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  T a b l e  2.5.2 f o r  t h e  
ORR-MFE-48 expe r imen t .  The h a f n i u m  c o r e -  
p i e c e  was i n s e r t e d  i n  t h e  ORR-MFE-4B 
e x p e r i m e n t  on Februa ry  5, 1985. T h i s  
c o r e p i e c e  i s  t h e  same as t h a t  used i n  t h e  
ORR-MFE-4A expe r imen t .  S ince  t h i s  c o r e -  
p i e c e  had been exposed t o  a p p r o x i m a t e l y  
7.3 f u l l  Dower months o f  i r r a d i a t i o n  i n  

The o p e r a t i n g  and c a l c u l a t e d  d a t a  

Tab le  2.5.1. O p e r a t i n g  and c a l c u l a t e d  d a t a  f o r  
t h e  ORR-MFE-4A expe r imen t  

Co rep iece  A1 -H20 Aluminum Hafnium 

Exposure,  MWh 337,332 277,476 160,124 

F u l l  Power Daysa 468.5 385.4 222.4 

Thermal F l u y c e ,  8.39 1025 4.57 1 0 2 5  1.64 x 1025 
neu t rons /m 

T o t a l  F luence,  2.21 x IOz6 2.20 x l o z 6  1.04 x l o z 6  

Cumu la t i ve  He l ium,  76.1 164.5 201.9 

Cumu la t i ve  dpab 5.35 10.70 13.19 

R a t i o C  1.026 1.100 1.096 

neu t rons/m2 

a t .  ppmb 

a F u l l  power f o r  t h e  ORR i s  30 MW. 

bHel ium and dpa va lues  a r e  c u m u l a t i v e  f o r  t y p e  316 

c R a t i o  r e p r e s e n t s  t h e  e x p e r i m e n t a l  Heldpa v a l u e  d i v i d e d  

s t a i n l e s s  s t e e l .  

by  c a l c u l a t e d  f u s i o n  d e v i c e  f i r s t  w a l l  v a l u e  of 13.97. 

t h e  ORR,  a d d i t i o n a l  bu rnup  c a l c u l a t i o n s  were pe r fo rmed  t o  de te r i n i ne  i t s  e f f e c t i v e n e s s  i n  t h e  ORR-MFE-4B 
expe r imen t .  These c a l c u l a t i o n s  a l s o  t o o k  i n t o  accoun t  t h e  l o s s  i n  t h e r m a l  f l u x  r e d u c t i o n  b r o u g h t  abou t  by 
t h e  use of a 12- r a t h e r  t h a n  24- in .  H f  s leeve.  

A l t h o u g h  t h e  h a f n i u m  c o r e p i e c e  has 'I:st some o f  i t s  e f f e c t i v e n e s s  due t o  burnup, i t  i s  a c c e p t a b l e  f o r  
use  i n  t h e  ORR-MFE-46 expe r imen t  u n t i l  t h i s  exper i inent  reaches t h e  13.19 dpa l e v e l  a t t a i n e d  i n  t h e  
ORR-MFE-4A expe r imen t .  I n  f a c t ,  a t  t h e  13.19 dpa l e v e l ,  t h e  h e l i u m  t o  dpa r a t i o  i n  t h e  ORR-MFE-4B e x p e r i -  
ment w i l l  be o n l y  6.4% above t h e  f i r s t  w a l l  r a t i o  whereas a v a l u e  o f  9.6% e x i s t e d  i n  t h e  ORR-MFE-4A e x p e r i -  
ment a t  t h e  t i m e  o f  i t s  removal .  A t  p r e s e n t ,  t h e  ORR-MFE-48 has undergone a p p r o x i m a t e l y  one f u l l  power 
inonth of i r r a d i a t i o n  w i t h  t h e  hafn ium co rep iece .  Based on t h e  p r o j e c t e d  d a t a  i n  T a b l e  2.5.2, a p p r o x i m a t e l y  
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Table  2.5.2. Opera t ing  and c a l c u l a t e d  da ta  f o r  
t h e  ORR-MFE-45 exper iment  

Hafnium 
A1 umi num 

C u r r e n t a  P r o j e c t e d a  Corep iece A1 -H20 

Exposure, MWh 305,355 324,432 21,470 172,359 

F u l l  Power Daysb 424.1 450.6 29.8 239.4 

Thermal Fluence, 7.30 1025  5.02 11125 2.07 1024 1.82 1025 
neu t  rons/m2 

neut rons lmz 

a t .  ppmb 

T o t a l  Fluence, 1.86 x IOz6 2.38 x l o z 6  1.31 x l o z 5  1.09 x IOz6 

Cumulat ive Helium,c 59.7 151.1 155.9 196.1 

Cumu la t i ve  dps,C 4.49 10.28 10.60 13.19 

R a t i o d  0.952 1.052 1.053 1.064 

a C u r r e n t  and p r o j e c t e d  columns r e p r e s e n t  t h e  c u r r e n t  va lues as o f  
March 31, 1985, and t h e  p r o j e c t e d  va lues,  r e s p e c t i v e l y ,  f o r  t h e  hafn ium 
co rep iece .  

b F u l l  power f o r  t h e  ORR i s  30 MW. 

CHelium and dpa va lues a r e  c u m u l a t i v e  f o r  t y p e  316 s t a i n l e s s  s t e e l .  

d R a t i o  rep resen ts  t h e  exper imen ta l  He/dpa va lue  d i v i d e d  by c a l c u-  
l a t e d  f u s i o n  d e v i c e  f i r s t  w a l l  v a l u e  of 13.97. 

7 .9  a d d i t i o n a l  f u l l  power months o f  i r r a d i a t i o n  a r e  needed t o  reach t h e  dpa l e v e l  a t t a i n e d  i n  t h e  ORR-MFE-4A 
exper iment .  
ORR-MFE-4A i n  January 1986. 

2.5.5 F u t u r e  Work 

exper iment  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 b t a i n e d  from 
t h e s e  c a l c u a l 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 .  

2.5.6 References 

Assuming a 0.86 d u t y  f a c t o r ,  t h e  ORR-MFE-40 exper iment  shou ld  a t t a i n  t h e  same dpa l e v e l  as t h e  

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-45 

1. R. A. L i l l i e  and T. A. Gabr ie l ,  "Neu t ron ics  C a l c u l a t i o n s  i n  Support  o f  t h e  MFE-4 Spec t ra l  T a i l o r i n g  

2. R. A. L i l l i e ,  " Neu t ron ics  C a l c u l a t i o n s  i n  Support  of t h e  ORR-MFE-4A and -48 Spec t ra l  T a i l o r i n g  

Exper iments ,"  PP. 1 F 2 0  i n  A D I P  Semiannu. Proq. Rep. Mar. 31, 1983, DOE/ER-0045/10, U.S. DOE, O f f i c e  o f  
Fus ion  Energy, 

Exper iments ,"  pp. 16-19 i n  A D I P  Semiannu. Prog. Rep. Sept. 30, 1984, DOE/ER-0045/13, U.S. DOE, O f f i c e  o f  
Fus ion  Energy. 
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2.6 NEUTRON COSIMETRY AND DAMAGE CALCULATIONS FOR THE HFIR-CTR-30, -36, and 4 6  EXPERIMENTS 
L. R. Greenuwd (Argonne National Laboratory) 

2.6.1 ADPLWSJxiks 

AOIP - Task I.A.2 - Define Test Matr ices and Procedures 
OAFS - Task I I . A . l  - F i ss i on  Reactor DOsimetrY 

2.6.2 Q U c t i v e  

parameters (dpa, gas generation, t ransnutat ion) .  

2.6.3 S- 

b s i m e t r y  measurements and damage ca lcu la t ions  have been completed for  the CTR 30, 36, and 46 
experiments 3n H F p .  CTR 30 and 36 have the h ighest  exposures seen t o  date u i t h  fluences of 1.95X1D23n/Cm 
and 1 . 6 1 x d  nlcm , respect ive ly .  
prototype o f  the Japanese experiments i n  ORR. 

To character ize n e u t r m  i r r a d i a t i o n  experiments i n  terms o f  neutron fluence, spectra. and damage 

2 
Work i s  i n  p r w r e s s  on the RB2 and T3 experiments i n  HFIR and a 

The status o f  a l l  other experiments i s  summarized i n  Table 2.6.1. 

- Table 2.6.1 Status o f  DDSimetrY ExDeriments 

ORR 

HF I R  

Omega West 

EBR 11 
IPNS 

- MFE 1 
- MFE 2 
- MFE 4A1 
- MFE &A2 
- MFE 48 
- TBC 07 
- TRIO-Test 
- T R I O- I  
- HF Test 
- JP Test 
- J6, J7 
- CTR 32 
- CTR 31, 34, 35 
- T2, RB1 
- T1, CTR 39 
- CTR 40-45 
- CTR 30, 36, 46 
- RB2, 73 
- CTR L7-56 
- JP 1-8 
- Spectral Analysis 
- H E C i l  - HECi2 
- LANL 1 
- x287 
- Spectral  Analysis 
- LANLl (Hurley) 
- Hurley 
- Coltman 

completed 12/79 
completed 06/81 
Completed 12/81 
Completed 11/82 
Completed KW84 
Completed 07/80 
Completed 07/82 
completed 12183 
Completed 03/84 
Samples Received 03/85 
Samples Sent 02/85 
Completed 04/82 
conpleted 04/83 
Completed 09/83 
Completed 01/84 
Completed 09/84 
completed 03/85 
Samples Received 11/84 
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 
Completed 10/80 
Completed 05/81 
Samples Sent 05/83 
Completed 08/84 
Completed 09/81 
Completed 01/82 
completed 06/82 
Completed 02183 
Completed 08/83 
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2.6.4 Prowess and Status 

Dosimetry measurements and damage calculat ions have been completed fo r  the CTH 30, 36, and 46 
experiments i n  the per ipheral  target pos i t i on  o f  the High F l u x  Isotopes Reactor ( H I I R )  a t  Oak Ridge 
National Laboratory. 

The present experiments are designed t o  study PCA, f e r r i t i c  alloys, long-range ordered alloys, 
t i tanium alloys, and high n icke l  a l loys i n  CTR 30; fat igue specimens of austen i t ic  Stainless steels i n  CTR 
36; and the impact propert ies of 12 C r  - 1 MOW steel  i n  CTH 46. The exposure h is to r ies  are as follows: 

Exper i ment -~ Dates ~- -. E X P O S U C ? ~  ~ . M W  

M 
36 
46 

07/80 - 11/81 
11/82 - 04/84 
02/83 - 06/83 

k3,316 
38,069 
10,620 

Cosimetry capsules were located a t  s i x  ve r t i ca l  pos i t ions i n  CTR 30 and a t  f i v e  pos i t ions i n  CTR 36 and 46. 
Each capsule contained Fe, Ti ,  Co-A1, and Mn-Cu dosimetry wi res ;  CTR 30 also contained addit ional helium 
samples in Cu, Fe, and Nb which c w l d  also be used fo r  dosimetry. 

The Reaswed a c t i v i t i e s  are l i s t e d  i n  Tables 2.6.2-2.6.3. The values are normalized t o  1M) MU and 
have been corrected for burnups. 
bvrnup corrections of nearly 6oX for the 39Co(n,y) Co reaction. 

nd t o  ac tua l l y  be c l i n i n g  w i th  urther exposure due t o  burnout of the cobalt sample. In  the case of le",, produced by the !%e(n,p) and 5'Mn(n,Zn) react ions burnup corrections are also hampered by our lack 
of information concerni 
for thermal capture i n  '%n. With these present higher exposure data, we can now determine the proper 

"Nb of  about 15.6 b ( t o  95gNb) i n  good agreement w i th  the ENDFIB-V value of  14.9t1.0 b. A paper i s  now 
being u r i t t e n  descr ibing these new cross sect ion determinations. In  any case, these new Values permit us 

'8Co(n,y) which has a larger uncertainty of about +5%. 

The ver long expasures on CTR 30 and 36 necea i t a t ed  rather sizeable 
I n  f a c t ,  the Co a c t i v i t y  leve l  was 

the thermal cross sect ion of 54Rn. Previous work indicated a value of about 10 b 

lue  m r e  accurately t o  be 14.6t1.5 b. We were also able t o  determine be t te r  thermal cross sect ion for  $ 

correct the a c t i v i t i e s  i n  Table I with an estimated uncertainty of about iZ% for a l l  reactions except 

1 A l l  o f  the data i n  Tables 2.6.2-2.6.3 agree qu i te  wel l  w i th  previous data and the ve r t i ca l  gra- 
dients can be described by the fo l lowing equation: - 

f ( z )  = a (1 t bz /cz2) (1) 

where a = midplane value, b = 5.02~10-~, c = l . ~ ~ x l O - ~ ,  and z = height i n  cm. 
s l i g h t l y  revised from previous work since i t  reDresents a global f i t  t o  a l l  of the avai lable data. The b 
term indicates m y  a small asymmetry and i s  not s ign i f i can t  near midplane. 
F ig .  2.6.1. 

This equation has been 

Some o f  the data i s  Shown in  

2 1  
-24 -18 -12 -6 0 6 12 1s 

HEIGHT,cm. 
Fig. 2.6.1 Act ivat ion Measurements of the 59~o(n,r)M)C~ Reactlon are Shown fo r  63 Locations i n  HFIR During 

14 Di f fe ren t  Mater ials Experiments. The Dotted Line Represents a Least Square F i t  t o  the Data. 
The Scatter of 5% i s  P a r t i a l l y  Due t o  Uncertanties i n  the Burnup Corrections and P a r t i a l l y  Due 
t o  Physical Differences i n  the F l u x  Levels and ExperimcwLul Assemblies. 
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Table 2.6.2. Measured A c t i v i t i e s  fo r  HFIR-CTR 30 

Values a t  1W W U I t h  Burnup Corrections 
Accuracy *2X Unless Noted 

Ac t i va t i on  Rate. a t l a t - s  

59Co(n,y)b 93Nb(n,r) 54Fe(n ,~)  4+i(n,~) 55Wn,2n) 

~~10-8) (x10-9) ( x ~ o - l l )  ( x ~ o - 1 2 )  ( ~ 1 0 - 1 3 )  

Heiaht, c." 

ZO.8 
16.7 
12.5 
8.3 
4.2 
0.0 

-4.2 
-8.3 

-12.5 
-20.8 
-?5.0 

3.83 

5.62 

6.87 

7.00 

5.41 
4.13 

- 

- 
- 
- 

- 

1.66 

2.53 

3.03 

3.07 

2.36 
1.66 

- 
- 
- 

- 

- 

4.46 
5.27 
6.20 

7.55 

7.40 
6.79 
6.89 
4.13 

- 
- 

- 

5.94 1.38 

8.56 1.76 

10.38 2.27 
10.72 
I O .  54 2.16 

9.04 1.83 
5.61 1.25 
4.41 - 

- - 
- - 

- 
- - 

63cu(n,a) 

( x ~ 0 - 1 3 )  

2.81 

3.86 
4.44 
5.01 

5.04 

4.63 
3.07 

- 

- 
- 

- 

a- -- - bHeight t o  bottom o f  capsule; samples may vary by 1 cm. 
Co values *5X due t o  l a rge  burnup correct ions.  

Jable 2.6.3. Measured A c t i v i t i e s  fo r  HFIR-CTR36.46 

Values a t  100 MU u i t h  Burnup Corrections 
Accuracy t2X Unless Noted 

H e m .  CJ 5 9 ~ ~ ~ :  __ 5%e& - 5 4 F u  5 5 ~  n ,2n 1 

- CTR -36: (10-8) ( 10-9) (10-11)  (10-13) 

18.5 4.29 
8.5 

-0.7 
6.31 
6.88 

-10.7 5.80 
-20.7 3.88 

CTR 46: 5 9 ~ o ~ n . ~ l  %lr!& ___ 
(10-8) (10-9) 

21.9 3.70 1.06 
72.7 5.61 1.56 
0.0 6.91 1.91 

-12.7 5 .38  1.45 
-21.9 3.64 1.32 

1.22 
1.68 
1.92 
1.68 
1.17 

54Fe[n,~l 

(10-11) 

3.93 
6.10 
7.40 
6.28 
3.13 

4.55 
6.49 
7.27 

1.40 
2.10 
2.23 

6.43 1.93 
4.36 1.36 

:3m 5 5 ~ ~ , ( ~ . 2 ~ 1  

(10-12) (10-13) 

5.48 1.14 
8.26 1.80 
9.71 2.13 
8.64 1.79 
5.10 1.07 

-COand%-e(n,y) values t5X due t o  l a rge  burnup correct ions fo r  CTR 36. 
'%e(n,y) values t5X on CTR 116. 

Neutron f luence and damaQe parameters are l i s t e d  i n  Table 2.6.4. These gradients are a l so  described 

4 ; t  The 
by equation ( 1 )  except f o r  he l i un  product ion i n  n i cke l  which i s  l i s t e d  separately i n  Table 2. 
methods used t o  determine the helium and dpa from n i cke l  are Ye l l  described i n  recent papers. 

In  the case o f  CTR 30, selected samples have been sent t o  Rockwell I n te rna t iona l  f o r  helium analysis. 
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Table 2.6.4. Neutron Fluence and Damage Parameters - 
HFIR-CTR M, 36. 46 

Values a t  midplane; gradients use equation (1) 

22 2 Neutron Fluence. x 10 nlcm wrm 
CTR 30 34 - CTR .. 44 -. 

Total 19.5 16.1 4.44 

Fast (>.11 MeV) 5.23 4.31 1.20 
mermal (c.5 ev)a 7.89 6.51 1.79 

A1 68.8 31.8 56.7 27.9 
T i  43.7 22.1 36.1 18.6 
V 48.9 1.08 40.3 0.94 
c r  43.2 7.39 35.6 6.41 
Mnb 47.4 6.44 39.1 5.65 
Fe 38.2 13.0 31.5 11.38 
cob 47.7 6.38 39.4 5.60 

N i  5%: __ 35.0 41-0 19.848. 28.5 - 1 6.178. 
16,329. 

176. 33.9 151. 

Total 76.0 20,024. 62.4 
cu 37.2 11.6 30.7 10.1 

36.9 2.38 30.5 2.08 
27.4 - 22.6 

Nb 
m 
316SSd 44.0 2613. 36.2 2131. 

- 

15.8 7.62 
10.1 5.22 
11.3 0.26 
10.0 1.76 
10.9 1.54 
8.84 3.12 
11.0 1.53 
9.46 42. 

-_ 5.02 2845. 
14.48 2887. 
8.59 2.77 
8.51 0.57 
6.32 - 
9.75 378. 

6--- M u l t l o l v  XO.866 for  2200 m l s  value; temperature e f fec t  not  included. . .  
%hemal se l f- sh ie ld ing important fo r  Mn and Co. 
5 e e  Table 2.6.4 f o r  Ni  gradients. 
d316SS: Fe(.645). Ni(.13), Cr(.l8), Mn(.019), Mo(.026). 

The damage parameters l i s t e d  i n  Tables 2.6.4 and 2.6.5 shou ra ther  l a rge  helium e f fec ts  fo r  the thermal 
n i cke l  r e  tion. 
from the “Fe r e c o i l s  (He1567) produce 35 dpa, near ly  equal t o  the f a s t  displacements. 

For CTR 30, the helium production has reached 2 atom percent and the ex t ra  displacements 

Table 2.6.5. Helium and Disolacement Damage f o r  316 SS* 

Helium Includes 59Ni and Fast Reactions 
CPA Includes Ext ra  Thermal Kick (He15671 

CTR 30 - __ CTR _- 36 - C T U  .~_ 
D P A  He. aom __ CPA Heiaht, cm He, aopm - P A  - - 

0 2613 44.0 2131 36.2 378 9.75 
3 2588 43.5 2109 35.9 372 9.66 
6 2515 42.4 2046 34.9 356 9.38 
9 2391 40.4 1939 33.3 330 8.93 
12 7214 37.6 1786 30.9 295 8.30 
15 1983 34.0 15W 28.0 250 7.48 
18 1693 29.6 131~5 24.2 199 6.48 
21 ’1343 24.3 1052 19.9 1/44 5.32 
24 935 18.2 718 14.9 88 3.99 

_-- 
*316SS: Fe(.645), Ni(.13), Cr(.l8), Mn(.019), Mo(.026). 

2.6.5 Conclusions 

e f fec t  i s  present.’ This e f fec t  i s  now being studied and i s  not  included i n  Table 2.6.5. Since the e f f e c t  
i n  copper requ i res  three successive thermal captures, the e f fec t  i s  much smaller than seen f o r  n icke l .  For 
CTR 30, we p red ic t  t h a t  the e f fec t  may produce about 75 appm helium and 0.2 dpa i n  add i t i on  t o  the 12 a m  
helium and 37.2 dpa produced by f a s t  neutrons. A j o i n t  paper u i t h  Rockwell I n te rna t iona l  i s  mu being 
u r i t t e n  descr ib ing t h i s  ef fect .  

Recent dosin t r y  measurements and helium measurements l o r  copper a l so  ind ica te  tha t  a thermal helium 



26 

2.6.6 Refeys.nceq 

1. L. R. Greenwed, A l loy  Development for  I r r a d i a t i o n  Performance, Semiannual P rwress  Reports, 
CxJE/ER-W45/11, p. 30-37. Sept. 1983; WE/ER-W45/13, p. 13-17, Sept. 1984. 

2. S. F. Plughabgbab, M. Divadeenam, and N. E. Holden, Neutron Cross Sections, Vol. I, Academic Press, 
Neu Ywk, 1981. 

3. L. R. Greeouood, A. Neu Calculat ion o f  Thermal Neutron Damage and Helium Production i n  Nickel. J. 
Nucl. Mater. jn, 137-142 (1983). 

4. C. R. Greertwed, 0. W. Kneff. R. P. Skouronski, and F. M. Mann, A Comparison o f  Wasured 
Calculated Helium Production i n  Nickel Using Newly Evaluated Neutron Cross Sections fw 5%’, J. 
Nucl. Mater. 122, 1002-1010 (1984). 

Studies W a r t e r l y  P rwress  Report. IX)E/ER-MU6/20, pp. 13-16, February 1985. 
5. 0. W. Kneff. 8. M. Oliver, R. P. Skwronski, and L. R. Greenud,  Damage Analysis and Fundamental 

2.6.7 Publ ica t ions 

L. R. Greenuood, A. Neu Calculat ion of Thermal Neutron Damage and 
Helium Production i n  Nickel, J. Nucl. Mater. 115, 137-142 (1983). 

L. R. Greenuwd, 0. U. Kneff, R. P. Skouronski, and F.  M. Mann, A 
Cwnparison o f  Measured and Calculated He l i  Production i n  Nickel  Using 
Neuly Evaluated Neutron Cross Sections for”Ni. J. Nucl. Mater. 122. 
IWZ-1010 (1984). 



27 

2.7 OVERVIEW OF MIT, A O I P  I R R A D I A T I O N  EXPERIMENTS - G. Kohse, O.K. H a r l i n g  and N.J. Grant (Massachusetts 
I n s t i t u t e  o f  Technology) 

2.7.1 A O I P  Task 

A O I P  Task I.A.2, Oef ine Test Mat r i ces  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  o f  t h i s  program i s  t o  develop and eva lua te  r a p i d l y  s o i d i f i e d  a l l o y s  f o r  p o t e n t i a l  f u s i o n  
r e a c t o r  a p p l i c a t i o n s .  
v a r i o u s  r a p i d  s o l i d i f i c a t i o n  techniques w i l l  be analysed a f t e r  exposure t o  h i g h  l e v e l s  o f  atomic d i s p l a c e -  
ments and, i n  some cases, he l ium produc t ion .  

2.7.3 Summary 

s i o n  i n  A O I P  neu t ron  i r r a d i a t i o n  experiments. A b r i e f  sumnary o f  t h e  a l l o y s  and t h e i r  p r e p a r a t i o n  and t h e  
achieved o r  p r o j e c t e d  i r r a d i a t i o n  parameters i s  p rov ided .  

2.7.4 Progress and S ta tus  

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

A u s t e n i t i c  s t e e l s  (Path A), f e r r i t i c  s t e e l s  (Path E) and copper a l l o y s  prepared by 

- 
Various r a p i d l y  s o l i d i f i e d  a u s t e n i t i c ,  f e r r i t i c  and copper a l l o y s  have been produced a t  M I T  f o r  i n c l u -  

The major o b j e c t i v e  of t h e  A O I P  work a t  M I T  i s  t o  e v a l u a t e  t h e  p o t e n t i a l  of r a p i d  S o l i d i f i c a t i o n  (RS) 
techno log ies  f o r  p roduc ing  a l l o y s  w i t h  improved i r r a d i a t i o n  performance. I n  suppor t  o f  t h i s  o b j e c t i v e  and 
o t h e r  experiments (such as a s tudy  o f  t h e  e f f e c t s  o f  boron doping) ,  numerous a l l o y s  have been prepared and 
i r r a d i a t e d .  Fhst  of t h e  specimens i r r a d i a t e d  are i n  t h e  form o f  TEM d isks ,  and are analysed by p o s t - i r r a -  
d i a t i o n  TEM, and by m i n i a t u r e  d i s k  bend t e s t i n g  (MORT) f o r  mechanical p r o p e r t y  e s t i m a t i o n .  A small  number 
of m i n i a t u r e  t e n s i l e  specimens o f  t h e  SS-2  t y p e  are a lso being i r r a d i a t e d .  
s c r i p t i o n  o f  t h e  a l l o y s  prepared a t  MIT and o ther  a l l o y s  i n c l u d e d  f o r  comparison. 
he l ium accumulat ion achieved o r  expected i n  a l l  i r r a d i a t i o n  exper iments i n  which each a l l o y  i s  i n c l u d e d  are 
sumnari zed. 

2.7.4.2 A l l o y  Composit ion, P r e p a r a t i o n  and I r r a d i a t i o n  Parameters 

Th is  r e p o r t  g i ves  a b r i e f  de- 
The damaqe l e v e l s  and 

A t i t a n i u m  m o d i f i e d  316 s t a i n l e s s  s t e e l  des ignated PCA i s  t h e  b a s i s  f o r  one c l a s s  o f  a l l o y s  which have 
been e x t e n s i v e l y  s t u d i e d  a t  M I T .  PCA (p rov ided  b y  Oak Ridge Nat iona l  L a b o r a t o r i e s )  has t h e  composi t ion 
(w t%) :  16.59 N i ,  14.27 C r ,  1.96 Mo, 1.62 Mn, 0.53 S i ,  0.32 T i ,  0.046 C, 0.008 N, other  t race ,  balance Fe. 
RS a l l o y s  have been prepared by vacuum r e m e l t i n g  o f  PCA w i t h  a d d i t i o n s  o f  T i  and C t o  t h e  l e v e l s  ( w t % ) :  

A l l o y  T i  C 
- p R T m m  

PA2 0.64 ,092 
PA3 0.90 .17 
PA5 1.50 . 2 5  

PCA a l l o y  has been i r r a d i a t e d  i n  two forms, des iqnated AN (1050 "C, 1 h)  and CW (20% r e d u c t i o n  o f  area 
b y  c o l d  swaging), t o  p r o v i d e  b a s e l i n e  da ta  f o r  comparison t o  RS r e s u l t s .  Table 2.7.1 descr ibes  t h e  thermo- 
mechanical t rea tments  (TMT's) which have been a p p l l e d  t o  t h e  RS m a t e r i a l s .  I n  a l l  cases, t h e  m e l t  i s  s o l -  
i d i f i e d  b y  r o l l e r  quenching a t  c o o l i n q  r a t e s  o f  10 - lo6 "CIS. The d e s i g n a t i o n  " f o i l "  descr ibes  m a t e r i a l  
which was c o l d  worked b y  r o l l i n g  t o  t h e  r e d u c t i o n  o f  t h i c k n e s s  l i s t e d ,  w i t h  anneal ing as i n d i c a t e d .  TEM 
d i s k s  were then punched f rom t h e  f o i l s .  
m a t e r i a l  c o n d i t i o n s  l i s t e d  were prepared from f o i l s  c o n s o l i d a t e d  i n t o  rods  by c o l d  compaction and e x t r u s i o n  
a t  1080 'C (under vacuum) w i t h  area r e d u c t i o n  r a t i o  o f  30:l. I n  these cases, c o l d  work i s  i n t r o d u c e d  b y  
swaging t o  t h e  r e d u c t i o n  o f  area i n d i c a t e d  i n  t h e  t a b l e .  
prepared from t h e  PA3 m e l t  by t h e  process o f  dynamic powder compaction. 

The i r r a d i a t i o n  parameters f o r  a l l  i r r a d i a t i o n s  i n  which these a l l o y s  were i n c l u d e d  are summarized i n  
Table 2.7.2. 

A l l o y s  which were i r r a d i a t e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  boron doping were prepared f rom an A l legheny  
Ludlum 316 s t a i n l e s s  s t e e l  w i t h  compos i t i on  (w t%) :  16.67 C r ,  16.36 N i ,  2.26 Mo, 1.25 Mn, 0.51 S i ,  0.0036 
02, 0.0030 N, 0.0027 C, 0.0027 8, bala:ge Fe. 
sphere w i t h  t h e  a d d i t i o n  o f  1000 appm fl and 1000 appm 2r. R o l l e r  quenchinq t o  produce f o i l s  was f o l l o w e d  
by c o l d  compaction, e x t r u s i o n  under vacuum a t  1065 'C producing 2 3 : l  r e d u c t i o n  o f  area, c o l d  swaging t o  42% 
r e d u c t i o n  o f  area and anneal ing a t  850 "C f o r  1 h. 
and 5000 appm 2r and r o l l e r  quenched as f o r  fl l. Specimens were punched f rom t h e  r o l l e r  quenched f o i l s  f o l -  
low ing  anneal ing a t  980 'C f o r  112 h. 

(Such d i s k s  are n o t  s u i t a b l e  f o r  bend t e s t i n g . )  A l l  t h e  o t h e r  

A d d i t i o n a l l y ,  an a l l o y  des ignated PA3-OPC was 

The a l l o y  des ignated 31655-81 was mel ted i n  argon atmo- 

A l l o y  31655-82 was prepared w i t h  5000 appm n a t u r a l  fl 

Table 2.7.3 s u m a r i z e s  t h e  i r r a d i a t i o n  of these a l l o y s .  
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M a t e r i a l  Des igna t ion  

PAX- fo i l  A 
- f o i l  E 
- f o i l  C 
-AN 
-cw 1 
-cw 2 
-REC 

Table 2.7.1. Therrnomechanical t rea tment  a p p l i e d  t o  RS PA-type a1 l o y s  prepared f o r  i r r a d i a t i o n  exper iments .  

Thermomechanical Treatment 

20% cw 
20% CW + 700 'C, 112 h 
20% CW + 850 "C, 112 h 
a s  ex t ruded  (see  t e x t )  + 60% CW t 850 "C, 112 h 
as AN t 20% CW 
as AN t 40% CW 
as ex t ruded  t 60% CW t 700 "C, 112 h 

Tab le  2.7.2. I r r a d i a t i o n s  o f  PCA and PA ( R S )  a l l o y s .  

210, 1000, 3100 

nomina - 

Oxide d i s p e r s i o n  s t reng thened  a l l o y s  have a lso  been i r r a d i a t e d .  Powders of 316 SS w i t h  compos i t i on  
( w t % ) :  16 N i ,  16 C r ,  2.5 Mo, 1.0 Mn, 0.5 A l ,  ba lance Fe, were prepared by vacuum a t o m i z a t i o n .  
were a t t r i t e d  t o  t h i n  f lakes,  c o l d  compacted and ex t ruded  a t  1066 "C t o  3 0 : l  r e d u c t i o n  of area. 
duces an a l l o y  w i t h  a f i n e  d i s p e r s i o n  of A1203 p a r t i c l e s .  
i n  t h i s  as-ext ruded ( e x t e n s i v e l y  r e c r y s t a l l i z e d )  s t a t e .  
r e d u c t i o n  of area. 
s t e e l  w i t h  compos i t i on  16.67 C r ,  2.26 Mo, 1.25 Mn, 0.51 S i ,  0.0027 C, 0.003 N,0.0027 8, 1.0 A l ,  ba lance 
Fe. 
was m e c h a n i c a l l y  a l l o y e d .  E x t r u s i o n  was a t  1150 'C w i t h  1 6 : l  r e d u c t i o n  o f  area. M a t e r i a l  des igna ted  
31688-Y-AN was annealed a t  1200 " C  f o r  1 h. 3168s-Y-CW was c o l d  swaqed t o  25% r e d u c t i o n  of area w i t h  an 
i n t e r m e d i a t e  anneal a t  850 'C f o r  1 h a f t e r  12% r e d u c t i o n .  
was s i m i l a r l y  prepared from a pure i r o n  base. The powder compos i t i on  was ( w t % ) :  0.48 Be, 0.001 A l ,  0.01 
C r ,  0.001 S i ,  0.1 N i ,  ba lance Fe. 
sur face r e d u c t i o n  and i n t e r n a l  o x i d a t i o n .  
a f u l l y  r e c r y s t a l l i z e d  m a t e r i a l  des igna ted  FeBeO-AN. FeReO-CW was ex t ruded  a t  750 "C  w i t h  3 0 : l  r e d u c t i o n  
of area. The i r r a d i a t i o n  of these a l l o y s  i s  a l s o  desc r ibed  i n  Table 2.7.3. 

d i a t e d .  
w i t h  a copper p i s t o n  and a n v i l ,  a t  c o o l i n g  r a t e s  of 10' " C I S .  
a s - s p l a t t e d  c o n d i t i o n  as desc r ibed  i n  Table 2.7.3. 

m a t e r i a l s  f o r  severa l  years.  
scopinq exper iment .  
v i d e  a p r e l i m i n a r y  assessment of t h e  r o l e  of R S  techno logy  i n  enhanced i r r a d i a t i o n  per formance o f  such 
a l l o y s .  

The powders 
Th is  p ro-  

M a t e r i a l  des igna ted  316 SS- A1- AN was i r r a d i a t e d  
31688-A1-CW was a d d i t i o n a l l y  c o l d  swaged t o  20% 

A s i m i l a r  a l l o y  w i t h  a d i s p e r s i o n  o f  Y203 p a r t i c l e s  was prepared from a 316 s t a i n l e s s  

Vacuum atomized powders were again a t t r i t e d  t o  t h i n  f l a k e s  and 4 volume % o f  200 - 400 B, Y203 powder 

A t h i r d  t ype  o f  d i s p e r s i o n  s t reng thened  a l l o y  

A f t e r  a t t r i t i o n  t o  f l a k e s  a t r e a t m e n t  i n  hydrogen a t  800 "C was used f o r  
E x t r u s i o n  was a t  1000 "C w i t h  3 0 : l  r e d u c t i o n  of area, p roduc ing  

One morphous  a l l o y  composed of 60% N i ,  40% Nb ( w i t h  i m p u r i t i e s  a t  t h e  ppm l e v e l )  has a l s o  been i r r a -  
A l l o y  p r e p a r a t i o n  i n v o l v e d  l e v i t a t i o n  m e l t i n g  under arqon atmosphere fo l l owed  b y  s p l a t  c o o l i n q  

The m a t e r i a l  was i r r a d i a t e d  i n  t h e  

The MIT A D I P  qroup has proposed and i n v e s t i g a t e d  copper a l l o y  systems as cand ida te  f u s i o n  f i r s t  w a l l  
Twenty copper a l l o y s ,  b o t h  RS and i n q o t  products ,  have been i r r a d i a t e d  i n  a 

Th is  i r r a d i a t i o n  has been completed and t h e  specimens are now b e i n g  analyzed t o  p r o -  

Table 2.7.4 desc r ibes  t h e  a l l o y s  which were i r r a d i a t e d  i n  ERR-I1 t o  a f l u e n c e  of 14 dpa a t  400 'C. 
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Table 2.7.3. I r r a d i a t i o n  of boron doped 316 SS, ox ide  d i s p e r s i o n  s t rengthened a l l o y s  and anorphous NiNb. 

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

M a t e r i a l s  Temperatures 
I r r a d i a t e d  ( " C )  

EN-11:  
AD2 
(completed)  

I I 

31655-81, E2 
316SS-Al-AN, CW 390 
316SS-Y-AN, CW 500 
FeBeO-AN, CW 550 
N i  Nb 

EN-11 :  
AD2 Recon- 
s t i  t u t i o n  
(completed)  

300 
400 
500 
600 

316SS-Al-AN, CW 390 
450 
500 
550 

Damage (dpa) Hel ium Accumulat ion 
(appm) 

4.4, 17, 34 
4.4, 17, 34 
6.2, 17, 34 
6.2, 17, 34 

13,29 
13,29 
13,29 

140, 1000, 3100 
140, 1000, 3100 
210, 1000, 3100 
210, 1000, 3100 

I 

Cu-A1203: A 1  
A2 

81 
E2 

16  
15 
1 5  
1 5  

0.65 A1 F l a k e  + e x t r u s i o n :  760 'C, 1 2 : l  
2.8 A1 

0.58 A1 F lake  + i n t e r n a l  o x i d a t i o n  + 
2.65 A1 e x t r u s i o n :  760 "C, 2 2 : l  

~ 

MZC 

Cu-Ni-Ti 

Composit ion (major  a l l o y  c o n s t i t u e n t s )  i s  q i v e n  i n  each case. A l l  t h e  RS a l l o y s  were c o n s o l i d a t e d  f rom gas 
atomized powders. 
t h e  c o n s o l i d a t i o n  s tep.  The t a b l e  q i v e s  t h e  e x t r u s i o n  temperature and t h e  r e d u c t i o n  i n  area o f  t h e  b i l l e t  
d u r i n g  t h e  e x t r u s i o n  step, as w e l l  as  any subsequent TMT. The i n q o t  products  were r e c e i v e d  i n  sheet fo rm 
and c o l d  work r e f e r r e d  t o  was in t roduced  b y  r o l l i n g .  

f o r  an i r r a d i a t i o n  planned i n  FFTF t o  20 and 40 dpa. A 2 114 Cr-1 M3 s t e e l  was r a p i d l y  s o l i d i f i e d  b y  
u l t r a s o n i c  qas a tomiza t ion .  C o n s o l i d a t i o n  was by e x t r u s i o n  under vacuum a t  750 "C w i t h  area r e d u c t i o n  of 
1 O : l .  The f i n a l  p rocess ing  s tep was ho t  f o r g i n g  (750 "C) t o  a 50% r e d u c t i o n  i n  th i ckness .  A 9 Cr-1 M3 
s t e e l  was prepared by l i q u i d  dynamic compaction - a process i n  which t h e  m e l t  i s  sprayed on to  a cooled 
subs t ra te .  The 95% dense m a t e r i a l  produced was h o t  i s o s t a t i c  pressed a t  765 "C and 207 MPa f o r  1 h. It 
was then ho t  forged t o  5% r e d u c t i o n  i n  th i ckness .  One- th i rd  s i z e  Charpy V-notch specimens were prepared 
from each of these a l l o y s  f o r  i r r a d i a t i o n  t e s t i n g .  

Those desiqnated f l a k e  were a t t r i t e d  t o  t h i n  f l a k e s  t o  promote ox ide  f o r m a t i o n  b e f o r e  

I n  a d d i t i o n  t o  t h e  above i r r a d i a t i o n s  completed o r  i n  proqress, f e r r i t i c  m a t e r i a l s  have been prepared 

0.6 C r ,  0.2 Zr, 0.02 Mg Ex t rus ion :  650 "C, 2 5 : l  

5 N i ,  2.5 T i  E x t r u s i o n :  700 'C, 25:l 
F lake  + e x t r u s i o n :  860 "C, 2 5 : l  

Table 2.7.4. Composit ion and p r e p a r a t i o n  of copper a l l o y s  i r r a d i a t e d  i n  EN-11 .  

Z A C- 1  

ZA8 
- 2 8  

1) RS a l l o y s  

0.32 C r  
0.33 C r ,  0.23 Z r  E x t r u s i o n :  650 "C, 30: l  
0.8 Zr 

1 A l l o y  I Composit ion (wt% - balance Cu) I Prepara t ion  I 

ZCA 1 0.57A1, 0.27 Z r ,  0.22 C r  I E x t r u s i o n :  700 'C, 2 5 : l  
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Table  2.7.4. Composition and p r e p a r a t i o n  of copper  a l l o y s  i r r a d i a t e d  in  EBR-I1 ( c o n t i n u e d ) ,  

A 1  l o y  

M2C 

Composition ( w t %  - ba lance  C u )  

0 . 6  Cr, 0.2 Zr, 0.02 Mg 

C u- N i- T i  5 Ni, 2.5 Ti 

ZC A 0.57 A l ,  0.27 Zr, 0.22 Cr 

cu-Be 1.67 Ni, 0.38 Ni 

P r e p a r a t i o n  

S o l u t i o n  anneal + c o l d  r o l l  75% 
+ 475 "C, 1/2 h 

S o l u t i o n  anneal t co ld  r o l l  76% 
+ SO0 ' C ,  1 h 

C a s t ,  co ld  r o l l e d  50% 

INESCO p r o p r i e t a r y  TMT 

151  1 Zr S o f t  temper 

I 

Cold r o l l  75% 

194 1 2 .35  Fe, 0.12 Zn, 0.03 P 

I Annealed 

S o f t  temper 

Annealed 
'01 ' 214 

Cold r o l l  75% 

195 

SSC-155 

AMZIRC 

AMCROM 

1.5 Fe, 0.8 Co, 0.6 Sn, 0.1 P S o f t  temper 

0.11 Mq, 0.034 Ag, 0.06 P S o l u t i o n  anneal + c o l d  r o l l  50% 

0.16 2r Cold r o l l  80% + 450'C, 1 h 

0.72 Cr Cold r o l l  SO% + 425 "C, 1 h 
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2.8 ANALYSIS OF DAMAGE EXPOSURE RATES I N  THE MATERIALS OPEN TEST ASSEMBLY OF THE FAST FLUX TEST FACILITY - 
R. L. Simons 

2.8.1 ADIP/DAFS Task 

A D I P  - Task I.A.2-Define T e s t  M a t r i c e s  and Procedure 
OAFS - Task I I .A.1 - F i s s i o n  Reactor  Dos imet ry  

2.8.2 O b j e c t i v e  

Tes t  Assembly (MOTA) i n  t h e  Fas t  F l u x  Tes t  F a c i l i t y  (FFTF). 

2.8.3 Summary 

were determined from t h e  a n a l y s i s  of d o s i m e t r y  measurements made d u r i n g  MOTA Cycles 1 A  and 16. 

2.8.4 Progress  and S t a t u s  

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

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  c a l c u l a t e  t h e  i r r a d i a t i o n  damage parameters f o r  t h e  M a t e r i a l s  Open 

The a x i a l  d i s t r i b u t i o n  o f  dpalsec i n  s t a i n l e s s  s t e e l  (Fe lRCr lONi)  and f l u x  E > 0 MeV and E > 0.1 MeV 

The FFTF MOTA i s  an e x c e l l e n t  f a c i l i t y  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  f o r  a number o f  reasons 
i n c l u d i n g :  
su red  i r r a d i a t i o n  temperatures,  and 4 )  q u i c k  r e c h a r g i n g  o f  m e t a l l u r g i c a l  specimens between r e a c t o r  c y c l e s .  

and f l u x  > O  MeV and >0.1 MeV were determined f o r  MOTA. 

2.8.4.2 A n a l y s i s  and R e s u l t s  

1 )  h i g h  d isp lacement  r a t e  and subsequent dpa, 2 )  l a r g e  t e s t  volumes, 3 )  c o n t r o l l e d  and mea- 

Dos imet ry  m o n i t o r s  i r r a d i a t e d  i n  MOTA c y c l e s  1A and 1 B  were analysed and a x i a l  d i s t r i b u t i o n  o f  dpa lsec  

The d o s i m e t r y  i n  MOTA 1A c o n s i s t e d  o f  seven s p e c t r a l  s e t s  and n i n e  g r a d i e n t  s e t s  which were d i s t r i b -  
u t e d  a x i a l l y  and r a d i a l l y  t o  o b t a i n  n e u t r o n  s p e c t r a  and f l u x  g r a d i e n t  i n f o r m a t i o n .  MOTA 1 8  d o s i m e t r y  con-  
s i s t e d  o f  t h r e e  s p e c t r a l  s e t s  ( two  i n  t h e  below c o r e  c a n i s t e r )  and f i v e  g r a d i e n t  s e t s  d i s t r i b u t e d  a x i a l l y .  
Fo r  t h e  most p a r t ,  t h e  d o s i m e t r y  i n  MOTA 1 A  was used t o  c h a r a c t e r i z e  t h e  n e u t r o n  env i ronment  i n  MOTA and 
t h e  d o s i m e t r y  i n  MOTA 1B was used t o  n o r m a l i z e  t h e  c h a r a c t e r i z e d  env i ronment .  The n o r m a l i z a t i o n  i s  j u s t i -  
f i a b l e  because t h e  n e u t r o n  env i ronment  i s  expected t o  change l i t t l e  between r e a c t o r  o p e r a t i n g  c y c l e s .  

The FFTF power t i m e  h i s t o r y  ( o b t a i n e d  f r o m  o p e r a t i o n s  r e p o r t s )  was used as i n p u t  t o  t h e  TIMWH code' 
t o  de te rm ine  s a t u r a t i o n  f a c t o r s  and t h e  t o t a l  e f f e c t i v e  f u l l  power exposure t i m e .  The r e a c t i o n  r a t e s  
[ d i s i n t e g r a t i o n s  p e r  second p e r  nuc leus,  ( d p s l n ) ]  a t  f u l l  power o p e r a t i o n  (400 MW) a r e  t a b u l a t e d  f o r  MOTA 
1A and 1B i n  Tables 1 and 2 r e s p e c t i v e l y .  
ranged from one t o  seven p e r c e n t  on s t a n d a r d  d e v i a t i o n .  
seconds and f o r  18 was 9.466 x l o 6  seconds. 

The measured r e a c t i o n  r a t e s  a r e  used t o  a d j u s t  t h e  a p r i o r i  n e u t r o n  spect rum u s i n g  t h e  g e n e r a l i z e d  
l e a s t  square code FERRET.' The a p r i o r i  n e u t r o n  s p e c t r a  f o r  MOTA a r e  f r o m  a t h r e e  d imens iona l ,  5 3  energy  
g r o u p- d i f f u s i o n  t h e o r y  c a l c u l a t i o n  o f  t h e  FFTF f o r  t h e  p r e - s t a r t u p  f u e l  l o a d i n g  c o n d i t i o n . '  
f l u x e s  used i n  t h i s  a n a l y s i s  a r e  from t h e  subassembly 3404. Subassembly 3404 i s  a sh im subassembly ( f i l l e d  
w i t h  s t a i n l e s s  s t e e l  p i n s )  i n  a l o c a t i o n  w i t h  su r round ing  f u e l  and c o n t r o l  r o d s  which were n o m i n a l l y  t h e  
same as those  around MOTA. 
assembly. 
a x i a l  l o c a t i o n .  The c a l c u l a t i o n  showed no s i g n i f i c a n t  r a d i a l  g r a d i e n t  across t h e  subassembly. The 
r e a c t i o n  c r o s s  s e c t i o n s  and f i s s i o n  y i e l d s  a r e  based on ENDFIB-V n u c l e a r  data.  

a r e  shown i n  F i g u r e s  1 t h r u  3 and a r e  t a b u l a t e d  i n  Tab le  3. The symbols a r e  t h e  a d j u s t e d  va lues .  The 
c u r v e  i s  an i n t e r p o l a t i o n  u s i n g  t h e  c a l c u l a t e d  va lues  as a gu ide .  
l a t e d  exposure r a t e s  were <25% i n  c o r e  and above co re .  However, i n  t h e  be low c o r e  c a n i s t e r  t h e  measured 
and c a l c u l a t e d  d i f f e r e d  b y  up t o  80%. The accuracy o f  t h e  a d j u s t e d  exposures i s  5-10% (+lo) i n  t h e  c o r e  
( l e v e l s  1 t h r u  5 )  and 10-15% (+ lo)  o u t s i d e  t h e  c o r e  (bcc and l e v e l s  6 and 8 ) .  The a n a l y s i s  of t h e  g r a d i e n t  
s e t s  shows t h a t  t h e  f l u x  drops <5% across t h e  MOTA subassembly a t  a l l  l e v e l s  excep t  i n  l e v e l  6. I n  l e v e l  6 
t h e  g r a d i e n t  w i r e s  show approx imate ly  10% h i g h e r  f l u x  on t h e  c o r e  c e n t e r  s i d e  of MOTA t h e n  t h e  c o r e  edge 
s i d e .  T h i s  may b e  a f fec ted  b y  t h e  mass l o a d i n g  i n  l e v e l  6 o r  a nearby  c o n t r o l  r o d .  

expected t o  b e  l e s s  t h a n  5%.  The MOTA 1B r e s u l t s  g e n e r a l l y  f a l l  w i t h i n  t h e  one s tandard  d e v i a t i o n  
u n c e r t a i n t i e s .  
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FIGURE 2.8.1. Displacement rate for stainless steel (FelRCrlONi) in FFTF MOTA. 
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M m m l  2 lcml 

FIGURE 2.8.2. F l u x  E > 0 MeV in FFTF IK ITA .  
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FIGURE 2.8.3. F l u x  E > 0.1 MeV i n  FFTF MOTA. 

Tab le  2.8.1 Reac t ion  r a t e s  ( d p s / n )  f rom MOTA I A  wh ich  were used t o  a d j u s t  
t h e  s p e c t r a  a t  v a r i o u s  a x i a l  l o c a t i o n s  

A x i a l  l o c a t i o n  

+71.07 +111.46 -44.27 -22.75 -0.03 +20.27 ~ 3 6 . 7 ~  

59Co(N,y )60Co 9.489-10 4.522-10 4.248-10 3.668-10 5.694-10 1.021+09 3.306-10 

5.152-11 5.378-11 5.861-11 4.771-11 3.503-11 l .q57-11 5.128-12 

2.420-11 4.205-11 4.535-11 3.802-11 2.141-11 6.885-13 3.181-14 

1.386-13 2.425-13 2.579-13 2.172-13 1.227-13 3.583-15 2.386-16 

58Ni  (n,p)58Co 3.629-11 6.034-11 6.487-11 5.528-11 3.084-11 1.038-12 5.052-14 

45Sc( n ,I )46T i  1.757-10 2.031-10 2.152-10 1.787-10 1.237-20 6.195-11 2.015-11 

46Ti  ( n , ~ ) ~ % c  3.050-12 5.385-12 5.859-12 4.883-12 2.781-12 7.963-14 2.426-15 

237Np(n,f)  1.433-09 2.289-09 2.613-09 2.038-09 1.166-09 1.369-10 1.393-11 

* 3 9 ~ u ( n , f )  8.056-09 9.371-09 9.808-09 8.496-09 5.965-09 3.108-09 9.156-10 

23511 (n, f )  8.354-09 9.567-09 1.004-08 8.581-09 6.208-09 3.273-09 9.784-10 
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Table  2.8.2 React ion r a t e s  (dps/n)  from MOTA 16  which were used t o  a d j u s t  
t h e  neu t ron  s p e c t r a  a t  v a r i o u s  a x i a l  l o c a t i o n s  

Axial l o c a t i o n  

-65.34 -60.10 -43.17 -21.69 -2.38 21.37 t37 .37  t68 .99  t114.46 

3.099-09 

5.234-1 1 

2.458-1 2 

2.471-14 

3.519-1 2 

2.814-13 

4.646-10 

9.790-09 

1.038-08 

3.317-09 i . ifin-09 4.382-10 3.904-10 3.484-10 4.420-10 1.198-09 3.324-10 

5.578-11 4.789-11 5.265-11 5.196-11 4.623-11 3.626-11 2.012-11 4.626-12 

4.702-12 2.407-11 4.409-11 4.586-11 3.961-11 2.409-11 9.987-13 2.868-14 

3.557-14 

6.656-1 2 

5.630-1 3 

6.305-10 

1.084-08 

1.073-08 
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TABLE 2.8.3 Opa/sec and Flux E > 0 and > 0.1 MeV i n  FFTF MOTA 1A and 1 B  

2 Flux E > 0 MeV Flux E > 0.1 MeV 
(cm) (n/cmz-sec) (n/cmZ-sec ) d p a / s e c  

-77.53 
-72.01 
-65.76 
-60.20 
-55.34 
-50.47 
-47.01 
-43.57 
-38.74 
-33.90 
-29.04 
-24.15 
-19.34 
-14.62 
-9.92 
-5.03 
0.00 
4.95 
9.80 

14.66 
19.51 
24.36 
29.32 
34.10 
38.98 
43.85 
47.32 
50.77 
55.63 
60.50 
67.41 
76.87 
88.33 

100.27 
111.22 
122.16 

1.51 1015 
1 .85  1015 

2.96 1015 

3.61 1015 
3.88 1015 
4.26 1015 
4.61 1015 
4.98 1015 

5.26 
5.44 1015 
5.50 1015 
5.50 1015 
5.39 1015 

4.82 1015 

4.18 1015 
3.79 1015 
3.36 1015 

2.46 1015 

15 
15 

2.19 x 10 
2.57 x 10  

15 3.34 x 10  

15 5.11 x 10  

15 
15 

5.26 x 1 0  
5.02 x 10  

15 4.50 x 10  

15 2.91 x 10  

2.16 x 1015 
15 1.87 x 10  
15 1.50 x 10 

8.06 x l o T 4  
1.17 1015 

5.45 1014 
3.42 1014 
2.18 x 1014 
1.43 1014 
9.32 1013 

7.57 1014 

1.33 1015 
1.59 
1 . 9 8  1015 
2.15 1015 

2.69 1015 
2.92 1015 
3.10 1015 
3.25 1015 
3.36 1015 
3.44 1015 

3.51 1015 
3.48 1015 
3.39 1015 
3.27 1015 

2.97 l o T 5  
2.72 1015 
2.47 1015 
2.21 1015 

1.58 l o T 5  
1.33 1015 

6.03 1014 
3.95 1014 
2.48 1014 
1.41 1014 
8.08 1013 
4.77 1013 

14 

15 
9.26 x 1 0  
1.10 x 1 0  

15 2.40 x 10  

15 3.49 x 10  

15 3.13 x 10  

15 1.91 x 1 0  

15 
14  

1.09 x 10  
8.17 x 10  

1 3  2.79 x 10  

2.55 
3.22 
3.95 
4.93 
6.16 
7.73 

1.06 x 10-6 
1.21 x 10-6 

7 9.15 x 10- 

1 .33 x lo- '  
1 .43 x l o w 6  
1.50 x 

1.55 x l o w 6  
1.59 x lo-' 
1.62 x 

1.63 x 

1.61 x 

1.57 x 10" 
1 .52 x 

1 . 4 5  x 

1.35 x 

1.14 x lo-' 
1 .25  x 

1.02 x 10-6 
8.75 
7.08 
5.80 
4.57 
3.27 
2.33 
1.47 x 

8.98 x 

5.01 x lo-' 
2.85 x 

1.69 x 
9.96 1 0 - ~  
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3.1 M I N O R  COMPOSITIONAL VARIAT IONS OF THE AUSTENIT IC  PCA TO EXPLORE MC FORMATION AND STABILITY 
CHARACTERISTICS FOR IMPROVED RADIAT ION RESISTANCE - P. J. Maziasz (Oak Ridge Nat iona l  Labora to ry )  and 
S. J i tsukawa (Japan Atomic Energy Research I n s t i t u t e )  

3.1.1 A O I P  Task 

A D I P  Task I .C . l ,  M i c r o s t r u c t u r a l  S t a b i l i t y  

3.1.2 O b j e c t i v e s  

The o b j e c t i v e  i s  t o  vary t h e  composi t ion of t h e  PCA t o  f u r t h e r  s t a b i l i z e  t h e  MC phase, now t h a t  an 
optimum p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  c o n d i t i o n  (and a p p r o p r i a t e  thermal  mechanical t rea tments )  has been 
def ined.  Minor  a l l o y i n g  element concen t ra t ions  were v a r i e d  t o  determine t h e i r  e f f e c t  on MC fo rmat ion  
c h a r a c t e r i s t i c s  ( p a r t i c u l a r l y  a t  g r a i n  boundar ies)  and MC phase composit ion. 

3.1.3 Summary 

The o r i g i n a l  PCA e x c l u s i v e l y  forms MC ca rb ides  i n  t h e  m a t r i x  and g r a i n  boundaries d u r i n g  s h o r t - t e r m  
aging, w i t h  a small  amount o f  Laves appearing a t  l onger  t imes.  
b i l i t y  f o r  chromium. Small l a b o r a t o r y  m e l t s  were made which vary C, S i ,  Mo, and Ti  a l l o y  concen t ra t ions  
t o g e t h e r  w i t h  P and Nb add i t i ons .  Solut ion- annealed (SA) a l l o y s  w i t h  ( T i  t Nb), o r  Nb and lower  S i  l e v e l s ,  
e x h i b i t e d  g r a i n  boundary MC format ion a f t e r  166 h a t  8OO"C, whereas o t h e r  a l l o y s  formed o n l y  coarse M,,C,. 
#one formed i n t e r m e t a l l i c s .  A l l o y s  w i t h  s t a b l e  g r a i n  boundary MC fo rmat ion  i n  t h e  SA c o n d i t i o n  showed 
e x c e l l e n t  r e s i s t a n c e  t o  r e c r y s t a l l i z a t i o n  when c o l d  worked ( C W ) .  
s i t i v e  t o  a l l o y i n g  changes; combinat ions of Nb, C, and P a l l o y i n g  a d d i t i o n s  lowered t h e  (Mo + C r )  con ten t  o f  
t h e  T i - r i c h  MC phase, p a r t i c u l a r l y  i n  small  p a r t i c l e s .  

3.1.4 Progress and Status 

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

(SA t 8 h a t  800°C + 25% CW) as t h e  optimum p r e i r r a d i a t i o n  m i c r o s t r u c t u r a l  c o n d i t i o n  of t h e  Path A PCA t o  
p r o v i d e  both v o i d  s w e l l i n g  and he l ium embr i t t l ement  res is tance. '- 3 An e s s e n t i a l  f e a t u r e  o f  t h i s  v o i d  
s w e l l i n g  r e s i s t a n c e  (demonstrated i n  HFIR) i s  t h e  format ion and s t a b i l i t y  o f  a f i n e  d i s p e r s i o n  o f  MC par-  
t i c l e s  i n  t h e  PCA d u r i n g  i r r a d i a t i ~ n . ~  Likewise, t h e  he l ium embr i t t l ement  r e s i s t a n c e  i s  a t t r i b u t e d  t o  t h e  
format ion o f  medium-coarse MC p r e c i p i t a t e s  a t  t h e  g r a i n  boundaries p r i o r  t o  i r r a d i a t i o n  which then  remain 
s t a b l e  d u r i n g  i r r a d i a t i ~ n . ~  Rad ia t ion  r e s i s t a n c e  f a i l s  when m a t r i x  and g r a i n  boundary MC p a r t i c l e s  become 
u n s t a b l e  and d issolve. '  Therefore, i t  i s  s e n s i b l e  t o  seek g r e a t e r  MC s t a b i l i t y  f o r  improved r a d i a t i o n  
r e s i s t a n c e  by a p p r o p r i a t e  a1 1oy composi t ional  mod i f i ca t ion .  

Modern a n a l y t i c a l  e l e c t r o n  microscopy (AEM) has demonstrated t h a t  t h e  t i t a n i u m - r i c h  MC phase i n  
molybdenum-containing s t e e l s ,  l i k e  t y p e  316, can d i s s o l v e  s u b s t a n t i a l  amounts o f  Mo and/or Cr.6-8 The 
composi t ion and s t o i c h i o m e t r y  of t h e  t i t a n i u m - r i c h  MC phase may a l s o  vary w i t h  p a r t i c l e  s ize.9 
t h e  n iob ium- r ich  MC phase appears f a i r l y  pure. 
l a t i n g  t h e  s t a b i l i t y  of t h e  MC phase. 
p a t i b l e  w i t h  t h e  phase 's  n a t u r a l  s o l u t e  enr i chment /dep le t ion  c h a r a c t e r i s t i c s  (i.e., i nc rease  T i ,  C, and Mo 
w h i l e  reducing S i ) .  
p o s s i b l y  a l t e r  i t s  s o l u b i l i t i e s  f o r  o ther  elements, l i k e  n iob ium i n  combinat ion w i t h  t i t a n i u m  t o  reduce t h e  
s o l u b i l i t y  o f  Mo and/or Cr .  
heats  o f  mod i f ied  PCA a l l o y s  a re  examined here. 

3.1.4.2 Exper imenta l  

Composit ions o f  t h e  f i r s t  n ine  exper imenta l  a l l o y s  a re  g iven  i n  Table 3.1.1, w i t h  composi t ions o f  
severa l  commercial s t e e l s ,  i n c l u d i n g  t h e  o r i g i n a l  PCA (K-280 hea t ) ,  g i ven  i n  Table 3.1.2. The exper imenta l  
heats  were homogenized (24 h a t  1275°C) and f a b r i c a t e d  t h e  same as t h e  PCA (K-280 hea t )  w i t h  t h e  f i n a l  SA 
be ing  1 h a t  1100°C and t h e  f i n a l  CW l e v e l  be ing 25%. 
p ieces of commercial t y p e  316 and PCA; t h e  samples were wrapped i n  a tan ta lum f o i l  and encapsulated i n  
q u a r t z  tubes evacuated and b a c k f i l l e d  w i t h  argon gas. 
a r y  MC-forming c h a r a c t e r i s t i c s  o f  t h e  va r ious  a l l o y s ,  w h i l e  r e c r y s t a l l i z a t i o n  r e s i s t a n c e  o f  t h e  CW m a t e r i a l  
was used t o  t e s t  t h e  s t a b i l i t y  o f  f i n e  MC p a r t i c l e s .  

used t o  analyze phase composi t ions on e x t r a c t i o n  r e p l i c a s  made from t h e  SA m a t e r i a l  aged f o r  166 h a t  800°C. 
The MC phase composi t ional  i n fo rmat ion  was c o r r e l a t e d  w i t h  a l l o y i n g  changes and w i t h  t h e  MC 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 .  
e l e c t r o n  i n t e n s i t y  a t  very small  probe sizes. 
( w i t h  b e r y l l i u m  h o l d e r )  t o  e l i m i n a t e  contaminat ion d u r i n g  ana lys is .  
b r i g h t n e s s  probe t o g e t h e r  w i t h  t h e  e x t r a c t i o n  r e p l i c a s  were necessary t o  a c c u r a t e l y  analyze phase p a r t i c l e s  
s m a l l e r  than  -10 nm i n  diameter.  

The MC phase shows a s u r p r i s i n g l y  h i g h  s o l u-  

The MC phase composi t ion was q u i t e  sen- 

Prev ious work o u t l i n e d  t h e  a l l o y  development e f f o r t s  t h a t  l e d  t o  t h e  s e l e c t i o n  of t h e  83 c o n d i t i o n  

By c o n t r a s t ,  
Therefore, two a l l o y i n g  s t r a t e g i e s  appear v i a b l e  f o r  manipu- 

The f i r s t  would o b v i o u s l y  be t o  change t h e  a l l o y  i n  a manner com- 

The second would be t o  i n t e n t i o n a l l y  add elements t h a t  e n t e r  t h e  MC phase i t s e l f  and 

Toward t h i s  end, t h e  f i r s t  s e t  o f  a s e r i e s  of small  exper imenta l  l a b o r a t o r y  

Samples were aged a t  800°C f o r  166 h, t o g e t h e r  w i t h  

The SA m a t e r i a l  was in tended  t o  t e s t  t h e  g r a i n  bound- 

I n  a d d i t i o n  t o  convent ional  t ransmiss ion  e l e c t r o n  microscopy (CTEM) performed on t h i n  f o i l s ,  AEM was 

AEM was performed on a P h i l i p s  EM400 equipped w i t h  a f i e l d  emission gun (FEG) f o r  h i g h  

It should be noted t h a t  a f i n e  h i g h  
Repl icas were a l s o  analyzed u s i n g  a l i q u i d  N, c o l d  s tage 



38 

Table 3.1.1. Composit ions of exper imenta l  heats o f  PCA w i t h  composi t ional  v a r i a t i o n s  

A1 1 oy 
des igna-  

t i o n  N i  C r  Ma Mn S i  T i  Nb C P N s B 

Composition,a w t  % 

?CA- 1 16 14 2.5 2.1 (0.01 0.13 0.12 0.043 0.001 0.0003 0.008 (0.001 
PCA-2 16 14 1.4 2.0 (0.01 0.14 0.11 0.053 0.001 0.0004 0.007 (0.001 
PCA-3 15.8 14.3 2.5 2.0 0.42 0.13 0.11 0.056 0.001 0.0005 0.007 (0.001 
PCA-4 16 14 2.5 2.1 0.07 (0.01 0.26 0.051 0.001 0.0003 0.007 (0.001 
PCA-5 15.9 14.4 1.5 2.1 0.11 (0.01 0.26 0.048 0.001 0.0002 0.007 (0.001 
PCA-6 16 13.9 2.4 2.1 0.46 0.25 (0.01 0.081 (0.001 0.0004 0.008 (0.001 
PCA-7 16 14 2.6 2.1 0.42 <0.01<0.01 0.057 0.001 0.0002 0.007 (0.001 
PCA-8 16 13.9 2.7 2.1 (0.01 0.17 0.14 0.081 0.001 0.0007 0.008 (0.001 
PCA-9 16 13.8 2.5 2.0 0.41 0.25<0.01 0.073 0.03 0.0005 0.007 (0.001 

aBalance i r o n .  

Table 3.1.2. Composit ions of severa l  commercial heats  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  

A1 1 oy 
des i  gna- 
t i o n  N i  Cr Ma Mn S i  T i  Nb C P N s B 

316 13 18 2.6 1 . 9 0 . 8 0 . 0 5 . .  o . 0 5 0 . 0 1  0.05 0.016 0.0005 

Composition,a w t  % 

( DO-heat ) 

( N - l o t )  

316 
(hea t  
X-15893) 

316 13.5 16.5 2.5 1.6 0.5 -- -- 0.05 0.01 0.006 0.006 0.0008 

12.4 17.3 2.2 1 . 7 0 . 7  -- 0.01 0 . 0 5 0 . 0 3  -- 0.015 0.0004 

316 + T i  12 17 2.5 0.5 0.4 0.23 -- 0.06 0.01 0.006 0.013 _- 
(R1 hea t )  

PCA 16.2 14 2.3 1.8 0.4 0.24 -- 0.05 0.01 0.01 0.003 _ _  
(K-280 
h e a t )  

aBalance i r o n .  

3.1.4.3 Rezults 
M i c r o s t r u c t u r a l  Behavior of Commercial A l l o y s  - SA - I n  genera l ,  t ype  316 s t a i n l e s s  s t e e l  forms com- 

b i n a t i o n s  of MZ3C6,  M6C, Laves, x ,  and o phases i n  t h e  temperature range o f  650 t o  9 O O " C ,  a t  ag ing t imes  of 
10 t o  100 h or  longer .1°  P r e c i p i t a t i o n  k i n e t i c s  reach a maximum a t  800OC. I n  t h i s  work, a l l  t h r e e  hea ts  
o f  t y p e  316 s t a i n l e s s  s t e e l  formed coarse M z 3 C 6  a t  g r a i n  boundaries a f t e r  166 h a t  800°C, b u t  m a t r i x  p re-  
c i p i t a t i o n  v a r i e d  cons iderab ly  from heat  t o  heat ,  as shown i n  Fig. 3.1.1. The N- lo t  316 had no i n t r a g r a n u -  
l a r  p r e c i p i t a t i o n  w h i l e  t h e  DO-heat 316 had copious amounts of coarse Laves and x phase p a r t i c l e s ;  behav io r  
o f  t h e  X-15893 heat  o f  316 was i n t e r m e d i a t e  between these extremes. 

I n t r a g r a n u l a r  MC fo rmat ion  i n  t h e  R1-heat o f  316 t T i  suppressed fo rmat ion  o f  M2,C6. Laves, and x phases 
c o m a r e d  t o  DO-heat 316 a f t e r  lonu- t ime auinu a t  800'C. as shown i n  F i q .  3.1.2. Some MC a l s o  formed a t  

The a d d i t i o n  o f  t i t a n i u m  t o  t y p e  316 s t a i n l e s s  s t e e l  induced format ion o f  t h e  MC phase d u r i n g  aging. 

g r a i n  boundar ies and suppressed f&mation-of-MZ3C6. bu t  t h e  fo rmat ion  i f  i n t e r g r a n u l a r  o phase was g r e a t l y  
enhanced i n  t h e  316 t T i  r e l a t i v e  t o  316. By c o n t r a s t ,  o n l y  MC was observed i n  t h e  m a t r i x  and a t  g r a i n  
boundar ies i n  t h e  PCA IK-280 h e a t )  r e l a t i v e  t o  t w e  316 s t a i n l e s s  s t e e l  a f t e r  166 h a t  800OC.  as seen i n  
F io.  3 . 1 . 3 .  < -  - - - - - -  

M i c r o s t r u c t u r a l  Behavior  o f  Conunercial A l l o y s  - CW - I n  genera l ,  c o l d  work ing enhanced p r e c i p i t a t i o n  
k i n e t i c s  and t h e  format ion o f  i n t e r m e t a l l i c  r e l a t i v e  t o  ca rb ide  Dhases comared  t o  SA mate r ia l ."  The as- 
cold-worked s t r u c t u r e  a l s o  began t o  recover  i n  t y p e  316 s t a i n l e s s  s t e e l s  when p r e c i p i t a t i o n  occurred;  CW 316 
(DO-heat) began t o  r e c r y s t a l l i z e  a t  -700°C and above,12 as seen i n  Fig. 3.1.4. The fo rmat ion  of very f i n e  
MC p r e c i p i t a t e s  p inned d i s l o c a t i o n s  t o  prevent  recovery and r e c r y s t a l l i z a t i o n  u n t i l  h i g h e r  temperatures i n  
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DO-HEAT 316 

a 

ORNL-PHOTO 1345-85 

MFE REF. X-HEAT 316 N-LOT 316 

C 

18 Cr/13 Ni 17.3 Crl12.4 Ni 16.5 Cr/13.5 Ni 

Fig. 3.1.1. P r e c i p i t a t i o n  d i f fe rences  f o r  several  d i f f e r e n t  hea ts  o f  type  316 s t a i n l e s s  s t e e l  aged f o r  
166 h a t  800°C i n  t h e  solut ion- annealed cond i t ion .  
( c )  N- lot  type  316. 

(a )  DO-heat, (b) X-15893 heat  (MFE re fe rence  h e a t ) ,  and 

SA3 16 

I 

1 

'23'6 
i 

.AVES 
i 

ORNL-PHOTO 1313-85 

SA316 + 0.25 wt 96 Ti 

Fig. 3.1.2. P r e c i p i t a t i o n  of 0 phase i n  (a )  SA 316 t Ti  (R1 h e a t )  compared t o  ( b )  SA 316 (DO-heat) for  
long  t i m e  aging (2770 h )  a t  800°C. 
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ORNL-PHOTO 1m-a 

Fig. 3.1.3. The fo rmat ion  c h a r a c t e r i s t i c s  o f  MC p r e c i p i t a t i o n  i n  SA PCA (K-280 hea t )  aged f o r  166 h a t  
800OC. 
c i p i t a t i o n  a re  found a long g ra i n  boundaries. 

Nonuniform (a) patches, (b) c l u s t e r s  o f  MC p a r t i c l e s  i n  t he  mat r i x ,  and ( c )  medium-coarse m: pre-  

Fig. 3.1.4. R e c r y s t a l l i z a t i o n  data on 25%-CW 

General ly  t he  t i  t a n i  urn-modi f i e d  

PCA (K-280 heat ) ,  20%-CW 316 t Ti (R1 heat) ,  and 
20%-CW 316 (00-heat) a f t e r  aging f o r  var ious  t imes 
and temperatures. 
S tee ls  r e s i s t  r e c r y s t a l l i z a t i o n  b e t t e r  than does 
t ype  316. 

CW 316 + T i  (Rl -heat)  and CW PCA (K-280 heat )  r e l a t i v e  t o  CW 316 (DO-heat),12*13 as a l s o  seen i n  Fig. 3.1.4. 
The m ic ros t ruc tu re  o f  CW PCA (K-280 heat )  i s  shown i n  Fig. 3.1.5 a f t e r  aging f o r  166 h a t  800'C. 
t h e  s t r u c t u r e  r e s i s t e d  recovery, w i t h  f i n e  MC p r e c i p i t a t i o n  a long t he  d i s l oca t i ons ,  but  a few small ,  new 
d i s l o c a t i o n- f r e e  g ra ins  were a l s o  found. F ine MC apparen t ly  d isso lved  du r i ng  t he  r e c r y s t a l l i z a t i o n  process, 
t o  be replaced by coarser  c l u s t e r s  of MC i n  t he  new grain.  
t h e  d i s l o c a t i o n  s t r u c t u r e  amear  t o  be re la ted .  

Most o f  

S t a b i l i t y  of f i n e  MC p a r t i c l e s  and s t a b i l i t y  o f  

Phase Mic rocompos i t ion i i  Behavior i n  Commercial A l l oys  - SA and CW - The p r e c i p i t a t e  phases found i n  
t ype  316 s t a i n l e s s  s tee l  were qenera l l v  r i c h  i n  molvbdenum and chromium. The M,C carb ide was r i c h  i n  Mo. 
S i ,  Cr ,  and N i  ( a l l  o t he r  phases were n i c k e l - p o o r ) i t h e  M2& carb ide  was r i c h  Tn chromium and molybdenum. 
The i n t e r m e t a l l i c  x,  Laves, and a phases conta ined subs tan t i a l  i r o n  i n  a d d i t i o n  t o  t h e i r  chromium and molyb- 
denum enrichments; Laves phase was t he  r i c h e s t  of t he  i n t e r m e t a l l i c s  i n  molybdenum and s i l i c o n .  

( R 1  and K-280 heats), but  phase composit ions remained q u i t e  constant. 
l i t t l e  change w i t h  aging temperature (except Laves) or t ime  and l i t t l e  s e n s i t i v i t y  t o  SA o r  CW s t a r t i n g  con- 
d i t i o n .  F i n a l l y ,  t h e i r  composit ions show l i t t l e  or no p a r t i c l e  s i z e  dependence, a l though most were q u i t e  
coarse. 

s e n s i t i v i t y  t o  a l l o y  composit ion, i n i t i a l  cond i t ion ,  aging temperature, and p a r t i c l e  size. Composit ional 
analyses f o r  t he  MC phase are presented i n  Table 3.1.3 f o r  both t i tan ium- modi f ied  heats o f  s t ee l  and j u s t  
f o r  t h e  PCA (K-280) i n  Fig. 3.1.6. Smaller p a r t i c l e s  ( l ess  than -100 nm i n  d iameter)  conta ined more Cr ,  Mo, 
and Fe a t  t he  expense of Ti as p a r t i c l e  s i ze  decreased, p a r t i c u l a r l y  a t  lower temperatures. 
o f  s tee l ,  small MC p a r t i c l e s  were more d i l u t e  i n  t he  SA r e l a t i v e  t o  t h e  CW mater ia l  a f t e r  s i m i l a r  aging. 
The T i c  was o f  h igher  p u r i t y  i n  p a r t i c l e s  l a r g e r  than -150 nm. 

Phase amounts va r i ed  from heat t o  heat  i n  t ype  316 s t a i n l e s s  s tee l  and i n  t he  t i tan ium- modi f ied  s t e e l s  
These phase composit ions showed 

I n  con t ras t  t o  t he  behavior  of t he  o ther  phases, t he  MC phase showed considerable composi t ional  

I n  both heats 
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25% CW PCA, AGED 

Fig. 3.1.5. R e c r y ~ t a l l i z a t i o n  behavior o f  '25%-CW PCR (K-280 heat)  a f t e r  aging fo r  166 h a t  BOO°C. 
(a)  Un rec rys ta l l i zed  regions (-95 vo l  % o f  m a t e r i a l )  w i t h  t he  as-cold-worked d i s l o c a t i o n  s t r u c t u r e  pinned by 
f i n e  MC p r e c i p i t a t e  ( da rk- f i e l d  i n l a y )  r e s i s t  recovery; (b)  an i so l a ted .  r e c r y s t a l l i z e d ,  d i s l oca t i on- f ree  
g r a i n  i n  which f i ne  MC has d isso lved  and coarse MC has p rec ip i t a ted .  

Table 3.1.3. MC phase composit ions i n  aged comnercial 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  

Aging cond i t i ons  

Temper- Ti 
Phase composition,a at.  'b 

S i  MD C r  T i  V Nb Fe N i  
Comments me 

(h)  
a t u r e  
( "C) 

SA 316 + T i  (R1 Heat1  

600 2770 3 36 25 31 1 n.d. 4 n.d.b [1Ic 7-10 nm i n  diameter 
n.d. 18 3 77 n.d. n.d. 1.7 0.3 [8] 46-100 nm i n  diameter 

700 2770 n.d. 29 5 63.4 0.2 1.2 1 0.2 161 48-100 nm i n  diameter 

20%-CW 316 + Ti (R1 Heat1 

600 4400 n.d. 31 14 43 n.d. 1 11 n.d. [31 7-10 nm i n  diameter 
o r  smal le r  

:43 -18 nm i n  diameter 
:4 -270 nm i n  diameter 

121 % a l l ,  equiaxed, 

131 Small rods, 35 mn i n  
5-20 nm i n  diameter 

diameter 
n.d. 13.8 4.1 79.4 n.d. 0.1 2.2 0.4 [31 9C-150 nm i n  diameter 

aNormalized ana l ys i s  of metal atoms, exc lud ing  l i g h t  elements l i k e  C, N. and 0. 
bn.d. = none deteced. 
CNumbers i n  brackets i n d i c a t e  t h e  number o f  i n d i v i d u a l  p a r t i c l e s  or  small c l u s t e r s  

analyzed. 
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MC PHASE COMPOSITION (ai.%), PCA (K -280  HEAT) 
m V  

COLD WORKED 50% + (66 h AT 800OC 

SOLUTION ANNEALED + (66 h AT 800 OC 
too 

5 50 

0 

48 nm, 

T i  MO Cr 

Fig. 3.1.6. Histographs of t h e  MC phase com- 
p o s i t i o n  o f  var ious  po r t i ons  o f  t h e  t o t a l  s i z e  
popu la t i on  o f  p a r t i c l e s  formed i n  e i t h e r  SA o r  
50%-CW PCA (K-280 heat )  aged f o r  166 h a t  800°C. 
Note 
smal l e r  p a r t i c l e s .  

t h e  molybdenum and chromium contents o f  

+ 
V 

The v a r i a b i l i t y  o f  t h e  f i n e  MC phase composit ion supports t he  a l l o y  development s t r a tegy  of seeking t o  
manipulate MC phase composit ion (and poss ib l y  phase s t a b i l i t y )  v i a  a l l oy i ng .  

M i c ros t ruc tu ra l  Behavior of Experimental PCA A l l oys  - SA - Experimental a l l o y s  w i t h  n iobium (PCA-4) o r  
combined T i  and Nb (PCA -1) add i t i ons  and lower S i  l e v e l s  demonstrated t h e  best g r a i n  boundary MC format ion 
c h a r a c t e r i s t i c s .  De ta i l ed  m ic ros t ruc tu ra l  r e s u l t s  on a l l  a l l o y s  a re  g iven i n  Table 3.1.4. M i c ros t ruc tu res  
from t h i n  f o i l s  o r  r e p l i c a s  f o r  several  a l l o y s  are shown a t  lower magn i f i ca t i on  i n  Fig. 3.1.7; g r a i n  bound- 
a r y  m ic ros t ruc tu res  a t  h igher  magn i f i ca t ions  are shown i n  Fig. 3.1.8. M h e r  a l l o y s  (i.e., PCA-2 or  -6 i n  
Fig. 3.1.8) had l i t t l e  o r  no g r a i n  boundary MC and had coarse M Z 3 C  p a r t i c l e s  t h a t  were e i t h e r  equiaxed o r  
e longated i n  t h e  p lane o f  t he  boundary. 
t o  f i n e r  MC a t  t he  g r a i n  boundaries. whereas t he  PCA (K-280 hea t )  had on l y  MC and no M,,C, by comparison. 
Poss ib ly  t h i s  i s  due t o  t he  much h ighe r  n i t r ogen  i n  t h e  PCA r e l a t i v e  t o  t he  experimental a l l o y s  (0.01 com- 
pared t o  -0.0005 w t  X ,  r espec t i ve l y ) .  

The BCA-7, w i t hou t  t i tan ium,  demonstrated t h a t  t h e  16Nil14Cr aus ten i t e  o f  t h e  PCA a l l o y s  was more 
s t a b l e  t o  general p r e c i p i t a t e  decomposition ( e i t h e r  carb ides o r  i n t e r m e t a l l i c s )  than  t h e  13Ni/18Cr aus ten i t e  
of t ype  316 (Table 3.1.4 compared t o  Fig. 3.1.1). The PCAs-2. -3, -6. and -9 a l l  e x h i b i t e d  s t r i n g e r s  of MC 
p a r t i c l e s  p a r a l l e l  t o  and c lose  t o  g ra i n  boundaries, suggesting g r a i n  boundary m ig ra t i on  away from t h e  MC 
p a r t i c l e s .  

M i c ros t ruc tu ra l  Behavior of Experimental PCA A l l oys  - CW - The CW PCA a l l o y s  t h a t  e x h i b i t e d  t h e  best  
r e c r y s t a l l i z a t i o n  res is tance  were t h e  same a l l o y s  t h a t  e x h i b i t e d  g ra i n  boundary MC format ion i n  t h e  SA con- 
d i t i o n  (a l loys- 1,  -4, -8). The r e s u l t s  are a l so  descr ibed i n  Table 3.1.4. The except ion was PCA-5 which, 
a l though i t  formed.gra in boundary MC i n  t he  SA cond i t ion ,  a l so  had lower molybdenum. Both PCA-5 and -2 
demonstrated t he  importance o f  molybdenum; r e c r y s t a l l i z a t i o n  res is tance  was l o s t  when i t  was reduced. I n  
general,  t he  a l l o y s  showed no h i n t  o f  recovery i n  t h e  u n r e c r y s t a l l i z e d  regions o f  t he  ma te r i a l ,  regardless 
of t he  r e c r y s t a l l i z a t i o n  f r a c t i o n .  These unrecovered reg ions  always had t he  same m ic ros t ruc tu re  of f i n e  MC 
p a r t i c l e  formed along t h e  dense d i s l o c a t i o n  network. The p rec i se  r o l e  o f  f i n e  MC s t a b i l i t y  i n  r e c r y s t a l l i -  
z a t i o n  res is tance  i s  no t  c l e a r  because t he  a l l o y s  t h a t  r e c r y s t a l l i z e d  most r e a d i l y  a l s o  e x h i b i t e d  h i n t s  of 
g r a i n  boundary m ig ra t i on  i n  t h e  SA cond i t i on  (PCAs-2, -3, -6, and -9). However, f i n e  MC format ion and 
s t a b i l i t y  p l ay  an impor tan t  r o l e  because PCA-7 w i t hou t  t i t a n i u m  r e c r y s t a l l i z e d  almost completely. 

Phase Microcomposi t ional  Behavior o f  Experimental PCA A l l oys  - SA - The smal les t  MC p a r t i c l e s  were m s t  
s e n s i t i v e  t o  a l l o y i n g  changes, w i t h  (T  i t Nb) I eve l s  vary ing  i n v e r s e l y  t o  (Cr + Mo + Fe) leve ls .  A l l o y  
PCA-2 ( T i  t Nb, lower Mo) formed f i n e r  MC w i t h  lowest  amounts o f  (Cr + Mo), whereas MC i n  t h e  PCA-6 (Ti ,  
h i ghe r  S i  and C) conta ined t h e  most (Cr t Mo), nea r l y  50 at.  X. 
l y z e d  on r e p l i c a s  are g iven i n  Table 3.1.5, and h is tographs t h a t  o rder  t h e  composit ions from lowest  t o  
h i ghes t  ( C r  t Mo) content  are shown i n  Fig. 3.1.9. P a r t i c l e  s i z e  and (T i  t Nb) content  f o r  t h e  var ious  
a l l o y s  a re  c o r r e l a t e d  i n  Fig. 3.1.10. 
m i c r o s t r u c t u r a l  f o r m a t i o n l s t a b i l i t y  c h a r a c t e r i s t i c s  shown i n  Table 3.1.4 because phase composi t ion was sen- 
s i t i v e  t o  p a r t i c l e  s i z e  as we l l  as a l l o y  composition. Larger  p a r t i c l e s  i n  general had h i ghe r  (Ti + Nb) 
l e v e l s  than smal le r  ones, bu t  both l a r g e  and small p a r t i c l e s  showed cons i s ten t  composi t ional  s e n s i t i v i t i e s  
t o  a l l o y i n g  t o  suggest t h a t  such e f fec ts  were real .  

Even t h e  best  experimenta? a l l o y s  had some coarse M.& i n  a d d i t i o n  

Phase composit ions f o r  MC p a r t i c l e s  ana- 

MC phase composit ion and p u r i t y  d i d  no t  c o r r e l a t e  exac t l y  w i th  bes t  
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Table 3.1.4. M i c ros t ruc tu ra l  behavior  o f  t he  experimental PCA a l l o y s  a f t e r  
ag ing  f o r  166 h a t  800'C 

M i c r o s t r u c t u r a l  d e s c r i p t i o n  

Solut ion-annealed ma te r i a l  25%-cold-worked ma te r i a l  A l l o y  

PCA (K-280). T i  
Base l ine  

PCA-1, T i  t Nb 
low si 

PCA-4, Nb, 
low si 

PCA-5, Nb, 
low S i  and Mo 

PCA-8, T i  + Nb, 
low S i ,  h igher  
C 

PCA-2, T i  t Nb, 
low Si and Mo 

Nonuniform 
c l u s t e r s  of 
p a r t i c l e s  

Somewhat uniform 
d i spe rs i on  of 
p a r t i c l e s  and 
c l u s t e r s  

Large, ronuniform 
patches of smal le r  
MC p a r t i c l e s  

Smewhat uniform 
d i spe rs i on  of 
coarser  Mc 
p a r t i c l e s  

Large, nonuniform 
patches of smal le r  
MC D a r t i c l e s  

Nonuniform and 
s t r i n g e r e d  c lus-  
t e r s  o f  medium- 
s i z e d  MC p a r t i c l e s  

Medium-sized 
MC, no MZ3C6 

Medium-fine MC 
p l u s  a l i t t l e  
coarse M2& 

Medium-coarse 
MC p l us  coarse 
e longated MZ3C6 
p a r t  i c l  es 

Medi um-coarse 
MC p l us  coarse. 
e longated MZ3C6 
p a r t i c l e s  

Some coarse MC 
p l us  many equi-  
axed M& 
p a r t  i c l  es 

No MC. a l i t t l e  
coarse MZ3C6 

100% MC 

Not 
measured 

20% Mc 
80% M23C6 

<5% F ine  Mc i n  t h e  m a t r i x  
and a t  g.b.s. 

None F ine  MC i n  t h e  mat r i x ,  
some coarse g.b. MZ3C6 

(5% Fine MC i n  t h e  m a t r i x  
and coarse g.b. Mz3C6 

M 5 %  Fine m: i n  t h e  CW m a t r i x  
coarse M2& a t  g.b.s. 
and coarser  MC i n  re- 
c r y s t a l l i z e d  gra ins  

Fine MC i n  t h e  mat r i x ,  
some coarse MZ3C6 
a t  g.b.s. 

None 

25-50% Fine MC i n  t h e  CW 
matr ix ,  coarse M C a t  
g.b.s., coarser  &! ?n 
r e c r y s t a l  1 i zed g ra i ns  

PCA-3, T i  t Nb. Nonuniform and No Mc. p l u s  50% m: -50% Same as above 
more S i  s t r i n g e r e d  c l us-  coarse e longated 50% Mz3C6 

t e r s  o f  medium- MZ3C6 p a r t i c l e s  
s i zed  Mc p a r t i c l e s  

PCA-6, T i ,  Nonuniform and No MC. p l us  35% Mc -50% Same as above 
more S i  and C very s t r i nge red  large,  equi- 65% M23C6 

c l u s t e r s  of axed M& 

PCA- 
Sf .  

PCA- 

- 
a n e l a t l v e  pnase f r a c t i o n s  aeterminea worn Droaa-Dean xtub composi t ional  ana lys is  or large regions or 

r e p l i c a ,  knowing t h e  average composit ions of t he  i n d i v i d u a l  phases. 
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Fig. 3.1.7. P r e c i p i t a t e  m ic ros t ruc tu res  of t h i n  f o i l s  and r e p l i c a s  respec t ive ly .  a t  lower m g n i f i c a -  
t i o n s  i n  SA (a),(b) PCA-1, (c) , (d)  PCA-4, ( e ) , ( f )  PCA-2, and (g),(h) PCA-6 a f t e r  aging f o r  166 h a t  800'C. 

Small p a r t i c l e s  o f  n iobium- r ich MC i n  a l l o y  PCA-4 (Nb, low S i )  showed t h e  lowest  a f f i n i t y  fo r  molyb- 
denum, bu t  t h e  h ighes t  a f f i n i t y  f o r  chromium. 
hav io r  m i c r o s t r u c t u r a l l y .  The p u r i t y  o f  MC i n  PCA-2 (Ti + Nb, lower S i  and Mo) demonstrates a t radeof f  
between i nco rpo ra t i on  o f  Nb versus Mo i n  t h e  phase, but  t he  poor m i c ros t ruc tu ra l  performance demonstrates 
t h e  importance o f  m i n t a i n i n g  2.5 w t  % Mo i n  t h e  a l l oy .  
MC than  t h e  a l l o y s  nmdi f ied  on ly  w i t h  T i  (PCA-9, -6). W i t h i n  t h e  (T i  + Nb) groups, a l l o y s  w i t h  lower S i  
and/or h i ghe r  C had less  ( C r  + Mo) i n  the MC phase, but p a r t i c l e  s i z e  d i f f e rences  made t h i s  comparison 
d i f f i c u l t  (see Fig. 3.1.10). For t h e  t i t an ium- con ta in i ng  group, t h e  a l l o y  w i t h  phosphorus c l e a r l y  seemed t o  
form h ighe r  p u r i t y  MC p a r t i c l e s  because t h e  s izes  of small p a r t i c l e s  were s i m i l a r  i n  PCA-9 (Ti ,  h i ghe r  C, 
S i .  and P) and PCA-6 (T i ,  h igher  C and Si) .  
c o r r e l a t e  with MC p u r i t y  i n  PCA-9 because M,?C, format ion i s  a l s o  enhanced. 

a l l o y i n g  changes. 
Broad-beam XEDS measurements used t o  determine t h e  r e l a t i v e  phase f r a c t i o n s  (Table 3.1.4) of MC and MZ3C6 
a re  found i n  Table 3.1.7. 
M2,C6. 
h i ghe r  niobium i n  PCA-4, mod i f ied  w i th  niobium alone. 

I n  general,  a l l o y  m i c r o s t r u c t u r a l  performance was worse as t h e  M,,C, f r a c t i o n  increased, except f o r  
PCA-4 which had good g ra i n  boundary MC format ion desp i t e  t h e  presence o f  t h e  l a r g e  amount of M,&. 

F i n a l l y ,  t h e  p u r i t y  o f  smal ler  MC p a r t i c l e s  i n  PCA (K-280 hea t )  i s  lower than most of t he  experimental 
a l l oys ,  f a l l i n g  i n  between PCA-3 and PCA-6. However, t he  e x c e l l e n t  m i c r o s t r u c t u r a l  MC f o r m a t i o n l s t a b i l i t y  
c h a r a c t e r i s t i c s  suggest t h a t  poss ib l y  t he  experimental PCA a l l o y s  should a l s o  be i n  a s i n g l e  phase, i so -  
m i c r o s t r u c t u r a l  regime f o r  a b e t t e r  c o r r e l a t i o n  t o  be found between MC phase composit ion and m i c r o s t r u c t u r a l  
performance. 

This a l l o y  a l s o  showed e x c e l l e n t  MC f o r m a t i o n / s t a b i l i t y  be- 

I n  general,  t he  (T i  + Nb) a l l o y s  had h i ghe r  p u r i t y  

Again, however, b e t t e r  m i c r o s t r u c t u r a l  performance does no t  

By con t ras t  t o  t h e  MC composi t ional  va r i a t i ons ,  t he  MZ3C6 phase shows l i t t l e  o r  no s e n s i t i v i t y  t o  
Compositions o f  t he  M,& phase i n  t h e  experimental PCA a l l o y s  a re  l i s t e d  i n  Table 3.1.6. 

The chromium content  of t h e  broad-beam measurement was t h e  pr imary i n d i c a t o r  of 
The M,,C, phase p icked up a l i t t l e  phosphorus i n  a l l o y  PCA-9 (mod i f ied  w i t h  phosphorus), and showed 
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, .I 

Fig. 3.1.8. Grain boundary p rec ip i ta te  microstructures i n  SA (a) PCA-1, (b) PCA-4, (c)  PCA-2, and 
(d) PCA-6 a f ter  aging fo r  166 h a t  8OOOC. Note the exce l lent  MC formation i n  PCA a l l oys- 1  and -4. 

Table 3.1.5. MC phase compositions i n  experimental SA PCA a l loys  
aged f o r  166 h a t  800°C 

A1 1 oy 

t i o n  s i  P Mo C r  T i  V Nb Fe N i  

PCA- 1 n.d.b n.d. 12.0 24.0 44.5 n.d. 15.4 3.7 0.5 [ S I c  Smaller p a r t i c l e s d  

Phase composition.a at .  % 
desi gna- Conent 

n.d. n.d. 8.6 3.3 53.0 n.d. 35.0 0.2 0.04 [Z ]  Larger pa r t i c lese  

PCA-2 0.3 n.d. 3.5 10.0 44.7 n.d. 38.7 1.8 n.d. [2] Smaller p a r t i c l e s  

PCA-3 1.0 0.9 11.3 23.7 44.4 n.d. 15.0 3.4 0.4 [6 Snal ler  p a r t i c l e s  

0.3 n.d. 1.7 6.8 69.6 n.d. 20.2 1.0 n.d. [41 Larger p a r t i c l e s  

0.8 0.8 7.0 5.0 56.0 n.d. 28.7 1.2 0.5 [4 3 Larger p a r t i c l e s  

PCA-4 n.d. n.d. 18.2 8.3 n.d. n.d. 71.7 1.4 n.d. [31 Snal ler  p a r t i c l e s  
n.d. n.d. 3.3 2.2 n.d. n.d. 94.2 0.4 n.d. E51 Larger p a r t i c l e s  

PCA-6 2.4 1.0 15.3 25.8 50.6 n.d. n.d. 4.4 0.6 [7] Smaller p a r t i c l e s  
0.5 1.0 18.6 4.5 74.2 n.d. n.d. 1.0 0.2 [31 Larger p a r t i c l e s  

PCA-8 4.1 n.d. 4.4 11.5 57 n.d. 17.8 3.2 0.6 C41 Smaller p a r t i c l e s  
2.5 n.d. 2.7 11.0 58.7 n.d. 20.5 2.6 0.7 E13 Larger p a r t i c l e s  

PCA-9 2.7 1.4 8.7 14.8 68.0 n.d. n.d. 3.3 1.1 [4] Smaller p a r t i c l e s  
0.9 0.7 4.8 7.4 85.2 n.d. n.d. 0.8 0.3 C31 Larger p a r t i c l e s  

aNormalized analysis of metal atoms, excluding l i g h t  elements l i k e  C, N. and 0. 
bn.d. = none detected. 
CNumbers i n  brackets i nd i ca te  the number of ind iv idua l  p a r t i c l e s  or  c lus ters  analyzed. 
dSmaller por t ion of roughly bimodal p a r t i c l e  s ize d i s t r i bu t ion ,  -5 t o  40 nm i n  diameter. 
eLarger po r t i on  of roughly bimodal p a r t i c l e  s ize d i s t r i b u t i o n ,  -80 t o  300 nm i n  diameter. 
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a ,u Fig. 3.!.9. Histographs of t h e  K: 
phase composit ions fo r  experimental PCA 
a l l o y s  s o l u t i o n  annealed and aged fo r  
166 h a t  800°C. P a r t i c l e s  were analyzed 
on e x t r a c t i o n  rep l i cas .  P a r t i c l e  s i ze  
d i s t r i b u t i o n s  were gene ra l l y  bimodal, and 
phase composit ions a re  represented for  
l a r g e r  and smal le r  s i ze  components. 
a l l o y s  are ranked from upper- le f t  t o  
l owe r- r i gh t  i n  o rder  of phase p u r i t y  
[ increased (T i  t Nb) and decreased ( C r  t 
Mo t Fe) contents]  cons ider ing  both 
l a r g e-  and smal l- s ized p a r t i c l e s .  

The 

Fig. 3.1.10. A p l o t  o f  MC phase T i  t Nb con- 
t e n t  as a func t ion  of p a r t i c l e  s i ze  f o r  PCA (K-280 
hea t )  and experimental PCA a l l o y s  aged i n  t he  
solut ion- annealed cond i t i on  fo r  166 h a t  800OC. 
Phase composit ions and p a r t i c l e  s izes  were measured 
on e x t r a c t i o n  rep l i cas .  
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Table 3.1.6. MZ3C6 phase composi t ions i n  exper imenta l  SA PCA a l l o y s  
aged f o r  166 h a t  800°C 

~ ~~~ ~~ ~ 

A1 1 oy 

t i o n  Si P Mo C r  T i  V Nb Fe N i  

Phase composit ion,a a t .  % 
des igna-  Comment 

P C A- 1  0.7 n.d.b 9.0 66.2 3.7 n.d. 1.5 16.5 2.5 111' 
PCA-2 0.5 n.d. 7.0 70.6 3.7 n.d. 1.2 14.0 2.5 [ S I  
PCA-3 0.2 0.4 8.6 65.0 4.6 0.1 2.0 16.4 2.8 [2] 
PCA-4 n.d. n.d. 8.0 68.8 n.d. n.d. 5.5 15.4 2.4 [41 
PCA-6 0.4 0.2 9.6 66.0 5.6 0.2 0.1 15.5 2.5 [31  
PCA-8 0.6 n.d. 9.0 66.7 4.4 n.d. 1.8 14.5 2.5 [41 
PCA-9 n.d. 0.7 9.0 68.0 2.0 n.d. n.d. 17.0 3.2 [31 

aNormalized a n a l y s i s  of metal atoms, exc lud ing  l i g h t  elements l i k e  C, N, and 0. 
bn.d. = none detected. 
CNumbers i n  b racke ts  i n d i c a t e  t h e  number of i n d i v i d u a l  p a r t i c l e s  analyzed. 

Table 3.1.7. Broad-beam p r e c i p i t a t e  composi t ional  averaging i n  exper imenta l  SA-PCA 
a l l o y s  aged f o r  166 h a t  800°C 

A1 1 oy 

t i o n  S i  P Mo Cr T i  V Nb Fe N i  

Composition,a a t .  % 
designa-  Comment 

PCA-1 4.5 n.d. 9.2 41.4 25.1 n.d. 9.6 8.8 1.4 r l l c  Larged -M,,c, + MC 

4.0 16.4 51.0 n.d. 18.7 4.0 0.6 [23 Small - MC o n l y  PCA- 2 2.3 n.d. 
0.2 n.d. 6.0 60.0 13.0 n.d. 5.0 13.0 2.4 [l] Large -M,,C, + MC 

PCA-3 2.0 1.7 8.7 22.0 42.6 n.d. 18.0 4.0 1.2 [l] Small - MC o n l y  
1.0 1.0 8.6 43.3 23.5 n.d. 9.0 11.0 2.6 [11 L a r g e - M 2 3 C 6 + M C  

n.d. n.d. 9.2 53.7 n.d. n.d. 23.0 12.4 1.8 [I] Large - M Z 3 C 6  + MC 

0.7 n.d. 12.0 10.7 26.7 n.d. 0.1 10.8 1.8 [ 2 1  L a r g e - M 2 3 C 6 + M C  

1.4 n.d. 7.5 51.3 18.2 0.1 7.6  11.3 2.0 111 Large - M ~ ~ c ~  + MC 

PCA-4 n.d. n.d. 12.0 8.5 n.d. n.d. 71.1 1.6 0.3 [I]  S m a l l  - M C  o n l y  

PCA-6 3.8 1.7 15.3 2.7 57.6 n.d. n.d. 2.7 0.4 [l] Small - MC o n l y  

PCA-8 5.4 n.d. 4.5 15.0 51.0 0.2 17.4 4.0 0.8 [21 S m a l l - M C o n l y  

PCA-9 6.0 1.2 7.0 13.3 70.5 n.d. 0.1 1.2 0.5 [l] Small - M C  o n l y  
0.8 1.0 8.3 52.4 22.0 n.d. 0.04 13.1 2.6 [I] Large-MZ3C6 t MC 

aNormalized a n a l y s i s  o f  metal atoms, exc lud ing  l i g h t  elements l i k e  C, N, and 0. 
bn.d. = none detected.  
CNumbers i n  b racke ts  i n d i c a t e  t h e  number of broad-beam spec t ra  analyzed. 
d I n d i c a t e s  s i z e  of area i l l u m i n a t e d  w i t h  e l e c t r o n s :  smal l  - 1-3 p.m i n  d iameter ;  

l a r g e  - 15 run o r  l a r g e r  i n  diameter.  

3.1.4.4. Summary and Conclusions 

1. The PCA (K-280 hea t )  and exper imenta l  PCA composi t ional  v a r i a n t s  were ca rb ide  s t a b l e  w i t h  respec t  
t o  most comnerc ia l  hea ts  o f  t y p e  316 and 316 + T i ,  which a l s o  form i n t e r m e t a l l i c  phases. The exper imenta l  
hea ts  o f  PCA were more prone t o  g r a i n  boundary Mz,C6 fo rmat ion  than  t h e  PCA (K-280 hea t )  which formed none. 

2. Experimental a l l o y s  PCA- 1 ( T i  + Nb, lower  S i )  and PCA-4 (Nb, lower  S i )  had good MC fo rmat ion  a t  
g r a i n  boundaries, s i m i l a r  t o  t h e  K-280 heat o f  PCA a f t e r  ag ing  f o r  166 h a t  8 0 0 O C  i n  t h e  SA cond i t i on .  

3. Exper imenta l  a l l o y s  PCA- 1  (T i  + Nb, lower  S i ) ,  PCA-4 (Nb, lower  S i ) ,  and PCA-8 (T i  + Nb, lower  Si, 
h i g h e r  C) showed e x c e l l e n t  r e c r y s t a l l i z a t i o n  r e s i s t a n c e  a f t e r  ag ing f o r  166 h a t  800°C i n  t h e  25% CW con- 
d i t i o n ,  as good as o r  b e t t e r  than PCA (K-280 hea t ) .  A l l  were much b e t t e r ,  due t o  f i n e  MC fo rmat ion  and 
s t a b i l i t y ,  than  a l l o y s  w i t h  T i  and/or Nb (i.e., PCA-7 o r  t y p e  316). 
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4. MC phase c o m p o s i t i o n  i n  t h e  e x p e r i m e n t a l  PCA a l l o y s  v a r i e d  w i t h  p a r t i c l e  s i z e  and w i t h  a l l o y  com- 
p o s i t i o n .  S m a l l e r  MC p a r t i c l e s  c o n t a i n e d  l e s s  ( T i  + Nb) and more (Mo + C r ) .  I n c r e a s e d  Nb, C, P, and /o r  
l o w e r  S i  c o n t e n t s  i n  t h e s e  a l l o y s  appeared t o  l o w e r  t h e  (Mo t C r )  c o n t e n t  o f  t h e  MC phase. 

MC phase c o m p o s i t i o n  d i d  n o t  c o r r e l a t e  w i t h  opt imum MC m i c r o s t r u c t u r a l  f o r m a t i o n l s t a b i l i t y  cha rac-  
t e r i s t i c s ,  p o s s i b l y  because a l l o y  c o m p o s i t i o n a l  changes a l s o  s t r o n g l y  a f f e c t e d  MC p a r t i c l e  s i z e  d i s t r i b u -  
t i o n s  and t h e  r e l a t i v e  ba lance  between M 2 &  and MC f o r m a t i o n  a t  g r a i n  bounda r i es .  

3.1.4.5 F u t u r e  Work 

5. 

The e x p e r i m e n t a l  PCA a l l o y s  1-9 a r e  c u r r e n t l y  b e i n g  i r r a d i a t e d  i n  HFIR (CTRs-42, -43, and JPs-1 t h r o u g h  
-e) ,  FFTF-MOTA and ORR (MFE-4A and -B r e l o a d s )  expe r imen ts  and w i l l  be e v a l u a t e d  f o r  s w e l l i n g  r e s i s t a n c e  and 
h e l i u m  e f f e c t s .  The n e x t  s e t  of PCA c o m p o s i t i o n  v a r i a n t s ,  A l l o y s  1P13  and 16-18, w i l l  be examined f o r  t h e  
e f f e c t s  of h i g h e r  T i  and Nb l e v e l s ,  V a d d i t i o n ,  and sma l l  changes i n  Cr and N i  c o n t e n t s  on MC phase forma- 
t i o n  and c o m p o s i t i o n a l  c h a r a c t e r i s t i c s .  
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i n  Table 3.2.1. The s tee l  was annealed fo r  1 h a t  1O5O0C, 
p r i o r  t o  t he  f i n a l  20% reduc t ion  by co ld  r o l l i n g .  Trans- Ele-  Compositiona 
miss ion  e l e c t r o n  microscopy (TEM) d isks  (3 mn i n  diameter) ment (wt %I 
were punched from the  20%-cold-worked (CW) 0.254-mm-thick 
sheet. The d i sks  were i r r a d i a t e d  i n  HFIR-CTR-42 and -43 a t  
500 and 6OO0C. respec t ive ly .  t o  an est imated neutron f luence C r  11.6 
producing 19 dpa and 220 at. ppm He. Disks were th inned Mn 13.5 
remotely and examined on a JEM l O O C X  a n a l y t i c a l  e l e c t r o n  N i  4.2 
microscope (AEM), employing standard TEM techniques. Mo 0.9 

3.2.4.3 Results C 0.02 
S i  0.42 

A1 0.72 
I r r a d i a t i o n  of t he  EP-838 s t e e l  t o  19 dpa and 220 at. 

Ele-  Composi t i o n a  
ment (wt %) 

cu 0.1 
V 0.01 
Ta 0.01 
T i  t0.018 
B 0.001 
S 0.02 
P 0.003 
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r 
Fig. 3.2.1. Cavi ty  mic ros t ruc tures  produced i n  20%-CW 12Cr/13Mn/4Ni (EP-838 heat )  a u s t e n i t i c  s tee l  

a f t e r  HFIR i r r a d i a t i o n  t o  about 19 dpa and 220 at .  ppm He a t  (a), (b)  50OOC and (c )  600°C. Void formation 
a t  50OOC i s  nonuniform s p a t i a l l y ,  w i t h  (a )  and (b)  showing patches of h igh-  and low-void concentrat ion,  
respec t ive ly .  Bubbles and p r e c i p i t a t e s  are seen a t  6OO0C i n  (c), and t h e  l a r g e  arrows p o i n t  t o  several  o f  
t h e  l a r g e r  bubbles. 

present a t  600°C than a t  500'C. Some f i ne  ma t r i x  p r e c i p i t a t i o n  was a lso  found on ly  a t  500'C; d i f f r a c t i o n  
evidence suggests MC. 
mute C r  i n t o  V, so poss ib ly  t he  MC i s  V- r ich and induced by t he  i r r a d i a t i o n .  A t  600"C, many narrow l a t h -  
shaped p a r t i c l e s ,  ranging from 30 t o  150 nm i n  length, were dispersed throughout t he  ma t r i x  [Fig. 3.2.l(c)]; 
d i f f r a c t i o n  evidence suggests poss ib ly  Laves phase. 

heats o f  type  316 s h w  vo id  formation i n  t he  temperature range o f  500 t o  600'C a f t e r  20 dpa i n  HFIR. whereas 
N- lo t  316 shows patches o f  vo id  formation a f t e r  10 t o  20 dpa. 
s i m i l a r i t y  i n  m ic ros t ruc tu ra l  cav i t y ,  d i s l oca t i on ,  and p r e c i p i t a t i o n  phenomena between the  h i  gh-inanganese 
EP-838 s tee l  and var ious type 316 s ta in l ess  steels. 
swe l l i ng  than found i n  solut ion-annealed type 216 s i m i l a r l y  i r r a d i a t e d  i n  EBR-I I . *  

The l e v e l s  o f  Ti, V, and Nb i n i t i a l l y  are a l l  q u i t e  low, bu t  thermal neutrons t r ans-  

I n  comparing t h i s  behavior t o  t h a t  of 20%-CW type 316 s ta in l ess  s tee l ,  ne i t he r  t h e  DO- nor X-15893 

However, i n  general. t he re  seems t o  be a 

The 2O%-CW EP-838 s tee l  shows less  vo id  format ion and 
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3.2.5 Conclusions 

1. Voids developed i n  20%-CW EP-838 i r r a d i a t e d  a t  500°C i n  HFIR t o  19 dpa and 220 a t .  ppm He, bu t  no t  

2. 

3. Considerable p r e c i p i t a t i o n  was produced a t  6OOoC, much more than found a t  50OOC. Coarse carb ides  

a t  60O0C. Void format ion was patchy a t  5 O O O C .  Many f i n e  bubbles were found a t  both temperatures. 

w h i l e  t h e  s t r u c t u r e  recovered t o  form a loose t a n g l e  a t  600'C. 

(p robab ly  MZ3C6 o r  M,C) were found a long subgra in  boundaries a t  both temperatures. 
( p o s s i b l y  Laves phase) were found i n  t h e  m a t r i x  a t  600"C, whereas o n l y  some f i n e  p a r t i c l e s  (probably  MC) 
were found a t  500°C. 

3.2.6 Fu tu re  Work 

A dense d i s l o c a t i o n  s t r u c t u r e  of network and Frank loops  was produced by i r r a d i a t i o n  a t  500°C, 

Medium-coarse l a t h s  

The EP-838 s t e e l  i s  be ing i r r a d i a t e d  t o  h i g h e r  f l uences  i n  HFIR, and these  experiments should revea l  
t h e  e x t e n t  o f  t h e  t r a n s i e n t  regime and t h e  p o s t - t r a n s i e n t  s w e l l i n g  behavior.  This  s t e e l  i s  a l s o  being i r r a -  
d i a t e d  i n  FFTF, t h u s  a l l o w i n g  us t o  assess t h e  e f f e c t s  of he l ium on 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 .  
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5.1 THE TENSILE PROPERTIES OF SEVERAL VANADIUM ALLOYS AFTER IRRAOIATION I N  FFTF - 0. N. Brask i  
(Oak Ridge Nat iona l  Labora to ry )  

5.1.1 A O I P  Task 

A O I P  Task 1.6.15, T e n s i l e  P r o p e r t i e s  o f  React ive and R e f r a c t o r y  A l loys .  

5.1.2 O b j e c t i v e  

t h e  p r o p e r t i e s  of vanadium a l l o y s .  

5.1.3 Summary 

The goal o f  t h i s  research i s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  displacement damage and he l ium genera t ion  on 

I r r a d i a t i o n  i n  7 L i - f i l l e d  capsules a t  420 and 520°C i n  FFTF [MOTA) w i t h  damage l e v e l s  up t o  13.6 dpa 
s u b s t a n t i a l l y  lowered t h e  d u c t i l i t y  o f  V-15Cr-5Ti. VANSTAR-7, and V-3Ti-1Si a l l o y s  by t h e  wchan ism of 
r a d i a t i o n  hardening. The VANSTAR-7 and V-3Ti-1Si a l l o y s  r e s i s t e d  t h e  e m b r i t t l i n g  e f f e c t s  of i r r a d i a t i o n  
b e t t e r  than t h e  V - 1 5 C r - 5 T i  a l l o y ,  regard less  of t h e  imp lan ted  he l ium l e v e l .  Con t ro l  specimens of a l l  t h r e e  
a l l o y s  were no t  apprec iab ly  a f f e c t e d  by thermal ag ing  i n  7 L i  a t  t h e  r e s p e c t i v e  i r r a d i a t i o n  temperatures.  
The mechanism causing t h e  low d u c t i l i t y  and t r a n s g r a n u l a r  cleavage f r a c t u r e  i n  one V-15Cr-5Ti specimen 
w i t h o u t  imp lan ted  he l ium r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

5.1.4 Progress and Status 

5.1.4.1 Exper imenta l  

Specimens f a b r i c a t e d  f rom severa l  vanadium a l l o y s  have been encapsulated i n  TZM capsules c o n t a i n i n g  7 L i  
( re f .  1)  and i r r a d i a t e d  i n  FFTF. 
" t r i t i u m  t r i c k . " 2  The t r i t i u m  was removed by h e a t i n g  t h e  vanadium specimens under vacuum a t  700°C f o r  19 h. 
Specimens i r r a d i a t e d  a t  4 2 0 T  accumulated 1.3 x l o 2 *  neutrons/cm2 (6.0 dpa) w h i l e  those a t  520°C accumulated 
2.8 x l o z 2  neutrons/cm2 (13.6 dpa). 
VANSTAR-7, and V-3Ti-1Si were presented p r e v i ~ u s l y . ~  
r e s p e c t i v e  i r r a d i a t i o n  temperatures us ing  a crosshead speed o f  8.5 pm/s ( s t r a i n  r a t e  = 1.1 x 
U n i r r a d i a t e d  c o n t r o l  specimens were t h e r m a l l y  aged i n  7 L i  and t e s t e d  under s i m i l a r  c o n d i t i o n s .  The f r a c t u r e  
su r faces  were examined us ing  a h o t - c e l l  scanning e l e c t r o n  microscope (SEM)." I r r a d i a t e d  d i s k s  (3 nrr diam) 
o f  each a l l o y  were used f o r  t ransmiss ion  e l e c t r o n  microscopy (TEM). 

5.1.4.2 R e s u l t s  and Oiscuss ion 

The specimens were p re imp lan ted  w i t h  d i f f e r e n t  amounts o f  3He us ing  t h e  

The nominal composi t ions and annea l ing  t rea tments  f o r  V - l S C r - S T i ,  
The SS-3 t y p e  t e n s i l e  specimens3 were t e s t e d  a t  t h e i r  

5 - l ) .  

The r e s u l t s  o f  t e n s i l e  t e s t s  on V - l S C r - S T i ,  VANSTAR-7, and V-3Ti-1Si specimens a re  presented f o r  each 
a l l o y  i n  Table 5.1.1. Since t o t a l  e l o n g a t i o n  i s  a t e n s i l e  p r o p e r t y  t h a t  may be s t r o n g l y  i n f l u e n c e d  by 
imp lan ted  hel ium, thermal aging, and/or neutron i r r a d i a t i o n ,  it was used as a bas is  f o r  comparison i n  
F igs.  5.1.1 through 5.1.4. 
t e n s i l e  t e s t e d  a t  t h e  same r e s p e c t i v e  temperatures. Some o f  t h e  specimens were a l s o  t e s t e d  a t  those  tem- 
p e r a t u r e s  d i r e c t l y  a f t e r  3He i m p l a n t a t i o n  and these  a re  l a b e l e d  "as- implanted."  Note t h a t  t h e  " zero"  he l ium 
l e v e l  c o n d i t i o n  o f  an as- implanted specimen i s  s imply  t h e  s t a r t i n g ,  annealed a l l o y .  There a re  no data f o r  
specimens i r r a d i a t e d  a t  600°C because t h a t  p a r t i c u l a r  capsule exper ienced a temperature excurs ion  d u r i n g  t h e  
i r r a d i a t i o n  and t h e  specimens were judged as  unusable. 

was shown p rev ious ly . '  F igu re  5.1.1 summarizes t h e  r e s u l t s  f o r  a l l  t h r e e  a l l o y s  a t  600°C; t h e  data a re  a l s o  
p l o t t e d  i n  Figs. 5.1.2 through 5.1.4. The t o t a l  e l o n g a t i o n  f o r  V-15Cr-5Ti specimens was observed t o  drop i n  
a l i n e a r  f a s h i o n  t o  low values w i t h  about 300 at .  ppm 3He present  i n  t h e  m i c r o s t r u c t u r e  (F ig.  5.1.1). On 
t h e  o t h e r  hand, VANSTAR-7 specimens were ab le  t o  accommodate up t o  -150 a t .  ppm 3He w i t h  no loss of duc- 
t i l i t y .  The data f o r  V-3Ti-1Si f e l l  between those  o f  t h e  o t h e r  two  a l l o y s .  These r e s u l t s  show t h a t  t h e  
vanadium a l l o y s  d i f f e r  s u b s t a n t i a l l y  i n  t h e i r  a b i l i t y  t o  accommodate he l ium w i t h o u t  degrading d u c t i l i t y .  
From t h e  s t a n d p o i n t  of a l l o y  development, i t  i n d i c a t e s  t h a t  vanadium a l l o y s  w i t h  good h e l i u m  accommodation 
and embr i t t l ement  r e s i s t a n c e  can Drobablv be oroduced. 

Specimens imp lan ted  w i t h  3He were aged o r  i r r a d i a t e d  a t  420, 520, and 600°C and 

E f f e c t  of 3He on d u c t i l i t y  - T h e  e f f e c t  o f  imp lan ted  3He on t h e  d u c t i l i t y  o f  t h e  t h r e e  vanadium a l l o y s  

 effect of t h e r m a l ~ a g i n g  on d b c t i i i t ;  - The t o t a l - e l o n g a t i o n  va lues f o r  specimens aged i n  7 L i  f o r  100 d 
a r e  shown f o r  each a1lo.y i n  F igs.  5.1.2 through 5.1.4 bv t h e  "square" data p o i n t s .  With o n l y  one excep t ion  
(F ig.  5.1.4, 0-He, 600"C), a l l - o f  t h e  e l o n g a t i o n  va lues-were e i t h e r  t h e  same o r  o n l y  s l i g h t l y  lower  than  
those  f o r  t h e  as- implanted m a t e r i a l .  Therefore,  i t  was concluded t h a t  thermal ag ing  f o r  100 d a t  420 t o  
600°C i n  7 L i  does not  a f f e c t  t h e  d u c t i l i t y  of t h e  t h r e e  vanadium a l l a y s  tes ted .  I n  l i g h t  o f  these r e s u l t s ,  
i t  i s  q u i t e  reasonable t o  assume t h a t  t h e  a l l o y s  d i d  no t  p i c k  up any s i g n i f i c a n t  amounts of oxygen o r  
n i t r o g e n  d u r i n g  t h e  ag ing  per iod.  The oxygen con ten t  o f  severa l  specimens w i l l  be checked by neu t ron  a c t i -  
v a t i o n  a n a l y s i s  t o  c o n f i r m  t h i s  assumption. 
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Table 5.1.1. Vanadium a l l o y  t e n s i l e  p rope r t i es  

Cond i t ion  
Elongat ion,  % 

“ltimate Uniform Tota l  

Strength,  MPa He1 i um Test 
l e v e l  temperature 

(a t .  ppm) ( “ C )  t e n s i l e  

Annealed 1 h a t  1200°C 
Annealed 1 h a t  1200°C 
Annealed 1 h a t  1200°C 
Aged 100 d a t  420°C 
Aged 100 d a t  420°C 
Aged 100 d a t  520°C 
Aged 100 d a t  600°C 
Aged 100 d a t  420°C 
Aged 100 d a t  600OC 
Aged 100 d a t  420°C 
Aged 100 d a t  520°C 
Aged 100 d a t  600°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  13.6 dpa a t  520°C 

Annealed 1 h a t  135OOC 
Annealed 1 h a t  135O0C 
Aged 100 d 
Aged 100 d 
Aged 100 d 
Aged 100 d 
Aged 100 d 
Aged 100 d 
Aged 100 d 
I r r a d i a t e d  
I r r a d i a t e d  
I r r a d i a t e d  
I r r a d i a t e d  
I r r a d i a t e d  
I r r a d i a t e d  

a t  
a t  
a t  
a t  
a t  
a t  
a t  
t o  
t o  
t o  
t o  
t o  
t o  

420°C 
420°C 
520°C 
520°C 
600°C 
600°C 
600’C 
6 dpa a t  
6 dpa a t  
6 dpa a t  
13.6 dpa 
13.6 dpa 
13.6 dpa 

420°C 
42OOC 
420°C 
a t  520°C 
a t  520°C 
a t  52OoC 

Annealed 1 h a t  1050’C 
Annealed 1 h a t  1050’C 
Aaed 100 d a t  600°C 
Aged 100 d a t  600°C 
Aged 100 d a t  600°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  6 dpa a t  420°C 
I r r a d i a t e d  t o  13.6 dpa a t  520°C 
I r r a d i a t e d  t o  13.6 dpa a t  520°C 

V-15Cr-5Ti 

0 420 
0 520 
0 600 
0 420 
0 420 
0 520 
0 600 

80 420 
80 600 

300 420 
300 520 
300 600 

0 420 
14 420 
80 420 

300 420 
80 520 

VANSTAR-7 

0 420 
0 520 
0 420 
0 420 
0 520 
0 520 
0 600 

42 600 
150 600 

0 420 
42 420 

150 420 
0 520 

42 520 
150 520 

V-3Ti-1Si 

392 
353 
323 
355 
372 
372 
39 3 
387 
412 
346 _ _  _ _  _ _  _ _  _ _  _ _  _ _  

278 
276 
314 
308 
294 
292 
305 
21 5 
314 
611  
617 
621 
810 
812 
922 

335 
290 
401 
387 
418 
7 58 
793 
569 
520 

517 
514 
521 
501 
516 
575 
598 
541 
626 
400 
351 
364 
598 
518 
497 
316 
449 

443 
442 
452 
458 
493 
483 
538 
503 
518 
703 
706 
710 
883 
895 

1006 

470 
527 
529 
531 
557 
806 
829 
662 
633 

17.1 
14.3 
13.6 
14.0 
14.0 
16.3 
10.8 
13.7 
10.6 _ _  _ _  
-- _ _  
_- _ _  _ _  _ _  

15.0 
13.3 
14.5 
14.8 
12.6 
15.2 
14.8 
13.5 
12.3 
4.3 
4.3 
3.8 
2.3 
2.7 
1.9 

14.0 
15.0 
7.5 
8.0 
8.2 
2.6 
1.0 
4.6 
7.6 

28.2 
25.9 
22.0 
22.8 
23.5 
24.7 
20.0 
20.3 
14.6 

2.0 
0 
0 
Oa 
Oa 
Oa 
Oa 
Oa 

23.7 
24.7 
23.2 
23.6 
18.6 
21.4 
21.8 
21.6 
18.8 
11.1 
11.0 
9.8 
6.3 
5.6 
2.3 

21.0 
21.0 
12.0 
12.8 
10.8 

5.8 
2.3 

10.6 
12.1 

aspecimen f a i l e d  a t  t he  p i n  i n  one of the  g r ips .  
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0 rm 2LW m 400 m 
I H e  LEVEL 1.1. w m l  

F ig .  5.1.1. T e n s i l e  d u c t i l i t y  of a s - i m p l a n t e d  
vanadium a l l o y s  a t  600°C as a f u n c t i o n  o f  "e l e v e l  
i m p l a n t e d  by t h e  t r i t i u m  t r i c k .  

VANSTAR-7 
STARTING 

-1 

0 
4O3 420 440 460 480 xu M 54O m 583 605 62O 

TEMPERATURE 1%) 

1 I I I I 1 I I I 

F i g .  5.1.3. D u c t i l i t y  o f  VANSTAR-7 as a 
f u n c t i o n  o f  t empera tu re .  Aged and i r r a d i a t e d  
specimens were t e n s i l e  t e s t e d  a t  t h e i r  r e s p e c t i v e  
a g i n g  o r  i r r a d i a t i o n  t empera tu res .  Specimens were 
i r r a d i a t e d  t o  6.0 and 13.6 dpa a t  420 and 520"C, 
r e s p e c t i v e l y .  
shaded p o r t i o n s  of d a t a  p o i n t s .  

He l i um l e v e l s  a r e  i n d i c a t e d  by 

0 STARTING V-15Cr-5Ti 

AGED 

---l 
HELIUM LEVEL 

IMPLANTED 

0 
403 420 440 4~ 480 xu 5a 540 5~ 583 600 620 

TEMPERATURE 1-1 

F ig .  5.1.2. O u c t i l i t y  of V-15Cr-5Ti as a 
f u n c t i o n  of t empera tu re .  Aged and i r r a d i a t e d  
specimens were t e n s i l e  t e s t e d  a t  t h e i r  r e s p e c t i v e  
a g i n g  o r  i r r a d i a t i o n  t empera tu res .  
i r r a d i a t e d  t o  6.0 and 13.6 dpa a t  420 and 520"C, 
r e s p e c t i v e l y .  He l i um l e v e l s  a r e  i n d i c a t e d  by 
shaded p o r t i o n s  of d a t a  p o i n t s .  

Specimens were 

I I I l l l l l  

V-3T i - IS i  
28 -- c 

STARTING 
MATERIAL 24 - 

I 

HELIUM LEVEL 
(at. wml 

AS IMPLANTED 
Y 

J I2 0 435 AGE,-{ a ,480 c 

d -  

AS IMPLANTEO 
8 -  e 

' 1  /.- 
0 1 I I I l I I I 1 I 
403 420 440 4~ 480 xu 520 540 m 583 603 620 

TEMPERATURE 1-1 

F i g .  5.1.4. D u c t i l i t y  o f  V- 3Ti- 1Si  as a 
f u n c t i o n  of t empera tu re .  Aged and i r r a d i a t e d  
specimens were t e n s i l e  t e s t e d  a t  t h e i r  r e s p e c t i v e  
a g i n g  o r  i r r a d i a t i o n  t empera tu res .  
i r r a d i a t e d  t o  6.0 and 13.6 dpa a t  420 and 520"C, 
r e s p e c t i v e l y .  
shaded p o r t i o n s  o f  d a t a  p o i n t s .  

Specimens were 

He l i um l e v e l s  a r e  i n d i c a t e d  by 
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E f f e c t  of neutron i r r a d i a t i o n  on d u c t i l i t y  - The vanadium a l l o y s  were hardened s i g n i f i c a n t l y  by t h e  
neutron i r r a d i a t i o n  as demonstrated by t he  increased y i e l d  s t reng ths  and t h e  u l t i m a t e  s t reng ths  fo r  
VANSTAR-7 and V-3Ti-1Si l i s t e d  i n  Table 5.1.1. The V-15Cr-5Ti specimens were a l s o  hardened, but  t h e  e f f e c t  
cou ld  no t  be measured i n  t he  t e n s i l e  t e s t s  because o f  severe embr i t t lement  which caused t he  specimens t o  
f a i l  prematurely  a t  t h e  p i n  i n  t h e  g r ips .  The i r r a d i a t i o n  hardening was due t o  t h e  dense, i r r a d i a t i o n -  
induced d i s l o c a t i o n  s t r u c t u r e  con ta in ing  many small d i s l o c a t i o n  loops, as shown by t he  example i n  
Fig. 5.1.5. The micrograph shows t he  d i s l o c a t i o n  m ic ros t ruc tu re  o f  a V-15Cr-5Ti specimen i r r a d i a t e d  t o  
6.0 dpa a t  42OOC. 
under s i m i l a r  cond i t ions .  
many hel ium bubbles, as shown t y p i c a l l y  i n  Fig. 5.1.6. This i s  not  s u r p r i s i n g  s ince t h e  boundaries a l ready 
conta ined he l ium bubbles a f t e r  undergoing t he  t r i t i u m  t r i c k  (i.e., be fo re  i r r a d i a t i ~ n ) . ~  Helium bubbles were 
a l s o  present  i n  t h e  g ra i n  matr ices. but  were o f ten  d i f f i c u l t  t o  see due t o  t h e i r  small size. 
boundary and m a t r i x  bubbles were coarsened by t he  100 d i r r a d i a t i o n  a t  420 and 52OOC. Large c a v i t i e s  were 
observed i n  t h e  v i c i n i t y  of g ra i n  boundaries i n  t he  VANSTAR-7 specimens i r r a d i a t e d  a t  52OOC [Fig. 5.1.6(b)]. 
Large c a v i t i e s  were no t  observed i n  o ther  areas of t he  m ic ros t ruc tu re  nor i n  t h e  o the r  two a l loys .  The 
presence of these c a v i t i e s  i n  only t he  VANSTAR-7 a l l o y  i s  i n t e r e s t i n g  and work i s  con t inu ing  t o  i n v e s t i g a t e  
t h i s  phenomenon. 

Now l e t  us look a t  some of t h e  r e s u l t s  f o r  each a l l o y  wi th  t h e  he lp  of SEM fractographs. The previous 
da ta  f o r  V-15Cr-5Ti (Fig. 5.1.1) as w e l l  as those i n  Fig. 5.1.2 show that  i t s  d u c t i l i t y  i s  adversely 
a f f ec ted  by hel ium implanted t o  amounts -300 at. ppm. 
m a t r i x  o f  V-15Cr-STi, t he  l a r g e s t  bubbles were observed on t he  g r a i n  boundaries and are  be l ieved t o  be t he  
cause o f  t he  d u c t i l i t y  losses. 
t e s t e d  V-15Cr-5Ti specimens conta in ing  hel ium support t h i s  c o n c l ~ s i o n . ~  
occurred a f t e r  i r r a d i a t i o n  [Fig. 5.1.7(b)] and, i n  t h e  case o f  Y-lSCr-STi, a l l  o f  t h e  specimens t e s t e d  a t  
4 2 0 Y  broke i n  t h e  shoulder sect ions (i.e., i n  t he  g r i ps ) .  
v-15Cr-5Ti specimen w i t hou t  hel ium a l so  broke i n  t h e  g r i p s  du r i ng  t e s t i n g  a t  42OoC. 
t h i s  specimen was m i m t h  t he  major p o r t i o n  being t ransgranu la r  cleavage and a smal le r  p o r t i o n  being 
i n t e r g r a n u l a r  [Fig. 5.1.7(a)]. Th is  l a t t e r  t ype  o f  f a i l u r e  i s  s i m i l a r  t o  t h a t  observed by R. Ba ja j  and 
R. E. Gold f o r  V-15Cr-5Ti i r r a d i a t e d  i n  an e a r l y  ORR-MFE-2 experiment where they  found r e l a t i v e l y  h i gh  
s u l f u r  l e v e l s  on t he  cleavage surfaces.6 I n  l a t e r  Auger spectroscopy analyses performed on ma te r i a l  from 
t h e  same heat ( un i r r ad ia ted ) ,  Diercks and Smith detected s u l f u r  on ly  on t he  i n t e r g r a n u l a r  po r t i ons  o f  t he  
fracture.' 
on l y  "poss ib le  i n d i c a t i o n s  of phosphorus and chlor ine."8 The i r  ana lys is  of an LMFBR heat o f  V-15Cr-5Ti 
showed poss ib l e  t races  of s u l f u r  o r  phosphorus on most ly  cleavage surfaces.8 Therefore. even though sulfur 
and/or phosphorus have apparent ly  not  in f luenced t he  t e n s i l e  p rope r t i es  o f  t he  un i  r r a d i a t e d  V-15Cr-5Ti used 
i n  t he  present  study, segregat ion of one o r  both elements dur ing  i r r a d i a t i o n  i s  a p o s s i b i l i t y .  It has a l so  
been suggested t h a t  i r r a d i a t i o n  may have caused a s i g n i f i c a n t  inc rease i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
temperature (DBTT) f o r  t he  a l loy.g 

S im i l a r  m ic ros t ruc tu res  were observed i n  t he  o the r  vanadium a l l o y s  t h a t  were i r r a d i a t e d  
The g ra i n  boundaries i n  a l l  t h ree  vanadium a l l o y s  w i t h  implanted "e conta ined 

Both g r a i n  

Although some o f  t he  hel ium was observed i n  t h e  

S im i l a r  i n t e r g r a n u l a r  f a i l u r e  

What was su rp r i s i ng ,  however, was t h a t  t h e  

Indeed, t he  i n t e r g r a n u l a r  na tu re  o f  f r a c t u r e  sur faces observed f o r  t e n s i l e -  

The mode o f  f a i l u r e  f o r  

They a lso  analyzed t he  V-15Cr-5Ti ma te r i a l  from the  same heat  as ours ( un i r r ad ia ted ) ,  but  found 

H-085000 

Fig. 5.1.5. D i s l oca t i on  s t r u c t u r e  i n  V-15Cr-5Ti a f t e r  i r r a d i a t i o n  i n  FFTF a t  420'C t o  6.0 dpa. The 
specimen conta ins no implanted helium. 
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H-085009 H-085112 

H-085128 

t i o n ' i n  FFTF a t  520°C t o  13.6 dpa. 

The e f f e c t  of i r r a d i a t i o n  on t h e  d u c t i l i t y  of VANSTAR-7 i s  shown i n  Fig. 5.1.3. The hardening induced 
by i r r a d i a t i o n  lowered t he  t o t a l  e longat ion  values s u b s t a n t i a l l y  a t  420 and 52OOC. 
a re  nuch grea ter  than  those caused by t h e  a d d i t i o n  o f  3He as demonstrated by t h e  data f o r  both t h e  as- 
implanted and t h e  implanted and aged specimens. 
ev i den t  i n  t h e  i r r a d i a t e d  specimen data i t s e l f ,  e s p e c i a l l y  a t  420°C. where a l l  t h r e e  specimens had -11% 
t o t a l  e longat ion,  regardless o f  hel ium l eve l .  
had duc t i l e- d imp le  f r a c t u r e  sur faces as shown i n  Figs. 5.1.8(a) and (c). However, both types of specimens 
e x h i b i t e d  numerous surface cracks a f t e r  t e s t i n g  t h a t  were due t o  g r a i n  boundary separa t ion  [Figs. 5.1.8(b) 
and (d)]. 
t r ansg ranu la r  t o  i n t e r g r a n u l a r  as shown i n  Fig. 5.1.9. This i n  t u r n  caused a d d i t i o n a l  d u c t i l i t y  lOSSeS up 
t o  -4%; t h e  losses were of t h e  same m g n i t u d e  as those observed i n  t h e  u n i r r a d i a t e d  ma te r i a l  t e s t e d  a t  600'C 
(see Fig. 5.1.3). 
e n t i r e l y  a temperature e f f e c t  because t he  displacement damage i n  specimens i r r a d i a t e d  a t  520°C was tw i ce  
t h a t  o f  those i r r a d i a t e d  a t  420°C. 
i r r a d i a t i o n  and he l ium b e t t e r  than V-15Cr-5Ti. 

These d u c t i l i t y  lOSSeS 

The r e l a t i v e l y  small e f fec t  o f  hel ium on t h i s  a l l o y  i s  a150 

I r r a d i a t e d  specimens w i t h  and w i t hou t  he l ium a t  42OoC both 

A t  52OoC, t he  presence of hel ium i n  t h e  m ic ros t ruc tu re  changed t h e  f a i l u r e  rode from d u c t i l e  

It should be po in ted  out  t h a t  t he  d i f f e rences  between t he  420 and 520°C may no t  be 

I n  any case, t he  VANSTAR-7 a l l o y  specimens accommodated t h e  e f fec ts  of 
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N-0096 W-0097 

N-0088 W-0092 

Fig. 5.1.8. ( a )  D u c t i l e  f rac tu re ,  and (b) surface g ra i n  boundary separat ion i n  VANSTAR-7 Specimen 
(0-He) i r r a d i a t e d  a t  420°C t o  6.0 dpa. 
s i m i l a r  specimens con ta i n i ng  150 at.  ppm "e. 

( c )  D u c t i l e  f rac tu re ,  and (d )  sur face  g r a i n  boundary Separation i n  

N-0129 N-0123 

(Q) I 
Fig. 5.1.9. 

VANSTAR-7 w i t h  150 at. ppm 3He. 
t h e  same temperature. 

( a )  D u c t i l e  f r ac tu re  surface o f  VANSTAR-7 wi thou t  "e, and (b)  i n t e r g r a n u l a r  f r a c t u r e  of 
Both specimens were i r r a d i a t e d  i n  FFTF a t  520'C t o  13.6 dpa and t e s t e d  a t  
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N-0109 

I 

I 
i 

( a )  I 

Fig. 5.1.10. Surface g ra i n  boundary separat ion on gage leng ths  of t es ted  V-3Ti-1Si specimens con- 
t a i n i n g  135 at. Ppm 3He t h a t  were (a)  I r r a d i a t e d  a t  42OoC t o  6.0 dpa and (b )  i r r a d i a t e d  a t  52OoC t o  
13.6 dpa. 
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5.2 COMPARISON OF SWELLING FOR NEUTRON- AND ION-IRRADIATE0 MFR STRUCTURAL MATERIALS - B. A. Loomis 
(Argonne Nat ional  Laboratory)  

5.2.1 ADIP Task 

ADIP  Task l.A.1. Define Mater ia l  Property Requirements and Make St ruc tura l  L i f e  Pred ic t ions  

5.2.2 Object ive 

components i n  a magnetic fus ion  reactor .  

5.2.3 Sumnary 

s tee ls ,  and copper on neutron i r r a d i a t i o n  i s  compared w i t h  t h e  swe l l i ng  f o r  these ma te r i a l s  on i o n  
i r r a d i a t i o n  i n  t h i s  repor t .  
i o n - i r r a d i a t i o n  technique provides f o r  a d i s c r i m i n a t i v e  assessment o f  t he  p o t e n t i a l  f o r  swe l l i ng  of  
candidate MFR mater ia ls .  

5.2.4 Progress and Status 

The ob jec t i ve  of t h i s  work i s  t o  p rov ide  guidance on the  a p p l i c a b i l i t y  o f  a l l o y s  f o r  s t r u c t u r a l  

The swe l l i ng  o f  vanadium and vanadium-base a l loys ,  316 s ta in l ess  s tee l ,  Fe-25Ni-15Cr a l l o y ,  f e r r i t i c  

The r e s u l t s  of t h i s  comparison are taken t o  show t h a t  u t i l i z a t i o n  of the 

5.2.4.1 I n t roduc t i on  

I r rad ia t ion- induced m ic ros t ruc tu ra l  changes i n  candidate, magnetic fus ion reac tor  (MFR) S t ruc tu ra l  
ma te r i a l s  w i l l  determine t h e i r  dimensional s t a b i l i t y  ( swe l l i ng ) ,  mechanical p roper t ies ,  CorrOSiOn 
res is tance,  and hence the  l i f e t i m e  o f  the MFR. I n  t he  absence o f  a MFR, it IS necessary t o  u t i l i z e  
e x i s t i n g  s imu la t ion  f a c i l i t i e s  t o  determine t h e  e f fec t  on m ic ros t ruc tu ra l  changes of parameters (e.g., 
he l ium generat ion t o  damage r a t e  r a t i o ,  i r r a d i a t i o n  fluence, and hel ium generat ion r a t e )  t h a t  p e r t a i n  t o  
t he  expected MFR environment. 
technique can reproduce simultaneously a l l  the cond i t ions  t h a t  a MFR s t r u c t u r a l  ma te r i a l  W i l l  
experience. 
s t r u c t u r a l  mater ia ls .  
i r r a d i a t i o n  s imu la t ion  f a c i l i t i e s .  It remains t o  be demonstrated t h a t  t he  m ic ros t ruc tu ra l  changes 
induced by t he  use o f  e i t h e r  o f  these f a c i l i t i e s  s imulate adequately the m ic ros t ruc tu ra l  changes i n  a 
MFR . 
5.2.4.2 Experimental Resul ts  

25Ni-15Cr a l l oy ,  f e r r i t i c  s tee ls ,  and copper t h a t  have been reported by several i n v e s t i g a t o r s  a re  
presented i n  the fo l low ing  f i gu res .  The swe l l i ng  values t h a t  are presented f o r  t he  d i f f e r e n t  M t e r i a l S  
do not necessar i l y  inc lude a l l  o f  t he  data t h a t  have been reported i n  t he  l i t e r a t u r e .  The experimental 
data were selected for  t h i s  repor t  t o  show a comparison of swe l l ing  us ing  f i s s i o n  neutron- and i on -  
s imu la t ion  f a c i  1 i t i e s .  

Vanadium and vanadium-base a l l o y s  

The swe l l i ng  o f  vanadium and several vanadium-base a l l o y s  on neutron i r r a d i a t i o n  i s  compared w i t h  
t he  swe l l i ng  f o r  these ma te r i a l s  on s i ng le-  and dual- ion i r r a d i a t i o n  i n  F ig .  5.2.1. 
l i m i t e d  i r r a d i a t i o n  data, the a l l o y i n g  of vanadium w i t h  1-20 wjo t i t a n i u m  reduces t he  swe l l i ng  r a t e  of 
vanadium from -9.05%/dpa t o  < O.OOZ%/dpa f o r  neutron- and i o n - i r r a d i a t i o n s  i n  t h e  range of 400 t o  
800OC. The add i t i on  o f  10-15 w/o chromium t o  vanadium causes t he  swe l l i ng  r a t e  of vanadium t o  increase 
t o  -0.2%/dpa fo r  neutron- and i o n- i r r a d i a t i o n s  i n  the range o f  650 t o  800 C. However, t he  presence of  
chromium i n  a V-15Cr-5Ti a l l a y  does not r e s u l t  i n  s i g n i f i c a n t  swe l l i ng  f o r  r a d i a t i o n  damage l e v e l s  up t o  
-250 dpa. On t he  bas is  of t he  present data, t he  steady- state swe l l i ng  r a t e  f o r  t h e  V-15Cr-5Ti a l l o y  i s  < 
O.OOl%/dpa. I o n- i r r a d i a t i o n  r e s u l t s  f o r  t he  V-15Cr-5Ti a l l o y  have a lso  shown t h a t  t he  simultaneous 
product ion f r a d i a t i o n  damage and imp lan ta t ion  of hel ium impacts s i g n i f i c a n t l y  on p r e c i p i t a t e  
formation.lg The data presented i n  Fig.  5.2.1 suggest t h a t  t he  swe l l i ng  values obtained fo r  vanadium and 
vanadium-base a l l o y s  on neutron- o r  i o n - i r r a d i a t i o n  are e s s e n t i a l l y  i n  agreement. 

Fe-25Ni-15Cr and L A .  316 s ta in l ess  s tee l  

A t  t he  present t ime idea l  s imu la t ion  i s  no t  poss ib le  s ince  no S imula t ion  

I n  t h i s  repor t  comparisons are presented f o r  t he  swe l l i ng  of several candidate MFR 
The data f o r  these comparisons were obtained from use o f  f i s s i o n  neutron-  and i on -  

The experimental r e s u l t s  on the swe l l i ng  of vanadium and vanadium-base a l loys ,  s t a i n l e s s  s tee l ,  Fe- 

(XI t he  bas is  of  

The swe l l i ng  of t he  Fe-25Ni-15Cr a l l o y  on i r r a d i a t i o n  i n  the EBR-I1 reac tor  i s  compared wi th  t he  
swe l l i ng  o f  t h i s  mater ia l  on i r r a d i a t i o n  w i t h  Ni- ions i n  Fig.  5.2.2. Also i n  Fig.  5.2.2, t h e  swe l l i ng  o f  
s o l u t i o n  annealed 316 s ta in l ess  s tee l  on i r r a d i a t i o n  i n  t he  EBR-I1 o r  MIR reac tors  i s  compared w i t h  t he  
swe l l i ng  on s i ng le-  o r  dual- ion i r r a d i a t i o n .  The obvious d i f f e rence  between the neutron- and i on-  
i r r a d i a t i o n  data f o r  these mater ia ls  i s  t he  damage l e v e l  requ i red  be fore  t he  at ta inment of a "steady- 
s ta te "  swe l l i ng  ra te ;  viz.,  10-30 dpa f o r  neutron i r r a d i a t i o n  and 60-90 dpa f o r  i o n  i r r a d i a t i o n .  The 



63 

30- 

25 

IRRIDIATIW IRRIDIATION 

V - I ~ C I - ~ T I . V - T . ~ C ~ - ~ ~ T I  A 

IMUOIATUU T E U W T U R E  Pcl 

VANADIUM AND VANADIUM-BASE ALLOYS 

I I I I I I I - 
NEUTRON I O N  

E B R - U  H F I R  SINGLE DUAL 
F e e 2 5  "-15 Cr 400-51O'C 0 650-7OO'C 0 
S A 316 S S 450-550-C A 450-625-C 0 6 2 5 ~  A 7 0 0 ~  

DPA 

F ig .  5.2.1. Comparison of swe l l i ng  f o r  vanadium and vanadium-base a l l o y s  on neutron and i on  
i r r a d i a t i o n .  References f o r  symbols are:  0-1,2,3,4,5,6; 0 -3 ,7 ,8 ;  0-3.8, ;  A-3; +-9, lO, l l , lZ;  

W-11; 0 - 1 3 ;  A-14,15,16,17. 

1 
250 
u 
300 350 

1 

J 
400 

DPA 

F ig .  5 . 2 . 2 .  Comparison of swe l l i ng  f o r  the  Fe-25Ni-15Cr a l l o y  and solut ion-annealed 316 s t a i n l e s s  
s tee l  on neutron and i o n  i r r a d i a t i o n .  References f o r  symbols are:  0 - 1 8 ;  A- 19;  0 - 2 0 ;  .-21,22; 

A - 2 3 ;  m - 2 4 .  
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neu t ron  i r r a d i a t i o n  da ta  f o r  t h e  Fe-25Ni-15Cr a l l o y  are i n t e r p r e t e d  t o  show a " s t e a d y- s t a t e "  s w e l l i n g  
r a t e  o f  O.E-l.O%/dpa, whereas t h e  i o n - i r r a d i a t i o n  d a t a  suggest a lower  r a t e  of 0.2-0.5%/dpa. The neu t ron  
i r r a d i a t i o n  da ta  f o r  t h e  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  a r e  i n t e r p r e t e d  t o  show a " s t e a d y- s t a t e "  
s w e l l i n g  r a t e  o f  0.5-0.8%/dpa, and t h e  i o n  i r r a d i a t i o n  da ta  suggest a r a t e  o f  0.3-0.5%/dpa. On t h e  b a s i s  
o f  l i m i t e d  d a t a  ( e s p e c i a l l y  f o r  t h e  H F I K  i r r a d i a t i o n ) ,  t h e r e  i s  evidence f o r  t h e  s a t u r a t i o n  of  s w e l l i n g  
i n  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  a t  h i g h  damage l e v e l s  i n  t h e  presence o f  he l ium.  The d a t a  
presented i n  F ig .  5.2.2 show t h a t  t h e  i o n - i r r a d i a t i o n  techn ique  can be used f o r  a d i s c r i m i n a t i v e  
assescrilent o f  p o t e n t i a l  d imensional  i n s t a b i l i t y  o f  these  m a t e r i a l s  i n  an i r r a d i a t i o n  env i ronment .  
Fur thermore,  t h e  da ta  f o r  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  suggest t h a t  s imul taneous p r o d u c t i o n  of 
r a d i a t i o n  damage and h e l i u m  may have a s i g n i f i c a n t  impact on d imensional  s t a b i l i t y .  

F e r r i t i c  s t e e l s  

The s w e l l i n g  of  severa l  f e r r i t i c  s t e e l s  on neu t ron  i r r a d i a t i o n  i s  compared w i t h  th.? s w e l l i n g  of 
these  m a t e r i a l s  on i o n  i r r a d i a t i o n  i n  F i g .  5.2.3. The neu t ron-  and i o n - i r r a d i a t i o n  d a t a  f o r  t h e  t e r n a r y  
f e r r i t i c  a l l o y s  are i n t e r p r e t e d  t o  show a ' ' s teady- s ta te"  s w e l l i n g  r a t e  o f  O.Ol-U.OP%/dpa. A lower  
chromium c o n t e n t  i n  t h e  t e r n a r y  a l l o y  appears t o  r e s u l t  i n  a lower  s w e l l i n g  r a t e ,  i.e., O.Ol%/dpa f o r  EM- 
12 versus 0.02%/dpa f o r  HT-9. On t h e  b a s i s  o f  t h e  neut ron da ta ,  t h e  Fe-9,lZCr f e r r i t i c  a l l o y s  MY have 
s w e l l i n g  r a t e s  of -0.06%/dpa. The l i m i t e d  da ta  f o r  t h e  f e r r i t i c  s t e e l s  suggest t h a t  t h e  s w e l l i n g  va lues  
ob ta ined  on neut ron i r r a d i a t i o n  o r  i o n  i r r a d i a t i o n  are e s s e n t i a l l y  i n  agreement. 

DPb 

F i g .  5.2.3. Comparison of s w e l l i n g  f o r  f e r r i t i c  s t e e l s  on neu t ron  and i o n  i r r a d i a t i o n .  References 
f o r  symbols a r e :  0-25,26; 0 - 2 7 ;  A-28; 0 - 2 9 , 3 0 ;  @-29.30; 0 - 3 0 ;  0 - 3 0 ;  e - 3 1 ;  0 - 3 1 ;  
A. a - 3 2 .  

Copper 

The s w e l l i n g  of copper on neu t ron  i r r a d i a t i o n  i s  compared w i t h  t h e  s w e l l i n g  of copper  on i o n  
i r r a d i a t i o n  i n  F ig .  5.2.4. The ex t reme ly  l i m i t e d  da ta  on t h e  neut ron- induced s w e l l i n g  of copper  (100-200 
appm oxygen) suggest a s w e l l i n g  r a t e  of 4 .4%/dpa.  The i o n  i r r a d i a t i o n  da ta  show t h a t  t h e  s w e l l i n g  r a t e  
i s  s t r o n g l y  dependent on t h e  oxygen and h e l i u m  c o n c e n t r a t i o n .  The s w e l l i n g  r a t e  f o r  copper  can be 
reduced t o  < 0.001%/dpa by r e d u c t i o n  of t h e  oxygen c o n c e n t r a t i o n  t o  l e s s  than  1 appm f o r  r a d i a t i o n  damage 
l e v e l s  o f  < 40 dpa. 



65  

20 I I I I 
COPPER 

ION NEUTRON 
450'C A 335'C A 
450T 0 285-C 0 

450-C 
500°C V 

500-c 450-c o 

100-45O'C X ( ( 1  oppm OXYGEN1 - - 8 

P' 
/ 

/ 5 !'I / c 
0 bt 

OXYGEN HELIUM 
(appml (opprnl 

(32  DPAI 

V 100 

V 70 

/ 
/ , .  

i 

DPA 

F i g .  5.2.4. Comparison of s w e l l i n g  f o r  copper on neutron and i o n  i r r a d i a t i o n .  The re fe rences  f o r  
t h e  symbols a re :  A - 3 3 ;  0 , , e ,  V - 3 4 ;  A-35; 0-36; 0-37. 

5.2.5 Discuss ion 

The r e s u l t s  o f  t h i s  comparison of exper imenta l  s w e l l i n g  da ta  f o r  neutron-  and i o n - i r r a d i a t e d  MFR 
s t r u c t u r a l  m a t e r i a l s  a re  taken t o  show t h a t  t h e  i o n - i r r a d i a t i o n  techn ique  can be u t i l i z e d  f o r  a 
d i s c r i m i n a t i v e  assessment of t h e  p o t e n t i a l  f o r  s w e l l i n g  of these m a t e r i a l s .  The p o s t - t r a n s i e n t  (s teady-  
s t a t e )  s w e l l i n g  r a t e s  t h a t  were ob ta ined  f rom t h e  exper imenta l  data f o r  t h e  s t r u c t u r a l  m a t e r i a l s  a re  
l i s t e d  i n  Table 5.2.1. An apparent d i f fe rence  between t h e  " s teady- s ta te"  s w e l l i n g  r a t e s  f o r  t h e  
d i f f e r e n t  m a t e r i a l s  seems t o  e x i s t  on ly  f o r  t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  An a d d i t i o n a l  apparent 
d i f f e r e n c e  f o r  t h e  s t a i n l e s s  s t e e l s  i s  a longer  i n c u b a t i o n  p e r i o d  on i o n  i r r a d i a t i o n  f o r  t h e  i n i t i a t i o n  
of a 's teady- state"  s w e l l i n g  ra te .  However, i n s u f f i c i e n t  neutron f luence  has been accumulated on t h e  
s t a i n l e s s  s t e e l  a t  t h e  temperature f o r  t h e  i o n - i r r a d i a t i o n s  t o  unambiguously star, t h a t  t h e  p r e v i o u s l y  
mentioned d i f f e r e n c e s  a re  i n t r i n s i c  t o  t h e  s t a i n l e s s  s t e e l s  and o t h e r  m a t e r i a l s .  

Table 5.2.1. Swe l l i ng  r a t e  f o r  MFR a l l o y s  

M a t e r i a l  Swe l l i ng  r a t e  (%/dpa) 
Neutron I r r a d i a t i o n  I on  I r r a d i a t i o n  

V-15Cr 
V-1.5.10.20Ti 
~-1k;-5fi 
Fe-25Ni-15Cr 
S.A. 316 SS 
EM-12 (Fe-1OCr-2Mo) 
HT-9 (Fe-12Cr-1Mol 

- 0.2 
< 0.002 
< 0.001 

0.8-1.0 
0.5-0.8 - 0.01 - 0.02 

Copper (48 appm Oxygen) _ _  
Copper ( <  1 appm Oxygen) _ _  
Copper (100-200 appm Oxygen) - 0.4a 

- 0.2 
< 0.002 
< 0.001 

0.2-0.5 
0.3-0.5 - 0.01 - 0.02 
0.1 

< 0.001 - 0.3 

aEst imated oxygen c o n c e n t r a t i o n .  
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On the  basis of t h e  data presented fo r  s t a i n l e s s  s tee l  and copper, the  simultaneous produc t ion  o f  
r a d i a t i o n  damage and imp lan ta t i on  of hel ium has an impact on t he  m ic ros t ruc tu ra l  evo lu t i on  i n  these 
i r r a d i a t e d  mater ia ls .  The e f fec t  o f  hel ium imp lan ta t i on  on the  m ic ros t ruc tu ra l  evo lu t i on  i n  the  
vanadium-base a l l o y s  and the  f e r r i t i c  s t ee l s  i s  less  apparent because o f  t h e i r  i n t r i n s i c a l l y  low 
swe l l i ng .  

However, i t  i s  poss ib le  t h a t  h igh  swe l l i ng  may have an impact on the  physical  and mechanical p r o p e r t i e s  
o f  a ma te r i a l ,  e.?., thermal conduc t i v i t y ,  e l a s t i c  nwdu l i ,  and rad ia t ion- induced creep. 
i r r a d i a t i o n  technique can be a use fu l  t o o l  f o r  the  rap id  eva lua t ion  o f  swe l l i ng  o f  candidate MFR 
ma te r i a l s  t o  h igh i r r a d i a t i o n  damage f luence.  

It may be considered t h a t  s t r u c t u r a l  ma te r i a l s  i n  an MFR can be r e l a t i v e l y  t o l e r a n t  of swe l l ing .  

The ion-  

5.2.6 Conclusions 

1. I o n - i r r a d i a t i o n  o f  candidate MFR s t r u c t u r a l  ma te r i a l s  can prov ide  a d i s c r i m i n a t i v e  assessment o f  
the  p o t e n t i a l  f o r  swe l l i ng .  
2. I o n - i r r a d i a t i o n  can provide an assessment o f  the  e f f ec t  of h igh i r r a d i a t i o n  damage f luence (100- 
300 dpa) on t he  evo lu t i on  of a l l o y  mic ros t ruc tu re .  
3. I o n - i r r a d i a t i o n  can make an assessment o f  the  impact of vary ing t he  he l ium concentrat ion/dpa 
r a t i o  on swe l l i ng  of ma te r i a l s .  
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7.1 MICROSTRUCTURE OF ALLOY HT-9 AND LIODIFIED 9Cr-lMa ALLOY IRRADIATED IN THE LIBR 
J. A. Sprague and J. R. Reed (Naval Research Laboratory) 

7.1.1 ADIP Task 

The Office for Fusion EnergyIDepartment of Energy has established the need to investigate ferritic 
alloys under the ADIP program task, Ferritic Steels Development (Path E). 

7.1.2 Objective 

Alloy "I-9 and Modified 9Cr-1Mo are being evaluated for potential application as first-wall and 
structural materials in magnetic fusion reactors. 
examine the microstructural changes produced in these alloys by irradiation at 149C (300F) and to 
correlate these changes with previous notch ductility and fracture toughness data from the same 
specimens. 

The objectives of the current research task were to 

7.1.3 Summary - 
TEM disks were prepared from tested Charpy-V specimens of Alloy HT-9 and Modified 9Cr-1Mo which had 

been irradiated at 149C to 4.8 x IO2' n/cm2. E > 0.1 MeV. 
irradiation had produced small defect clusters, (10 w in diameter, in both alloys. These defect 
clusters were the apparent source of the hardening and thus the shift in ductile-brittle transition 
temperature previously observed for these materials. No changes in precipitate structure could be 
observed for either alloy. 

7.1.4 Progress and Status 

7.1.4.1 Introduction 

Examination of these disks showed that the 

As described in previous reports 1-3,  Alloy HT-9 and Modified 9Cr-lMo have been irradiated in the 
research reactor at State University of New York at Buffalo (UBR) to assess the irradiation wbrittlement 
of these alloys in the temperature range between 100 and 300C. Although the neutron fluence available 
for practical irradiation times in this reactor are low relative to target fluences for fusion reactor 
first wall applications, the LIBR offers good temperature control in the range below 300C. which is a 
significant range for some proposed fusion reactor designs. 
in UBR allowed direct comparison of results from standard and subsize notch ductility and fracture 
toughness specimens. to aid in the interpretation of data from higher fluence irradiation sources, such 
as HFIR and FFTF. The overall purpose of the LIBR experiments, therefore, was to assess the relative 
irradiation sensitivity of Alloy HT-9 from both Argon-Oxygen Decarburization (AOD) and Electroslag Remelt 
(ESR) melt practices and of an ESR heat of Modified 9Cr-1Mo and to determine the mechanisms producing 
irradiation hardening and embrittlement in the temperature range below 300C in these materials. Subs ize  
Charpy-V specimens were supplied to ORNL for the study of specimen size effects. 
reporting period, the irradiation-induced microstructural changes in these alloys were studied by TEM, 
and these were related to the previous tensile and fracture results. 

7.1.4.2 Experimental Procedures 

Also, the large irradiation volume available 

In the current 

The materials studied by TEM were the ESR heats of Alloy HT-9 and Modified 9Cr-IMo. following 
irradiation at 149C to a fluence of 0.8 x lozo n/cm2. E > 0.1 MeV. 
treatment, irradiation, and mechanical testing have been well covered in previous reports 1-3 and will 
not be repeated here. Following testing, TEM specimens were prepared from broken C, specimens by: (1)  
cutting off the fracture surface with a low-speed diamond saw; (2) trepanning a 3-mm diameter rod on one 
end of the remaining stub with an in-cell milling machine; (3) cutting several disks, approximately 250 
um thick, from this rod, using the low-speed diamond saw; ( 4 )  mechanically grinding the disks to 100 m; 
and (5) electropolishing in e standard dual-jet electropolisher. 
with a JEM-200CX electron microscope operating at 200 kV. 

7.1.4.3 Results and Discussion 

Details of alloy chemistry, heat 

The thinned specimens were examined 

The pre-irradiation heat treatments given to both alloys produced microstructures consisting 
principally of well-tempered martensite. 
and 7.1.2, were not altered by the irradiation exposure. 
carbides at the lath boundaries, or in the low densities of l ine dislocations present prior to 
irradiation. When imaged at higher magnification, as illustrated in Figs. 7.1.3 and 7.1.4, both the 
Alloy HT-9 and the Modified 9Cr-1Mo were found to contain small defect clusters with diameters less than 
10 W. The contrast of these clusters was consistent with their identification as dislocation loops. but 
the ferromagnetic nature of the specimens prevented the necessary tilting experiments to determine their 
Burgers vectors and habit planes. The distributions of these defect clusters within the martensite laths 
were non-uniform, implying some type of heterogeneous nucleation mechanism was operating. 

These general microstructural features, as shown in Figs. 7.1.1 
No significant changes were observed in the 

In fact, 
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Pig. 7.1.1. 
irradiation at 149C to a fluence of 0.8 x loZ5 n/em2, E > 0.1 MeV. 

Low-magnification electron micro raph of the microstructure of Alloy HT-9 following 

Fig. 7.1.2. 
following irradiation at 149C to a fluence of 0.8 x 102'' n/cm', E > 0.1 M ~ V .  

Low-magnification transmission electron micrograph of the microstructure of Modified 9Cr-1Mo 
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Fig. 7.1.3. Brightfield TEN image of defect clusters formed in Alloy HT-9 by irradiation at 149C to a 
fluence of 0.8 x 1020 ntcm2, E > 10.1 M ~ V .  

4 

Fig. 7.1.4. Brightfield TEM image of defect clusters formed in bbdified 9Cr-IMo by irradiation at 149C 
to a fluence of 0.8 x 1020 n/em2. E > 0.1 WV. 
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entire regions, the size of those shown here, containing no visible defect clusters at all could be found 
in both alloys. 
not be interpreted as representing an overall higher defect concentration. 

Thus, the apparently higher defect density shown here for the Modified 9Cr-IMo should 

The observation of defect clusters causing irradiation hardening and embrittlement is consistent 
with a number of previous investigations (eg Ref. 4) of irradiated iron alloys and pressure vessel 
steels, for irradiations at temperatures below 300C. The defect distributions observed in the present 
specimens are also similar to those reported by Gelles. et a15 for Alloy HT-9 and Modified 9Cr-1Mo 
irradiated to a higher fluence at 55C in HFIR. The two principal differences in the present results were 
slightly larger defect sizes and lower defect densities, as wuld be expected for the higher irradiation 
temperature and lover irradiation exposure. 
either of these experiments, to eliminate the possibility that the observed clusters could be small 
precipitates, their most reasonable identification would be as interstitial dislocation loops. due to the 
low mobility of vacancies in iron-based alloys at temperatures of 55 - 150C. While it is possible to 
produce vacancy-type loops by the collapse of vacancy-rich cores of displacement cascades, this collaspe 
has not been observed to  occur in iron6, for self-ion implantation at room temperature. 
temperature vacancy-type irradiation defects are not visible by TEM, although they can produce hardening. 

Although it is M t  possible, from the contrast observed in 

Thus, the l o r  

7.1.5 Future Work 

Further wrk on the UBR-irradiated specimens will focus on shear-punch and microhardness 
measurements on specimens cut from the teated C, specimens to provide a baseline for predictions of 
irradiation embrittlement from determinations of flow properties on small specimens. 
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7.2 MICROSTRUCTURAL/MICROCOMPOSITIONAL ANALYSIS OF NORMALIZED-AND-TEMPERED 9Cr-1MoVNb AND 12Cr-lMoVW STEELS 
DOPED WITH 2 wt % NICKEL - P. 3. Maziasz and R. L. Klueh (Oak Ridge Nat ional  Laboratory)  

7.2.1 ADIP Task 

ADIP  Tasks a re  no t  defined f o r  Path E, f e r r i t i c  s t ee l s  i n  t h e  1978 Program Plan. 

7.2.2 Ob jec t i ves  

genera t ion  du r i ng  HFIR i r r a d i a t i o n )  a f fec ted  t h e  m ic ros t ruc tu re  o r  p r e c i p i t a t i o n  i n  t he  normalfzed-and- 
tempered c o n d i t i o n  p r i o r  t o  i r r a d i a t i o n .  

1.2.3 Summary 

f e r r i t e  subgrain s t r uc tu res  with M,,C, and MC p r e c i p i t a t e  and a few d i s l oca t i ons .  The 12Cr s t e e l  has m r e  
p r e c i p i t a t e ,  which i s  almost exc lus i ve l y  M&; t he  9Cr s tee l  has l ess  p r e c i p i t a t i o n ,  bu t  a l a r g e r  f r a c t i o n  
o f  f i n e  MC. Both s tee l s  doped w i t h  2 wt % N1 have m r e  r e f i n e d  p r e c i p i t a t e  and/or subgrain s t r uc tu res  and 
h i ghe r  d i s l o c a t i o n  concentrat ions,  but  these changes are  cons is ten t  w i t h  t h e i r  lower tempering temperatures 
r e l a t i v e  t o  undoped mater ia ls .  
o r  t he  r e l a t i v e  phase f rac t ions ,  and does no t  apprec iab ly  a f f e c t  phase compositions. 

7.2.4 Progress and Status 

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

demonstrate exce l l en t  vo id  swe l l i ng  res is tance  dur ing  f a s t  breeder r eac to r  (FER) i r rad ia t ion . ' - '  
on l y  minuscule l e v e l s  of t ransmuta t ion  he l ium are  generated du r i ng  FBR i r r a d i a t i o n  compared t o  t h e  he l ium t o  
be generated i n  a fus ion reac to r  f i rs t  wa l l .  9Cr-1MoVNb and 12Cr-1MoVW f e r r i t i c  s t ee l s  have been doped with 
2 w t  % N i  t o  examine t he  e f f e c t s  of h igher  hel ium genera t ion  on vo id  swel l i -ng res i s t ance  and m c h a n i c a l  
p r o p e r t i e s  dur ing  HFIR i r r a d i a t i o n .  
has apprec iab ly  a l t e r e d  t h e  normalized-and-tempered m ic ros t ruc tu re  of these s t e e l s  p r i o r  t o  i r r a d i a t i o n .  
Previous work has charac te r ized  t he  m ic ros t ruc tu re  of t he  undoped s tee l s  i n  t he  normalized-and-tempered 
~ o n d i t i o n , ~  and has determined tempering cond i t i ons  f o r  t h e  n ickel- doped s tee l s  on t h e  bas is  o f  hardness 
changes.6 

7.2.4.2 Experimental 

A l l o y  composit ions a re  g iven i n  Table 7.2.1, and t h e  normalizing-and- tempering heat  t rea tments  a re  
l i s t e d  i n  Table 7.2.2. Transmission e l e c t r o n  microscopy (TEM) d isks,  3 mn i n  diameter, were punched from 
0.254-nm-thick sheet p r i o r  t o  normal iz ing  and tempering. Carbon f i l m  e x t r a c t i o n  r e p l i c a s  were produced 
p r i o r  t o  p o l i s h i n g  t h e  d l s k  t o  e l e c t r o n  t ransparency and suspended on b e r y l l i u m  g r i d s  f o r  p r e c i p i t a t e  analy-  
s i s .  
spec ia l  o b j e c t i v e  lens  po lep iece  designed t o  lower t h e  magnetic f i e l d  a t  t h e  specimen ( re fe r red  t o  as an PMG 
polepiece) .  

Th is  i n v e s t i g a t i o n  was undertaken t o  eva lua te  whether o r  not  doping w i t h  2 w t  $ N i  ( t o  inc rease he l ium 

Normalized-and-tempered 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  a re  tempered mar tens i te  t h a t  have recovered 

Nickel  doping does not  change t he  p r e c i p i t a t e  phases observed (M& and Mc) 

F e r r i t i c  s t e e l s  a re  being i nves t i ga ted  f o r  f us i on  reac to r  f i r s t - w a l l  app l i ca t i ons  because t hey  
However. 

The purpose of t h i s  work i s  t o  determine whether o r  no t  n i c k e l  doping 

T h i n - f o i l  m i c ros t ruc tu ra l  ana l ys i s  was performed on a JEM l O O C  e l e c t r o n  microscope equipped w i t h  a 

A n a l y t i c a l  e l e c t r o n  microscopy (AEM) was performed on a P h i l i p s  EM400 microscope equipped with 

Table 7.2.1. Compositions of 9Cr-1MoVNb and 12Cr-1MoVW heats of s t ee l  w i t h  and w i t hou t  n i c k e l  doping 

~~ 

Concentrati0n.a w t  % 
A1 1 oy Heat 

des igna t i on  number C r  Mo N i  Mn C S i  V Nb T i  W N 

9Cr-1FloVNb (XA 3590 8.6 1.0 0.1 0.36 0.09 0.08 0.21 0.063 0.002 0.010.05 
9Cr-1MoVNb ( X A  35911 8.6 1.0 2.2 0.36 0.064 0.08 0.22 0.066 0.002 0.01 0.053 

12Cr-1MoVW (XXA 3587) 12 0.9 0.4 0.5 0.2 0.18 0.27 0.018 0.003 0.54 0.02 
12Cr-1MoVW (XXA 3589) 11.7 1.0 2.3 0.5 0.2 0.14 0.31 0.015 0.003 0.54 0.02 

+ 2% N i  

+ 2% Ni  

agalance i ron.  
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SA + 1 h AT 760°C 
Fig. 7.2.2. Higher magn i f i ca t i on  microscopy o f  small p a r t i c l e s ,  i n c l u d i n g  MC phases and copper p r e c i -  

p i t a t e s ,  on a r e p l i c a  ex t rac ted  from 9Cr-1MoVNb s tee l  a f t e r  normal iz ing  and tempering (1 h a t  760°C). 

The lower tempering temperature of t h e  n ickel- doped samples would cause l e s s  recovery and poss ib l y  l e s s  pre-  
c i p i t a t i o n ,  if t h e  p r e c i p i t a t i o n  k i n e t i c s  a re  s l ugg i sh  and/or temperature sens i t i ve .  
n i c k e l  doping i t s e l f  does no t  appear t o  se r i ous l y  change t he  mic ros t ruc tu re .  

The AEM ana l ys i s  on r e p l i c a s  a l so  i n d i c a t e s  no appreciable e f f e c t  o f  n icke l- dop ing  on phase composi- 
t i o n s  o r  r e l a t i v e  phase f r ac t i ons  (Table 7.2.3). The p r e c i p i t a t i o n  i s  s t i l l  dominated by M,,C, ( r e l a t i v e  
phase f r a c t i o n s  15% MC/85% M ?C6).  Composi t ional ly ,  t h e  MZ,C, appears t o  con ta in  a l i t t l e  m r e  chromium, 
w h i l e  t h e  Mc phase i s  s t i l l  t imoda l l y  d i s t r i b u t e d  among main ly  vanadium-rich carbides w i t h  some n iob ium- r ich  
carb ides  (poss ib l y  these con ta i n  more niobium than i n  t he  undoped s t e e l ) .  

12Cr-1MoVW - The m ic ros t ruc tu re  of t he  tempered mar tens i te  o f  t he  normalized-and-tempered 12Cr-1MoVW 
s t e e l  conta ins small ,  r e l a t i v e l y  d i s l o c a t i o n- f r e e  f e r r i t e  subgrains s i m i l a r  t o  t he  9Cr-1MoVNb s tee l ,  but 
w i t h  m c h  m r e  p r e c i p i t a t i o n  of M,,C, [Fig: 7.2.4(a) and (c)]. The M,$, p a r t i c l e s  m r e  h e a v i l y  decorate 
subgra in  boundaries or l a t h  packet boundaries i n  t he  12Cr a l l o y  [see Fig. 7.2.5(a)]. AEM r e p l i c a  ana l ys i s  
i n d i c a t e s  t he  presence of very small vanadium-rich PC p a r t i c l e s  w i t h i n  t he  subgrains, bu t  t h e  Mc i s  only a 
minu te  p o r t i o n  o f  t he  t o t a l  carb ide  p r e c i p i t a t i o n .  The M,,C, i s  compos i t iona l l y  s i m i l a r  t o  t h a t  found i n  
t h e  9Cr s t e e l  and does not  vary w i t h  p a r t i c l e  s ize ;  t he  M,$, does con ta in  a t r a c e  amount o f  tungsten i n  t h e  
12Cr-1MoVW a l l oy .  The vanadium-rich PC i n  t he  12Cr a l l o y  i s  a l so  very s i m i l a r  t o  t h a t  found i n  t h e  9Cr 
a l l o y ,  bu t  w i t h  a s i g n i f i c a n t  enrichment of t i tan ium,  which i s  present  as on l y  a r es i dua l  element i n  the 
12Cr a l l oy .  The niobium enrichment i n  t he  MC phase, desp i te  reduced MC format ion and t h e  reduced niobium 
conten t  (a r es i dua l  i n  t h i s  a l l o y ) ,  i s  on ly  present  i n  s l i g h t l y  smal le r  amounts i n  t h e  12Cr-1MoVW s tee l  
than  t he  9Cr-1MoVNb s tee l .  These observat ions may s igna l  t h a t  niobium and t i t a n i u m  add i t i ons  toge ther  a re  
important  t o  MC format ion c h a r a c t e r i s t i c s  o f  these f e r r i t i c  s teels.  

The 2 w t  % Ni-doped 12Cr-1MoVW s tee l  again shows l e s s  recovery m i c r o s t r u c t u r a l l y .  and m r e  M2,C6 par-  
t i c l e s  which are smal le r  r e l a t i v e  t o  t he  undoped s t e e l  [Figs. 7.2.4 and 7.2.5(a) and (b)]. 
Fig. 7.2.4(c) and (d )  suggests a somewhat smal ler  subgrain s i z e  i n  t h e  n ickel- doped s t e e l ;  h igher  magnif ica-  
t i o n  microscopy i n  Fig. 7.2.5(c) and (d) i n d i c a t e s  a h igher  d i s l o c a t i o n  concent ra t ion  near p r e c i p i t a t e s  

With t h i s  caveat, 

Comparison o f  
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Fig. 1.2.3. Histograms o f  elemental composit ion o f  vanadium-rich MC carb ides i n  normalized-and- 
tempered (a )  gCr-lMoVNb, (b)  12Cr-lMoVW, and (c )  n iobium- r ich MC carb ides i n  9Cr-1MoVNb. These are  averaged 
composit ions from ana lys is  o f  several  i n d i v i d u a l  small p a r t i c l e s  ex t rac ted  on carbon rep l i cas .  

UNDOPED 

ORNL PHOTO 1148-85 

2 w t % N i  

Fig. 1.2.4. Microscopy of p r e c i p i t a t i o n  on e x t r a c t i o n  r e p l i c a s  (a ) , (b )  and of t he  o v e r a l l  m ic ros t ruc-  
t u r e  i n - f o i l  (c) , (d)  of normalized-and-tempered 12Cr-1MoVW s tee ls ,  undoped (a ) , (c )  and doped w i t h  2 w t  % N i  
( b ) * ( d ) *  

and/or boundaries i n  t he  nickel-doped s tee l  as wel l .  Again, however. such m ic ros t ruc tu ra l  behavior  
seems more l i k e l y  due t o  t h e  lower tempering temperature of t he  nickel-doped a l l oy .  
k i n e t i c s  are not  s luggish,  then lower temperature tempering should cause a ref inement i n  t he  p a r t i c l e  
s i z e  d i s t r i b u t i o n .  

and none on phase i d e n t i t i e s  o r  r e l a t i v e  f rac t ions .  
r i c h  Mc formed i n  t h e  nickel-doped a l l o y ,  w i t h  a corresponding reduc t ion  i n  t h e  chromium content  o f  t h a t  
phase. 
suggest a bene f i c i a l  r o l e  of t i t a n i u m  as a s t rong  MC s t a b i l i z e r  toge ther  w i t h  vanadium and niobium. 

If t h e  p r e c i p i t a t i o n  

The AEM r e p l i c a  ana l ys i s  again i n d i c a t e s  no appreciable e f f e c t  o f  n i c k e l  doping on phase composit ions 
There i s ,  however, much more t i t a n i u m  i n  t he  vanadlum- 

Whether t h i s  i s  due t o  t he  d i f ference i n  tempering temperature i s  no t  c lear ,  bu t  i t  again may 
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7.3.4.3. Results 
Cav i t  M i c ros t ruc tu ra l  Evo lu t i on  - I n  gCr-lMoVNb, m a t r i x  voids (S-18 nm i n  diam) were observed on ly  a t  

4 0 0 Y  aft,: -37 dDa 1-30 at.  DDm He). as repor ted  ~ r e v i o u s l y . '  However, t he  voids were no t  S p a t i a l l y  Unl- . .  
form, but  formed i n  patches. 
400OC and a long subgrain boundaries a t  600"C, but  none were detected a t  300 o r  5OOOC. 

By con t ras t ,  copious f i n e  bubble formation was observed a t  a l l  temperatures i n  t h e  9Cr-lMoVNb-PNi, and 
vo ids  were found a t  bath 400 and 500'C a f t e r  37 t o  39 dpa and 400 t o  420 at. ppm He. Low-magnif icat ion TEN 
of 9Cr-1MoVNb-2Ni a t  300 t o  60OOC i s  shown i n  Fig. 7.3.1, wh i l e  comparison of nickel-doped and undoped 
s t e e l s  a t  400°C i s  made i n  Fig. 7.3.2. Higher magn i f i ca t i ons  of bubble m ic ros t ruc tu res  i n  t h e  nickel- doped 
and t h e  undoped 9Cr-1MoVNb are compared i n  Fig. 7.3.3 a t  300 and 600'C, and i n  Fig. 7.3.4 a t  400 and 5OOOC. 
The increased bubble nuc lea t i on  due t o  increased hel ium generat ion i s  q u i t e  obvious a t  300, 500, and 6OOOC 
from Figs. 7.3.3 and 7.3.4. A t  400°C (Fig. 7.3.4), t h e  l a r g e r  ma t r i x  vo id  populat ions are s i m i l a r ,  bu t  many 
more background m a t r i x  bubbles decorate d i s l o c a t i o n s  and p r e c i p i t a t e s  i n  t he  nickel-doped s tee l .  
lower magn i f i ca t i on  i n  Fig. 7.3.2, o v e r a l l  vo id  format ion appears s p a t i a l l y  m r e  un i fo rm i n  t h e  nickel- doped 
s t e e l  as well .  

and 7.3.4(c)]. 

Some background bubbies ( 2 . e  nm i n  diam) were a l s o  observed i n  t h e  m a t r i x  a t  

A t  t he  

Fine bubble s izes  appeared s i m i l a r  a t  both 300 and 500'C i n  t he  9Cr-1MoVNb-2Ni s tee l .  
and m r e  uni formly d i s t r i b u t e d  i n  t h e  m a t r i x  a t  300 and 500°C than a t  600°C. where they  

i n  diameter and p r i m a r i l y  decorated d i s l o c a t i o n s  and subgrain boundaries [Figs. 7.3.l(d) 

ORNL PHOTO 2909-85 

Fig. 7.3.1. A low-magni f icat ion comparison o f  c a v i t y  mic ros t ruc tu res  i n  9Cr-1MoVNb-2Ni i r r a d i a t e d  i n  
HFIR t o  37 t o  39 dpa and 400 t o  420 at. ppm He a t  (a) 3OO0C, (b) 400"C, (c )  500"C, and (d )  600°C. Voids a re  
found on ly  a t  400 and 5OOOC. 
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400°C, 38-39 dpa 

9 Cr-1 MoV Nb + 2 Ni 
(424 at. ppm H e )  

9 Cr-1 MoV Nb 
(32 at. ppm H e )  

Fig. 7.3.2. A comparison of (a) 9Cr-1MoVNb-PNi (400 at. ppm He) and (b) 9Cr-1MoVNb (30 at. ppm He) 
a f t e r  HFIR i r r a d i a t i o n  a t  400'C t o  -37 dpa t o  i l l u s t r a t e  t h e  e f fec ts  of increased hel ium generat ion and/or 
n i c k e l  content  on vo id  and p r e c i p i t a t e  formation. 

Void format ion i n  9Cr-1MoVNb-PNi s t e e l  was p e c u l i a r  a t  5 0 0 Y  because a l l  of t h e  vo ids  were e x c l u s i v e l y  
Void s izes  ranged 

A few l a r g e  p a r t i c l e s  w i t h  voids i n s i d e  were a l s o  observed a t  400°C. A t  

associated w i t h  l a r g e  g l obu la r  o r  e longated p r e c i p i t a t e  phase p a r t i c l e s  [Fig. 7.3.l(c)]. 
from 14 t o  60 nm i n  diameter and were l a r g e r  than a t  400OC. 
500°C were w i t h i n  t h e  p a r t i c l e s  them-selves, w i th  t h e  l a r g e s t  voids being near t h e  cen ter  and t h e  smal les t  
ones near t h e  p a r t i c l e  i n t e r f ace .  
400"C, t h e  voids within p r e c i p i t a t e s  were l a r g e r  than t h e  average voids i n  t h e  
t h e  voids and t h e i r  surrounding p r e c i p i t a t e  phase p a r t i c l e  a s s i s t  each o ther  i r  
f luence data a re  requ i red  t o  e s t a b l i s h  t he  sequence of vo id  and p r e c i p i t a t e  de! 

D i s l o c a t i o n / P r e c i p i t a t e  M ic ros t ruc tu ra l  Evo lu t i on  - I r r a d i a t i o n  i n  HFIR p i  I t h e  
as-tempered m ic ros t ruc tu res  o f  both nickel-doped and undoped 9Cr-1MoVNb a f t e r  i r  ~ ( I U I ~ L I U I I  at. JUU LU WU'C t o  
-36 t o  39 dpa, but  very l i t t l e  change a t  600°C. A t  60OOC i n  t h e  9Cr-1MoVNb-2Ni a l l o y .  p r e c i p i t a t i o n  and 
subgrain s t r uc tu res  a f t e r  HFIR i r r a d i a t i o n  were aene ra l l v  s i m i l a r  t o  those i n  t h e  as-temoered cond i t ion .  but  

Stereomicroscopy revealed t h a t  t he  voids a t  

' a t  
_. . . 

matr ix .  T h l S  Suggests t h  
I growth. However. lower 
relopment. 
.educes obvious changes i n  
i _ _ _ > : _ A 2 _ _  -* 3nn *-  r n n c  

t h e  i r r a d i a t i o n  d e f i n i t e l y  caused f u r t he r  recoveiy of th; d i s l o c a t i o n  network. Nickel  doping d i d  no t  ' 

g r e a t l y  a f f e c t  d i s l o c a t i o n  o r  p r e c i p i t a t e  m ic ros t ruc tu res  du r i ng  i r r a d i a t i o n  a t  6OO0C. 
I r r a d i a t i o n  i n  HFIR a t  300'C produces a dense d i s l o c a t i o n  s t r u c t u r e  of loops and/or network and 

poss ib l y  a somewhat coarser  subgrain s t r u c t u r e  i n  9Cr-1MoVNb-2Ni r e l a t i v e  t o  t he  normalized-and-tempered 
s t r u c t u r e  [Fig. 7.3.5(a)]. The as-tempered p r e c i p i t a t e  s t r u c t u r e  seemed r e l a t i v e l y  unaf fected by i r r a -  
d i a t i o n  a t  300°C, w i t h  l i t t l e  in f luence of n i cke l  doping. 

I r r a d i a t i o n  a t  400OC produces a t ang le  of loops and network i n  t h e  9Cr-1MoVNb-P Ni, l eav ing  l i t t l e  
evidence of t he  as-tempered subgrain s t r u c t u r e  [Fig. 7.3.5(b)]. 
w i t h  i nc reas ing  i r r a d i a t i o n  temperature; d i s l o c a t i o n  concent ra t ion  was cons iderab ly  h igher  than as-tempered 
a f t e r  i r r a d i a t i o n  a t  4OO0C, but  showed l i t t l e  change from the  o r i g i n a l  s t r u c t u r e  dur ing  i r r a d i a t i o n  a t  
500°C. Again, n i cke l  doping appeared t o  have l i t t l e  e f fec t  on d i s l o c a t i o n  evo lu t i on ,  but  by con t ras t ,  i t  
tremendously in f luenced p r e c i p i t a t i o n  a t  400 and 500OC. 

I n  t h e  9Cr-1MoVNb. p r e c i p i t a t i o n  seemed s i m i l a r  t o  t h e  as-tempered ma te r i a l  a f t e r  i r r a d i a t i o n  a t  400 
and 500'C. 
c i p i t a t e  s t r u c t u r e  (coarse M,,C, t f i n e r  MC). 
t a t i o n .  

The d i s l o c a t i o n  concent ra t ion  decreased 

However, i n  t he  nickel-doped s tee l ,  t he re  seemed t o  be l i t t l e  evidence of t h e  as-tempered pre-  

A t  400"C, a heavy p r e c i p i t a t e  of medium-coarse l a th ,  rod, and plate-shaped p a r t i c l e s  was found i n  
Instead, t he re  was considerable i r rad ia t ion- produced p r e c i p i -  
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9 Cr-1 MoV Nb + 2 Ni (- 420 at. ppm H e )  

ORNL PHOTO 2906-85 

9 0 - 1  MoV Nb ( -  30 at. PPm H e )  

? 

37-39 dpa 

Fig. 7.3.3. High-magni f icat ion TEM t o  i l l u s t r a t e  t h e  e f f ec t s  o f  increased hel ium genera t ion  on bubble 
fo rmat ion  a f t e r  HFIR i r r a d i a t i o n  t o  37 t o  39 dpa a t  ( a )  and ( b )  400°C and ( c )  and (d) 500°C. 
a re  9Cr-1MoVNb-2Ni w i t h  400 t o  420 at. ppm He, whereas (b) and (d)  a re  9Cr-1MoVNb w i t h  30 t o  32 at.  ppm He. 

(a )  and (c )  

t h e  mat r i x ,  as seen i n  Fig. 7.3.l(b) and 7.3.2(a), w i t h  elongated, almost continuous p a r t i c l e s  formed along 
subgrain o r  packet boundaries; much m r e  f i n e  p r e c i p i t a t i o n  was a l so  found r e l a t i v e  t o  t h e  as-tempered con- 
d i t i o n .  
(a long boundar ies)  p a r t i c l e s  were found w i t h  very l i t t l e  m a t r i x  (medium-coarse or f i n e )  p r e c i p i t a t i o n .  
5OO0C. d i f f r a c t i o n  evidence suggests t h e  body-centered-cubic x phase. 
radiat ion-modi f ied,  o r  rad ia t ion- induced)  o f  these p r e c i p i t a t i o n  phenomena o r  t h e i r  r e l a t i o n s h i p  t o  
rad ia t ion- induced s o l u t e  segregat ion behavior i n  t he  s tee l  i s  under i nves t i ga t i on .  
e f f e c t s  were, however, co inc ident  w i t h  vo id  fo rmat ion  and conf ined t o  t he  n ickel- doped 9Cr-1MoVNb. 

7.3.5. Conclusions 

du r i ng  HFIR i r r a d i a t i o n .  

a f t e r  37 t o  39 dpa, whereas t h e  undoped s tee l  formed voids on ly  a t  400'C. 
v e l y  i n s i d e  coarse, g l obu la r  x phase p a r t i c l e s  a t  500°C. 

N icke l  doping d i d  no t  se r i ous l y  a f f ec t  d i s l o c a t i o n  e v o l u t i o n  dur ing  HFIR i r r a d i a t i o n  a t  300 t o  
600'C. I r r ad ia t i on- induced  d i s l o c a t i o n  ( loops p l us  network) p roduc t ion  i n  9Cr-1MoVNb-2Ni was g rea tes t  a t  
3OO0C, l e s s  a t  4OO0C, and n e g l i g i b l e  a t  500°C. 
recover somewhat a f t e r  i r r a d i a t i o n  a t  600'C. 

Considerable amounts of i r rad ia t ion- produced p r e c i p i t a t i o n  occurred i n  t he  n ickel- doped s t e e l  a t  
400 and 5OO0C, whereas n e i t h e r  doped nor  undoped s tee l s  showed much chanqe from the  as-tempered p r e c i p i t a t e  
s t r u c t u r e  a f t e r  HFIR i r r a d i a t i o n  a t  300 or 600°C. 

The phases a t  400OC have not  y e t  been i d e n t i f i e d .  A t  500°C, very coarse, g lobu la r ,  o r  e longated 
A t  

The na ture  (enhanced thermal, 

These p r e c i p i t a t e  

1. 

2. 

The a d d i t i o n  of 2% Ni  t o  t he  9Cr-1MoVNb s tee l  enhances bubble fo rmat ion  over t h e  range 300 t o  600OC 

Nickel  doping t o  increase hel ium generat ion produced considerable vo id  format ion a t  400 and 50OoC 
Voids appeared t o  form e x c l u s i -  

3. 

The as-tempered d i s l o c a t i o n  s t r u c t u r e  a c t u a l l y  appeared t o  

4. 
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7.3.6. Future Work 

phase ana l ys i s  employing e x t r a c t i o n  r e p l i c a s  and AEM techniques. 
un fo l d  t he  mechanisms of vo id  evo lu t i on  i n  these s tee ls ,  and h igher  f luence HFIR i r r a d i a t i o n s  o f  doped and 
undoped 9Cr-1MoVNb are  i n  progress. I n  add i t ion ,  specimens i r r a d i a t e d  t o  s i m i l a r  cond i t i ons  i n  FFTF 
(minuscule hel ium generat ion fo r  both nickel-doped and undoped 9Cr-1MoVNb) w i l l  be examined t o  p rov ide  a 
base l i n e  dga ins t  which t o  gage t he  e f f ec t s  o f  increased he l ium i n  both a l l oys ,  and a means o f  separa t ing  
n i c k e l  from hel ium e f fec ts  i n  t he  9Cr-1MoVNb. F i n a l l y ,  s i m i l a r  i n v e s t i g a t i o n s  w i l l  be extended t o  both 
doped and undoped 12Cr-1MoVW steels.  
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7.4 POSTIRRADIATION TENSILE BEHAVIOR OF NICKEL-DOPED 9Cr-1MoVNb and 12Cr-1MoVW STEELS - R. L. Klueh, 
P. J. Maziasz, and J. M. V i tek  (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  d e f i n e d  f o r  Path E, f e r r i t i c  s t e e l s  i n  t h e  1978 Program Plan. 

7.4.2 O b j e c t i v e s  

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  o f  Cr-Mo f e r r i t i c  s t e e l s  i r r a d i a t e d  a t  
I n  t h e  f u t u r e ,  t h e  r e s u l t s  o f  t h i s  work w i l l  be compared w i t h  e leva ted-  e l e v a t e d  temperatures i n  E8R-11. 

temperature i r r a d i a t i o n s  of t h e  same s t e e l s  i n  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 .  

7.4.3 Summary 

T e n s i l e  specimens o f  normal i  zed-and-tempered gCr-lMoVNb, 9Cr-lMoVNb-ZNi, lZCr-lMoVW, 12Cr-1MoVW-1Ni , 
and 12Cr-1MoVW-2Ni s t e e l s  were i r r a d i a t e d  i n  E B R - I 1  t o  -16 dpa a t  390 t o  550'C. 
room temperature and t h e  i r r a d i a t i o n  temperature on uni  r r a d i a t e d ,  t h e r m a l l y  aged, and i r r a d i a t e d  Specimens. 
The e f f e c t  o f  i r r a d i a t i o n  depended on temperature and on t h e  temper ing t rea tment  t h a t  t h e  s t e e l  was given. 

7.4.4 Progress and Status 

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

To s tudy  a l l o y s  f o r  f u s i o n  r e a c t o r  f i r s t  w a l l  a p p l i c a t i o n s ,  i t  i s  necessary t o  have a techn ique  f o r  
s t u d y i n g  t h e  e f f e c t  o f  i r r a d i a t i o n- p r o d u c e d  d isp lacement  damage and t r a n s m u t a t i o n  he l ium i n  t h e  a l l o y .  
do t h i s  i n  t h e  9% C r  and 12% C r  Cr-Mo s t e e l s ,  n i c k e l  i s  added t o  t h e  s t e e l s ,  and they a re  then  i r r a d i a t e d  i n  
a mixed-spectrum r e a c t o r  such as t h e  High F lux  I so tope  Reactor (HFIR).'*2 
by t h e  f a s t  neutrons i n  t h e  spectrum and he l ium i s  produced by a t r a n s m u t a t i o n  r e a c t i o n  o f  5h w i t h  t h e  
thermal  neu t rons  i n  t h e  spectrum. 
up t o  2% N i  has been added. 
damage. 
d isp lacement  damage occurs bu t  e s s e n t i a l l y  no h e l i u m  i s  produced. 

i n  EBR-11. 
p e r t i e s  w i l l  be determined by comparing t h e  r e s u l t s  from t h e  two experiments. 

7.4.4.2 Exper imenta l  Procedure 

pared by Combustion Engineer ing,  Inc.. Chattanooga, Tennessee. 
12Cr-1MoVW s t e e l  (-0.5% N i )  and t h i s  composi t ion w i t h  1 and 2% N i  and t h e  s tandard  9Cr-1MoVNb (-0.1% N i )  and 
t h i s  s t e e l  w i t h  2% Ni. The composi t ions o f  t h e  a l l o y s  and t h e  des igna t ions  t o  be used i n  t h i s  p rogress  
r e p o r t  a re  g iven  i n  Table 7.4.1. 

Sheet t e n s i l e  specimens i n  t h i s  experiment were o f  t h e  55-1 type,  w i t h  a reduced gage s e c t i o n  20.3 nm 
l o n g  by 1.52 nm wide by 0.76 mn t h i c k .  
r o l l i n g  d i r e c t i o n  o f  t h e  sheet. 
d i t i o n s  g i v e n  i n  Table 7.4.2. 

Tests were conducted a t  

To 

Displacement dama e i s  produced 

Such a s tudy  i s  i n  progress on 9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  t o  which 
The s t e e l s  a re  being i r r a d i a t e d  i n  HFIR t o  produce he l ium and d isp lacement  

They have a l s o  been i r r a d i a t e d  i n  t h e  Experimental Breeder Reactor (EBR-11) .  a f a s t  r e a c t o r  where 

T h i s  r e p o r t  p resen ts  t e n s i l e  r e s u l t s  from specimens i r r a d i a t e d  i n  t h e  AD-2 experiment conducted by HEDL 
When t h e  t e s t s  on t h e  H F I R- i r r a d i a t e d  specimens a re  completed, t h e  e f f e c t  o f  he l ium on t h e  p ro-  

Three e l e c t r o s l a g- r e m e l t e d  (ESR) heats  o f  12Cr-1MoVW and two heats o f  ESR 9Cr-1MoVNb s t e e l  were p r e-  
These a l l o y s  i n c l u d e d  t h e  s tandard  

A l l  specimens were machined w i t h  t h e i r  gage l e n g t h s  p a r a l l e l  t o  t h e  
The specimens were norma l i zed  and tempered u s i n g  t h e  heat  t rea tment  con- 

Table 7.4.1. Chemical compos i t i on  o f  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  

Content,  w t  % 

C r  Mo N i  V Nb W C N 
A1 1 oy Heat 

9Cr-1MoVNb XAA-3590 8.62 0.98 0.11 0.21 0.063 0.01 0.09 0.050 
9Cr-1MoVNb-2Ni XAA-3591 8.57 0.98 2.17 0.22 0.066 0.01 0.064 0.053 

17Cr-lMoVW XAA-3587 11.99 0.93 0.43 0.27 0.018 0.54 0.21 0.020 
~ 

12Cr-1MoVW-1Ni XAA-3588 11.97 1.04 1.14 0.31 0.015 0.53 0.20 0.016 
12Cr-1MoVW-2Ni XAA-3589 11.71 1.02 2.27 0.31 0.015 0.54 0.20 0.017 



Specimens were i r r a d i a t e d  i n  capsules des igned 
t o  m a i n t a i n  tempera tu res  o f  390, 450, 500, and 
550°C. I r r a d i a t i o n  was i n  row 4 of EBR-11, and t h e  
specimens were exposed t o  f l uences  o f  -3.2 t o  3.4 x 
IOz6 neut rons/mz ( E  > 0.1 MeV), depending on t h e  
p o s i t i o n  i n  t h e  r e a c t o r .  T h i s  f l u e n c e  produced a 
d i sp lacement  damage of about 15.4 t o  16.2 dpa. The 
u n c e r t a i n t y  i n  f l u e n c e  has been e s t i m a t e d  as ? lo% 
and t h e  tempera tu re  u n c e r t a i n t i e s  a re  390 5 1O"C, 
450 4 15"C, 500 t 20"C, and 550 f 30'C. 

A f t e 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 con-  
duc ted  a t  t h e  i r r a d i a t i o n  tempera tu re  and, where 
specimens were a v a i l a b l e ,  a t  room temperature.  A S -  
h e a t - t r e a t e d  as w e l l  as t h e r m a l l y  aged c o n t r o l  
samples were a l s o  t e s t e d  t o  separa te  t h e  e f f e c t  o f  
i r r a d i a t i o n  f rom the rma l- ag ing  e f f e c t s .  Thermal 
a g i n g  was a t  t h e  i r r a d i a t i o n  tempera tu res  f o r  
5000 h - t h e  approx imate t i m e  o f  t h e  i r r a d i a t i o n .  
The t e n s i l e  t e s t s  were made i n  a vacuum chamber on a 
44- kN- capac i ty  l n s t r o n  u n i v e r s a l  t e s t i n g  machine a t  
a crosshead speed of 8.5 p / s ,  which r e s u l t s  i n  a 
nominal s t r a i n  r a t e  o f  4.2 x lO-'+/s. 

7.4.4.3 

D e t a i l s  On t h e  heat  t r e a t m e n t  and t h e  o p t i c a l  
m i c r o s t r u c t u r e s  o f  t hese  s t e e l s  i n  t h e  un i  r r a d i a t e d  
c o n d i t i o n s  have been pub l i shed . l . 2  A l l  o f  t h e  
s t e e l s  c o n t a i n e d  m i c r o s t r u c t u r e s  t h a t  were essen- 
t i a l l y  100% tempered m a r t e n s i t e .  

The t e n s i l e  r e s u l t s  f o r  t h e  as- hea t- t rea ted .  

Table  7.4.2. N o r m a l i z i n g  and temper ing  c o n d i t i o n s  
f o r  9Cr-1MoVNb and 12Cr-1MoVW heats  of s t e e l a  

A l l o y  Heat t r e a t m e n t  c o n d i t i o n s b  

9Cr-1MoVNb 0.5 h 1040"C, AC; 1 h 760°C, AC 
9Cr-1MoVNb-2Ni 0.5 h 1040"C, AC; 5 h 700°C. AC 

12Cr-1MoVW 0.5 h 1050°C. AC: 2.5 h 780'C. AC . .  
12Cr-1MoVW-1Ni 
12Cr-1MoVW-2Ni 0.5 h 1050°C. AC; 5 h 700'C, AC 

0.5 h 1050"C, AC; 2.5 h 780'C; AC 

aHeat t r e a t m e n t  was on 5.3-mm-thick p l a t e s .  
~ A C  = a i r  cool.  

Table  7.4.3. T e n s i l e  p r o p e r t i e s  of u n i r r a d i a t e d  
normal ized-and- tempered 9Cr-1MoVNb s t e e l s  

Test  S t reng th ,  MPa E longa t ion ,  % 

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

9Cr-1MoVNh 

22  656 757 4.1 7.6 
300 611 694 2.8 5.8 
400 577 646 2.3 5.3 
450 541 610 2.3 5.0 ~~ 

t h e r m a l l y  aged, and i r r a d i a t e d  s t e e l s  a re  g i v e n  500 565 629 i. 6 4.4 
i n  Tables 7.4.3 th rough  7.4.8. Unaged specimens 550 543 603 1.8 4.5 
were t e s t e d  i n  t h e  range room tempera tu re  t o  550°C. 
When specimens were a v a i l a b l e ,  aged and i r r a d i a t e d  9Cr-1MoVNb-2Ni 
specimens were t e s t e d  a t  room tempera tu re  and t h e  
i r r a d i a t i o n  ( a g i n g )  temperature.  Where o n l y  one 22 785 893 3.0 6.1 
specimen was a v a i l a b l e ,  t e s t s  were made a t  t h e  i r r a -  300 755 828 1.6 4.3 
d i a t i o n  or  a q i n q  t e m e r a t u r e .  I n  some cases. succi- 400 708 803 2.5 5.3 . .  
mens f o r  a g i v e n  c o n d i t i o n  were u n a v a i l a b l e ,  and 
comparison was d i f f i c u l t .  

I n  F iqs.  7.4.1 th rough  7.4.6, t h e  data a re  

450 709 776 1.1 3.4 
500 690 740 0.8 2.9 
550 653 710 1.1 3.6 

p r e s e n t e d  i o r  t h e  v a r i o u s - c o n d i t i o n s .  
and 7.4.2 show t h e  unaged and aged da ta  f o r  t h e  
9Cr-1MoVNb and 12Cr-1MoVW s t e e l s ,  r e s p e c t i v e l y .  As- 
h e a t - t r e a t e d ,  t h e  s t e e l s  w i t h  2% N i  were c o n s i d e r a b l y  s t r o n g e r  than  t h e  s tandard  m a t e r i a l s  and t h e  
12Cr-1MoVW-1Ni s t e e l  [Figs. 7 .4 . l (a)  and (b )  and 7.4.2(a) and (b)] .  T h i s  d i f f e r e n c e  was caused by t h e  
d i f f e r e n t  temper ing  t r e a t m e n t s  used f o r  t h e  s t e e l s  w i t h  2% N i  ( re f s .  1,Z).  These l a t t e r  s t e e l s  were 
tempered a t  700"C, where temper ing  was s lower  than  f o r  t h e  h i g h e r  tempera tu res  used f o r  t h e  s t a n d a r d  s t e e l s  
and t h e  one w i t h  1% N i  (Tab le  7.4.2). It was n o t  p o s s i b l e  t o  temper t h e  2%-Ni s t e e l s  a t  t h e  same tem- 
p e r a t u r e s  because t h o s e  tempera tu res  a r e  above t h e  AC 

Thermal a g i n g  i n  t h e  range 400 t o  550°C had l i t t l e  e f f e c t  on t h e  s t r e n g t h  p r o p e r t i e s  of t h e  9Cr-1MoVNb 
[Fig.  7 .4 . l (a)  and ( h ) ]  and t h e  12Cr-1MoVW and 12Cr-1MoVW-1Ni [Fig.  7.4.2(a) and (b)]. There was a l s o  no 
e f f e c t  o f  t he rma l  a g i n g  on t h e  9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni s t e e l s  a t  400 and 450°C; however, t h e s e  
s t e e l s  showed a l a r g e  decrease i n  s t r e n g t h  a f t e r  ag ing  a t  550"C, where t h e  s t r e n g t h  of t h e  2%-Ni s t e e l s  
approached t h a t  o f  t h e  s t e e l s  w i t h o u t  n i c k e l .  There was l i t t l e  e f f e c t  o f  a g i n g  on t h e  d u c t i l i t y  o f  any o f  
t h e  s t e e l s  [Figs. 7 .4 . l (c )  and 7.4.2(c)]. 

t empera tu res  (F igs.  7.4.3 and 7.4.5) and f o r  t e s t s  a t  room tempera tu re  (Figs. 7.4.4 and 7.4.6). An e f f e c t  
o f  n i c k e l  on t h e  response t o  i r r a d i a t i o n  c o u l d  be de tec ted .  S t reng then ing ,  as determined by an i n c r e a s e d  
y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h ,  occu r red  f o r  t h e  9Cr-lMoVNb, 12Cr-IMoVW, and 12Cr-1MoVW-1Ni 
s t e e l s  i r r a d i a t e d  a t  390°C. L i t t l e  change i n  s t r e n g t h  o c c u r r e d  f o r  t h e  s t e e l s  w i t h  2% N i .  As a r e s u l t  o f  
t h e  390°C i r r a d i a t i o n ,  t h e r e  was c o n s i d e r a b l y  l e s s  d i f f e r e n c e  i n  t h e  s t r e n g t h s  of t h e  i r r a d i a t e d  s t e e l s  w i t h  
d i f f e r e n t  n i c k e l  c o n t e n t s  t h a n  t h e r e  was 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 .  

A f t e r  i r r a d i a t i o n  a t  450°C, t h e  9Cr-1MoVNh and 9Cr-1MoVNb-2Ni s t e e l s  had s i m i l a r  s t r e n g t h s  (Figs. 7.4.3 
and 7.4.4). 
and a f t e r  aging. However, t h e  s t r e n g t h  of t h e  9Cr-1MoVNb-2Ni s t e e l  showed a l a r g e  decrease ove r  t h e  u n i r r a -  
d i a t e d  s t r e n g t h .  The 12 Cr s t e e l s  showed s i m i l a r  e f f e c t s  (Figs. 7.4.5 and 7.4.6), w i t h  t h e  i r r a d i a t e d  
s t r e n g t h s  of t h e  12Cr-1MoVW and 12Cr-1MoVW-1Ni s t e e l s  b e i n g  s i m i l a r  t o  t h e  aged s t r e n g t h s ,  and t h e  s t e e l  
w i t h  2% N i  showing a s i g n i f i c a n t  decrease f rom t h e  aged values. 

F i g u r e  7.4.1 

temperature.  

The i r r a d i a t e d  specimens were compared w i t h  t h e  aged specimens f o r  t e s t s  a t  t h e  i r r a d i a t i o n  ( a g i n g )  

The s t r e n g t h  of t h e  i r r a d i a t e d  9Cr-1MoVNb s t e e l  was s i m i l a r  t o  t h e  s t r e n g t h  be fo re  i r r a d i a t i o n  
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Table 7.4.4. 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  
normalized-and- tempered 12Cr-1MoVW s t e e l s  

Table 7.4.5. T e n s i l e  p r o p e r t i e s  o f  9Cr-1MoVNb 
s t e e l s  t h e r m a l l y  aged f o r  5000 h 

Test  S t reng th ,  MPa Elongat ion,  % 

("C) Y i e l d  U l t i m a t e  Uni form To ta l  
temperature 

Temperature, "C St rength,  MPa E longa t ion ,  % 

Aging Test  Y i e l d  U l t i m a t e  Un i fo rm To ta l  

12Cr-1MoVW 

22 626 834 7.1 10.5 
300 558 735 6.4 9.8 
400 5 5 1  697 4.5 7.3 
450 550 705 4.5 7.1 
500 554 691 4.0 6.8 
550 485 624 3.5 6.3 

12Cr-1MoVW-1Ni 

22 628 820 6.6 10.1 
300 57 1 7 28 5.3 8.4 
400 535 684 4.1 6.6 
450 527 678 4.8 7.8 
500 511 670 3.8 6.4 
550 458 578 3.8 6.6 

12Cr-1MoVW-2Ni 

22 824 992 3.5 6.0 
300 754 908 3.4 5.8 
400 726 854 2.4 4.8 
450 713 844 2.1 4.1 
500 677 798 2.0 4.1 
550 652 759 2.6 5.6 

9Cr-1MoVNb 
400 22 653 767 4.8 8.1 
400 400 594 678 2.9 5.9 
450 22 651 780 5.3 8.6 
450 450 552 628 2.1 4.8 
550 22  634 755 4.8 8.3 
550 550 522 564 1.4 4.0 

9Cr-1MoVNb-2Ni 

400 22 883 945 4.3 7.1 
450 22 849 906 3.5 6.3 
450 450 705 761 1.3 3.8 
550 22 732 812 4.0 6.8 
550 550 540 578 1.4 5.1 

Table 7.4.6. T e n s i l e  p r o p e r t i e s  o f  12Cr-1MoVW 
s t e e l s  t h e r m a l l y  aged f o r  5000 h 

Table 7.4.7. T e n s i l e  p r o p e r t i e s  o f  9Cr-1MoVNb 
s t e e l s  i r r a d i a t e d  i n  EBR-I1 t o  a displacement 

damage l e v e l  o f  approx imate ly  16 dpa 

Temperature, "C 

Aging Test 

400 22 
400 400 
450 22 
450 450 
550 22 
550 550 

Strength,  MPa Elongat ion,  % 

Y i e l d  U l t i m a t e  

12Cr-1MoVW 
636 835 
545 718 
617 825 
512 67 1 
632 850 
488 612 

12Cr-1MoVW-1Ni 

400 22 643 801 
400 400 557 700 
450 22 629 798 
450 450 559 713 
550 22 633 833 
550 450 498 590 

12Cr-1MoVW-2Ni 

400 22 919 1052 
400 400 770 886 
450 22 888 1027 
450 450 746 859 
550 22 759 931 
550 550 556 616 

Uni form To ta l  

6.6 9.8 
5.4 8.1 
7.6 11.1 
4.9 7.8 
6.4 9.9 
3.6 7.4 

6.9 9.8 
4.6 6.9 
7.0 10.4 
4.5 7.0 
7.6 11.4 
3.1 7.3 

5.5 8.3 
3.4 5.5 
5.0 7.6 
2.9 5.1 
5.0 7.9 

Temperature, O C  S t reng th ,  MPa Elongat ion,  % 

I r r a d i a t i o n  Test Y i e l d  U l t i m a t e  Un i fo rm To ta l  

9Cr-1MoVNb 

390 22 774 819 3.0 6.1 
390 400 687 721 1.5 4.3 
450 22 618 708 4.7 8.2 
450 450 529 584 2.0 5.0 
550 22 582 697 5.7 9.4 
550 550 437 494 2.1 5.7 

9Cr-1MoVNb-2Ni 

390 22 874 935 3.6 6.7 
390 400 729 787 2.0 4.8 
450 22 633 731 5.7 9.8 
450 450 539 599 2.1 5.2 
500 500 473 534 2.1 5.1 
550 22 629 731 7.0 11.7 
550 550 444 489 1.5 5.4 

1.9 5.6 
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I r r a d i a t e d  and aged s t e e l s  were a l s o  com- Table 7.4.8. T e n s i l e  p r o p e r t i e s  of 12Cr-1MoVW 
pared a t  550°C. For t h e  9Cr-1MoVNb and s t e e l s  i r r a d i a t e d  i n  EBR-I1 t o  a d isp lacement  
9Cr-1MoVNb-2Ni s t e e l s ,  t h e  i r r a d i a t e d  specimens damage l e v e l  o f  approx imate ly  16 dpa 
had s t r e n g t h s  t h a t  were below those  of t h e  aged 
s t e e l s  (F ig.  7.4.3 and 7.4.4). Furthermore, 
t h e r e  was l i t t l e  d i f f e r e n c e  between t h e  s t r e n g t h  Temperature, "C St rength,  MPa Elongat ion,  % 
o f  t h e  9-Cr s t e e l  w i t h  no n i c k e l  added and 2% 
N i .  I n  genera l ,  t h e  12-Cr s t e e l s  w i t h  and I r r a d i a t i o n  Test Y i e l d  U l t i m a t e  Uni form To ta l  
w i t h o u t  n i c k e l  showed s i m i l a r  t rends ,  a l though  
t h e r e  was somewhat more s c a t t e r  i n  t h e  data 
(F igs.  7.4.5 and 7.4.6). 

I r r a d i a t i o n  appeared t o  have o n l y  a minor  390 22 903 1005 4.7 8.0 
e f f e c t  on d u c t i l i t y .  The major  e f f e c t  was a t  390 400 794 856 2.0 4.3 
400°C. where t h e  i r r a d i a t i o n - i n d u c e d  s t reng then-  450 22  621 810 8.7 13.3 
i n g  l e d  t o  a decrease i n  un i form and t o t a l  450 450 506 630 3.9 6.6 
e l o n g a t i o n  (Figs. 7.4.3 th rough  7.4.6). 550  500 452 588 4.2 7.5 

550 22  605 811 9.4 14.1 
7.4.4.4 Discuss ion 550 550 425 536 4.1 10.2 

12Cr-1MoVW 

The u n i r r a d i a t e d  9-Cr and 12- Cr  s t e e l s  w i t h  12Cr-1MoVW-1Ni 
and w i t h o u t  2% N i  have been examined by TEM.' 
Both conta ined a h igh  d e n s i t y  o f  M2& p r e c i p i -  390 22 932 998 3.9 6.8 
t a t e s  and some f i n e  MC p a r t i c l e s .  Th is  i s  shown 390 400 772 807 2.0 4.2 
i n  Fig. 7.4.7, where micrographs o f  ca rb ide  450 22 614 778 7.9 11.7 
e x t r a c t i o n  r e p l i c a s  and f o i l  specimens f o r  t h e  450 450 472 580 4.0 6.7 
12Cr-1MoVW and 12Cr-1MoVW-2Ni s t e e l s  a re  shown. 550 22 619 797 7.3 11.0 
The 9-Cr s t e e l s  w i t h  and w i t h o u t  n i c k e l  were 550 550  419 494 2.5 9.6 
a l s o  s i m i l a r .  However, they  conta ined more MC 
p a r t i c l e s  than  were p resen t  i n  t h e  12- Cr  s t e e l s ,  12Cr-1MoVW-2Ni 
which i s  due t o  t h e  n iob ium i n  these steels . '  
The p r imary  d i f f e r e n c e  between t h e  m i c r o s t r u c -  390 22 908 1003 4.2 6.9 
t u r e s  o f  t h e  s tandard  s t e e l s  and t h e  s t e e l s  w i t h  390 400 808 868 2.5 5.2 
2% N i  was t h a t  t h e  2%-Ni s t e e l  had a f i n e r  450 22  713 868 6.0 9.1 
average p r e c i p i t a t e  s i z e ,  a f i n e r  c e l l  s i ze ,  and 450 450 561 661 2.7 5.5 
a h i g h e r  d i s l o c a t i o n  dens i t y .  These obser- 500 500 518 625 2.3 5.7 

7.0 10.3 v a t i o n s  i n d i c a t e  t h a t  t h e  d i f f e r e n c e s  i n  550 22  647 831 
m i c r o s t r u c t u r e  can be a t t r i b u t e d  t o  t h e  d i f -  550 550 478 569 3.0 8.4 
f e r e n t  temper ing t rea tments  (1 h a t  760°C and 
2.5 h a t  780°C f o r  t h e  9 Cr and 12 C r  s t e e l s ,  
r e s p e c t i v e l y ,  and 5 h a t  700°C f o r  t h e  two 
s t e e l s  w i t h  2% N i ) .  
s tandard  s t e e l s  can be a t t r i b u t e d  t o  t h i s  d i f f e r e n c e  i n  m i c r o s t r u c t u r e .  

l o s s  of s t r e n g t h  of t h e  2%-Ni s t e e l s  when aged a t  550°C r e s u l t s  f rom a con t inued  temper ing of t h e  u n s t a b l e  
m i c r o s t r u c t u r e  of t h i s  s t e e l ,  whereas t h e  h i g h l y  tempered s tandard  s t e e l s  and t h e  12Cr-1MoVW-1Ni s t e e l  a r e  
r e l a t i v e l y  s t a b l e  f o r  t h e  g iven  aging cond i t i ons .  
s t e e l s  i n  l i n e  w i t h  t h e  o t h e r  s t e e l s .  
f i c a n t  e f f e c t  on t h e  ~ t r e n g t h . ~  

The d i f f e r e n t  r e l a t i v e  changes i n  s t r e n g t h  f o r  t h e  d i f f e r e n t  s t e e l s  can a l s o  be a t t r i b u t e d  t o  t h e  
m i c r o s t r u c t u r e s .  The l a r g e  inc rease  i n  s t r e n g t h  o f  t h e  s tandard  9-Cr and 12-Cr s t e e l s  and t h e  12Cr-1MoVW- 
1 N i  s t e e l  when i r r a d i a t e d  a t  390°C i s  s i m i l a r  t o  t h e  change p r e v i o u s l y  observed f o r  o t h e r  hea ts  of 
9Cr-1MoVNb and I2Cr-1MoVW s t e e l s  i r r a d i a t e d  t o  s i m i l a r  f luences i n  EBR-11.5.6 The f a c t  t h a t  t h e  2%-Ni 
s t e e l s  showed l i t t l e  s t r e n g t h  change must r e f l e c t  t h e  temper ing d i f fe rences  of these s t e e l s  r e l a t i v e  t o  t h e  
s tandard  s t e e l s .  S t reng then ing  by i r r a d i a t i o n  a t  39OoC has been a t t r i b u t e d  t o  t h e  fo rmat ion  o f  i r r a d i a t i o n -  
induced d i s l o c a t i o n  loops and S i m i l a r  s t r e n g t h e n i n g  e f f e c t s  must be o c c u r r i n g  f o r  t h e  
s tandard  s t e e l s  and t h e  s t e e l  w i t h  1% Ni .  The l a c k  of a s i g n i f i c a n t  s t r e n g t h  change f o r  t h e  s t e e l s  w i t h  2% 
N i  must mean t h a t ,  i n  these  s t e e l s ,  s t reng then ing  caused by t h e  fo rmat ion  o f  an i r r a d i a t i o n - i n d u c e d  S t P U C -  
t u r e  i s  o f f s e t  by an i r r a d i a t i o n - a i d e d  temper ing t h a t  h e l p s  complete t h e  process s t a r t e d  a t  700OC. 

These same heats o f  s t e e l  were p r e v i o u s l y  i r r a d i a t e d  i n  HFIR a t  50°C, and i r r a d i a t i o n  caused an 
i n c r e a s e  i n  s t r e n g t h  f o r  a l l  of t h e  s t e e l s .  
a l s o  s t r o n g e s t  a f t e r  i r r a d i a t i o n .  
i r r a d i a t i o n - i n d u c e d  d i s l o c a t i o n  l o o p  formation. Because o f  t h e  lower  temperature,  no p r e c i p i t a t i o n  was 
expected, and no i r r a d i a t i o n - a i d e d  temper ing was poss ib le .  

The " i r r a d i a t i o n - a i d e d  temper ing"  e f f e c t  o f  t h e  Q-N i  s t e e l s  i s  acce le ra ted  a t  t h e  h i g h e r  i r r a d i a t i o n  
temperatures.  When i r r a d i a t e d  and aged s t e e l s  were compared a t  45OoC, t h e r e  was l i t t l e  e f f e c t  of i r r a -  
d i a t i o n  on t h e  s tandard  s t e e l s  and t h e  12Cr-1MoVW-1Ni s t e e l ,  bu t  t h e  i r r a d i a t e d  s t e e l s  w i t h  2% N i  showed a 
l a r g e  s t r e n g t h  decrease over  t h e  aged specimens. 
s t r e n g t h s  comparable t o  t h e  o t h e r  s t e e l s  a f t e r  i r r a d i a t i o n .  I r r a d i a t i o n  a t  550°C a l s o  r e s u l t e d  i n  s i m i l a r  
s t r e n g t h s  f o r  a l l  s t e e l s ,  regard less  o f  t h e  n i c k e l  content .  The s t r e n g t h  o f  t h e  i r r a d i a t e d  s t e e l s  i n  t h i s  
case f e l l  s l i g h t l y  below t h e  s t r e n g t h s  o f  t h e  t h e r m a l l y  aged s tandard  s t e e l s .  
h i g h e r  s t r e n g t h  than  t h e  o t h e r  s t e e l s  a f t e r  thermal aging.) 

Furthermore, t h e  h i g h e r  s t r e n g t h  f o r  t h e  u n i r r a d i a t e d  and unaged 2%-Ni s t e e l s  over  t h e  

The r e l a t i v e  e f f e c t s  of ag ing can a l s o  be a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  t h e  temper ing t rea tment .  The 

Note t h a t  thermal  ag ing  brought  t h e  s t r e n g t h  of t h e  2%-Ni 
Th is  might  be expected, s ince  n i c k e l  i s  no t  expected t o  have a S i g n i -  

The 2%-Ni s t e e l s  were s t r o n g e s t  b e f o r e  i r r a d i a t i o n  and were 
For those  experiments, hardening was concluded t o  be caused by 

The s t r e n g t h  o f  t h e  i r r a d i a t e d  s t e e l s  w i t h  2% N i  had 

(The 2%-Ni s t e e l s  had a 



91  

- 

- 

I 
m -  

0 
0 

o m  
m -  
B 

9 Cr- IMO VNb STEELS - 

UNAGED AGED 

v) 
v) 
w 
U 
I- 
v) 

B O O  

7 0 0  

6 0 0  

5 0 0  

s 
N 
0 

- 

- 

- 

O R N L - D W C  85C-11345  

9 Cr-1Mo VNb STEELS 

UNAGED AGED 1000 

STANDARD 

2% NI  D 0 

m 1 
D m D  # i 

* o  ~ 

* d  

1 
AGING 

400  1 TEMPERATURE ' TEMPERATURE 

300 
0 100 200 300 400 500 8 0 0  

( a )  TEMPERATURE ( O C )  

A Q I N O  
TEMPERATURE = TEMPERATURE 

12 

10 

O R N L- O W G  8%-11345  

I 1 O 0  - - - AGING 
TEMPERATURE - TEMPERATURE 

I O o o  I 
I 900  
I- 

z 
w 

w 

v) 7 0 0  z 
w 
I- 
w 
U 

3 500 

400  I :TAND;RD , : , ; , I 
2% NI  

300 
0 100 200 300 400  500 6 0 0  

( b )  TEMPERATURE ('C) 

Fig. 7.4.1. The (a)  0.2% y i e l d  s t r e s s ,  ( b )  u l t i m a t e  t e n s i l e  
s t r e n g t h ,  and ( c )  un i fo rm and t o t a l  e l o n g a t i o n  as f u n c t i o n s  of t e s t  

..... ^-^ . -~ -  9Cr-1MoVNb and 9Cr-1MoVNb-PNi s t e e l s .  The aged s t e e l  was t e s t e d  a t  

:1 
16 I I I I t empera tu re  f o r  normal ized-and- tempered and t h e r m a l l y  aged (5000 h )  

8 Cr - IMo  VND STEELS 

t h e  ag ing  temperature.  
Y r n l Y C Y  *"CY 

S T A N D A R D  

2 %  "i . 
YI 

I 6  

5 2  4 p  , , : cp.; 
I 0 

0 100 200  300 4 0 0  500  600  

( C )  TEMPERATURE ( 'C )  



92 

AGING 4 0 0  
400  1 TE:PERA;URE TEM?;RE 1 

1100 

1000 

~ 1% N i  A A 

2% N i  0 

- 

1 1 I 1 1 

900 - 
m n. 
z 

800 - 
0 
0 
w 
U 

700 
n 

Ly 
600  

s 

A 

N 
0 

500  

O R N L - D W G  8 5 C - 1 1 3 4 8  

12 Cr- IMO VNb STEELS 

UNAGED AGED 

2% N i  

4 O D  

m .  

O R N L - D W G  8 5 C - 1 1 3 4 8  

I 1 O 0  - - - AGING 
' O o 0  TEMPERATURE - TEMPERATURE 

I m 
n 
z 900  
I 

+ 
0 
2 8 0 0  
w 
U + 
u) 

w 700 
- 
0 
2 
W 
t- 6 0 0  
w 
c 

0 I 4 
Y f 

I 12 Cr-1Mo VNb STEELS 

UNAGED AGED 
3 

STANDARD 0 0 

Fig.  7.4.2. The (a)  0.2% y i e l d  s t ress ,  ( b )  u l t i m a t e  t e n s i l e  
s t r eng th ,  and ( c )  un i f o rm  and t o t a l  e l onga t i on  as func t ions  of t e s t  
temperature f o r  normalized-and-tempered and t h e r m a l l y  aged (5000 h)  
lZCr-lMoVW, 12Cr-1MoVW-lNi, and 12Cr-1MoVW-2Ni s t ee l s .  The aged 
s t e e l  was t e s t e d  a t  the  aging temperature. 

0 

12 C r - I M o  V N b  STEELS 
UNAOED AGED 

S T A N D A R D  

0 100 200 300 4 0 0  5 0 0  600 
(C) T E M P E R A T U R E  I'CI 



93 

4 0 0  

O R N L - D W G  8 5 C - 1 1 3 5 1  

9 Cr-1Mo VNb STEELS 

1000 
STANDARD 

- 
IRRADIATION 

4 0 0  1 TE;PERA;URE TEM?;RE 
IRRADIATION TEST 

~ 

- 
TEMPERATURE - TEMPERATURE 

1 1 I 1 I 

900 - 
m 
0 
z 

B O O  
- 
rn 
rn 
W 
U 

700 
n 
Y * 600  
s 
N 

d 

0 

500 

2 %  NI  0 

0 
0 

0 

0 0 0 

8 

1 
I 
I- 
O z 
w 
U 
I- 
rn 
w 
J 

u) z 
y1 
t- 
w 
t- 
4 
I 

- 

- 
5 
3 

1100 

1000 

O R N L - D W G  n 5 c - 1 1 3 5 ~  

9 Cr-1Mo VNb STEELS 

IRRADIATED AGED 
S T A N D A R D  

2% Ni  0 

800 
0 I 0 

0 

0 

0 : 600  

I I 
5 0 0  1 1 

T E M P E R A T U R E  = T E M P E R A T U R E  
14 1 I R R A D I A T I O N  

- - 12 

Fig. 7.4.3. The ( a )  0.2% y i e l d  s t r e s s ,  ( b )  u l t i m a t e  t e n s i l e  
s t r e n g t h ,  and ( c )  u n i f o r m  and t o t a l  e l o n g a t i o n  as f u n c t i o n s  o f  t e s t  

9Cr-1MoVNb and 9Cr-1MoVNb-2Ni s t e e l s .  Tes ts  were a t  t h e  a g i n g  and 
i r r a d i a t i o n  temperatures.  

16 t empera tu re  f o r  t h e r m a l l y  aged (5000 h )  and i r r a d i a t e d  (-16 dpa) 

0 
400 4 5 0  500  550 6 0 0  

( C  1 T E M P E R A T U R E  loc i  
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R O O M  TEMPERATURE TESTS 
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Fig. 7.4.4. The (a) 0.2% y i e l d  s t ress ,  (b) u l t i m a t e  t e n s i l e  

' 
2 TEMPERATURE TEMPERATURE 

AGING = ! , I s t r e n g t h ,  and ( c )  u n i f o r m  and t o t a l  e l o n g a t i o n  as f u n c t i o n s  o f  
i r r a d i a t i o n  and ag ing  temperatures f o r  t h e r m a l l y  aged (5000 h )  and 
i r r a d i a t e d  (-16 dpa) 9Cr-1MoVNb and 3Cr-1MoVNb-2Ni s t e e l s  t e s t e d  a t  
room temperature. 
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Fig. 7.4.5. The (a)  0.2% y i e l d  s t ress ,  ( b )  u l t i m a t e  t e n s i l e  
s t reng th ,  and ( c )  un i fo rm and t o t a l  e longat ion  as func t ions  of t e s t  
temperature f o r  thermal ly  aged (5000 h )  12Cr-IMoVW, 1PCr-1MoVW-lNi, 
and 12Cr-1MoVW-2Ni s tee ls .  Tests were a t  t he  aging and i r r a d i a t i o n  
temperatures. 
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F i g .  7.4.6. The ( a )  0.2% y i e l d  s t r e s s ,  (b )  u l t i m a t e  t e n s i l e  
s t r e n g t h ,  and ( c )  u n i f o r m  and t o t a l  e l o n g a t i o n  as f u n c t i o n s  of 
i r r a d i a t i o n  and a g i n g  t e m p e r a t u r e  f o r  t h e r m a l l v  aqed (5000 h )  and 

A G I N G  I R R A O I A T I O N  ' T E M P E R A T U R E  = TEMPERATURE 

0 ~- 
i r r a d i a t e d  (-16 d p a ) ~  12Cr-lMoVW, lLCr- lMoVW-lNi,  and iECr-1MoVW-ENi 
s t e e l s  t e s t e d  a t  room tempera tu re .  
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UNDOPED 

ORNL-PHOTO 1148-85 

2 w t % N i  

EXTRACTION 
REPLICAS 

THIN 
FOILS 

Fig. 7.4.7. Transmission e l ec t ron  micrographs o f  normalized-and-tempered 12Cr-1MoVW s tee l  ( L e f t )  and 
12Cr-1MoVW-2Ni s t ee l  ( r i g h t ) .  

I n  t h e  future, we w i l l  examine TEM d i sks  t h a t  were i r r a d i a t e d  under t h e  cond i t i ons  o f  t he  present  

Previous i r r a d i a t i o n  s tud ies  o f  12Cr-1MoVW s tee l  i n d i c a t e d  t h a t  n i c k e l - r i c h  G-phase forms dur ing  

experiment. 
va t i ons  can be made. 

i r r a d i a t i o n  i n  EBR-I1 a t  390°C, and it was concluded t h a t  much of t he  s t reng then ing  observed was caused by 
t h i s  p r e ~ i p i t a t e . ~  
induced inc rease i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT). 
s t e e l s  cou ld  show a much l a r g e r  i r r ad ia t i on- ha rden ing  e f f e c t  than  t h e  standard s tee ls .  
s t reng then ing  was no t  observed f o r  t h e  t e n s i l e  behavior o f  t h e  s t e e l s  w i t h  2% Ni. 
i nc rease i n  DBTT observed i n  these steels.8 
TEM studies. 

i r r a d i a t e  t h e  s t e e l s  i n  a mixed-spectrum reac to r  t o  produce both displacement damage and t ransmuta t ion  
helium. 
a re  not  present  i n  t h e  standard a l l oys .  The present  r e s u l t s  i n d i c a t e  t h a t  t he  n i c k e l  has not  produced 
m i c r o s t r u c t u r a l  changes t h a t  a f fec t  t h e  t e n s i l e  behavior  of t he  9-Cr and 12-Cr Cr-Mo steels.  
s t r eng th  advantage f o r  t h e  2%-Ni s t e e l s  was an e f f e c t  of t he  d i f f e r e n t  tempering treatments. 
i r r a d i a t e d ,  t h e  s t e e l s  w i t h  and w i t hou t  n i c k e l  approached s i m i l a r  s t reng ths ;  t h i s  i s  cons is ten t  w i t h  t he  
f ac t  t h a t  n i c k e l  genera l l y  adds l i t t l e  s o l i d - s o l u t i o n  s t reng then ing  and does not  cause t he  fo rmat ion  of any 
p r e c i p i t a t e  phases.* Although TEM on these s t e e l s  i s  required,  t h e  t e n s i l e  and impact r e s u l t s  i n d i c a t e  t h a t  
t h e  use of t h e  nickel-doped Steels t o  s imu la te  t he  simultaneous produc t ion  o f  hel ium and displacement damage 
on m ic ros t ruc tu re  and p rope r t i es  appears va l id .  
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load) .  By o p t i c a l  microscopy i t  was J7':32d 8.35 R 
poss ib l e  t o  de tec t  a progressive 4.14 56.17 

7.5.2(a)]. The p r i o r  aus ten i t e  
g r a i n  s i z e  was est imated as being 
between ASTM Nos. 8 and 9; t he  
microhardness was 209 DPH (1000-g 

inc rease i n  t h e  amount o f  p r e c i p i -  
t a t e  w i t h  i nc reas ing  aging t ime  and 
temperature [Fig. 7.5.2(b) and (c)]. 
The microhardness showed l i t t l e  

I 

100 

, REF 
4.14 

Tr 

A f t e r  i r r a d i a t i o n ,  t e n s i  1 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 were ava i lab le ,  a t  room 
temperature. As-heat- treated as 
w e l l  as thermal ly  aged con t ro l  
samples were a l s o  t e s t e d  t o  sepa- 
r a t e  t he  e f f e c t  of i r r a d i a t i o n  from 
thermal- aging ef fects.  Thermal 
aging was a t  t h e  i r r a d i a t i o n  tem- 
peratures f o r  10,000 h - t h e  
approximate t ime  o f  t h e  i r r a d i a t i o n .  
The t e n s i l e  t e s t s  were made i n  a 
vacuum chamber on a 44-kN-capacity 
I n s t r o n  un i ve rsa l  t e s t i n g  machine a t  
a crosshead meed of 8.5 mis. which r . .  

r e s u l t s  i n  a Lominal s t r a i n  r a t e  of 
4.2 x lO-'+/s. 

Table 7.5.1. Chemical composit ion o f  2 114 Cr-1Mo s t e e l  
(Heat 38649) 

Content (wt %)a Content ( w t  %)a 
Element Element 

Vendorb OvercheckC Vendorb OvercheckC 

C 0.093 0.083 Mo 0.95 0.99 
Mn 0.52 0.49 cu 0.16 
P 0.011 0.011 A1 0.003 
S 0.011 0.016 AS 0.017 
s i  0.17 0.19 Sn 0.0088 
N i  0.40 N 
C r  2.15 2.17 Sb 

0.010 
0.0024 

~ 

a8alance i ron .  
bMannesmann Company. 
CClimax Molybdenum Company, Ann Arbor, Michigan. 

1.5.4.3. 
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Y-194856 Y-201160 

Y -2011 59 

Fig. 7.5.2. M i c ros t ruc tu re  of 2 1141Cr-1Mo 
s t e e l  (a) as- heat- treated (normali  zed-and-tempered), 
(b)  a f t e r  aging f o r  10,000 h a t  400"C, and (c )  a f t e r  
ag ing  f o r  10,000 h a t  55OOC. 

Table 7.5.2. Tens i le  p rope r t i es  of 2 114 Cr-1Mo Table 7.5.3. Tens i l e  p rope r t i es  o f  2 114 Cr-1Mo 
s t e e l  t he rma l l y  aged f o r  10,000 h s t e e l  i r r a d i a t e d  t o  approximately  23 dpa 

I ' C J  

Aging Test  

('CJ 
.~ .~~ ~ ..., <~ .~ ~, .~ ~ 

l r r a d i a -  Tes Y i e l d  U l t ima te  Uni form Tota l  

400 400 452 575 5.3 7.8 
390 2 

450 450 410 47 1 2.4 4.9 40 

t i o n  

E longat ion  Temperature 

(%I Strength (MPa) Temperature ,--. Strenoth fMPa \ E lonaat ion  I%\ .^_. 
-~ 
t Y i e l d  U l t ima te  7 

450 2 
500 500 448 525 3.6 6.5 45 

500 2 
550 550 383 433 3.1 6.9 5c 

550 2 
55 

12 761 799 3.5 6.8 
IO 695 715 1.2 3.8 

50 
12 
IO 
12 
80 
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8W I I I I 

2XCr-1 MoSTEEL 

TEST TEMPERATURE * IRRADIATION TEMPERATURE 

3'33 c 
400 5w 6W 

TEMPERATURE I 'Cl 

Fig. 7.5.3. The 0.2% y i e l d  s t r ess  of Fig. 7.5.4. The u l t i m a t e  t e n s i l e  s t r eng th  of 
2 114 Cr-1Mo s tee l  as a f unc t i on  of t e s t  tempera- 
t u r e  f o r  specimens i r r a d i a t e d  t o  9 and 23 dpa. 
u n i r r a d i a t e d  con t ro l s ,  and c o n t r o l s  t he rma l l y  aged 
f o r  5000 and 10,000 h. 
t h e  i r r a d i a t i o n  and aging temperatures. 

2 114 Cr-1Mo s tee l  as a func t ion  o f  t e s t  tempera- 
t u r e  f o r  specimens i r r a d i a t e d  t o  9 and 23 dpa, 
u n i r r a d i a t e d  con t ro l s ,  and c o n t r o l s  thermal ly  aged 
f o r  5000 and 10,000 h. 
t h e  i r r a d i a t i o n  and aging temperatures. 

The t e s t  temperature equals The t e s t  temperature equals 

0 , 
2% Cr-l MoSTEEL 

z AS HEAT IRRADIATED 

TREATED 5 W h  1O.OW h 9dDa 23dW E 8  

0 I I I I I 
4w 5w 6'33 

TEMPERATURE loci 

Fig. 7.5.5. The un i fo rm and t o t a l  e longat ion  
o f  2 114 Cr-1Mo s t e e l  as a func t ion  o f  t e s t  tem- 
pe ra tu re  f o r  specimens i r r a d i a t e d  t o  9 and 23 dpa, 
u n i r r a d i a t e d  con t ro l s ,  and con t ro l s  t he rma l l y  aged 
f o r  5000 and 10,000 h. 
t h e  i r r a d i a t i o n  and aging temperatures. 

The t e s t  temperature equals 

I I I I 
4w 5w 600 

IRRADIATION TEMPERATURE I ~ t l  

Fig. 7.5.6. The 0.2% y i e l d  s t r ess  and u l t i -  
mate t e n s i l e  s t r eng th  of 2 114 Cr-1Mo s tee l  t e s t e d  
a t  room temperature p l o t t e d  aga ins t  i r r a d i a t i o n  
(aging)  temperature f o r  specimens i r r a d i a t e d  t o  
9 and 23 dpa, and specimens t he rma l l y  aged t o  
5000 h. 
shown. 

Resu l ts  f o r  u n i r r a d i a t e d  c o n t r o l s  a re  a l s o  
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A ORNL-OWB 81.181USA 
16 -23 dpa produced no l a r g e  changes i n  uniform and I I * 

t o t a l  e longat ion  from t h e  values observed a f t e r  
aging f o r  5000 h and i r r a d i a t i n g  t o  9 dpa, respec- 14 - - 
t i v e l y  (Fig. 7.5.5). I n  a l l  cases, adequate duc- - 12 - - 
i r r a d i a t i o n  hardening t h a t  occurred when i r r a d i a t e d  0 1 0  - - 
a t  39OOC. Q 

t h e  9 dpa i r r a d i a t i o n  and t h e  lack  of specimens 
t he rma l l y  aged t o  10,000 h, i t  i s  d i f f i c u l t  t o  
determine r e l a t i v e  changes from these t e s t s  beyond 

s i m i l a r  t o  t h a t  observed on t h e  specimens t e s t e d  a t  2 -  A . . .  - 

t i l i t y  remained, even a f t e r  t h e  l a r g e  amount o f  E A  
z 
c 

Because of t h e  lack  o f  i r r a d i a t e d  specimens P 8 -  - s 2%Cr-l MOSTEEL 

.J e -  

0 
+ a -  

ROOMTEMPERATURETESTS 
IRRADIATION TEMPERATURE I AGING 

TEMPERATURE 

AS HEAT AGED IRRADIATE0 
s t a t i n g  t h a t  t h e  observed behavior  i s  q u a l i t a t i v e l y  TREATED 5000 h Bdpa 23dm 

w 
a v a i l a b l e  fo r  t e s t i n g  a t  room temperature a f t e r  - 

2 
- 

t h e  e leva ted  temperatures (Figs. 7.5.6 and 7.5.7). 
I f  i t  i s  assumed t h a t  t he re  i s  l i t t l e  d i f fe rence 0 A I  I I I 

da ta  are a i a i l a b l e )  and those p rev ious l y  aged t o  
5000 h, i t  i s  seen t h a t  a t  450. 500, and 55OOC. 
t h e r e  i s  l i t t l e  d i f fe rence between t h e  specimens 
i r r a d i a t e d  t o  23 dpa and those aged 5000 h a t  t h e  
respec t ive  i r r a d i a t i o n  temperatures. It i s  no t  
poss ib l e  t o  adequately compare specimens i r r a d i a t e d  
t o  9 and 23 dpa because o f  t h e  lack  of specimens 
f o r  t h e  9 dpa i r r a d i a t i o n .  
specimens i r r a d i a t e d  t o  23 dpa and t es ted  a t  room 
temperature were q u i t e  l a r g e  (Fig. 7.7.7); t h e  on ly  
s i g n i f i c a n t  decrease i n  un i fo rm and t o t a l  elonga- 
t i o n  due t o  i r r a d i a t i o n  occurred f o r  t he  specimen 
i r r a d i a t e d  a t  39OoC, where t he  i r r a d i a t i o n  harden- 
i n g  occurred. 

A l l  o f  t h e  t e n s i l e  f r a c t u r e s  f o r  t h e  specimens 
were duc t i le- t ransgranu la r .  For t h e  u n i r r a d i a t e d  
specimens, t h e  necking was e a s i l y  observed; 
se lec ted  specimens were a l s o  examined by o p t i c a l  
metal lography. A f t e r  i r r a d i a t i o n ,  se lec ted  f r ac-  
t u r e  specimens were examined by SEM, and on ly  

The d u c t i l i t i e s  of t h e  

g IO c 

d u c t i l e - t y p e  f a i l u r e s  were observed. 

ag ing  a t  500OC (Figs. 7.5.3 and 7.5.4), a q u a l i t a t i v e  comparison of t h e  e f f e c t  o f  thermal aging on t h e  pre-  
c i o i t a t c  content was made bv examinina e x t r a c t i o n  r e p l i c a s  from t h e  aaed specimens. No at tempt was made t o  

Because o f  t h e  inc rease i n  s t r eng th  a f t e r  

~~~ 

i d e n t i f y  t he  p r e c i p i t a t e s  o'r determin; t h e  amounts present. 

t a t e s  present  (Fig. 7.5.8). Need le l i ke  p r e c i p i t a t e s  were a l s o  present, bu t  they  appeared t o  be q u i t e  
scat tered.  
normalized-and-tempered s t ruc tu re .  

A f t e r  t h e  normalizing-and- tempering t reatment ,  t he re  appeared t o  be a small number o f  l a r g e  p r e c i p i -  

Thermal aging fo r  5000 and 10,000 h a t  400°C gave r i s e  t o  no s i g n i f i c a n t  change from t h e  
There appeared t o  be a s l i g h t  inc rease i n  t h e  number o f  need le l i ke  

p r e c i p i t a t e s .  

[Fig. 7.5.9(a)]. There was a f u r t he r  inc rease a f t e r  10,000 h a t  500°C [Fig. 7.5.9(b)] which i n d i c a t e s  
a probable maximum i n  t h e  number of p a r t i c l e s  formed occurs du r i ng  thermal aging. 
n e e d l e l i k e  p r e c i p i t a t e s  a l so  went through a maximum w i t h  aging t ime, bu t  t h e  maximum probably occurred 
c l o s e r  t o  5000 h than 10,000 h (Fig. 7.5.10). 

Aging f o r  5000 h a t  500°C produced an inc rease i n  t h e  number o f  need le l i ke  p r e c i p i t a t e s  

A t  55OOC t h e  number Of 

1.5.4.4. Discussion 

The 2 114 Cr-1Mo s tee l  develops i t s  elevated- temperature s t r eng th  p r o p e r t i e s  by s o l i d  s o l u t i o n  harden- 
i n g  and d i spe rs i on  s t reng then ing  by carbide p rec ip i t a tes .6 - l o  The e f f e c t  o f  i r r a d i a t i o n  t o  9 dpa and t h e r -  
mal aging f o r  5000 h on t he  s o l i d - s o l u t i o n  s t reng then ing  e f f e c t s  and p r e c i p i t a t i o n  processes was used t o  
e x p l a i n  t h e  e a r l i e r  observations.3 S i m i l a r  explanat ions apply t o  t h e  observat ions a f t e r  23 dpa and 10,000 h. 

The s o l i d - s o l u t i o n  s t reng then ing  e f fec t  t h a t  con t r i bu tes  t o  t h e  2 114 Cr-1Mo s t e e l  was s tud ied  by Ba i rd  
and Jamie~on.~.7 who showed t h a t  t h e  e f f e c t  occurs i n  s t e e l s  t h a t  con ta in  i n t e r s t i t i a l  and s u b s t i t u t i o n a l  
so lu tes  i n  supersaturated s o l u t i o n  t h a t  have an a f f i n i t y  f o r  each other. They termed t h e  e f f e c t  i n t e r a c t i o n  
s o l i d - s o l u t i o n  hardening (ISSH) and concluded t h a t  t h e  hardening r e s u l t e d  from t h e  format ion of atom p a i r s  
o r  atom c l u s t e r s  of carbon and t h e  so lu te  atom. These c l u s t e r s  subsequently form d i s l o c a t i o n  atmospheres. 
I n  mechanical p roper ty  s tud ies  on 2 114 Cr-1Mo s tee l ,  t h e  e f f e c t  o f  ISSH on t h e  s t r eng th  was examined.8 For 
a normalized-and-tempered s t e e l  w i t h  a tempered-bainite mic ros t ruc tu re ,  i t  was concluded t h a t  ISSH was due 
t o  Cr- C in te rac t ions .8  The e f fec t  of I S S H  was found t o  have a dominant e f f e c t  on t e n s i l e  p rope r t i es  between 
about 250 and 450 t o  500°C.8 



Fig. 1.5.9. Extract ion repl icas of normalized-and-tempered 2 114 Cr-1Mo steel  tha t  was thermally aged 
a t  500'C for  (a )  5000 h and (b) 10,000 h. 



105 

H-83839 

H-83841 

Fig. 7.5.10. Extraction replicas of normalized-and-tempered 2 114 Cr-1Mo steel that was thermally aged 
at 55OoC for (a) 5000 h and (b) 10,000 h. 
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The loss o f  strength due t o  thermal aging f o r  5000 h a t  400 and 450'C (Figs. 7.5.3 and 7.5.4) was 
a t t r i b u t e d  t o  the  loss  o f  the supersaturation t h a t  causes 
o f  ISSH and changes i n  dispersion strengthening caused by p r e c i p i t a t e  changes are expected t o  p lay  a r o l e  i n  
the  strength loss. The higher the temperature, the  more rap id  w i l l  be the effect on the  p r e c i p i t a t e  changes 
t h a t  lead t o  a coarser prec ip i ta te ,  and thus, a lower ~ t r e n g t h . ~  

Once the  supersaturation t h a t  caused ISSH i s  rel ieved, which occurred dur ing the  5000 h aging t r e a t -  
ment, fu r ther  e f fec ts  by ISSH are not expected. Thus, the  changes noted by thermal ly aging beyond 5000 h 
must be a t t r i b u t e d  t o  changes i n  the  dispersion hardening due t o  changes i n  p r e c i p i t a t e  type and morphology. 
The only e f f e c t  o f  thermal aging on mechanical proper t ies  between 5000 and 10,000 h i s  the  possible increase 
i n  strength a t  5OO0C. 

described by Baker and Nutt ing9 and recen t l y  revised by Gage and Nut t ing. lo  
microstructure of the un i r rad ia ted specimens, the  microst ruc ture  can conta in  M3C, M2C, M7C3. MZ3C6. and M6C, 
depending on the  extent of the tempering and/or aging treatments. 
expected t o  be r e ~ e n t . ~ , ' ~  The M2C i s  f e l t  t o  be the on ly  carbide t h a t  gives r i s e  t o  s i g n i f i c a n t  

tu res  w i l l  be based on the  de ta i l ed  l i t e r a t u r e   observation^^-^^ and on work on another heat o f  2 114 Cr-1Mo 
steel.'" The tempered b a i n i t e  o f  2 114 Cr-1Mo s tee l  has a l a t h  s t ruc tu re  t h a t  contains l e n t i c u l a r  
("rod-shaped'' and "small parallelogram-shaped")12 carbides t h a t  are o f ten  found on l a t h  boundaries; these 
carbides have been i d e n t i f i e d  as M7C3 (refs. 12-14). Large carbide p a r t i c l e s  (globular,  and sometimes w i t h  
a squared o r  parallelogram shape) are found on p r i o r  austen i te  g ra in  boundaries, w i t h  smal ler  p a r t i c l e s  on 
l a t h  boundaries, general ly i d e n t i f i e d  as MZ3C6 i n  the tempered (When the s tee l  i s  tempered 
f o r  longer times or a f t e r  aging, MgC a lso appears, and i t  o f ten  has a s i m i l a r  m o r p h ~ l o g y ~ . ' ~ - ~ " ) .  
p a r t i c l e s  i n  Figs. 7.5.8 and 7.5.9 are assumed t o  be M7C3 and MZ3C6. 
thermal aging, they w i l l  not be discussed further.  

the needlel ike p rec ip i ta tes  (Fig. 7.5.8). 
M2X. where X aCC0Unt.S fo r  the fact  tha t  both carbon and n i t rogen can be present. 
increase i n  the  number densi ty of t he  needle-shaped p rec ip i ta tes  f o r  the  specimen aged 10.000 h a t  500°C 
over t h a t  aged for  5000 h. 
increase i n  aging t ime a t  50OoC (Figs. 7.4.3 and 7.5.4) and i s  concluded t o  be the  cause of t he  strength 
increase. 
lower temperatures would be expected t o  lead t o  an increase i n  strength as M2C p rec ip i ta tes  form. If an 
increase i n  strength occurs a t  55OoC, it peaks before the 5000 h aging treatment i s  complete. 
effect o f  M2C p rec ip i ta tes  on strength has previously been observed on normalized-and-tempered" and 
annealed15 2 114 Cr-1Mo steel. 

t he  strength. A f t e r  i r r a d i a t i o n  t o  9 dpa, the  strength changes were explained3 as fol lows. 
strength a t  390'C was a t t r i b u t e d  t o  i r rad ia t ion- induced d is locat ion- loop format ion r e s u l t i n g  from displace-  
ment damage and any irradiation-enhanced prec ip i ta t ion.  The loss  o f  strength from t h a t  o f  t he  as-heat- 
t reated strength a t  450 and 5OO0C was a t t r i b u t e d  t o  the  same ef fec ts  t h a t  cause the strength l oss  due t o  
thermal aging, p r i m a r i l y  the loss  o f  ISSH. 
550OC over the softening t h a t  resu l ted from thermal aging alone was a t t r i b u t e d  t o  enhanced p r e c i p i t a t e  coar- 
sening due t o  irradiation-enhanced d i f f ~ s i o n . ~  

(Figs. 7.5.3 -7.5.5). 
decrease over tha t  a f t e r  9 dpa. 
55OoC a f t e r  9 dpa. Because of the lower temperature, a longer t ime i s  required t o  obta in  softening. 
i n t e r e s t i n g  t h a t  the re  was no f u r t h e r  decrease i n  strength a t  550'C over t h a t  observed a f te r  9 dpa. 
observations may mean t h a t  i r r a d i a t i o n  hastens the replacement of M2C by M6C, a f t e r  which dispersion 
strengthening i s  provided by large M23C6 and M6C carbides.16 A t  t h a t  stage, the  proper t ies  should change 
q u i t e  slowl{; 

i r r a d i a t e d  t o  23 dpa a t  390, 450, and 500°C. Voids formed dur ing i r r a d i a t i o n  a t  39OOC; a h igh dens i ty  o f  
small spher ical  p a r t i c l e s  along w i th  an i r rad ia t ion- induced d i s l o c a t i o n  s t ruc tu re  a l so  formed. The f i n e  
p a r t i c l e s  were not i d e n t i f i e d ,  and i t  i s  not known whether they are M2C, t he  p r e c i p i t a t i o n  enhanced by 
i r r a d i a t i o n ,  o r  perhaps an i r rad ia t ion- induced phase. The needle l ike  p rec ip i ta tes  are present and appear 
s i m i l a r  t o  those present i n  the  un i r rad ia ted condit ion. Because o f  the  high densi ty of small p r e c i p i t a t e  
pa r t i c les ,  they probably con t r i bu te  t o  the  hardening along w i t h  the  i r rad ia t ion- induced d i s l o c a t i o n  s t ruc-  
ture. 
there i s  on ly  a small increase i n  the  YS (Fig. 7.5.3) and no change i n  UTS (Fig. 7.5.4) between 9 and 
23 dpa. 

1nateria1.l~ 
the  i n t e r p r e t a t i o n  of the  resu l t s  proposed t o  exp la in  the e f f e c t  o f  i r r a d i a t i o n  on t e n s i l e  properties. 

A t  t he  highest temperature, both the  loss  

The e lec t ron microscopy observations shed some l i g h t  on t h i s  observation. 
The p r e c i p i t a t i o n  sequence i n  2 114 Cr-1Mo s tee l  i s  complicated. P r e c i p i t a t i o n  curves were f i r s t  

A t  equi l ibr ium, only MZ3C6 and M6C are 

I n  the tempered b a i n i t e  

strengthening.' P 
Because no p r e c i p i t a t e  i d e n t i f i c a t i o n  was ca r r i ed  out, t he  i n t e r p r e t a t i o n  o f  the observed microstruc-  

The la rge  
Since they seem l i t t l e  a f fec ted  by 

The Prec ip i ta tes  tha t  showed the greatest amount o f  change when the specimens were thermal ly aged were 
Such p rec ip i ta tes  have been i d e n t i f i e d  as M,C (refs. 10,12). or 

This increase i n  p a r t i c l e  dens i ty  coincides w i th  the  increase i n  strength w i t h  

There appeared t o  be an 

Since the  same p r e c i p i t a t i o n  processes occur a t  t h e  o ther  temperatures, continued aging a t  t he  

Such an 

During elevated-temperature i r r a d i a t i o n ,  the  e f fec t  o f  i r r a d i a t i o n  damage and p r e c i p i t a t i o n  both affect 
The increase i n  

F ina l l y ,  t he  enhanced softening o f  the i r r a d i a t e d  specimen a t  

After i r r a d i a t i o n  t o  23 dpa, there appears t o  be l i t t l e  change from t h a t  observed a f t e r  9 dpa 
The only change occurred a t  5OO0C, where i r r a d i a t i o n  t o  23 dpa caused a strength 

This can be a t t r i b u t e d  t o  irradiation-enhanced d i f f us ion  s i m i l a r  t o  t h a t  a t  
It i s  

These 

Gelles has performed transmission e lec t ron microscopy (TEM) on 2 114 Cr-1Mo s tee l  TEM d isks  

The strength measurements i nd i ca te  t h a t  t h i s  hardening saturates dur ing i r r a d i a t i o n  t o  9 dpa, as 

When i r r a d i a t e d  a t  450 and 5OO0C, Gelles found no voids and no s i g n i f i c a n t  change from un i r rad ia ted  
This agrees w i th  the e lec t ron microscopy observations made on the thermal ly aged mater ia ls  and 
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A f t e r  t h e  i r r a d i a t i o n  t o  9 dpa, i t  was concluded t h a t  normalized-and- tempered 2 114 Cr-1Mo s t e e l  
i r r a d i a t e d  t o  9 dpa has good s t a b i l i t y  when i r r a d i a t e d  a t  temperatures up t o  500°C ( r e f .  3). 
s i o n  can now be a p p l i e d  f o r  i r r a d i a t i o n  t o  23 dpa. 
d i a t i o n  t o  23 dpa, no gross l o s s  o f  s t r e n g t h  r e l a t i v e  t o  thermal  ag ing  was observed. Furthermore, no 
f u r t h e r  d e t e r i o r a t i o n  occur red  a t  55OoC, where t h e  l a r g e  decrease occur red  f o r  t h e  9 dpa i r r a d i a t i o n .  
o b s e r v a t i o n  t h a t  d u c t i l e  f a i l u r e  occur red  f o r  t h e  specimens t h a t  hardened when i r r a d i a t e d  a t  390'C agrees 
w i t h  r e s u l t s  f o r  2 114 Cr-1Mo s t e e l  i r r a d i a t e d  a t  - 5 O O C  i n  t h e  High F lux  I s o t o p e  Reactor (HFIR) t o  -9 dpa 
( r e f .  17). When t e s t e d  a t  room temperature,  cons iderab ly  more hardening was observed, g i v i n g  r i s e  t o  a 
lower  u n i f o r m  and t o t a l  e l o n g a t i o n  than  observed i n  t h i s  exper iment ,  b u t  never the less ,  a d u c t i l e  f r a c t u r e  
occur red  ' 
7.5.5. Summary and Conclusions 

of 4.9 x loz6 neutrons/m2 (E > 0.1 MeV), which r e s u l t e d  i n  a displacement damage l e v e l  o f  about 23 dpa. 
normalized-and-tempered heat  t rea tment  of t h e  0.76-mm-thick-sheet specimens produced a tempered b a i n i t e  
m i c r o s t r u c t u r e .  I r r a d i a t i o n  was a t  390, 450, 500, and 550°C; specimens were t e s t e d  a t  t h e  i r r a d i a t i o n  
temperature and a t  room temperature. I n  a d d i t i o n  t o  t h e  i r r a d i a t e d  specimens, as- hea t- t rea ted  c o n t r o l  
specimens and as- hea t- t rea ted  specimens aged 10,000 h (corresponding t o  t h e  t i m e  i n  t h e  r e a c t o r )  a t  t h e  
i r r a d i a t i o n  temperatures were t e s t e d  a t  room temperature and t h e  i r r a d i a t i o n  temperature. The r e s u l t s  were 
compared w i t h  those ob ta ined  a f t e r  i r r a d i a t i o n  t o  9 dpa and t h e r m a l l y  ag ing f o r  5000 h. The f o l l o w i n g  i s  a 
summary of t h e  observa t ions  and conclus ions.  

1. Except a t  500"C, thermal ag ing  f o r  10,000 h a t  400, 450, 500, and 550°C caused o n l y  s l i g h t  changes 
i n  t e n s i l e  p r o p e r t i e s  from those  observed a f t e r  ag ing  f o r  5000 h. An i n c r e a s e  i n  s t r e n g t h  occur red  a f t e r  
ag ing  a t  5OOOC f o r  10,000 h was a t t r i b u t e d  t o  t h e  p r e c i p i t a t i o n  o f  M2C. 

2. I r r a d i a t i o n  a t  390°C caused an i n c r e a s e  i n  t h e  s t r e n g t h  and a decrease i n  d u c t i l i t y  r e l a t i v e  t o  
u n i r r a d i a t e d  specimens. s i m i l a r  t o  t h e  changes observed a f t e r  i r r a d i a t i o n  t o  9 dpa. 

3. A s t r e n g t h  decrease 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 ,  aged, and unaged c o n t r o l  specimens was no ted  f o r  
specimens i r r a d i a t e d  a t  450, 500, and 550°C. 

4. The hardening a t  390°C was a t t r i b u t e d  t o  t h e  i r r a d i a t i o n - i n d u c e d  d i s l o c a t i o n  s t r u c t u r e  r e s u l t i n g  
from d isp lacement  damage a long  w i t h  t h e  i r r a d i a t i o n- e n h a n c e d  p r e c i p i t a t i o n  t h a t  has been observed. 

5. 
p r e c i p i t a t e  d i s t r i b u t i o n  t h a t  were t h e r m a l l y  induced, a l though  i r r a d i a t i o n  enhances these  p r e c i p i t a t e  
changes under some c o n d i t i o n s .  

That conclu-  
Al though t h e  s t r e n g t h  d e t e r i o r a t e d  a t  5 0 0 T  a f t e r  i r r a -  

The 

T e n s i l e  specimens of normalized-and- tempered 2 1/4 Cr-1Mo s t e e l  were i r r a d i a t e d  i n  E B R - I 1  t o  a f luence 
The 

The s t r e n g t h  changes caused by i r r a d i a t i o n  a t  450, 500, and 550°C were a t t r i b u t e d  t o  changes i n  t h e  
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7.6 IRRADIATION EFFECTS I N  FERRITIC STEELS - T. A. Lechtenberg (GA Technologies Inc.) 

7 .6.1 ALLLIa& 

The Department o f  Energy (DOE) O f f i c e  of Fusion Energy (OFE) has c i t e d  t h e  need t o  i nves t l ga te  
f e r r i t i c  s t e e l s  under t h e  A i  loy Development For l r r a d l a t l o n  Performance (ADIP)  task  F e r r l t l c  S tee l s  
Development (Path E) .  

7.6.2 Qb lec t i vea  

The obJec t lve  of t h i s  paper i s  t o  c o l l e c t  and dlssemlnate coheslve in fo rmat ion  on f e r r l t l c  s t e e l s  
data and t h e  Path E program. Th ls  paper Is a d l s t l l l a t l o n  of two recent  papers g iven a t  t h e  13th 
Symposium on Fusion Technology (Varese, I t a l y  I n  Sptember 1984) and t h e  1 s t  l n te rna t l ona l  Conference on 
Fuslon Reactor Ma te r l a l s  (Tokyo, Japan I n  December 1984). 

7.6.3 

Since 1980 t h e  A l l oy  Development for l r r a d l a t l o n  Performance (ADIP) task  funded by t h e  U-S. 
Department of Energy has been studylng t h e  2-12Cr c lass  o f  f e r r i t i c  s t e e l s  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  o f  
us lng them I n  f us ion  reac to r  f i r s t  wal l /breedlng b lanket  (FW/B) app l lca t lons .  The advantages o f  f e r r i t i c  
Steels inc lude super lor  swe l l i ng  reslstance.  low thermal st resses cmpared t o  a u s t e n l t l c  s t a i n l e s s  s tee ls .  
a t t r a c t i v e  mechanical p rope r t i es  up t o  60OOC. and se rv l ce  h l s t o r l e s  exceedlng 100.000 hours. These s t e e l s  
a re  CanmOnly used i n  a range of m ic ros t ruc tu ra l  cond l t lons  which Inc lude f e r r i t i c .  mar tens l t l c ,  tempered 
mar tens l t l c .  b a l n l t l c .  etc.  Throughout t h i s  paper where t h e  term " f e r r l t l c "  Is used It should be taken t o  
mean any of  these mlcrostructures.  The ADIP task  Is studylng Several candldate a l l o y  systems l nc lud lng  
12Cr-1MoWV (HT-9). mod l f led  9Cr-1Mo. and dual phased s t e e l s  such as EM-12 and 2 1/4Cr-IMo These ma te r i a l s  
a re  fe r ranagnet ic  (FM) body centered cub lc  (BCC). and con ta in  chrcmlum add i t i ons  between 2 and 12 w t . 5  
and molybdenum add l t l ons  usua l ly  below 2%. The perceived Issues assoclated w l t h  t h e  a p p l l c a t l o n  of t h i s  
c lass  of s tee l  t o  fus lon  reac to rs  a re  t h e  increase I n  t h e  d u c t i l e- b r i t t l e  t r a n s l t l o n  temperature (DBTT) 
w i t h  neutron damage. t h e  c m p a t l b l I l t y  of these s t e e l s  w l t h  I l q u l d  metals and s o l i d  breeding mater la ls .  
and t h e l r  w e l d a b l l i t y .  The fe r ranagnet lc  character  o f  these s t e e l s  can a l so  be important I n  reac to r  
deslgn. 
e f f e c t s  of  i r r a d i a t l o n .  The maJor p o i n t s  of  d iscussion w i l l  be i r r a d l a t l o n  induced o r  enhanced 
dimensional changes such as swel I ing and creep. mechanlcal p rope r t l es  such as t e n s i l e  s t reng th  and var lous  
measurements of  toughness. and a c t i v a t i o n  by neutron i n t e r a c t l o n s  w l t h  s t r u c t u r a l  mater la ls .  

7.6.4 E u g c s s  and S a  

7.6.4.1. J n t  roduc t lon  

I t  i s  t h e  purpose of t h i s  paper t o  revlew t h e  cu r ren t  understandlng of these BCC s t e e l s  and t h e  

The F l r s t  WalI/Breedlng B lanket  (FW/B) s t ruc tu res  a re  key cmponents i n  f us lon  reac to rs  s lnce  t h e i r  
s t r u c t u r a l  l i f e  can Impact t h e  r e a c t o r ' s  performance which u l t i m a t e l y  t r a n s l a t e s  I n t o  t h e  cos t  of 
e l e c t r i c i t y .  A number of metals have been proposed for poss lb ie  use as t h e  s t r u c t u r a l  mater ia l  I n  t h e  
FW/B and many have been Inc luded i n  conceptual power reac to r  deslgn studies.  These conceptual deslgns 
have helped show tha t .  w h l l e  each mater la l  has a t t r a c t i v e  p rope r t l es  or  fea tures  for use i n  design ( l a ,  
thermal stresses. h igh  temperature st rength.  or l ow long-term r a d l o a c t i v l t y ) ,  each a lso  has dlsadvantages 
and no one mater la l  has emerged as t h e  overwhelming f a v o r i t e  f o r  use I n  canmerclal reactors.  The primary 
unce r ta l n t y  regard ing  t h e  use of these ma te r l a l s  Is a lack of r a d l a t l o n  damage in fo rmat ion  I n  f us ion  
re levan t  cond l t lons .  p a r t i c u l a r l y  w l t h  respect  t o  transmutatlon-produced helium. I n  an e f f o r t  t o  ga in  a 
b e t t e r  understanding of  these e f f e c t s  and t o  u l t l m a t e l y  develop l r r a d l a t l o n  r e s i s t a n t  mater la l ,  t h e  O f f l c e  
of Fuslon Energy (OFE) of t h e  Department o f  Energy (DOE) created t h e  A I  loy Development f o r  i r r a d i a t l o n  
Performance task  I n  1976 (ADIP). Th is  program has Involved coupera t lve  research between many nat iona l  
l abo ra to r l es  (ORNL. HEDL, ANL, NRL. SNLL). l n d u s t r l a l  resbarch organ iza t ions  (GA. McDAC), and u n i v e r s l t i e s  
(MIT Wisconsin. UCSB). 

When t h e  ADlP program was created t he re  were more than ID d l f f e r e n t  a1 loy systems proposed f o r  study. 
I t  was decided t o  group them I n t o  f a m l l l e s  o r  c lasses and emphaslze t h e  most p ran l s l ng  mater la l  w i t h i n  
each group. These groups a re  r e f e r r e d  t o  as paths and the re  a re  c u r r e n t l y  f l v e  i n  t h e  ADlP program. 
These a re  Path A ( a u s t e n l t l c  s t a i n l e s s  s t e e l ) .  Path B (Fe-NI-Cr p r e c l p i t a t l o n  s t rength  a l l o y s )  Path C 
( r e a c t i v e  and r e f r a c t o r y  metals), Path D ( I nnova t i ve  ma te r l a l s  and concepts). and Path E ( f e r r i t l c  
s tee l s ) .  
f us ion  reac to r  up t o  a t ime- Integrated neutron exposure of 40 Mw-y/n? or  approximately 400 dpa. A 
secondary o b j e c t i v e  1s t o  p rov lde  both m a t e r i a l s  and deslgn data for use o f  lower performance, 
in te rmed ia te  fus ion  systems such as an experlmental t e s t  r eac to r  o r  a demonstrat ion reactor .  I n  t h e  ADlP 
studles, each of t h e  candldate a l l o y s  a re  brought through a se r i es  of steps I nc lud ing  scoplng studies, 
base research studles, and a l l o y  op t lm lza t lon .  Th ls  type of approach I s  necessary s lnce  premature 
se lec t i on  or r e j e c t l o n  of an a l l o y  cou ld  severely I l m l t  t h e  deslgn op t lons  a v a i l a b l e  I n  t h e  fu tu re .  
Current ly ,  maJor ADIP program emphases a re  belng placed on mod l f led  or Improved a u s t e n l t i c s  (e.g. PCA) and 
t h e  f e r r i t i c  s teels,  t h e  subJect of t h i s  paper. 

The primary o b j e c t l v e  o f  t h e  ADlP program i s  t o  develop ma te r i a l s  capable of  opera t ing  i n  a 
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F e r r l t l c  s t e e l s  have a long h l s t o r y  o f  use I n  t h e  f o s s l l  power Industry and have been used 
ex tens ive ly  i n  Europe1r2. These s t e e l s  
conta in  ch rm lum f o r  r es i s tance  t o  elevated temperature cor ros ion  i n  a l r  (amounts up t o  12% for 
appl l ca t i ons  up t o  600°C) and more aggressive chemlcal envlronments. Molybdenum and o ther  carb ide  forming 
elements such as tungsten, vanadium, and nloblum are sometimes added t o  Increase t h e  creep res i s tance  and 
t h e  e levated temperature t e n s i l e  st rengths.  
welded If preheated and fo l lowed by a post-weld heat  t reatment (PNHT) t o  temper t h e  mic ros t ruc ture .  
Several cmmerc la l  a l l o y s  a re  a v a i l a b l e  which are fabr lcable,  weldable and can be used I n  co r ros i ve  
envlronments up t o  temperatures of 600OC. 

I n t e r e s t  i n  these s t e e l s  f o r  fus ion  app l l ce t i ons  was generated f i r s t  wht 
c lass  had su e r l o r  res ls tance t o  v o i d  format ion dur lng  f i s s i o n  neutron exposure and I n  bombardment by 
heavy lons33g.5~6. 
cons i s ten t l y  corroborated t h e  res i s tance  of f e r r l t l c  s t e e l s  t o  v o i d  swel I ing7s8. 

7.6.4.2 

They genera l l y  have excel l e n t  physical  and mechanical p roper t ies .  

Keeping carbon below about 0.20% a l lows these s t e e l s  t o  be 

I t  became known t h a t  t h i s  

Expsrlmental data over t h e  l a s t  s i x  years I n  t h e  U.S. fus ion  ma te r l a l s  program has 

60 

40 

F e r r l t l c  s t e e l s  have exh ib i t ed  very low t o t a l  l r rad la t ion- induced swe l l i ng  t o  damage l e v e l s  i n  excess 
of 100 dpa I n  f l s s l o n  reac to rs  such as EBR-11 and HFIR. They a re  expected t o  behave i n  a s i m i l a r  fashion 
t o  a u s t e n l t l c  s t e e l s  I n  t h a t  t he re  w i l l  be an I n i t i a l  t r a n s i e n t  or lncubat lon pe r i od  of  very low swe l l i ng  
fo l lowed by an accelerated steady s t a t e  swe l l i ng  ra te .  Fig. 7.6.1 compares t h e  r e l a t l v e  swe l l i ng  r a t e  of 
a u s t e n i t i c  a l l o y s  w i t h  slmple and cmmerc ia l  f e r r i t i c  s t e e l s  u t i 1  l z l n g  data analyzed b Snlegowskl and 

Wo l fe r l l ,  Garner 3 2  , Horton and 
Bentleyg, and Gel les39. I t  Is 

0 
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i n t e r e s t i n g  t o  note t h a t  t h e  steady 
s t a t e  swe l l i ng  r a t e s  o f  a u s t e n i t i c  
s t e e l s  1s about 181 dpa a f t e r  an 
lncubat lon  pe r l od  t h a t  v a r l e s  due t o  
me ta l l u rg i ca l  f a c t o r s  (such as c o l d  
working or chemlstry) .  i r r a d l a t l o n  
temperature, or t he  I r r a d i a t i o n  
source (neutron spectrum o r  p a r t l c l e  
energy). The maximum steady s t a t e  
swe l l i ng  r a t e  of an experimental 
10Cr-Fe f e r r l t l c  a l l o y  was about 
0.07% /dpa and had an incubat ion  dose 
of about 30 dpa. Th ls  experiment 
Included a simultaneous InJec t Ion  of 
He+ and D+2 Ions a t  about 10 appm 
He/dpa. I n  t h e  same experiment t h e  
swel I Ing  r a t e  was 0.02% /dpa a t  575OC 
t o  damage l e v e l s  o f  100 dpa. I n  
cmmerc la l  f e r r l t l c  s t e e l s  l r r a d l a t e d  
I n  EBR-I1 no s l g n l f l c a n t  or 
measurable swe l l i ng  has been repor ted  
t o  doses I n  excess o f  120 dpa. 
12Cr-IMoWV I r r a d i a t e d  I n  HFIR t o  36 
dpa and con ta ln l ng  99 appm He had a 
maximum swel I i ng  r a t e  o f  0.07%/dpa a t  
4OOOC w l t h  n e g l l g l b l e  swe l l i ng  a t  
300°, 500°, and 600°C10 and it 
appears t h a t  t h e  Incubat ion dose has 
no t  y e t  been reached. Sniegowskl and 
Wo l fe r l '  r ecen t l y  ca l cu la ted  t h a t  t h e  
t heo re t i ca l  steady s t a t e  swel l  lnq 

150 r a t e  f o r  BCC f e r r l t l c  a l l o y s  would-be 
0.04%/dpa which agrees very we1 I w l t h  
t h e  data frm f l s s i o n  reac to r  - 1 - r - s  
experiments. Because the re  are no 

Flg. 7.6.1. A cmpar i son  of  t h e  swe l l i ng  behavior of  neutron spectra a v a l l a b l e  i n  which 
t h e  proper He/dpa r a t i o s  can be 

t o  a u s t e n i t i c  s t e e l s  produced I n  f e r r i t i c  s t e e l s  t h e  
e f f e c t s  o f  hel lum on t h e  Incubat ion 

One conce t u a l  study est lmated t h e  dose t o  5% sue1 I i ng  

cmmerc la l  and s imple f e r r i t i c  s t e e l s  

per iod  I n  f e r r l t l c s  remains unclear. However, t h e  swe l l i ng  data presented shows t h a t  f e r r l t l c  s t e e l s  w l l  I 
have much lower t o t a l  swel I i ng  than aus ten i t i c s .  
cou ld  be as h lgh  250 dpa, roughly equivalent  t o  25tW-yr /d. 'g  Even longer I i f e t lmes  would be pred ic ted  If 
t h e  t r a n s l e n t  per iod  cou ld  be increased by manipulat ing me ta l l u rg i ca l  f a c t o r s  as has been done u l t h  
no tab le  success i n  t h e  a u s t e n l t l c  s tee l s t3 .  

Recent In- reactor  creep r e s u l t s  on se lec ted  f e r r i t i c  a l l o y s  t o  peak f luences t o  37 dpa i n  t h e  
temperature range 400° t o  500% and hoop stresses of 205 and 290 MPa show m a l  I 
s t r a I n s l 4 .  Lower dose creep data suggest a I lnear f luence dependence for t he  in- reac tor  creep behavior of 

in- reac tor  creep 



111 

change i n  DBTT. As presented I n  Fig. 7.6.2 
Table 1. D u c t i l e - b r l t t i e  t r a n s i t l o n  temperature t h e  normailzed t e n s i l e  and hardness data f o r  

changes o f  12Cr-1MoWV and 9Cr-1MoVNb a f t e r  l r r a d l a t l o n  12cr-1~owv for damage l e v e l s  up t o  30 dpa and 
i r r a d l a t l o n  temperatures t o  550OC a re  shownz2. 
The DBTT changes seem t o  mlrror those changes 

A i  loy TArr Fluence DBTT DBTT I n  s t reng th  seen I n  Flg. 7.6.2 I n  t h a t  la rge  

where t he re  a re  la rge  Increases I n  st rength.  
( C )  (dpa) (OC) (OC) s h i f t s  I n  DBTT occur a t  lower temperatures 

12Cr-lMoWV(HT-9) Un l r rad ia ted  - 5 - The maxlmum change I n  DBTT observed I n  
390 15 130 125 12Cr-1MoWV i s  135OC a f t e r  30 dpa and 390OC. 

15 110 105 While It has no t  been demonstrated 
30 140 135 unequivocably t h a t  sa tu ra t l on  of mechanlcai 

450 15 27 22 occur i n  t h e  9-12Cr steels,  It I s  s t rong l y  
15 1 4  9 suggested by comparison w l t h  o ther  bcc and 
30 78 73 f e r r l t i c  ma te r l a i s  and proper ty  measurements 

500 15 30 25 7.6.4 conta ins  t h e  most recent  DBTT data for 

behavior of f e r r i t i c  pressure vessel s teels,  

15 0 0 a t  r e l a t l v e i y  low fluences. A t  l r r a d l a t l o n  
30 60 55 temperatures of  390% a f t e r  15 dpa t h e  s lope 

f o r  t h e  curve beglns t o  decrease and a t  30 dpa 
the re  i s  a 51 l g h t  p o s l t i v e  s lope l n d l c a t i n g  

390 15 21 49 t h a t  sa tu ra t i on  I s  occurring. As discussed for 
15 43 65 pressure vessel s teels,  lower i r r a d i a t i o n  
30 32 54 temperatures produce la rger  changes I n  these 

steels,  and t h e  sa tu ra t i on  occurs a t  h igher 
450 1 5  -22 fluences. I t  Is n o t  c l e a r  I f  an increase i n  

15 - 1  23 t h e  DBTT w i l l  preclude t h e  use of f e r r l t l c  
s t e e l s  I n  h igh- f luence fus ion  cmponents 
because It may be t h a t  these components can be 500 15 -22 0 

15 0 22 deslgned t o  sa fe l y  operate a t  temperatures 
below t h e  DBTT. Th l s  p o s s l b i l l t y  i s  discussed 30 -12 33 
I n  more d e t a l i  below. Fig. 7.6.5 shows t h e  
e f f e c t  of  i r r a d l a t l o n  on t h e  p l a l n  s t r a l n  f r ac -  500 30 -1 1 0 
t u r e  toughness as a f unc t i on  o f  t e s t  tempera- 15 -3 25 
tu re .  The s o l i d  data p o l n t s  i nd i ca te  u n l r r a d l -  
ated lower- shelf energy p lane- st ra in  f r a c t u r e  
toughness data generated on f u l l - s l z e d  and 
m ln la tu re  compact tens ion  speclmens w h i l e  t h e  

open data are p lane- st ra in  f r a c t u r e  toughness data generated for HT-9 which has been l r r a d l a t e d  between 
50° t o  50OOC and 5 t o  10 dpa. These data suggest t h a t  t o  I r r a d i a t i o n  f luences of 10 dpa and i r r a d l a t o n  
temperatures down t o  500C, a lawer-shelf f r a c t u r e  toughness has not been measured. The toughness values 
measured I n  t h e  i r r a d i a t e d  mater ia l  a t  t e s t  temperatures f rom 93O t o  340OC show t h a t  t h e  toughness l e v e l s  
a re  approximately 125MPa-m1/2. 
compact tens lon  specimens Is approximately -15% and t h e  lowest energies measured were 30 MPa-ml/2 a t  
temperatures below -15OOC. 

s t r a l n  f r a c t u r e  toughness on t h e  lower-shelf of t h e  12Cr-1MoWV s tee l .  The increase I n  t r a n s l t l o n  
temperature due t o  neutron exposure may be l a rge l y  I r r e l e v a n t  I f  it cou ld  be demonstrated t h a t  actual  
fus ion  s t ruc tu res  can be r e l i a b l y  operated on t h e  lower shel f .  Th i s  would r e q u i r e  t h a t  l r r a d l a t l o n  and 
o ther  environmental f ac to rs  do no t  s l g n l f  i c a n t l y  degrade t h e  lower- shelf toughness. i r r a d i a t l o n  a t  
t y p l c a l  l i g h t  water reac tor  end- of- l i fe  cond l t lons  (about 0.1 dpa and 30OoC) has l i t t l e  o r  no e f f e c t  On 
lower- shelf toughness and no decrease has been measured on HT-9 I n  cond i t i ons  l r r a d l a t e d  t o  30 dpa. On 
t h e  lower-shelf, t h e  cleavage mechanlsm appears t o  be c o n t r o l l e d  by m ic ros t ruc tu ra l  features such as g r a i n  
boundaries and carbides. P r e c l p l t a t l o n  t h a t  occurs I n  f e r r l t e  (such as t h e  G-phase) w 1 1 I  InCreaSB t h e  
c o n s t r a l n t  i n  t h e  m a t r l x  thus causing t h e  s h i f t  from duc t i le - twc leavage f rac ture .  The cleavage f r a c t u r e  
energy i s  c o n t r o l l e d  by t h e  fea tures  such as carbides a t  c r a i n  boundaries whlch do no t  change S lgn i f iCant -  
l y  a f t e r  t h e  m a t r l x  becomes depleted of t h e  chemlcal specle d r i v i n g  t h e  p r e c l p i t a t l o n .  
increase I n  t h e  OBTT, t h e  lower- shelf f r a c t u r e  energy probably w i l l  no t  decrease s i g n i f i c a n t l y  as a r e s u l t  
of i r r a d l a t l o n  hardening or h igh  neutron fluences. Plane s t r a l n  f r a c t u r e  toughness values for 12Cr-IMoVW 
cooled t o  below t h e  D0TT a re  about 50 MPa-m1/2. 
mlcrmechanlsm of f r a c t u r e  changes f rom a cleavage t o  tw inn ing  mechanlsm r e s u l t i n g  I n  a sharp decrease t o  
30 MPa-m1/2.26 
steels,  so It I s  no t  expected t o  do so I n  t h e  f e r r l t l c  s tee ls .  
c r l t l c a l  mlcro-cleavage f r a c t u r e  stress, (o f * )  and c r l t l c a l  d is tance l e * )  parameters f o r  HT-9 def ined by 
t h e  RItchie-Knott-RIce (RKR) c r l t l c a l  s t r ess  d istance c r i t e r l a  1s cons l s ten t  i n  HT-9 w l t h  behavior 

p rope r t i es  such as toughness and s t reng th  w l l  I 

such as t h e  t e n s i l e  data mentioned above. Flg. 

30 63 58 HT-9 f o r  f luences up t o  30 dpa. S im i l a r  t o  t h e  

500 15 99 93 t h e  changes I n  t h e  DBTT for HT-9 begln t o  slow 

- 9Cr-1MoVNb Un l r rad la ted  -22 - 

- 

The t r a n s l t l o n  temperature measured f o r  t h e  f u l  I s l z e  and m ln la tu re  

Recent s tud les  by Odette and cwvorkers23 and Lechtenberg and Dahms18 have lnves t lga ted  t h e  plane- 

Thus unl Ike t h e  

A t  very low temperatures l<150°C), It 1s thought  t h e  

I r r a d i a t i o n  d l d  no t  produce t h l s  Same s h i f t  t o  a tw lnn lng  f r a c t u r e  I n  pressure vessel 
I t  has been shown by Odette t h a t  t h e  
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an HT-9 mater ia l  a f t e r  an l n l t i a l  r a p i d  t rans ien t15 .  Data on HT-9 t o  a peak f luence of approximately 100 
dpa l nd l ca tes  a l i n e a r  f luence dependence and a s t r ess  dependence w i t h  a s t r ess  exponent of approximately 
1.5 16.17. Recent r e s u l t s  on a f e r r i t i c  12%Cr s tee l  (D in  NO. 1.4914) s i m i l a r  t o  HT-9 show t h a t  i t s  
i n - p i l e  creep behavior  d i f f e r e d  fran t h a t  of a u s t e n i t i c  s t e e l s  and fran HT-9. D i n .  No. 1.4914 has a 
s t r ong  temperature dependence w i t h  an unexpectedly h igh a c t i v a t i o n  energy, which imp1 i es  a thermal ly  
ac t l va ted  mechanlsm. b u t  these data show t h e  creep behavior i s  non-l i nea r l y  dependent upon t h e  appl led 
s t r ess I5 .  
con t ro :  samples done I n  para1 le1 d l d  n o t  show any no t i ceab le  creep s t r a l n  f o r  canparable t ime  peri%'?l 
However, Puigh and Wlre repor ted  t h a t  In- reactor  creep s t r a i n s  f o r  HT-9 and 9Cr-2Mo were very small and 
s i m i l a r  t o  each o ther  a t  temperatures o f  443O and 505OC, wh i l e  2-1/4Cr-IMo begins t o  loose I t s  s t r eng th  
a t  572OC36. Pulgh repor ted  In- reactor  creep data f o r  HT-9 a t  419OC and 49OOC which i nd i ca ted  a s t r ess  
exponent desc r i b i ng  t h e  In- reactor  creep s t r ess  dependence as being between 1 and 2, wh i l e  a t  653% t h e  
HT-9 data suggested a s t r ess  exponent o f  3 t o  7, w h i l e  2 1/4Cr-IMo data Ind ica ted  a s t r ess  exponent o f  t h e  
order  of 2 t o  6. 
Lechtenberg have suggested an I r r a d i a t i o n  Induced creep r a t e  equat ion of t h e  form: 

These experlmentai l s t s  measured a s t r ess  dependence exponent o f  about 3. Furthermore, 

Based on t h e  U.S. data fran the  EBR-II w i t h  a a=6.3 X l 0 l 8  n/cm2-hr, Dahms and 

where Bc I s  a constant  which I s  a l l o y  and temperature dependent, $5 i s  t h e  f l u x  o r  dose rate,  o 1s t h e  
equivalent (o r  von Mlses) s t r ess  (MPA), and n I s  t h e  s t r ess  exponentle. They suggested f o r  Hi- 9 t h e  
f o l  lowing values be used; 

Bc =(6.8581 - 1.8373T t 1.2463T2) X 

Bc = 8.6714 X 

f o r  T<737OK 

f o r  TL737OK 

where q5 i s  I n  n/cm2-hr, o I s  i n  u n i t s  o f  MPa, and I i s  I n  u n i t s  o f  s t r a i n /  h r .  

7.6.4.3 I h e  E f f e c t s  of l r r a d l a t i o n  on St rength  and Toughness 

I n  general f e r r l t l c  s t e e l s  e x h i b i t  r a d i a t i o n  hardenlng below approxlmately 50DoC. There i s  an 
Increase I n  y i e l d  and u l t i m a t e  s t r eng ths  and an associated decrease i n  d u c t i l i t y .  Fig. 7.6.2 shows t h e  
e f f e c t  of I r r a d i a t i o n  temperature on t h e  r a t i o s  o f  t h e  u l t i m a t e  s t r eng th  (UTS) and t h e  UTS f rcm hardness 
c o r r e l a t i o n s  for HT-9 from several i r r a d i a t l o n  experiments. The data was c o l l e c t e d  fran HFIR and EBR-II 
I r r a d i a t i o n s  and range I n  f luence l e v e l s  fran approximately 9 t o  13 dpa and range i n  temperatures fran 500 
t o  55OOC19. Ge l l es  has suggested t h a t  a t  h igher  temperatures (<4OO0C), t h e  s t reng then ing  e f f e c t  i n  HT-9 
may be due t o  t h e  p r e c i p l t a t l o n  of a n l c k e l - s i l i c o n  r i c h  G-phasezo. The s t r eng th  Increase a t  lower 
I r r a d i a t i o n  temperatures has been associated w i t h  t h e  p r e c i p i t a t i o n  of de fec t  c l u s t e r s  on t h e  order  of 3nm 
I n  s l z G 1 .  Th is  behavior  of an Increase I n  s t r eng th  due t o  I r r a d i a t i o n  has been seen a l so  f o r  t he  
9Cr-IMoVNb and 2 I/dCr-IMo as we1 I .  

The changes I n  y i e l d  and u l t l m a t e  s t reng ths  have r a m i f i c a t i o n s  t o  o ther  p r o p e r t i e s  such as toughness 
because t h e  increase i n  s t r eng th  I s  accanpanled by a decrease i n  d u c t i l i t y .  The U.S. f a s t  breeder r eac to r  
program and t h e  f us i on  reac to r  m a t e r i a l s  program both ma ln ta in  major experimental e f f o r t s  on t h e  
I r r a d i a t i o n  response of f e r r i t i c  s tee ls ,  p a r t i c u l a r l y  w l t h  regard t o  toughness. E f f o r t s  t o  date have 
attempted t o  I d e n t i f y  p o t e n t i a l  problems and f i n d  so lu t lons .  Sane data a re  now a v a l l a b l e  and more w i l l  be 
a v a l l a b l e  v l t h l n  t h e  nex t  year, Much d iscuss ion  o f  t h e  f r a c t u r e  p rope r t i es  of f e r r i t i c  s t e e l s  for f us i on  
appl l c a t i o n s  have centered around t h e  measurement o f  duct1 I e b r l t t l e  t r a n s i t i o n  temperature (DBTT). The 
Impact t e s t  fu rn lshes  data us i ng  a s imple method o f  f o l l o w i n g  t h e  change i n  t h e  f r a c t u r e  mode o f  t h e  s tee l  
as a f u n c t l o n  o f  temperature. The Importance o f  t h e  Charpy impact t e s t  I l e s  i n  t h e  f a c t  t h a t  I t  
reproduces t h e  t r a n s l t i o n  temperature fran t h e  d u c t i l e t o - c l e a v a g e  f r a c t u r e  mode i n  about t h e  same 
temperature range as i s  observed I n  engineer ing s t ruc tu res ,  and has been w ide ly  used t o  measure t h e  e f f e c t  
of a number of v a r l a b l e s  on t h e  DBTT. A c l a s s i c a l  I n t e r p r e t a t i o n  o f  t h e  DBTT I s  t h a t  a t  some temperature, 
f r a c t u r e  s t r ess  I s  reached du r i ng  load lng  o f  t he  specimen p r io r  t o  t h e  onset o f  y i e l d ,  r e s u l t i n g  i n  a 
b r l t t l e  t ype  cleavage f r ac tu re .  Above t h e  DBTT t h e  specimen undergoes general y i e l d i n g  p r i o r  t o  t h e  onset 
of f rac tu re .  There is, however, no q u a n t i t a t i v e  method o f  us ing  t h e  DBTT i n  deslgn. I t  i s  a s imple 
l n d i c a t l o n  of t h e  toughness I n  a ma te r i a l  which has been e m p i r i c a l l y  r e l a t e d  t o  t h e  behavior  of 
englneer lng s t r uc tu res .  Various standard measures o f  t h e  DBTT have been used, I nc l ud ing  t h e  40J (30 f t - l b )  
DBTT, predef ined l a t e r a l  expansion values, t h e  f r a c t u r e  appearance t r a n s l t i o n  temperature (FATT), o r  
temperature t o  h a l f  t h e  average or t h e  average energy between t h e  upper- shelf and lower- shelf toughness. 
For t h e  sake of s l m p l l c l t y  and because a l l  these measurements a re  somewhat a r b i t r a r y ,  t he  40J DBTT w i l l  be 
quoted unless o therw ise  spec i f led .  

Table 7.6.1 con ta i ns  DBTT data for I2Cr-IMoWV and 9Cr-IMoVNb t h a t  show i r r a d i a t i o n s  t o  f luences  o f  30 
dpa fran temperatures o f  390° t o  500OC. While t h i s  w 1 1 I  be discussed more canplete ly ,  it may be noted 
t h a t  lower I r r a d i a t i o n  temperatures produce l a rge r  Increases i n  t h e  DBTT for both t h e  HT-9 and t h e  9Cr 
a l l o y .  Furthermore, t h e  9Cr-IMoVNb has a lower DBTT. While data on 12Cr-1MoWV and s i m i l a r  f e r r i t i c  
s t e e l s  a re  somewhat scarce, t he re  1s a s i g n i f i c a n t  body of t h e  data on low a l l o y  pressure vessel 
The data show t h a t  t h e  DBTT 1s genera l l y  increased a t  lower i r r a d i a t i o n  temperatures, and t h e  change I n  
DBTT sa tu ra tes  a t  a r e l a t i v e l y  low f luence. Sane data, I nc l ud ing  for t h e  pressure vessel s t ee l  A533-8, 
a re  shown I n  Fig. 7.6.3. These data =how t h a t  lower I r r a d i a t i o n  temperatures tend t o  produce a h igher  
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observed I n  o ther  tempered b a l n l t l c / m a r t e n s l t e l c  s t e e l s  based on est lmates of  t h e  serv lce  properties25.26. 
They a l so  ca l cu la ted  t h a t  t h i n  f us ion  s t ruc tu res  may f a l l  by p l a s t i c  co l l apse  f o l l o w i n g  general y i e l d  
ra the r  than b r l t t l e  f ractures.  Th ls  was ca l cu la ted  t o  be t r u e  f o r  opera t lng  a t  temperatures below t h e  
DBTT where la rge  amounts of I r r a d i a t i o n  st rengthening had occurred. However, c a l c u l a t i o n s  showed t h a t  
under such condl t lons,  th in- wal led  fus lon  s t ruc tu res  (on t h e  order o f  2 mm) would experience Increased 
f a l l u r e  loads due t o  l r r a d l a t l o n .  Th ls  1s I n  d i r e c t  con t ras t  t o  t h e  behavior of  t h i c k  wal I vessels which 
mani fest  decreasing f r a c t u r e  loads for these same circumstances. 

Based on data c u r r e n t l y  avai lable,  t he re  may be adequate toughness I n  l r r a d l a t e d  HT-9 t o  a l low f o r  a 
f r a c t u r e  r e s l s t a n t  design. The Increase I n  DBTT associated w i t h  neutron exposure may slow a t  r e l a t i v e l y  
low damage l e v e l s  (<20 dpa) as has been seen I n  o ther  f e r r l t l c  s teels.  P l a i n  s t r a i n  f r a c t u r e  toughness 
t e s t s  have been performed on l r r a d l a t e d  ma te r l a l s  t o  damage l eve l s  of approxlmately 125MPa m1/2 a t  temper- 
atures  above O°C. It I s  I l k e l y  t h a t  t h e  very h lgh  neutron f luences needed f o r  econanlc fus ion  FW/B can- 
ponents w l l  I increase t h e  DBTT fu r ther ,  although a t  a slower ra te ,  bu t  one cannot t e l  I whether these 
c a l c u l a t i o n s  p r e d l c t l n g  adequate lower she l f  f r a c t u r e  res ls tance can be ex t rapo la ted  t o  an engineer ing 
s t ruc ture .  l nves t l ga t l ons  a re  con t l nu lng  t o  est lmate t h e  I l f e t l m e  and f r a c t u r e  mode of var ious fus ion  
caponen ts  supposlng t h a t  t h e  f i r s t  wa l l  s u f f e r s  a DBTT s h i f t  such t h a t  I t  may operate on t h e  lower-shelf 
dur ing  sane of I t s  I l fe t lme.  

1.6.4.4 Assessment o f  t h e  Po ten t i a l  f o r  Low A c t l v a t l o n  F e r r l t l c  Steels 

Recently t h e  d e s l r a b l l  ity o f  us lng low a c t i v a t i o n  ma te r l a l s  I n  f us ion  machines was assessed by a DOE 
panel which recommended t h a t  reduced a c t i v a t i o n  of s t r u c t u r a l  mater la l  should remaln one of t h e  primary 
cons idera t ions  I n  t h e  development o f  fus ion  reac to r  mater ia ls .  The In te rac t i ons  of neutrons frmi t h e  
fus lon  machine w i t h  t h e  s t r u c t u r a l  mater ia l  w1I I cause a1 I conventional a1 loys t o  act lvateZ8.  A unique 
advantage o f  f us lon  Is t h e  f a c t  t h a t  t h i s  a c t l v l t y  I s  n o t  Inherent  t o  t h e  f us ion  process and both t h e  
magnltude and h a l f - l i f e  o f  t h e  a c t l v l t y  can be c o n t r o l l e d  by t h e  proper se lec t i on  o f  t h e  elements canpr ls-  
Ing  t h e  s t r u c t u r a l  mater ia l .  Three poss lb le  requirements f o r  l ow  a c t l v a t l o n  mater la l  are waste disposal, 
hands on malntenance dur lng  reac to r  I i fet lme, and sa fe ty  Issues. The term “low a c t l v a t l o n  m a t e r i a l ”  
r e c e n t l y  has been used t o  described a l l o y s  t h a t  mlnlmiz8 waste disposal d l f f l c u l t l e s  and costs.  S tee ls  
under d lscusslon here w i l l  are belng dlscussed t o  meet t h e  gu lde l ines  of U.S. Federal Regulat ion lOCFR61 
which s p e c i f i e s  four  c lasses  of waste. Classes A, 8, and C, may be dlsposed of by near- surface b u r i a l .  
A I  I other wastes, no t  meetlng A, B, o r  C requlrements, are no t  qual I f  led f o r  near- surface disposal and may 
be requ i red  t o  u t l l  I ze  deep geoioglcal  disposal. A l l  conventional mater ia ls ,  such as AIS316 o r  12Cr- 
IMoWV, w i l l  a c t l v a t e  such t h a t  they do n o t  qual l f y  f o r  sur face waste disposal, and cou ld  r e q u i r e  deep 
geo log ic  dlsposal f o r  many generations. 
has been est lmated t o  be 67000-20,000/ n? 29 A c t l v a t l o n  r e s u l t s  fran transmutat ion of major cons t i t uen t  
elements and lmpur l t les .  Whlle a l l  elements will act lva te .  I t  I s  a r e l a t l v e l y  few t h a t  have daughter 
r ad lonuc l i des  t h a t  decay q u i c k l y  enough or are weak enough such t h a t  they cou ld  be dlsposed of  as surface 
wastes. For example, a f t e r  I r r a d i a t i o n  I n  a t heo re t i ca l  reac tor  study c a l l e d  S t a r f l r e  t o  a f luence of 10 
W-yr-m-3 fo l lowed by 8 y r s  storage w l t h  no d l l u t l o n  p r l o r  t o  disposal, Nb would be r e s t r i c t e d  I n  t h e  
o r l g l n a l  a l l o y  t o  less  than 3 ppm and Mo t o  less than 30 ppm. The I l m l t s  on t h e  l n l t l a l  concent ra t ions  of 
NI, Mo, Cu, Nb and N establ  lshed by t h e  lOCFR61 guide1 lnes are mutua l ly  exclusive. That Is, If any one of 
t h e  elements I s  present a t  i t s  concent ra t ion  I l m l t ,  t h e  other elements must no t  be present, or, a l te rna-  
t l v e l y ,  t h e  sum of t h e  f r a c t i o n a l  concentrat lons must be less  than one f o r  t h e  con t ro l  led radlonucl  Ides. 
Canmon s tee l  elements t h a t  cou ld  be used for low a c t l v a t l o n  s t e e l s  Inc lude Mn, TI, Cr, S I ,  W, V, Ta, and 
C. The most Important canmon a l l o y i n g  add l t l ons  t h a t  a re  unsu l t ab l s  f o r  low a c t l v a t l o n  ma te r i a l  a re  NI, 
Nb, and Mo. I n  t h e  9-12Cr c lass  of s t e e l s  molybdenum Is added t o  p rov ide  sol I d  s o l u t l o n  hardenlng f o r  
Improved h lgh  temperature s t rength  and t o  pranote t h e  p r e c l p l t a t l o n  o f  carbldes t o  Increase t h e  creep 
strength.  Removal of molybdenum f o r  low a c t l v a t l o n  w l l  I t he re fo re  de rade h lgh  temperature proper t ies .  
Poss ib le  a l l o y  s u b s t l t u t l o n s  a re  tungsten, vanadlum and t a n t a l ~ m ~ ~ , ~ ~ , ~ ~ .  Tungsten and vanadlum are seen 
as major replacements f o r  t h e  removal of molybdenum I n  t h e  f e r r l t l c  a l l oys .  Whlle t h e  l n l t l a l  concepts 
a re  s t i l l  belng developed and data I s  scarce on new a l loys ,  t h e  phase space c u r r e n t l y  belng s tud led  I n  t h e  
U.S. ma te r l a l s  program Includes t h e  a l l o y s  rang lng  I n  chranlum c a p o s l t l o n  between 2 and 11%. tungsten 
between 1 and 5%. vanadlum between 0.2 and 1.58, t l t a n l u m  <O.l%, and manganese fran 0.3 t o  ~ 5 % ~ ’ .  While 
t h e  meta l lu rgy  of t h e  Fe-Cr-W and Fe-Cr-W,V systems have no t  been s tud led  as ex tens lve ly  as t h e  Fe-Cr-Mo 
systems, analogles can be drawn fran t h e  work done on Cr-Mo-W The canpos i t ions  mentloned 
above were formulated based on an assumption of analogous behavior of  t h e  FeCrW system and t h e  FeCrMo 
system and by c a l c u l a t l n g  t h e  chranlum and n lcke l -equ lva len ts  using such equatlons as those developed by 
Schnel der34. 

Recently, many of t h e  low a c t l v a t l o n  a l l o y s  were Included I n  I r r a d i a t i o n s  I n  EBR-II t o  f luences t o  
about 15 dpa. The temperatures ranged f r a  420° t o  6OOOC. Gel has repor ted  t h e  op t i ca l  and TEM 
metal lography and I lm l ted  t e n s l l e  data on several of t h e  a1 loys. Pre l  lmlnary r e s u l t s  I nd i ca te  t h a t  
b a l n l t l c  a l l o y s  s l m l l a r  t o  2 1/4Cr-lMo and f e r r l t l c  s t e e l s  analogous t o  9Cr-1Mo and HT-9 can be produced 
which have no cons t i t uen t  elements proscr lbed by t h e  waste disposal regu la t lons .  l n l t i a l  TEM observat ion 
demonstrate t h a t  s t a b l e  m lc ros t ruc t res  can be designed which behave s l m l l a r l y  t o  o ther  f e r r i t i c  s t e e l s  
showing n e g l l g l b l e  swel l lng.  Th ls  data 1s soon t o  appear, and t h e  readers a re  r e f e r r e d  t o  Ref. 38 for 
f u r t h e r  deta I I s. 

The r e l a t i v e  cos t  advantages o f  sur face versus geo log ic  disposal 
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7.6.5 Conclusions 

F e r r l t l c  s t e e l s  o f f e r  s l g n i f l c a n t  advantages for use I n  FW/B cmponents for f us ion  reactors.  I t  has 
been shown t h a t  t h e  steady s t a t e  swe l l i ng  r a t e s  o f  t h i s  c l ass  a r e  near ly  an order of magnitude lower than 
for a u s t e n i t i c  s tee ls .  F e r r l t l c  s t e e l s  a r e  expected t o  e x h l b i t  a t r a n s l e n t  or Incubat ion  per iod  s i m i l a r  
t o  a u s t e n l t l c  s t e e l s  and t h e  t r a n s l e n t  regime 15 in f luenced by t h e  m ic ros t ruc tu re  and chemistry of t h e  
parTlCUlar a l l oys .  The e f f e c t s  of  hei lum are unclear p r l m a r l l y  due t o  t h e  lack of a f us ion  neutron source 
which would produce t h e  proper helium/dpa r a t l o .  But one e f f e c t  may be t o  decrease t h e  t r a n s i e n t  perlod. 
I n  f l s s l o n  reactors, measured t o t a l  swe l l i ng  i s  very low t o  over 100 dpa, bu t  t h e  hel ium content  i s  low 
also. Opt lmlza t lon  o f  t h l s  c l ass  may Increase t h e  lncubat lon  dose thus decreasing t h e  t o t a l  l i f e t i m e  
swei I ing. 

experiments a r e  analyzed. 
data f o r  12Cr-1MoWV shows I t  Is n o t  severe, and s tud ies  have been ab le  t o  use t h i s  a l l o y  f o r  s e i f -  
cons i s ten t  deslgns. 
t o  h igher temperatures siows and perhaps sa tura tes  a t  about 30 dpa, t h e  exact  In f luence o f  very h igh  
damage l e v e l s  and transmuted hel lum Is no t  known. By In ference fran f e r r i t l c  pressure vessel s t e e l s  it 
may be a n t i c i p a t e d  t h a t  t h e  lower-shelf energy does no t  degrade, bu t  these data a re  f o r  very low fluences. 
Recent s rud les  have been ab le  t o  show t h a t  12Cr-IMoWV behaves according t o  t h e  RKR cleavage f r a c t u r e  model 
and t h i s  a l lowed t h e  lower- shelf toughness t o  be predicted.  Th i s  compared favorably t o  measured values 
which were used t o  p r e d i c t  t h a t  a thin-walled, e m b r l t t i e d  f l r s t  wa l l  would f a l l  by p l a s t i c  col lapse. no t  a 
b r i t t l e  f rac ture .  Other c a i c u l a t l o n s  p r e d l c t  t h a t  t he re  w i l l  be a leak-before-break s l t u a t l o n  even i f  t h e  
mater la i  15 opera t lng  on t h e  lower- shelf.  

The pub1 IC concern about nuclear safety and a recogn l t l on  t h a t  t h l s  c l ass  of s t e e l s  might  so lve  p a r t  
of t h a t  problem has led t o  t h e  i n i t l a t i o n  of an a l l o y  development program for low a c t l v a t l o n  f e r r i t l c  
s tee ls .  Experimental heats of  b a i n l t i c  and m a r t e n s i t i c  s t e e l s  have been melted and experlments have been 
I r r a d i a t e d  i n  EBR-I I. l n l t i a l  r e s u l t s  a re  encouraging. Mlc ros t ruc tures  appear s tab le  w i t h  no severe 
e m b r i t t l i n g  p r e c i p i t a t i o n  a f t e r  % I5  dpa. 
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7.7 MELTING AN0 FABRICATION OF LOW ACTIVATION FERRITIC ALLOYS FOR FFTF IRRADIATIONS - T. A. Lechtenberg 
(GA Technologles) 

7.7.1 A Q l U k k  

The Department of Energy/Off ice of Fusion Energy has c l t e d  t h e  need t o  l nves t l ga te  f e r r i t i d m a r t e n -  
s i t l c  a l l o y s  under t h e  ADlP Program Task, F e r r l t l c  Steel Development (Path E)  because of t h e  po ten t l a l  
t h l s  c l ass  of  ma te r l a l s  appears t o  have t o  o f f e r  exce l l en t  r a d i a t i o n  damage resistance,  low thermal 
s t resses  and good h lgh  temperature st rength.  

7.7.2 m&€tlYe 

The obJect ive of t h l s  work was t o  prepare experimental heats o f  tungsten strengthened low a c t l v a t l o n  
f e r r l t l c  s t e e l s  (LAFS) for Incorpora t ion  i n t o  FFTF MOTA I r r a d i a t i o n s .  

7.7.3 

Two experimental heats o f  W- stabl l lzed low a c t l v a t l o n  f e r r l t l c  s t e e l s  have been melted, t h e  
chemls t r les  analyzed. and t h e  heats f ab r i ca ted  i n t o  speclmens t o  be Inc luded I n  an FFTF i r r a d l a t l o n .  A 
con t ro l  heat  of HT-9 was melted and fabr ica ted  I n  t h e  same way. Specimens Inc lude 1/3 PCVN speclmens f o r  
toughness and DBTl eva lua t ions  and TEM disks. A l l  speclmens were g lven a heat  treatment o f  105OOC for 1 
h r  fo l lowed by an a i r  cool, 7OO0C f o r  1 h r  fo l lowed by an a l r  cool. 

7.7.4 and S t &  

7.7.4.1 introduction 

One p o t e n t l a l  advantage of fus ion  energy product lon i s  I n  sa fe ty .  The fus ion  process i s  I n t r i n -  
s i c a l l y  safe I n  t h a t  res ldua l  r a d l o a c t l v i t y  I n  a f us ion  reac to r  i s  no t  an Inherent  product  o f  t h e  fus lon  
reac t l on  I t s e l f .  Instead, r a d l a t l o n  r e s u l t s  fran t h e  neutron I n te rac t i ons  w i t h  t h e  ma te r l a l s  fran which 
t h e  reac to r  1s b u i l t .  Therefore, i n  p r i nc ip l e ,  Induced r a d l o a c t l v l t y  l eve l s  can be he ld  very low if 
s t r u c t u r a l  ma te r l a l s  a re  selected which have app rop r i a te l y  low neutron a c t i v a t i o n  propert les.  Further-  
more, pub1 IC awareness o f  sa fe ty  Issues has had a profound e f f e c t  on t h e  development of t h e  f l s s l o n  
nuclear industry.  Fusion cou ld  be spared much o f  t h i s  t r a v a l i  i f  It can maln ta ln  I t s  percept ion of being 
a "clean" energy producing technology. The low a c t l v a t l o n  panel es tab l i shed by t he  O f f l c e  of  Fuslon 
Energy def ined t h r e e  goa ls  f o r  low a c t i v a t l o n  f us ion  technology: waste disposal, r eac to r  safety, and 
malntenance. The Panel recommended t h a t  t he  most p ran l s i ng  goal f o r  near-term app l i ca t l ons  Is t o  develop 
s t r u c t u r a l  ma te r i a l s  t h a t  minimize t h e  problems o f  waste management. Th is  goal most probably may be 
a t t a i ned  by mod i fy lng  conventional f e r r l t l c  s t e e l s  t o  e l lm lna te  o r  severely r e s t r i c t  t h e l r  content  of NI, 
Mo, Nb, and o the r  h l gh  a c t l v a t l o n  elements. These ma te r l a l s  a re  c a l l e d  " low a c t i v a t l o n  f e r r l t i c  s tee l s"  
(LAFS). 

might  be mod i f ied  success fu l l y  t o  e l lm lna te  t h e  o f fend ing  elements, thus reducing t h e  a c t l v a t l o n  specles 
v i+h very long h a l f  l i v e s  t h a t  w o u l d  r equ i re  storage fo r  thousands o f  years. This  achievement w o u l d  have 
econmlc  advantages I n  t h a t  t h e  cos t  of geologlcal  disposal Is much hlgher t h a t  t h e  cos t  o f  sur face 
disposal under t h e  less  s t r l n g e n t  c l a s s l f l c a t l o n s  o f  federal  r egu la t i on  IOCFR61. 

The l i c e n s i n g  requirements a re  o u t l l n e d  i n  t h e  r e g u l a t i o n  lOCFR P a r t  61 for land disposal of radlo- 
a c t i v e  waste and are Intended t o  p r o t e c t  t h e  hea l t h  and sa fe ty  o f  t h e  pub l i c .  Waste c l a s s l f l c a t l o n s  A. B, 
and C, a re  based on t h e  s p e c i f i c  a c t l v i t y  o f  var ious r a d i o  nuc l ides  I n  t h e  waste. The a l lowab le  a c t i v i t y  
I I m i t s  ana r e s t r l c t l o n s  on dlsposal Increase fran c lass  A t o  c l ass  C waste. AI I t h ree  c lasses a re  re- 
garded as low leve l  wastes and 10CFR61 Is not  Intended t o  cover t h e  h lgher l e v e l s  of r a d l o a c t i v l t y  i n  
s t ruc tu res  t h a t  would be produced, f o r  example, by s t a l n l e s s  s tee l  b lankets  I n  a f us lon  reactor .  The 
gu lde l ines  a re  appropr ia te  t o  t h e  eva lua t lon  of ma te r l a l s  t o  be developed w i t h  low level  o r  r a p l d  decay of 
r a d l o a c t l v l t y ,  and can be used t o  Judge t h e  po ten t l a l  of  ma te r i a l s  f o r  simple, Inexpensive, near sur face 
disposal .  I f  t h e  ma te r i a l  does no t  meet c lass  A. 6, or C guidel ines, t h e  Nuclear Regulatory Canmisslon 
may approve o ther  p rov ls lons  f o r  dlsposal I f  I t  meets t h e  p u b l i c  sa fe ty  ob jec t i ves  of lOCFR61. Such 
case-by-case approval may be requ i red  for any s t r u c t u r a l  mater ia l  waste generated I n  t h e  f l r s t  wal I and 
b lanket  r eg ion  of t h e  f us lon  reac to r  I f  requ l red  p u r i t y  l e v e l s  t u r n  ou t  t o  be very d l f f l c u l t  or imposslb ie 
t o  achleve. Cer ta in  m a r t e n s l t l c  s teels,  such as HT-9, have been used i n  design s tud les  and s a t l s f y  t h e  
s t rength  requlrements for use as a f i r s t  wa l l  or b lanket  mater ia l  f o r  a fus ion  reactor .  Because of I t s  
body centered cub lc  mlcrostructure,  t h e  mar tens i t l c  form of s tee l  does no t  tend t o  swel I, under fuslon-  
re levan t  rad ia t lon ,  beyond acceptable l i m i t s  w l t h l n  reasonable i l f e t lmes .  Unfortunately, t h e  two cmmon 
elements used i n  m a r t e n s l t l c  s teels,  molybdenum and n icke l ,  transmutate I n t o  daughter nuc l ides  which I n  
t h e  q u a n t l t i e s  almost c e r t a l n  t o  be generated would be unacceptable for surface disposal. Molybdenum Is 
used for s t rength  and s t a b l l l t y  of t h e  mlcrostructure,  wh i l e  n lcke l  i s  used f o r  Increased toughness and 
hardenab l l i t y .  Although mar tens l t l c  s t e e l s  a re  known whlch use subs t l t u tes  for molybdenum and n lcke l ,  
simple exc lus ion  of problem transmutagenic elements fran t h e  canpos l t lon  formula Is i n s u f f i c i e n t  t o  render 
a s tee l  s u i t a b l e  for surface-dlsposai. AI I s t e e l s  manufactured by conventlonal canmerclal techniques 

Conventlonal ma te r l a l s  belng considered f o r  f l r s t  wa l l  s t ructures,  such as t h e  12Cr-1bWV a l loy ,  
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Inherent ly  incorporate lmpu r l t l es  a t  l e v e l s  whlch would make these ma te r l a l s  unsu i tab le  f o r  sur face d ls -  
posal a f t e r  long- term exposure t o  a neutron f lux .  

Therefore, It Is very des i rab le  t o  develop a m a r t e n s l t l c  s tee l  havlng t h e  r e q u l s l t e  s t rength  f o r  
fus lon  reac to r  havlng s u f f l c l e n t l y  low concent ra t ion  o f  elements whlch transmutate i n t o  those daughter 
nuc l ides  f o r  whlch very low concentrat lons a re  permlss lb le  f o r  sur face  disposal. 

Four separate canpos l t lons  based on t h e  HT-9 c lass  o f  s t e e l s  have been proposed as p rov id i ng  t e n s i l e  
s t rength  s u i t a b l e  f o r  use as a fus lon  f l r s t  wa l l  o r  b lanket  s t r u c t u r a l  mater la l ,  as we l l  as havlng e l lm ln -  
ated those elements regarded as unacceptable accordlng t o  cu r ren t  waste dlsposal guidel ines.  The a l l o y s  
have tungsten and vanadlum serv lng  Instead o f  molybdenum and n lcke l  as st rengthenlng a l  l oy l ng  elements. 
Tungsten may be used I n  q u a n t l t l e s  of equ iva len t  a t a n l c  f r a c t i o n s  as molybdenum I n  conventional Cr-Mo 
s tee ls .  Emplr lcal  equations developed f o r  9-12Cr s t e e l s  were used t o  a d j u s t  t h e  canpos l t lon  o f  chranlum, 
vanadium, and carbon t o  Insure  an adequate hardenab l l l t y .  Furthermore, a l l  lmpu r l t l es  must be maintained 
a t  t h e  lowest leve l  poss lb le  I n  order t o  q u a l i f y  f o r  near-surface dlsposal. 

7.7.4.2 k&WbBhl 

Three 7 kg (15 I b )  Ingots  o f  two experimental canposlt lons, and one con t ro l  canpos l t lon  o f  I2Cr-1MoWV 
have been melted and c a s t  I n  a GCA vacuum lnduc t lon  me l t l ng  furnace. The nanlnal canpos i t ions  a re  pre- 
sented In  Table 7.7.1 a long w i t h  t h e  actual  t hem is t r l es  analyzed. The Ingots  were i n d l v l d u a l l y  encapsu- 
la ted  I n  evacuated quar tz  tubes and placed I n  an a l r  furnace a t  l l O O O C  f o r  24 h r  for hanogenizatlon. The 
Ingots  were taken fran t h e  furnace and al lowed t o  cool I n  a l r  t o  approximately 700OC. These hanogenlzed 
i ngo ts  were r o i l e d  a t  700OC t o  a p l a t e  0.88 cm t h l c k  by 6.25 cm wide (0.35 i n  x 2.5 I n )  I n  approxlmateiy 
t en  r o l  I lng passes. The p l a t e  product  was al lowed t o  cool t o  roan temperature and pleces were c u t  for 
heat treatments, chemistry, and o p t l c a l  microscopy. The f l n a l  y i e l d  o f  experlmental mater ia l  was between 
7 and 9 Ibs. A i  i heat  t reatments were performed f o r  t imes of 1 h r  fo l lowed by a l r  coo l i ng  I n  double 
wrapped, weld sealed, s t a i n l e s s  s tee l  bags t o  prevent decarbur lzat lon.  Hardness determinat ions were 
performed uslng a Knmp dlamond pyramld hardness Indentor  w i t h  100 gms load, or a standard Rockwell hard- 
ness tes te r .  Opt ica l  microscopy was performed a f t e r  mounting I n  Bakellght, g r l n d l n g  and p o l l s h l n g  on 
successlvely f i n e r  abrasives, fo l lowed by a chemical e t ch ing  us lng  V l l l e l a s ,  n l t o l ,  or t l t a n l u m  etch, 
where Indicated.  

performed by GA and Smlth-Emery Co. (Los Angeles, Ca) f o r  a l l o y l n g  elements. 

7.7.4.3 Resu l t s  and D i m  

Chemical analyses for carbon were performed us lng  t h e  Leco carbon analyzer, and check analyses Were - 
A l l  th ree  Ingots  were hanogenlzed a f t e r  cas t l ng  a t  l lOO°C f o r  24 h r  w h i l e  encapsulated i n  an 

evacuated quar tz  tube. The ingots  were al lowed t o  cool t o  approximately 700OC, were taken ou t  of t h e  
quar tz  tube and r o l l i n g  began. The 5 cm ( 2  i n )  rou3d Ingot was f l r s t  r o l l e d  length-wise t o  2.5 cm ( 1  I n )  
Th l s  requ l red  about 5 passes, l nc lud lng  one reheat  t o  70OoC. 
(0.5 In), whlch requ i red  about 7 passes and 2 reheats. P la tes  were then f l n l s h e d  r o l l i n g  t o  0.89 cm (0.35 
I n )  p la te .  The f l n a l  dlmensions were approxlmateiy 7 cm wlde and 25 an long (2.75 i n  x 10 in)  . 

The LAFS mater la l  I s  as workable as o ther  
heats of  HT-9. The p l a t e s  had a t h i n  layer  of b lu lsh-black oxide, bu t  no sca l i ng  was observed dur lng  t h e  
e n t l r e  process. 

I t  was then c ross- ro l l ed  t o  about 1.25 cm 

The as- ro l led  p l a t e s  appeared sound w i t h  no edge cracking.  

t l o n  of 

The ncmlnal canpos i t ions  of  t h e  low a c t l v a t l o n  f e r r i t i c  s t e e l s  and t h e  con t ro l  heat  o f  HT-9 I s  g lven 
i n  Table 7.7.1. Because of t h e  schedul ing for lncorpora t lon  of  t h e  l r r a d l a t l o n  experlment Only two LAFS 
heats were melted and chemlcal ly  analyzed. Those a re  LAFSl and LAFS3 I n  Table 7.7.1. These a re  I nd i ca ted  
by t h e  GA I d e n t i f i c a t i o n  numbers I n  parentheses. The analyzed chemical canpos i t ions  of t h e  experlmental 
low a c t i v a t i o n  heats a re  a l so  g lven I n  Table 7.7.1. Chemlcal analyses were performed a t  t h e  Smlth-Emery 
Canpany, Los Angeles and t h e  Ma te r l a l s  and Chemistry D l v i s l o n  of GA. 

dvrteai tlzatlo- 

Samples were c u t  fran LAFSl f o r  a u s t e n l t l z a t i o n  and tempering experiments. Speclmens were austen- 
l t i z e d  a t  1025 and 105OOC f o r  1 h r  f o l  lowed by an a i r  quench. A I  I specimens had been placed I n  a double 
s t a i n l e s s  s tee l  bag and welded I n  order t o  mlnlmize decarbur lzat ion.  The as-quenched hardness f o r  t h e  
1025OC treatment was 434 DPH. A f t e r  a u s t e n i t l z a t l o n  a t  10500C t h e  hardness Increased t o  444 DPH. A f t e r  
tempering a t  600, 650, and 700OC t h e  hardness decreased fran about 440 DPH down t o  a low o f  256 DPH. 

order t o  del lneate t h e  pr lor  aus ten l t e  g r a l n  size, successlve pol Ish-etch procedures were required.  The 
p r l o r  aus ten l t e  g r a i n  s l z e  a t  t h e  two a u s t e n l t i z l n g  temperatures were ASTM 7-8. The m lc ros t ruc tu re  was 
f u l l y  m a r t e n s l t i c  and few carbldes or n i t r l d e s  were observed. A f t e r  temperlng, sane recovery cou ld  be 
seen o p t l c a l l y  and carbldes had prec lp l ta ted ,  decorat lng mar tens l te  l a t h  packet boundaries and p r l o r  
aus ten l t e  g r a i n  boundaries. 

Opt ica l  microscopy was performed a f t e r  p o l l s h l n g  and e t ch lng  us lng  t h e  Tl tanlum etch. Oftentimes, I n  
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Table 7.7.1 The n m l n a l  and chemical ccmposi t lon of t h e  
low a c t i v a t i o n  f e r r i t i c  s t e e l s  

The reader 1s r e f e r r e d  t o  a canpanion sec t ion  (7.8) I n  t h i s  semiannual r e p o r t  for a more de ta i l ed  
d lscusslon of  m ic ros t ruc tu ra l  data and mechanical property evaluat ions.  

7.7.4.5 i&duk!ns and Future  W 

Two experimental heats of 9Cr-2.5W-.3V-.15C and llCr-2.5W-.3V-.15C LAFS have been melted and f a b r i -  
cated for lncorpora t lon  i n  FFTF l r r a d l a t l o n s .  Chemical analyses v e r l f l e d  t h a t  t h e  canpos i t ion  was c lose  t o  
t h e  ncminal. L lm l t ed  heat  t reatments were performed t o  mlnlmlze t h e  p r i o r  aus ten i t e  g r a i n  slze, y e t  
maximize t h e  as-tempered hardness. I t  was found t h a t  a t  temperatures between 1000-llOO°C t h e  mic ros t ruc-  
t u r e  was f u l l y  aus ten l t l c ,  and a f t e r  quenchlng t o  rwm temperature transformed t o  100% martensi te.  Be- 
cause the re  was no apparent Increase i n  hardness a f t e r  a u s t e n i t l z a t l o n  temperatures between 1000-llOO°C, 
t h e  lower a u s t e n l t i z l n g  temperature was selected. 
and, therefore,  a1 I tempering t reatments were performed us ing  700OC. 
s p e c i f l c a t l o n s  were manutactured and encapsulated f w  t h e  FFTF i r r a d i a t i o n s  a t  400, 450, and 500OC. 70 
TEM d isks  of  each a l l o y  were prepared, and a l so  incorporated a t  those temperatures i n  t h e  I r r a d i a t i o n  
capsu I e. 

atures w I I  I be determined and m ic ros t ruc tu ra l  observat ions performed. 

No decrease i n  hardness occurred between 700-750°C, 
1/3 PCVN pre-cracked t o  t h e  standard 

The I r r a d i a t i o n s  w i l l  be c m p l e t e d  i n  Ju l y  1985, a t  whlch t ime  t h e  d u c t l i e / b r i t t I e  t r a n s i t i o n  temper- 
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7.8 PRELIMINARY EVALUATION OF MICROSTRUCTURE AND MECHANICAL PROPERTIES ON LOW ACTIVATION FERRITIC SEELS - Chen-Ylh Hsu and T. A. Lechtenberg (GA Technologles Inc.). 

7.8.1 A l U 3 S . k  

The Department of Energy (DOE), O f f i c e  o f  Fusion Energy (OFE), has c i t e d  t h e  need t o  l nves t l ga te  
f e r r i t i c  a l l o y s  under t h e  A l l P  program task, F e r r l t l c  Steel Development (Path E) .  

7.8.2 QhJ&+& 

Radloact lve waste dlsposal has becane a prlmary concern f o r  t h e  selection of ma te r i a l s  f o r  t h e  
s t r u c t u r a l  canponents for f us lon  reactors.  One way t o  mlnimlze t h i s  p o t e n t i a l  envlronmental problem Is t o  
use s t r u c t u r a l  ma te r l a l s  I n  which t h e  induced r a d i o a c t l v l t y  decays q u i c k l y  t o  l e v e l s  t h a t  a l low for 
near-surface disposal under 10CFR61 ru les.  The prlmary o b j e c t i v e  of t h l s  work Is t o  develop low ac t lva-  
t i o n  f e r r l t i c  s t e e l s  t h a t  e x h i b i t  mechanlcal and physical  p rope r t i es  approxlmately equ lva len t  t o  t h e  HT-9 
and 9Cr-IMo steels, bu t  which on ly  conta ln  elements t h a t  would perml t  near- surface disposal under lOCFR61 
a f t e r  exposure t o  fus lon  neutrons. 

7.8.3 SWnmKy 

A p re l lm lnary  eva lua t lon  o f  t h e  m ic ros t ruc tu re  and mechanical p rope r t i es  o f  a 9Cr-2.5W-0.3V-0.15C 
(GA3X) low a c t i v a t i o n  f e r r i t i c  s tee l  has been performed. An optimum heat t reatment cond l t l on  has been 
def ined for GA3X s tee l .  The p rope r t l es  and m ic ros t ruc tu re  of t h e  quenched and tempered speclmens were 
charac ter ized v i a  hardness measurement and o p t i c a l  metal lographlc observation. 

t o  examlne t h e  phase s t a b i l i t y  of t h e  a l l oy .  X-ray d l f f r a c t l o n  ana lys is  o f  t h e  p r e c l p l t a t e s  ex t rac ted  
from t h e  thermal ly  aged samples revealed near ly  100% M2$6 carb ldes  (a = 10.64A). w i t h  no l n d l c a t l o n  of 
Fe2W-type Laves phase which may cause embr l t t iement v l a  segregat ion of detr lmental  Impur i ty  elements and 
strengthenlng. The Impur i ty  elements (P, S ,  Sb) a re  I n  small concent ra t ion  and th ls .  combined w l t h  a f i n e  
g r a l n  size, lead us t o  conclude l i t t l e  temper embr i t t lement w i l l  cccur. 

The hot-mlcrohardness and d u c t i l i t y  parameter measurements were used t o  es t lmate  t h e  t e n s i l e  proper- 
ties a t  e levated temperatures. The est imated t e n s l l e  s t rengths  of GA3X s tee l  a t  e levated temperatures a re  
comparable t o  both 9Cr-1Mo and t h e  mod l f ied  9Cr-1Mo s tee ls .  These pre l lm lnary  r e s u l t s  a r e  encouraglng i n  
t h a t  they suggest t h a t  s u i t a b l e  low a c t l v a t l o n  a l l o y s  can be success fu l l y  produced i n  t h l s  f e r r l t l c  a l l o y  
c lass.  

7.8.4 and St -  

7.8.4.1. lntroductlon 

Quenched (lOOO°C/lhr) and tempered (700°C/lhr) speclmens were thermal ly  aged a t  6OOOC up t o  1,000 h r s  

Commercially a v a i l a b l e  a l l o y s  f o r  f i r s t  wal i /and b lanket  s t r u c t u r a l  components w i l l  become ac t i va ted  
Guldei lnes (lDCFR61) f o r  t h e  ClaSS1- dur ing  se rv i ce  and w 1 1 I  pose a waste dlsposal problem a f t e r  serv lce.  

f l c a t l o n  of nuclear wastes have been Issued by t h e  U.S. Nuclear Regulatory Canmlssion. I n  1982, DOE 
convened a panel t o  examine t h e  Issues and lncent lves  associated w i t h  t h e  development of low- act lva t lon  
mater la ls .  One of t h e  panel conclusions was t h a t  it was Judged des i rab le  and t e c h n l c a l l y  f eas ib le  t o  
develop reac to r  mater la l  whlch f e l l  w i t h i n  t h e  lOCFR61 waste dlsposal c r l t e r l a  a f t e r  f us ion  reac to r  
l r r a d l a t i o n .  To meet these ob jec t i ves  t h e  canpos i t ions  o f  f us lon  reac to r  s t r u c t u r a l  ma te r l a l s  must be 
I l m l t e d  i n  order t o  con t ro l  a c t i v a t i o n  l e v e l s  a f t e r  serv lce.  

The a v a l l a b l e  data show t h a t  t h e  9-128Cr f e r r l t l c / m a r t e n s l t l c  s t e e l s  a re  a t t r a c t l v e  m a t e r l a l s  for 
f us ion  reac to r  s t r u c t u r a l  component app l ica t ions .  The obJec t lve  of t h i s  work Is t o  develop low a c t i v a t i o n  
f e r r l t l c  s t e e l s  w i t h  equ lva ien t  p rope r t i es  and performance I n  a f us ion  environment t o  t h e  canmerc ia l i y  
developed a i  loys. HT-9 and/or 9Cr-1Mo s tee ls .  To achleve t h e  waste dlsposal objective, Mo, Nb, N i ,  and N 
must be reduced t o  l o w  levels.  W and V can be used t o  s u b s t i t u t e  for Mo. W and Mo show s l m l l a r  s o i l d -  
s o l u t l o n  hardenlng c h a r a c t e r l s t l c s  and Fe-W-C a l l o y s  develop analogous p r e c l p l t a t e s  w l t h  s i m i l a r  p rec i -  
p l t a t l o n  sequences t o  Fe-Mo-C a l loys .  The Cr-W s t e e l s  o f f e r  promise for t h e  development o f  a replacement 
for Cr-Mo s t e e l s  if W replaces Mo i n  equal a t a n l c  f rac t ions .  The a d d l t l o n  of 0.3% V t o  Cr-W s t e e l s  w I I I  
r e s u l t  i n  a pronounced e f f e c t  on t h e  p r e c l p l t a t e  format lon and on elevated- temperature proper t les .  The 
a d d l t l o n  Of V, however, may make t h e  s t e e l s  less  weldable due t o  t h e  format lon of carbldes. For t h i s  
reason, t h e  suggested carbon content  Is kept  below 0.15% i n  Cr-WV s tee ls .  T I  I s  a l so  a s t rong carbide-  
former w i t h  an evidence of l n h i b l t i n g  g r a i n  coarsening w h l l e  r e t a l n l n g  good notch toughness, so t h e  
a d d l t l o n  of 0.1% TI  I s  considered I n  t h l s  work. Th ls  work r e p o r t s  p re l lm lnary  data on two experlmental 
canposi t lons .  

7.8.4.2 -a1 P r o c e U  

Two 1 kg (15 i b )  experlmental heats were melted i n  vacuum lnduc t lon  furnaces. The m e l t l n g  and 
f a b r l c a t l o n  p r a c t i c e  of these two low a c t i v a t i o n  f e r r i t l c  s t e e l s  were descrlbed i n  Reference ( I ) .  The 
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Heat I 

GA3X Range 

N m i n a l  

GA4X Range 

NanInaI 

naninal and ac tua l  canpos i t ion  of t h e  two heats ( labe led  GA3X and GA4X) a re  shown i n  Table 7.8.1. 
Sectlons of t h e  ma te r i a l  were aus ten l t l zed  a t  1000°C, 105OOC o r  l l O O ° C  for one hour fo l lowed by water 
quenching, and then subsequently tempered a t  400°C-8000C for one hour fo l lowed by an ai r- cool .  
hardness measurement and o p t i c a l  metal lographic examlnatlon were conducted on speclmens a f t e r  heat 
treatment. 

The sample was anod i ca l l y  
ex t rac ted  I n  an e l e c t r o l y t e  of 10% HCI-methanol a t  100 mA/cm2 fw 3 hours. 
s e l e c t i v e  removal o f  t h e  m a t r l x  w i t hou t  any d i s s o l u t i o n  o f  carbides. P r e c i p i t a t e s  adherlng t o  t h e  samples 
were removed by u l t r a s o n l c  v i b r a t l o n  I n  ethanol, and t h e  sample was then d r l e d  and weighted. The 
p r e c l p l t a t e s  were separated fran t h e  so lu t lon .  dried, and welghed. Samples for X-ray d l f f r a c t a n e t r y  were 
prepared by smearlng 5mg of t h e  p r e c i p i t a t e  and alcohol  on to  a s i n g l e  c r y s t a l  quar tz  51 Ide. 
c r y s t a l  monochraneter-sc int l l  l a t l o n  de tec tor  system was used t o  record count r a t e  every 0.030 29 for Cu K, 
rad1 a t  Ion. 

Table 7.8.1 The Naninal and Chemical Canposit ion o f  t h e  
Low Ac t i va t i on  F e r r i t i c  S tee l s  

Rockwell 

E l e c t r o l y t i c  e x t r a c t i o n  was performed on quenched and tempered speclmens. 
Th i s  cond i t i on  Insures t h e  

A g raph i t e  

C Cr.  W. V. Ti. Mn. S. 

0.16 7.4 1.9 0.014 - 0.002 0.005 

0.17 7.6 2.0 0.016 - 
0.15 9 2.5 0.3 

I I I I 

- - - 

0.017 10.1 1.6 0.28 - 0.011 <0.003 

0.019 10.3 1.8 0.30 - 
0.15 11  2.5 0.3 - - - 

I I I I 

Specimens for hot-mlcrohardness measurements were ground and po l lshed t o  0.6m th lck,  9 m  wide, and 
lOmn long. A 5009 load was used on a sapphire Indentor. The specimens were heated gradua l ly  i n  a pure 
argon environment, and th ree  lndent lons a t  each temperature were made. The rwm temperature Indenta t ions  
were done before  and a f t e r  t h e  h o t  hardness t es t .  For t h e  eva lua t lon  o f  d u c t i l i t y ,  a p r o f l i a n e t e r  w i t h  a 
dlamond s t y l u s  was used t o  measure t h e  p l l e u p  of metal adJacent t o  t h e  Indentat ion.  The hot-hardness 
t e s t s  were conducted a t  t h e  Un i ve rs l t y  of C inc innat i .  

7.8.4.3 

I t  Is wel l  known t h a t  t h e  v a r l a t l o n  o f  a u s t e n l t i z i n g  temperature has a s l g n l f l c a n t  in f luence on t h e  
mlc ros t ruc ture  and mechanlcal p rope r t l es  o f  quenched and tempered speclmens. Since t h e  GA3X and GA4X 
s t e e l s  are new heats. t h e l r  optimum heat t rea tment  cond i t i ons  need t o  be defined. 

F lgure  7.8.1 shows t h e  e f f e c t  of a u s t e n l t l z i n g  temperature on hardness and p r l o r  a u s t e n i t i c  g r a l n  
slze of t h e  GWX s tee l  he ld  one hour a t  temperature fo l lowed by water quenchlng. The p r i o r  aus ten t i c  
g r a i n  size va r i ed  fran ASTM 9 t o  ASTM 6 as t h e  a u s t e n i t l z l n g  temperature increased fran lOO0OC t o  11OOOC. 
The h lgher  t h e  a u s t e n i t i z i n g  temperature t h e  less  t h e  undlssolved carb ides  were ab le  t o  p l n  g r a l n  
boundaries and g r a i n  growth was pranoted. The hardness decreased fran RC44 t o  R d 0  as t h e  a u s t e n l t l z l n g  
temperature Increased fran 1000°C t o  llOO°C. For a g iven canpos i t ion  of m a r t e n s l t l c  s tee l  I n  t h e  as- 
quenched c o n d l t l o n  t h e  hardness I s  p r i m a r l l y  c o n t r o l l e d  by p r l o r - a u s t e n i t i c  g r a l n  s i z e  and t h e  carbon 
content  of t h e  martensite, and I s  a lso  a r e l a t l v e  measure of t h e  presence o f  o ther  phases such as f e r r i t e .  
I n  t h i s  s tee l  t h e  d l f f e rence  I n  hardness r e s u l t  I s  mainly due t o  t h e  v a r i a t i o n  i n  g r a l n  s l ze .  Figure  
7.8.2 shcws o p t i c a l  mlcrographs of t h e  m a r t e n s l t l c  s t r u c t u r e  I n  t h e  quenched speclmens. The o p t l c a l  
metal lography l nd l ca tes  t h a t  sme p a r t  of t h e  decrease I n  hardness may be due t o  t h e  presence of f e r r i t e  
a t  temperatures above 1050OC. although t h e  amounts a re  est imated t o  be low. 

The carbon content  of GA4X heat  I s  0.018%. whlch I s  much lower than t h e  t a r g e t  value. The hardness 
of GA4X quenched fran one-hour a u s t e n l t l z l n g  a t  1000°C was Rockwell B 80. 
was obtained and no f u r t h e r  study of t h i s  heat  i s  necessary, although another heat  w I i I  be melted and 
s tud ied  whlch i s  c l ose r  t o  t h e  naninai canposit ion. 

temperature I s  shown I n  F igure  7.8.3. The hardness p r o f i l e s  show a l a rge  decrease a f t e r  temperlng above 
600°C and t h e  tempering c h a r a c t e r i s t i c s  o f  each a u s t e n l t l z l n g  cond l t l on  appear s im l l a r .  
l t l z e d  a t  1000°C were harder than speclmens aus ten i t l zed  a t  h lgher temperatures (1050OC and 11OOOC) over 
t h e  e n t i r e  range of tempering temperature. Th ls  may be due t o  a small Increase I n  f e r r i t e  content  as 
repor ted  above. 

A m u l t l p l e  phase m lc ros t ruc tu re  

For GA3X steel ,  t h e  e f f e c t  of temperlng temperature on hardness as a f unc t i on  of a u s t e n l t l z l n g  

Specimens austen- 
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AS1 

SCr-2.5W-0.3V-0.15C 
AUSTENITIZED/l H R  WATER OUENCHEO 

30 
950 1000 1050 1100 1150 

AUSTENlTlZlNG TEMPERATURE rC) 
Fig. 7.8.1. The e f f e c t  o f  a u s t e n i t i z i n g  temperature on t h e  hardness 

and m lc ros t ruc tu re  of  GA3X A l l o y  

The v a r l a t l o n  i n  tempered hardness between t h e  t h ree  a u s t e n l t l z i n g  cond i t i ons  can be a t t r l b u t e d  t o  
Th is  l nd l ca tes  t h a t  t h e  t h e  e f f e c t  of g r a i n  s i z e  and t h e  presence of f e r r i t e  and carb ldes  p rec lp l t a tes .  

p r i o r  m ic ros t ruc tu re  can in f luence t h e  temperlng behavlor. I n  HT-9, t h e  secondary hardening peak occurred 
a f t e r  temperlng a t  5OO0C(2). For GA3X. no secondary hardenlng peak was observed a f t e r  temperlng frm 
4OO0C t o  800OC. Th is  i s  because t h i s  heat  conta ins  less  carbon and carbide- formlng elements than HT-9 
s tee l .  

i n  an at tempt t o  Increase t h e  tempered hardness, s m e  ma te r l a l  was aus ten l t l zed  a t  9500C/lhr and 
tempered a t  700°C/lhr. The measured hardness was Rs95, whlch does no t  compare favorably w i t h  t h e  hardness 
a t  t h e  same tempering temperature f o r  10000C/lhr t reatment which was Rc20. 
Increased amount o f  p reeutec to ld  f e r r i t e .  Based on these data, t h e  a u s t e n l t i z l n g  t reatment recommended 
f o r  t h i s  heat  of s tee l  would be 1000-10500C/lhr. 

Resistance t o  temper embr i t t lement i s  c o n t r o l l e d  by t h e  segregat lon of lmpur l ty  elements such as P, 
Mn, etc. The format lon of i n t e r m e t a l i l c  compounds such as Laves phases may p r m o t e  t h e  segregat ion of 
impur i ty  elements and thus  degrade t h e  res i s tance  t o  temper embr l t t lement.  Furthermore it i s  known t h a t  
F e ~ b t y p e  Laves phase may form I n  Cr-Mo s t e e l s  a f t e r  a long- term thermal exposure a t  500-550°C. So an 
e f f o r t  was made t o  determine if Fe2W-type Laves phase forms i n  GA3X s tee l .  The ana i ys l s  of t h e  ex t rac ted  
p r e c l p l t a t e s  i s  presented i n  Table 7.8.2. The X-ray d l f f r a c t l o n  ana l ys i s  on t h e  GA3X quenched 
(1000oC/lhr) and tempered (7000C/lhr) speclmen revealed near ly  100% M23C6 type carbides, w l t h  no indlca-  
t i o n  of Laves phase. F igure  7.8.4 shows t h e  X-ray d i f f r a c t l o n  of  t h e  ex t rac ted  p rec lp l t a tes ,  whlch i s  a 
t y p l c a l  d i f f r a c t l o n  p a t t e r n  of M23Cg carblde. Add i t lona i  thermal aging a t  60OOC up t o  1,000 h rs  was done 
t o  acce lera te  t h e  p r e c l p i t a t l o n  of any phases. The weight  percentages of t h e  ex t rac ted  p r e c l p l t a t e s  
Increased from 2.0% t o  3.1% a f t e r  thermal aglng for 100 hrs. and then remalned nea r l y  unchanged up t o  
1.000 hrs. Again, t h e  ex t rac ted  p r e c l p l t a t e s  were dm ina ted  by M23Cg carbides and no Laves phase was 
detected i n  GA3X s tee l  which con ta in  Zwt% W. However, under l r r a d i a t l o n  a t  somewhat h lgher W COnCentra- 
t ion,  it i s  poss ib le  Fe2W w i l l  p r e c l p i t a t e .  

The chemical composlt lon of M23Cg carb ide  was i d e n t i f l e d  by X-ray fluorescence. X-ray analySlS 
Ind ica ted  t h a t  t h e  ex t rac ted  M23Cg carb ldes  were I n  t h e  form of (Fe0.21 W0.09 C r 0 . 7 0 ) z  Cg w l t h  a l a t t i c e  
parameter of 10.64A. No apparent change of t h e  content  of  metal I IC elements i n  M23Cg and i t s  l a t t i c e  
parameters was observed up t o  1,000 hrs. thermal aglng. The weight  percentage of t h e  ex t rac ted  p r e c i p l -  
t a t e s  Increased s l i g h t l y  frm 3.1% t o  3.3%. Also, t h e  1,000 hrs. thermal ly  aged speclmen e x h i b i t e d  a 
lower hardness leve l  than t h e  speclmen thermal ly  aged for 100 hrs, whlch Is probably due t o  overaging. 

Th is  may be due t o  an 
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parameter was observed a t  t e s t  temperatures above 400% and a peak value was reached a t  about 600% for 
each speclmen. The changes I n  d u c t l l l t y  parmeter measurements can be ra t lonal lzed wl th  the changes I n  
mlcrohardness r esu l t s  where an abrupt decrease I n  hardness occurs. Due t o  t he  general scatter of data a 
so l i d  I I ne  Is drawn through the general trend o f  t he  data polnts. On closer examlnatlon, one may f l nd  
some second harder/softer phase of gra ln  boundary I n  the reglon o f  ldentat lon t o  cause sane of t he  scatter 
I n  the data. 

Current work I n  progress 1s dlrected toward obtalnlng t he  mater lals constants, C and a necessary t o  
determine the y l e l d  and u l t lmate strengths and un l fwm elongatlon values fo r  G N X  fran the hot mlcrohard- 
ness data. In  order t o  estimate the values p r l o r  t o  obtalnlng the data, the tenslle characteristics of 
s lm l la r  f u l l y  martensl t lc steels, the 9Cr-1Mo and modlfled 9Cr-lMo(8). were compared t o  the ho t  hardness 
curve of GA3X. The shapes were s lm l l l a r  enough t o  assume, as a f i r s t  estlmate, t ha t  t he  stress-straln 
behavlor o f  G N X  was t he  same as fo r  the other two steels. Thls allows t he  materlal constants for the 
9Cr-1Mo stee ls  t o  be used I n  estlmatlng t he  t ens i l e  propert les of G N X .  By uslng the aval lab le  data of 
uniform elongatlon fran the  modlfled 9Cr-1Mo steel  the u l t lmate t ens l l e  strength and y l e l d  strength (0.21 
o f f s e t )  of G N X  was estlmated accordlng t o  equatlons ( 1 )  and (2).  The estlmated u l t lmate t ens l l e  strength 
and y l e l d  strength VS. t e s t  temperature are p lo t ted  I n  Flgures 7.8.7 and 7.8.8 respectlvely. The experl- 
mental data o f  the modlfled 9Cr-lMo steel  and 9Cr-1Mo steel are lndlcated by s o l l d  IInes. In  canparlson 
w l th  those two 9Cr-1Mo steels, the G N X  steal I s  shown wl th  hlgher strength a t  temperatures belcu 450% 
and becomes equlvalent t o  modlfled 9Cr-1Mo In strength a t  temperatures above 450OC. Overall. It I s  shcun 
t h a t  the estlmated t ens i l e  strengths o f  GA3X s tee l  are very comparable t o  those two 9Cr-lMo steels. 
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2 6  
Fig.  7.8.4. The x-ray d i f f r a c t l o n  of  t h e  ex t rac ted  p r e c i p i t a t e s  of  GA3X Stee l ,  ( a )  quenched 

(I00O0C/lhr) and tempered (700°C/lhr) and ( b )  aged 60O0C/10O0 h r s  f o l i w l n g  (a )  

The GA3X s tee l  i s  51 i g h t l y  weaker i n  t e n s i l e  s t rength  and almost l den t l ca l  I n  y l e l d  s t reng th  as 
compared w i t h  those two 9Cr-1Mo s t e e l s  a t  temperature above 450OC. 
t h e  e f fec t  of varylng a1 loylng element concentrat ions whlch deterrnlne t h e  carb ide  stab11 i t y .  
9Cr-1Mo s tee l  conta lns  0.21% V and 0.01% T I  and t h e  GA3X s tee l  conta lns  on l y  0.015% V. V and T i  a re  
s t rong carblde-formers which can enhance carb ide  s t a b l l l t y  and maln ta ln  f l n e  m lc ros t ruc tu re  f o r  h l gh  
temperature s t reng th  and good notch toughness respect lve iy .  Hence, I t  I s  expected t h a t  t h e  elevated-  
temperature s t reng th  can be improved by lncreaslng V and T I  contents. However, t h e  p re l  lmlnary r e s u l t s  
p o l n t  o u t  a p ran i s l ng  p o t e n t i a l  of t h e  proposed low a c t l v a t l o n  f e r r i t i c  s t e e l s  (see Table 7.8.1) f o r  t h e  
replacement o f  t h e  canmerc la l l y  developed heat  r e s i s t a n t  a l l o y s  I n  f us ion  reac to r  s t r u c t u r a l  components. 

7.8.5. Fu tu re  work 

Th l s  observat lon can be expla ined fran 
The mod i f ied  

The p re l lm lna ry  r e s u l t s  demonstrate t h a t  a f u l l y  m a r t e n s i t i c  a l l o y  can be success fu l l y  produced w i t h  
an acceptable naninal canpos i t lon  for sur face waste dlsposal a f t e r  f us ion  reac to r  serv lce.  The GA3X s tee l  
possesses t e n s l i e  s t rengths  canparable t o  both 9Cr-1Mo and t h e  mod l f led  9Cr-1Mo s tee ls .  Hence, t h e  p r e l l -  
mlnary eva iua t l on  of m ic ros t ruc tu re  and mechanlcal p rope r t i es  on G l u X  low  a c t l v a t l o n  f e r r l t l c  s tee l  i s  
very p ran ls ing .  

q u a n t l t i e s  of t h e  experlmentai heat, 1/2 size Charpy bars w i l l  be prepared f o r  impact property measure- 
ments. The performance of ho t  hardness and d u c t l l l t y  parameter measurements on HT-9 and 9Cr-1Mo s t e e l s  
w i l l  prov ide  a d l r e c t  canparison w i t h  GA3X s tee l .  The p o s t - l r r a d l a t i o n  mechanical behavior w 1 1 I  be 
evaluated us lng  Ins t rumenta t ion  a t  HEDL. 
measurements be performed on l r r a d l a t e d  speclmens for cmpar lson.  More candidate a l l o y s  w i l l  be 
manufactured t o  meet t h e  t a r g e t  chemlcal c m p o s l t i o n s  l i s t e d  i n  Table 7.8.1. Future work w 1 1 I  a l so  
Inc lude eva iua t l on  of tlme-dependent mechanical p rope r t i es  a t  e levated temperatures. 

I n  o rder  t o  determine t h e  p r e- I r r a d i a t i o n  DBTl, impact t e s t s  w i l l  be performed. Because of t h e  small 

I t  I s  suggested t h a t  h o t  hardness and d u c t i l i t y  parameter 
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7.9 MICROSTRUCTURAL COMPARISON OF HT-9 IRRADIATED I N  HFIR AND EBR-I1 - 0. S. G e l l e s  (West inghouse Hanford  
Company) 

7.9.1 ADIP Task 

The Depar tment  o f  Energy  (D0E) lO f f i ce  o f  F u s i o n  Energy  (OFE) has c i t e d  t h e  need t o  i n v e s t i g a t e  
f e r r i t i c  a l l o y s  unde r  t h e  ADIP p rog ram t a s k ,  F e r r i t i c  S t e e l s  Deve lopment  (Pa th  E). 
a k i n  t o  t a s k  number 1.C.7, M i c r o s t r u c t u r e s  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  and t a s k  number l . 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 .  

7.9.7 O b j e c t i v e  

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  m a t e r i a l s .  

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

7.9.3 Summary 

A s e r i e s  o f  spec imens o f  HT-9 h e a t  91354 have been examined 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  39 dpa a t  

HFIR i r r a d i a t i o n  was found  t o  have p romo ted  h e l i u m  b u b b l e  f o r m a t i o n  a t  a l l  t e m p e r a t u r e s  and v o i d s  a t  

300, 400, 500 and 60OoC and f o l l o w i n g  i r r a d i a t i o n  i n  E B R - I 1  t o  29 dpa a t  390 and 500°C. 
i d e n t i c a l  specimens had been p r e v i o u s l y  examined f o l l o w i n g  i r r a d i a t i o n  t o  l o w e r  dose. 

400°C. 
V o i d  deve lopmen t  was t y p i c a l  o f  t h e  s w e l l i n g  i n c u b a t i o n  reg ime .  
f luence,  n o r  was i t  found  i n  EBR-I1 i r r a d i a t e d  specimens. The o n s e t  o f  v o i d  s w e l l i n g  i n  HFIR i s  a t t r i b u t e d  
t o  h e l i u m  g e n e r a t i o n .  

p a r t i c l e s .  
o b s e r v a t i o n s  p r o v i d e  an e x p l a n a t i o n  f o r  s a t u r a t i o n  o f  d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  s h i f t s  w i t h  
i n c r e a s i n g  f l u e n c e .  

7.9.4 P rog ress  and S t a t u s  

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

s w e l l i n g . P  The s w e J i i n 1  was v e r y  l o w ,  0.07%, c o n s i s t i n g  o f  16 nm average d i a m e t e r  c a v i t i e s  a t  d e n s i t i e s  on 
t h e  o r d e r  o f  3 x 10 I m  d l s t r l b u t e d  n o n - u n i f o r m l y .  T h i s  r e p r e s e n t e d  an unusua l  o b s e r v a t i o n  of s w e l l j n g  i n  
HT-9 because e x a m i n a t i o n  o f  HT-9 i r r a d i a t e d  i n  E B R - I 1  t o  77 dpa showed no tendency  f o r  v o i d  s w e l l i n g .  The 
s w e l l i n g  observed i n  t h e  HFIR i r r a d i a t e d  spec imens was a t t r i b u t e d  " t o  a l a r g e  e x t e n t  t o  t h e  h e l i u m  produced 
d u r i n g  i r r a d i a t i o n  i n  HFIR." However, an a l t e r n a t e  e x p l a n a t i o n  f o r  t h e  o b s e r v a t i o n  of s w e l l i n g  i n  HT-9 
was proposed based on t h e  absence o f  G-phase p r e c i p i t a t i o n  i n  t h e s e  s$ecimens3 unde r  t h e  a s s u m p t i o n  t h a t  
t h e  presence o f  6-phase i n  i r r a d i a t e d  HT-9 suppressed v o i d  f o r m a t i o n .  M i c r o g r a p h s  o f  HT-9 h e a t  XAA35R7 
w h i c h  c o n t a i n e d  v o i d s  showed no e v i d e n c e  o f  p r e c i p i t a t i o n  and r e s u l t s  f o r  h e a t  XAA3587 were n o t  a v a i l a b l e  
f o l l o w i n g  i r r a d i a t i o n  i n  an e n v i r o n m e n t  where h e l i u m  g e n e r a t i o n  r a t e s  were  l o w e r ,  such as  ERR- 11.  
The re fo re ,  a second v a r i a b l e ,  h e a t - t o - h e a t  v a r i a t i o n ,  c o u l d  e x p l a i n  t h e  r e s u l t s .  Note  t h a t  a h e a t - t o - h e a t  
v a r i a t i o n  i n  t h e  s w e l l i n g  r e s i s t a n c e  o f  HT-9 c o u l d  s i g n i f i c a n t l y  a f f e c t  t h e  a p p l i c a b i l i t y  o f  HT-9 f o r  
f u s i o n  r e a c t o r  a p p l i c a t i o n s .  I t  was t h e r e f o r e  c o n s i d e r e d  v e r y  i m p o r t a n t  t o  d e t e r m i n e  i f  s w e l l i n g  i n  HT-9 
was due t o  h e l i u m  g e n e r a t i o n  o r  c o m p o s i t i o n  v a r i a t i o n s .  

spec imens o f  HT-9 h e a t  91354 wh ich  had been i r r a d i a t e d  i n  t h e  same c a p s u l e s  as had spec imens h e a t  
XAA3587. As t h i s  hea t  was i d e n t i c a l  t o  t h a t  used i n  t h e  ADZ t e s t  i r r a d i a t e d  t o  29 dpa ( 6  x 10" n l cm7)  i t  
was p o s s i b l e  t o  d e t e r m i n e  t h e  e f f e c t  o f  h e l i u m  g e n e r a t i o n  w i t h o u t  i n t r o d u c i n g  h e a t - t o - h e a t  v a r i a b l e s .  
U n f o r t u n a t e l y ,  most  of t h e  d i s k s  were  needed f o r  d i s k  bend d u c t i l i t y  t e s t s  b u t  one d i s k  f r o m  each c o n d i t i o n  
was made a v a i l a b l e  f o r  TEM e x a m i n a t i o n .  
spec imens o f  HT-9 h e a t  91354 i r r a d i a t e d  i n  HFIR a t  300, 400, 500 and 60OoC t o  39 dpa 
spec imens o f  HT-9 h e a t  91354 i r r a d i a t e d  i n  ERR-I1 a t  390 and 500°C t o  29 dpa ( 6  x 10" n l c m  ) were  a l s o  
examined. The r e s u l t s  show t h a t  HT-9 does i ndeed  s w e l l  i n  HFIR b u t  n o t  i n  EBR-11. T h e r e f o r e ,  h e a t - t o - h e a t  
v a r i a t i o n s  a r e  n o t  r e s p o n s i b l e  f o r  t h i s  d i f f e r e n c e  i n  b e h a v i o r  s u p p o r t i n g  t h e  c o n t e n t i o n  t h a t  h e l i u m  
encourages v o i d  f o r m a t i o n  i n  HT-9. 

7.9.4.2 E x p e r i m e n t a l  P rocedu re  

I n  mos t  cases, 

H e l i u m  b u b b l e s  were  g e n e r a l l y  a s s o c i a t e d  w i t h  s u b g r a i n  b o u n d a r i e s  o r  d i s l o c a t i o n s  w i t h i n  g r a i n s .  
S w e l l i n g  had n o t  been obse rved  a t  l o w e r  

The m a j o r  e f f e c t  o f  i n c r e a s i n g  dose was found t o  be m i n o r  g r o w t h  o f  d i s l o c a t i o n  l o o p s  and p r e c i p i t a t e  
A l l  m a j o r  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  were p r e s e n t  a t  l o w e r  dose were r e t a i n e d .  These 

F o l l  w i n g  i r r a d i a t i o n  i n  HFIR a t  40OoC t o  39 dpa, HT-9 h e a t  XAA3587 was found  t o  have deve loped  v o i d  

The HFIR-CTR-30, - 31  ang -32 t e s t s  d i d  c o n t a i n  s e v e r a l  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  

The p r e s e n t  e f f o r t  t h e r e f o r e  c e n t e r s  on t h e  e x a m i n a t i o n  o f  
For  ompar ison,  5 

Specimens s e l e c t e d  f o r  e x a m i n a t i o n  a r e  l i s t e d  i n  T a b l e  7.9.1, a l o n g  w i t h  c o r r e s p o n d i n g  i r r a d i a t i o n  
c o n d i t i o n s .  A l l  c o n d i t i o n s  were f rom t h e  same h e a t  o f  m a t e r i a l ,  h e a t  91354 b u t  h e a t  t r e a t m e n t s  f o r  t h e  
d i f f e r e n t  i r r a d i a t i o n  t e s t s  were  per formed a t  d i f f e r e n t  l a b o r a t o r i e s ,  a t  ORNL f o r  t h e  HFIR-CTR-30 t e s t  and 
a t  WHC f o r  t h e  E R R - I 1  AD-7 t e 3 t .  Specimens i r r a d i a  ed i n  b o t h  t e s t s  had been examined f o l l o w i n g  e a r l i e r  
d i s c h a r g e s ,  10 dpa f o r  CTR-32 and 13 dpa f o r  AD-2.$ E x p e r i m e n t a l  p rocedu res  i n  t h e  p r e s e n t  s t u d y  were  
i d e n t i c a l  t o  t h o s e  i n  t h e  p r e v i o u s  s t u d i e s  excep t  t h a t  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  has been p e r f o r m e d  
o n l y  on t h i n  f o i l  spec imens and t h e  e l e c t r o n  m ic roscope  used was a JEOL 1700EX o p e r a t i n g  a t  170 KeV. 
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T a b l e  7 .9 .1 .  Specimen c o n d i t i o n s  o f  HT-9 h e a t  91354 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  e x a m i n a t i o n .  
HFIR-CTR-30 f l u e n c e s  were e s t i m a t e d  f r o m  r e f e r e n c e  6 assuming a m idp lane  p o s i t i o n .  

I d e n t i f i c a t i o n  I r r a d i a t i o n  F l u g c e  
Code E x  pf i  r i me n t dpa (10 n/cm2) Temperature  

SA24 

SA21 

SA23 

SA22 

2HCP 

Z H C U  
- 

*E>0.1 MeV, o t h e r s  E TOTAL 

7.9.4.3 Results 
HFIR-CTR-30 

HFIR-CTR-30 39 (19.5)  

HFIK-CTR-30 39 (19.5)  

HFI K-CTR-30 39 ( 1 9 . 5 )  

HFIK-CTR-30 39 ( 1 9 . 5 )  

E B R l  I-AD-2 29 ( 6 . 1 ) *  

EBRII-AD-2 29 ( 6 . 1 ) *  

Specimens o f  HT-9 h e a t  91354 i r r a d i a t e d  t o  39 dpa i n  HFIR were found  t o  r e t a i n  t h e  c a r b i d e  and 
sub r a i n  s t r u c t u  e wh i ch  was g e n e r a t e d  p r i o r  t o  i r r a d i a t i o n  and r e t a i n e d  f o l l o w i n g  i r r a d i a t i o n  a t  300 and 

( l a t h  s t r u c t u r e  was n o t  found). 
f o l l o w i n g  i r r a d i a t i o n  a t  300 and 4 0 d C  t o  10 dpa were r e t a i n e d  a l t h o u g h  g r o w t h  had occu r red .  
m a j o r  d i f f e r e n c e  c o u l d  be i d e n t i f i e d  due t o  i r r a d i a t i o n  t o  h i g h e r  f l u e n c e .  HT-9 h e a t  91354 f o l l o w i n g  
i r r a d i a t i o n  a t  400'C was found  t o  c o n t a i n  d non- un i f o rm  d i s t r i b u t i o n  o f  f a c e t e d  c a v i t i e s  a t  l o w  d e n s i t y  
( t y p i c a l  o f  a m a t e r i a l  i n  t h e  i n c u b a t i o n  r e g i m e  f o r  v o i d  s w e l l i n g ) ,  and a h i g h e r  d e n s i t y  of s m a l l e r  
s p h e r i c a l  c a v i t i e s ,  most  p r o m i n e n t  a t  g r a i n  bounda r i es ,  b u t  a l s o  u n i f o r m l y  d i s t r i b u t e d  t h r o u g h  t h e  g r a i n s  
( t y p i c a l  o f  h e l i u m  bubb les ) .  
c a v i t i e s  on g r a i n  b o u n d a r i e s  and on d i s l o c a t i o n s  w i t h i n  g r a i n s  ( a g a i n  t y p i c a l  o f  h e l i u m  b u b b l e  
deve lopment ) .  
f i n e  m o t t l e d  appearance was f o u n d  w h i c h  i n  t h e  unde r- focused  i m a g i n g  c o n d i t i o n  appeared t o  be s m a l l  
bu b b l  es . 

Examples  o f  t h e s e  s t r u c t u r e s  a r e  shown i n  F i g u r e s  7.9.1 t h r o u g h  7.9.3. F i g u r e  7.9.1 shows l o w  
m a g n i f i c a t i o n  examples  o f  e a c h ' o f  t h e  spec imens examined. 
l a c k  o f  m a r t e n s i t e  l a t h  s t r u c t u r e  a r e  c h a r a c t e r i s t i c  o f  t h e s e  specimens. I t  may be n o t e d  t h a t  i r r a d i a t i o n  
a t  500 and 600°C p romo tes  t h e  f o r m a t i o n  o f  s u b g r a i n s  and t h a t  s u b g r a i n s  w h i c h  deve loped  a t  600'C c o n t a i n  
v e r y  few d i s l o c a t i o n s .  
v o i d s  and p r e c i p i t a t e  p a r t i c l e s  a r e  p r e s e n t .  

400 a C t o  1 0  dpa.' Ca rb ides  were l a r g e  and equ iaxed  b u t  were  n o t  a s s o c i a t e d  w i t h  m a r t e n s i t e  l a t h  s t r u c t u r e  
A l s o  d i s l o c a t i o n  and p r e c i p i t a t e  s t r u c t u r e s  w h i c h  had been found 

However, a 

Specimens i r r a d i a t e d  a t  500 and 600OC were found  t o  c o n t a i n  l a r g e r  s p h e r i c a l  

The spec imen i r r a d i a t e d  a t  3OO0C a l s o  showed f e a t u r e s  w h i c h  w e r e  p r o b a b l y  h e l i u m  bubb les .  A 

The l a r g e  c a r b i d e s  w h i c h  can be seen and t h e  

C a r e f u l  e x a m i n a t i o n  o f  F i g u r e  7.9.lb r e v e a l s  t h a t  a f t e r  i r r a d i a t i o n  a t  40OoC, s m a l l  

F i g u r e  7.9.2 p r o v i d e s  examples  o f  t h e s e  m i c r o s t r u c t u r e s  a t  h i g h e r  ma n i f i c a t i o n .  F i g u r e  7.9.2a shows 
d i s l o c a t i o n  and p r e c i p i t a t e  s t r u c t u r e s  i n  spec imen SA24 i r r a d i a t e d  a t  300 2 C t o  39 dpa, t h e  r e g i o n  on t h e  
l e f t  i n  d i s l o c a t i o n  c o n t r a s t  and t h e  r e g i o n  on t h e  r i g h t  show ing  t h e  presence o f  a f i n e  a r r a y  o f  4 nm 
p a r t i c l e s .  D i s l o c a t i o n  l o o p s  can be i d e n t i f i e d  t h a t  a r e  as l a r g e  as  13 nm i n  d i a m e t e r .  T h e r e f o r e ,  by  
compar i son  w i t h  p r e v i o u s   result^,^ i t  can be conc luded  t h a t  b o t h  d i s l o c a t i o n  l o o p s  and G-phase p r e c i p i t a t e  
p a r t i c l e s  have a p p r o x i m a t e l y  doub led  i n  s i z e  when t h e  i r r a d i a t i o n  dose was i n c r e a s e d  f r o m  6 dpa t o  36 dpa. 

s t r u c t u r e  c o n s i s t s  o f  d i s l o c a t i o n  t a n g l e s  and p e r f e c t  d i s l o c a t i o n  loops.  
and a r e  p r e d o m i n a n t l y  o f  t y p e  a< l I l 0> .  The r e g i o n  on t h e  r i g h t  o f  F i g u r e  7.9.2b c o n t a i n s  a number o f  
f a c e t e d  c a v i t i e s  t y p i c a l  o f  h i g h e r  v o i d  s w e l l i n g  r e g i o n s  i n  t h i s  specimen. However, c a r e f u l  e x a m i n a t i o n  o f  
t h i s  m i c r o g r a p h  r e v e a l s  t h e  p resence  o f  a l a r g e  number o f  much s m a l l e r  s p h e r i c a l  c a v i t i e s  t y p i c a l  o f  h e l i u m  
b u b b l e s  o r  v e r y  s m a l l  vo ids .  P r e c i p i t a t e  p a r t i c l e s  a r e  r a n d o m l y  a r r a y e d  and as  l a r g e  as 30 nm a l t h o u g h  
most  a r e  s m a l l e r .  I n  compar i son ,  i r r a d i a t i o n  t o  10 dpa r e s u l t e d  i n  8.0 nm p a r t i c l e s  o f t e n  i n  l i n e a r  
a r r a y s .  T h e r e f o r e ,  i t  can be conc luded  t h a t  c o n t i n u e d  i r r a d i a t i o n  r e s u l t s  i n  c o a r s e n i n g  o f  t h e  G-phase and 
l o s s  o f  e v i d e n c e  f o r  he te rogeneous  n u c l e a t i o n  on d i s l o c a t i o n s .  

s i m i l a r .  Subg ra in  b o u n d a r i e s  a r e  w e l l  d e f i n e d  and s p h e r i c a l  c a v i t i e s  can  be i d e n t i f i e d  d e c o r a t i n g  
b o u n d a r i e s  and w i t h i n  g r a i n s ,  o f t e n  c l e a r l y  a s s o c i a t e d  w i t h  d i s l o c a t i o n s  w h i c h  a r e  w e a k l y  imaged. The 
m a j o r  d i f f e r e n c e s  be tween  t h e s e  c o n d i t i o n s  a r e  1) t h e  c a v i t y  s i z e  and d i s t r i b u t i o n ,  and 2 )  t h e  presence o f  
p r e c i p i t a t e s  w i t h i n  s u b g r a i n s  a f t e r  i r r a d i a t i o n  a t  500'C. 
as 4 nm whereas a f t e r  i r r a d i a t i o n  a t  600'C t h e  c a v i t i e s  a r e  as l a r g e  as 10 nm. 
t o  be h e l i u m  bubb les .  The p r e c i p i t a t e  p a r t i c l e s  found f o l l o w i n g  i r r a d i a t i o n  a t  500°C c o u l d  o n l y  be imaged 
i n  m a t r i x  da rk  f i e l d  c o n t r a s t  and t h e r e f o r e  t h e  o a r t i c l e s  a r e  i d e n t i f i e d  as CL'. 

F i g u r e  7.9.2b shows s i m i l a r  f e a t u r e s  f o r  spec imen SA21 i r r a d i a t e d  a t  400°C t o  39 dpa. The d i s l o c a t i o n  
The l o o p s  a r e  as l a r g e  as 33 nm 

F i g u r e s  7.9.2~ and d, show ing  spec imens SA23 and S A 2 2  i r r a d i a t e d  a t  500 and 600°C t o  39 dpa, appear  

C a v i t i e s  a f t e r  i r r a d i a t i o n  a t  50OoC a r e  as  l a r g e  
I n  a l l  cases, t h e y  appear  
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In order  t o  show the  f i n e  s t r u c t u r e  found i n  t he  specin 
micrographs are  g iven  i n  F igure  7.9.3 for g rea te r  c l a r i t y .  
mo t t l ed  s t r u c t u r e  found i n  specimen SA24 i r r a d i a t e d  a t  3OO0C 
boundary runs d i agona l l y  across t he  micrograph. I f  t h e  s t r u i  
no more than 1.6 nm i n  diameter. Examples o f  he l ium bubble! 
F igure  7.9.3b, c and d. I t  i s  apparent t h a t  bubble fo rmat io r  
i s  presumably associated w i t h  g r a i n  boundary d i s l oca t i ons .  

Of  f u r t he r  no te  was t he  observa t ion  t h a t  subs t ruc tu re  w 
i r r a d i a t i o n .  I n  o rder  t o  show the  range of resgonse found, , 
f o i l s  which had been i r r a d i a t e d  a t  300 and 600 C a re  shown 
apparent t h a t  subs t ruc tu re  i n  t h e  form of a second phase, or 
i s  u n l i k e l y  t h a t  t h e  s t r u c t u r e  i s  due t o  cav i ta t ion . )  The s t  

lens of HT-9 heat  91354, h igher  magn i f i ca t i on  
F igure  7.9.3a p rov ides  an example of t h e  
:. Note t h a t  a w e l l  developed subgrain 
c tu re  i s  due t o  he l ium bubbles t he  bubbles a re  
i on subgrain boundaries can be found i n  each of 
I a t  g r a i n  boundaries i s  very  non-uniform and 

as developing i n  carb ide  p a r t i c l e s  due t o  
examples of carb ide  p a r t i c l e s  on t h e  edge of 
i n  F igure  7.9.4. From F igure  7.9.4 i t  i s  

d i s l o c a t i o n  l oop  s t r u c t u r e  has evolved. 
: ruc tu re  i s  on t h e  o rder  o f  3 nm a f t e r  

(It 

F igure  7.9.3. M i c ros t ruc tu res  a t  h i gh  magn i f i ca t i on  fo r  Hi- 9 specimens i r r a d i a t e d  i n  HFIR- CIK- 30  
showing he l ium bubble s t r uc tu re .  

.- 

, I  

b 
Figure  7.9.4. I r r a d i a t i o n  induced subs t ruc tu re  i n  MZ3C6  p r e c i p i t a t e  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  i n  

HFIR-CTR-30 t o  39 dpa a t  300 and 600°C. 
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i r r a d i a t i o n  a t  30OoC and on t he  o rder  o f  11 nm a f t e r  i r r a d i a t i o n  a t  6OO0C. 
cha rac te r i ze  t h i s  response more comple te ly  b u t  i s  i s  apparent t h a t  such s t r u c t u r a l  changes may r e s u l t  i n  
mechanical p r o p e r t i e s  changes. 

Fur ther  work w i l l  be needed t o  

EBR-IIIAD-2 

Specimens o f  HT-9 heat  91354 i r r a d i a t e d  t o  29 d l a  i n  EBR-I1 were found t o  be very s i m i l a r  t o  specimens 
p rev ious l y  examined f o l l o w i n g  i r r a d i a t i o n  t o  13 dpa. Fo l l ow ing  i r r a d i a t i o n  a t  39OoC, t h e  s t r u c t u r e  
conta ined a f i n e  d i s t r i b u t i o n  o f  smal l  p a r t i c l e s ,  a moderate d e n s i t y  o f  p e r f e c t  loops w i t h i n  d i s l o c a t i o n  
tang les  and w e l l  developed subgrain s t ruc tu re .  Fo l l ow ing  i r r a d i a t i o n  a t  5OO0C, t h e  p r e c i p i t a t e  d e n s i t y  was 
d r a s t i c a l l y  reduced and l oop  s t r u c t u r e  was n o t  present. 
found. 

Examples o f  these s t r uc tu res  a re  g iven i n  F igure  7.9.5. F igures 7.9.5a and c show specimen 2HCP 
i r r a d i a t e d  a t  39OoC t o  29 dpa a t  l ow  and h igher  magn i f i ca t ion .  
magn i f i ca t ion .  La th  boundaries a re  decorated w i t h  e longated ( p l a t e - l i k e )  M C p r e c i p i t a t e  and wi th in t h e  
l a t h s  rad ia t ion- induced p r e c i p i t a t e  and d i s l o c a t i o n  s t r uc tu res  a re  p r e ~ e n t . * ~ T f i e  p r e c i p i t a t e  and 
d i s l o c a t i o n  s t r uc tu res  a re  shown a t  h igher  magn i f i ca t ion  i n  F igure  7.9.5~ us ing  g = 110 cont ras t .  
l a r g e s t  loops a re  on t h e  o rder  o f  50 nm i n  d iameter  and p r e c i p i t a t e  p a r t i c l e s  a re  on t h e  o rder  o f  10 nm. 
Therefore, both d i s l o c a t i o n  loops and p r e c i p i t a t e s  had grown as a r e s u l t  o f  f u r t h e r  i r r a d i a t i o n  from 13 t o  
29 dpa. Cursory examinat ion o f  M23C6 p r e c i p i t a t e  p a r t i c l e s  revea led  subs t ruc tu re  s i m i l a r  t o  t h a t  shown i n  
F i g u r e  7.9.4. 

magn i f i ca t i ons .  The subgrain boundaries a re  w e l l  de f ined  bu t  subgrains a re  q u i t e  c lean  w i t h  o n l y  a few 
d i s l o c a t i o n s  and s m a l l  p r e c i p i t a t e s  (poss ib ly  carb ides)  w i t h i n  subgrains. Evidence was found f o r  he l i um  
bubble f o rma t i on  a t  subgrain boundaries. Bubbles were about t h e  same s i z e  bu t  t h e  number d e n s i t y  was much 
lower than  f o r  specimen SA23. 

Void Swe l l i ng  Measurements 

s w e l l i n g  measurements. A l l  areas conta ined r e l a t i v e l y  h i gh  d e n s i t i e s  o f  vo ids  so i t  can be assumed t h a t  
they represent  behavior  approaching steady s t a t e  w i t h  regard  t o  vo id  dens i t y  leve ls .  
measurements a re  expected t o  represent  an extreme overes t imate  o f  t h e  o v e r a l l  s w e l l i n g  i n  t h e  specimen 

Only minor  evidence o f  p r e c i p i t a t e  coarsening was 

A t y p i c a l  l a t h  s t r u c t u r e  can be seen a t  l o w  

The 

Figures 7.9.5b and d show specimen 2HCU i r r a d i a t e d  a t  5OO0C t o  29 dpa a t  low and h igher  

Three areas o f  specimen SA21 i r r a d i a t e d  a t  4OO0C t o  39 dpa were se lec ted  f o r  q u a n t i t a t i v e  vo id  

However, t he  

Figure 7.9.5. M ic ros t ruc tu res  for HT-9 specimens i r r a d i a t e d  i n  EBRII-AD-2 t o  29 dpa a t  low and 
moderate magn i f i ca t ions .  
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because many much l a r g e r  r eg ions  conta ined no voids. ng va r i ed  between 0035 and 0.050% 
w i t h  an average of 0.044%. The vo id  dens i t y  va r i ed  between 5.1 x 1O1j  and 8.4 x 1014 cm-' and t h e  mean 
vo id  s i z e  was i n  t he  range 10.8 t o  11.7 nm. 
as spher ica l  he l ium bubbles.) 

7.9.4.4 Discussion 

HT-9 i s  confirmed t o  s w e l l  as a r e s u l t  of 
i r r a d i a t i o n  i n  HFIR and t h e  behavior  can be a t t r i b u t e d  t o  t h e  he l i um  produced du r i ng  i r r a d i a t i o n  i n  HFIR as 
opposed t o  a heat- to- heat  e f f e c t .  Th i s  r e s u l t  n o t  on l y  has i m p l i c a t i o n s  regard ing  t h e  fundamental 
consequences o f  he1 ium produc t ion  b u t  a l so  regard ing  s w e l l i n g  design equat ion development and heat- to-heat 
v a r i a b i l i t y  on s w e l l i n g  unce r ta i n t y  p red ic t ions .  Also, o the r  m i c r o s t r u c t u r a l  changes were found as a 
r e s u l t  o f  f u r t h e r  i r r a d i a t i o n  which have bear ing  on i n t e r p r e t a t i o n  of f r a c t u r e  toughness measurements. 

Hel ium E f f e c t s  on Swe l l i ng  i n  F e r r i t i c s  

Fo l l ow ing  i r r a d i a t i o n  i n  HFIR t o  39 dpa a t  4OO0C. c a v i t a t i o n  t y p i c a l  of vo i d  s w e l l i n g  i n  t h e  i ncuba t i on  
regime was found whereas f o l l o w i n g  i r r a d i a t i o n  i n  EBR-I1 t o  29 dpa a t  39OoC, specimens of t h e  same heat  of 
m a t e r i a l  showed no evidence o f  vo id  swe l l ing .  
t h e  specimens f o r  t h e  two d i f f e r e n t  t e s t s  were q u i t e  d i f f e r e n t .  
the  d i f f e r e n t  s w e l l i n g  response must s t i l l  be considered: 
product ion.  

due t o  t h e  absence o f  ma r tens i t e  l a t h  s t r u c t u r e  decorated w i t h  M 
l a r g e  carb ide  s t ruc tu re .  
swe l l ing .  However, t h i s  i s  considered u n l i k e  y. 
a r i s e s  from 6-phase p r e c i p i t a t i o n  in-reactor .d The specimens of HT-9 heat  91354 d i  ' 

presence of 6-phase. 
thereby  p revent ing  vo id  nuc lea t i on  o r  e l s e  h i gh  l e v e l s  o f  he l i um  produc t ion  can overcome t h e  s w e l l i n g  
i n h i b i t i o n  promoted by 6-phase. 

approx imate ly  30% h igher  dose. However, i t  i s  u n l i k e l y  t h a t  dose d i f f e rences  can e x p l a i n  t h e  d i f f e r e n  es 
i n  behavior. HT-9 has been i r r a d i a t e d  i n  EBR-I1 t o  75 dpa and t h e  s w e l l i n g  res i s t ance  was ma in ta i ned2  A 
d i f f e r e n t  hea t  was,involved. b u t  t he  p resent  e f f o r t  supports t he  con ten t i on  t h a t  heat- to- heat  d i f fe rences  
a re  unimportant .  The most l i k e l y  exp lanat ion  f o r  t h e  l o s s  of s w e l l i n g  res i s t ance  i n  HFIR f o r  two  heats o f  
HT-9 i s  t h a t  he l i um  produc ion promotes vo id  swe l l ing .  Note t h a t  he l i um  produc t ion  i n  t h e  HFIR i r r a d i a t e d  

t h e o r e t i c a l  ana l ys i s  techniques. 
con junc t ' o  w i t h  o the r  i o n  species produces more s w e l l i n g  than when he l i um  i s  n o t  i nc l uded jS8  Theo re t i ca l  
analyses4Bf0 p rov ide  exp lana t i on  based on t he  concept t h a t  a c r i t i c a l  c a v i t y  s i ze  i s  needed before c a v i t i e s  
can grow as vo ids  and t h a t  he l i um  a d d i t i o n s  promote l a r g e  c a v i t y  sizes. Therefore, l a r g e r  he l i um  a d d i t i o n s  
promote t h e  onset  o f  vo i d  s w e l l i n g  a t  lower  f luences  and tend  t o  produce h i ghe r  v o i d  dens i t ies .  The 
concept o f  a c r i t i c a l  c a v i t y  s i z e  has been considered expe r imen ta l l y  f o r  a u s t e n i t i c  s t a '  l e s s  steelslO*ll 
and f o r  an Fe-1OCr b i na ry  a l l o y  p r e i n j e c t e d  w i t h  he l ium and subsequently i o n  bombarded.]? The present  
e f f o r t  p rov ides  t h e  f o l l o w i n g  exper imental  observat ions w i t h  regard  t o  c r i t i c a l  c a v i t y  s i z e  i n  neut ron  
i r r a d i a t e d  f e r r i t i c s .  
A t  40OoC. t h e  c r i t i c a l  c a v i t y  s i z e  i s  on t he  o rder  of 3.0 nm and a t  500 and 600°C, t h e  c r i t i c a l  c a v i t y  s i z e  
i s  g rea te r  than  4 nm and 10 nm, respec t ive ly .  These values a re  based on he l i um bubb le  measurements, and i t  
i s  n o t  c l e a r  t h a t  bubbles l oca ted  on g r a i n  boundaries and d i s l o c a t i o n s  can indeed be s i t e s  f o r  vo id  growth. 
Nonetheless, these es t imates  a re  most r e l e v a n t  fo r  t h e o r e t i c a l  analys is .  

HT-9 Swe l l i ng  Desiqn Equat ion f o r  Fusion 

s w e l l i n g  i n  2 - 1 / 4 C r - l M 0 . ~ ~  The same approach can be used t o  p r e d i c t  s w e l l i n g  f o r  HT-9 i n  a fus ion  
environment. The key parameters f o r  such an equat ion would be 1) a peak W e l l i n g  r a t e  o f  0.06%ldpa, Zb a 
peak s w e l l i n g  temperature a t  4OO0C w i t h  n e g l i g i b l e  accumulated s w e l l i n g  t o  h i g h  f l uence  a t  325 and 475 C. 
and 3) an i ncuba t i on  parameter which de f i nes  t he  onset  o f  steady ? l a t e  s w e l l i n g  (as a b i l i n e a r  i n f l e c t i o n  
point ) .  which def ines t h e  minimum incuba t i on  
parameter a r b i t r a r i l y  as 72. 

parameter. Voids f i r s t  appear i n  HT-9 between 20 and 39 dpa as a r e s u l t  o f  i r r a d i a t i o n  i n  HFIR! Hel ium 
gener t i o n  i n  HT-9 i r r a d i a t e d  i n  HFIR i s  approximately  25% o f  t h a t  expected i n  a f u s i o n  machine f i r s t  
wall! Based on t h e  concept of c r i t i v c a l  c a v i t y  size, i t  can be assumed t h a t  v o i d  f o rma t i on  w i l l  occur  i n  
a f u s i o n  environment a t  doses between 5 and 9 dpa. However, t he  f i r s t  appearance o f  vo ids  r a r e l y  
corresponds t o  t h e  vo id  incubat ion  dose. The incubat ion  dose i s  f t e n  two  t o  t h r e e  t i m e s  longer, and i n  
t h e  case of f e r r i t i c s .  i t  may be s i g n i f i c a n t l y  longer than  tha t . Ig  However, 72 dpa cou ld  w e l l  be an 
overest imate.  

The vo id  swel 

(These measurements excluded fea tu res  which were charac te r ized  

Several t o p i c s  f o r  d i scuss ion  a r i s e  f rom t h e  present  work. 

The present  e f f o r t  appears t o  show t h a t  t h e  s w e l l i n g  response o f  HT-9 i s  d i f f e r e n t  i n  EBR-I1 and HFIR. 

It has been noted t h a t  t he  p r e i r r a d i a t i o n  m ic ros t ruc tu res  of 
Therefore, t h ree  poss ib l e  exp lanat ions  f o r  

The p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  o f  HT-9 specimens i r r a d i a t e d  i n  HFIR-CTR-30, 31, and 32 was a t y p i c a l  
C and due t o  t h e  presence of excess ive ly  

I t  has been proposed t h a t  t h e  s w e l l i n g  res i s t ance  o f  HT-9 - ase 

heat  t rea tment  procedure, f luence,  and he l i um  
Heat- to-heat v a r i a t i o n s  can be e l im ina ted .  

It i s  poss ib l e  t h a t  a consequence o f  t 8 s 6 a t y p i c a l  hea t  t r ea tmen t  i s  enhanced 

% f o l l o w i n g  i r r a d i a t i o n  and there fo re  i t  i s  apparent t h a t  s w e l l i n g  res i s t ance  does n m h e  
The mechanism i s  more complex; e i t h e r  G-phase d i l u t e s  t he  potency of gas atoms 

There a re  d i f ferences i n  accumulated dose; t h e  specimens which swe l led  were i r r a d i a t e d  t o  

specimens was 115 appm He A '  whereas i n  EBR-I1 i t  was on t h e  o rder  o f  3 appm He. 
The mechanism whereby he l i um  promotes vo id  s w e l l i n g  has rece ived  a t t e n t i o n  us ing  bo th  s i m u l a t i o n  and 

I t  has been shown t h d t  for f e r r i t i c  a l l o y s  i r r a d i a t i o n  w i  h he l i um  i n  

A t  3OO0C i n  an HFIR environment, t he  c r i t i c a l  c a v i t y  s i z e  i s  g rea te r  than  1.6 nm. 

An approach t o  devel  p s w e l l i n g  equat ions f o r  f e r r i t i c  a l l o y s  has been proposed13 and used t o  p r e d i c t  

A design equat ion f o r  HT-9 has been inc luded i n  t h e  MHFES 

The present  r e s u l t s  p rov ide  f u r t h e r  i n s i g h t  regard ing  t h e  s e l e c t i o n  o f  t he  minimum i n c u b a t i  n 
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I n t e r p r e t a t i o n  o f  Toughness Measurements 

a r e  found  t o  s a t u r a t e  w i t h  i n c r e a s i n g  f l uence . l k  T h i s  behav io r  c o u l d  be t r a c e d  t o  s a t u r a t i o n  n hardness 
inc reases  due t o  i r r a d i a t i o n  ( i n  f a c t  a s l i g h t  s o f t e n i n g  was found w i t h  f u r t h e r  i r r a d i a t i o n ) , l j  The 
p resen t  r e s u l t s  i n d i c a t e  t h a t  i r r a d i a t i o n - i n d u c e d  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 d i s l o c a t i o n s  and 
p r e c i p i t a t e s  grow w i t h  i n c r e a s i n g  f l uence .  P r e c i p i t a t e  g r o w t h  i s  p r o b a b l y  i n  p a r t  a r e s u l t  o f  coarsening.  
Therefore,  t h e  s a t u r a t i o n  o f  DBTT s h i f t s  can be a s c r i b e d  t o  s a t u r a t i o n  o f  t h e  i r r a d i a t i o n - i n d u c e d  
p r e c i p i t a t e  m i c r o s t r u c t u r e s .  Fu r the rmore ,  f u r t h e r  l a r g e  s h i f t s  i n  DBTT w i t h  i n c r e a s i n g  f l u e n c e  shou ld  n o t  
be expected. 

7.9.5 Conc lus ions  

The l a r g e  s h i f t s  i n  d u c t i l e - b r i t t l e  t r a n s i  i o n - t e m p e r a t u r e  (DBTT) f o l l o w i n g  i r r a d i a t i o n  a t  about  400°C 

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  on a s e r i e s  o f  specimens o f  HT-9 h e a t  91354 have been pe r fo rmed  i n  o r d e r  
t o  d e t e r m i n e  t h e  e f f e c t  o f  spect rum and a d d i t i o n a l  dose on m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  i r r a d i a t i o n .  
The f o l l o w i n g  c o n c l u s i o n s  can be made: 

The m a j o r  d i f f e r e n c e  between E8R-I1 and H F I R  i r r a d i a t i o n  i s  t h e  appearance of  c a v i t i e s  i n  a l l  
specimens i r r a d i a t e d  i n  H F I R  whereas c a v i t i e s  were g e n e r a l l y  n o t  found i n  specimens i r r a d i a t e d  i n  EBR-11. 
C a v i t i e s  t y p i c a l  of h e l i u m  bubbles were found f o l l o w i n g  H F I R  i r r a d i a t i o n  a t  400, 500 and 6OO0C and ev idence 
f o r  h e l i u m  bubb les  were found f o l l o w i n g  H F I R  i r r a d i a t i o n s  a t  300°C. 
response was found f o l l o w i n g  i r r a d i a t i o n  a t  400°C. ( C a v i t i e s  t y p i c a l  o f  h e l i u m  bubb le  f o r m a t i o n  were found 
f o l l o w i n g  EBR-I1 i r r a d i a t i o n  a t  500OC.)  
a t t r i b u t e d  t o  h e l i u m  genera t ion ;  h e a t - t o - h e a t  v a r i a t i o n s  can be r u l e d  ou t .  

Vo id  s w e l l i n g  t y p i c a l  o f  i n c u b a t i o n  

The v o i d  s w e l l i n g  d i f f e r e n c e s  due t o  i r r a d i a t i o n  env i ronment  a r e  

I r r a d i a t i o n  t o  i nc reased  dose does n o t  s i g n i f i c a n t l y  a l t e r  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  i n  e i t h e r  
The m a j o r  e f f e c t  of i nc reased  dose was g r o w t h  o f  t h e  m i f r f s t r u c t u r a l  f ea tu res ,  on t h e  r e a c t o r  spectrum. 

o r d e r  o f  a d o u b l i n g  i n  s i z e  when t h e  dose was e f f e c t i v e l y  squared (d  - ( $ t )  

7.9.6 F u t u r e  Work 

1. 

T h i s  work w i l l  be con t inued .  
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7.10 FRACTOGRAPHIC EXAMINATION OF FERRITIC ALLOY CHARPY SPECIMENS AT A FLUENCE OF 6 x 10" n l c m '  - D. 5. 
Gel les  and W. L. Hu (Westinghouse Hanford Company) 

7.10.1 A D I P  Task 

The Department of EnergylOf f ice o f  Fusion Energy (DOEIOFE) has c i t e d  t he  need t o  i n v e s t i g a t e  
f e r r i t i c  a l l o y s  under t h e  A D I P  program task F e r r i t i c  S tee l s  Development (Path E ) .  
ak in  t o  Task Number 1.8.13, Tens i l e  P rope r t i es  o f  A u s t e n i t i c  A l l oys ,  and Task Number 1.C.2, 
M i c ros t ruc tu re  and Swe l l i ng  i n  A u s t e n i t i c  A l l oys .  

7.10.2 Ob jec t i ve  

f e r r i t i c  a l l o y s  HT-9 and Modi f ied 9Cr-1Mo i n  o rder  t o  p rov ide  improved understanding of toughness 
degradat ion as a r e s u l t  o f  i r r a d i a t i o n  f o r  t he  f e r r i t i c  a l l o y  c lass .  

7.10.3 Summary 

microscopy and severa l  o f  these have been measured f o r  hardness. The specimen s e r i e s  i r r a d i a t e d  i n  t he  
AD-2 t es t ,  second d ischarg? inc ludes  HT-9 base metal i n  two product  forms, and Modi f ied 9Cr-1Mo base 
metal and weld metal,  f luences  i nc l ude  13 and 26 dpa and i r r a d i a t i o n  temperatures cover t he  range 390'C 
t o  550'C. I t  i s  found t h a t  s i g n i f i c a n t  hardening occurs both i n  HT-9 and 9Cr-1Mo f o l l o w i n g  i r r a d i a t i o n  
a t  39O'C, but no t  a t  450'C and h igher .  Hardness decreases s l i g h t l y  w i t h  i nc reas ing  f luences  f o r  HT-9 
i r r a d i a t e d  a t  390'C and f o r  9Cr-1Mo i r r a d i a t e d  a t  390' and 500°C. Frac tu re  appearance i s  found t o  be 
i n s e n s i t i v e  t o  i r r a d i a t i o n  f luence,  whereas s i g n i f i c a n t  d i f fe rences  cou ld  be found i n  p roduc t  form. 
i s  concluded t h a t  i r r a d i a t i o n  does no t  encourage new f r a c t u r e  mechanism such as temper embr i t t lement .  
F a i l u r e  i s  c o n t r o l l e d  by t he  m ic ros t ruc tu re  generated p r i o r  t o  i r r a d i a t i o n .  

7.10.4 Progress and Sta tus  

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

HT-9 and Mod i f ied  9Cr-1Mo (T91) which had been i r r a d i a t e d  i n  t he  AD-2 t e s t  t o  f luences  as h igh  as 6 x 
lo2' n/cm' (26 dpa). 
and t he  f rac tograph ic  examinations p rov ide  a fo l low- on t o  s i m i l a r  examinations repor ted  ear l ie r , '  i n  some 
cases i n v o l v i n g  specimens i n  i d e n t i c a l  cond i t ions  bu t  only i r r a d i a t e d  t o  3 x 10" nlcm' or 13 dpa. 
Therefore, t he  i n t e n t  o f  t h i s  e f f o r t  inc ludes:  (1) t o  determine i f  e f f e c t s  o f  f u r t h e r  i r r a d i a t i o n  
f luence can be i d e n t i f i e d  by fractography, and ( 2 )  t o  determine if observat 'ons i n  t he  recent  Charpy 
impact t e s t  da ta  base can be expla ined by fractography. Those observat ions1 inc lude:  (1) for HT-9 base 
metal as t he  f luence was ra i sed  from 3 t o  6 Y lo2' n/cm2 a smal l  a d d i t i o n a l  s h i f t  was found i n  t r a n s i t i o n  
temperature when i r r a d i a t e d  a t  390'C and 450'C and a f u r t h e r  r educ t i on  i n  upper s h e l f  energy was found a t  
a l l  i r r a d i a t i o n  temperatures, ( 2 )  no s i g n i f i c a n t  change i n  9Cr-1Mo base metal response w i t h  increased 
f luence f o r  a l l  i r r a d i a t i o n  temperatures, ( 3 )  a h i ghe r  t r a n s i t i o n  temperature and a h igher  upper s h e l f  
energy f o r  9Cr-lMo weld metal than f o r  base metal a t  t h e  same i r r a d i a t i o n  cond i t ions ,  and ( 4 )  a 
s i g n i f i c a n t  improvement i n  both t r a n s i t i o n  temperature and upper she l f  energy f o r  HT-9 base metal 
specimens f ab r i ca ted  from normalized and tempered p l a t e  stock i n  comparison wi th  t he  standard specimen 
c o n d i t i o n  which was f ab r i ca ted  from mi l l - annea led  ba r  s tock.  

7.10.4.2 Exper imental  Procedure 

cond i t i ons  and measured normal ized f r ac tu re  energy. 
t es ted  a t  approximately t he  t r a n s i t i o n  temperature so t h a t  bo th  d u c t i l e  and b r i t t l e  f r a c t u r e  sur face  
f ea tu res  cou ld  be studied.  However, from both  l o t s  o f  HT-9 base metal and f o r  9Cr-1Mo a t  t he  h igher  
i r r a d i a t i o n  temperature, one specimen was a l so  se lec ted  f o r  examinat ion t o  show upper she l f  behavior. 
These specimen cond i t i ons  a re  i d e n t i f i e d  by specimen i d e n t i f i c a t i o n  number i n  F igure  7.10.1 which shows 
t he  Charpy impact t e s t  r e s u l t s  f o r  a l l  specimens tes ted .  

The tasks invo lved  a r e  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  p rov ide  f r ac tog raph i c  da ta  fo r  Charpy specimens of the  i r r a d i a t e d  

The f r a c t u r e  sur faces of t h i r t e e n  Charpy specimens have been examined by scanning e l e c t r o n  

I t  

Th is  r e p o r t  descr ibes f rac tograph ic  examinations and hardness measurements f o r  Charpy specimens of 

The Charpy impact t e s t  r e s u l t s  f o r  these specimens have been descr ibed p re  i o u s l y l  

Specimens se lec ted  f o r  f rac tograph ic  examination a re  l i s t e d  i n  Table 7.10.1 w i t h  Charpy t e s t  
In general,  specimens were se lec ted  which had been 

Exper imental  p r o  edures f o r  hardness de termina t ion  and f r ac tog raph i c  examination a re  i d e n t i c a l  t o  
those used p rev ious l y  5 . 
7.10.4.3 Results 
Hardness Measurements 

Resu l ts  o f  Rockwell C hardness measurements on i r r a d i a t e d  specimens were as f o l l ows :  Specimen TT28, 
28.7; TT15, 22.5; TT20, 21.4; KT06, 33.4; KT13, 23.5; KT20, 23.5; KT24,  22.3; TV22, 21.4 and TV11, 12.1. 
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Table 7.10.1. Charpy specimens se lec ted  f o r  f r ac tog raph i c  examination 
from t h e  AD-2 t e s t ,  second d ischarge 

~ ~ ~~ ~~ ~ 

1 I r r a d i a t i o n  Test  Norma 1 i z ed 
Temperature Fluence Temperature Frac tu re  Energy 

A l l o y  Cond i t ion  Code ('CI dpa (10" nlcm') ( 'CI (Jouleslcm' ] 

HT-9 Wrought Bar TT28 390 26 ( 6 1  132 61.63' 
78.85 29 TT15 500 26 (61  

TT23 500 26 161 93 1 4 5 . 5 2  
TT20 550 26 i s j  29 64.75 

HT-9 P l a t e  KT06 390 
KT13 450 
KT20 550 
KT24 550 

9Cr-lMo Base Metal  TV22 390 
T V l l  500 

9Cr-lMo Weld Metal NL03 390 
N L l l  450 
NL31 550 

1 3  131 
13 ( 3 j  
13 (31 
13 (31 

13 ( 3 j  

104 
-18 
- 7 

104 

29 
29 

82 
43 
10 

85.70 
117.49 
89.51 

285.26 

163.67 
450.36 

177.59 
396.72 
409.70 

*One o f  t he  authors would l i k e  t o  t ake  t h i s  oppo r tun i t y  t o  acknowledge an e r r o r  presented i n  t h e  
p rev ious  repo r t  (Reference 1 ) .  Ins tead o f  normal iz ing  the  f r a c t u r e  energy by m u l t i p l y i n g  by t he  f a c t o r  
L/B(w-a)' as s ta ted  i n  t he  repo r t ,  i t  was i nadve r ten t l y  normal ized by m u l t i p l y i n g  by t h e  f a c t o r  LIB ' (w- 
a ) .  Consequently, t he  ac tua l  normalized f r a c t u r e  energy should be approximately  tw i ce  t he  value repor ted  
i n  Reference 1. 

These values are p l o t t e d  i n  F igure  7.10.2 and compared w i t h  p rev ious  r e s u l t s .  
t h a t  F igure  7.2.2 g iven i n  Reference 2 was p l o t t e d  i n c o r r e c t l y .  
bu t  was p l o t t e d  a t  500'C. Therefore, specimens T V 2 1  and TV13 were subsequently measured and gave values 
of 15.5 t 0.3 and 16.4 f 0.3 C 
behavior  f o r  9Cr-1M a t  3 x 10t r ' (13  dpa). 
S i g n i f i c a n t  hardening occurs bo th  i n  HT-9 and 9Cr-1Mo f o l l o w i n g  i r r a d i a t i o n  a t  390'C whereas f o l l o w i n g  
i r r a d i a t i o n  a t  h igher  temperatures o f  450'C and above, hardness remains constant  o r  decreases s l i g h t l y .  
Hardness decreases w i t h  i nc reas ing  f luence f o r  HT- 9 i r r a d i a t e d  a t  390'C and f o r  9Cr-1Mo bo th  i r r a d i a t e d  
a t  390 and 500'C. The reduc t i on  i n  hardness wi th  increased f luence suggests a s a t u r a t i o n  i n  t h e  DBTT 
degradat ion due t o  neutron exposure and i n d i c a t e s  a so f ten ing  e f f e c t  due t o  pro longed aging a t  t he  
i r r a d i a t i o n  temperatue. 
s l i g h t l y ) .  
where d i r e c t  comparison i s  poss ib le .  

Fractography 

Resu l ts  o f  f r ac tog raph i c  examination a re  presented as s te reo  p a i r s  i n  F igures  7.10.3 through 
7.10.15. I n  each case, a low magn i f i ca t i on  example of t he  specimen i s  g iven  i n  p a r t  ( a )  showing a smal l  
p o r t i o n  of t he  f a t i gue  sur face  on t he  l e f t  bu t  p r i m a r i l y  showing t he  f r a c t u r e  surface c rea ted  p r i o r  t o  
i r r a d i a t i o n .  P a r t  (b) d i s p l a y s  a r e g i o n  i n  t h e  cen ter  of t h e  f r a c t u r e  surface immediate ly  ad jacent  t o  
t he  f a t i gue  sur face  w i t h  t he  f a t i gue  surface again showing on t he  l e f t .  
these f ractographs w i t h  a smal l  s te reo  viewer i n  o rder  t o  apprec ia te  t he  f r a c t u r e  sur face  geometries. 
Also, t he  reader i s  encouraged t o  compare t he  present  f ractographs w i t h  those g iven  i n  Reference 2. 

of specimens were found t o  be very s i m i l a r  t o  those examined p rev ious l y .  
of d e l t a  f e r r i t e  s t r i n g e r s  i n  t h e  f r a c t u r e  sur face  topography o r i e n t e d  p a r a l l e l  t o  t he  i n i t i a l  crack 
f r on t .  
example, F igure  7.10.3 i s  taken from specimen TT28 which had been i r r a d i a t e d  a t  390'C t o  26 dpa and 
t es ted  a t  132'C which i s  i n  t he  t r a n s i t i o n  temperature range. 
c o n d i t i o n  was 31.8 Jouleslcm'. The f r a c t u r e  surface c rea ted  du r i ng  t he  Charpy t e s t  can be d i v i d e d  i n t o  
t h ree  par ts :  (11 a d u c t i l e  r eg ion  l oca ted  immediately adjacent  t o  t h e  f a t i g u e  sur face  which forms a 
narrow band, most e a s i l y  recognized a t  t he  lower l e f t ,  ( 2 )  adjacent  t o  t h i s ,  a b r i t t l e  r eg ion  extending 
approximately  ha l f  way across t he  f r a c t u r e  sur face  c o n s i s t i n g  of t h ree  d i s t i n c t  l e v e l s  which a re  
r e l a t i v e l y  f l a t ,  and (3 )  t he  remainder which i s  a d u c t i l e  r eg ion  c o n s i s t i n g  mainly of corrugated 
s t r uc tu re .  These t h ree  reg ions  can be i d e n t i f i e d  i n  F igure  7.10.3a; i n  F igure  7.10.3b. t he  t r a n s i t i o n  

However, i t  may be noted 
Specimen TV14 was i r r a d i a t e d  a t  390'C 

respec t i ve l y .  These values a re  inc luded i n  F igure  7.10.2 t o  d e f i n e  
Examination o f  F igure  7.10.2 revea l s  several  t rends .  

Hardness values f o r  HT-9 appear t o  be s t a b l e  a t  500 and 550'C (or i nc rease 
F i n a l l y ,  HT-9 p l a t e  stock appears t o  be s l i g h t l y  harder  than rod  stock a t  a l l  temperatures 

The reader i s  encouraged t o  view 

The specimens o f  c o n d i t i o n  TT which were examined i n  t he  p resent  s e r i e s  HT-9 Base Metal, TT Ser ies.  
A l l  specimens showed evidence 

The d e l t a  f e r r i t e  s t r i n g e r  e f f e c t  cou ld  be found i n  both d u c t i l e  and b r i t t l e  regions.  For  

The normalized f r a c t u r e  energy f o r  t h i s  
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HT-9 BASE METAL I l l  SERIESI. 28 dDa 
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t i l - 9  BASE METAL IKT SERIESI. 73 dpa 

/ "  i 
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TEST TEMPERATURE ('CI 
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TEST TEMPERATURE P C I  

F i g .  7.10.1. Specimen s e l e c t e d  f o r  f r a c t o g r a p h i c  examinat ion a r e  i r r a d i a t e d  by specimen 
i d e n t i f i c a t i o n  number on t h e  v a r i o u s  Charpy impact energy curves. 

f rom r e g i o n  (1) t o  r e g i o n  ( 2 )  i s  shown a t  h i g h e r  magn i f i ca t ion .  
s t r u c t u r e  due t o  d e l t a  f e r r i t e  s t r i n g e r s  can be seen. 

26 dpa and t e s t e d  a t  29 and 93'C r e s p e c t i v e l y .  The normal ized f r a c t u r e  energ ies  f o r  these  c o n d i t i o n s  
were 41.1 and 76.1 joules/cm';  t h e r e f o r e ,  specimen TT15 shows a f r a c t u r e  su r face  a t  t h e  t r a n s i t i o n  
temperature,  whereas specimen TT23 shows f r a c t u r e  behav io r  on t h e  upper she l f .  
f r a c t u r e  su r faces  o f  specimens TT15 and TT23 r e v e a l s  t h a t  bo th  c o n t a i n  co r ruga ted  s t r u c t u r e  t y p i c a l  of 
d u c t i l e  f a i l u r e  i n  a s s o c i a t i o n  w i t h  d e l t a  f e r r i t e  s t r i n g e r s ,  b u t  o n l y  specimen TT15 c o n t a i n s  a r e g i o n  
t y p i c a l  o f  b r i t t l e  f a i l u r e  which extends approx imate ly  h a l f  way across t h e  f r a c t u r e  surface. 
r e g i o n  i s  b r i t t l e  can be shown i n  t h e  h i g h e r  m a g n i f i c a t i o n  f rac tograph  of F i g u r e  10.7.4b. 
expected, t h e  d i f f e r e n c e  i n  normal ized f r a c t u r e  energy between these  t e s t  c o n d i t i o n s  i s  due t o  b r i t t l e  
f a i l u r e  on a lmost  h a l f  t h e  f r a c t u r e  sur face area. 

shown i n  F i g u r e  7.10.6. T h i s  c o n d i t i o n  gave a normal ized f r a c t u r e  energy o f  34.0 jou les lcm '  and 
represen ts  behav io r  a t  t h e  t r a n s i t i o n  temperature. The f r a c t u r e  surface i s  s i m i l a r  t o  t h a t  i n  c o n d i t i o n s  
TT28 and 15; a b r i t t l e  r e g i o n  ex tend ing  over  j u s t  under h a l f  t h e  specimen i s  found between two d u c t i l e  
reg ions .  The major  d i f f e r e n c e  i s  t h a t  t h e  i n i t i a l  d u c t i l e  r e g i o n  ad jacen t  t o  t h e  f a t i g u e  sur face i s  
w i d e r  i n  specimen TT20. 

s i g n i f i c a n t  p o i n t s :  

I n  a l l  cases, evidence f o r  t h e  e longated 

F igures  7.10.4 and 7.10.5 p r o v i d e  comparison o f  HT-9 specimens TT15 and TT23 i r r a d i a t e d  a t  500' t o  

Comparison o f  t h e  

Tha t  t h i s  
Therefore,  as 

The f r a c t u r e  s u r f a c e  o f  specimen TT20 which was i r r a d i a t e d  a t  550'C t o  26 dpa and t e s t e d  a t  29'C i s  

Comparison o f  t h e  p resen t  r e s u l t s  w i t h  p rev ious  r e s u l t s  g i v e n  i n  Reference 2 p rov ides  two 
(1) Upper s h e l f  f a i l u r e  f o l l o w i n g  i r r a d i a t i o n  i s  very s i m i l a r  t o  upper s h e l f  
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F i g .  7.10.2. Rockwell  C hardness measurement as a f u n c t i o n  of i r r a d i a t i o n  temperature f o r  HT-9 and 
m o d i f i e d  3Cr-1Mo base meta l  Charpy specimens con ta ined  i n  t h e  AD- 2 t e s t ,  second d ischarge.  

response i n  u n i r r a d i a t e d  specimens. 
7.2.5 f r o m  Reference 2. 
consequence o f  a change i n  f r a c t u r e  mechanism; ( 2 )  The consequences o f  i r r a d i a t i o n  a t  390.C. as c la imed 
f o l l o w i n g  examinat ion o f  specimen TT16 i n  Reference 2, a r e  n o t  c o r r o b o r a t e d  i n  t h e  p r e s e n t  s tudy.  
Specimen TT16 was found t o  c o n t a i n  few examples o f  l i n e a r  s t r u c t u r e  due t o  d e l t a  f e r r i t e  s t r i n g e r s  and 
shear l i p s  a t  specimen surfaces were found t o  be w i d e r  b u t  n o t  as steep. 
appeared t o  be f l a t t e r .  
r e s u l t e d  i n  reduced l i k e l i h o o d  of c a v i t a t i o n  a t  d e l t a  f e r r i t e  s t r i n g e r s .  Specimen TT28 i s  q u i t e  
d i f f e r e n t ,  however. 
d e l t a  f e r r i t e  s t r i n g e r  e f f e c t s  a r e  c l e a r l y  def ined,  and t h e  f r a c t u r e  s u r f a c e  i s  co r ruga ted  on t h e  same 
sca le  as specimens i r r a d i a t e d  a t  h i g h e r  temperature. 
obv ious.  

T h i s  can be demonstrated by comparison of F i g u r e  7.10.5 w i t h  F i g u r e  
Therefore, t h e  r e d u c t i o n  i n  upper s h e l f  energy due t o  i r r a d i a t i o n  i s  n o t  a 

Also, t h e  f r a c t u r e  sur face 
These d i f fe rences  were a t t r i b u t e d  t o  increased hardness due t o  i r r a d i a t i o n  which 

The shear l i p s  ad jacen t  t o  specimen sur faces a r e  o f  normal w i d t h  and steepness, 

An e x p l a n a t i o n  f o r  these  d i f f e r e n c e s  i s  n o t  
I t  mav be due i n  D a r t  t o  reduced hardness found i n  specimen TT28 or t o  t h e  h i g h e r  f l uence  which 

has r e s u l t e d  i n - g r e a t e r  p r e c i p i t a t i o n  a t  d e l t a  f e r r i t e  s t r i n g e r s  which compensates f o r  t h e  hardness 
inc reases  found f o l l o w i n g  i r r a d i a t i o n  a t  390'C. 

were very d i f f e r e n t  from those  i n  t h e  TT s e r i e s .  
[ l )  The e f f e c t  of d e l t a  f e r r i t e  s t r i n g e r s  on t h e  f r a c t u r e  sur face was no t  ev iden t .  
showed any i n d i c a t i o n  o f  d e l t a  f e r r i t e  s t r i n g e r  fo rmat ion ,  and t h i s  i n d i c a t i o n  showed a d i f f e r e n c e  i n  
o r i e n t a t i o n  o f  t h e  d e l t a  f e r r i t e  s t r i n g e r s  normal t o  t h  crack f r o n t  and i n  t h e  p lane  of t h e  f r a c t u r e  
su r face .  T i s  d i f f e r e n c e  i n  o r i e n t a t i o n  i s  as expected5, and t h e  reduced d e n s i t y  may be a r e s u l t  of 

were much s m a l l e r  than  i n  TT s e r i e s  specimens. 
d i f fe rences .  
d e t a i l s ;  TT should have a g r a i n  s i z e  of ASTM 8 t o  9 whereas KT should have a g r a i n  s i z e  of 

HT-9 Base Meta l ,  KT Ser ies .  Specimens i n  t h e  KT s e r i e s  were found t o  have f r a c t u r e  sur faces which 
Three s i g n i f i c a n t  d i f f e r e n c e s  c o u l d  be i d e n t i f i e d :  

Only specimen KT24 

c o n t r o l l i n g  9: , ( 2 )  i n  r e g i o n s  where b r i t t l e  f a i l u r e  occurred,  t h e  p l a t e a u  r e g i o n s  i n  KT s e r i e s  specimens 
T h i s  i s  i n d i c a t i v e  o f  p r i o r  a u s t e n i t i c  g r a i n  s i z e  

However, t h e  sense of t h e  d i f f e r e n c e  i s  i n  t h e  r e v e r s e  o r d e r  based on specimen f a b r i c a t i o n  
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Fig. 7.10.15. Stereo pair fractographs of modified 9Cr-1Mo weld metal specimen NL31 irradiated to 
550'C to 13 dpa and tested at 1O'C. 

ASTM 6 to 8.3*4 Therefore, this differences is probably a consequence of delta ferrite effects on crack 
propagation; (3) an unusual banded structure was observed on two of the four specimens o f  condition KT 
which were examined. (This banded structure may be present but obscured on the other two specimens by 
other features.) 
internal stresses. 

Figure 7.10.7 shows the fracture surface of specimen KT06 which was irradiated at 390'C to 13 dpa 
and tested at -7'C. The normalized fracture energy for this condition was 50.3 jouleslcm' which 
corresponds to behavior at the transition temperature. The fracture appearance of specimen KT06 is 
typical of Charpy behavior at the transition temperature. A narrow ductile region is found adjacent to 
the fatigue surface. 
specimen, and the remainder consists of ductile failure (or shear lips at specimen surfaces). The 
differences between this material and TT series specimens are the apparent disappearance of delta ferrite 
stringers effect and the smaller scale of the individual brittle plateau regions. Also of note is the 
observation of three regions in Figure 7.10.1 Part b (center to lower left) which appear to have a 
different texture than the remainder of the surface. The regions are uniformly gray in color and have 

Such structure is typical of weldmetal specimens where the effect is due t o  non-uniform 

Adjacent to it is a brittle region which extends approximately half way across the 
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been marked by arrows. 
boundaries. 

Specimen KT13 which was i r r ad ia t ed  a t  450'C t o  13 dpa and t e s t ed  a t  -18'C i s  shown i n  Figure 7.10.8. 
The normalized f r a c t u r e  energy measured was 70 joulesfcm' which corresponds t o  behavior a t  t h e  t r a n s i t i o n  
temperature. Figure 7.10.8 provides an excel lent  example of duc t i l e  f a i l u r e  along a cent ra l  band which 
separa tes  two regions which f a i l e d  by b r i t t l e  f r ac tu re .  T h i s  duc t i l e  band appears t o  contain seams up t o  
1 mm i n  length oriented normal t o  t h e  f r a c t u r e  surface and pa ra l l e l  t o  t h e  o r ig ina l  crack t i p .  
explanation i s  t h a t  i n t e rna l  seams were created during r o l l i n g ,  but t h i s  is considered highly 
speculative.  
of f a i l u r e  i n  HT-9 when f a i l u r e  is not af fec ted  by d e l t a  f e r r i t e  s t r inge r s .  

Figures 7.10.9 and 7.10.10 provide comparison of HT-9 p l a t e  material  specimens KT20 and KT24 which 
were i r r ad ia t ed  a t  550'C t o  13 dpa and t e s t ed  a t  -7'C and 104.C. respectively.  
normalized f r a c t u r e  energy of 52 jouleslcm' which corresponds t o  behavior on the  upper she l f .  
Figure 7.10.9 i s  very s imi lar  i n  appearance t o  Figure 7.10.8. Again a d u c t i l e  cent ra l  band can be seen 
separa t ing two b r i t t l e  regions w i t h  evidence fo r  seams i n  this  d u c t i l e  region. 
of r e l a t i v e  small plateau regions c h a r a c t e r i s t i c  of t h i s  condit ion.  
response on the e n t i r e  surface created during the  Charpy t e s t .  A t  higher magnification, a few examples 
of large  dimples can be seen; but, i n  general, duc t i l e  f a i l u r e  i s  associated w i t h  f i n e  dimple rupture.  
However, i n  Figure 7.10.10a. th ree  examples of f r ac tu re  i n  associa t ion w i t h  de l t a  f e r r i t e  (oriented 
parallel t o  the  d i rec t ion of crack propagation) can be iden t i f i ed .  The  s t ruc tu re  on specimen KT24 
appears t o  be very s imi lar  t o  t h a t  i n  t h e  duc t i l e  region of specimen KT06, shown i n  Figure 7.10.7; 
therefore ,  it  can be concluded t h a t  t h e  upper shel f  reduction found following i r r a d i a t i o n  a t  390'C is not 
a result of a change i n  f r a c t u r e  mechanism i n  comparison w i t h  t h a t  found following i r r a d i a t i o n  a t  550'C 
where t h e  upper shel f  reduction was much l e s s  severe. 

t h a t  negl ig ib le  change i n  f r a c t u r e  behavior occurred a s  a result of a f luence increase from 13 t o  26 dpa. 
Fractographic examinations i n  general confirmed t h a t  response, but s ign i f i can t  d i f ferences  were found as  
regarding the  d i s t r ibu t ion  of large  dimples in d u c t i l e  f r ac tu re .  

a t  390'C t o  26 dpa and t e s t ed  a t  29'C. 
corresponds t o  a t e s t  a t  t h e  t r a n s i t i o n  temperature. 
such a condition w i t h  an i n i t i a l  narrow duct i le  region, a b r i t t l e  region covering just over hal f  the 
f r a c t u r e  ligament and w i t h  the  remaining surface d u c t i l e  i n  appearance. 
s imi lar  i n  appearance t o  t h a t  f o r  condition KT consis t ing  of small plateau regions linked by s teeply  
inclined t r a n s i t i o n  regions. 
can be found i n  Figure 7.10.11b. A steep ledge can be seen separa t ing the f a t igue  crack from the bottom 
of a b r i t t l e  plateau region. 

normalized f r a c t u r e  energy f o r  t h i s  specimen was 231.0 jouleslcm' which corresponds t o  upper shel f  
behavior. The f r a c t u r e  appearance f o r  this condition was found t o  be completely duc t i l e .  
note, however, was the  presence of a large number of large  dimples on the  order of 50um i n  diameter 
apparently arrayed i n  l i nes  pa ra l l e l  t o  t h e  d i r ec t ion  of crack propagation. T h i s  corresponds t o  t h e  
r o l l i n g  d i r e ~ t i o n . ~  A re-examination of specimen TV22 (Figure 7.10.11) reveals t h a t  s imi l a r  f ea tu res  
were present following i r r ad ia t ion  a t  390'C t o  26 dpa. These f ea tu res  were n o t  found i n  uni r radia ted  
specimens but a re  prese t i n  specimen TV13 i r r ad ia t ed  a t  500'C t o  13 dpa although t h e  density of such 
dimples was rmch lower.' Therefore, i r r a d i a t i o n  of 9Cr-lUo appears t o  be promoting t h e  growth of cavi ty  
nucleation s i t e s ,  t h e  nucleation s i t e  probably associated w i t h  s t r i n g e r s  i n  the  a l loy .  
density of such s igh t  is g rea t ly  increased, the  upper she l f  response wi l l  not be af fec ted  s ign i f i can t ly .  

more con orted (nonplanar) than e i t h e r  base metal specimens of HT-9 and 9Cr-lMo or  weld metal specimens 
of HT-9.' Therefore, t h e  plane s t r a i n  stress s t a t e  imposed by t h e  specimen geometry was counteracted by 
the  microstructure thereby allowing more p l a s t i c i t y  p r io r  t o  f a i l u r e  and higher upper she l f  energies  i n  
9Cr-1Mo weld metal compared t o  base metal conditions. Also, b r i t t l e  f a i l u r e  was l e s s  extensive than i n  
other condit ions,  often occurring i n  local ized regions. 

Figure 7.10.13 shows t h e  f r ac tu re  surface of Modified 9Cr-1Mo weld metal specimen NL05 which was 
i r r ad ia t ed  a t  390'C t o  13 dpa and t e s t ed  a t  82'C. 
which corresponds t o  a temperature s l i g h t l y  below t h e  t r a n s i t i o n  temperature. Figure 7.10.13 reveals  
t h a t  t h e  usual duc t i l e  regions immediately adjacent t o  t h e  f a t igue  surface  and  across approximately half  
of t h e  remaining part of the  specimen ligament. 
of the  specimen i n  a thumb-nail shaped area s l i g h t l y  below the  center of the  fractograph. 
inspection showed t h a t  b r i t t l e  f a i l u r e  a l s o  occurred i n  i so la t ed  regions "beyond t h e  thumb n a i l "  i n  t h e  
lower pa r t  of t h e  fractograph. Also, the  f r a c t u r e  surface  i s  somewhat m r e  contorted than those 
previously examined. 
appears t o  divide t h e  f r a c t u r e  surface in to  two par ts .  Also. t h e  shear l i p  a t  the  lower par t  of t h e  
micrograph i s  unusua l ly  d is tor ted .  Therefore, i t  i s  l ike ly  t h a t  a s ign i f i can t  f r ac t ion  of t h e  energy 
absorbed i n  breaking this specimen was due t o  the  formation of th is  contorted f r a c t u r e  surfaced.  
a case, a f r a c t u r e  appearance t r a n s i t i o n  temperature would be a nwre meaningful measure of d u c t i l e  
b r i t t l e  t r a n s i t i o n  behavior. 

Specimen N L l l  which was i r r ad ia t ed  a t  450'C and t e s t ed  a t  43'C is shown i n  Figure 7.10.14. The 
normalized f r ac tu re  energy f o r  specimen N L l l  was 233.6 joulesfcm' w h i c h  corresponds t o  a t e s t  temperature 

These f ea tu res  a re  believed t o  be t yp ica l  of f a i l u r e  a t  p r i o r  aus ten i t e  gra in  

An 

However, apar t  from th i s  d u c t i l e  bank, t h e  f r ac tu re  appearance of specimen KT13 i s  typical  

Specimen KT20 had a 

B r i t t l e  behavior cons i s t s  
Figure 7.10.10 displays d u c t i l e  

9Cr-lMo Base Metal. The Charpy test r e s u l t s  for Modified 9Cr-1Mo base metal specimens indicated 

Figure 7.10.11 shows the  f r a c t u r e  surface of 9Cr-lMo base metal specimen TV22 which was i r r ad ia t ed  
The normalized f r a c t u r e  energy measured was 85.4 jouleslcm' which 

The f r a c t u r e  surface  was found t o  be typical  fo r  

The b r i t t l e  f r a c t u r e  surface was 

A n  example of b r i t t l e  f r a c t u r e  f a r  from t h e  v i c in i ty  of t h e  f a t igue  crack 

However, such observations a r e  not uncommon. 
Specimen TV11, which was i r r ad ia t ed  a t  500'C and t e s t ed  a t  29'C, i s  shown in Figure 7.10.12. The 

Of pa r t i cu la r  

Unless t h e  

9Cr-1Mo Weld Ketal. The f r ac tu re  surfaces of Modified 9Cr-lflo weld metal specimens were found t o  be 

The normalized f r a c t u r e  energy was 107.5 joulesfcm' 

However, a la rge  b r i t t l e  region does cover about a t h i r d  
Careful 

A deep s t e p  is found i n  t h e  middle of the  thumb na i l  region,  and a t a l l  r idge  

In such 
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c l o s e  t o  b u t  somewhat above t h e  t r a n s i t i o n  tempera tu re .  
p r e d o m i n a n t l y  by d imple r u p t u r e ;  o n l y  a few s m a l l  i s o l a t e d  r e g i o n s  showed b r i t t l e  f r a c t u r e .  An example 
o f  b r i t t l e  f r a c t u r e  i s  i d e n t i f i e d  by an a r row i n  t h e  upper l e f t  p o r t i o n  o f  t h e  f r a c t o g r a p h .  There fo re ,  
t h i s  specimen was t e s t e d  a t  a tempera tu re  ve ry  c l o s e  t o  t h e  upper  s h e l f .  
f r a c t u r e  appearance due t o  t h e  weldmeta l  m i c r o s t r u c t u r e  can be found near  t h e  f a t i g u e  su r face  and a t  t h e  
l ower  l e f t .  However, t h i s  e f f e c t  i s  n o t  very  pronounced i n  specimen NL11. 

F i g u r e  7.10.15 shows t h e  f r a c t u r e  s u r f a c e  o f  specimen NL31 which was i r r a d i a t e d  a t  550'C t o  13 dpa 
and t e s t e d  a t  1 O ' C .  The no rma l i zed  f r a c t u r e  energy f o r  t h i s  specimen was 241.4 which cor responds t o  a 
t e s t  t empera tu re  somewhat above t h e  t r a n s i t i o n  tempera tu re .  
a g a i n  m o s t l y  d u c t i l e  f a i l u r e ,  b u t  a r e g i o n  i n  t h e  lower  l e f t  was found t o  be b r i t t l e .  
s u r f a c e  was a l s o  c o n t o r t e d .  A l a r g e  r i d g e  can be seen i n  t h e  lower  l e f t ,  unusual  show l i p  f o r m a t i o n  i n  
t h e  lower  c e n t e r ,  and a r a i s e d  r e g i o n  i n  t h e  lower  r i g h t .  Therefore,  based on f r a c t u r e  appearance, 
specimen NL31 would co r respond  t o  behav io r  a t  t empera tu res  j u s t  below t h e  upper s h e l f  reg ime.  

7.10.4.4 D i s c u s s i o n  

Specimen N L l l  was found  t o  have f a i l e d  

Ev idence f o r  a c o n t o r t e d  

The f r a c t u r e  appearance of specimen NL31 was 
T h i s  f r a c t u r e  

T h i s  s e c t i o n  w i l l  address t h e  i s s u e s  r a i s e d  i n  S e c t i o n  7.10.4.1. The purpose i s  t o  d i s c u s s  t h e  
r e s u l t s  of t h e  examina t ions  w i t h  r e g a r d  t o  t h e  o b j e c t i v e s  of t h e  e f f o r t  and t o  comment f u r t h e r  on t h e  
e f f e c t s  o f  i r r a d i a t i o n  f l uence  compos i t i on  and m i c r o s t r u c t u r e  on f r a c t u r e  toughness. 

I r r a d i a t i o n  F luence  

Comparisons can now be made of f r a c t u r e  s u r f a c e  topography as a f u n c t i o n  of i r r a d i a t i o n  f l u e n c e  f o r  
b o t h  HT-9 and 9Cr-1Mo base m e t a l .  
t r a n s i t i o n  tempera tu re  (DBTT). r e d u c t i o n s  i n  upper s h e l f  energy (USE)  and hardness i n c r e a s e s  a t  390'C f o r  
HT-9 and 9Cr-lMo, t h e  f r a c t u r e  appearance i s  r e l a t i v e l y  unchanged. 
s u r f a c e s  on i r r a d i a t e d  specimens look s i m i l a r  t o  f r a c t u r e  su r faces  on u n i r r a d i a t e d  specimens. There fo re ,  
i t  can be conc luded t h a t  new mechanisms f o r  f a i l u r e ,  such as tempera tu re  e m b r i t t l e m e n t  (where phosphorus, 
l e a d  and ant imony segregate t o  p r i o r  a u s t e n i t e  g r a i n  boundar ies )  a r e  n o t  s i g n i f i c a n t l y  enhanced by 
i r r a d i a t i o n ,  a t  l e a s t  t o  doses on t h e  o r d e r  o f  26 dpa. The changes i n  f r a c t u r e  toughness must i n s t e a d  be 
a t t r i b u t e d  t o  changes i n  t h e  m i c r o s t r u c t u r e  so t h a t  f a i l u r e  occu rs  a t  l ower  p l a s t i c  s t r a i n  b u t  a t  t h e  
same s i t e s  as t h e  ones t h a t  opera te  i n  u n i r r a d i a t e d  m a t e r i a l .  
i r r a d i a t i o n  a r e  l i k e l y  due t o  enhanced c a r b i d e  p r e c i p i t a t i o n  and i n t e r m e t a l l i c  f o r m a t i o n  i n  t h e  v i c i n i t y  
of c a r b i d e  p a r t i c l e s  formed d u r i n g  h e a t  t r e a t m e n t  which leads  t o  c a v i t y  n u c l e a t i o n  and g rowth  a t  lower  
p l a s t i c  s t r a i n s .  
c a r b i d e  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  l o o p  f o r m a t i o n .  
i r r a d i a t i o n  i n  E B R - I 1  t o  26 dpa.) Therefore,  i t  can be concluded, based on f r a c t o g r a p h i c  examina t ion ,  
t h a t  t h e  e f f e c t  o f  i r r a d i a t i o n  f l u e n c e  on f r a c t u r e  toughness t o  26 dpa i s  t o  f a c i l i t a t e  c a v i t y  n u c l e a t i o n  
and t o  reduce t h e  p l a s t i c  s t r a i n  p r i o r  t o  c a v i t y  n u c l e a t i o n  and coa lescence.  No new mechanisms such as 
temper e m b r i t t l e m e n t  become dominant.  

Weld meta l  specimens appear t o  c o n s i s t e n t l y  g i v e  s l i g h t l y  h i g h e r  upper  s h e l f  
ene r  i e s  t h a n  do base meta l  specimens. The p r e s e n t  s e r i e s  of t e s t s  demonst ra tes t h i s  e f f e c t  f o r  9Cr-  
lMo,' and a s i m i l a r  c o n c l u s i o n  can be drawn from r e s u l t s  f o r  HT-9 f rom t h e  lower  f l u e n c e  d i s c h a r g e  o f  
AD-2. F r a c t o g r a p h i c  examina t ion  p r o v i d e s  an e x p l a n a t i o n .  
t h e r e f o r e ,  a l a r g e r  r e g i o n  i s  p l a s t i c a l l y  deformed ahead of t h e  p r o p a g a t i n g  c rack ,  and more energy i s  
absorbed. A S  a r e s u l t ,  upper  s h e l f  ene rg ies  a r e  h i g h e r .  
curve,  o f t e n  non-symmetr ic about  t h e  t r a n s i t i o n  tempera tu re .  
7.10. ld f o r  9Cr-1Mo specimens i r r a d i a t e d  a t  390'C. 
f r a c t u r e  appearance t r a n s i t i o n  tempera tu re  (FATT) r a t h e r  t h a n  an absorbed energy c r i t e r i o n .  

m a t r i x .  S e r i e s  TT r e p r e s e n t s  a "mi11 annealed"  c o n d i t i o n  f o r  HT-9 which d i f f e r s  f r o m  t h e  s t a n d a r d  
c o n d i t i o n  i n  t h a t  i t  was a u s t e n i t i z e d  a t  1149'C f o r  one h o u r  and t h e n  h o t  worked p r i o r  t o  c o o l i n g  t o  room 
temperature.  I t  d i d  undergo a f u l l  m a t r e n s i t e  t r a n s f o r m a t i o n ,  and t h e  d e l t a  f e r r i t e  c o n t e n t  remained i n  
t h e  a c c e p t a b l e  range o f  1%. I n  comparison, t h e  KT s e r i e s  was g i v e n  a lower  a n n e a l i n g  t r e a t m e n t  1038'C 
f o r  f o u r  minutes.  b u t  t h e  temper ing  c o n d i t i o n s  were s i m i l a r  (760'C f o r  30 m inu tes  versus 750'C f o r  one 
h o u r ) .  
a s c r i b e d ,  based on t h e  p r e s e n t  e f f o r t ,  t o  t h e  e f f e c t s  on f r a c t u r e  o f  d e l t a  f e r r i t e  s t r i n g e r s  (and 
i n d i r e c t l y  perhaps on r o l l i n g  d i r e c t i o n ) .  The d e l t a  f e r r i t e  s t r i n g e r s  appear t o  promote t h e  g rowth  o f  
b r i t t l e  c r a c k s  ove r  l a r g e  areas, c r o s s i n g  p r i o r  a u s t e n i t e  g r a i n  boundar ies .  I f  t h e  d e l t a  f e r r i t e  
s t r i n g e r s  a r e  broken up by c r o s s  r o l l i n g ,  b r i t t l e  c racks  o n l y  e x t e n d  t o  p r i o r  a u s t e n i t e  boundar ies ;  
t h e r e f o r e ,  energy must be absorbed i n  b r e a k i n g  t h e  l i gamen ts  between b r i t t l e  c racks .  S i m i l a r  argument 
a p p l y  t o  d u c t i l e  f a i l u r e  (upper  s h e l f  response) ;  t h e r e f o r e ,  i t  can be conc luded t h a t  f a b r i c a t i o n  
procedures can have a measurable e f f e c t  on toughness and t h a t  c r o s s  r o l l i n g  i s  l i k e l y  t o  be b e n e f i c i a l  if 
t h e  hea t  o f  HT-9 c o n t a i n s  d e l t a  f e r r i t e .  

A l though  i r r a d i a t i o n  does cause s i g n i f i c a n t  s h i f t  i n  d u c t i l e - b r i t t l e  

Both d u c t i l e  and b r i t t l e  f r a c t u r e  

F o r  example, r e d u c t i o n s  i n  USE due t o  

A lso ,  s h i f t s  i n  OBIT can be due t o  m a t r i x  ha rden ing  as a r e s u l t  o f  G-phase, a' and 
(Vo ids  a r e  n o t  p r e s e n t  i n  HT-9 f o l l o w i n g  

Weld M e t a l  Response. 

The f r a c t u r e  s u r f a c e s  a r e  more c o n t o r t e d ;  

A good example i s  p r o v i d e d  i n  F i g u r e  
T h i s  l eads  t o  a d i s t o r t e d  Charpy impact  energy 

T h i s  d i s t o r t i o n  c o u l d  p r o b a b l y  be reduced by u s i n g  a 

P r o c e s s i n g  E f f e c t s  f o r  HT-9. Two c o n d i t i o n s  of HT-9 can be compared f r o m  t h e  AD-2 Charpy specimen 

Bo th  s e r i e s  came f rom t h e  same a l l o y  h e a t .  The d i f f e r e n c e  i n  Charpy f r a c t u r e  behav io r  can be 
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7.10.5 Conclus ions 

S i g n i f i c a n t  harden ing  occurs both i n  HT-9 and 9Cr-1Mo f o l l o w i n g  i r r a d i a t i o n  a t  390'C whereas 
f o l l o w i n g  i r r a d i a t i o n  a t  h i g h e r  temperatures of 450'C and above, hardness remains cons tan t  or decreases 
s l i g h t l y .  Hardness decreases w i t h  i n c r e a s i n g  f l u e n c e  o f  H i - 9  i r r a d i a t e d  a t  390'C and f o r  Mod i f ied  9Cr- 
110 i r r a d i a t e d  a t  390'C and 500'C. 

F rac tu re  appearance i s  no t  a l t e r e d  s i g n i f i c a n t l y  by i r r a d i a t i o n  t o  i n c r e a s i n g  f luence;  t h e r e f o r e ,  
new f r a c t u r e  mechanisms a r e  n o t  promoted by i r r a d i a t i o n .  F a i l u r e  i s  c o n t r o l l e d  by t h e  m i c r o s t r u c t u r e  
generated p r i o r  t o  i r r a d i a t i o n ,  b u t  t h e  a l lowed p l a s t i c  s t r a i n  i s  decreased a n d l o r  t h e  n u c l e a t i o n  and 
coalescence of c a v i t i e s  i s  acce le ra ted .  

7.10.6 F u t u r e  Work 

T h i s  work w i l l  be cont inued when more Charpy specimens become a v a i l a b l e  f o r  examinat ion.  
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8.1 SWELLING AND TENSILE PROPERTIES OF NEUTRON IRRADIATED COPPER ALLOYS FOR HIGH HEAT FLUX A P P L I C A T I O N S  
R. J .  Livak,  T. G.  Zocco, and J .  C. Kennedy (Los Alamos Nat iona l  Laboratory)  

0.1.1 A D I P  Task 

ADIP Tasks a re  n o t  de f i ned  f o r  copper a l l o y s  i n  t he  1978 program plan.  The tasks  i nvo l ved  are  s i m i l a r  
t o  Tasks 1.8.13, Tens i l e  Proper t ies  o f  A u s t e n i t i c  A l loys ,  and I.C.2, M ic ros t ruc tu res  and Swel l ing  i n  
A u s t e n i t i c  A l loys .  

0.1.2 Ob jec t i ve  

s t reng th ,  h i gh- conduc t i v i t y  copper a l l o y s  i n  o rder  t o  p lan  f u t u r e  a l l o y  development f o r  hi’gh heat  f l u x  
components. 

The o b j e c t i v e  of t h i s  work i s  t o  determine the  neutron i r r a d i a t i o n  response of f o u r  commercial, h igh-  

8.1.3 Sumnary 

Four commercial copper a l l o y s  and two elemental coppers were i r r a d i a t e d  i n  E B R - I 1  t o  f luences o f  3 and 
The AMZIRC a l l o y  and t h e  two elemental coppers showed l a r g e  s w e l l i n g  a t  t h e  h i gh  f luence. 15 dpa a t  385OC. 

The two p r e c i p i t a t i o n  hardened and c o l d  worked a l l o y s  (AMZIRC and MZC) were sof tened s i g n i f i c a n t l y  by t he  
i r r a d i a t i o n .  The two alumina-dispersed a l l o y s  (P.1-20 and A1-60) r e ta i ned  t h e i r  mechanical s t r eng th  a f t e r  
i r r a d i a t i o n ,  

8.1.4 Progress and Status 

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

High- strength,  h i gh- conduc t i v i t y  copper a l l o y s  a re  being considered f o r  several  app l i ca t i ons  i n  fus ion 
reac to r s  such as t he  f i r s t  w a l l  i n  h i gh  power-density devices, r e s i s t i v e  magnetic c o i l s ,  and h i gh  heat  f l u x  
components. 
m a t e r i a l s  such as s t a i n l e s s  s t e e l  and r e f r a c t o r y  a l l o y s ,  o f f e r s  t he  design p o t e n t i a l  o f  h i ghe r  thermal 
f l uxes  a t  t he  f i r s t  w a l l  which i s  e s p e c i a l l y  impor tan t  f o r  compact, h i gh  power-density r eac to r s . ” 2  
support  of engineer ing s tud ies  be ing  done a t  Los Alamos Nat iona l  Laboratory on t h e  Compact Reversed-Field 
Pinch Reactor (CRFPR), an independent ly  supported research program was i n i t i a t e d  a t  Los Alamos t o  study 
r a d i a t i o n  damage e f fec ts  i n  h igh- s t rength ,  h i gh- conduc t i v i t y  copper a l l o y s  w i t h  t he  purpose o f  developing 
ma te r i a l s  t h a t  w i l l  be capable o f  w i ths tand ing  t he  opera t ing  environment i n  t he  f us i on  power core o f  t h e  
proposed CRFPR. 

8.1.4.2 Procedure 

Two elemental coppers and four  d i l u t e  copper a l l o y s  were i r r a d i a t e d  i n  the  Experimental Breeder 
Reactor (EBR-11) a t  385OC t o  two f luences ( E n ’  0.1 MeV) of 0.4 and 2.0 x 10‘‘ n/m2 correspondins t o  about 
3 and 15 displacements per  atom (dpa). The nominal composit ions o f  t h e  s i x  copper t e s t  ma te r i a l s  ( i n  wt%) 
a re  Marz-grade copper - 99.999% p u r i t y ,  oxygen-free (OF) copper - 99.95% p u r i t y ,  A1-20 - 0.20% alumina, 
A 1 4 0  - 0.60% alumina, AMZIRC - 0.17% Z r ,  and MZC - 0.5% C r  + 0.18% Z r  t 0.04% Mg. 
annealed a t  t he  same t ime and temperature (245 days a t  385°C) as t he  f u l l - power  days exposure o f  t he  
i r r a d i a t e d  samples. The i r r a d i a t i o n  temperature used i s  a r e a l i s t i c  near-maximum temRerature f o r  h i g h  
power-density f i r s t  w a l l  designs based on copper a l l o y s .  

The Marz-grade copper was i r r a d i a t e d  i n  t he  c o l d  r o l l e d  cond i t ion ,  and t he  oxygen-free copper had been 
annealed 5 minutes a t  500°C i n  argon a f t e r  c o l d  r o l l i n g .  The two prec ip i ta t ion- hardened a l l o y s  (AMZIRC and 
MZC) supp l ied  by AMAX Base Metals were i r r a d i a t e d  i n  t he  90% co ld  r o l l e d  and aged cond i t i on  (one hour a t  
425°C). The two alumina-dispersed copper a l l o y s  (Al -20 and A1-60) were supp l ied  by SCM Metal Products t h a t  
had produced them by t he  h o t  ex t rus i on  and subsequent f a b r i c a t i o n  o f  i n t e r n a l l y  ox i d i zed  powders. These 
two a l l o y s  had been c o l d  r o l l e d  83% reduc t ion  i n  th ickness  fo l lowed by an in te rmed ia te  anneal a t  850°C i n  
argon and then g iven  a f i n a l  c o l d  r educ t i on  of 70% w i t h  a s t r ess  r e l i e f  anneal a t  850°C i n  argon. 

Densi ty  changes f o r  t h e  c o n t r o l  and i r r a d i a t e d  samples were measured us ing  the  immersion method w i t h  
bromobenzene. 
long  x 2 m wide x 0.5 o r  0.25 mm t h i c k .  
conducted us ing  a scanning e l e c t r o n  microscope. 

8.1.4.3 Resul ts  and Discussion 

The h i gh  thermal c o n d u c t i v i t y  of copper-base a l l o y s ,  r e l a t i v e  t o  o the r  candidate s t r u c t u r a l  

I n  

Contro l  samples were 

Room temperature t e n s i l e  p rope r t i es  were determined f o r  t r i p l i c a t e  specimens measuring 35 mm 
Fractographic examination o f  t he  broken t e n s i l e  specimens was 

The i nc reases in  volume ( o r  s w e l l i n g )  a f t e r  i r r a d i a t i o n  o f  these copper a l l o y s  a re  g iven  I n  Table 8.1.1. 
The r e s u l t s  a re  based on dens i t y  measurements made o f  t r i p l i c a t e  specimens w i t h  a t y p i c a l  s tandard devia-  
t i o n  o f  about 0.3% f o r  each cond i t i on .  The two elemental coppers (Marz and O F )  e x h i b i t e d  t he  same s w e l l i n g  
response a f t e r  i r r a d i a t i o n  w i t h i n  t he  accuracy o f  t he  dens i ty  measurements. 
copper a l l o y s ,  t he  t h i n  copper c l a d  produced by t h e  manufactur ing process was chemica l l y  removed from the  
specimens be fore  measuring the  dens i t i es .  

For t h e  two alumina-dispersed 

The v a r i a b i l i t y  o f  t he  data f o r  these two samples i nd i ca tes  
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r e l a t i v e l y  l i t t l e  swel l ing  a t  the h igh fluence compared t o  the o the r  tes ted samples. 
hardened copper a l l oys  d i d  n o t  swel l  a t  t he  low fluence, whereas a t  the h igh fluence the  AMZIRC a l l o y  exhi-  
b i t e d  a la rge change i n  volume. 
non-uniform vo id  formation occurr ing i n  the temperature range 300-400°C. 
the MZC a l l o y  d i d  not  swel l  a t  t he  high fluence corresponding t o  about 15 dpa. 

The two p rec ip i ta t i on-  

An encouraging observation i s  t h a t  
Previous dual- ion i r r a d i a t i o n  experiments w i t h  t h i s  AMZIRC sample3 found 

Table 8.1.1. Swell ing of Neutron I r r a d i a t e d  Copper A l loys  

Volume % Increase Af ter  I r r a d i a t i o n  
2 Hiqh Dose 1 Copper Low Dose 

Marx-grade (99.999%) 1.8 6.8 
Oxygen-free (99.95%) 2.1 6.6 

Dispersion-Strengthened 3 

A1-20 
A1 -60 

0.8 
1.1 

Prec ip i  tate-Strengthened 

AMZIRC n i l  
MZC n i  1 

0.9 
0.6 

3.6 
n i l  

’Low dose exposure was 0.4 x l o z 6  n/m2 (En > 0.1 MeV) a t  385°C g i v i n g  
~r 3 dpa i n  copper. 

‘High dose exposure was 2.0 x l o z 6  n/m2 (En > 0.1 MeV) a t  385°C g iv ing  
~r 15 dpa i n  copper. 

3Densit ies measured a f te r  removal of oxygen-free copper clad. 

‘t 19. 
iken t e n s i l e  specimens were examined i n  a 
iper cont ro l  sample exh ib i ted a very duc t i  

hs mee..+;=+aA ..,i+k ,,..4A. I.-.. C:”...... , 

Tensi le proper t ies  measured a t  room temperature for  the  i r r a d i a t e d  and cont ro l  samples are given i n  
Table 8.1.2. The c o l d  worked, Marz-grade copper d i d  not  show any pronounced changes i n  0.3% offset y i e l d  
strength o r  u l t ima te  t e n s i l e  strength (UTS) due t o  neutron i r r a d i a t i o n ,  although i t d i d  have a lower t o t a l  
e longat ion a t  the h igh neutron dose. The y i e l d  strength o f  the annealed OF copper doubled a f t e r  the  neutron 
i r r a d i a t i o n  w i t h  no change i n  the u l t ima te  t e n s i l e  strength. The two alumina-dispersed a l l oys  exh ib i ted 
r e l a t i v e l y  s tab le  t e n s i l e  propert ies a f t e r  i r r a d i a t i o n .  The A1-20 sample showed greater t e n s i l e  elonga- 
t i o n  a t  the high dose leve l  i nd i ca t ing  t h a t  some recovery of the co ld  worked microstructure may have 
occurred. 

The two precipitation-hardened a l l oys  exh ib i ted pronounced softening a f t e r  i r r a d i a t i o n  as r e f l e c t e d  
by the lower strength l eve ls  and the higher t e n s i l e  elongations w i t h  the AMZIRC a l l o y  showing l a r g e r  changes 
than the MZC a l l oy .  These two a l l oys  were i r r a d i a t e d  a t  a temperature somewhat below t h e i r  aging,tempera- 
t u r e  range so t h a t  radiation-enhanced overaging effects a t  long times would be ant ic ipated. A previous 
inves t iga t ion  of the thermal and i o n  i r r a d i a t e d  behavior of these two a l l oys  found t h a t  Cu-ion i r r a d i a t i o n  
accelerated d i s loca t ion  recovery and g ra in  r e c r y s t a l l i z a t i o n  Drocesses i n  the temperature range 30O-55O0C 
r e s u l t i n g  i n  s ign i f i can t  sof tenin 

shown i n  Figure 8.1.1, the OF COF 
knife-edge f rac ture  surface t h a t  818yJ yL Y_13UC1m.LSU n l C r I  vv Iua r ~ y u ~ s  8. l . ld) .  The Marz-grade copper 
had s i m i l a r  fractographic features as the OF copp 

The f rac tu re  appearance of the A1-20 (and a1 
Figure 8.1.2a-b. The small dimples on the  fractu,, q(lcs LrIaIocLcl , s t i c  of a microvoid coalescence 
f a i l u r e  mechanism. The white p a r t i c l e s  appear t o  be alumina p a r t i c l e s  t h a t  may have i n i t i a t e d  some o f  the 
dimples o r  microvoids. These observations c o n f i n  the  measured d u c t i l i t y  values (elongation and reduct ion 
of area) given i n  Table 8.1.2 t h a t  d i d  n o t  change very much w i t h  i r r a d i a t i o n  for  the  alumina-dispersed 
a l loys .  

I r r a d i a t i o n  produced la rge  changes i n  the f rac ture  appearance of the AMZIRC samples (see Figure 8.1.3 
a-b). The cont ro l  specimen showed wavy s l i p  o r  serpentine g l i d e  which characterizes d u c t i l e  f a i l u r e .  
Af ter  i r r a d i a t i o n ,  la rge dimples were observed on the f rac ture  which may be associated w i t h  voids formed 
dur ing neutron i r r a d i a t i o n .  The large measured t e n s i l e  elongation fo r  the high dose specimens i s  p a r t l y  
a t t r i b u t e d  t o  the g ra in  boundary f issures tha t  occurred along the length  of the specimen (see Figure 61.3cL 

The f rac tu re  surfaces o f  brc scanning e lec t ron microscope. As 
l e  f a i l u r e  as evidenced by the 

change w i t h  i r r a d i a t i o n  as seen i n  
e r .  
so A1-60) sample d i d  not  , 
..a e,...*s”.. %..̂ ..h--=-*”..<, 
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Table 8.1.2. Tens i l e  P rope r t i es  o f  Neutron I r r a d i a t e d  Copper A l l oys  

A l l o y  I Cond i t ion  

Marz Cu: Cont ro l  
Low dose 
High dose 

Low dose 
High dose 

Low dose 
High dose 

Low dose 
High dose 

OF Cu: Cont ro l  

A1-20: Contro l  

A1-60: Cont ro l  

AMZIRC: Contro l  
Low dose 
High dose 

Low dose 
High dose 

MZC: Cont ro l  

Y i e l d  w 
31 
33 
41 

26 
51 
49 

337 
353 
343 

397 
402 
379 

271 
274 

71 

431 
379 
2 a4 

UTS 
(ME) 
152 
155 
149 

196 
200 
185 

395 
41 1 
395 

466 
468 
449 

334 
31 7 
226 

458 
437 
354 

24 
25 
17 

27 
30 
24 

14 
14  
20 

12 
10 
11 

9 
9 

34 

10 
13 
17 

Reduction 
o f  Area 
0 

89 

48 
80 

90 
59 
46 

48 
51 
50 

56 
43 
50 

70 
73 
44 

61 
56 
57 

Fig. 8.1.la-b. Fractographs of oxygen-free copper sample. ( a )  Side view showing knife-edge necked 
region.  ( b )  Wavy s l i p  s teps i n d i c a t i v e  o f  d u c t i l e  f a i l u r e .  
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g .  8.1.lc-d. Fractographs of oxygen-free copper, high dose sample. ( c )  Side view showing reduced 
a t  the fracture. ( d )  Large dimples may be associated with voids produced by irradiation. 

( a )  

g.  8.1.2a-b. FractograpKs of  alumina-dispersed A1-20 samples. 
ence failure. 

(a )  Control sample showing microvoid 
( b )  High dose sample with similar fracture appearance as (a ) .  
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I 

Fig. 8.1.3a-c. Fractographs of AMZIRC samples. ( a )  Control sample showing serpentine g l i d e  on a 
d u c t i l e  f a i lu re .  
i r r a d i a t i o n .  

(b )  High dose sample w i th  dimples t h a t  may be associated wi th  voids produced by neutron 
( c l  Hiah dose sample showing grain boundary fissures and protruding grains on the  side 

~ 

surface o f  the'bkoken t e n s i l e  specimen. 
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Chemical analyses f o r  three of the copper test materials are given i n  Table 8.1.3 for both i r r ad ia t ed  

The major e f f e c t  of these  chemical changes for MFE 
and unir radia ted  samples. Transmutation of copper by neutron i r r ad ia t ion  increased the nickel and zinc 
contents of a l l  t h ree  mater ia ls  by measurable amounts. 
appl ica t ions  will be t o  decrease the  thermal conductivity of t h e  mater ia ls  during i r r a d i a t i o n  w i t h  subse- 
quent impact on the design and operating parameters of a fusion energy device. 

Table 8.1.3. Chemical Analyses of Neutron I r r ad ia t ed  Copper Alloys 

Marz Cu 
Control* a* A1-60 MZC 

Ag <1 <2 20 
A1 <1 6 4500 
As 120* 
Be <1 <1 
B i  <6 <4 

3 
<2 

37* 
1 
<4 

Mo <1 <10 
Na <1 <40 
Ni <1 600 10 
P 6 
Pb < lo  < lo  
0 1 4920 s 
Sb <40 

1 5  

Si 
Sn 

8 12 
<1 <10 

< lo  
30 

T i  <1 <20 <1 0 
Zn 1000 4 0  
Zr <1 <20 <1Q 

Control 
15 20 

5000 40 
<400 90* 

<1 <1 
6 <4 
2 

<10 <4 
< l o  <1 0 

6 51 00 
100 70 

40* 
3 450 

<3 4 
< i n  . _  
<30 
500 10 

d 
12 < l o  

110 
30 

<40 <40 
80* 

5 <10 
30 <10 

<20 <10 
800 <40 
<10 1800 

-* 
15 

<10 
<400 

<1 
<6 
<2 

<lo  
< l o  

4000 
100 

500 
3 

<lo 
<30 
500 

<10 

<40 

100 
150 
<20 
800 

1000 

*Analyses done by quan t i t a t ive  emisslon spectroscopy w i t h  a f ac to r  o f  two accuracy 
and a precision of 50% r e l a t i v e  standard deviation.  

The control samples of A1-60 and MZC were analyzed using inductively coupled plasma 
spectroscopy, unless marked with an asterisk, and have an accuracy withing 20% 
r e l a t i v e  of the t r u e  value and a precision of 3 t o  5% r e l a t i v e  standard deviation.  

*atn structures w i t n  very tew 
les t h a t  extended through the  

. .. - 

mici 
and _.._ _ _ _ _  --"" _.. lll.".."__l ~.-. l__ll__ _.,_ ~ I..I. -~,,,~... ..-_ _ .  . C  __.. -,= I__.. ~ . I . ._ ._ ._ I  . _ .  I.. 
extended time a t  385Y, t h e  two elemental coppers (MARZ and OF) had l a r g e  gi 
d is locat ions .  After the low dose i r r a d i a t i o n ,  l a rge ,  faceted voids o r  bubbl 
t h i n  f o i l s  were observed i n  t h e  elemental coppers as  shown i n  Figure 8.1.4. 

The alumina-dispersed copper a l loys  appear t o  have r e l a t i v e l y  s t a b l e  microstructures under the  f a s t  
neutron i r r a d i a t i o n  condit ions s tudied.  Both the A140 and A1-60 a l loys  have f i n e  grain s i z e s  of a few 
micrometers i n  diameter. The alumina p a r t i c l e  dispersion i s  more uniform i n  t h e  A1-20 a l loy  t h a n  i n  the 
A1-60 a l loy  which has a few l a rge ,  i so la t ed  p a r t i c l e s  surrounded by regions of smaller  and more numerous 
particles. 
i r r a d i a t e d  and control  samples have not  revealed any discernible  changes i n  the alumina p a r t i c l e  dispersion 
as a consequence of neutron i r r ad ia t ion .  
f r o m  an A1-60 control sample. 
t r i angu la r  ones. 

... ' 

The p a r t i c l e s  range i n  size from about 10 nm t o  60 nm. Extraction r ep l i cas  made from both 

The alumina p a r t i c l e  morphology var ies  f r o m  equiaxed p a r t i c l e s  t o  f l a t ,  
Figure 8.1.5 shows a typical  area  of an ext rac t ion replica made 
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I' 

Fig. 8.1.4. 
damage a t  385°C. 

Transmission electron micrograph o f  oxygen-free copper sample exposed t o  about 3 dpa 
The l a rge ,  faceted voids extend through the  f o i l  thickness. 

;~~'"~.:.""";':'":~::: ... . ,,, , ~~ _ _  .- 

Fig. 8.1.5. Extract ion rep l i ca  prepared from A1-60 control sample showing the  alumina p a r t i c l e  
dispersion. 
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8.2 NEUTRON-RADIATION INDUCED CHANGES IN ELECTRICAL RESISTIVITY OF COPPER ALLOYS FOR MFE APPLICATIONS - 
H .  M. Frost and J .  C .  Kennedy (Los Alamos National Laboratory) 

8.2.1 ADIP Task 

ADIP Tasks are  n o t  defined f o r  copper alloys in the 1978 program plan. 

8.2.2 Objective 

t ab le  copper alloys with low ye t  s t ab le  dc e lec t r i ca l  r e s i s t i v i t y  values ( a e )  a n d  thus with a t t r a c t i v e  
thermal conductivity ( K )  performance fo r  f i rs t-wal l  applications.  

8.2.3 Summary 

subjected in EBR-I1 t o  neutron fluences of 0 . 4  and 2.0 x1OZ6 n/m2 a t  658K. 
two alumina-dispersed alloys gave the best  r e su l t s :  Increases in pe ( a n d  1 / K )  of 6-7% a t  the high fluence, 
with no s ignif icant  changes (per paper 8.1 preceding) in the corresponding yie ld  s t resses .  
f o r  MZC and AMZIRC Cu alloys were smaller than t h i s ,  b u t  the corresponding yield s t resses  were stronqlv 
diminished a t  the high fluence. 
cantly t o  the observed changes in  pe. 

8.2.4 Progress and Status 

8.2.4.1 Introduction 

such as the compact reverse- field pinch reactor ( C R F P R )  being developed a t  Los Alamos. 
porate smaller confined plasmas with higher power densi t ies  tha t  give more intense f i rs t-wal l  loading by 
f a s t  neutrons, high thermal fluxes,  and other forms of radiation. 
i t e d  in the f i r s t  wall by the eddy currents induced e i t h e r  by the  toroidal plasma current o r  by the time- 
varying magnetic induction f i e l d  accompanying coil turn-on during pulsed operation. Cyclic mechanical 
s t r esses  will  r e s u l t  from both thermal gradients t h r o u g h  the f i rs t-wal l  thickness and induced electromag- 
net ic  forces throughout the f i rs t-wal l  volume. The thermal-mechanical fatigue resistance of f i rs t-wal l  
materials is thus an important consideration. All other things being equal, t h i s  resistance becomes greater  
t h e  greater  the values of K and l / p e  of the f i rs t-wal l  material .  That i s ,  good heat conduction through the 
f i r s t  wall will  lead t o  small gradients i n  temperature, a n d  high e lec t r i ca l  conductivity will r e su l t  in 
small temperature increases ar is ing from res i s t ive  heating. Further, high K ' s  will reduce the peak surface 
temperatures of the  f i r s t  wall result ing from sputtered- target heating. 

The absence of magnetically act lve  metals such as Ni and Fe in the f i rs t-wal l  a l loy a lso  means the absence 
o f  hysteresis losses which could fu r the r  add t o  the peak operating temperature requirements of the f i r s t  
wall. 

a t t r a c t i v e  candidate fo r  a f i rs t-wal l  material .  
be t t e r  strength a t  h i g h  temperatures. 
temperature of 0.4 o f  the  melting temperature T, t o  a r i s e  in CRFPR design'. 
l imi t  of 0 .5  T, below which l i t t l e  deqradation occurs in the s t ructural  performance of most alloys a t  or 

To iden t i fy ,  by fast-neutron i r radia t ion and post- i r radia t ion t e s t ing ,  one o r  more mechanically accep- 

Values of pe were measured f o r  two elemental (high-purity) coppers and four commercial copper alloys 
Relative t o  annealed controls,  

Changes i n  pe 

Void swelling and accumulation of transmuted Ni and Zn contributed s i g n i f i -  

Recent trends in  magnetic fusion energy (MFE) concepts have evolved toward more compact reactor designs 

In addition, thermal energy can be depos- 

Such designs incor- 

High values of K and l /pe  are  a lso  desirable in other  fusion reactor designs f o r  these same reasons. 

For the  preceding reasons, a high-conductivity copper alloy of sui table  mechanical strength i s  an 
A t  f i r s t  look, i t  may n o t  seem as a t t r a c t i v e  as alloys with 

However, a computer simulation has predicted a peak copper f i rs t-wal l  
This i s  within the nominal 

above room tern;erature. 

performance ( a t  T<Tm/2)  r e l a t ive  t o  high-temperature alloys.  I f  S / p e  i s  taken t o  be an abbreviated f igure  
of merit' -- with Sy the  room-temperature yie ld  s t r e s s  a t  0.2% o f z e t  -- then (unirradia ted)  annealed values 
fo r  any of the  four strengthened Cu alloys featured in t h i s  report  turn out t o  be nearly an order of magni- 
tude higher than fo r  Type 316 s t a in less  s t e e l s  o r  6-4 Ti alloys.  
vs. about 20 t o  30 MPa/Wcm for  (pure) titanium and fo r  316 s ta in less  s t e e l . 3 ' 4  

f a s t  neutrons (E>0.1 MeV). 

been annealed 5 min a t  775 K in argon a f t e r  cold ro l l ing ,  plus a high-purity (99.999%), Marz-grade copper 
i n i t i a l l y  in the cold- rolled condition. Two precipitation-hardened a l loys ,  MZC a n d  AMZIRC, were supplied 
by AMAX Base Metals and were tes ted in  the 90% cold- rolled and aged condition (1  h r ,  a t  700 K). 
two commercial materials studied were the alumina-dispersed copper alloys A1-20 and A1-60 supplied by SCM 
Metal Products, w i t h  nominal concentrations of alumina of 0.2 and 0.6 w t . % ,  respectively. They were cold 
rol led t o  a 83% reduction i n  thickness,  then annealed a t  1123 K i n  argon, and f i n a l l y  given a f inal  cold 
ro l l  reduction of 70% with a s t r ess- re l i e f  anneal a t  1123 K in  argon. 

In the succeeding paragraphs, we present de ta i l s  of the i r radia t ion experiment and the r e s i s t i v i t y  
measurement setup, then resu l t s  and discussion of the as-measured values and  the corresponding porosity and 
transmutation-product contributions t o  pe. Finally,  we discuss our resu l t s  i n  terms of a recent study. 

Furthermore, copper alloys strengthened by oxide dispersion or by precipi ta tes  have surprisingly good 

The Cu-alloy values were 150-220 MPaIuin-cm 

A major purpose of t h i s  study was thus to  see how well these Cu alloys "held u p"  under i r radia t ion by 

The elemental coppers used in t h i s  study were an oxygen-free high-conductivity ( O F H C )  copper which' had 

The other 



162 

Thermocouple 

Display 

8.2.4.2 Experimental Details 

Experimental Breeder Reactor ( E B R - 1 1 )  a t  Idaho Falls a t  fluences of 0.4 and 2.0 x l o z 6  n / m 2  corresponding t o  
damage levels in copper of 3 and 15 dpa, respectively. Control specimens were annealed f o r  the same time 
and temperature conditions (245  days a t  385°C) as f o r  the full-power i r rad ia t ion .  All specimens were cut 
from sheet stock t o  lengths and cross sectional areas of 3.5 cm and k t o  1 mm2, respectively.  

i s  i l l u s t r a t e d  in F i g .  8.2.1. 
S while the voltage d r o p  V was measured across an e lec t r i ca l  gage length L defined by the  spacing between 
'knife-edge' contacts. The specimen was pressed against  a l l  four contacts by insulated contact weights of 
weights F, a n d  room temperature was monitored by a thermocouple TC. A number of current "steps" of d i f -  
ferent  amplitudes a n d  of both po la r i t i e s  were included in the  current sequence programed i n  order to  remove 
zero-offset  errors  i n  the readings taken from the d ig i t a l  nanovoltmeter. The setup, measurement protocols, 
and reduction of the resistance data ( V / I )  t o  pe values a t  20°C were based essen t i a l ly  on ASTM Standard Test 
Method 8193-78. 

The elemental coppers and copper alloys were i r radia ted a t  385OC as "matchstick" specimens i n  the 

The setup f o r  the four-point measurements of the  (dc) e lec t r i ca l  r e s i s t i v i t y  pe made on these specimens 
A programmable source of current I was connected t o  the ends of the  specimen 

Nanovoltmetei Strip Chart 
Recorder 

I Keithley 220 I 

8.2.4.2 Results and Discussion: As-Measured Properties 

Table 8.2.1 presents the  resu l t s  fo r  control ( C ) ,  low-fluence ( L ) ,  and high-fluence ( H )  specimens f o r  
the elemental coppers OFHC and MARZ and the alloys A1-20, A1-60, M Z C ,  and AMZIRC. Typical standard devia- 
tions fo r  the  as-measured values of oe a re  0.015 pR-cm. The ce values were converted t o  the  corresponding 
IACS values of conductivity UIACS in percent via the relation cq cs 172 4 1 1 ~ ~ .  
ments i s  indicated by the agreement obtained between measured an! tabulated values of pe fo r  the specimens 
of elemental copper: 
more, the control values of G 
alloys annealed a t  550'C for f4k?.G 
Cu types:  

The accuracy of the  measure- 

Further- 1.70 vs. 1 . 7 1  pin-cm for  OFHC and 1 .67  vs. 1 .67  uR-cm for  MARZ (pure copper). 
fo r  MZC and AMZRIC agree t o  within 1.2% of values published f o r  these 

I n  a l imited and a r t i f i c i a l  sense,  the high fluence produced about the same resu l t  i n  f ive  of the  s i x  
Further, i t  would The corresponding spread in the values of uIACS i s  only 5%, excluding A1-60. 
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seem a t  f i r s t  look t h a t  t h e  precipitation-hardened a l loys  gave b e t t e r  r e s u l t s  ( a f t e r  the  high f luence)  than 
the  alumina-dispersed a l l o y s ,  v iz . ,  values of CIACS in the 90 ' s  vs. the 80 's .  

Table 8.2.1. DC Elec t r ica l  r e s i s t i v i t y  r e s u l t s  f o r  copper a l loys  
i r r ad ia t ed  t o  two fluences by f a s t  neutrons 

Ratio of Yield S t re s s  2 t o  Elect r ica l  Properties 
Yo1 ume Res i s t iv i ty  Copper Neutron As Measured Gpe/Pe (MPa/pn-cm) % Change 

F1 uence CIACS(%) Pelm-cmT (%)  
- 

Material 

OFHC 

MARZ 

101 1.70 
95 1.82 
87 1.98 

103 1.67 
97 1.78 

H 87 1.98 

0.0 1 5  
7.0 28 

16.7 25 

0.0 19 
6.6 19 

18.6 21 

~1 -203 

A1 -603 

I: 94 1.84 - 
L 
H 

C 
L 
H 

90 1.91 
88 1.96 

87 1.99 
83 2.08 
81 2.13 

0.0 183 
3.9 184 
6.1 175 

0.0 199 
4 .3  193 
7.1 178 

MZC 

AMZIRC 

C 90 1.93 
L 
H 

C 
L 
H 

89 1.94 
92 1 .88 

97 1.77 
97 1.78 
92 1.87 

0.0 
0.7 

224 
195 

-2.4 151 

0.0 153 
0.5 
5.3 

154 
38 

0 
87 
67 

0 
0 
1 

0 
0 

-4 

0 
-3 

-11 

0 
-13 
-33 

0 
0 

-75 

'C=Annealed Control ,  L=low fluence (0.4 x l o z 6  n / m 2 ) ,  and H = h i g h  fluenCe 
(2 .0  x l b 6 n / m 2 ) .  Reactor: EBR-I1 (E>0.1 MeV). 

'Yield s t r e s s  data (0 .2% o f f s e t )  from R. Livak e t  a l ,  preceding paper (8 .1 ) . "  

3With a nominal 5% cladding of OFHC Cu on each s ide .  

However, t h e  data column"6pe/pe" i n  Table 8.2.1 shows t h a t  the g r e a t e s t  percent changes i n  pe 
occurred f o r  t h e  elemental coppers and t h a t  t h e  pe increases were roughly comparable f o r  A1-20, A1-60, and 
AMZIRC. 
a l loys  i s  misleading, though, s ince  i t  leaves out t h e  e f f e c t s  o f  radia t ion on o the r  important proper t ies  of 
t h e  a l loys .  
material  i s  via t h e  thermal s t r e s s  parameter M (with uni ts  of W/m): 

Only MZC showed a decrease here -- small b u t  s ign i f i can t .  The preceding pic ture  f o r  t h e  

A more r e l i a b l e  way t o  assess  t h e  e f f e c t s  of i r r a d i a t i y  on the  performance of a f i rs t- wal l  

This quant i ty  includes the  e f f e c t s  of y i e ld  s t r e s s  S thermal conductivity K, Poisson's  r a t i o  v ,  
coe f f i c i en t  of thermal expansion a ,  and Young's modules E!' The major e f f e c t s  of neutron i r r a d i a t i o n  a re  
expected on only Sy and K, however. 



164 

For h i g h l y  conduct ive metals  (such as copper) near o r  above their 'DeBye temperatures ( e ) ,  K and pe are 
r e l a t e d  t o  temperature by t h e  equat ions 

K = K  t K  e l  

Kepe = LOT, 

where Ke and K1 a re  t h e  e l e c t r o n i c  and l a t t i c e  c o n t r i b u t i o n s  t o  h a n d  Lo i s  the  Lorenz number. 
@=310K; a l so  Lo=22.6 nW-RIK7.' 
r e w r i t t e n  approximately  as 

For Cu, 
Since, f o r  Cu, K1/Ke<<l a t  o r  above room temperature, Eq. ( 1 )  can be 

Since f o r  a p o t e n t i a l  f i r s t - w a l l  ma te r i a l ,  M should be evaluated f o r  t he  case o f  r a d i a t i o n  exposure, a 
s u b s c r i p t  R has a l so  been added t o  i nc l ude  t h i s  case as w e l l .  

To a f i r s t  approximation, Eq. ( 3 )  can be r e w r i t t e n  as 

An abbrev ia ted  form o f  MRis thus M'=(S /pe)R, and values of t h i s  q u a n t i t y  a re  accord ing ly  t abu la ted  
i n  Table 8.2.1 ( f o r  R=L o r  R=H) .  
now emerges f o r  t h e  Cu a l l oys .  Looking s p e c i f i c a l l y  a t  t h e  h igh- f luence case (R=H)  shows t h a t  t he  rad ia-  
t ion- induced changes i n  M '  are  much g rea te r  f o r  t he  p rec ip i ta t ion- hardened than f o r  t h e  alumina-dispersed 
a l l o y s .  The l a t t e r  would thus appear t o  be even more s t a b l e  under t h e  more in tense  i r r a d i a t i o n  cond i t i ons  
( b H )  o f  a fus ion,  as opposed t o  f i s s i o n ,  r eac to r .  

R e l a t i v e  t o  A1-20, t h e  Ma-changes f o r  MZC a re  even h igher .  
rank ing  o f  MZC f a l l s  from f i r s t  ( f o r  R=C) t o  l a s t  p lace  ( f o r  R=H). 

hardened a l l o y  t h a t  i s  quenched (by t he  manufacturer)  from above i t s  solvus temperature. 
c o l d  work ing and aging, performed by t he  manufacturer t o  inc rease t h e  s t reng th ,  b r i n g  f i n e  p r e c i p i t a t e s  
ou t  o f  s o l u t i o n  whose s i zes  and spacings a re  optimum and l a t t i ce- cohe ren t .  
s t i l l  sma l l e r  than those which would a r i s e  if the  a l l o y  were aged s u f f i c i e n t l y  long.  The corresponding 
e f f ec t  of t he  neutron i r r a d i a t i o n  may then be a tendency t o  d r i v e  t he  a l l o y  towards a new e q u i l i b r i u m  
compared t o  t he  e q u i l i b r i u m  tend ing  t o  r e s u l t  from aging a lone (e.g., as from 385°C fo r  245 days) .  
Inasmuch as t he  i r r a d i a t i o n  superimposes on t he  thermal s t r ess  a d d i t i o n a l  s t resses ,  such as o f  atoms d i s -  
placed by sca t t e red  neutrons,  t he  Pate a t  which t h i s  e q u i l i b r i u m  i s  achieved a l so  may be changed, e.g., 
increased. 

correspond, f o r  example, t o  a new e q u i l i b r i u m  concent ra t ion  o f  s o l u t e  i n  t he  Cu m a t r i x  (as o f  CuiZr i n  
AMZIRC). The r a d i a t i o n  may have t he  n e t  e f f e c t  of producing s inks ,  i n  e i t h e r  t he  m a t r i x  o r  on t he  g r a i n  
boundaries, t h a t  t r a p  s o l u t e  atoms from s o l u t i o n .  I n  t u r n ,  t he  corresponding dep le t i on  of s o l u t e  l e v e l s  
may, by mass ac t i on ,  " d r i v e "  t he  d i f f us i on  of s o l u t e  atoms i n t o  s o l u t i o n  t h a t  o r i g i n a t e  from those f i n e  
p r e c i p i t a t e s  having t he  opt imal  s izes  and i n t e r p a r t i c l e  spacings f o r  p revent ing  r e c r y s t a l l i z a t i o n .  The 
neutron i r r a d i a t i o n  may a l so  speed up t h e  process o f  p r e c i p i t a t e  coarsening due t o  sur face- tension e f fec ts  
on t he  m a t r i x - p r e c i p i t a t e  i n t e r f a c e s ,  bu t  l i m i t e d  by t he  tendency o f  t he  f a s t  neutrons t o  d isperse  p a r t i c l e  
aggregates. 
reducing t h e  e f fec t i veness  o f  t he  a b i l i t y  of t h e  a l l o y i n g  elements t o  bo th  s c a t t e r  conduction e l ec t rons  and 
t o  s t reng then t h e  a l l o y .  
h i gh  f luence.  

To conclude t h i s  sec t ion ,  we observe t h a t  l i n e  char ts  o f  M vs. T have been pub l i shed f o r  var ious  
u n i r r a d i a t e d  a l l oys ,  i n c l u d i n g  MZC, f o r  T ' s  o f  about 0-500nC.2,a 
l i n e  cha r t s  should a l so  be generated and pub l i shed f o r  MR Vs. T i n  o rder  t o  Drovide a more r e a l i s t i c  bas is  
o f  comparison f o r  p o t e n t i a l  f i r s t - w a l l  m a t e r i a l s .  

8.2.4.4 Resu l ts  and Discussion:  Po ros i t y  and Transmutation Con t r i bu t i ons  

copper a l l o y s  and w i th  t h e i r  impact on an eva lua t i on  o f  t h e  thermal-mechanical performance of f i r s t - w a l l  
Cu-al loys.  
o f  what t he  pe values would be i f  t h e  increases due t o  p o r o s i t y  s w e l l i n g  and t ransmuta t ion  products were 
sub t rac ted  ou t .  The d i f fe rences  between t he  r e s u l t i n g  cor rec ted  values and t h e  corresponding (annealed) 
con t ro l  values y i e l d  pe ' r es i dues ' ,  i . e . ,  t h e  remaining changes i n  pe due t o  some o the r  mechanism(s) such 
as a phase change o r  m i c r o s t r u c t u r a l  damage. 

Compared Yo t he  pe data per=, an e n t i r e l y  d i f f e r e n t  performance p a t t e r n  

I n  f ac t ,  t he  percent  change i n  M '  f o r  e i t h e r  f luence i s  3 t o  4 t imes h igher  f o r  MZC than f o r  A1-60. 
As a r e s u l t  f o r  MZC, A1-20, and A1-60, t he  Mu 

Th is  d i f f e r e n c e  i n  p roper ty  s t a b i l i t i e s  may be due t o  t h e  non- equ i l ib r ium na tu re  of a p r e c i p i t a t i o n -  
The subsequent 

Nevertheless, these s i zes  a re  

A rad ia t ion- induced change i n  t he  e q u i l i b r i u m  s t a t e  o f  a p rec ip i t a t i on- s t reng thened  a l l o y  cou ld  

Some combination, then, o f  t he  preceding and lo r  o t h e r  processes may have t he  n e t  e f f ec t  of 

T h i s  apparen t ly  happened wi th  MZC: Both pe,and S decreased as a r e s u l t  o f  t h e  
As seen i n  the  nex t  sec t i on  (8.2.4.4), t he  same reasoning apijears t o  apply a l s o  t o  AMZIRC.  

Our work i nd i ca tes ,  however, t h a t  such 

The preceding r e s u l t s  and d iscuss ion  have d e a l t  w i t h  t h e  as-measured values of pe fo r  i r r a d i a t e d  

However, as i s  shown i n  succeeding paragraphs, these values can a l so  be converted i n t o  est imates 
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F i r s t  considered i s  t he  e f f ec t  o f  p o r o s i t y  swe l l i ng  o f  an i n i t i a l l y  f u l l y  dense m a t e r i a l  on pe. For 
s i m p l i c i t y ,  on l y  two phases are  considered: The f u l l y  dense (FD) copper , assumed fo r  purposes of ca lcu-  
l a t i o n  t o  be homogeneous, and vacuum o r  (non-conducting) gas i n  pores or vo ids  in te rspersed throughout  it. 
The c h a r a c t e r i s t i c  dimensions of these pores a re  a l s o  assumed t o  be s u f f i c i e n t l y  l a r g e r  than t he  e l e c t r o n  
mean f r e e  pa th  A so t h a t  t he  e x t r a  res is tance  due t o  e l e c t r o n  s c a t t e r i n g  from the  pores can be regarded as 
independent o f  pore s i z e  under cond i t i ons  of f i xed  t o t a l  p o r o s i t y  o f  volume f r a c t i o n  v. (For  comparison, 
A=3008 f o r  pure Cu a t  300 K. ')  I f  t he  p o r o s i t y  i s  
i n  p a r a l l e l  (e.g., as tubu les)  w i t h  t he  FD Cu, then t he  mix ing  r u l e  i s  s imply 

Then an appropr ia te  mix ing  r u l e  f o r  pe can be invoked. 

where ( p ; )  
t h e  correc! es t imafe  of p e ,  t he  measured value. 

and ( p  )FD are  t he  m ix tu re  and FD values, r espec t i ve l y .  The value o f  (p;)p i s  a lower bound on 

A more r e a l i s t i c  m ix ing  r u l e ,  which we adopt here, g ives t he  h igher  es t imate  0;: 

Due t o  Maxwell (1904), !;is expression assumes the  p o r o s i t y  t o  be randomly d i s t r i b u t e d  i n  t he  FD Cu as 
randomly-sized spheres. Fur ther-  
more, t he  volume f r a c t i o n  v equals ( P F ~ - P ' ) / P '  i n  t e rns  of the  FD and as-measured values of mass dens i t y  p ~ o  
and p ' ,  r espec t i ve l y .  If PF i s  taken t o  be t he  dens i ty  o f  t he  annealed and u n i r r a d i a t e d  c o n t r o l ,  then 
( P ~ ) F Q  f o r  t h e  i r r a d i a t e d  maeer ia l  can be est imated. Accordingly,  t he  d i f ference p&-(pe)  0 can then be 
ca l cu la ted  and subt rac ted  from pe. 
Table 8.2.2. 

The m ix tu re  r e s i s t i v i t y  p; i s  i d e n t i f i e d  w i t h  t he  as-measured value pe. 

The r e s u l t  o f  doing t h i s  f o r  t he  h igh- f luence case R=h i s  t abu la ted  i n  

Table 8.2.2. OC e l e c t r i c a l  r e s i s t i v i t y  values co r rec ted  v i a  subrac t ion  o f  
increases due t o  p o r o s i t y  s w e l l i n g  and d isso lved  t ransmuta t ion  products 

DC Volume R e s i s t i v i t y  (PO-cm) 
Copper 

Ma te r i a l  

OFHC 

MARZ 

Neutron 
Fluencel 

C 
H 

C 
H 

~ 1 - 2 0 4  C 
H 

A1-604 C 
H 

As- Corr. f o r  Increases Due t o  
Measured Poros i tyL  + Transmu.3 Residue 

1.70 
1.98 1.78 

1.67 
1.98 1.77 

- 

- 

- 0.00 
1.68 -0.02 

- 
1.67 

0.00 
0.00 

__ __ 1.84 0.00 
1.96 1.94 1.84 0.00 

1.99 
2.13 2.10 

- - 0.00 
2.00 -0.01 

MZC C 
H 

AMZIRC C 
H 

- __ 1.93 0.00 
1.88 1.88 1.78 -0.15 

1.77 0.00 
1.87 1.76 1.66 -0.11 

- - 

'C=annealed c o n t r o l ,  L=low f luence (0.4 x l o z 6  n/mZ), and H-high f luence ( 2  x 10'' n/m2). 
Reactor: E B R - I 1  (E>0.1 MeV). 

'Based on mix ing  r u l e  descr ibed i n  t e x t ;  values g iven are  f o r  f u l l y  dense copper, 

3Based on chemical ana l ys i s  of t ransmuta t ion  products N i  and Zn and on pub l i shed pe 
data on Cu-Ni and Cu-Zn a l l o y s ;  see t e x t .  
t ransmuta t ion  con t r i bu t i ons .  ) 

(Th is  c o r r e c t i o n  inc ludes  bo th  p o r o s i t y  and 

4With a nominal 5% c ladd ing  of OFHC Cu on each s ide .  
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The second column o f  numbers i n  t h i s  t a b l e  g ives  t h e  est imated values t h a t  pe.would have had i f  no 
s w e l l i n g  had occurred. It i s  r e a d i l y  apparent t h a t  most of t he  neu t ron- rad ia t i on  induced changes i n  a, f o r  
the  elemental coppers a re  due t o  vo id  swe l l ing .  
These r e s u l t s  a re  cons i s ten t  w i t h  t he  high-dose values o f  s w e l l i n g  i n  Table 8.1.1 o f  t h e  preceding paper." 

By combining data from chemical analyses of transmuted t r ace  elements present  i n  Cu specimens, toge ther  
w i t h  data pub l i shed on oe vs. so lu te  concent ra t ion  i n  b i na ry  Cu a l l o y s ,  an es t imate  can be obta ined o f  t h e  
inc rease i n  pe due t o  t ransmuta t ion  products.  The p r i n c i p a l  t ransmuta t ion  elements expected are  N i  and 
Zn. I2  Ccinparing t he  C and H values g iven  i n  Table 8.1.3 i n  the  preceding paper, then t h e  average neutron-  
induced increases i n  N i  and Zn are found t o  be 0.053 and 0.087 w t . % ,  r espec t i ve l y ."  The ra tes ,  on an 
at .51 basis,  a t  which increases i n  low- leve l  concent ra t ions  inc rease pe i n  Cu-Ni and Cu-Zn b ina ry  a l l o y s ,  
i n  accordance w i t h  Nordheim's r u l e ,  a re  1.25 and 0.32 pn-cm/at.%, r espec t i ve l y . 13  Taking i n t o  account t h e  
s l i g h t  d i f ferences invo lved  here i n  a t . %  vs. w t . % ,  t h e  corresponding increases expected i n  pe were ca lcu-  
l a t e d  and then  
column o f  numbers i n  Table 8.2.2. 

transmu- 
t a t i o n  E had occurred.  The res idue,  i . e . ,  t he  d i f f e r e n c e  between t he  cases o f  C and co r rec ted  H, i s  
e s s e n t i a l l y  zero f o r  the  elemental coppers and t he  alumina-dispersed a l l o y s .  Th i s  seems t o  mean t h a t  micro-  
s t r u c t u r a l  damage o r  o the r  types o f  change has l i t t l e  o r  no e f f e c t  on ae. 
w i t h  pub l i shed r e s u l t s  on t h e  e f f ec t  i n  Cu o f  p o i n t  and l i n e  de fec ts  on pe. For example, Horvak and B l e w i t t  
est imated t h a t  t he  pe inc rease measured a t  4.5 K and due t o  Frenke l- pa i r  p roduc t ion  induced by f as t  neutrons 
(E>0.1 MeV, T.4.5 K)  sa tu ra tes  a t  0.33 u'?-cm." Th i s  r es i dua l  r e s i s t i v i t y  would c e r t a i n l y  anneal ou t  a t  t he  
658 K o f  t h e  present  study. 

elemental coppers o r  alumina-dispersed a l l oys .  A va lue,  f o r  Cu, of t he  p inc rease due t o  d i s l o c a t i o n s  has 
been g iven by Brown as 1 .3  N x 
a res idue  o f  +0.1 (Table 8.2.2) would then l ead  t o  an N value o f  7 . 7  x 10" cm-'. I t s  accu- 
mula t ion  i s  n o t  very  l i k e l y  g iven  the  anneal ing cond i t i ons  o f  385°C ( f o r  245 days) p e r t i n e n t  t o  t he  present  
Ft i idv. 

L i t t l e  o r  no change occurs f o r  A1-20, A1-60, and MZC. 

sub t rac ted  from the  p o r o s i t y  co r rec ted  values. The r e s u l t s  a re  presented i n  t he  t h i r d  

These numbers ( i n  t he  "Transmu." column) es t imate  what pe would have been i f  no swe l l i ng  

Th is  p o i n t  of view i s  cons i s ten t  

The e f fec t  o f  d i s l o c a t i o n s  on pe i s  l a r g e r ,  b u t  s t i l l  sma l le r  i n  magnitude than t h e  res idues f o r  t he  

Assuming uC-cm3, w i t h  N t he  d i s l o c a t i o n  densiTy i n  u n i t s  o f  ~ m - ~ . "  
Th i s  i s  h igh.  

----,- 
For MZC and AMZIRC,  however, t he  res idue values f o r  bo th  a re  negat ive  and r e l a t i v e l y  l a r g e  i n  magnitude. 

Th is  cou ld  mean t h a t  a s i n g l e  phenomenon no t  s o l e l y  r e l a t e d  t o  swe l l i ng ,  t ransmuta t ion ,  o r  thermal anneal ing 
tended t o  produce a small  (6.8%) decrease i n  pe o f  bo th  these ; l loys.  
phenomenon i nvo l ve  t he  non- equ i l ib r ium nature  o f  a p rec ip i ta t ion- hardened a l l o y  as discussed i n  preceding 
paragraphs. 

The most l i k e l y  candidates f o r  t h i s  

8.2.4.5 Comparison w i t h  Resul ts  o f  a Recent Study 

A p r i o r  fast- neutron i r r a d i a t i o n  s tudy  o f  Cu t h a t  i s  c l ose  i n  charac te r  t o  the  present  one was done i n  
t he  Ma te r i a l s  Open Tes t  F a c i l i t y  (MOTA) i n  The Fast F lux  Test  Reactor (FFTF) i n  Richland, WA, t o  a f luence 
o f  2.5 x 10" n/m2 a t  450"C, and a corresponding damage l e v e l  o f  16 dpa. I6 
o f  t he  e i g h t  ma te r i a l s  featured i n  t h a t  s tudy:  MARZ (a lnea led) ,  MZC, and A1-25. 

- - t he  measurement r e s u l t s  from Brager e t  a l .  were nea r l y  i d e n t i c a l  t o  those repo r ted  here o r  i n  the  p re-  
ceding paper"  on i r r a d i a t e d  o r  u n i r r a d i a t e d  UIACS, i r r a d i a t e d  Sy, and swe l l i ng .  However, t h e  d i f fe rences  
i n  t he  a l l q y  mate r i a l s  and i n  t he  experimental cond i t i ons  bear ing on them make i t  d i f f i c u l t  t o  o therw ise  
c o r r e l a t e  t he  study r e s u l t s .  For example, t he  composit ions o f  t h e  MZC a l l o y s  were Cu-0.9Cr-O.1Zy-O.05Mg 
and Cu-0.5Cr-0.18Zr-0.04Mg i n  the  p rev ious  and present  s tud ies  (concent ra t ions  i n  wt .%),  r espec t l ve l y ,  and 
s i g n i f i c a n t  d i f f e rences  arose i n  t h e  cold-work ing and/or aging h i s t o r i e s  o f  t h e  MZC and alumina-dispersed 
a l l o y s .  
w h i l e  we d i d  so on u n i r r a d i a t e d  a l l o y s  subjected t o  t he  same anneal ing cond i t i ons  as our  i r r a d i a t e d  speci-  
mens. The i r r a d i a t i o n  temperatures d i f f e red  (450°C vs. 385°C) as w e l l .  

Perhaps f o r  these and o the r  reasons. t he  ne r e s u l t s  d i f f e r e d  f o r  t he  two 'common' a l l o y s  i n  these two 
s tud ies  (as w e l l  as f o r  most of t h e  r e s u l t s  on s w e l l i n g ) .  Su rp r i s i ng l y ,  though, t he  same t ype  of co r re -  
l a t i o n  t r e n d  was seen here as i t  was between S and CIIACS f o r  t h e  u n i r r a d i a t e d  Cu m a t e r i a l s  ( b a r r i n g  t h e  
be ry l l i um- con ta in i ng  a l l o y s )  i n  t he  previous sxudy: 
( l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  r of  -0.94 f o r  s i x  p o i n t s )  such t h a t  t h e  s lope  and i n t e r c e p t  values were 
w i t h i n  a f ac to r  o f  two o f  those c a l c u l a t e d  from a corresponding l i n e a r  regress ion  ana l ys i s  of t h e  data o f  
Brager e t  a l .  A d d i t i o n a l l y ,  t h e  hypothesis S y p e  gave nea r l y  t he  same c o r r e l a t i o n  w i t h  ou r  data ( r=0 .92) .  
A g rea te r  range i n  t he  values of U IACS,  l a r g e r  than t h e  103437.16 f o r  ou r  c o n t r o l s ,  i s  needed, though, t o  
b e t t e r  asce r t a i n  anv r e a l  f unc t i ona l  r e l a t i onSh iD  t h a t  e x i s t s  between (S>,)? and ( D ~ ) ~ .  

O f  i n t e r e s t  here a re  t h ree  

The one m a t e r i a l  e x a c t l y  t he  same i n  bo th  s tud ies  was t he  99.999% pure MARZ copper and - -  encouragingly 

Fur ther ,  Brager e t  a l .  repor ted  UIACS values on as- i s  -- and thus unannealed -- u n i r r a d i a t e d  a l l o y s  

Sy was found here t o  be l i n e a r l y  r e l a t e d  t o  GIACS 

. J . "  . - ._  
A more d e t a i l e b  l ook  i n t o  t h i s  ma t t e r  i s  o f  more than academic i n t e r e s t ,  s ince  t he  r a t i o  Sy/pe appears 

i n  Eq.  ( 4 )  f o r  MR o r  i n  t h e  q u a n t i t y  M ' .  

8.2.5 Conclusions 

O f  t he  four  Cu a l l o y s  fea tu red  i n  t h i s  study, t h e  alumina-dispersed a l l o y  A1-20 i s  i d e n t i f i e d  as t he  
most acceptable i n  terms o f  s t a b l e  dc e l e c t r i c a l  and thermal c o n d u c t i v i t i e s  combined w i t h  r e l a t i v e l y  h i g h  
y e t  s t a b l e  y i e l d  st resses.  
Table 8.2.1 f o r  t he  h igh- f luence case. 

Th is  performance i s  r e f l e c t e d  i n  t h e  h i gh  value of M ' = ( S y / p e ) ~  g iven  i n  
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By sub t rac t i ng  from t h e  as-measured values o f  pe t he  increases due t o  v o i d  s w e l l i n g  and t ransmuta t ion  
products, a se l f - cons i s ten t  p i c t u r e  emerges f o r  t h e  pe r e s u l t s .  
t he  sub t rac ted  e f f e c t s  e n t i r e l y  e x p l a i n  t h e  p 
MARZ, and t h e  two alumina-dispersed a l l oys ,  AT-20 and A1-60. 
y i e l d e d  negat ive  res idues f o r  bo th  o f  t h e  p rec ip i t a t i on- s t reng thened  a l l oys ,  MZC and AMZIRC,  t h a t  i n d i c a t e  
an e f f e c t  o f  rad ia t ion- induced conduc t i v i t y .  

de f ined  i n  Eg. ( 4 )  f o r  i r r a d i a t e d  ma te r i a l s  should be used,as an adequate data base on r a d i a t i o n  ef fects 
becomes ava i l ab le .  

types o f  data need t o  be gathered. Examples i nc l ude  energy d i spe rs i ve  x- ray  spectroscopy o f  i n t r a g r a n u l a r  
and i n t e r g r a n u l a r  l e v e l s  o f  second-phase (e.g., s o l u t e )  l e v e l s  and histograms of p r e c i p i t a t e  p a r t i c l e  s i z e  
d i s t r i b u t i o n s  i n  t h e  Cu ma t r i x .  

W i t h i n  t h e  est imated experimental e r r o r ,  
changes measured f o r  t h e  two h i g h - p u r i t y  coppers, OFHC and 

A d d i t i o n a l l y ,  t h i s  s u b t r a c t i o n  procedure 

For more meaningful assessments of f i r s t - w a l l  a l l o y  candidates, t h e  thermal-mechanical q u a n t i t y  MR 

To " s o r t  ou t "  t he  dynamics and k i n e t i c s  o f  rad ia t ion- induced changes i n  t he  Cu a l l o y s  s tud ies ,  o the r  
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8.3 DUAL I O N  IRRADIATION STUDIES OF H I G H  STRENGTH COPPER ALLOYS - J. A.  Sp i t znage l  (Westinghouse R&D 
Center and U n i v e r s i t y  o f  P i t t s b u r g h ) ,  and J .  14. Davis (McDonnell Douglas Company) 

8.3.1 A D I P  Task 

A D I P  Tasks a re  n o t  d e f i n e d  f o r  copper a l l o y s  i n  t h e  1978 program p lan .  The tasks  i n v o l v e d  a re  s i m i l a r  
t o  Task Number 1.C.2, M i c r o s t r u c t u r e s  and S w e l l i n g  i n  A u s t e n i t i c  A l l o y s  and Task Number l . C . l ,  M ic ro-  
s t r u c t u r a l  S t a b i l i t y .  

8.3.2 O b j e c t i v e  

c o n d u c t i v i t y  copper a l l o y s  and t o  p r o v i d e  guidance f o r  a l l o y  development f o r  fus ion  r e a c t o r  s t r u c t u r a l  
components. 

The o b j e c t i v e  o f  t h i s  work i s  t o  scope t h e  i r r a d i a t i o n  response o f  t h r e e  c lasses  of h i g h  s t r e n g t h ,  h i g h  

8.3.3 Summary 

M i c r o s t r u c t u r a l  changes a r e  r e p o r t e d  f o r  a p r e c i p i t a t i o n  s t reng thened  Cu-0.4 w t  % Be-1.9 w t  % 
and a d i s p e r s i o n  hardened Cu-0.6 w t  % A1 (AlzO3) a l l o y  a f t e r  dual i o n  i r r a d i a t i o n  a t  f luences up t o  %20 dpa 
a t  250"C, 300°C and 350°C. 
a lumina d i s p e r s i o n  hardened a l l o y  (A l -60)  i s  %350°C. 
0.01% p e r  dpa and 0.05% p e r  dpa have been measured f o r  i r r a d i  t i o n  w i t h o u t  s imul taneous he l ium i n j e c t i o n  

most pronounced i n  g r a i n s  w i t h  low no. d e n s i t i e s  o f  A1203 p a r t i c l e s .  
a lmost  no s w e l l i n g  w i t h  the  e x c e p t i o n  o f  a few narrow and w i d e l y  spaced t r a n s g r a n u l a r  bands o f  vo ids  a t  
25O"C-35O0C. 
and r e f l e c t s  l o s s  of coherency o f  t h e  G.P. zones, p a r t i c l e  r e s t r u c t u r i n g  and/or  l o s s  of imaging c o n d i t i o n s  
due t o  s t r a i n  f i e l d  o v e r l a p  from t h e  d i s l o c a t i o n  network.  
i n  t h e  A1-60 i s  observed under c e r t a i n  c o n d i t i o n s .  
and thermal  p r o p e r t i e s  i s  n o t  known. I t  i s  recommended t h a t  neu t ron  i r r a d i a t i o n  s t u d i e s  a t  105°C-3000C 
be conducted t o  assess t h e i r  impor tance.  

8.3.4 Progress and S ta tus  

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

N i  a l l o y  

Roth a l l o y s  show good s w e l l i n g  r e s i s t a n c e .  Peak s w e l l i n g  temperature f o r  t h e  
For  f l uences  o f  10-20 dpa average s w e l l i n g  r a t e s  o f  

and w i t h  a gas atom i m p l a n t a t i o n  r a t e  o f  Kg,-+ x 10-3 appm.s- B . Vo id  fo rmat ion  i s  heterogeneous and i s  
The bery l l i um- copper  a l l o y  shows 

Loss o f  t h e  (100) r e l r o d  r e f l e c t i o n s  i n  t h e  l a t t e r  a l l o y  i s  f luence and temperature dependent 

Reco i l  r e s o l u t i o n  o f  t h e  c u b i c  v-Al2O3 p a r t i c l e s  
The impact  o f  these phase i n s t a b i l i t i e s  on mechanical 

The E l e c t r i c  Power Research I n s t i t u t e  o f  Palo A l t o ,  CA, has funded a program e n t i t l e d  E v a l u a t i o n  o f  
I r r a d i a t e d  Meta l  Samples f o r  Use i n  Fusion Components under c o n t r a c t  RP-1597-1 w i t h  McDonnell Douglas 
A s t r o n a u t i c s  Company. 
t h a t  program under c o n t r a c t  Y4E034R e n t i t l e d  I n  o r d e r  t o  d isseminate t h e  
r e s u l t s  o f  t h i s  work t o  t h e  fus ion  m a t e r i a l s  community i n  t i m e l y  fash ion ,  a b r i e f  summary c o v e r i n g  h igh-  
l i g h t s  of work i n  progress i s  b e i n g  i n c l u d e d  i n  t h e  A l l o y  Development f o r  I r r a d i a t i o n  Performance Progress 
Report.  

h i g h  hea t  f l u x  components and as f i r s t  w a l l s  i n  h i g h  w a l l  l o a d i n g  devices.  Both o f  these  a p p l i c a t i o n s  
r e q u i r e  m a t e r i a l s  t h a t  have h i g h  thermal  c o n d u c t i v i t y .  
a re  b e i n g  used t o  s t u d y  t h e  combined e f f e c t s  o f  temperature,  a tomic d isp lacements and he l ium p r o d u c t i o n  i n  
t h e  fus ion  environment. The emphasis i s  on scop ing  t h e  enera l  r a d i a t i o n  response o f  t h r e e  types of copper 
a l l o y s :  a s o l i d  s o l u t i o n  and mechan ica l l y  worked a l l o y  ~CU-0 .15  w t  % Z r ) ,  a p r e c i p i t a t i o n  s t reng thened  
a l l o y  (Cu-0.4 w t  % Be-1.9 w t  % N i l ,  and a d i s p e r s i o n  s t reng thened  a l l o y  (Cu-0.6 w t  % A1 as A1203 p a r t i c l e s ) .  

8.3.4.2 Exper imenta l  Procedures 

been descr ibed  i n  a p rev ious  A O I P  r e p 0 r t . l  
copper and A1-60 specimens a t  250°C. 300°C and 3 5 0 T  t o  a peak damage l e v e l  o f  * lo0  dpa. Specimens were 
r u n  w i t h o u t  s imul taneous he l ium i n j e c t i o n  and w i t h  a gas atom i n j e c t i o n  r a t e  o f  Kg,= 3 x 
A f t e r  i r r a d i a t i o n  samples were sec t ioned  by low energy i o n  m i l l i n g  and e l e c t r o c h e m i c a l l y  back- th inned  t o  
p r o v i d e  p l a n a r  TEM specimens a t  depths co r respond ing  t o  f l uences  o f  10 dpa and 20 dpa. Se lec ted  specimens 
were a l s o  prepared f o r  c r o s s- s e c t i o n  TEM t o  p e r m i t  f u l l  range imaging.  The c a l c u l a t e d  atomic d isp lacement  
r a t e  over  t h e  he l ium imp lan ted  r e g i o n  was %1 x dpa/s. 

Westinghouse RBD Center and t h e  U n i v e r s i t y  of P i t t s b u r g h  have been p a r t i c i p a n t s  i n  
R a d i a t i o n  Response o f  Copper. 

Copper i s  o f  i n t e r e s t  t o  f u s i o n  f o r  a number o f  reasons. The two l e a d i n g  a p p l i c a t i o n s ,  however; a r e  as 

I n  t h i s  program, dual  i o n  i r r a d i a t i o n  techniques 

A1 l o y  composi t i o n s ,  thermomechani c a l  process ing,  specimen p r e p a r a t i o n  and i r r a d i a t i o n  procedures have 
Resu l t s  r e p o r t e d  here were ob ta ined  by i r r a d i a t i n g  b e r y l l i u m -  

appm.s-1. 
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8.3.4.3 Resul ts  and Oiscussion 

A 1 4 0  A l l o y  

Regions o f  t he  powder me ta l l u rgy  a l l o y  con ta i n i ng  h igh  number d e n s i t i e s  of t he  t r i a n g u l a r ,  cub ic  
y-Al203 p a r t i c l e s  a re  extremely r e s i s t a n t  t o  s w e l l i n g  a t  fluences up t o  20 dpa over  t he  temperature range 
25O0C-5OO0C. 
has n o t  been poss ib l e  t o  de f i ne  a p a r t i c l e  number dens i t y  corresponding t o  t he  t r a n s i t i o n  between h igh  and 
low s w e l l i n g  regions because o f  the  wide d i s t r i b u t i o n  o f  p a r t i c l e  s izes  repor ted  p rev ious l y  and t he  tendency 
f o r  p a r t i c l e s  t o  e t ch  o u t  and c o l l e c t  on the  sur faces o f  the  f o i l  du r i ng  e l ec t ro th i nn ing .1  Grain boundary 
regions a re  a l so  r e s i s t a n t  t o  vo id  format ion over  t h i s  temperature range i n d i c a t i n g  t h a t  most o f  the  300 
appm t o  600 appm o f  he l ium i s  probably t rapped w i t h i n  the  g ra ins .  A peak s w e l l i n g  temperature o f  d50 "C  
i s  obta ined by averaging the  vo id  volume f r a c t i o n  over t he  h i gh  and low reg ions ,  F igure 8.3.1. 
s w e l l i n o  r a t e  o f  0.05% oer  dDa i s  seen a t  20 doa w i t h  simultaneous i m l a n t a t i o n  o f  hel ium. Without  hel ium, 

Conversely, regions w i t h  few A1203 p a r t i c l e s  e x h i b i t  t he  g rea tes t  swe l l i ng .  A t  present  i t  

An average 

the  r a t e  i s  lower b 

P a r t i c l e s .  

a p rox imate ly  a fac to r  o i  f i ve ,  F i  ure 8.  2 Over t he  temperature range where vo id  
formation occurs a XigE d i s l o c a t i o n  dens i ty ,  (109 cm/cm 9 t o  1076 cmIcm3) develops around the  )-A1203 

I n  add i t i on .  a t  * l o  doa. e f fec ts  o f  r e c o i l  r e s o l u t i o n  are observed a t  10-4 d0a.s- a t  250°C- 
350°C. 
i n  Toronto. 
d-spacings o f  0.244 nm, 0.195 nm and 0.142 nm f o r  the  cubic Al203. 
p a r t i c l e s  seen i n  b r i g h t  and dark f i e l d  accompanies the  changes i n  the  SA0 pa t t e rns .  
i s  impor tan t  because i t  leads t o  a second stage o f  vo id  format ion i n  t he  a l l o y .  
t o  i o n  i r r a d i a t i o n  and theory  p r e d i c t  2 s i m i l a r  e f f e c t s  a t  % l O O ° C  lower temperatures f o r  neutron i r r a d i a t i o n  

p rope r t i es  a re  no t  known. Neutron i r r a d i a t i o n  s tud ies  i n  t he  range 
100°C-300°C t o  fluences S O  dpa are requ i red  t o  determine whether such " i n t e r n a l  spu t t e r i ng "  processes 
are  impor tan t  f o r  copper a l l o y s  which de r i ve  t h e i r  s t r eng th  from a d i spe rs i on  o f  non- meta l l i c  p a r t i c l e s .  

The process i s  be ing  analyzed and w i l l  be descr ibed i n  d e t a i l  a t  t he  October 1985 A I M E  Symposium 
I t  i s  mani fested by a dose dependent f ad ing  o f  the  r i n g s  i n  t he  SAD pa t t e rns  corresponding t o  

Fragmentation o f  the  t r i a n g u l a r  shaped 

The process i s  no t  unique 
The r e s o l u t i o n  process 

a t  a displacement r a t e  o f  10-7 dpa.c 4 . The e f f e c t s  o f  p a r t i c l e  r e s o l u t i o n  on mechanical and thermal 
Some l o s s  o f  s t r eng th  may r e s u l t .  

Beryl l ium-Copper 

Th is  Cu-0.4 w t  % Be-1.9 w t  % N i  a l l o y  supp l ied  by Rosenwasser, e t  a l .  a t  Inesco' i s  even more s w e l l i n g  

These tended t o  l i e  i n  rows o r  l ong  t ransgranu la r  bands separated by hundreds o f  
r e s i s t a n t  than the  A1-60 a l l o y  under the  cu r ren t  i r r a d i a t i o n  cond i t i ons .  
a t  fluences up t o  20 dpa. 
microns. 
formation, and i t  was n o t  poss ib l e  t o  c a l c u l a t e  a s i g n i f i c a n t  value f o r  A V / V 8 .  
seen a t  an i r r a d i a t i o n  temperature o f  300°C; l e s s  f r equen t l y  a t  250" and 350 C, and were never observed a t  
h igher  i r r a d i a t i o n  temperatures.1 
i n  the  a l l o y  apparen t ly  do n o t  serve as p r e f e r e n t i a l  he l ium c o l l e c t i o n  o r  vo id  nuc lea t i on  s i t e s  s ince  no 
gas bubbles o r  voids have been observed a t  magn i f i ca t ions  up t o  200,OOOX a t  those l o c a t i o n s .  
boundaries appear t o  
The p r i n c i p a l  m i c r o s t r u c t u r a l  i n s t a b i l i t i e s  r e l a t e  t o  t he  changes i n  t he  G . P .  zones as evidenced by 
i r r a d i a t i o n  enhanced thermal coarsening a t  425°C-5000C and i r r a d i a t i o n  d r i v e n  disappearance a t  temperatures 
below 35OnC, Figures 8.3.3 t o  8.3.7. The l a t t e r  process i s  accompanied by a disappearance o f  t he  (100) 
r e l r o d s  a t  25O"C-35O0C. This may i n d i c a t e  l oss  o f  coherency o f  t he  G.P. zones, p a r t i c l e  r e s t r u c t u r i n g  
and/or formation o f  over lapp ing  s t r a i n  f i e l d s  from the  fo rmat ion  o f  a d i s l o c a t i o n  network. The r o l e  o f  
hel ium i n  promoting the  process suggests t h a t  nuc lea t i on  o f  d i s l o c a t i o n  loops may be an impor tan t  c o n t r i b u t o r  
t o  the  process. It i s  n o t  poss ib l e  t o  determine t he  s i g n  o r  magnitude o f  these e f f ec t s  on y i e l d  s t r eng th  
e longat ion  or c o n d u c t i v i t y  and low temperature neutron i r r a d i a t i o n  s tud ies  a re  needed. 

8.3.5 Future Work 

Only r a r e l y  were voids observed 

No c l e a r  evidence was found f o r  s t r u c t u r a l  o r  chemical he te rogene i t ies  respons ib le  fo r  t h e i r  
The bands were most o f t e n  

Grain boundaries and i n t e r f a c e  reg ions  o f  l a r g e  n i c k e l - r i c h  p r e c i p i t a t e s  

The g ra i n  
r e s i s t  d iscont inuous o r  c e l l u l a r  p r e c i p i t a t i o n  bo th  t he rma l l y  and under i r r a d i a t i o n .  

Analys is  o f  i r r a d i a t i o n  r e s u l t s  and p repa ra t i on  o f  the  f i n a l  r e p o r t  a re  i n  progress.  No a d d i t i o n a l  dual 
i o n  experiments a re  planned f o r  1985. 
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Figure  8.3.1 Temperature  d i s t r i b u t i o n  o f  s w e l l i n g  f o r  dual  
i o n  i r r a d i a t e d  A1-60 a l l o y  a t  f l u e n c e s  o f  
1 6  dpa-20 dpa . 

F i g u r e  8.3.2 Dose dependence of  s w e l l i n g  f o r  A 1 4 0  a l l o y  
a t  t h e  peak s w e l l i n g  t e m p e r a t u r e .  
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c u  - 0.4 w t  % Be - 1.9 w t %  Ni 

0 Thermal  Coarsening 
l r radlat lon Assisted, K O =  I x 1OT4dpa/s 

F i g u r e  8.3.3 Effects  o f  thermal  ag ing  and dual i o n  
i r r a d i a t i o n  on p r e c i p i t a t e s  imaged w i t h  
(100) r e l r o d s  i n  bery l l ium- copper  a l l o y  
a t  500°C. 
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Figure  8.3.4 Effects o f  thermal ag ing  and dual i o n  i r r a d i a t i o n  
on p r e c i p i t a t e  p a r t i c l e s  imaged w i t h  (100) r e l i o d s  
i n  bery l l i um- copper  a l l o y  a t  425°C. 
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Figure  8.3.5 E f f e c t s  o f  thermal  a g i n g ,  s i n g l e  i o n  i r r a d i a t i o n  
and dual i o n  i r r a d i a t i o n  on p r e c i p i t a t e s  imaged 
w i t h  ( I f lo )  r e l r o d s  i n  be ry l l ium- copper  a l l o y  a t  
3 5 0 O C .  
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Figure 8.7.6 E f fec ts  o f  thermal aging and dua l  i o n  i r r a d i a t i o n  
on p r e c i p i t a t e s  imaged w i t h  (100)  r e l r ods  i n  
bery l l ium-copper a l l o y  a t  300°C and 250°C. 
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Figure 8.3.7 Combined thermal and irradi.t ion e f f e c t s  on the  
Size of precipitates imagec in  dark f i e l d  with- 
(100) relrods in  SAD pattern. 
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9.1 ENVIRONMENTAL EFFECTS ON THE PROPERTIES OF VANADIUM-BASE ALLOYS - D. R. Diercks and D. L .  S m i t h  
(Argonne National Laboratory) 

9.1.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility Analyses. 

9.1.2 Objective 

The object ive  of th is  task i s  t o  experimentally evaluate the corrosion behavior of se lec ted  vanadium- 
base a l loys  i n  a number of aqueous, l i qu id  metal, and gaseous environments. 
t i o n s  will be used in the se lec t ion of appropriate vanadium-base a l loys  fo r  s t ruc tu ra l  appl ica t ions  i n  
fusion r eac to r s .  

The r e s u l t s  of these  investiga-  

9.1.3 Summary - 
Exposures of V-lSCr-STi,  V-20Ti, and VANSTAR-7 specimens t o  pressurized flowing water containing 

0.03 ppn dissolved O2 a t  288'C indicate  t h a t  V-15Cr-5Ti again has the bes t  corrosion res is tance .  
scanning Auger microprobe s tudies  of s u l f u r  segregation in vanadium-base a l loys  reveal no c l e a r  co r re l a t ion  
between segregation and the  var iables  examined. 

9.1.4 Progress and Sta tus  

9.1.4.1 

Further 

Aqueous Corrosion Behavior of Vanadium-base Alloys 

The exposure of vanadium-base a l loys  t o  pressurized water a t  288'C (550'F) and 8.3 MPa (1200 p s i )  
containing various l e v e l s  of dissolved oxygen in a refreshed autoclave system i s  continuing. 
a l loys  being exposed a re  V-lSCr-STi,  V-20Ti. and VANSTAR-7. 
the Fusion Power Program ( F P P I  mater ia ls  inventory in the form of 0.76-mn (0.030-in.)-thick sheet ,  and 
addit ional  samples of the f i r s t  two a l loys  were obtained from the ANL LMFBR inventory i n  the form of 1.52-m 
(0.060-in.)-thick sheet .  
i n . )  long and 1-cm (0.4- in . )  wide. Further experimental d e t a i l s ,  as well as  the  r e s u l t s  of the  f i r s t  s e r i e s  
of exposures i n  water containing 4 ppn dissolved 02, a re  described i n  previous reports. lY2 

dissolved O2 level of approximately 0.03 ppn a t  the  o u t l e t .  
representa t ive  of t h a t  present i n  the autoclave i n  contact  w i t h  the specimens. The t e s t  was i n i t i a t e d  using 
high-purity d i s t i l l e d  water (conductivity -0.1 uS/cm) containing approximately 0.4 ppm dissolved O2 a t  t h e  
i n l e t ,  a s  obtained by equ i l ib ra t ing  the solution with a N2-1% O2 blanketing gas mixture. 
through the autoclave system was about 11 cm3/min, and the  oxygen level i n  the  o u t l e t  water was monitored on 
a more or l e s s  continuous bas i s  using a Leeds and Northrup Model 7931 dissolved-oxygen meter. 
of the oxygen level i n  the i n l e t  water were made u s i n g  the same meter, as  well as  w i t h  Chemetrics dissolved- 
oxygen t e s t  k i t s .  

observed t o  be f a l l i n g  below the desired l e v e l ,  and i t  was necessary t o  change the  blanketing gas t o  a N2-2% 
0; mixture. 
0.02 and 0.04 ppm, g i v i n g  the average 0.03 ppn reported here. 
l e v e l s  a s  low a s  0.01 ppm and as  high a s  0.055 pprn were experienced. 

t h e  specimens. 
and plot ted  i n  Figs. 9.1.1 and 9.1.2. 
one of the  two VANSTAR-7 specimens, which exhibited a very s l i g h t  weight gain a f t e r  an exposure time of 
192 h ,  but  l o s t  weight the rea f t e r .  
otherwise showed s imi lar  behaviors, with s t ead i ly  increasing corrosion kinet ics  and weight lo s ses  of the  
order of 3.5 t o  4 mg/cm2 a f t e r  2000 h .  
each of these  two a l loys  were obtained as  follows: 

The th ree  
Samples of a l l  three  a l loys  were obtained from 

These a l loys  were sheared in to  weight-change specimens approximately 7.1-cm (2.8- 

During the  present reporting period, a second s e r i e s  of exposures has been completed i n  water having a 
This o u t l e t  level i s  considered t o  be 

The f l o w  r a t e  

Spot checks 

After about 1300 h of specimen exposure time, the dissolved-oxygen level i n  the o u t l e t  water was 

During the  majori ty of the t e s t ,  the  dissolved-oxygen level in the o u t l e t  water varied between 
However, occasional excursions t o  oxygen 

T h i s  second corrosion t e s t  was in ter rupted a f t e r  exposure times of 192, 500, 1000, and 2000 h t o  weigh 
The observed weight changes fo r  the a l loys  and heats t e s t ed  are  summarized in Table 9.1.1 

The exception is  In a l l  cases b u t  one, the  specimens l o s t  weight. 

As may be seen in Fig. 9.1.1, the  V-20Ti and VANSTAR-7 specimens 

Bes t- f i t  equations representing a l l  of the  data of F i g .  9.1.1 fo r  

V-20Ti: W = 3.100 x t1.544, and 

VANSTAR-7: W = 3.401 x t1.830, 

where W i s  weight change in mg/cm2, and t i s  time in hours. 
exposed t o  water containing 4 ppm dissolved O2 a l so  showed increasing r a t e s  w i t h  time ( i . e . ,  exponent > l ) .  
However, the to ta l  weight losses  were much greater  in the  water containing 4 ppn 02, being of the  order of 
95 t o  110 mg/cm2 a f t e r  2000 h for the V-20Ti and 65 mg/cm2 f o r  the VANSTAR-7. 

As reported previously,2 the same a l loys  
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Table 9.1.1. Observed weight losses  f o r  vanadium-base a l l o y s  from 
Fusion Power Program (FPP) m a t e r i a l s  i nven to r y  and 
ANL LMFBR i nven to r y  exposed to water con ta i n i ng  
0.03 ppn d isso lved  oxygen a t  288'12 and 8.3 MPa 

Weight Loss IUn i t  Area (mg/cm2) 
a f t e r  I nd i ca ted  Exposure Time 

A1 1 oy Source 192 h 500 h 1000 h 2000 h 

V-15Cr-5Ti FPP 0.140 0.345 0.659 1.498 
FPP 0.168 0.322 0.688 1.528 
LMFBR 0.117 0.226 0.504 0.895 
LMFBR 0.143 0.275 0.493 0.914 

V-20Ti FPP 0.306 0.623 1.105 3.699 
FPP 0.311 0.632 1.082 3.783 
LMFBR 0.276 0.618 1.311 4.093 
LMFBR 0.271 0.621 1.320 3.991 

VANSTAR-7 FPP +0.017a 0.387 1.054 3.925 
FPP 0.105 0.363 0.997 3.550 

aSpecimen showed weight  ga in  a f t e r  192-h exposure and weight  
losses  t h e r e a f t e r .  
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F ig .  9.1.1. Observed weight  losses  f o r  V-20Ti F ig .  9.1.2. Observed weight  losses  f o r  

The behaviors o f  
and VANSTAR-7 exposed t o  water con ta i n i ng  0.03 ppn 
d isso lved  oxygen a t  288OC. 

V-15Cr-5Ti exposed t o  water con ta i n i ng  0.03 ppn 
d isso lved  oxygen a t  288°C. 
V-20Ti and VANSTAR-7 i n  the  same s o l u t i o n ,  as we l l  
as V-15Cr-5Ti i n  water con ta i n i ng  4 ppm d i sso l ved  
02, are shown f o r  comparison. 

The co r ros i on  data obta ined i n  t h i s  second t e s t  f o r  the  V-15Cr-5Ti specimens are p l o t t e d  i n  
F i g .  9.1.2. 
two V-20Ti a l l o y s  and i n  c o n t r a s t  t o  e i t h e r  the  V-15Cr-5Ti o r  V-20Ti specimens i n  t he  f i r s t  test. '  
weight  l o s s  data f o r  the  Fusion Power Program ma te r i a l  i s  descr ibed by t he  r e l a t i o n s h i p  

The two heats o f  t h i s  a l l o y  e x h i b i t  no t i ceab l y  d i f f e r e n t  co r ros i on  k i n e t i c s ,  i n  c o n t r a s t  t o  the  
The 

V-15Cr-5Ti (FPP): W = 3.414 x t1.104, 

whereas t he  data f o r  t he  ANL LMFBR heat  f i t  t he  r e l a t i o n s h i p  

V-15Cr-5Ti (LMFBR): W = 1.103 x 

For comparison purposes, t he  b e s t - f i t  curves t o  t h e  observed weight  losses  f o r  the  V-20Ti and VANSTAR-7 
specimens under the  same cond i t i ons  a re  r e p l o t t e d  i n  F i g .  9.1.2. I n  add i t i on ,  the  behavior  o f  the  
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V-15Cr-5Ti specimens from the  f i r s t  t e s t  i n  water con ta i n i ng  4 ppm O2 i s  shown as t he  dashed curve. 
Whereas the  V-20Ti and VANSTAR-7 specimens showed much m a l l e r  weight  losses  i n  the  0.03 ppm O2 water  than 
i n  t h e  4 p p  O2 water, t he  V-15Cr-5Ti l o s t  somewhat more weight  i n  the  former s o l u t i o n .  

Wastage r a t e s  can be ca l cu la ted  on a l i n e a r l y  ex t rapo la ted  bas is  from the  observed 2000-h weight  l o s s  
data o f  Table 9.1.1, assuming uni form co r ros i on  and ara approximate dens i t y  o f  6.16 g/cm3 fo r  each of t h e  
t h ree  a l l o y s .  These c a l c u l a t e d  wastage r a t e s  a re  about 0.009 n l y  f o r  V-15Cr-5Ti and about 0.027 mnly f o r  
t he  V-20Ti and VANSTAR-7 a l l oys .  
r a t e  w i t h  t ime  suggests t h a t  the  ac tua l  annual wastage r a t e  may be grea ter .  By way o f  comparison, a maximum 
co r ros ion  wastage r a t e  o f  0.005 t o  0.020 mmly has been suggested f o r  t he  f u s i o n  reac to r  f i r s t  wa l l  .3 

w i t h  t he  observed co r ros i on  k i n e t i c s .  The V-15Cr-5Ti specimens, which showed t he  s lowest  co r ros i on  r a t e s  
and had the  m a l l e s t  exponents on t ime i n  the  r a t e  equation, were covered by a t h i n ,  adherent, and 
apparen t ly  p r o t e c t i v e  ox ide.  I n  con t ras t ,  t he  V-20Ti and VANSTAR-7 specimens, which had h igher  weight  
l osses  and showed i nc reas ing  co r ros i on  r a t e s  w i t h  t ime over 2000 h, were covered w i t h  heav ie r  powdery ox ides 
t h a t  rubbed o f f  r e a d i l y  du r i ng  handl ing.  

t e s t  a f t e r  2000-h exposures to water a t  288'C con ta i n i ng  4 p p  d i sso l ved  02. 
the  V-20Ti specimens was r e a d i l y  i d e n t i f i e d  by x- ray  d i f f r a c t i o n  powder pa t t e rns  as T i02  ( r u t i l e ) .  S i m i l a r  
pa t t e rns  obta ined fran the  oxide on t he  V-15Cr-5Ti specimens have i d e n t i f i e d  the  te t ragona l  YO2 phase on a t  
l e a s t  one specimen, a long w i t h  minor  amounts o f  Ti02. I n  add i t i on ,  the  poss ib l e  presence o f  a mixed (V,Crl 
oxide, e i t h e r  i n  the  te t ragona l  ( r u t i l e )  o r  orthorhombic s t r uc tu res ,  was i n d i c a t e d  on some o f  t he  
pa t t e rns .  
n o t  be s a t i s f a c t o r i l y  indexed. 

performed. 
i n  the  approximate r e l a t i v e  p ropo r t i ons  25% V, 30% T i ,  and 45% C r ,  a l though one l o c a t i o n  no t i ceab l y  h igher  
i n  C r  and one h igher  i n  T i  were detected. The r e s u l t s ,  when combined w i t h  p rev ious  x- ray d i f f r a c t i o n  data, 
suggest t h a t  the  predominant co r ros i on  p roduc t  phase formed on the  sur face o f  t he  V-15Cr-5Ti specimens i s  a 
mixed ox ide  of t he  form (V,Ti,Cr)02, w i t h  the  t h ree  m e t a l l i c  elements present  i n  t he  approximate p ropo r t i ons  
i n d i c a t e d  above. 
composit ion, depending upon the  reg ion  analyzed. The m e t a l l i c  elements p resent  were C r ,  V, Fe, and 2r .  It 
thus appears t h a t  more than one ox ide  i s  formed on the sur face  o f  t h i s  a l l o y .  

9.1.4.2 Segregation o f  S u l f u r  i n  Vanadium-base A l l oys  

I n  t he  case o f  t he  l a t t e r  two a l l oys ,  t he  observed i nc reas ing  co r ros i on  

The na ture  o f  the  ox ide  f i lms  formed on the  sur faces o f  the  exposed specimens was i n  general agreement 

Add i t iona l  r e s u l t s  have been obta ined on the  i d e n t i f i c a t i o n  o f  the  sur face  oxides formed i n  the  f i r s t  
The sur face  oxide formed on 

The r e l a t i v e l y  d i f f u s e  pa t t e rns  produced by t he  ox ide  obta ined from the VANSTAR-7 specimens cou ld  

I n  o rder  to f u r t h e r  i d e n t i f y  these oxides, q u a n t i t a t i v e  x- ray microprobe analyses have been 
I n  bo th  o f  t he  V-15Cr-5Ti a l l o y s ,  t he  sur face  oxide was t y p i c a l l y  found t o  con ta i n  V, T i ,  and C r  

The sur face ox ide  p resent  on the  VANSTAR-7 specimen was found t o  have a w ide ly  vary ing  

The prev ious  r e p o r t 2  descr ibed p re l im ina ry  r e s u l t s  obta ined i n  a se r i es  o f  scanning Auger microprobe 
(SAM) examinations o f  se lec ted  vanadium-alloy specimens f r a c t u r e d  i n  s i t u  a t  l i q u i d  n i t r ogen  temperature. 
The purpose o f  these examinations was t o  l ook  f o r  poss ib l e  segregat ion o f  s u l f u r  to g r a i n  boundary and 
f r a c t u r e  sur face reg ions  and to i n v e s t i g a t e  i t s  i n f l uence  on t he  f r a c t u r e  c h a r a c t e r i s t i c s .  Th is  study has 
now been cwnpleted, and the r e s u l t i n g  observat ions a re  summarized i n  Table 9.1.2. The specimens examined 
inc luded ( 1 )  V-15Cr-5Ti of unce r ta i n  o r i g i n  u t i l i z e d  i n  the  ORR-MFE-2 experiment and prov ided by 
Westinghouse, ( 2 )  V - l X r - S T i ,  V-20Ti, and VANSTAR-7 specimens from the  FPP m a t e r i a l s  i nven to r y  (" CAM"  
heats ) ,  and (31 V-15Cr-5Ti and V-20Ti ma te r i a l  fram ANL LMFBR heats.  

e c t i v e l y ,  on u n i r r a d i a t e d  a r ch i va l  ma te r i a l  fran the  ORR-MFE-2 experiment. Although some d i f f e rences  i n  
f r a c t u r e  behavior  were seen, subs tan t i a l  l e v e l s  o f  s u l f u r  were detected on the  f r a c t u r e  surfaces by bo th  
Westinghouse and Argonne, even though a h i g h - s e n s i t i v i t y  s u l f u r  chemical ana l ys i s  performed by Leco Corp. 
determined t he  bu l k  s u l f u r  con ten t  o f  the  a l l o y  t o  be on l y  about 5 wppm. 

t h e  c o n d i t i o n s  under which and the  e x t e n t  t o  which s u l f u r  segregat ion occurred i n  d i f f e r e n t  a l l o y s  a f t e r  
vary ing  heat  t reatments.  Unfor tuna te ly ,  no c l e a r  p a t t e r n  emerges from these observat ions.  S i g n i f i c a n t  
s u l f u r  peaks ( o f  t he  o rder  o f  1 t o  2 w t  % S )  were seen on t he  f r a c t u r e  sur faces of an annealed FPP V-20Ti 
specimen and a cold-swaged FPP VANSTAR-7 specimen. However, on l y  t r aces  o f  s u l f u r  o r  no s u l f u r  a t  a l l  were 
seen on t he  f r a c t u r e  sur faces o f  the  remain ing specimens. 
C, P, C1, 0, and S i  were detected. No c l e a r  c o r r e l a t i o n  cou ld  be made between t he  s u l f u r  l e v e l  on t h e  
f r a c t u r e  sur face  and thermomechanical t reatment ,  f r a c t u r e  c h a r a c t e r i s t i c s ,  o r  bu l k  s u l f u r  content .  

prepared f o r  a se r i es  of anneal ing experiments, fo l lowed by h i gh- reso lu t i on  t ransmiss ion  e l e c t r o n  microscope 
examinations t o  determine t he  ex ten t  o f  t he  r e s u l t i n g  s u l f u r  and o the r  elemental segregat ion t o  g r a i n  
boundaries. 

The f i r s t  two e n t r i e s  i n  Table 9.1.2 summarize the  observa t ions  made by Westinghouse and Argonne, resp- 

The remain ing examinations summarized i n  Table 9.1.2 were conducted a t  Argonne i n  an at tempt t o  d e f i n e  

I n  some cases, t r aces  o f  o the r  elements such as 

As a fo l low- on to these SAM s tud ies ,  specimens o f  V-15Cr-5Ti fran f o u r  heats o f  ma te r i a l  are be ing  
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Table 9.1.2. Resul ts  o f  Auger microprobe analyses o f  i n  s i t u  f r a c t u r e  surfaces of vanadim-base a l l o y s  

A1 1 oy Heat Cond i t ion  Auger Microprobe Resul ts  

Bulk S 
Analys is  

lwppm) 

V-15Cr-5Ti 

V-15Cr-5Ti 

V - 1 5 C r - 5 T i  

V-15Cr-5Ti 

V-15Cr-5Ti 

V-20Ti 

V-20Ti 

V-20Ti 

VANSTAR-7 

VANSTAR-7 

HSV-307, 
R1301 

HSV-307, 
R1301 

CAM 835 
8-2 

CAM 835 
8-2 

ANL 
LMFBR 

CAM 832 
Top-5 

CAM 832 
Top-5 

ANL 
LMFBR 

CAM 836 
Top-4 

CAM 836 
Top-4 

'Recrystal 1 i zed" 

"Recrysta l  1 i zed" 

Cold-swaged 

Annealed 1 h 
a t  850'C 

Annealed 1 h 
a t  850°C 

Cold-swaged 

Annealed 1 h 
a t  850°C 

Annealed 1 h 
a t  850°C 

Cold-swaged 

Annealed 1 h 
a t  850°C 

Transgranul a r  cleavage f r a c t u r e  w i t h  
-3 w t  % S on f r a c t u r e  sur face (Westinghouse) 

Mixed intergranularltransgranular cleavage 
f r ac tu re ;  -10 w t  % S seen on i n t e r g r a n u l a r  
regions,  b u t  none on t ransgranu la r  r eg ions  
I ANL ) 

Transgranul a r  d u c t i l e  f r ac tu re ;  
no S detected 

Transgranul a r  cleavage f r a c t u r e  w i t h  i s o l a t e d  
d u c t i l e  regions;  no S seen, b u t  C, P, and 
poss ib l e  C1 detected 

Transgranul a r  cleavage f r a c t u r e  w i t h  some 
poss ib l e  i n t e r g r a n u l a r  regions;  t r aces  of 
S and P seen 

Transgranular  d u c t i l e  f r ac tu re ;  C and 0 seen, 
b u t  no S detected 

Transgranular  d u c t i l e  f r a c t u r e  w i t h  poss ib l e  
i n t e r g r a n u l a r  areas; S detected a t  3 l oca-  
t i o n s ,  w i t h  one f a i r l y  l a r g e  peak 

Transgranul a r  d u c t i l e  f r a c t u r e ;  poss ib l e  
t r aces  of S ,  P, and C1 detected 

Trangranular  d u c t i l e  f r ac tu re ;  moderate S 
detected a t  some l o c a t i o n s ,  a long w i t h  P, C, 
and S i  

Transgranular  d u c t i l e  f r a c t u r e  w i t h  some 
t ransgranu la r  cleavage; no 5 o r  P de tec ted  

-5 

-5 

-40 

-40 

-50 

-40 

-40 

None 
Detected 

-35 

-35 

9.1.5 Conclusions 

Exposures o f  V - l S C r - S T i ,  V-20Ti, and VANSTAR-7 specimens f o r  2000 h t o  p ressur ized  f l o w i n g  water 
con ta i n i ng  0.03 ppn d isso lved  O 2  a t  288'C have been completed. 
approximately  l i n e a r  co r ros i on  k i n e t i c s  and showed the  l e a s t  weight l o s s  o f  t he  t h ree  a l l o y s  tes ted .  
V-20Ti and VANSTAR-7 specimens showed i nc reas ing  co r ros i on  r a t e s  w i t h  t ime and had weight  l osses  
approximately  t h ree  t imes as g r e a t  as t he  V-15Cr-5Ti specimens. 
adherent co r ros i on  product ,  wh i l e  t h a t  on t he  o the r  two a l l o y s  was somewhat t h i c k e r  and l e s s  adherent. 
Compared t o  t h e i r  co r ros i on  behavior  i n  water con ta i n i ng  4 ppm d isso lved  02, the  weight  losses  f o r  the  
V-15Cr-5Ti specimens were approximately  a f ac to r  o f  two grea ter  a f t e r  2000 h i n  t he  0.03 ppm O2 water, wh i l e  
t he  losses  were l e s s  f o r  the  V-20Ti specimens by about a f a c t o r  o f  25 and f o r  t he  VANSTAR-7 specimens by 

The V-15Cr-5Ti specimens obeyed 
The 

The V-15Cr-5Ti specimens formed a t h i n ,  

about a f a c t o r  o f  15. 
Scannina Auaer microorobe analvses have been oerformed on a number of vanadium-alloy Specimens < . .  .. 

f rac tu red  i n  s i t u  i n  o rder  t o  observe poss ib l e  s u l f u r  segregat ion i n  these a l l o y s .  
segregat ion t o  the  f r a c t u r e  surfaces was observed i n  on ly  a few of the  specimens examined, and t r aces  o f  P, 
C, 0, C1, and S i  were a l so  occas iona l l y  seen on the  f r a c t u r e  sur faces.  
between t he  tendency f o r  s u l f u r  segregatiJn and such f ac to r s  as a l l o y  composit ion, thermochemical cond i t i on ,  
f r a c t u r e  behavior ,  o r  bu l k  s u l f u r  con ten t .  

S i g n i f i c a n t  Su l fu r  

No c l e a r  c o r r e l a t i o n  cou ld  be made 
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9.2 CORROSION OF AUSTENITIC AND FERRITIC STEELS I N  FLOWING LITHIUM ENVIRONMENT - 0. K. Chopra and 
0. L. Smith (Argonne Nat ional  Laboratory)  

9.2.1 A D I P  Task 

A D I P  Task 1.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.2.2 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  program i s  t o  i n v e s t i g a t e  t he  in f luence o f  a f lowing l i t h i u m  environment on the  
co r ros i on  behavior  and mechanical p rope r t i es  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 r s .  Corrosion r a t e s  a re  determined by measuring the  weight  change and depth o f  i n t e r n a l  c o r r o s i v e  
pene t ra t i on  as a f unc t i on  o f  t ime and temperature. 
eva lua t i on  o f  the  a l l o y  surface, a re  used t o  e s t a b l i s h  t he  mechanism and r a t e - c o n t r o l l i n g  process fo r  the  
co r ros i on  reac t ions .  I n i t i a l  e f f o r t  on mechanical p r o p e r t i e s  i s  focused on f a t i g u e  and t e n s i l e  teStS i n  a 
f l ow ing  l i t h i m  environment of c o n t r o l l e d  p u r i t y .  

These measurements, coupled w i t h  meta l lograph ic  

9.2.3 Summary 
~ 

Cor ros ion  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  f e r r i t i c  and a u s t e n i t i c  s t e e l s  
i n  f l ow ing  l i t h i u m  a t  372, 427, and 482°C. 
specimens are  presented. The in f luence o f  t ime, temperature, and l i t h i u m  p u r i t y  on the  d i s s o l u t i o n  behavior  
o f  the  a l l o y s  i s  discussed. 

9.2.4 Progress and Status 

Resul ts  frm meta l lograph ic  examination o f  t h e  l i th ium-exposed 

The co r ros i on  behavior  o f  several f e r r i t i c  and a u s t e n i t i c  s t ee l s  i s  being i nves t i ga ted  i n  a f l ow ing  
l i t h i u m  environment. The co r ros i on  t e s t s  a re  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 oop  c o n s i s t i n g  o f  
t h ree  vessels and a secondary c o l d - t r a p  p u r i f i c a t i o n  loop.  A d e t a i l e d  d e s c r i p t i o n  o f  the  l i t h i u m  l oop  has 
been presented e a r l i e r . '  
and the  co r ros i on  behavior  i s  evaluated from measurements of weight  l o s s  and depth of i n t e r n a l  pene t ra t i on  
( o r  i n t e r n a l  c o r r o s i v e  a t t a c k ) .  
water, and the weight  l o s s  data obta ined a t  d i f f e r e n t  exposure t imes. 
vessel ,  as we l l  as i n  t he  specimen exposure vessel.  
ope ra t i ng  cond i t i ons  f o r  the  var ious  t e s t  runs a re  g iven i n  Table 9.2.1. 
-1 L lmin  i n  the  pr imary loop ,  and t he  concent ra t ions  o f  C and H i n  l i t h i m  were -10 and 120 wppm, 
respec t i ve l y .  

The weight  losses  f o r  HT-9 and Fe-9Cr-1Mo f e r r i t i c  s t ee l s ,  PCA, and annealed and 20% cold-worked (CW) 
Type 316 s t a i n l e s s  s t e e l s  are shown i n  Figs. 9.2.1 t o  9.2.3. 
normal ized and tempered cond i t i on .  Two d i f f e r e n t  thermal-mechanical t reatments were employed f o r  the  PCA, 
v iz . ,  s o l u t i o n  annealed p l us  25% CW ( t rea tment  A3) and s o l u t i o n  annealed p l u s  8 h a t  800°C p l u s  25% CW p l us  
2 h a t  750°C ( t r ea tmen t  82). 
l i n e a r  law w i t h  t ime and y i e l d  a cons tan t  d i s s o l u t i o n  r a t e  a f t e r  a r e l a t i v e l y  l a r g e  t r a n s i e n t  weight  l o s s  
du r i ng  the  i n i t i a l  -500 h o f  exposure t o  l i t h i u m .  
r e s u l t s  frm the  " e tch ing  e f f ec t "  o f  l i t h i u m  and t h a t  the  specimens develop a dimpled appearance. 
weight  losses  and d i s s o l u t i o n  r a t e s  o f  HT-9 and Fe-9Cr-1Mo s tee l  a re  comparable a t  a l l  temperatures. Also, 
specimens exposed a t  427°C dur ing  t e s t  runs 4 and 5 show s i m i l a r  d i s s o l u t i o n  behavior  a l though t he  l o c a t i o n  
o f  these specimens was d i f f e r e n t ,  i .e . ,  specimens were p laced a t  t he  maximum loop  temperature i n  run  5 w h i l e  
the  specimens i n  r u n  4 were l o c a t e d  downstream i n  t he  specimen-exposure vessel .  
b o t h  s t e e l s  decrease w i t h  a decrease i n  temperature. 

427 and 482"C, s teady- s ta te  d i s s o l u t i o n  i s  observed a f t e r  an i n i t i a l  t r a n s i e n t  pe r i od  o f  -1500 h charac te r-  
i z e d  by very  l a r g e  weight  losses .  For  example, t he  weight  losses  a f t e r  the t r a n s i e n t  p e r i o d  a re  comparable 
t o  those p red i c ted  by t he  steady- state d i s s o l u t i o n  r a t e s  over t he  nex t  two years.  
stage represents  the  f o n a t i o n  o f  a f e r r i t i c  l a y e r  due t o  complete dep le t i on  of n i c k e l ,  and to some ex ten t  
chromium, from the stee1.1'2 
n o t  w e l l  known. 
427'C i s  h igher  than f o r  t h a t  exposed a t  482"C.2 
t he  d e p l e t i o n  of chromium from the  s tee l .  Specimens t h a t  show grea ter  dep le t i on  o f  chromium e x h i b i t  l a r g e  
p o r o s i t y  i n  the  f e r r i t e  l a y e r .  
parameters, e.g., temperature, downstream e f fec ts ,  etc.,  a re  l i k e l y  t o  i n f l uence  the  t r a n s i e n t  d i s s o l u t i o n  
stage and t he  steady- state d i s s o l u t i o n  r a t e s  o f  a u s t e n i t i c  s t e e l s .  

F l a t  co r ros i on  coupons, -70 x 10 x 0.3 mn i n  s ize ,  are exposed to f l ow ing  l i t h i u m ,  

Specimens are p e r i o d i c a l l y  removed frm the  l oop  and cleaned i n  a lcohol  and 
Tests a re  conducted i n  the  t e s t  

The temperature and t ime o f  exposure and t he  l o o p  
L i t h i um was r e c i r c u l a t e d  a t  

The f e r r i t i c  s t e e l s  were exposed i n  t h e  

The r e s u l t s  i n d i c a t e  t h a t  the  weight losses  f o r  f e r r i t i c  s t e e l s  f o l l o w  a 

It w i l l  be shown l a t e r  t h a t  t he  t r a n s i e n t  weight  l o s s  
The 

The d i s s o l u t i o n  r a t e s  f o r  

The d i s s o l u t i o n  behavior  of 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  shows cons iderab le  s c a t t e r .  A t  

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

The f ac to r s  t h a t  i n f l uence  t he  composi t ion o r  na tu re  o f  t he  f e r r i t e  l a y e r  are 
L im i t ed  da ta  i n d i c a t e  t h a t  the  chromium dep le t i on  from Type 316 s t a i n l e s s  s tee l  exposed a t  

An increase i n  n i t r ogen  conten t  i n  l i t h i u m  a l so  increases 

Minor v a r i a t i o n s  i n  l i t h i u m  p u r i t y ,  e.g., n i t r ogen  conten t ,  o r  t he  system 
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Table 9.2.1. L i t h i u m  l o o p  operating condit ions fo r  various corrosion tests 

Loop Temperature ( " C l  N Content Exposure Time ( h )  

Run Vessel Vessel Vessel Trap (wppm) Vessel Vessel 
Test Test spec. Exp. supply Cold in Lithium Test spec. E x p .  

1 482 482 432 212 G O  1295 5000 

2 482/427a 482 407 230b -250 - 1997 

3 427 482 407 230 -100 11011 - 
4 482 427 410 212 a 0 0  5521 6501 
5 427 372 372 206 -100 5023 4955 

aTest  vessel temperature changed from 482 t o  427'C a f t e r  1540 h .  
bNo flow t h r o u g h  cold t r ap  a f t e r  890 h due t o  p l u g g i n g .  Plugged sect ions  replaced 

and flow s t a r t e d  a f t e r  an addit ional  480 h .  

WEIGHT Lass  IN FLOWING LITHIUM 
FERRITIC STEELS 

OPEN SYMBOLS HT-9 

-/-- 

6 6 
-L71-1-1_11- I_ 

S 
11 d 1 
2 
EXPOSURE riME ooooh) EXPOSURE TlME llW0 hl 

Fig. 9.2.1. Weight l o s s  versus exposure time Fig. 9.2.2. Weight l o s s  versus exposure time 
f o r  HT-9 and Fe-9Cr-1Mo f e r r i t i c  s t e e l s  exposed t o  
flowing l i thium a t  372, 427, and 482OC. 

f o r  PCA exposed to flowing l i thium a t  372, 427, and 
482OC. 

70 

WEIGHT LOSS IN FLOWING LITHIUM 

0 & 427 

c 30 

g 20 u 

- - - 
!1i 

5 
EXPOSURE TlME 11000hl 

/ 
70 

60 TYPE 316 55 IANNEALEDI 

, 
WEIGHT LOSS IN FLOWING LlTHlUM 

EXPOSURE TlME 11000hl 

70 

r l P E  316 $5 120 x CWI  

A-- 
r 30 - -482'c 
P 
3 20 
w 

I O  _---- 

EXPOSURE TlME 11000 nI 

Fig. 9.2.3. Weight l o s s  versus exposure time f o r  ( a )  annealed and ( b l  20% CW Type 316 
s t a i n l e s s  s t ee l  exposed t o  flowing l i thium a t  372, 427, and 482°C. 
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D i f fe rences  i n  the  t r a n s i e n t  stage are  r e f l e c t e d  i n  the  co r ros i on  data shown i n  Figs.  9.2.2 and 
9.2.3. 
comparable t o  o r  h igher  than those exposed a t  482°C. Two PCA specimens which were exposed t o  l i t h i u m  a t  
482°C show a f a c t o r  of two d i f f e rence  i n  weight  l oss ;  the  specimen w i t h  smal ler  weight  l o s s  was inc luded i n  
t he  t e s t  run  -550 h a f t e r  the o the r  specimen. However, d u p l i c a t e  specimens exposed a t  the  same t ime always 
show s i m i l a r  d i s s o l u t i o n  behavior .  The a u s t e n i t i c  s tee l  specimens exposed a t  427°C du r i ng  r u n  5 show a 
d i f f e r e n t  co r ros i on  behavior ,  e.g., a l though t he  weight  losses  a f t e r  -5000 h a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
than those observed a t  427 and 482°C dur ing  run  4, the  d i s s o l u t i o n  r a t e s  are a f ac to r  o f  3 t o  4 h igher .  
Meta l lograph ic  examination o f  t h e  specimens, discussed l a t e r ,  i n d i c a t e s  t h a t  the  d i f f e rences  i n  the  
d i s s o l u t i o n  ra tes  fo r  runs 4 and 5 are caused by d i f f e rences  i n  the  f e r r i t e  l a y e r  which forms on t he  sur face  
o f  a u s t e n i t i c  s t ee l  s exposed t o  1 i t h i  urn. 

lasses  increase l i n e a r l y  with t ime,  and t he  d i s s o l u t i o n  r a t e s  are comparable w i t h  those observed a t  427 o r  
482'C. However, the  t o t a l  weight  l o s s  f o r  PCA and Type 316 s t a i n l e s s  s tee l  a t  372OC i s  a f a c t o r  o f  3 t o  4 
lower than a t  427 o r  482°C. 

The d i s s o l u t i o n  r a t e s  o f  the  var ious  se ts  o f  f e r r i t i c  and a u s t e n i t i c  s tee l  specimens exposed t o  f l ow ing  
l i t h i m  a t  372, 427, and 482°C are  g iven i n  Table 9.2.2. These d i s s o l u t i o n  r a t e s  represent  t he  s teady- s ta te  
values shown by the  s t r a i g h t  l i n e s  i n  F igs.  9.2.1 t o  9.2.3. The r e s u l t s  i n d i c a t e  t h a t  the  d i s s o l u t i o n  r a t e s  
fo r  HT-9 and Fe-9Cr-lMo s tee l  decrease by a f a c t o r  o f  -2.5 wi th  each 55°C decrease i n  temperature. However, 
t he  steady- state d i s s o l u t i o n  behavior  o f  Type 316 s t a i n l e s s  s tee l  and PCA i s  i n s e n s i t i v e  to changes i n  
temperature; w i t h  the except ion  o f  r u n  5 a t  427°C. t he  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 t e e l ,  PCA 
(A31, and PCA (82)  are -2.0, 3.4, and 6.0 mg/m2.h, r espec t i ve l y ,  a t  a l l  t e s t  temperatures. 

Micrographs 
o f  Hi-9 a l l o y  exposed t o  l i t h i m  f o r  -5000 h a t  372, 427, and 482OC are  shown i n  F ig .  9.2.4. The s ize  o f  
t he  dimples decreases with a decrease i n  temperature. 
exposure, and t h e i r  s i ze  does n o t  change w i t h  a d d i t i o n a l  exposure. F igure  9.2.5 shows micrographs o f  the  
sur faces o f  HT-9 a l l o y  exposed f o r  3000 and 5000 h a t  482'C. 
i d e n t i c a l  f o r  the  two specimens. 
F ig.  9.2.6. 
and l a t h e  boundaries. 
of l i t h i u m  r e s u l t s  i n  t he  l a r g e  weight  losses  observed du r i ng  t he  i n i t i a l  stages o f  exposure, seen i n  
F ig .  9.2.1. 

The weight  losses  and d i s s o l u t i o n  r a t e s  f o r  PCA and Type 316 s t a i n l e s s  s tee l  exposed a t  427°C are  

A t r a n s i e n t  d i s s o l u t i o n  stage i s  n o t  observed f o r  a u s t e n i t i c  s t ee l s  exposed a t  372'C. The weight  

A f t e r  exposure t o  l i th ium, t he  a l l o y  sur faces  developed a pebbled o r  dimpled appearance. 

Such dimples fom dur ing  the  i n i t i a l  2000 h o f  

The s i z e  and shape o f  t he  dimples a re  
The e a r l y  s tage o f  the  sur face  i n t e r a c t i o n s  for HT-9 a l l o y  i s  shown i n  

The micrograph shows t h a t  l i t h i u m  r e a c t s  p r e f e r e n t i a l l y  a long t he  p r i o r  aus ten i t e  boundar ies 
Dimples a re  beginning t o  f o n  i n  some reg ions  o f  the  surface. Such an e t ch ing  e f f e c t  

Table 9.2.2. D i s s o l u t i o n  r a t e s  o f  f e r r i t i c  and a u s t e n i t i c  s t ee l s  exposed t o  f l o w i n g  l i t h i u m  

Maximum 
Tes t  Specimen Temp. Time D i s s o l u t i o n  Rate (mg/m2.h) 
Run Locat iona ("C) ( h )  HT-9 Fe-9Cr-1Mo 31b SS 316 CW PCA (A31 PCA (82) 

4 Test  Vessel 482 5521 0.173 0.144 1.61 1.58 3.75 5.11 
Test Vessel 482b 4972 - . . 2.78 6.57 

4 Spec. Exp. Vessel 427' 5739 0.064 0.066 2.21 2.18 3.65 6.38 
Spec.  EX^. vessel 427d 6501 0.070 0.070 . - - - 

5 Test  Vessel 427 5023 0.077e 0.062e 9.17 6.34 10.61 - 
5 Spec. Exp. Vessel 372' 4955 0.029 0.030 2.11 2.48 3.52 - 

aCorrosion specimens were exposed i n  the  t e s t  and specimen exposure vessels of t he  l i t h i u m  l oop .  

bA second se t  of PCA specimens was inc luded i n  run  4 a f t e r  t he  f i r s t  weight  change measurements 

'Dupl icate specimens o f  each a l l o y  were exposed du r i ng  the  t e s t  run. 
dA Set of HT-9, Fe-9Cr-lM0, and annealed and 20% CW Type 31655 specimens inc luded i n  t e s t  run  4 f o r  

eD i sso lu t i on  r a t e s  obta ined from the  combined data o f  t e s t  runs 4 and 5 a t  427'C. 

The l i t h i m  flow was from t e s t  vessel t o  specimen exposure vessel .  

a t  549 h o f  exposure. 

long- term exposure. These specimens were removed a f t e r  4368 and 6501 h fo r  weight change measurements. 
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! 

372OC (Run 5 )  427OC (Run 5) 482OC (Run 4) 
Fig. 9.2.4. Mlcrographs o f  the HT-9 a l l o y  surface exposed 

to f lowing l i t h l u n  fo r  -5000 h a t  372, 427, and 482. 

Fig.  9. 
to f lowing 1 

> ,  3000 H 4 a 2 * c I  5000 H 

2.5. Micrographs of the HT-9 a l l o y  surface exposed 
i t h i u n  f o r  3000 and 5000 h a t  482OC. 

Austen i t ic  s ta ln less  s tee ls  exposed to l i t h i u n  also develop a dimpled appearance. Mlcrographs of 

The size of the dimples i s  smaller a t  372OC and i s  n o t  s i g n i f i c a n t l y  d i f f e ren t  a t  427 and 
The ea r l y  stage of the formation o f  dimples f o r  Type 316 s ta in less s tee l  exposed a t  482OC i s  shown 

!aled Type 316 s ta in less steel  exposed to l l t h i u n  fo r  -5000 h a t  372, 427, and 482°C are shown i n  
, 9.2.7. 
'C. 
:ig. 9.2.8; the dimples are small and not  f u l l y  developed. These r e s u l t s  i nd i ca te  t h a t  the t rans ien t  
;elution stage i s  not  completed even a f t e r  -5000 h o f  exposure a t  372°C. A t rue  "steady-state" 
i o l u t i o n  i s  n o t  achieved a f ter  5000 h a t  372'C, and the d i sso lu t i on  ra tes  are canparable t o  o r  higher 
1 the steady-state d i sso lu t i on  ra tes  a t  427 o r  482OC. 
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Fig. 9.2.6. Micrograph of the HT-9 alloy surface 
exposed to flowing l i thim for 1100 h a t  427'C. 

372'C (Run 5) 427OC (Run 5 )  482% (Run 4) 

Fig. 9.2.7. Micrographs of the surface of annealed Type 316 stainless Steel 
exposed to flowing l ithim for -5000 h a t  372, 427, and 482OC. 

Fig. 9.2.8. Micrograph of the Type 316 stainless 
steel surface exposed to flowing l i thim for 1300 h a t  
482°C. 
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80 

60 

- TYPE 316 SS 

pr 
70-  EXPOSED TO FLOWING LITHIUM 

- - 

- 
P =,2.04 to-% 1 

OPEN SYMBOLS-482°C 
CLOSED SYMBOLS - 427°C 
SLASHED SYMBOLS-20% COLD WORKED 

I 2 3 4 5 6 
EXPOSURE TIME,t (1000 hl 

Fig. 9.2.9. Internal penetration versus exposure time for 
Type 316 s ta in le s s  s tee l  exposed to l i t h i m  a t  427 and 482'C. 

Fe 

Cr 

NI 

PCA (82) 316 SS (20%CW) 

Fig.  9.2.10. Micrographs and concentration prof i les  for major elements across 
the f e r r i t e  layer of PCA and Type 316 s ta in le s s  s tee l  exposed t o  lithium a t  427°C. 
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6 5 0 1  H (Run 4) 5023 H (Run 5 )  

F ig .  9.2.11. Micrographs o f  the f e r r i t e  l aye rs  formed on 20% CW Type 316 
stainless steel exposed t o  l i t h i u n  for ,5000 h a t  427OC during runs 4 and 5 .  

Table 9.2.3. Weight loss and surface composition o f  
HT-9 a l l o y  exposed to f lowing l i t h i u m  

Weight 
Test Time Temp. Los? Surface Composition (%) 
Run (h )  ('C) (g/m ) C r  Fe 

- Unexposed - 12.0 85.6 
0.30 10.8 86.8 

3000 1.35 6.2 91.8 
1 
1 
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9. 

Table 9.2.4. Weight loss ,  depth o f  i n te rna l  penetration, and surface 
compositions o f  Type 316 s ta in less steel exposed to 
f lowing l i t h i u m  

~ 

Weight 
Test Time Temp. L O S ~  Penetrat ion Surface Composition (%) 
Run (h)  ("c) (glm 1 (urn) C r  Fe N i  

- Unexposed 
1 
2 
4 
3 
4a 
4b 
5 
5a 
5b 

1 
2 
4 
3 
4a 
4b 
4 
5 
5a 
5b 

1295 
1997 
5521 

1100a 
5739 
5739 
5023 
4955 
4955 

1295 
1997 
5521 
1100 
5739 
5739 
6501 
5023 
4955 
4955 

482 

1 
427 I 
372 

372 

482 

1 
427 I 
372 
372 

Type 316 SS (annealed) 

- - 
6.7 13 

21 .o 25 
31.8 37 

17.2 21 
42.2 38 
41.5 37 
57.2 31 
14.1 9 

12.9 13 

Type 316 SS (20% CW) 

23.8 24 
46.5 47 
35.0 40 
24.9 25 
47.9 42 
51.6 40 
52.9 46 

46.0 38 

16.3 14 
15.5 13 

17.5 
12.2 

6.2 
9.7 

18.7 
8.3 
8.1 
8.0 

10.6 

9.1 

13.9 
5.6 

10.0 
14.3 
8.8 

8.6 
7.3 
8.5 
- 

10.2 

64.9 
81.6 

90.9 
84.0 

77.1 
88.4 
86.6 
90.6 
86.0 

87.3 

78.0 
88.1 
85.6 
82.6 
88.3 
86.8 

87.9 
89.4 

- 
86.5 

12.9 

1.2 
1.1 
0.7 

1.8 
0.9 
0 .8 
0.6 
1.4 
1.5 

0.6 
0.6 
0.7 

1.3 
1.0 
0.9 
0.8 

0.6 
- 

1.4 

aLarge deposits of chromim observed on the specimen. The surface 
canposi t i o n  represents regions away f ran  the deposits. 

Conclusions 

Corrosion data for  f e r r i t i c  HT-9 and Fe-9Cr-1Mo steel i n  f lowing l i t h i m  a t  372, 427, and 482'C 
ind ica te  t h a t  the weight losses for f e r r i t i c  steel  increase l i n e a r l y  w i th  time and y i e l d  a constant 
d i s s o l u t i o n  ra te .  
temperatures. 
i n  temperature. A f te r  exposure to l i t h i m ,  the a l l o y  surfaces develop a dimpled appearance. The s ize of 
the dimples decreases w i th  a decrease i n  temperature. 
-2000 h o f  exposure a t  temperatures between 372 and 482'C. and the s ize o f  the dimples does n o t  change w i t h  
add i t iona l  exposure. 
i n i t i a l  per iod of exposure. 
surface; the surface concentrat ion o f  chromium i s  between 6 and 8%. 

l i t h ium.  The d i sso lu t i on  ra tes  reach a steady s ta te  a f t e r  a t rans ien t  per iod o f  -1500 h character ized by 
r a p i d  d isso lu t ion.  
equivalent to those predicted by the steady-state d i sso lu t i on  ra tes  over the next two  years. The t o t a l  
weight l o s s  fo r  aus ten i t i c  s tee ls  i n  l i t h i m  a t  372, 427, and 482OC i s  more than an order o f  magnitude 

The d i sso lu t i on  behavior of the HT-9 a l l o y  and Fe-9Cr-1Mo steel  i s  i d e n t i c a l  a t  a l l  
For both steels,  the d i sso lu t i on  ra tes  decrease by a fac tor  o f  -2.5 w i t h  each 55'C decrease 

The dimpled s t ruc ture  i s  f u l l y  developed a f t e r  

Such an "etching e f f e c t "  o f  l i t h i u m  leads to s i g n i f i c a n t  weight l o s s  dur ing the 
The l i t h im- exposed  specimens show some deple t ion o f  chromium fran the specimen 

The aus ten i t i c  PCA and Type 316 s ta in less  steel  show a complex d i sso lu t i on  behavior i n  flowing 

A t  427 and 482OC, the weight losses dur ing the t rans ien t  d i sso lu t i on  stage are 
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g rea te r  than the  f e r r i t i c  s t ee l s .  
s t ee l s  i n  l i t h i u m  i s  t h a t  t he  s teady- s ta te  d i s s o l u t i o n  r a t e s  are i n s e n s i t i v e  t o  changes i n  exposure 
temperature. 
(62) a re  -2.0, 3.4,  and 6.0 mg/m2.h, r espec t i ve l y .  

l a y e r  due t o  dep le t i on  o f  n i cke l  and, t o  some ex ten t ,  chromium from the s t e e l .  Meta l lograph ic  examination 
of the  l i t h i m- e x p o s e d  specimens i n d i c a t e s  t h a t  the  t r a n s i e n t  d i s s o l u t i o n  stage p lays  an impor tan t  r o l e  i n  
c o n t r o l l i n g  the  na ture  and growth of t he  f e r r i t e  l a y e r  and, consequently, i n  t h e  o v e r a l l  d i s s o l u t i o n  
behavior  of a u s t e n i t i c  s t ee l s .  
-100 t o  250 wppn increases the  p o r o s i t y  i n  the  f e r r i t e  s c a l e  as we l l  as the  weight  l o s s  f o r  t he  specimen. 
Aus ten i t i c  s t e e l s  exposed a t  4 2 7 T  show g rea te r  p o r o s i t y  and weight  l o s s  than those exposed f o r  s i m i l a r  
t imes a t  482°C. 
s tee l .  The t r a n s i e n t  d i s s o l u t i o n  stage i s  n o t  over even a f t e r  -5000 h of exposure i n  l i t h i u m  a t  372°C. 

The r e s u l t s  i n d i c a t e  t h a t  d i f f e r e n t  mechanisms con t ro l  t he  d i s s o l u t i o n  behavior  o f  a u s t e n i t i c  s t ee l s .  
The i n f l uence  o f  system parameters, such as temperature, l i t h i u m  p u r i t y ,  downstream e f f ec t s ,  etc . ,  needs t o  
be determined to e s t a b l i s h  t he  d issolut ion/mass t r ans fe r  behavior  of a u s t e n i t i c  s t a i n l e s s  s t e e l s  i n  f lowing 
l i t h i u m .  Est imates o f  mass t r a n s f e r  i n  l i t h i m - a u s t e n i t i c  s tee l  systems based on a steady- state d i s s o l u t i o n  
r a t e  do n o t  account f o r  the  s i g n i f i c a n t  mass t r ans fe r  t h a t  occurs dur ing  t he  i n i t i a l  -1500 h o f  exposure. 
Corrosion t e s t s  a re  i n  progress i n  f lowing l i t h i u m  a t  538 and 482°C t o  eva lua te  the  d i s s o l u t i o n  behavior  o f  
f e r r i t i c  and a u s t e n i t i c  s t e e l s  a t  h igher  temperatures. 
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9.3 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS I N  FLOWING Pb-17Li - 0. K.  Chopra and 
0. L. Smith (Argonne Nat iona l  Labora to ry )  

9.3.1 A D I P  Task 

A D I P  Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  Analyses. 

9.3.2 O b j e c t i v e  

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  t h e  i n f l u e n c e  of a f l o w i n g  Pb-17 a t .  % L i  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 o r s .  
c o r r o s i v e  p e n e t r a t i o n  of a l l o y  specimens exposed t o  f l o w i n g  Pb-17Li f o r  v a r i o u s  t imes.  
r a t e s  a r e  determined as a f u n c t i o n  of temperature. 
t o  e s t a b l i s h  t h e  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 .  
mechanical p r o p e r t i e s  i s  focused on t e n s i l e  t e s t s  i n  a f l o w i n g  Pb-17Li environment. 

Cor ros ion  behav io r  i s  eva lua ted  by measuring t h e  we igh t  change and dep th  o f  i n t e r n a l  
The d i s s o l u t i o n  

I n i t i a l  e f f o r t  on 
M e t a l l o g r a p h i c  examinat ion o f  t h e  a l l o y  s u r f a c e  i s  used 

9.3.3 Sumnary 

C o r r o s i o n  da ta  a r e  presented f o r  f e r r i t i c  HT-9 and Fe-9Cr-1Mo s t e e l  and a u s t e n i t i c  Type 316 s t a i n l e s s  
s t e e l  i n  f l ow ing  Pb-17Li a t  413, 427, and 454°C. 
env i ronment  a t  temperatures between 270 and 450°C a r e  a l s o  repor ted .  

9.3.4 Progress and S ta tus  

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 r e  b e i n g  i n ~ e s t i g a t e d . ’ . ~  
Pb-17 a t .  % L i  l o o p  c o n s i s t i n g  o f  a h igh- tempera tu re  t e s t  vessel  w i t h  a h e a t  exchanger s e c t i o n  and a co ld-  
temperature chamber. 
A schematic of t h e  l o o p  and m i x i n g  vessel  i s  shown i n  F i g .  9.3.1. 
-2 l i t e r s .  
and < l o  wppm, r e s p e c t i v e l y .  

T e n s i l e  p r o p e r t i e s  o f  HT-9 a l l o y  i n  a f l o w i n g  Pb-17Li 

The e f f e c t s  o f  a f l o w i n g  Pb-17Li env i ronment  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  of 
Tes ts  a r e  conducted i n  a f o r c e d - c i r c u l a t i o n  

The e u t e c t i c  a l l o y  was prepared i n  a separate vessel  and t r a n s f e r r e d  i n t o  t h e  l o o p .  

Several analyses of t h e  e u t e c t i c  a l l o y  show t h a t  t h e  c o n c e n t r a t i o n s  o f  0, H, and N a re  260, 22, 
The t o t a l  volume o f  t h e  l o o p  i s  

U 

1_J 
L 

F i g .  9.3.1. Schematic of Pb-17Li Tes t  Loop. 
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Flat  corrosion coupons, -73 x 10 x 0.26 mn in s i ze ,  of Type 316 s ta in less  s t e e l ,  PCA,  Fe-9Cr-lMo. and 
HT-9 alloy were exposed to  flowing Pb- l7L i ,  and the  corrosion behavior was evaluated by measurements of 
weight loss  and depth of internal corrosive penetration. Two corrosion t e s t  runs of -4000-h duration each 
were completed a t  maximum temperatures of 454 and 427°C. respectively.  
exposed a t  two locat ions ,  viz. ,  the maximum temperature position i n  the t e s t  vessel and a t  the entrance of 
the heat-exchanger tube. 
temperature. For both t e s t  runs, the Pb-17Li a l loy was recirculated a t  -350 cm3/min and the cold-leg 
temperature was maintained a t  300'C. 
change measurements. 
-300°C. Subsequently, they were washed i n  alcohol and water. T h i s  procedure was repeated several times 
until  no fur ther  weight change was observed for  the specimens. 

environment t o  study the possible embrittlement of the material .  The CERT f a c i l i t y  and a mechanical t e s t  
f ix ture  were constructed for  performing the t e s t s  i n  the flowing environment. 
2.54-mn diameter and 10.2-mm gauge length (ASTV Standard Ea),  were tes ted a t  temperatures between 270 and 
450°C and a constant extension r a t e  of 5.1 x mmls. 

9.3.4.1 Corrosion Behavior 

For each t e s t  run, specimens were 

The temperature of the l a t t e r  position was 15 to  25OC lower than the maximm 

The specimens were periodically removed fran the loop for  weight 
After each exposure, the corrosion specimens were cleaned in s t a t i c  lithium a t  

Constant extension r a t e  t e s t s  I C E R T )  are a lso  being conducted on HT-9 al loy i n  a flowing Pb-17Li 

Cylindrical specimens, 

Figures 9.3.2 and 9.3.3 show the weight losses  of f e r r i t i c  and austeni t ic  s t e e l s ,  respectively,  in 
flowing Pb- 17Li a t  413, 427, and 454°C as a function of time. The r e s u l t s  indicate tha t  the weight losses  
f o r  HT-9 and Fe-9Cr-1Mo f e r r i t i c  s t e e l s  increase l inea r ly  with time, whereas the annealed and 20% cold- 
worked [ C W )  Type 316 s ta in less  s t e e l s  achieve a steady-state dissolution behavior a f t e r  an i n i t i a l  period of 
-500 h characterized by very h i g h  dissolution ra tes .  The w e i g h t  losses  for  austeni t ic  s t e e l s  are  an order 
of magnitude higher than for  the f e r r i t i c  s t e e l s .  For austeni t ic  s t e e l s ,  t h e  large weight losses during the 
i n i t i a l  t r ans ien t  period represent the fotmation of a f e r r i t i c  surface layer due to  complete depletion of 
nickel and, to  a l e s se r  extent,  chranim fran the s t ee l .3  
the concentrations of nickel and chromim decrease abruptly across the f e r r i t e l a u s t e n i t e  in terface .  
f e r r i t i c  s t e e l s  show a s l i g h t  depletion of chromium a f t e r  exposure to  flowing Pb-17Li. 
Ni, Cr, and Fe across the surface regions of annealed Type 316 s ta in less  steel  and HT-9 a l loy i s  shown in 
F i g .  9.3.4. 

The steady-state dissolution ra tes  fo r  HT-9, Fe-9Cr-lMo. and annealed and 20% CW Type 316 s ta in less  
s t e e l s  in flowing Pb-17Li are given i n  Table 9.3.1. The resu l t s  indicate t h a t  the dissolution ra tes  for  
f e r r i t i c  s t e e l s  decrease with a decrease in temperature. However, the data for  Type 316 s ta in less  s teel  
show considerable sca t t e r ;  e.g., the dissolution ra tes  a t  454OC fran Run 1 are  comparable to  those a t  427°C 
from Run 2 ,  and t h e  r a t e s  a t  427OC from Run 1 are  comparable to those a t  413°C from Run 2. 
f e r r i t i c  and austeni t ic  s t e e l s ,  the dissolution r a t e s  a t  427Y fran Run 2 are  s ignif icant ly  higher than 
those from Run 1. 
427°C fran Run 1 were placed downstream and were n o t  a t  the maximum loop temperature, whereas the specimens 
from Run 2 were a t  the maximum loop temperature of 427'C. The large sca t t e r  i n  dissolution ra tes  fo r  
Type 316 s ta in less  s teel  may also r e s u l t  fran differences i n  the  nature of the f e r r i t e  layer ,  specif ical ly  
the porosity i n  the f e r r i t e  layer .  The f e r r i t e  layer i s  very weak and often breaks off d u r i n g  exposure o r  
the cleaning procedure, adding considerable uncertainty i n  the weight loss  measurements. 

9.3.4.2 Tensile Properties 

Generally, the f e r r i t e  layer i s  very porous, and 

The dis t r ibut ion of 
The 

For both 

These differences a t  427OC may be a t t r ibuted to specimen locat ion,  i . e . ,  the specimens a t  

Tensile properties of normalized and tempered HT-9 a l loy a t  temperatures between 213 and 454°C and a 
constant extension r a t e  o f  5.1 x mmls in flowing Pb- 17Li are  given i n  Table 9.3.2. Prior to  t e s t ing ,  
a l l  specimens were exposed fo r  -18 h to  flowing Pb- 17Li a t  427°C to  achieve complete wetting of the specimen 
surface.  
t o  those observed in a i r  o r  a flowing l i t h i m  e n ~ i r o n m e n t . ~  All specimens showed considerable necking and a 
duct i le  f racture .  
elongation over the gauge length of the specimens were >18%. 
serrated flow. 

The resu l t s  indicate  t h a t  the ultimate and yie ld  strengths of the steel  in Pb-17Li are  comparable 

The reductions in area a t  the d i f fe ren t  temperatures are  >50%. The values of to ta l  
The specimens tes ted below 371°C showed 

Tests are in progress on normalized and tempered HT-9 alloy a t  a constant extension r a t e  of 
1 x 10-2 m n l s .  
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WEIGHT LOSS IN FLOWING Pb-17 01. % Li 
FERRITIC STEELS 

OPEN SYMBOLS : HT-9 

__-  RUN NO, TEMP l'Cl 

0 A 427 

l ( b )  
0 

WEIGHT LOSS IN FLOWING Pb-17 at. % Li 
TYPE 316 SS I20 % C W I  

- 

_ _ _ _  RUN NO. TEMP I'CI 

EXPOSURE TIME 11000 h l  

F ig .  9.3.2. Weight loss  versus exposure t ime f o r  HT-9 and Fe-9Cr-1Mo f e r r i t i c  s t ee l  exposed a t  413,  
427, and 454°C to f l ow ing  Pb- 17L i .  
t h e  maximum l oop  temperature w h i l e  the  specimens a t  the  lower temperature were p laced  downstream. 

For bo th  t e s t  runs, specimens a t  the  h i ghe r  temperature were l o c a t e d  a t  

1 1 

WEIGHT LOSS IN FLOWING Pb-17 at, % ~i 
TYPE 316 SS 

I I 

~ WEIGHT LOSS IN FLOWING Pb-17 at, % ~i 
TYPE 316 SS 

RUN NO. TEMP IT) 
300- I 2 

0 A 427  
N 0 413 

E . 
y1 

J 

c 

g 200- 

0 

0 i 2 3 4 
EXPOSURE TIME (1000 h l  EXPOSURE TIME (1000 h l  

F ig.  9.3.3. Weight l o s s  versus exposure t ime f o r  (a )  annealed and ( b )  20% cold-worked Type 316 
s t a i n l e s s  s t e e l  exposed a t  413, 427, and 454OC t o  f l o w i n g  Pb -17L i .  For  bo th  t e s t  runs,  specimens a t  the  
h igher  temperature were l o c a t e d  a t  t h e  maximum l oop  temperature w h i l e  the  specimens a t  lower temperature 
were p laced  downstream. 
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Cr 

Ni 

3 2  
c 

TYPE 316 SS HT-9 

Fig.  9.3.4. Micrographs and concentrat ion p r o f i l e s  for  major elements across the f e r r i t e  l a y e r  o f  
Type 316 s ta in less steel  and the surface region o f  the HT-9 a l l o y  exposed to Pb-17Li f o r  3663 h a t  454°C. 

Table 9.3.1. D isso lu t ion ra tes  for f e r r i t i c  and aus ten i t i c  s tee ls  
exposed to f lowing Pb-17Li 

Maximum -. . . .. . 
Run Temp. Time Disso lu t lon Rate (mg/m2.h) 

Nmber (TI (h)  T-9 9Cr-1Mo 316 SS 316 fl 

1 454 3663 9.0 8.2 50.1 75.9 
1 427 3663 5.1 4.9 26.1 27.4 
2 427 3808 7.4 - 55.1 58.6 
2 413 3808 2.6 - 23.9 31.1 

Table 9.3.2. Tensi le proper t ies  o f  HT-9 a l l o y  tested i n  
f lowing Pb-17Li 

Test Ul t imate 0.2% Yie ld  Reduction 
Specingn Temp.' Strength Strength i n  Area 
Number ("C) (MPa) (MPa) ( 9 )  

TH-8 454 596 478 75.0 
TH-1 427 644 - - 
TH-3 427 627 486 63.1 
TH-4 371 711 550 57.3 
TH-5 316 730 534 55.3 
TH-6 273 740 556 59.5 
TH-7 273 749 573 58.8 

~ 

a A l l  mecimens were exposed f o r  -18 h i n  f lowina Pb-17Li 
a t  4 2 i O C  before test ing.  T s t s  were perfotmed-at a constant 

length. 

extension r a t e  o f  5.1 x 10- 5 mmls. 
bCyl i n d r i c a l  specimens, 2.54-rn diameter and 14.3-mn gauge 







198 

However, extensive deposi t ion was noted f o r  the 
coldest specimen (350°C) and t h i s  i s  re f l ec ted  i n  
the  la rge  measured weight gain (see Table 9.4.2). 
I n  addi t ion,  as also shown i n  Table 9.4.2, a semi- 
quan t i t a t i ve  analysis o f  energy dispersive x-ray 
data taken from the surfaces o f  these co ld  l e g  
specimens ind icated t h a t  the overa l l  surface com- 
pos i t i on  increased i n  manganese and n icke l  as the 
temperature decreased. This i s  consistent w i th  
the appearance o f  more and la rge r  deposits (and 
greater weight gains per u n i t  area) as the speci- 
men temperature decreased. Figure 9.4.2 shows 
s m e  higher magnif icat ion micrographs o f  these 
deposits and includes t h e i r  corresponding energy 
d ispers ive x-ray spectra t h a t  ind icate  high manqa- 
nese and n icke l  concentrations r e l a t i v e  t o  the 

Table 9.4.2 Weig'ht gains and surface compositions 
of cold l e g  type 316 s ta in less s tee l  specimens 

i n  a l i t h i u m  thermal convection loop t h a t  
operate between 500 and 350°C w i th  Cr-Mn 

steel  specimens i n  i t s  hot zone 
for  3340 h 

Surface concentration (wt %)a T Weight gain 

("C) (s/m2) Fe C r  N i  Mn 

unexposed 64 18 13 3 
410 1.4 60 15 18 3 
390 15.1 27 7 40 27 
370 23.9 18 P hh 77 -... .. _ _  

under ly ing matrix. 350 70.9 7 2 48 43 
The observation o f  a la rge concentration of 

manganese i n  the coldest area of the loop confirms 
t h a t  the manganese being dissolved frm a few spe- 
cimens i n  the ho t tes t  par t  of the loop i s  being 
transported and deposited i n  the co ld  zone. Thus, 
thermal gradient mass t ransfer  of manganese w i l l  be a major concern i n  manganese steel- l i th ium systems, j u s t  
as n icke l  mass t ransfer  i s  for  n ickel- bear ing a l l oys  exposed t o  nonisothermal l i th ium.  
s ign i f i can t  chromium deposi t ion i n  the co ld  zone (see Table 9.4.2) i s  consistent w i th  the observation, c i t e d  
i n  the preceding progress report,' t h a t  chromium i s  p re fe ren t ia l l y  react ing i n  the hot zone of the loop. 

aSemi - quant i ta t ive  determination based on ZAF- 
corrected energy dispersive x-ray analysis data. 

The lack o f  

M-21070 M - 2 10 6 2 

M-21039 

Fig. 9.4.1. Scanning e lec t ron micrographs of type 316 s ta in less steel  coupon surfaces located i n  the 
co ld  l e g  of a l i t h i u m  thermal convection loop containing Cr-Mn and C r- N i  aus ten i t i c  a l l o y  specimens i n  i t s  
hot leg. Maximum loop temperature was 5OOOC. (a) 410°C. (b) 39OOC. (c )  370°C. (d) 350°C. 
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Fig. 9.4.2. Scanning e lec t ron micrographs and associated energy dispersive x-ray spectra o f  deposits 

Maximum loop temperature was 5OOOC. 
formed on type 316 s ta in less steel  surfaces located i n  the co ld  l e g  of a l i t h i u m  thermal convection loop 
containing Cr-Mn and Cr-ni aus ten i t i c  a l l o y  specimens i n  i t s  hot leg. 
[a) 390OC. (b) 370°C. (c) 350'C. 
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During the current repor t ing period, 
a second l i t h i u m  loop experiment s tar ted 
operat ion w i th  low ac t i va t i on  (manganese- 
containing) aus ten i t i c  a l loys.  The hot 
zone of the loop (481MOO0C) contains C r -  
Mn steels w i th  between 15 and 20 w t  % Mn. 
As i n  the f i r s t  experiment, the remaining 
specimens i n  the cooler par t  of the hot Mn C r  N i  C N S i  Fe 
l e g  and i n  the co ld  l e g  are type 316 
s ta in less steel. The compositions of low Age 18-18t 18 18 0.5 0.1 0.4 0.6 bal 
a c t i v a t i o n  a l l o y  specimens i n  the hot 
zone are l i s t e d  i n  Table 9.4.3. The PCMA RE7 15 15 0.5 0.1 0.1 0.4 bal  
specimens are ORNL developmental a l loys ,  
wh i le  the  others were supplied by HEDL. NIT-32 12 18 1.5 0.1 0.4 0.6 bal 
The specimens w i l l  be weighed t h r i c e  
dur ing a t o t a l  exposure t o  l i t h i u m  o f  PCMA-2 17 15 0.01 0.06 0.001 0.04 bal  
about 3300 h. The f i r s t  exposure i n t e r -  
V a l  (1037 h) was completed dur ing t h i s  PCMA-4 19 10 0.01 0.09 0.002 0.02 bal  
repor t i ng  per iod and the  measured weight 
changes for the hot zone specimens are PCMA-6 14 16 0.01 0.18 0.003 0.02 bal  
l i s t e d  i n  Table 9.4.4. Note t h a t  none o f  
the weight losses were la rge  and two of PCMA-7 19 15 0.01 0.38 0.005 0.02 bal  
t he  specimens, a l l oys  RE7 and Age 18-18t, 
a c t u a l l y  gained weight. When these PCMA-9 18 20 0.01 0.26 0.006 0.03 ba l  
resu l t s  are compared t o  the 1507 h data 
from the f i r s t  experiment w i th  the low 
ac t i va t i on  a l loys ,  as shown i n  Fig. 9.4.3, 
i t  can be noted that ,  i n  both experiments, the 18-18t type of a l l o y  exh ib i ted a net weight gain. 
Addi t iona l ly ,  an a l l o y  s i m i l a r  i n  composition t o  RE?, a l l o y  R88, showed j u s t  a small weight loss. 
a l l  o f  the Cr-Mn s tee ls  o f  the second experiment showed s i m i l a r  weight changes t o  those measured a f te r  
1507 h i n  the f i r s t  loop run. 
s ign o f  the measured weight change (see Table 9.4.4). 

o f  the two loop experiments. p a r t i c u l a r l y  f o r  the 
18-18t and Age 18-18+ specimens, ind icates tha t  s i m i -  
l a r  corrosion processes are probably involved. 
discussed above, these include concentration gradient 
chromium t ranspor t  among the specimens and loop wal l  
i n  the hot zone and thermal gradient mass t rans fe r  o f  Temperaturea Weight change 
manganese t o  the co ld  zone. ( A  s ign i f i can t  amount of Specimen ("C) (g/m2) 
t h i s  l a t t e r  type o f  mass transport  was measured as 
substant ia l  weight gains o f  the coldest loop speci- PCMA-4 485 -4.8 
mens dur ing the f i r s t  1037 h of the second loop 

o f  mass t ransfer  processes can possibly lead t o  a net 
weight gain, as measured f o r  Age 18-18+, if the amount Age 18-18+ 490 +2.8 
of mater ia l  deposited by concentration gradient mass 

manganese and other elements. While v e r i f i c a t i o n  o f  

s i s  a t  the completion of the second loop experiment, 

men exposed i n  the f i r s t  loop run? 

d i sso lu t i on ldepos i t i on  react lons invo lv ing  chromi um 
may be exacerbated by the r e l a t i v e l y  high ni t rogen RE7 500 +1.7 
concentrations of the Cr-Mn s tee ls  (see Tables 9.4.1 
and 9.4.3). aMinimum loop temperature = 35OOC. 
L i ,  Cr,  and N are possible6S7 and could lead t o  
increased d i sso lu t i on  and/or reacttlon product for-  
mation a t  specimen surfaces. 
hot  zone specimens i n  the f i r s t  loop experiment.2 
observed2 i n  a loop experiment i n  which 12Cr-1MoVW stee l  was exposed t o  thermal ly convective l i t h i u m  c i r -  
cu la t i ng  between 600 and 450°C, where chromium-rich nodules formed on the surface o f  a 12Cr-IMoW s tee l  t h a t  
suffered net d i sso lu t i on  a t  6OO0C. Such react ions may become even more important a t  lower temperatures.B 
A t  the higher temperatures o f  t h i s  loop experiment, thermal gradient mass t ransfer  appears t o  beccine the  
dominant corrosion mechanism. 

The 12Cr-1MoVW stee l  loop experiment has now been completed a f ter  a t o t a l  specimen exposure of 6962 h. 
The updated (and now f i n a l )  weight loss  data f o r  the 12Cr-1MoVW steel  specimen located a t  the naximum tem- 
perature pos i t i on  i n  the loop are shown i n  Figs. 9.4.3 and 9.4.4. The former f i g u r e  compares the  data from 

Table 9.4.3 Compositions of Fe-Mn-Cr s tee ls  exposed 
t o  thermal ly convective l i t h i u m  between 500 and 

485°C i n  the second loop experiment 

Composition ( w t  X )  
Al loy  

Overall .  

There i s  no obvious co r re la t i on  between composition and the magnitude and 

The s i m i l a r i t y  i n  i n i t i a l  weight change resu l t s  
Table 9.4.4 Weight changes of specimens 

exposed t o  thermal ly convective 
l i t h i u m  for  1037 h As 

experiment.) The d i f f e r i n g  nature o f  these two types NIT-32 485 -8.5 

t r a n s f e r  i s  greater than t h a t  l o s t  by d i sso lu t i on  o f  PCMA-7 490 -5.7 

these processes awaits surface examination and analy- PCMA-2 495 4 . 9  

s i m i l a r  reactions were observed for the 18-18t speci- PCMA-9 49 5 -7.7 

As discussed previously,2 the hot l e g  PCMA-6 500 -4.0 

Reactions between C r  and N and between 

Such react ions could explain the presence of chromium-enriched nodules on the 
Evidence for a s i m i l a r  chromium react ion was a lso 
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Fig.  9.4.3. 
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EXPOSURE T I M E  (h) 

Weight l o s s  versus exposure t ime for  12Cr-1MoVW s t e e l  i n  t h e r m a l l y  convec t ive  l i t h i u m .  

ORNL-DWG 8 4 - 1 5 8 3 2 R  
thermally c o n v e c t i v e  lithium 

EXPOSURE T I M E  (h) 
F ig .  9.4.4. Weight l o s s  versus exposure t ime  fo r  12Cr-IMoVW s t e e l  and type  316 s t a i n l e s s  s t e e l  exposed 

t o  t h e r m a l l y  convec t ive  l i t h i u m  a t  600°C. 
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t h e  present  experiment w i t h  t h a t  from an e a r l i e r  l i t h i u m  l o o p  study conducted a t  a maximum temperature of 
500°C.8 
t i o n  k i n e t i c s  ( t h a t  i s ,  t h e  r a t e  ob ta ined  f rom t h e  s lope o f  t h e  curve). 
than  t h a t  ob ta ined  from t h e  500°C data a t  l o n g e r  t imes.  ( O f  course, based on t h e  d i s c u s s i o n  above, i t  must 
be remembered t h a t  t h e  data being compared i n  Fig. 9.4.3 c o u l d  ve ry  w e l l  be r e p r e s e n t a t i v e  o f  two d i f f e r e n t  
c o r r o s i o n  regimes.) F igure  9.4.4 compares weight  l o s s  data f o r  12Cr-1MoVW s t e e l  exposed t o  t h e r m a l l y  con- 
v e c t i v e  l i t h i u m  a t  600°C i n  a 1ZCr-1MoVW s t e e l  l o o p  t o  t h a t  f o r  t y p e  316 s t a i n l e s s  s t e e l  exposed under t h e  
same c o n d i t i o n s  i n  a t y p e  316 s t a i n l e s s  s t e e l  loop. As noted p r e v i o u s l y  w i t h  t h e  e a r l i e r  data,' t h e  d i s -  
s o l u t i o n  r a t e  o f  t h e  12Cr-1MoVW s t e e l  i s  s i g n i f i c a n t l y  l e s s  than  t h a t  o f  t h e  t y p e  316 s t a i n l e s s  S tee l .  TO 
determine t h e  e x t e n t  of thermal g r a d i e n t  mass t r a n s f e r  i n  t h i s  l o o p  experiment, v i s - a - v i s  o t h e r  r e a c t i o n s  
i n v o l v i n g  chromium, scanning e l e c t r o n  microscopy w i t h  assoc ia ted  energy d i s p e r s i v e  x- ray  a n a l y s i s  w i l l  be 
used t o  examine surfaces o f  specimens i n  bo th  t h e  ho t  and c o l d  legs.  

9.4.5 Conclus ions 

15-20 w t  % Mn y i e l d e d  values c o n s i s t e n t  w i t h  e a r l i e r  r e s u l t s  f o r  o t h e r  a l l o y s  o f  s i m i l a r  composi t ion.  
r e l a t i v e l y  m d e s t  weight  losses and weight  ga ins a f t e r  1037 h a t  about 500°C i n d i c a t e d  t h a t  t h e  c o r r o s i o n  
was not  severe. However, pending sur face  examinat ion and a n a l y s i s  a t  t h e  end of t h e  l o o p  experiment, t h e  
a c t u a l  e x t e n t  of t h e  c o r r o s i o n  r e a c t i o n s  cannot be e s t a b l i s h e d  due t o  t h e  p o s s i b i l i t y  o f  competing processes 
t h a t  may lead  t o  r e l a t i v e l y  low ne t  weight  changes. 

Analyses of thermal g rad ien t  mass t r a n s f e r  depos i t s  from a l i t h i u m  loop  c o n t a i n i n g  Cr-Mn s t e e l s  of 
v a r y i n g  (15-30 wt % Mn) concen t ra t ions  showed t r a n s p o r t  of manganese, bu t  no t  chromium, t o  t h e  c o l d e s t  p a r t  
o f  t h e  c i r c u i t .  Such evidence i s  c o n s i s t e n t  w i t h  e a r l i e r  i n d i c a t i o n s  t h a t ,  w h i l e  manganese underwent t h e r -  
mal g r a d i e n t  mass t r a n s f e r ,  chromium t r a n s p o r t  occurred between components i n  t h e  h o t  leg .  

con f i rmed p r i o r  i n d i c a t i o n s  t h a t ,  (1) thermal g r a d i e n t  mass t r a n s f e r  i s  t h e  dominant c o r r o s i o n  process f o r  
t h i s  s t e e l  when exposed t o  t h e r m a l l y  convec t i ve  l i t h i u m  c i r c u l a t i n g  between 600 and 450'C and ( 2 )  t h e  d isso-  
l u t i o n  r a t e  o f  12Cr-1MoVW s t e e l  i n  t h i s  l i t h i u m  a t  600°C was s i g n i f i c a n t l y  l e s s  than  t h a t  measured f o r  
t y p e  316 s t a i n l e s s  s t e e l  measured under s i m i l a r  c o n d i t i o n s .  
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9.5 CORROSION OF TYPE 316 STAINLESS STEEL AdD 12Cr-1MoVW STEEL I N  THERMALLY C O N V E C T I V E  Pb-17 a t .  % L i  - 
P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge Nat ional  Laboratory)  

9.5.1 A D I P  Task 

A D I P  Task I.A.3, Perform Chemical and Me ta l l u rg i ca l  Compa t i b i l i t y  Analyses. 

9.5.2 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  of candidate f i r s t - w a l l  ma te r i a l s  t o  
s l ow l y  f l ow ing  Pb-17 a t .  % L i  i n  t he  presence of a temperature gradient .  D i s s o l u t i o n  and depos i t ion  ra tes  
a re  measured as f unc t i ons  o f  t ime, temperature, and add i t i ons  t o  t h e  l ead- l i t h i um.  These measurements a re  
combined w i t h  chemical and meta l lograph ic  examinations o f  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 f o r  t he  d i s s o l u t i o n  and depos i t ion  react ions.  

9.5.3 Summary 

Observations of t he  e f f e c t s  o f  t he  c lean ing  procedure used t o  remove res idua l  Pb-17 a t .  % L i  from 
t ype  316 s ta i n l ess  s tee l  revealed a considerable v a r i a b i l i t y  i n  t he  amount of co r ros i on  l a y e r  t h a t  was a l so  
removed. 
ma l l y  convect ive Pb-17 a t .  % L i  fo r  3078 h a t  temperatures up t o  500°C. 

9.5.4 Progress and Status 

i n  Pb-17 a t .  % L i  have cont inued using thermal convect ion loops (TCLs). 
coupons t o  be withdrawn and i nse r t ed  w i thou t  i n t e r r u p t i n g  t h e  l e a d - l i t h i u m  f low. 
s t ee l  coupons are conta ined i n  a loop  o f  t he  same base composit ion; however, t he  loop  c i r c u l a t e d  l i t h i u m  fo r  
over 10,000 h p r i o r  t o  opera t ion  w i t h  l ead- l i t h i um.  
made from 9Cr-1Mo s tee l  and had not  seen previous serv ice.  Both loops are  c i r c u l a t i n g  Pb-17 at. % L i  a t  a 
maximum temperature o f  500°C. but  t he  temperature d i f f e r e n t i a l  i s  h igher  i n  t he  case o f  t he  12Cr-1MoVW s tee l  
(150°C) than t he  t ype  316 s t a i n l e s s  s tee l  (100OC). The d e t a i l s  o f  t he  procedure f o r  t he  p repara t ion  of t he  
lead-1 i t h i u m  were g iven previously.2 

As discussed i n  previous progress  report^,^,^ t h e  use o f  l i t h i u m  t o  remove res i dua l  l e a d - l i t h i u m  from 
exposed s t a i n l e s s  s tee l  specimens can r e s u l t  i n  t he  s t r i p p i n g  of the  cor ros ion  layer5S6 and must there fo re  
be taken i n t o  account i n  weight l o s s  determinat ions and i n  any subsequent meta l lograph ic  examinations. 
an e f f e c t  o f  t h e  l i t h i u m  r i n s e  procedure can be used t o  exp la i n  e a r l i e r  observat ions of minimal m ic ros t ruc-  
t u r a l  and composi t ional  changes on exposed surfaces3 (s ince  most o f  t he  cor ros ion  l a y e r  was probably remo- 
ved) and t he  very h i gh  weight  l o s s  versus t ime  data f o r  loop  specimens t h a t  were repeatedly exposed, r insed,  
weighed, and r e - e x p o ~ e d . ~  As descr ibed i n  t he  preceding progress report ,+ t he  examination of an as-exposed 
( t h a t  i s ,  unr insed) s t a i n l e s s  s tee l  specimen t h a t  had been exposed f o r  2015 h revealed an i n t a c t  co r ros i on  
l aye r ,  which conta ined a s i g n i f i c a n t  amount o f  l ead- l i t h i um.  
examine type  316 s t a i n l e s s  s tee l  loop  specimens exposed t o  t he  l e a d - l i t h i u m  fo r  2472 h. 
between r insed and unr insed specimens was made us ing  two specimens exposed a t  500°C (see Fig. 9.5.1). 
I n t e r e s t i n g l y ,  t h e  micrographs i n  Fig. 9.5.1 i n d i c a t e  t h a t  t he  l i t h i u m  r i n s i n g  of t he  exposed type  316 
s t a i n l e s s  s tee l  d i d  not  completely s t r i p  t he  cor ros ion  l a y e r  from the  base a l l o y ,  a l though i t  d i d  remove a 
s i g n i f i c a n t  amount o f  ma te r i a l .  This mass l oss  i s  obvious from the  "holes"  i n  t he  co r ros i on  l a y e r  shown i n  
Fig. 9.5.l(b). 
s t ee l .  However, t h e  s i g n i f i c a n t  weight l oss  f o r  t h i s  r i nsed  specimen (311 g/m2) i n d i c a t e s  t h a t  a s i g n i f i -  
cant p o r t i o n  o f  t he  s t e e l ' s  cons t i t uen t s  were d isso lved  du r i ng  l oop  exposure and/or removed as p a r t  o f  t he  
co r ros i on  l a y e r  dur ing  l i t h i u m  r i ns i ng .  (The l i t h i u m  used fo r  r i n s i n g  was not  a t  a s u f f i c i e n t l y  h i gh  tem- 
pera tu re  t o  cause s i g n i f i c a n t  cor ros ion  by i t s e l f . )  
on a u s t e n i t i c  a l l o y s  i s  no t  always re leased dur ing  a l i t h i u m  c lean ing  procedure. The amount of the  l a y e r  
removed obv ious ly  depends on t he  depth o f  t he  co r ros i on  l a y e r  (and thus,  on t he  s e v e r i t y  of t he  co r ros i on  
reac t i ons ) ,  t h e  morphology of t he  reac t i on  zone, and t he  m i c r o s t r u c t u r a l  aspects o f  the  i n t e r f a c e  between 
t h e  corroded sur face  reg ion  and t h e  una l te red  base metal. 

cu r ren t  l oop  experiment. Two o f  these were then r i nsed  i n  l i t h i u m  u n t i l  t h e i r  weights became constant  
( i n d i c a t i n g  removal o f  t he  res idua l  l ead- l i t h i um) .  The t h i r d  was m e t a l l o g r a p h i c a l l y  examined w i thou t  any 
r i n s i n g  and was used f o r  t he  comparison discussed above (see Fig. 9.5.1). 
weight losses were 311 and 338 g/m2, respec t ive ly .  
be expected f o r  t ype  316 s t a i n l e s s  s tee l  i n  t he rma l l y  convect ive l i t h i u m  under s i m i l a r  condi t ions.  
these 500°C data f o r  l e a d - l i t h i u m  are about seven t i m e s  g rea ter  than what i s  measured f o r  l i t h i u m  loop  expo- 
sures a t  600°C.' 
remaining [as determined from cross- sect ional  micrographs as shown i n  Fig. 9.5. l(b)] y i e l d e d  values t h a t  
were about 50% h igher  than t he  measured weight losses quoted above. These ca l cu la ted  cor ros ion  losses 
should be rep resen ta t i ve  of losses i ncu r red  i f  t he  e n t i r e  cor ros ion  l a y e r  had been s t r i pped  dur ing  t he  
c lean ing  process. 

t he rma l l y  convect ive Pb-17 at. % L i  i n  t he  l oop  fabr ica ted  from 9Cr-1Mo s tee l .  Meta l lograph ic  examination 

No l o c a l i z e d  cor ros ion  o r  l e a d - l i t h i u m  penet ra t ion  was noted f o r  12Cr-1MoVW s tee l  exposed t o  t h e r -  

Dur ing t he  cu r ren t  r e p o r t i n g  per iod,  separate s tud ies  o f  t ype  316 s t a i n l e s s  s tee l  and 12Cr-1MoVW s tee l  
The loop  design' a l lows cor ros ion  

The type  316 s ta i n l ess  

The TCL conta in ing  t he  12Cr-1MoVW s tee l  specimens i s  

Such 

Since then, we have had t he  oppo r tun i t y  t o  
A d i r e c t  comparison 

Presumably, t he  l i t h i u m  r i n s e  removed most o f  the  l e a d - l i t h i u m  that had penetrated t he  

The present r e s u l t s  thus show t h a t  t he  cor ros ion  l a y e r  

Three t ype  316 s t a i n l e s s  s tee l  specimens were exposed a t  500°C t o  Pb-17 a t .  $ L i  f o r  2472 h i n  t he  

For t he  two r i nsed  specimens, 
These losses a re  s u b s t a n t i a l l y  g rea ter  than what would 

Indeed, 

It i s  a l so  i n t e r e s t i n g  t o  note t h a t  a ca l cu la ted  cor ros ion  l oss  based on only sound metal 

Dur ing t he  cur ren t  r epo r t i ng  per iod,  t he  12Cr-1MoVW s tee l  specimens completed 3078 h of exposure t o  
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Y-202371 Y-202372 

Y-202323 Y-202324 

, 2wpm , 
(b )  

Fig. 9.5.1. Po l i shed  c ross  sec t ions  of t y p e  316 s t a i n l e s s  s t e e l  exposed t o  t h e r m a l l y  c o n v e c t i v e  
Pb-17 a t .  % L i  f o r  2472 h a t  500°C. (a )  Po l i shed  w i t h o u t  a t t e m p t i n g  t o  remove r e s i d u a l  l e a d- l i t h i u m .  
( b )  Rinsed i n  l i t h i u m  p r i o r  t o  p o l i s h i n g .  

Y-202350 

I 
Y-202352 

, s u m ,  
(b )  

Fig.  9.5.2. Po l i shed  cross s e c t i o n s  o f  12Cr-1MoVW s t e e l  exposed t o  t h e r m a l l y  convec t i ve  Pb-17 a t .  % L i  

, m u m ,  
(a )  

f o r  3078 h;  p o l i s h e d  w i t h o u t  a t tempt ing  t o  remove r e s i d u a l  l e a d - l i t h i u m .  ( a )  500°C (maximum l o o p  tempera- 
t u r e ) .  (b )  475°C. 

o f  p o l i s h e d  cross sec t ions  revea led  a c o r r o s i o n  process t h a t  r e s u l t e d  i n  un i form t h i n n i n g .  U n l i k e  s i m i l a r l y  
exposed t y p e  316 s t a i n l e s s  s t e e l ,  no ev idence of l o c a l i z e d  a t t a c k  or l e a d - l i t h i u m  p e n e t r a t i o n  was observed 
(see Fig. 9.5.2). As such, c o r r o s i o n  o f  a u s t e n i t i c  and f e r r i t i c  a l l o y s  i n  l e a d - l i t h i u m  induces s i m i l a r  
morpho log ica l  f e a t u r e s  ( a l b e i t  w i t h  much g r e a t e r  s e v e r i t y )  t o  those  observed f o r  l i t h i u m :  t h e  development 
o f  porous, i r r e g u l a r l y  a t t a c k e d  c o r r o s i o n  l a y e r s  on n i c k e l - b e a r i n g  a l l o y s  and u n i f o r m  d i s s o l u t i o n  o f  Cr-Mo 
s t e e l s .  

g e n e r a t i n g  c o r r o s i o n  data as a f u n c t i o n  of t i m e  f o r  t y p e  316 s t a i n l e s s  s t e e l  and 12Cr-1MoVW s t e e l ,  respec-  
t i v e l y .  I n  view o f  our  observa t ions  o f  t h e  d i f f i c u l t y  o f  c h a r a c t e r i z i n g  a t r u e  c o r r o s i o n  i o s s ,  a s e r i e s  o f  
coupons w i l l  be exposed a t  500°C i n  each l o o p  i n  o r d e r  t o  o b t a i n  c a r e f u l l y  measured weight  losses. 

9.5.5 Conclus ions 

The two l e a d - l i t h i u m  thermal  convec t ion  loops  w i l l  be used d u r i n g  t h e  next  r e p o r t i n g  p e r i o d  t o  s t a r t  

1. The l i t h i u m  r i n s e  procedure used t o  remove r e s i d u a l  l e a d - l i t h i u m  from exposed Pb-17 a t .  % L i  may 
remove j u s t  p a r t  or most o f  t h e  c o r r o s i o n  l a y e r  i n  a d d i t i o n  t o  t h e  adher ing l e a d - l i t h i u m .  The v a r i a b i l i t y  
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of t he  e f f e c t  o f  t he  l i t h i u m  c lean ing  process necess i ta tes  ca re fu l  cha rac te r i za t i on  of t he  way weight o r  
co r ros i on  losses a re  determined f o r  a u s t e n i t i c  a l l o y s  exposed t o  molten Pb-17 a t .  % L i .  

un i f o rm ly :  
case w i t h  a u s t e n i t i c  a l l o y s ,  d i s s o l u t i o n  occurred w i thou t  l o c a l i z e d  co r ros i on  reac t ions  and pene t ra t i on  by 
t h e  lead-1 i th ium. 

3. Weight losses  o f  t ype  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  a t  500°C 
were s u b s t a n t i a l l y  g rea ter  than when t h i s  s t ee l  i s  exposed t o  molten l i t h i u m  under s i m i l a r  cond i t ions .  
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10.1 I R R A D I A T I O N  EXPERIMENT STATUS AND SCHEDULE - M. L. Grossbeck (Oak Ridge Nat iona l  Labora to ry )  

A l a r g e  number of planned, in- progress,  and completed r e a c t o r  i r r a d i a t i o n  experiments support t h e  A O I P  
program. Table 10.1.1 summarizes t h e  parameters t h a t  desc r ibe  completed experiments. Experiments t h a t  have 
been removed from t h e  r e a c t o r  r e c e n t l y ,  t h a t  are now undergoing i r r a d i a t i o n ,  o r  t h a t  are planned f o r  f u t u r e  
i r r a d i a t i o n  a re  shown i n  t h e  schedule barchar ts  of Table 10.1.2. 

Experiments were under way d u r i n g  t h e  r e p o r t i n g  p e r i o d  i n  t h e  Oak Ridge Reactor (ORR)  and t h e  High F lux 
I s o t o p e  Reactor ( H F I R ) ,  which are mixed-spectrum reac to rs ,  and i n  t h e  Fast F lux  Test F a c i l i t y  (FFTF), which 
i s  a f a s t  reac to r .  

Three capsules completed i r r a d i a t i o n  i n  t h e  HFIR and one i n  t h e  ORR d u r i n g  t h e  r e p o r t i n g  per iod.  Two 
were capsules c o n t a i n i n g  Charpy impact specimens o f  f e r r i t i c  a l l o y s  a t  e l e v a t e d  temperatures. The d i s p l a c e-  
ment damage was 40 dpa t o  complement t h e  e a r l i e r  10 dpa data. The t h i r d  capsule was t h e  f i r s t  of t h e  
coopera t i ve  i r r a d i a t i o n  program f o r  f u s i o n  r e a c t o r  m a t e r i a l s  between Japan and t h e  Un i ted  States. This  i s  
t h e  f i r s t  of e i g h t  capsules i n  t h e  H F I R  compr is ing Phase I o f  t h e  program. 

The ORR s p e c t r a l  t a i l o r i n g  capsule was removed f o r  major r e c o n s t i t u t i o n .  It i s  planned t o  con t inue  
i r r a d i a t i o n  i n  t h e  HFIR f o l l o w i n g  complet ion o f  an ins t rumented  s p e c t r a l  t a i l o r i n g  p o s i t i o n  i n  t h e  HFIR, 
making p o s s i b l e  a s i g n i f i c a n t l y  h i g h e r  f l u x .  

Two capsules began i r r a d i a t i o n  i n  t h e  HFIR.  Both con ta ined  f e r r i t i c  a l l o y s  as w e l l  as low neu t ron  
a c t i v a t i o n  a l l o y s .  Damage l e v e l s  w i l l  be 50 and 100 dpa, r e f l e c t i n g  t h e  need t o  exp lo re  t h e  behavior  o f  t h e  
f e r r i t i c  a l l o y s  a t  h i g h e r  damage l e v e l s .  

Table 10.1.1. D e s c r i p t i v e  parameters f o r  completed 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  experiments 

Date Ois-  
placement Hel ium Oura t ion  ature damage ( a t .  ppm) (months) pleted 

Temper- 
Experiment Major o b j e c t i v e  A l l o y  

("') fdDa) 

Experiments i n  ORR 

Paths A, 25-00 
8, C 

ORR-MFE-1 Scope t h e  e f f e c t s  o f  
compos i t i on  and micro-  
s t r u c t u r e  on t e n s i l e ,  
f a t i g u e ,  and i r r a d i a -  
t i o n  creep 

Scope t h e  e f f e c t s  o f  
compos i t i on  and mic ro-  
s t r u c t u r e  on t e n s i l e ,  
f a t i g u e ,  and i r r a d i a -  
t i o n  creep 

2 < 10 4 6/78 

ORR-MFE-2 Paths A, 3OWOO 
8, c 

6 t 60  15 4/80 

ORR-MFE-5 I n- r e a c t o r  f a t i g u e  
c rack  growth 

Path A 3 2 F 4 6 0  

Experiments i n  EBR-I1 

316, PE-16, 50C-825 
WZO%Ti, 
k 1 5 % C r 5 % T i .  
Nb-l%Zr 

316, PE-16, 4OG-700 
k 2 0 % T i ,  
W l 5 % C r 5 % T i ,  
N b l % Z r  

(10 2 

2-200 4 

2/81 

1/77 Subassembly 
X-264 

E f fec t  o f  p r e i n j e c t e d  
he l ium on mic ro-  
s t r u c t u r e ,  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 

Ef fect  o f  p r e i n j e c t e d  
h e l i u m  on micro-  
s t r u c t u r e ,  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  
Swe l l i ng ,  f a t i g u e  crack 
growth, and t e n s i l e  
p r o p e r t i e s  

AA-X, Sub- 
assembly 
X-287 

20 2-200 23 12/78 

Subassemblv 
X-217D 
P ins  8285, 
8286. and 

T i  a l l o y s  450 
T i  a l l o y s  3 7 k 5 5 0  

2 
25 

1/78 
9/79 

I 
14 

8284 

Experiments i n  HFIR 

PE-16, 3OG-700 
Inconel  600 
PE-16 30lY700 

HFIR-CTR-3 

HFIR-CTR-4 

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  

4 . 3 5  

2.2-4.5 

3 5 k 1 8 0 0  3 

1OC--350 2 

2/75 

3/77 
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Table 10.1.1. ( con t inued) .  

O is -  
placement 

damage 
(dpa) 

Temper- 
a t u r e  Experiment Major  o b j e c t i v e  A1 1 oy 

HFIR-CTR-5 S w e l l i n g  and t e n s i l e  PE-16, 300-700 4.3-9 

HFIR-CTR-6 Swel l  i ng and t e n s i l e  PE-16, 300-700 4.3-9 

HFIR-CTR-7 S w e l l i n g  and t e n s i l e  PE-16 300-700 9-18 

p r o p e r t i e s  Incone l  600 

p r o p e r t i e s  Incone l  600 

p r o p e r t i e s  
HFIR-CTR-8 S w e l l i n g  and t e n s i l e  PE-16 300-700 F 1 8  

p r o p e r t i e s  
HFIR-CTR-9 S w e l l i n g  and t e n s i l e  316, 316 t Ti 2 8 0 6 8 0  10-16 

p r o p e r t i e s  
HFIR-CTR-10 S w e l l i n q  and t e n s i l e  316, 316 t Ti 280680 10-16 

p r o p e r t i e s  
HFIR-CTR-11 S w e l l i n g  and t e n s i l e  316, 316 + T i  28C-680 10-16 

HFIR-CTR-12 

HFIR-CTR-13 

HFIR-CTR-14 
HFIR-CTR-15 
HFIR-CTR-16 

HFIR-CTR-17 
HFIR-CTR-18 

HFIR-CTR-19 
HFIR-CTR-20 
HFIR-CTR-21 
HFIR-CTR-22 
HFIR-CTR-23 
HFIR-CTR-24 

HFIR-CTR-26 

HFIR-CTR-27 

HFIR-CTR-28 

HFIR-CTR-29 

HFIR-CTR-30 

HFIR-CTR-31 

HFIR-CTR-32 

HFIR-CTR-33 

HFIR-CTR-34 
HFIR-CTR-35 
HFIR-CTR-36 
HFIR-CTR-39 

HFIR-CTR-40 

HFIR-CTR-41 

HFIR-CTR-42 

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  
Fa t igue  
Fa t igue  
We1 d c h a r a c t e r i 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  
We1 d c h a r a c t e r i 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 z a t i o n  
F a t i g u e  
Fa t igue  
Fat i que 
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 l e  p r o p e r t i e s  
Swel l  i ng 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  
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  

Swe l l i ng ,  m i c r o s t r u c-  
t u r e ,  and d u c t i l i t y  
Swel l  i ng, m i  c r o s t r u c -  
t u r e ,  and d u c t i l i t y  
Swe l l i ng ,  r n i c r o s t r u c -  
t u r e ,  and d u c t i l i t y  
Swe l l i ng ,  t e n s i l e  prop-  
e r t i e s ,  and weld 
c h a r a c t e r i z a t i o n  
Charov 
C h a r b  
F a t i g u e  
S w e l l i n o  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 s  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  
Swel l  i ng, t e n s i l e  m ic ro-  
s t r u c t u r e  

316, 316 t Ti 2 8 0 6 8 0  

316, 316 t Ti 2 8 0 6 8 0  

316 430 
316 550 
j i b ,  ~ ~ - 1 6 ,  55  
Incone l  600 

316 2 8 0 6 2 0  
316, PE-16 280-700 

316 2 8 0 6 2 0  
316 
316 

430 
550 

316 430 
PE-16 430 
316 300-I520 

316 28'v620 

316 2 8 k 6 2 0  

316 37-60 

316 37Q-560 

Experiments i n  HFIR 
Paths A, 8, 300-I500 
C, 0, and E 
Paths A, 8, 3 0 0 6 0 0  
C, 0, and E 
Paths A. 8. 300600 
C, D, and i 
Paths A and E 55 

Path E 300, 400 
Path E 300, 400 
316 PCA 430, 550 
Path E 3OWjOO 

Path E 300-500 

Path E 30-00 

Paths A, 0 300-600 

7-10 

7-10 

F 1 5  
w 
w 

7-1 3 
17-27 

7-1 0 
w 
9-1 5 
w 
w 
2.2 

30 

56 

30 

56 

40 

20 

10 

10 

10 
10 ~~ 

30 
12 

12 

12 

20 

Oura t ion  Date 

(months) pleted 

350-1800 

350-1800 

1250-3000 

125Q-3000 

400-1000 

400-1000 

400-1000 

200-500 

200-500 

400-1000 
200-400 
150-2700 

180-460 
1 6 0 0 5 6 0 0  

20P500 
200-400 
400-1000 
200-400 
370-1000 

30 

1900 

3500 

1900 

3500 

< 15,000 

~ 7 , 5 0 0  

t3.000 

<510 

0-7 5 
0-7 5 
2,000 
WO 

0-90 

W O  

1100 

3 4/75 

3 4/75 

7 8/77 

7 8/77 

6 5/77 

6 5/77 

6 5/77 

4 2/77 

4 2/77 

7 12/77 
4 10178 
4 8/77 

5.5 10177 
12 6/78 

4 12/77 
4 1/78 
7 7/78 
4 3/78 
3.5 2/79 
1 12/78 

10 4/80 

18 1/81 

10 12/80 

18 8 /81  

14 11/81 

8 5/81 

4 12/81 

4 10180 

4 5 / 8 2  
4 5/82 

13 5/83 
5 10/82 

5 12/82 

5 1/83 

8 6/83 
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Table 10.1.1. (cont inued) .  

Date D i s-  

( O C )  (dpa) 

placement Hel ium D u r a t i o n  
A1 1 oy damage (at .  ppm) (months) pleted 

Experiment Ma jo r  o b j e c t i v e  

HFIR-CTR-43 
HFIR-CTR-44a 
HFIR-CTR-45 
HFIR-CTR-46 
HFIR-MFE-RBI 

HFIR-MFE-RBP 

HFIR-MFE-T1 

HFIR-MFE-T2 

HFIR-MFE-T3 

Swe l l i ng ,  t e n s i l e  

Charpy 
Swe l l i ng ,  micro-  
s t r u c t u r e ,  crack 
growth, f r a c t u r e  tough-  
ness, Charpy, t e n s i l e ,  
and f a t i g u e  
Swe l l i ng ,  m ic ro-  
s t r u c t u r e ,  crack 
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  
Swe l l i ng ,  t e n s i l e  
f a t i g u e  
Swell  i ng and t e n s i  1 e 
f a t i g u e  
Impact p r o p e r t i e s  

S i m i l a r  t o  HFIR-CTR-42 

S i m i l a r  t o  HFIR-CTR-44 
Path A 25LY400 10 500 4 5/83 

Path E 3OC-400 10 7 5  4 6/83 
Path E 5 5  10 90 8 7/82 

Path E 55 2 200 17 7/83 

Path E 55 30 t300 12 8/82 

Path E 55 9 <75 3 5/81 

Path E 55 10 t85 4 12/81 

a J o i n t  U.S./EC/JP. 



212 

m s 
* 0 
x 



213 



214 

I I I I I 

I I I I 



215 

I 
T 



216 

10.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY - T. K. Roche, F. W. W i f fen  (Oak Ridge Nat iona l  
Labora to ry ) ,  J. W. Davis (McDonnell Douglas A s t r o n a u t i c s  Company - S t .  Louis  D i v i s i o n ) ,  and 
T. A. Lechtenberg (GA Technologies)  

10.2.1 A D I P  Task 

A D I P  Task 1.0.1, M a t e r i a l s  S t o c k p i l e  f o r  Magnetic Fusion Energy Programs. 

10.2.2 O b j e c t i v e  

supp ly  of m a t e r i a l s  f o r  t h e  Fusion Reactor M a t e r i a l s  program. 
v a r i a t i o n s  and p r o v i d e  f o r  economy i n  procurement and f o r  c e n t r a l i z e d  record- keeping. 
t o r v  i s  t o  focus on m a t e r i a l s  r e l a t e d  t o  f i r s t - w a l l  and s t r u c t u r a l  a p p l i c a t i o n s  and r e l a t e d  research,  but  

Oak Ridge Nat iona l  Laboratory  m a i n t a i n s  a c e n t r a l  i n v e n t o r y  o f  research m a t e r i a l s  t o  p r o v i d e  a common 
Th is  w i l l  m in im ize  unintended m a t e r i a l  

I n i t i a l l y  t h i s  inven-  - .  
v a r i o u s  spec ia l  purpose m a t e r i a l s  may be added i n  t h e  f u t u r e .  

The use o f  m a t e r i a l s  from t h i s  i n v e n t o r y  t h a t  i s  coord ina ted  w i t h  o r  o therw ise  r e l a t e d  t e c h n i c a l l y  t o  
t h e  Fusion Reactor M a t e r i a l s  program o f  t h e  Department o f  Energy i s  encouraged. 

10.2.3 M a t e r i a l s  Requests and Release 

M a t e r i a l s  requests  s h a l l  be d i r e c t e d  t o  t h e  Fusion Program Research M a t e r i a l s  I n v e n t o r y  a t  ORNL 
( A t t e n t i o n :  F. W. Wiffen). 
programs funded by t h e  O f f i c e  o f  Fusion Energy, w i t h  goals  c o n s i s t e n t  w i t h  t h e  approved M a t e r i a l s  Program 
Plans o f  t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch and (b )  t h e  requested amount of m a t e r i a l  i s  a v a i l a b l e  
w i t h o u t  compromising o t h e r  in tended  uses. 

Reactor Technologies Branch, O f f i c e  o f  Fusion Energy, f o r  agreement on ac t ion .  

10.2.4 

M a t e r i a l s  w i l l  be re leased  d i r e c t l y  i f  (a )  t h e  m a t e r i a l  i s  t o  be used f o r  

M a t e r i a l s  requests  t h a t  do no t  s a t i s f y  both (a )  and (b) w i l l  be d iscussed w i t h  t h e  s t a f f  of t h e  

Chemistry and m a t e r i a l s  p r e p a r a t i o n  records a re  ma in ta ined  f o r  a l l  i n v e n t o r y  m t e r i a l s .  A l l  m a t e r i a l s  
s u p p l i e d  t o  program users w i l l  be accompanied by summary c h a r a c t e r i z a t i o n  i n f o r m a t i o n .  

10.2.5 Summary o f  Cur ren t  I n v e n t o r y  and M a t e r i a l  Movement Dur ing Per iod  October 1, 1984, Through 
March 31, 1985 

A condensed, q u a l i t a t i v e  d e s c r i p t i o n  of t h e  con ten t  o f  m a t e r i a l s  i n  t h e  Fusion Program Research 
M a t e r i a l s  I n v e n t o r y  i s  g iven  i n  Table 10.2.1. 
o f  sheet f o r  product  forms of each a l loy and a l s o  i n d i c a t e s  by weight  t h e  amount o f  each a l l o y  i n  l a r g e r  
s i z e s  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o t h e r  product  forms as needed by t h e  program. 
m a t e r i a l  added t o  t h e  i n v e n t o r y  d u r i n g  t h i s  r e p o r t i n g  per iod .  
f rom t h e  Inven to ry .  

t h i s  and e a r l i e r  A D I P  progress repor ts .  

Th is  t a b l e  i n d i c a t e s  t h e  nominal d iameter  o f  rod  o r  t h i c k n e s s  

There was no 
Table 10.2.2 g ives  t h e  m a t e r i a l s  d i s t r i b u t e d  

A l l o y  composi t ions and more d e t a i l  on t h e  a l l o y s  and t h e i r  procurement and/or f a b r i c a t i o n  a re  g i v e n  i n  
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Table 10.2.1. Summary s t a t u s  o f  m a t e r i a l s  a v a i l a b l e  i n  t h e  f u s i o n  
program research m a t e r i a l s  i n v e n t o r y  

Product form 

Rod 
d iameter  

I n g o t  
or Bara 
Weight 

( k g )  

A1 1 oy 

(mm 1 

Thi n-wal 1 
t u b i n g  w a l l  

t h i c k n e s s  

Sheet 
t h i c k n e s s  

(mm 1 (mm) 

Type 316 SS 
Path A PCAb 
USSR Cr-Mn SteelC 
NONMAGNE 30d 

PE-16 
8-1 
8-2 
8-3 
8-4 
8-6 

T i  -64 
T i  -6242s 
T i  -5621s 
T i  -38644 
N b l %  Zr 
NbS%Mo- l%Zr  
V-20%Ti 
V-l5%C-%Ti 
VANSTAR-7 

LRO-37e 

HT9 (AOD 
f u s i o n  h e a t \ f  

HT9 (AOD/ESR'  
fus ion h e a t )  

HT9 
HT9 + 1% N i  
HT9 t 2% N i  
HT9 + 2% N i  

T-9 mod i f ied9  
T-9 m o d i f i e d  + 2% N i  
T-9 m o d i f i e d  

2 1/4Cr-lMo 

+ C r  a d j u s t e d  

+ 2% N i  + C r  a d j u s t e d  

Path A A l l o y s  

900 16 and 7.2 
490 12 

10.5 
18.5 

Path 8 A l l o y s  

140 16 and 7.1 
180 
180 
180 
180 
180 

Path C A l l o y s  

63 

6.3 
6.3 
6.3 
6.3 
6.3 

Path D A l l o y  

Path E A l l o y s  

3400 

7000 25, 50, 
and 75 

13 and 7.9 

2.6 
13 

10 

0.25 
0.25 

13 and 1.6 0.25 

2.5 and 0.76 
6.3, 3.2, and 0.76 
2.5 and 0.76 
0.76 and 0.25 
2 .5 ,  1.5, and 0.76 
2.5,  1.5, and 0.76 
2 . 5 ,  1.5, and 0.76 
2 .5 ,  1.5, and 0.76 
2.5, 1.5, and 0.76 

3.3, 1.6, and 0.8 

28.5. 15.8. 
9.5; and 3.1 

28.5, 15.8, 
9.5, and 3.1 

4.5 and 18 
4.5 and 18 
4.5 and 18 
4.5 and 18 

4.5 and 18 
4.5 and 18 
4.5 and 18 

h 

aGreater  than 25 mn, minimum dimension. 
bPrime cand ida te  a l l o y .  
CRod and sheet o f  a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under t h e  US-USSR Fusion 

Reactor M a t e r i a l s  Exchange Program. 
dNONMAGNE 30 i s  an a u s t e n i t i c  s t e e l  w i t h  base composi t ion F~-14%MrR%Ni-2%Cr. 

It was s u p p l i e d  t o  t h e  i n v e n t o r y  by t h e  Japanese Atomic Energy Research I n s t i t u t e .  
eLRO-37 i s  t h e  ordered a l l o y  (Fe,Ni)3(V,Ti) w i t h  composi t ion Fr39.4xNi-  

22.4%y-0.43%Ti. 
? A l l o y  lZCr-lMoVW, 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. 
gT-9 mod i f ied  i s  t h e  a l l o y  9Cr-1MoVNb. 
h M a t e r i a l  i s  t h i c k - w a l l  p ipe,  r e r o l l e d  as necessary t o  produce sheet or rod. 
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Table 10.2.2. Fus ion program research m a t e r i a l s  i n v e n t o r y  
disbursements October 1, 1984 th rough  March 31, 1985 

Q u a n t i t y  
Sent t o  Product  Dimensiona 

(m)  (m2)  form (mm) 
A1 1 oy Heat 

Path A A l l o y s  - A u s t e n i t i c  S t a i n l e s s  S t e e l s  

Path A PCA K-280 Tubing 4.57 OD 1.67 
x 0.254 w a l l  

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 

Path C A l l o y s  - Reac t i ve  and Ref rac to ry  A l l o y s  

V - l S % C r S % T i  CAM8356 Rod 6.35 2.89 Meta ls  Process ing Group, 
M&C D i v i s i o n ,  ORNL 

R a d i a t i o n  Ef fects  Group, CAM8356 Rod 5.08 4.55 
M&C D i v i s i o n ,  ORNL 

CAM834 Sheet 2.54 0.058 HEDL, Rich land,  WA 

CAM835A Sheet 0.84 

CAM835A Sheet 0.84 

CAM834 Sheet 0.86 

VANSTAR-7 CAM837 Sheet 0.84 

H i 9  

0.01 M a t e r i a l s  C o m p a t i b i l i t y  
Group, M&C D i v i s i o n ,  

Path E A l l o y s  - F e r r i t i c  S t e e l s  

ORNL 

0.003 Kernforschungszentrum, 

0.02 R a d i a t i o n  E f f e c t s  Group, 

0.027 R a d i a t i o n  E f fec ts  Group, 

Kar lsruhe,  Germany 

M&C D i v i s i o n ,  ORNL 

M&C D i v i s i o n ,  ORNL 

A O D I E S R -  Sheet 0. 76 
9607R2 

0.003 Kernforschungszentrum, 
Kar l s ruhe ,  Germany 

a c h a r a c t e r i s t i c  dimension: Thickness f o r  p l a t e  and sheet,  d iameter  f o r  r o d  and 
t u b i n g .  
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DOE/ER-0045/14 
D i s t r i b u t i o n  
Categor ies 
uc-20, 2oc 

D I S T R I B U T I O N  

16. Argonne Nat iona l  Laboratory ,  9700 South Cass Avenue, Argonne, I L  60439 

L. Greenwood 
8. A. Loomis 
V. Maroni 
R. F. Mat tas 
D. L. Smith 
H. Wiedersich 

7. Auburn u n i v e r s i t y ,  Department of Mechanical Engineering, Auburn, AL 36849 

B. A. Chin 

8. B a t t e l l e - P a c i f i c  Northwest Laboratory,  P.O. Box 999, Richland, WA 99352 
J. L. B r i m h a l l  

9. Brookhaven Nat iona l  Laboratory ,  Upton, NY 11973 

C. L. Snead, Jr. 

10. Carnegie-Mellon U n i v e r s i t y ,  P i t t s b u r g h ,  PA 15213 

J .  C. Wi l l i ams 

11. Colorado School o f  Mines, Golden, CO 80401 

G. R. Edwards 

12-195. 

196-202. 

203. 

204. 

20F206. 

2071209. 

210. 

211. 

Department of Energy, Technica l  In fo rmat ion  Center, Of f ice o f  I n f o r m a t i o n  Services, P.O. Box 62, 
Oak Ridge, TN 37831 

For d i s t r i b u t i o n  as shown i n  DOEITIC-4500 D i s t r i b u t i o n  Categor ies,  UC-20 (Magnetic Fusion 
Energy), and UC-2Oc (Reactor M a t e r i a l s )  

Department o f  Energy, O f f i c e  o f  Fusion Energy, Washington, DC 20545 

M. M. Cohen 
G.  M. Haas 
T. C. Reuther, Jr. ( 5  cop ies )  

Department of Energy, Oak Ridge Operat ions Off ice, P.O. Box E, Oak Ridge, TN 37831 

O f f i c e  of A s s i s t a n t  Manager f o r  Energy Research and Development 

Energy Technology Engineer ing Center,  P.O. 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 
0. I. Roberts 

Lawrence L ivermore Nat iona l  Laboratory ,  P.O. Box 808, Livermore, CA 94550 
E.N.C. Dalder  
M. Guinan 
C. M. Logan 

Los Alamos Nat iona l  Laboratory ,  P.O. Box 1663, Los Alamos, NM 87545 

R. J. L ivak  

Massachusetts I n s t i t u t e  of Technology, 138 Albany S t r e e t ,  Cambridge, MA 02139 

0. K. H a r l i n g  
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212. 

213. 

214. 

2 1 M 1 6 .  

217-250. 

251. 

252-253. 

2 5 k 2 5 5 .  

256-257. 

258. 

Massachusetts I n s t i t u t e  of Technology, 77 Massachusetts Ave. I Cambridge, MA 02139 

N. J. Grant 

McDonnell Douglas A s t r o n a u t i c s  Company, East, P.O. Box 516, S t .  Louis ,  MO 63166 
J .  W. Davis 

Na t iona l  M a t e r i a l s  Advisory Board, 2101 C o n s t i t u t i o n  Ave., Washington, DC 20418 

K.  M. Zw i l sky  

Naval Research Laboratory,  Washington, DC 20375 

Super in tendent ,  M a t e r i a l s  Science and Technology D i v i s i o n  
J. A. Sprague 

Oak Ridge Nat iona l  Laboratory ,  P.O. Box X,  Oak Ridge, TN 37831 

Cent ra l  Research L i b r a r y  (2  cop ies )  
Document Reference Sec t ion  
Labora to ry  Records Department (2  cop ies )  
Labora to rv  Records Deoartment, RC 
ORNL P a t e i t  Sec t ion  
L. A. Ber ry  
E. E. Bloom 
D. N. B rask i  
W. R. Corwin 
J. H. DeVan 
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  (2  coo ies )  
M. J. Saltmarsh 
J. L. Sco t t  
I .  Siman-Tov 
K. R. Thorns 
P. T. Thornton ( 3  cop ies )  
P. F. T o r t o r e l l i  
J .  M. V i tek  
C. 0. West 
F. W. W i f fen  

P r i n c e t o n  U n i v e r s i t y ,  Plasma Physics Laboratory,  P.O. Box 451, Pr ince ton ,  NJ 08544 

P. Bonanos 

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  

Sandia Na t iona l  Labora to r ies ,  L ivermore D i v i s i o n  8316, Livermore, CA 94550 

W. Bauer 
J .  C. L i p p o l d  

Sandia Na t iona l  Labora to r ies ,  P.O. Box 5800, Albuquerque, NM 87185 

M. J. Davis 
W. B. Gauster 

Science A p p l i c a t i o n s ,  Inc.,  1200 Prospect,  La J o l l a ,  CA 92037 

H. Gurol 
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259-261. 

262. 

263. 

264. 

265. 

266. 

267’274. 

275. 

U n i v e r s i t y  of C a l i f o r n i a ,  Department of Chemical, Nuclear, and Thermal Engineer ing,  
Los Angeles, CA 90024 

M. A. Abdou 
R. W. Conn 
N. M. Ghoniem 

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. Odette 

U n i v e r s i t y  Of M issour i ,  Department o f  Mechanical and Aerospace Engineer ing,  Columbia, MO 65211 

M. J o l l e s  

U n i v e r s i t y  Of 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 

U n i v e r s i t y  of Wisconsin, 1500 Johnson Dr ive ,  Madison, W I  53706 

G. L. K u l c i n s k i  

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 

W. A. Bo l tax  

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 
0. S. Gel les 
E. C. Opperman 
R. W. Powell 
J. L. St raa lsund  

Westinghouse Research and Development Center,  1310 Beulah Road, P i t t s b u r g h ,  PA 15235 

J. A. Spi tznagel  
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